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Abstract The evolution of land use in San Clemente del Tuyú and Santa Teresita
(Partido de La Costa [La Costa District], Buenos Aires, Argentina) is analysed in
association with the increase in population and the presence or absence of a water
supply service, in order to assess changes in the hydrological system through time.
A multi-temporal analysis was undertaken on Landsat satellite images, differenti-
ating types of land use. Water balances were estimated, and the recharge for each
situation was evaluated. An increase in urbanized surface at the expense of the
natural sand dune environment can be observed, which entails larger impervious
surfaces that are unsuitable for the infiltration and recharge of the aquifer. In both
areas, a decrease in groundwater reserves occurred; in Santa Teresita, there was
even a deterioration in the chemical quality of water due to sea water intrusion. It
can be concluded that the urbanization process has had a negative impact on the
water system in the sand dune barrier area, affecting the infiltration and recharge
processes. The presence of managed supply systems acquires relevance as a con-
ditioning factor to avoid saltwater intrusion processes. It is essential to implement
land-use planning strategies that would protect the areas unaffected by urbanization
that may be of use as a reservoir for the future supply of freshwater.
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1 Introduction

Coastal sand dunes can be found in a wide variety of climate regimes, and their
formation depends on the availability of sand and on the winds, with vegetation
development having a role in their fixation (de Seoane et al. 2007). In many cases,
these environments have been degraded by anthropogenic activities—which
increased significantly in the last 50 years—as it happened in New Zealand and the
Netherlands, where many of the coastal systems are irreversibly altered or have
disappeared (Martínez et al. 2008). Coastal dunes comprise approximately 15% of
the world’s coasts, with the largest barriers coinciding with tectonically stable
margins, such as the east coast of the USA (3100 km) and the Gulf of Mexico coast
(1600 km). There are also barrier chains along the east coast of South America
(960 km), the east coast of India (680 km), the North Sea in Europe (560 km), the
east of Siberia (300 km) and the north of Alaska (900 km) (FitzGerald and
Buynevich 2006).

Due to their morphological characteristics and infiltration capacity, coastal dunes
constitute groundwater recharge areas and freshwater reservoirs. In many cases,
these reservoirs are the only source of supply to the coastal population and they act
as barriers protecting from sea water intrusion (Martínez and Vázquez 2006).

There are examples of sandy coasts where aquifers have been studied, monitored
and managed, for instance in the Netherlands, Belgium, the south of Italy and
north-east Spain. Coastal aquifers are often of small magnitude, but they acquire
relevance in the coverage of human needs, ranging from urbanization to irrigation
(Custodio 2010).

Coastal aquifers have certain characteristics that make them significant from the
point of view of the genesis and functioning of the natural spaces related to them.
They tend to be environment with high morphological dynamism in permanent
evolution. This causes morphological changes (the ones at a smaller scale are
perceptible at a human timescale) that generally have an impact on the configura-
tion of the hydrographical network and its relationship with groundwater: the
quantity, location and/or extension of the aquifer recharge, discharge areas, channel
route and flow volume (Manzano 2002).

Land use, particularly in urban areas and concerning its relationship with
groundwater quantity and quality, has been widely addressed (Bellot et al. 2007;
Houlahan and Findlay 2004; Kim 2004; Kim et al. 2003; Park et al. 2005; Weng
2001; Zuquette et al. 2004). The general influence of urbanization on the hydro-
logical cycle includes the increase in surface run-off along roofs, pavements, streets,
etc. that may drain towards the main network or main receiving body (Basile and
Riccardi 2000), the modification of the natural fluctuations in groundwater levels
(Batrak and Semenov 2008), the decrease in natural infiltration and the alteration of
the surface run-off processes (Kruse et al. 2004).

Even though it is assumed that recharge related to precipitations decreases due to
the increase in impervious surfaces in an urban area, different studies state that it
may be maintained or that it may rise despite the increase in impervious areas.
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Infiltrating water may come from surfaces with secondary permeability (road sur-
faces, pavements, car parks), infiltration ponds, irrigation, losses from the sewage
system and freshwater supply system (Lerner 2002; Lerner and Barrett 1996; Hibbs
and Sharp 2012; Sharp 2010; Sharp et al. 2013; Wiles and Sharp 2008). However,
Seiler and Gat (2007) present other studies in which they observe a decrease of over
10% in the recharge due to drainage discharging into the sea.

In South America, aquifers in coastal dunes coincide with the deposits of the
Atlantic coast (Rebouças 1999). Bocanegra et al. (2010) indicate the presence of
small clastic aquifers occurring in dunes, of local interest, which are strategic water
reservoirs. The most serious supply problems arise in coastal aquifers located in
highly populated areas in south-east Brazil, extending towards north-east Uruguay
(Almagro and Custodio 2004).

The eastern coast of the Province of Buenos Aires could be included among
those places with the above-mentioned characteristics. From the mid-twenty-first
century, this region has experienced a strong demographic increase, with a chaotic
urbanization process and expansion of the economic activities, especially those
related to the numerous seaside resorts, which led to a higher freshwater supply
requirement (Kruse et al. 2012). This urban growth has contributed to the modi-
fication of the environment and, therefore, of the distribution concerning both land
use and hydrological behaviour. In this region, the only source of drinking water
(groundwater) shows limited development and is restricted to the water table
occurring in the dune fringe (Carretero 2011). Besides the anthropogenic factor, this
region is vulnerable to coastal erosion and saltwater intrusion, especially related to
high-energy storm waves associated with strong south-easterly winds (“sud-
estadas”) (Pousa et al. 2007). The excessive exploitation of the resource due to the
lack of domestic water service has brought sea water intrusion problems (Carretero
et al. 2013c; Perdomo et al. 2013). Another factor to be taken into consideration is
the rise in sea level related to climate change, which may affect the hydrogeology of
the region in the future (Carretero et al. 2013a).

In the sandy coast of Buenos Aires, it is useful to establish the relationships
between the changes in land use and groundwater quantity and quality, as the
increase in stable population, together with the arrival of tourists in the summer
months, is intimately linked to the consumption and management of water reserves.

In the study area, the processes of urbanization, dune destruction and soil
becoming impervious affect the groundwater regime, as a consequence of the
decrease in infiltration and the restriction of recharge areas (Carretero and Kruse
2010, 2014; Carretero et al. 2014). The process of urbanization to varying degrees,
which brings about a decrease in possibilities for water excess infiltration restricts
the natural recharge areas of the aquifer and, therefore, the available freshwater
reserves.

The lack of hydrogeological data is a problem affecting the study, knowledge
and understanding of coastal aquifers in South America. Bocanegra et al. (2010)
point out the lack of characterization studies to support the planning and man-
agement of resources, and the lack of observation networks. In Argentina,
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according to a report on water management (Planas et al. 2000), there is no database
or information system on water resources, neither at a national or provincial level,
which may support the management.

This situation is not unlike the one in the coast of the Province of Buenos Aires,
where the lack of hydrogeological data—both historical and current—and the lack
of an integral monitoring network at a regional level make it necessary to use tools
and methodologies—such as the use of satellite images, which has already been
applied for several decades (Byrne et al. 1980)—to recognize variations in water
resources and to analyse variations in coastal regions (Huang et al. 2012; Kuleli
et al. 2011; Ray et al. 2012; Shalaby and Tateishi 2007).

In this work, the evolution of land use in two localities in the Partido de La Costa
[La Costa District] is analysed in association with population growth and the
presence or absence of a water supply service, in order to assess changes in the
hydrological system along time.

2 Study Area

The localities of San Clemente del Tuyú and Santa Teresita (Partido de La Costa,
Buenos Aires) are located on a sand dune barrier (Fig. 1a). It should be noted that
the inhabitants depend for the supply of water on a phreatic aquifer occurring in the
above-mentioned coastal barrier, which is limited to the east and west by marine
salt water and continental brackish water, respectively. The recharge to the water
system only occurs by infiltration of precipitation excesses (Carretero 2011). Most
of the localities in the Partido de La Costa have no drinking water service, and their
inhabitants are supplied by means of individual domestic wells, with no water
treatment or control of the volumes extracted. The sewage system has a wider
distribution in the most important localities. It is believed that there are no sig-
nificant losses from the water supply network that would feed the water table, as the
network is in general in good condition and has been functioning for less than
20 years; the same applies to the sewage system.

The predominant economic activity is tourism: there are no industries, livestock
farming, agriculture, or other important activities, which is why it is believed that
water use is exclusive for human consumption. The population, which depends
solely on the coastal aquifer for water supply, increases significantly during the
summer.

The climate is humid temperate, with a dry season during the cold months
(April–September) and a rainy season during the warm months (October–March).
The mean annual precipitation fluctuates between 900 and 1000 mm, with 60%
occurring in the months with higher evapotranspiration, which is why the highest
recharge takes place during the dry season (Carretero and Kruse 2012).

The sand dune barrier extends along 70 km between Punta Rasa, to the north,
and Punta Médanos, to the south, with a width ranging from 2 to 4 km. It borders to
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the west with the continental plain, which is characterized by heights lower than
2 m.a.s.l. and the predominance of silty and clayey materials, with gullies oriented
in a south-east–north-west direction, draining towards the Samborombón Bay.

Fig. 1 a Study area. b General hydrodynamic diagram
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The sand dunes in the barrier are low, with heights between 2 and 11 m.a.s.l.,
and fixed by sparse vegetation. In this environment, soils are sandy, with no horizon
development, excessively drained and unstable.

The hydrodynamic and hydrochemical behaviour of groundwater is conditioned
by the geomorphological environment. In the sand dune barrier, the water is of low
salinity and mainly of the Ca–HCO3 type, whereas in the continental plain the water
shows high salinity and is of the Na–Cl type (Carretero et al. 2013b). The high Fe
and Mn concentrations represent the greatest problem as regards the chemical
quality in the region (Carretero and Kruse 2015).

The sand dune barrier is the main recharge area for groundwater, which then
flows along a short stretch and discharges in two opposite directions: towards the
sea and towards the continental plain to the west (Fig. 1b). The main freshwater
aquifer is composed of dune sands (aeolian sediments) overlying barrier sands of
variable thickness—between 7 and 20 m, depending on the height of the dunes—
and it is bounded by two interfaces: a freshwater–brackish water interface towards
the continent and a freshwater–saltwater interface towards the sea; this unit overlies
aquitard/aquiclude sediments. In the Punta Médanos sector, an underlying
semi-confined aquifer composed of sand and silty–clayey sand can be recognized;
this unit overlies plastic clays.

3 Methodology

Fieldwork was undertaken, and the geomorphological, hydrogeological and
land-use characteristics were assessed. Based on the contribution by Carretero et al.
(2014), the areas of interest in the Landsat TM satellite images were selected for
1986 and 2010. This selection was based on the fact that there are historical data
(CFI 1990) and current samplings (2012) that made it possible to draw isophreatic
curve and electric isoconductivity maps.

A multi-temporal analysis was carried out on Landsat TM satellite images with a
spatial resolution of 30 m, which were obtained from USGS/EROS (Earth
Resources Observation and Science, http://glovis.usgs.gov). Each of the images
consists in two scenes from February, in order to compare appropriately the maps
and avoid introducing errors due to seasonal variation.

The images were rectified radiometrically with the gain and offset values from
the metadata file, following Chander et al. (2009), and subsequently corrected
geometrically before mosaicking using a WGS84 datum and UTM projection with
ENVI™ software (Exelis VIS). It was not necessary to apply an atmospheric
correction, as the multi-date classification procedure was carried out using spectral
features obtained from each image (Song et al. 2001). In order to map land cover/
land use, a decision tree classification algorithm was used. Each pixel was assigned
to one of the six classes of pixels with similar spectra by means of a series of binary
splits. The classes are bright sand, dark sand, dense vegetation, sparse vegetation,
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bare soil and urbanized area. A statistical analysis was applied to every set, and a
comparison of the mean radiance spectra was undertaken to corroborate class
separation.

The study area was delimited to the localities of San Clemente del Tuyú and
Santa Teresita, using Ruta Nacional 11 (National Route 11) as a limit to the west
and the sea to the east. The output layers were manually reprocessed with a GIS
(geographic information system) tool; and based on images and field surveys, four
classes corresponding to the more significant land uses (mobile dune, semi-fixed
dune, fixed dune and urbanized area) were determined. The changes that took place
in the sand dunes were evaluated by calculating the areas affected by such changes
and the percentage variations for each land-use type across the years studied.

The water balances were estimated by means of the methodology proposed by
Thornthwaite and Mather (1955), based on precipitation data from the Servicio
Meteorológico Nacional (SMN; National Weather Service of Argentina) station in
Santa Teresita and a rain gauge set in San Clemente del Tuyú. Data from nearby
stations, which are located outside the study area, have been added in order to have
a more detailed outlook on the water balances at a regional level. Daily mean ET0

(reference evapotranspiration) values, estimated according to Penman-Monteith
(Allen et al. 1998), were used.

An infiltration value was assigned to each type of land use, and the recharge for
each situation was evaluated. Besides, population growth was considered, analysing
the statistics of the INDEC (1981, 2010) for the localities of the Partido de La
Costa. Based on such data, the mean annual water demand for the region was
estimated. Considering 200 L/d as average consumption (Planas et al. 2000), the
volume necessary to supply the permanent inhabitants was calculated.

4 Land Use and Its Evolution

The analysis of satellite images resulted in a territory classification into four classes
of land use: mobile dune, semi-fixed dune, fixed dune and urbanized area (Fig. 2).
In the first three classes, the sandy substrate is preserved and covered by different
percentages of vegetation.

The mobile dune occurs adjacent to the beach, along the coastline towards the
west, and it maintains its natural transport dynamics due to the winds from the east.
Although the presence of vegetation can be observed, it is very sparse and shows no
signs of urbanization.

Slightly farther from the coast occurs the semi-fixed dune, showing a higher
percentage of vegetation, which is capable of retaining sand. This fixation process
represents the natural evolution of the mobile dune towards the semi-fixed dune. In
some sectors, although the vegetation is not so abundant, the fixation phenomenon
occurs due to sand compaction, as is the case in roads and streets, which constitutes
a case of anthropogenic modification. The percentage of houses or urbanization
features is minimal.
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The area classified as fixed dune is located further into the continent and is
covered by abundant vegetation. As in the semi-fixed dune, the signs of anthro-
pogenic alteration are minimal.

Finally, the class comprising the urbanized areas, where the natural character-
istics of the dune cannot be observed, was defined. This is the sector that has been
modified the most with respect to the natural environment: It is composed of
buildings and—in certain areas—paved streets, which represent practically imper-
vious surfaces.

In the image analysis (Fig. 3), an increase in urbanized surfaces at the expense of
the natural sand dune environment can be observed, implying larger impervious
surfaces unsuitable for the infiltration and recharge of the aquifer. Although this
process can be recognized in both localities, it is of a larger magnitude in Santa
Teresita than in San Clemente del Tuyú (Table 1). On the other hand, the mobile
dune has practically disappeared in Santa Teresita, replaced by the urban grid,
whereas in San Clemente it is only partially reduced. A slight advance of the fixed
dune (vegetation) over the mobile dune can be observed, interfingered with the
semi-fixed dune in certain sectors, which is part of the natural process of evolution
of the sand dune barrier.

Fig. 2 Land-use classification a mobile dune, b semi-fixed dune, c fixed dune and d urbanized
area
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Fig. 3 Land-use changes between 1986 and 2010

Table 1 Area, estimated recharge and variation percentage corresponding to the land-use
classification for the years studied

Area (km2) Recharge (hm3) Variation (%)

1986 2010 1986 2010 2010–1986

San Clemente Mobile dune 2.06 1.24 0.9 0.6 −40

Semi-fixed dune 3.41 2.95 1.2 1.0 −14

Fixed dune 9.54 9.40 2.97 2.9 −1

Urbanized 1.97 3.40 0.13 0.2 72

Total 17.0 17.0 5.2 4.7 −9

Santa Teresita Mobile dune 0.57 0.03 0.3 0.01 −95

Semi-fixed dune 2.07 1.78 0.7 0.6 −14

Fixed dune 4.17 3.58 1.3 1.1 −14

Urbanized 1.22 2.64 0.1 0.2 117

Total 8.0 8.0 2.4 1.9 −18
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5 Modifications to the Hydrological System

The only water input into the aquifer comes from precipitations. The water balances
(Table 2) and Carretero and Kruse (2010) show that there is no appreciable climate
variability, with a mean annual precipitation of 968 mm and a water surplus of
444 mm, which—through infiltration—constitute the only recharge to the
groundwater system.

The comparative analysis of the water-table contour maps (Fig. 4) shows that in
San Clemente, the curves fluctuate between 0.5 and 2.5 m.a.s.l., both for 1987 and
2012. However, it can be observed that the contour of 1 m.a.s.l. is displaced
towards the interior, and an areal reduction in the contours of 1.5 and 2.5 m.a.s.l.
occurs in the period studied.

In Santa Teresita, water-table heights vary from 1.5 to 5 m.a.s.l. in 1987, with a
decrease by 2012 to 1 and 3.5 m.a.s.l.

These changes in phreatic morphology are evident in the water-level change map
(Fig. 5), where the highest generalized decrease in the levels (2.5 m) can be
observed in Santa Teresita.

On the other hand, the hydrochemistry (Fig. 6) indicates that in Santa Teresita, a
saltwater intrusion phenomenon has occurred in certain sectors along Avenida
Costanera (Coastal Avenue), whereas in San Clemente del Tuyú the chemical
quality has remained within the same parameters throughout the period analysed.

Depending on the area and the geomorphological characteristics of each of the
land-use classes, a percentage of infiltration of the water excesses in the water
balance was defined for each class. In the mobile dune, the infiltration of the water
excesses occurs over 100% of its surface, in the semi-fixed dune in 80%, whereas in
the fixed dune it is reduced to 70%.

According to different authors and in different cities (Auge 2005; Kruse et al.
2013; Vázquez Suñé and Sánchez-Vila 1997; Wiles and Sharp 2008), urbanized
areas have been assigned infiltration values ranging from 6 to 36% of the precip-
itations. As regards this case study, it is assumed that 15% of the excess infiltrates
over small surfaces and the rest constitutes surface run-off discharging into the sea.

Table 2 Average water balance. Values are expressed in mm/year. PET (potential evapotran-
spiration), ETr (real evapotranspiration)

Station Period Precipitation PET ETr Water surplus

Punta Indio 1925–2008 965 747 523 441

Dolores 1959–2008 944 690 519 424

Santa Teresita 1990–2007 995 684 525 468

San Clemente 2003–2012 911 698 472 436

Average 968 707 522 444
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Fig. 4 Water-table contour maps: San Clemente (above) and Santa Teresita (below)
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Based on the areas calculated for each land use and the infiltration percentage
assigned, the theoretical volume of water recharging into the aquifer and the in-
terannual variations were estimated (Table 1).

If the variations depending on land use are considered, it can be observed that in
the urbanized area, even though the numbers seem to indicate that there is an
increase in recharge, this is only caused by its areal expansion. This is an apparent
increase, since despite the fact that it is the sector with highest areal increase, it is
also the one with the lowest infiltration capacity. At this point, the aspect to be
noted is that urbanization has developed by replacing the natural sand dune envi-
ronment, which has the highest infiltration capacity. This leads to a reduction in
total recharge, resulting in twice as much recharge reduction in Santa Teresita
compared to San Clemente.

In Santa Teresita, the groundwater reserves in the mobile dune decreased by
95%, whereas in San Clemente they did so by 40%; in the semi-fixed dune, the
decrease is similar in both localities (14%).

Fig. 5 Water-level change maps: San Clemente (left) and Santa Teresita (right)
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Fig. 6 Iso-electrical conductivity maps: San Clemente (above) and Santa Teresita (below)
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As well as a decrease in the reserves due to the increase in urbanized areas, a
decrease associated with a growth in population and an increase in consumption in
both areas occurred (Table 3). It should be noted that the chemical quality of the
water has only deteriorated in Santa Teresita.

It is proposed that the conditioning factor in this case is the presence or absence
of a water supply service in the localities. In San Clemente del Tuyú, the drinking
water supply system mainly feeds the city centre, where the restaurants, hotels and
largest buildings are located, on Avenida Costanera. The resource is obtained by
means of a well system at a depth of 6 m, from a pumping field located to the south,
out of the urbanized area, in the semi-fixed dune. Wellpoint systems and Ranney
wells were used, in which the extraction volumes reach 13 and 7 m3/h, respectively
(Fig. 7). The average daily extraction volumes in the summer fluctuate between
1500 and 1800 m3; out of season, the average is 500 m3. There is a water purifi-
cation plant, where water is treated (mainly Fe and Mn abatement) for its subse-
quent distribution.

On the other hand, Santa Teresita lacks such a service, and most of the urban
development is on the coastal road, where large buildings and hotels extracting
water with no control whatsoever can be observed.

Both localities share the same geohydrological environment and water balance
excesses. They also show certain percentages of impervious surfaces and a greater
urban development on Avenida Costanera, which is logical given that, due to its
proximity to the sea, it is a major tourist attraction. They differ in the deterioration
of the chemical quality of the water, as an advance of the freshwater/saltwater
interface occurs in Santa Teresita. The only variable that seems to make a difference
is the absence of a water supply network in this locality. This lack implies that users
must be supplied by domestic wells, with no control over the quantity and quality of
the water resource extracted. At a domestic level, this scheme may not seem to be
too detrimental, but the perspective changes radically when taking into consider-
ation the presence of hotels and buildings in a location that is near the saltwater
wedge and in which the number of people per unit area is high. The result is a
process of sea water intrusion and a deterioration of the resource.

Table 3 Population variation and water consumption

Population Growth rate Water demand
(hm3/year)

1986 2010 1986 2010

San Clemente 6482 13071 2.0 0.5 1.0

Santa Teresita 9052 22943 2.5 0.7 1.7
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6 Conclusions

The reduction in the mobile dune, which has been replaced by the establishment of
cities in front of the sea, is noticeable. The fixed dune has replaced the semi-fixed
dune in small sectors.

It can be observed that the urbanization process (impervious surfaces) has had a
negative impact on the water system in sand dune barrier areas, affecting the
processes of infiltration and recharge.

Fig. 7 Pumping field in San Clemente
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According to the methodology applied, the freshwater recharge has been reduced
twice as much in Santa Teresita compared to San Clemente.

The presence of controlled drinking water supply systems acquires relevance as
a conditioning factor to avoid saltwater intrusion processes in seaside localities.

The implementation of land-use planning strategies is essential to protect the
areas not affected by urbanization that may act as a reservoir for future supply to the
population.
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