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As in most semiarid regions, the main source of freshwater in SE Spain is its aquifers, and their
exploitation has enabled the development of highly profitable irrigated agriculture and tourism indus-
tries. The application of sustainable water management plans requires aquifer recharge to be quantified
and its spatial pattern evaluated. This paper gives a comprehensive review of various recharge studies in
mountainous carbonated aquifers, the most important groundwater reservoirs in SE Spain. Quantifica-
tion of potential recharge rates and their spatial variability are illustrated using satellite-based modeling
and tracer techniques. Actual recharge figures from the application of a lumped model based on water
table fluctuations are also presented. Potential recharge relative to actual recharge is around 1 in small
aquifers and flat areas and may increase up to 1.3 in heterogeneous mountainous aquifers with deep
water levels due to losses of recharge in transit in the vadose zone. The complex interaction between
climate, geology, aquifer geometry, topography, soil properties and the degree of karstification prevents
the systematization of any particular technique to quantify potential recharge. The use of water table
fluctuation methods for actual recharge evaluation requires daily time steps to compute unnoticed small
recharge events. Therefore, the monitoring of environmental variables and the use of complementary
techniques for comparison are recommended. Despite their importance for the correct assessment of
recharge in the region, uncertainty analyses are still scarce, and the natural variability of recharge is
unknown in most cases. Effort is required to improve the spatial and temporal characterization of
recharge through the integration of interdisciplinary sciences.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

As in other arid and semiarid regions in the world, the scarcity
and unpredictability of rainfall events and the lack of perennial
rivers mean that aquifers are the main source of water resources in
SE Spain (mostly Almería, Murcia and Alicante provinces, Fig. 1).
The exploitation of aquifers has enabled the development of highly
profitable irrigated agriculture and tourism sectors in the region
(Pulido-Bosch et al., 2000; Bellot et al., 2007; Molina et al., 2009).
Agriculture in the region suppliesw20% of Spain’s total Gross Value
Added supplied by this sector, accounting for more than 80% of the
total water demand in the region and as much as 85% in some
counties (Campo de Dalías, Campo de Cartagena, Altiplano de
All rights reserved.

., et al., Recharge to mounta
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Murcia and Alto Vinalopó). Groundwater resources also meet an
important fraction of the urban water demand: approximately 52%
of urban supply in the province of Alicante (w2million inhabitants)
is supplied from aquifers.

Aquiferoverexploitation is closelyassociatedwith themaincentres
of tourism and agricultural development. Nowadays, most of the
groundwater bodies in semiarid SE Spain are considered over-
exploited or at risk (MMA, 2006). This situation has been partially
triggered by weak administrative control on pumping rates and the
limited understanding of the hydrogeological functioning of those
aquifers. Environmental and social impacts have resulted fromvarious
groundwater processes, including salinization induced by seawater
intrusion incoastal areasor byconfinedbrines in some inlandaquifers
(Sánchez-Martos et al., 2007); land subsidence in alluvial aquifers
(Mulas et al., 2003); groundwater pollution in irrigated areas (Pulido-
Bosch et al., 2000); and desiccation or critical damage towetlands and
groundwater-fed ecosystems (Robledano et al., 2010).
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11.01.011

mailto:apulido@ual.es
www.sciencedirect.com/science/journal/01401963
http://www.elsevier.com/locate/jaridenv
http://dx.doi.org/10.1016/j.jaridenv.2011.01.011
http://dx.doi.org/10.1016/j.jaridenv.2011.01.011
http://dx.doi.org/10.1016/j.jaridenv.2011.01.011


Fig. 1. Location map with provinces - Almería (red), Murcia (green), Alicante (yellow) -, main river network (river names in italics) and groundwater bodies with recharge studies
cited in the text. Groundwater Bodies: 1. Sierra de Gádor (1a) e Campo de Dalías (1b); 2. Guadalentín; 3. Agost e Monnegre (covering the Ventós aquifer); 4. Orcheta (covering the
Cabeçó d’Or aquifer); 5. Peñarrubia; 6. Serral e Salinas; 7. Villena e Benejama (covering the Solana aquifer); 8. Jumilla e Yecla. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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Before 2000, most recharge studies in SE Spainwere undertaken
by national or local agencies in the context of hydrological
management plans (HMPs), with only a few studies being under-
taken by universities and research institutes. Recharge in the HMPs
was usually computed as a steadyaverage rate fromwhich advisable
pumping rates could be established (MMA, 2000). However, such
estimates are subject togreat uncertaintybecauseof the imprecision
involved in defining the geometry of a groundwater bodyor because
of other important particularities of SE Spain: wide temporal and
spatial variability in rainfall and complex topography and geology
were not taken into account. When the EU-Water Framework
Directive (2000/60/EC) came into force in December 2000, funda-
mental research became a critical prerequisite for increasing the
accuracy of groundwater resource assessment and control (Mostert,
2003; MMA, 2006). Effective groundwater management especially
requires the identification of the mechanisms of recharge genera-
tion (e.g. diffuse vs. focused), the evaluation of the uncertainties in
recharge estimation, the spatiotemporal assessment of recharge
patterns, and the integration of groundwater studies with other
scientific disciplines.

This paper aims to illustrate the application of different tech-
niques for estimating andmapping recharge in some representative
carbonated aquifers of SE Spain.Anoverall descriptionof advantages
and limitations is given, and the hydrological meaning of estimates
is pointed out. To quantify and map recharge in Sierra de Gádor,
a mountainous carbonate massif in the Almeria province, different
complementary approaches were applied: a) a satellite-based
Please cite this article in press as: Andreu, J.M., et al., Recharge to mounta
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approach that supplies spatially-distributed potential recharge
estimates; b) an atmospheric chloride mass balance to evaluate
potential recharge in transit to the water table; and c) an isotopic
analysis to trace the impact of altitude in recharge generation. The
usefulness of physically-based techniques in the saturated zone for
groundwater modeling was explored in several aquifers in the Ali-
cante province. There, actual recharge values estimated fromwater
table fluctuations and pumping rates were used to calibrate
a numerical-modeling tool for estimating actual recharge rates from
meteorological variables (rainfall and potential evapotranspiration)
and aquifer parameters.

2. Study region

In SE Spain, an area close to 23 000 km2 is under the influence of
a semiarid climate (Fig. 1). Winters are moderate in temperature
and relatively humid, and summers are very dry and hot. Mean
annual precipitation ranges between 200 mm in the lowlands to
650 mm in the mountains. Rainfall generation is mainly controlled
by Atlantic weather fronts, but Mediterranean convective systems
of short duration and high intensity are common during the
summer. Mean annual temperatures range between 10 �C in the
mountains and 18.5 �C on the coastal fringe. Insolation is high,
more than 3300 h per year in some low-lying places, while
potential evapotranspiration is 800e1200 mm/year. Agricultural
land occupies 45% of the total area, 21% is sparsely vegetated
(steppes and badlands), 18% is covered by woodland and
inous carbonated aquifers in SE Spain: Different approaches and new
11.01.011



J.M. Andreu et al. / Journal of Arid Environments xxx (2011) 1e9 3
shrublands, and 6% is forest (EEA, 2002), the remaining 10% being
urban areas.

SE Spain belongs to the eastern Betic Cordillera, an Alpine chain
that is divided into twomain domains: the Internal and the External
Zones. The Internal Zone consists of three tectonic complexes: the
Nevado-Filabride Complex (consisting of medium to high grade
metamorphic rocks), the overlying Alpujarride Complex (charac-
terized by low tomedium grade Paleozoic-to-Triassic metamorphic
rocks), and theuppermostMalaguideComplex (consistingmainly of
an unmetamorphosed complex) (Vera, 2004). The External Zone
consists ofMesozoic and Tertiary rocks representing the continental
margin of the Iberian Plate.

From a hydrogeological point of view, the varied geology of the
eastern Betic Cordillera may be classified into four lithological
groups with different hydraulic behaviours:

(1) Triassic carbonate formations belonging to the Alpujarride and
Malaguide Complexes plus Jurassic to Cretaceous carbonate
formations of the External Zone, forming moderately to highly
permeable aquifers, with unsaturated zones of 100 to more
than 1000m in thickness. Natural recharge comes from rainfall,
while discharge occurs through springs and pumped abstrac-
tions. The aquifers included in this study fall into this first
lithological group.

(2) Weathered and fissured metapelitic formations (mainly phyl-
lite, micaschist, and interbedded quartzite) belonging to the
Nevado-Filabride, Alpujarride and Malaguide Complexes.
These form low-moderate permeability aquifers of local
significance and reduced thickness, although locally they may
be productive.

(3) Large Tertiary sedimentary basins made up of highly perme-
able layers of conglomerate and calcarenitemore than 100m in
thickness and partially confined in the central sectors by wide
marly formations. They constitute large aquifer systems of high
productivity and reserves. Their main inputs are diffuse
recharge and infiltration in stream beds.

(4) Quaternary and Plio-Quaternary alluvial and colluvial beds,
deltas and piedmonts are phreatic aquifers of high-moderate
permeability with variable thickness (a few to hundreds of
metres). Recharge is mainly from lateral inflow, diffuse
recharge, irrigation and urban returns, whilst discharge is
generally from pumped abstractions. They support wetlands
and groundwater-fed ecosystems.
3. Recharge study cases: methods and results

Several techniques have been applied to estimate recharge in SE
Spain. In general, local scales have been selected to investigate the
suitability of different methods, while regional scales have been
adopted for the assessment of water resources. The techniques can
be classified (Lerner et al., 1990; Simmers et al., 1997; Scanlon et al.,
2002) according to a) the zone from which data are taken (surface
water and soil, unsaturated zone, and saturated zone) and b) the
nature of the technique employed (physical, tracer, numerical-
modeling, empirical). Surface water and soil and unsaturated zone
approaches give values of potential recharge, i.e. the infiltrated
water that may or may not reach the water table with different
timing depending on the unsaturated processes or the capacity of
the saturated zone to accept water. On the other hand, saturated
zone approaches give results related to the actual recharge, i.e. the
water that really reaches the water table. Another important
distinction must be made between diffuse (direct) recharge over
large areas and focused or localized recharge at particular sites
(Lerner et al., 1990; Alcalá et al., 2011). The following sections
Please cite this article in press as: Andreu, J.M., et al., Recharge to mounta
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present results from the application of several techniques to some
important carbonated aquifers in SE Spain.

3.1. Using a satellite-based ecohydrological model to estimate
potential recharge

The usefulness of satellite data for recharge studies was tested in
Sierra de Gádor by Contreras et al. (2008). Based on the hydrolog-
ical equilibrium hypothesis (Nemani and Running, 1989), which
suggests that vegetation evapotranspires while minimizing water
stress, they developed a spatially-distributed algorithm to compute
long-term annual potential recharge (R) estimates as the residual of
annual values of precipitation (P) and evapotranspiration (ET):

R ¼ P � ET (1)

Estimation of R by equation (1) assumes that surface runoff is
negligible at the long-term scale, which can be partially valid in
carbonated landscapes with a medium-high karstification degree.
ET is spatially estimated through a novel algorithm that combines
a spectral vegetation index (NDVI) and a monthly water budget
model:

ET ¼ ðETmax � ETminÞ
NDVI � NDVImin

NDVImax � NDVImin
þ ETmin (2)

where NDVI is the average long-term Normalized Density Vegeta-
tion Index observed at the pixel level, and the paired values (NDVI-
min, ETmin) and (NDVImax, ETmax) are referred to the NDVI and ET
values expected for two reference conditions, which must be
previously defined according to the localmean annual rainfall (MAP)
or a similar water availability index, e.g, Specht’s evaporative coef-
ficient (Specht and Specht, 1989). At the pixel level, NDVImin (bare
soil condition) and NDVImax (vegetation cover close to its rainfall-
based potential status) values can be empirically approached as the
lower and upper boundaries of the MAP-NDVI scatterplot extracted
for a sample of pixels with no lateral surface and subsurface water
inputs (Boer and Puigdefábregas, 2005). Alternatively, ETmin and
ETmax reference values can be estimated using a monthly water
budget model that integrates the average seasonal dynamics of
climate (precipitation and potential evapotranspiration), the water
retention capacity of the soil, and a coefficient that represents the
mean annual evaporate conductance of vegetation (Specht and
Specht, 1989).

Theapproachwasfirst appliedbyBoerandPuigdefábregas (2005)
in the upper reaches of the Guadalentín River Basin and later by
Contreras et al. (2008) in the Sierra de Gádor Mountains (Fig. 2A).

In Sierra de Gádor, where surface runoff is almost negligible
(less than 5% annual precipitation according to Frot and van
Wesemael, 2009), average results obtained for 33 catchments
covering an area of 552 km2 indicated mean annual potential
recharge values of 55, 75 and 100 Mm3/year for dry, average and
wet hydrological years (1 Mm3 h 1 Million m3). These figures are
equivalent to 29%, 31% and 35% of the MAP for mean annual
precipitation observed for those yearly rainfall conditions. Because
themodel can be easily integrated into a GIS, the approach provides
an interesting framework to explore changes of effective precipi-
tation with altitude (Fig. 2B) and to identify potential sites for
increasing recharge artificially (Contreras, 2006).

3.2. Using an atmospheric chloride mass balance to estimate
potential recharge in transit

The atmospheric chloride mass balance (CMB) (Eriksson and
Khunakasem, 1969; Custodio et al., 1997) is one of the most
widely-used techniques for estimating recharge in arid and semiarid
inous carbonated aquifers in SE Spain: Different approaches and new
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Fig. 2. (A) Spatial distribution of potential recharge (mm year�1) estimated for a grid in Sierra de Gádor (dashed box in the upper-left figure) using the satellite-based ecohy-
drological model developed by Contreras et al. (2008). (B) Potential recharge index (ratio between mean annual values of potential recharge and precipitation) estimated for
different land cover (LC) types (Contreras, 2006): dCW coniferous woodland (high density); sS þ dCW sparse shrubland mixed with dense patches of conifers; sS þ sCW sparse
shrubland mixed with sparse patches of conifers; dS shrubland (high density); sS þ G/R/BS sparse shrubland with patches of grass/rock/bare soil; DryA dryland agriculture (olive
and almond trees); IrrA irrigated agriculture (citrus trees); P þ DryA pastures mixed with dryland agriculture; P þ IrrA pastures with patches of irrigated agriculture. Numbers in (A)
correspond to the groundwater body units in Fig. 1.
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regions in both unsaturated and saturated zones (Scanlon et al.,
2002). For long time periods and under steady atmospheric and
land use conditions, with no external contributions of chloride
except precipitation, the CMB in the unsaturated zone should be,
accordingly:

P$CP ¼ R$CR þ U$CU þ Dq$Cq (3)

where P, R, U and Dq are the precipitation, total (diffuse plus
concentrated) potential recharge in transit to the water table,
surface runoff, and soil moisture change during the sampling
period, respectively, all in mm, and C is the average chloride
concentration during the sampling interval for P or the average
concentration from a specific number of samples in the period for R,
U and q (specified by the subscripts), both in mg L�1 h g m�3.

R is the unknown variable to be deduced once the atmospheric
bulk chloride deposition (AP ¼ P$CP), the chloride export flux by
runoff (AU ¼ U$CU), the change of chloride mass flux in the unsat-
urated zone (Dq$Cq), and CR are measured. U is computed from
runoff gauging stations and Dq from daily soil moisture records at
experimental sites (Fig. 3). Equation (3) can be simplified when the
CMB is applied to long periods of time in which changes in the
chloride flux in the unsaturated zone and produced by surface
Please cite this article in press as: Andreu, J.M., et al., Recharge to mounta
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runoff can be considered negligible. Both conditions are easily
reached in carbonated mountainous areas, as pointed out by Frot
and van Wesemael (2009) (U < 0.05P) and Cantón et al. (2010)
(Dqw0) for the Sierra de Gádor Mountains. Correct estimates of
AP (which must include both wet and dry atmospheric deposition
components) are critical for reducing the uncertainty in estimates
of R (Alcalá and Custodio, 2008a). Because CR is the chloride content
routed through the unsaturated zone down to the water table, its
value is preferably measured in water samples collected from
shallow, perched aquifers or from shallow wells and boreholes
using chemical and isotopic tracers to distinguish groundwater in
which Cl derives only from atmospheric sources (Alcalá and
Custodio, 2008b).

The CMB method was applied to the southern versant of the
Sierra de Gádor-Campo de Dalías aquifer system (Fig. 3) to evaluate
potential recharge in transit by sampling local, shallow perched
aquifers (Alcalá et al., 2011). The abrupt relief of this coastal region
and the negative AP gradient towards the summit (between 0.5 and
1 g m�2 year�1 km�1) induce a large reduction in CR along the slope
(Fig. 3a). In accordance with the linear mixing models of recharge
produced at different elevations defined by Custodio et al. (1997),
Alcalá et al. (2007) regionalized yearly R from AP data and CR
values for the average 2003/04 and the dry 2004/05 hydrological
inous carbonated aquifers in SE Spain: Different approaches and new
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Fig. 3. Estimate of recharge in transit in a northesouth transect (N ¼ summit at distance 0; S ¼ coast at distance 20 km) along the southern slopes of the Sierra de Gádor-Campo de
Dalías aquifer system (GWB number 1ae1b in Fig. 1) for the average and dry rainfall periods 2003/04 and 2004/05, respectively. (a) yearly atmospheric bulk chloride deposition (AP,
g m�2 year�1), chloride content of local recharge water (CR, mg L�1) used to estimate recharge; and groundwater chloride content from large springs and deep wells (CR*, mg L�1)
used to calibrate recharge (Alcalá et al., 2007, 2011); the functions for CR and CR* that best fit experimental data are superimposed. (b) Elevation and yearly recharge rate
(R, mm year�1) deduced from AP-CR data and AP-CR* data along the slope. Regional geology at 1:100,000 scale: 1 Paleozoic schist (N); 2 Paleozoic schist (A); 3 Triassic marble (N); 4
Permian to-Triassic phyllite (A); 5 Triassic limestone and dolomite (A); 6 Triassic limestone (A); 7 Upper Tortonian to Pliocene sediments; 8 Quaternary sediments. N Nevado-
Filabride and A Alpujarride tectonic complexes (Internal Betic Zone).
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years. CR values of large springs and deep wells (CR*), which inte-
grate the R-values (and their CR values) produced at different alti-
tudes, were used to calibrate estimates (Fig. 3a). Average recharge
rates vary from less than 20 mm year�1 on the coast to around
250 mm year�1 at the summit.

In Sierra de Gádor, as in other mountainous carbonated massifs
in SE Spain, the mix of infiltration fluxes yielded at different alti-
tudes is important. Using CR* data, average recharge is over-
estimated by 30% on average, and so correction is needed (Fig. 3b).
CR data of shallow, perched aquifers provide accurate recharge
estimates, neglecting the effect of this mixing infiltration on the
regional water table (Alcalá et al., 2011). The recharge function can
be regionalized within a GIS using geostatistical tools (Alcalá and
Custodio, 2008a).
3.3. Using numerical-modeling techniques to estimate actual
recharge

Numerical modeling techniques have been widely used in the
region. According to how the spatial heterogeneity of input vari-
ables and parameters are introduced and spatially managed,
models can be classified as lumped or spatially distributed. Exam-
ples of lumpedmodels applied in SE Spain are VENTOS (Bellot et al.,
2001), BALAN (Samper, 1998), ERAS (Murillo and De la Orden, 1996)
and TRIDEP (Padilla and Pulido-Bosch, 2008). Three-dimensional
distributed models based on numerical codes, such as MODFLOW
(McDonald and Harbaugh, 1988) or SEAWAT (Guo and Langevin,
2011), have been used in inland and coastal detrital aquifers
(Calvache and Pulido-Bosch, 1994).

The lumped parameter model ERAS has been one of the most
widely-used water table fluctuation models for estimating actual
recharge rates (Murillo and Roncero, 2005; Aguilera and Murillo,
2009). The easy access to groundwater level data and the
simplicity of the numerical code allow its application in many small
overexploited carbonate aquifers in SE Spain with a pronounced
negative water table tendency. The ERAS model computes the
volume of actual recharge, R, at the water table for a given time
interval i (op. cit.):

Ri ¼M,
�
Pi � Tbi

�N
,A (4)

where Pi is the rainfall over the period in mm, Ti is the average air
temperature in �C, and A is the aquifer’s permeable outcrop in m2.
b is a dimensionless calibration parameter for converting temper-
ature into potential evapotranspiration. It ranges from 1.3 for cold
zones to 1.6 for warmer zones (MMA, 2000). M and N parameters,
which must be previously calibrated using data on the water table
Table 1
Actual recharge rates estimated using the ERAS model in several aquifers of SE Spain. P
simulation period (mm yr�1).

Water
body (ID,
Fig. 1)

Area
(km2)

Altitude
range
(MineMax)

Main
lithology

Age Simulation
period

Rainfall-typ
period

Ventós (3) 7 380e900 L C 1997e2000 Dry
1999e2007

Peñarrubia (4) 41.5 500e1042 L, D JeE 1960e1999 Average
1900e2000

Serral-Salinas (6) 198 500e1240 L, D C 1960e1999 Average
1900e2000

Cabeçó d’Or (4) 15 400e1208 L J 1977e1987 Average
Solana (7) 118 500e990 L, D C 1989e1999 Dry

1900e2000 Average
Jumilla-Villena (8) 320 500e700 L, D C 1900e2000 Average

Main lithology: L ¼ limestone; D ¼ dolomite; Age: C ¼ Cretaceuos; J ¼ Jurassic; E ¼ Eoc

Please cite this article in press as: Andreu, J.M., et al., Recharge to mounta
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dynamics, determine the fraction of effective rainfall (i.e., Pi � Ti
b)

expected to reach the water table.
The variation of stored water in the aquifer can be computed as:

DVi ¼ Dhi,A,S (5)

where Dhi is the observed water table change (m), and S is the
aquifer storage coefficient. Because DVi derives from the balance
between actual recharge Ri (inflows) and the pumping rate Bi
(outflows), Dhi can be expressed as:

Dhi ¼
M
�
Pi � Tbi

�N
,A� Bi

S,A
(6)

Finally,M and N are fitted for the balance period using observed
Dhi values against simulated values computed from Pi, Ti and Bi
data.

Results from the ERAS model application in different carbonate
aquifers inMurcia and Alicante provinces (Fig.1) are shown in Table
1. Mean annual recharge rates relative to precipitation rates range
between 0.04 and 0.47. Differences in recharge are explained by
local differences in soil properties and vegetation cover, geological
heterogeneities, degree of karstification and fracturation. Using the
ERAS modeling approach, Martínez-Santos and Andreu (2010)
confirmed a general pattern of low recharge rates in small
carbonated aquifers of SE Spain, with low inertia to rainfall events
and where periods without significant recharge can last more than
one year (Fig. 4). Despite the particular hydrogeological functioning
of these small aquifers, they are extremely sensitive to intensive
pumping. This is the case of the Ventós aquifer, where an extraction
rate of 0.3 Mm3 year�1 (9.5% mean annual precipitation) over
a period of 30 years has caused a drop in the water table of 80 m.
3.4. Isotopic studies to identify sources and altitude of recharge

Numerous stable isotopic studies have been performed to eval-
uate the sources of recharge in SE Spain (e.g., Cruz-Sanjulián et al.,
1992; Vallejos et al., 1997; Frot et al., 2007; Alcalá et al., 2007).
Evaporation during the generation and transport of water vapour
from the Ocean determines the signature and the fractioning
between 18O and 2H in the water molecules (Craig, 1961). When air
masses are orographically uplifted, they cool and precipitate pref-
erentially the heavier isotopes. This property is useful for calculating
the relative contribution of groundwater recharge produced at
different altitudes.

The understanding of the sources can be improved using the
deuterium excess (d) as a conservative tracer (Craig, 1961):
and R are average values for observed precipitation and estimated recharge in the

e P R Calibration Reference

Period M N

242 7 1997e2000 0.01 1.22 Andreu et al. (2001)
272 13 1999e2007 0.06 1.22 Martínez-Santos and Andreu (2010)
372 114 1988e1998 0.88 4.35 Murillo and Roncero (2005)
446 163 1988e1999 0.86 0.96 Aguilera and Murillo (2009)
372 49 1989 1.87 0.21 Corral et al. (2004)
446 18 1989 0.12 0.90 Aguilera and Murillo (2009)
400 68 1977e1987 1.55 0.90 Murillo and De la Orden (1996)
333 76 1994e1997 0.90 0.89 Murillo et al. (2004)
446 208 1994e1997 0.93 1.01 Aguilera and Murillo (2009)
446 56 1998e2002 0.20 1.20 Aguilera and Murillo (2009)

ene
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Fig. 4. Actual recharge estimation by ERAS model in the Ventós aquifer (GWB number 3 in Fig. 1) for the 1999e2008 simulation period (modified fromMartínez-Santos and Andreu,
2010).

J.M. Andreu et al. / Journal of Arid Environments xxx (2011) 1e9 7
d ¼ d2H� 8d18O (7)

where d represents the isotopic concentration relative to the
standard VSMOW (Vienna Standard Mean Ocean Water). The
d-value changes depend on the relative air humidity and temper-
ature during the evaporation process that produces the water
vapour of the clouds. The SE Spain is a mixing zone where
precipitation originates fromwater vapour from the Atlantic Ocean
and the Mediterranean Sea (Frot et al., 2007).

The study of daily synoptic situations shows that rainfall
generation at low altitude is preferentially dominated by air masses
entering from the Atlantic Ocean, providing average d-values of
around 10& (Alcalá et al., 2007; Frot et al., 2007). The influence of
air masses entering from the Mediterranean basin increases
progressively to give d-values of more than 15& (up to 20&) on the
mountain summits (Cruz-Sanjulián et al., 1992; Vallejos et al.,
1997). The variation of d-value found in Sierra de Gádor is similar
to that recorded in other mountainous areas of SE Spain (Cruz-
Sanjulián et al., 1992).

In a d18Oed2H plot, the isotopic d18O and d2H signatures of
rainfall-amount-weighted samples collected from 2004 to 2007 at
12 rainfall stations situated between 38 and 1939 m a.s.l. in Sierra
de Gádor Mountains plot between the Global Meteoric Water Line
Fig. 5. (A) Oxygen-18 vs. deuterium plot from Sierra de Gádor precipitation samples (Global
regression analysis: dotted line). (B) Plot of oxygen-18 vs. elevation (linear regression analy
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and the Western Mediterranean Meteoric Water Line (Fig. 5 a). The
local meteoric water line shows a slope of 7 and R2 ¼ 0.95. These
18O and 2H signatures range from �6& to �45& along the coast to
�10& and �70& on the mountain summits. This spatial variation
of meteoric waters controls the 18O signature of groundwater.
Groundwater flow integrates recharge infiltrating at different alti-
tudes (Fig. 5 b). The altitudinal gradient of 18O formeteoric waters is
�0.25& 100 m�1 (Cruz-Sanjulián et al., 1992; Vallejos et al., 1997;
Alcalá et al., 2007). This gradient was used to trace the main
elevation range for aquifer recharge. Assuming a linear mixing
model of recharge produced at different elevations, Alcalá et al.
(2007) calculated an average altitudinal gradient of 18O in
groundwater of �0.09& 100 m�1. The main area for recharge
appears to be between 1200 and 1700 m a.s.l. (Vallejos et al., 1997),
induced by the highest rainfall rates and the greater karstification
at this altitude.
4. Discussion

Stimulated by the entry into force of the EU-Water Framework
Directive, a growing number of studies have been carried out to
characterize aquifer recharge in groundwater bodies in SE Spain.
Specific examples outlined in this article illustrate how different
Meteoric Water Line: solid line, Mediterranean Meteoric Water Line: broken line, Linear
sis: solid line, Confidence level 95%: broken line).
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methodologies were used to investigate the spatiotemporal pattern
of potential and actual recharge rates in carbonated massifs. These
formations are the most important groundwater reservoirs in the
region.

A wide number of techniques with different degree of
complexity, input data required and possibility for validating
results have been used to quantify potential and actual recharge in
most heterogeneous carbonated massifs in SE Spain. For a similar
rainfall period, the methods addressing the soil, the unsaturated
zone and the saturated zone provided different magnitude of
recharge. It should be noted that potential and actual recharge
observations involve different timing and hydrological meaning,
where potential usually exceeds actual recharge due to losses
expected to be produced in the vadose zone.

The soil water balance is the most widely-used technique to
quantify potential recharge rates below the root zone. Potential
recharge rates yielded by both physical and tracer techniques (i.e.,
the CMB method) in mountainous carbonated areas of the region,
suchas theSierra deGádorMountains, are 40�15% (average�1 s.d.)
of themean annual precipitation, with spurious values ranging from
1% to 75% (Contreras et al., 2008; Cantón et al., 2010). These figures
suggest that diffuse recharge in carbonated mountainous areas,
widely developed in Mediterranean environments, may represent
a significant proportion of the total potential recharge in wet and
average rainfall years but a negligible proportion in dry periods
(Alcalá et al., 2011; Martínez-Santos and Andreu, 2010). The low
surface runoff rates imposed by the medium-high karstification
degree of these systems and the relatively low evapotranspiration
rates driven by the low vegetation cover mean that concentrated
rechargeplays an important role in the totalwaterbalance, especially
during those dry periods in which short and intense rainfall events
are common(Martín-Rosales et al., 2007). Large runoff events tend to
infiltrate at footslopes of carbonated massifs in Quaternary forma-
tions (Martín-Rosales et al., 2007), thus increasing the uncertainty of
potential recharge estimates if runoff was assumed previously as
aquifer recharge.

The ERAS code, a lumped model based on the analysis of water
table dynamics in small carbonated aquifers, provides actual
recharge estimates from 5% to 45% of annual precipitation. The
estimates have already discounted the fraction of runoff and other
potential losses produced in the vadose zone during the infiltration
process. The observation of water level changes as the response to
recharge events is a prerequisite for the correct model application.
However, in dry periods this is not possible. This means that
a significant amount of small recharge events may go unnoticed for
long-term actual recharge evaluations. Since estimates of actual
recharge correspond to a fraction of the effective rainfall, these
methods have the advantage that they do not require the move-
ment of water to be known in either the soil or the unsaturated
zone. However, this advantage can limit the calibration with
alternative methods because actual recharge variability becomes
smoother as the thickness of the unsaturated zone increases.

Regardless of the method used, the divergence of potential and
actual recharge can have transitory and seasonal causes. The
difference between potential and actual recharge is shown to be
less than 5% in homogeneous, level areas under a semiarid climate
where the runoff rate is low to moderate (Lerner et al., 1990;
Scanlon et al., 2002). The difference diminishes when runoff is
incorporated into the water balance, when the potential ground-
water abstraction from perched aquifer levels is known, or when
the diffuse transfer of recharge in transit into other groundwater
bodies is known. On the other hand, the difference between
potential and actual recharge can reach 30% in mountainous areas
that have an abrupt relief, where geological heterogeneity is large
andwhere permeability is moderate (Simmers et al., 1997; Custodio
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et al., 1997). In mountainous carbonated massifs, where the vadose
zonemay be as much as 1000m thick, these influencing factors can
occur together leading to the discharge of part of the potential
recharge in transit through small springs, from which the water
flows towards rivers, the sea or other groundwater bodies.

In addition to these seasonal causes, there are transitory ones,
such as the negative trend of the phreatic level when the aquifer is
being intensively pumped. In the southeast of Spain, as in other
semiarid areas, a drop in piezometric level caused by pumping
makes longer the transit time of the recharge water through the
vadose zone, and this can even limit the comparison between
inflow from precipitation and the associated rise in phreatic level.
This divergence can be significant even in small aquifers if the
permeability is moderate and the period of observation is long.

The common limitations for achieving a precise and accurate
estimate of the potential and actual recharge in mountainous
carbonated aquifers may, nevertheless, be used to obtain additional
information about the hydrological operation of the aquifer (such
as transit time or recharge mechanisms). Where the aquifer
medium is well known, the differences can be interpreted to assess
possible lateral transfers between aquifers or the role that is played
by runoff e which is usually small in comparison to the recharge
(1:50e100 at high altitude and 1:25e50 in the lowlands) e as
mechanisms of recharge generation at different altitudes or in
preferential locations. The use of stable isotopes is a proven tool for
validating hypotheses of mechanisms of recharge and discharge
and of the flow systems within the aquifer.

Taking into account the divergence between potential and
actual recharge estimates in carbonated aquifers, the assessment of
spatial patterns of recharge constitutes another great challenge
(Entekhabi and Moghaddam, 2007), which has been tackled in SE
Spain using spatially-distributed modeling, chemical and isotopic
techniques, and other local empirical methods (Andreo et al., 2008).
The high spatial heterogeneity in land cover and surface processes
(e.g. evapotranspiration and surface runoff) that are typical of
semiarid regions could be incorporated into spatially-distributed
models with data provided by remote sensing. Satellite data have
proved to be able to define land units with similar hydrological
response (Bellot et al., 2001; Frot and van Wesemael, 2009) and to
quantify actual evapotranspiration rates using ecological modeling
based on the regional analysis of the anomalies in a spectral
vegetation index (Contreras et al., 2008). Characterization of the
conservative chemicals and isotopic signatures of rainfall, soil
moisture and groundwater has contributed to the understanding of
the mechanisms of recharge generation in the region (Cruz-
Sanjulián et al., 1992; Vallejos et al., 1997; Frot et al., 2007; Alcalá
et al., 2007, 2011). The effect of distance from the coast and alti-
tude in determining the atmospheric chloride deposition and the
impoverishment of heavy isotopes (18O and 2H) in rainwater are
steady properties that have been shown to establish regional
patterns of recharge generation.

The sensitivity of different models to changes in their parame-
ters has been addressed by several studies (Contreras et al., 2008;
Aguilera and Murillo, 2009). However, uncertainty analyses, even
an appraisal of recharge natural variability, are still scarce. For
example, research underway stresses the importance of correct
evaluation of surface runoff in reducing the error in recharge esti-
mation to 5e15% in carbonated massifs (Alcalá et al., 2011). Given
the scarcity of runoff measurements, several recharge assessments
have simulated it using empirical approaches based on the soil
number curve procedure (Martín-Rosales et al., 2007). A better
knowledge of the hydrological functioning of the headwater
catchments of the region through intensive monitoring of rainfall,
runoff, spring discharge and actual evapotranspiration is sorely
needed.
inous carbonated aquifers in SE Spain: Different approaches and new
11.01.011



J.M. Andreu et al. / Journal of Arid Environments xxx (2011) 1e9 9
Acknowledgements

This research was funded by Spanish Research Projects CICYT
FIS2005-07083-C02-02, CGL2008-03649 and MICINN CGL2007-
63450/HID and Andalusian Research Projects P06-RNM-01732,
P08-RNM-3721 and PO6-RNM-01696. The second author was
awarded “Juan de la Cierva” Contract JCI-2007-123-334 funded by
the Spanish Ministry for Education and Science and “Ciência 2008”
Contract C2008-IST/CVRM.1 funded by the Portuguese Ministry for
Science and Technology. Dr. Sergio Contreras is gratefully
acknowledged for his contribution to an earlier version of the
manuscript and for making Figs. 1 and 2.
References

Aguilera, H., Murillo, J.M., 2009. The effect of possible climate change on natural
groundwater recharge based on a simple model: a study of four karstic aquifers
in SE Spain. Environmental Geology 57, 963e974.

Alcalá, F.J., Custodio, E., 2008a. Atmospheric chloride deposition in continental
Spain. Hydrological Processes 22, 3636e3650.

Alcalá, F.J., Custodio, E., 2008b. Using the Cl/Br ratio as a tracer to identify the origin
of salinity in aquifers in Spain and Portugal. Journal of Hydrology 359, 189e207.

Alcalá, F.J., Custodio, E., Contreras, S., Araguás, L.J., Domingo, F., Pulido-Bosch, A.,
Vallejos, A., 2007. Influencia de la aridez climática, la altitud y la distancia al
mar sobre el contenido en cloruro y en d18O del agua de recarga y del agua
subterránea en macizos carbonatados costeros del SE peninsular español. Caso
de Sierra de Gádor. In: López-Geta, J.A., Pulido-Bosch, A., Ramos, G. (Eds.), III
Simposio Internacional sobre tecnología de la intrusión de agua de mar en
acuíferos costeros. IGME, Madrid, pp. 871e885.

Alcalá, F.J., Cantón, Y., Contreras, S., Were, A., Serrano-Ortiz, P., Puigdefábregas, J.,
Solé-Benet, A., Custodio, E., Domingo, F., 2011. Diffuse and concentrated
recharge evaluation using physical and tracer techniques: results from a semi-
arid carbonate massif aquifer in southeastern Spain. Environmental Earth
Sciences 62 (3), 541e557. doi:10.1007/s12665-010-0546-y.

Andreo, B., Vías, J., Durán, J.J., Jiménez, P., López-Geta, J.A., Carrasco, F., 2008.
Methodology for groundwater recharge assessment in carbonate aquifers:
application to pilot sites in southern Spain. Hydrogeology Journal 16 (5),
911e925.

Andreu, J.M., Delgado, J., García-Sánchez, E., Pulido-Bosch, A., Bellot, J., Chirino, E.,
Ortiz de Urbina, J.M., 2001. Caracterización del funcionamiento y la recarga del
acuífero del Ventós-Castellar (Alicante). Revista de la Sociedad Geológica de
España 14, 247e254.

Bellot, J., Bonet, A., Sanchez, J.R., Chirino, E., 2001. Likely effects of land use changes
on the runoff and aquifer recharge in a semiarid landscape using a hydrological
model. Landscape and Urban Planning 55, 41e53.

Bellot, J., Bonet, A., Peña, J., Sánchez, J.R., 2007. Human impacts on land cover and
water balances in a coastal Mediterranean county. Environmental Management
39, 412e422.

Boer, M.M., Puigdefábregas, J., 2005. Assessment of dryland degradation condition
using spatial anomalies of vegetation index values. International Journal of
Remote Sensing 26, 4045e4065.

Cantón, Y., Villagarcía, L., Moro, M.J., Serrano-Ortíz, P., Were, A., Alcalá, F.J.,
Kowalski, A.S., Solé-Benet, A., Lázaro, R., Domingo, F., 2010. Temporal dynamics
of soil water balance components in a karst range in southeastern Spain:
estimation of potential recharge. Hydrological Sciences Journal 55, 737e753.

Calvache, M.L., Pulido-Bosch, A., 1994. Modelling the effect of saltwater intrusion
dynamics for a coastal karstified block conected to a detrital aquifer. Ground
Water 32, 767e777.

Contreras, S., 2006. Spatial distribution of the annual water balance in semiarid
mountainous regions: Application to Sierra de Gádor (Almería, SE Spain). Ph.D.
Thesis (in Spanish), Dpto. de Hidrogeología y Química Analítica, Universidad de
Almería. Spain.

Contreras, S., Boer, M.M., Alcalá, F.J., Domingo, F., García, M., PulidoeBosch, A.,
Puigdefábregas, J., 2008. An ecohydrological modelling approach for assessing
long-term recharge rates in semiarid karstic landscapes. Journal of Hydrology
351, 42e57.

Corral, M.M., Murillo, J.M., Rodríguez, L., 2004. Caracterización del funcionamiento
de la Unidad Hidrogeológica Serral-Salinas (Alicante). In: VIII Simposio de
Hidrogeología, vol. XXVI. AEHS, Zaragoza. 53e62.

Craig, H., 1961. Isotopic variations in meteoric waters. Science 133, 1702e1703.
Cruz-Sanjulián, J., Araguás, L., Rozanski, K., Benavente, J., Cardenal, J., Hidalgo, C.,

García-López, S., Martínez-Garrido, J.C., Moral, F., Olías, M., 1992. Sources of
precipitation over South-Eastern Spain and groundwater recharge. An isotopic
study. Tellus 44B, 226e236.

Custodio, E., Llamas, M.R., Samper, J. (Eds.), 1997. La evaluación de la recarga a los
acuíferos en la planificación hidrológica. IAH-GE and ITGE, Madrid, 453 pp.

EEA, 2002. CORINE Land Cover 2000 (CLC2000) Seamless Vector Database. Euro-
pean Environmental Agency. Electronic resource available at: http://www.eea.
europa.eu.
Please cite this article in press as: Andreu, J.M., et al., Recharge to mounta
challenges, Journal of Arid Environments (2011), doi:10.1016/j.jaridenv.20
Entekhabi, D., Moghaddam, M., 2007. Mapping recharge from space: roadmap to
meeting the grand challenge. Hydrogeology Journal 15, 105e116.

Eriksson, E., Khunakasem, V., 1969. Chloride concentrations in groundwater,
recharge rate and rate of deposition of chloride in the Israel coastal plain.
Journal of Hydrology 7, 178e197.

Frot, E., van Wesemael, B., 2009. Predicting runoff from semi-arid hillslopes as
source areas for water harvesting in the Sierra de Gador, southeast Spain.
Catena 79, 83e92.

Frot, E., van Wesemael, B., Vandenschrick, G., Souchez, R., Sole-Benet, A., 2007.
Origin and type of rainfall for recharge of a karstic aquifer in the western
Mediterranean: a case study from the Sierra de GadoreCampo de Dalias
(southeast Spain). Hydrological Processes 21, 359e368.

Guo, W., Langevin, C.D., 2002. User’s Guide to SEAWAT: a Computer Program for
Simulation of Three-dimensional Variable-density Groundwater Flow. Open
File Report 01e434. US Geological Survey.

Lerner, D.N., Issar, A.S., Simmers, I., 1990. Groundwater Recharge. A Guide to
Understanding and Estimating Natural Recharge. In: International Contribu-
tions to Hydrogeology, vol. 8. IAH e Heise, Hannover, 345 pp.

Martín-Rosales, W., Gisbert, J., Pulido-Bosch, A., Vallejos, A., Fernández-Cortés, A.,
2007. Estimating groundwater recharge induced by engineering systems in
a semiarid area (southeastern Spain). Environmental Geology 52, 985e995.

Martínez-Santos, P., Andreu, J.M., 2010. Lumped and distributed approaches to
model natural recharge in semiarid karst aquifers. Journal of Hydrology 388,
389e398. doi:10.1016/j.jhydrol.2010.05.018.

McDonald, M.G., Harbaugh, A.W., 1988. A Modular Three-dimensional Finite-
difference Ground-water Flow Model, Techniques of Water Resources Investi-
gations Book 6. US Geological Survey, ch. A1586 pp.

MMA, 2000. Libro blanco del agua en España. Dirección General de Obras
Hidráulicas y Calidad del Agua e Ministerio de Medio Ambiente, Madrid.

MMA, 2006. Síntesis de la información remitida por España para dar cumplimiento
a los artículos 5 y 6 de la Directiva Marco del Agua en materia de aguas sub-
terráneas. Dirección General de AguaseMinisterio de Medio Ambiente, Madrid.

Molina, J.L., García-Aróstegui, J.L., Benavente, J., Varela, C., de la Hera, A., López-
Geta, J.A., 2009. Aquifers overexploitation in SE Spain: a proposal for the inte-
grated analysis of water management. Water Resources Management 23,
2737e2760.

Mostert, E., 2003. The European water framework directive and water management
research. Physics and Chemistry of the Earth 28, 523e527.

Mulas, J., Aragón, R., Martínez, M., Lambán, J., García-Aróstegui, J.L., Fernández-
Grillo, A.I., Hornero, J., Rodríguez, J., Rodríguez, J.M., 2003. Geotechnical and
hydrogeological analysis of land subsidente in Murcia (Spain). RMZ e Materials
and Geoenvironment 50, 249e252.

Murillo, J.M., De la Orden, J.A., 1996. In: Sobreexplotación: alternativas de gestión y
evaluación del efecto del cambio climático en la recarga natural del acuífero
kimmeridgiense de Cabezón de Oro (Alicante). Recursos Hídricos en Regiones
Kársticas, Victoria, pp. 73e88.

Murillo, J.M., Roncero, F.J., 2005. Natural recharge and simulation of the manage-
ment using the model "ERAS". Application to the Pen

̃

arrubia aquifer (Alicante).
Boletín Geológico Y Minero 116, 97e112.

Murillo, J.M., De la Orden, J.A., Roncero, F.J., 2004. El modelo “ERAS” una herra-
mienta sencilla para estimar la recarga a los acuíferos que tienen una respuesta
rápida. Congress XXXIII IAH - 7� ALHSUD. Groundwater flow understanding:
from local to regional scales. Zacatecas City, Mexico. http://www.igeograf.unam.
mx/aih.

Nemani, R.R., Running, S.W., 1989. Testing a theoretical climate-soil-leaf area
hydrologic equilibrium of forests using satellite data and ecosystem simulation.
Agricultural and Forest Meteorology 44, 245e260.

Padilla, A., Pulido-Bosch, A., 2008. A simple procedure to simulate karstic aquifers.
Hydrological Processes 22, 1876e1884.

Pulido-Bosch, A., Pulido-Lebouf, P., Molina, L., Vallejos, A., Martín-Rosales, W., 2000.
Intensive agriculture, wetlands, quarries and water management. A case study
(Campo de Dalías, SE Spain). Environmental Geology 40, 163e168.

Robledano, F., Esteve, M.A., Farinós, P., Carreño, M.F., Martínez-Fernández, J., 2010.
Terrestrial birds as indicators of agricultural-induced changes and associated
loss in conservation value of Mediterranean wetlands. Ecological Indicators 10,
274e286.

Samper, J., 1998. Evaluación de la recarga por la lluvia mediante balances de agua:
utilización, calibración e incertidumbres. Boletín Geológico Minero 109, 31e54.

Sánchez-Martos, F., Pulido-Bosch, A., Molina-Sánchez, L., Vallejos-Izquierdo, A.,
2007. Identification of the origin of salinization in groundwater using minor
ions (Lower Andarax, Southeast Spain). The Science of the Total Environment
297, 43e58.

Scanlon, B.R., Healy, R.W., Cook, P.G., 2002. Choosing appropriate techniques for
quantifying groundwater recharge. Hydrogeology Journal 10, 18e39.

Simmers, I., Hendrickx, J.M.H., Kruseman, G.P., Rushton, K.R., 1997. Recharge of
Phreatic Aquifers in (Semi)arid Areas. In: Contributions to Hydrogeology, vol.
19. International Association of Hydrogeologists e Balkema, Rotterdam, 277 pp.

Specht, R.L., Specht, A., 1989. Canopy structure in Eucalyptus-dominated commu-
nities in Australia along climatic gradients. Oecologica Plantarum 10, 191e202.

Vallejos, A., Pulido-Bosch, A., Martin-Rosales, W., Calcache, M.L., 1997. Contribution
of environmental isotopes to the understanding of complex hydrologic systems.
A case study: Sierra de Gador, SE Spain. Earth Surface Processes and Landforms
22, 1157e1168.

Vera, J.A. (Ed.), 2004. Geología de España, vol. 3. Sociedad Geológica de España and
Instituto Geológico y Minero de España, Madrid.
inous carbonated aquifers in SE Spain: Different approaches and new
11.01.011

http://www.eea.europa.eu
http://www.eea.europa.eu
http://www.igeograf.unam.mx/aih
http://www.igeograf.unam.mx/aih

	Recharge to mountainous carbonated aquifers in SE Spain: Different approaches and new challenges
	Introduction
	Study region
	Recharge study cases: methods and results
	Using a satellite-based ecohydrological model to estimate potential recharge
	Using an atmospheric chloride mass balance to estimate potential recharge in transit
	Using numerical-modeling techniques to estimate actual recharge
	Isotopic studies to identify sources and altitude of recharge

	Discussion
	Acknowledgements
	References


