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Abstract A numerical groundwater model of the weathered
crystalline aquifer of Ursuya (a major water source for the
north-western Pyrenees region, south-western France) has
been computed based on monitoring of hydrological, hydro-
dynamic and meteorological parameters over 3 years. The
equivalent porous media model was used to simulate ground-
water flow in the different layers of the weathered profile:
from surface to depth, the weathered layer (5 · 10−8≤K≤5 ·
10−7 m s−1), the transition layer (7 · 10−8≤K≤1 · 10−5 m s−1,
the highest values being along major discontinuities), two fis-
sured layers (3.5 · 10−8≤K≤ 5 · 10−4 m s−1, depending on
weathering profile conditions and on the existence of active
fractures), and the hard-rock basement simulated with a neg-
ligible hydraulic conductivity (K = 1 10−9). Hydrodynamic
properties of these five calculation layers demonstrate both
the impact of the weathering degree and of the discontinuities
on the groundwater flow. The great agreement between
simulated and observed hydraulic conditions allowed for vali-
dation of the methodology and its proposed use for application

on analogous aquifers. With the aim of long-term manage-
ment of this strategic aquifer, the model was then used to
evaluate the impact of climate change on the groundwater
resource. The simulations performed according to the most
pessimistic climatic scenario until 2050 show a low sensitivity
of the aquifer. The decreasing trend of the natural discharge is
estimated at about −360 m3 y−1 for recharge decreasing at
about −5.6 mm y−1 (0.8 % of annual recharge).

Keywords Fracture rocks . Numerical modeling . Climate
change . Equivalent porousmedia . France

Introduction

Water resources (surface water and groundwater) are directly
affected by global warming. The temporal and spatial evolu-
tions of the hydrological cycle induced by climate change are
largely documented (e.g. Brouyère et al. 2004; Kumar 2012;
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Neukum and Azzam 2012; Zhou et al. 2010). Many scientific
studies have been carried out focusing on surface-water sys-
tems (Treidel et al. 2012), but before 2010 only a few studies
discussed the evolution of groundwater resources in the next
decades (e.g. Aguilera and Murillo 2009; Bloomfield et al.
2003; Bouraoui et al. 1999; Eckhardt and Ulbrich 2003).
However, the impact of climate variations on groundwater
resources is an important aspect for future water management
(Taylor et al. 2012). Nowadays, this topic is handled more
frequently in the literature (e.g. Allen et al. 2010; Virdi et al.
2013; Bertrand et al. 2014; Klove et al. 2014; Landes et al.
2014), especially on the theme of models for forecasting
groundwater flow for efficient groundwater management
(e.g. Mahmoodzadeh et al. 2014; Molina et al. 2013; Shamir
et al. 2015).

The study described here deals with this topic in the spe-
cific hydrogeological context of fractured-rock aquifers. The
materials of the study area are characterized by a high degree
of weathering, and can be considered as an interesting hard
rock aquifer comparable to those developed in tropical and
sub-tropical areas where groundwater modeling is poorly doc-
umented (e.g. Australia, Banks et al. 2009; Malawi, Chilton
and Smith-Carington 1984; Burkina Faso, Courtois et al.
2010; India, Dewandel et al. 2006; Central African
Republic, Djebebe-Ndjiguim et al. 2013). Fractured-rock en-
vironments are an important field of study due to their abun-
dance and increasing uses for water supply worldwide
(Ayraud et al. 2008; Bertrand et al. 2010; Glynn and
Plummer 2005; Berkowitz 2002).

Different approaches exist to model groundwater flow
in discontinuous aquifers. The ‘equivalent porous me-
dia’ approach has been used in this study (e.g.
Abusaada and Sauter 2013; Boronina et al. 2003;
Carrera et al. 1990; Davison 1985; Hsieh and Neuman
1985). Here, the primary and secondary porosity and the
hydraulic conductivity distribution are replaced by a
continuous porous medium having equivalent hydraulic
properties (Cook 2003).

The modeling strategy described in this report is applied to
the gneissic aquifer of the Ursuya massif, in a specific geolog-
ical context of hard rock aquifers exhibiting a high degree of
weathering. The weathering profile developed in hard rock
aquifers is of primary importance for flow conditions in such
media (Ayraud et al. 2008; Dewandel et al. 2006; Hrkal et al.
2009; Jaunat et al. 2012; Wyns et al. 2004). Indeed, numerous
studies highlight that the degree of weathering is one of the
major parameters constraining the groundwater flows in hard
rock media (Koïta et al. 2013; Lachassagne et al. 2011). The
first aim of the study is to assess the impact of this weathering
profile and of the geological discontinuities on groundwater
flows by the use of numerical modelling tools. The study also
aims to assess the impact of the regional projected climate
conditions on the local groundwater resources since the study

site is one of the main drinking-water-supply resources of the
north-western Pyrenees region.

The differential groundwater flowpaths of this system have
been previously defined according to geochemical and isoto-
pic investigations on groundwater and recharge waters (Jaunat
et al. 2012, 2013). These results, with a significant database of
3 years, and with the monitoring of runoff, hydraulic head and
climate parameters, allowed the establishment of a groundwa-
ter flow model in finite elements. Long-term predictive simu-
lations were then performed (up to 2050) to estimate the po-
tential evolution of the groundwater resources in relation to
climate change.

General setting

Geological situation

Located in the north-western Pyrenees (south-western
France), 25 km from Bayonne city and from the Atlantic
coast, the Ursuya Massif is the first relief of the north-
western part of the Pyrenees coming from the north. The
Ursuya Mount is constituted of Precambrian crystalline meta-
morphic formations (basic gneisses and pargneisses;
Boissonnas et al. 1974) distributed between the Nive River
bed—at 40 m above sea level (ASL) and 678 mASL
(Ursuya Mount, Fig. 1a). Thin sections of metamorphosed
limestone have also been observed in some boreholes
(Armand et al. 1995; Boissonnas et al. 1974) but their distri-
bution is poorly defined. It is the same for some pegmatite
lenses (Ondarroa et al. 1998).

These Precambrian crystalline formations are strongly frac-
tured and show a high density of lineaments (Fig. 1b,
Boissonnas et al. 1974; Jaunat 2012) mainly attributed to the
Hercynian tectonic but also to a post-Hercynian evolution
(Engeser and Schwentke 1986; Feuillée and Rat 1971;
Larrasoaña et al. 2003; Turner 1996). The map of lineaments
shows a NW–SE major orientation, which is in agreement
with the geological context of the Pyrenees (e.g. Mattauer
and Henry 1974).

The study site (Fig. 1a) is composed of an important
layer of weathered material (frequently more than 10 m
thick) covering a fissured layer. The transition between
these two layers is gradual with an increasing
weathering from the fissured to the weathered layer.
This lithology is typical of crystalline aquifer profiles
with three superimposed layers (from surface to depth:
weathered, transition and fissured) when the profile is
completely preserved (Chilton and Smith-Carington
1984; Chilton and Foster 1995; Courtois et al. 2010;
Dewandel et al. 2006; Hrkal et al. 2009; Lachassagne
et al. 2011; Wyns et al. 2004).
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Hydroclimatology

Recorded data

The climate of the study area is temperate oceanic. The mean
annual precipitation amount in the weather station of Biarritz-
Anglet, 25 km from the study area (−1°31′54″; 43°28′18″;
69 mASL), is about 1,510 mm y−1 (calculated from 1964–
2012 data from Meteo France). The estimated effective

rainfall, using a Penman–Monteith computation, is 653 mm
y−1 (Jaunat et al. 2013). The effective rainfall is the amount of
rainfall remaining after evapotranspiration and which will be
available for both runoff and groundwater recharge (Hiscock
2005).

Rainfall height (mm), air temperature, relative humidity,
wind speed, sunshine and atmospheric pressure have also
been measured directly at a dedicated weather station on the
Ursuya Massif (550 mASL, Fig. 1a) during the study period.

Fig. 1 aUrsuyaMassif topography, lithology and location of monitoring
points; b discontinuities runoff network and location of gauging stations.
These maps are the result of the combination of Boissonnas et al. (1974)

data, aerial photo imagery interpretation, field observations and drill
cutting information
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The knowledge of these parameters provides an accurate char-
acterisation of annual precipitation but also evapotranspiration
and effective rainfall of the study area. The mean annual pre-
cipitation and estimated effective rainfall on the Ursuya
Mount, calculated from this monitoring during the 3 years of
measurements, are 1,440 and 624 mm y−1 respectively. The
effective rainfall corresponds to 43% of the total precipitation,
which is similar to the Meteo France record at the weather
station of Biarritz-Anglet (43 % for 1964–2012).

Climate projections

Besides high uncertainties, Pagé and Terray (2010) and
Chauveau et al. (2013) agree with a decreasing trend of pre-
cipitation in the southwest of France (from 0 to −15 % until
2070) especially in western Pyrenees. For temperature, an
increase between 1.5 and 2.8 °C is expected until 2050 for
the southwest of France, but the Atlantic Ocean has a high
capacity to absorb energy and to reduce the warming rates in
the areas near the coast (Merot et al. 2013). The rising tem-
peratures will result in an increase in the evapotranspiration
rate and consequently, combined with a decrease in rainfall
amount, aquifer recharge is expected to decrease in the
Western Pyrenees region for the next few decades.

Hydrogeological properties

Significant groundwater flows take place in these formations.
Between 1994 and 2003, 43 boreholes were drilled over the
UrsuyaMassif area in order to respond to the increasing water
demand in the north-western Pyrenees. Of these boreholes, 34
were dry or too unproductive to allow viable sustainable ex-
ploitation. Presently, only 8 boreholes still exist on the study
area (Fig. 1a and Table 1), of which merely 5 are operating
(Osp5, Ar3, Ar5, Pit11 and Pit16). These boreholes have
allowed lots of geological observations despite the few hydro-
dynamic investigations that were carried out. The hydraulic

conductivities vary from 2 · 10−7 to 1 · 10−4 m s−1, storage
coefficients from 9 · 10−5 to 1 · 10−2 and transmissivity from
1 · 10−5 to 4 · 10−3 m s−2. These values and the observed het-
erogeneity are characteristic of fissured media (Blouin et al.
2013; Dewandel et al. 2005; Maréchal et al. 2004; Taylor and
Howard 2000). In addition to these boreholes, 190 springs
have been recognized among which 101 are exploited
(Fig. 1a). These springs feed an important surface flow net-
work often developed along discontinuities (Fig. 1b). This
surface drainage system is in constant relation with ground-
water, draining or feeding it, depending on the geological and
geomorphological contexts and also on the hydrodynamic
level of the water table.

Based on groundwater geochemistry, isotopic analyses,
modelled ages and the lithological conditions described earli-
er, different flowpath configurations have been described for
the aquifer of the Ursuya Massif in Jaunat et al. (2012). Thus,
in the fissured zone, when it is outcropping, the shallow water
flows rapidly along the fissures of the gneissic rock. Where
the fissured layer is underlying a weathered one, the ground-
water can circulate in both. According to the degree of
weathering, mixing between water from these two layers is
allowed.

Methods

Groundwater modeling

The numerical translation of the conceptual model described
previously has been realized in finite elements with the
FEFLOW code 6.0 (Finite Element Subsurface Flow and
Transport Simulation System; Trefry and Muffels 2007).
The development of a numerical hydrodynamic model re-
quires several steps: implementation of geometry, hydrody-
namic parameters, values of recharge rates and volumes of
groundwater withdrawals.

Table 1 Characteristics of the
boreholes existing in the study
area

BH
name

Exploitation Longitude
(°/min/s)

Latitude
(°/min/s)

Z
(mASL)

Depth
(m)

Layer exploited K (m s−1)

Ar5 Exploited −1 2021.2 43 2123.9 265 43 Fissureda NM

Pit11 Exploited −1 1937.7 43 2121.3 280 41 Fissureda NM

Pit16 Exploited −1 1947.2 43 2123.0 310 52 Fissureda NM

Osp5 Exploited −1 1836.2 43 2140.8 170 58 Fissureda NM

Osp9 Non exp. −1 1853.8 43 2136.2 175 55 Fissuredb 2.20 · 10−7

Pe4 Non exp. −1 223.3 43.2026.9 215 47 Trans. + Fissuredb 6.75 · 10−5

Pe5 Non exp. −1 2154.4 43 2025.2 215 42 Trans. + Fissuredb 1.10 · 10−4

Ip2 Non exp. −1 2158.2 43 2119.7 150 57 Fissuredb 6.70 · 10−6

Trans. transition, NM not measured, Z elevation, K hydraulic conductivity
a Data from operators
b Data from borehole logging conducted during this study
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Horizontal and vertical discretization

The extent of the numerical model covers an area of 45 km2

discretized via a triangular mesh of 74,777 elements per layers
(Fig. 2a). This irregular triangulation is based on the set of
points with available information; thus, the mesh is refined
around springs, wells, streams and along the mapped
lineaments.

The vertical discretization of the different layers has been
reproduced through five calculation layers: the weathered lay-
er, the transition one, two fissured layers and the bedrock.
Paragneisses and gneisses, with similar hydraulic characteris-
tics, have not been distinguished in the numerical model.

The representation of the horizontal extension of these
layers is based on the local map (Fig. 1a). The vertical extent
of each layer was approached through the lithological descrip-
tions obtained from the 26 drillings conducted on this area
over the past decades and for which information is available,
literature review—Table S1 of the electronic supplementary
material (ESM) and field investigations.

The weathered layer, when existing, is represented by
a layer, 20 m thick maximum with an increasing thick-
ness gradient (Fig. 2b). The transition layer between
weathered and fissured materials is simulated through
a layer 10 m thick maximum also with a thickness
gradient. The two fissured layers are simulated by an
upper layer 15 m thick and a maximum thickness of

the underlying layer of 20 m (Fig. 2b). The hard rock
basement is simulated through an idealized layer hydro-
dynamically homogenous with negligible hydraulic con-
ductivity and specific storage (K = 1 · 10−9 m s−1 and
Ss = 1 · 10−6 m−1; e.g. Maréchal et al. 2004; Walker
et al. 2001) and highly thick (from the bottom of the
fissured layer to −600 mASL) avoiding edge effects in
the numerical calculations.

Input and calibration data

Boundary conditions

Potential groundwater flows and exchanges through the limits
of the aquifer have been computed with fixed hydraulic heads
(Dirichlet-type boundary conditions). Only the western limit
formed by the Nive River (Fig. 1) is simulated through
Cauchy-type boundary conditions. The relationships between
the surface flow network and the sub-surface were also simu-
lated by Cauchy-type boundary conditions all over the
modelled area. These boundary conditions allow simulation
of interactions between streams and groundwater, through a
layer that is more or less clogged (Diersch 2010; Trefry and
Muffels 2007). The transfer rate is then defined through this
conductance parameter which has been adjusted during the
calibration procedure.

Fig. 2 Geometry of the finite
element groundwater model (a
magnification factor of 2 is
applied to the vertical axis; a full
area; b zoomed cross section)
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Hydrodynamic parameters

In order to simulate accurate groundwater flow, the values of
specific storage and hydraulic conductivity used in the model
are based on data from pumping tests conducted in the non-
exploited boreholes still existing on the study area (Table 1).
Given the low density of this dataset and its poor spatial dis-
tribution, a bibliographical review has been conducted in or-
der to ascertain and validate hydrodynamic parameters of the
different layers of the weathered profile of the aquifer of the
UrsuyaMassif (Table S2 of the ESM). These values were then
adjusted during the calibration phase in steady state and tran-
sient regimes. These adjustments are based on lithological and
structural properties and concern especially major fractures
that can act as preferential flow pathway. Data on aperture,
filling, continuity or wall roughness for individual discontinu-
ities are inaccessible at the study site scale. Nevertheless, the
localization of the discontinuities network (Fig. 1b) has been
essential in the calibration process in order to implement pref-
erential flow conditions along it and to ascertain its role in the
groundwater flows. Lithological field observations were also
relevant to adjust hydrodynamic properties. Thus, clay and
sand contents in weathered and transition layers, presence of
pegmatite and metamorphosed limestone lenses, and rate of
fissuring of the fissured layers are some properties that were
used to localize adjustments of hydrodynamic parameters in a
realistic way.

Recharge, withdrawals and hydraulic head

The weekly volumes of withdrawals in the exploited bore-
holes (Ar5, Osp5, Pit11 and Pit 16; Fig. 1a) were provided
by operators. Themeasured hydraulic heads (hourly to weekly
time steps based on different operators) have been used for the
model calibration at transient state.

Hydraulic heads of non-exploited boreholes (Ip2, Osp9,
Pe4 and Pe5; Fig. 1a) and runoff volumes recorded at the
height gauging stations (Fig. 1b) have also been used for the
model calibration. Hydraulic heads in non-exploited bore-
holes and water levels in streams were measured by automatic
water level sensors BSchlumberger Mini-Diver^ and were re-
corded at an hourly time step. For the streams, five to seven
gaugings per station were conducted, distributed throughout
the water cycle, in order to convert the measured water level to
flow rate. These measurements were conducted continually
between August 2009 and June 2012.

The monitoring of weather parameters directly at the study
site allows one to define accurate precipitation conditions and
effective rainfall amount on a weekly basis. The recharge of
the aquifer (part of the effective rainfall that reaches the satu-
rated zone) has been computed based on these results, and
considering the influences of the vegetation cover and the soil
characteristics on the amount of infiltrated water. Then,

different sectors where defined from this analyse and adjusted
during the steady-state calibration phase, with extreme
amounts of infiltration water between 20 % of the effective
rainfall (mean about 80.4 mm y−1) where the soil is thick and
strongly clayey and 90 % of the effective rainfall (mean about
400 mm y−1) where the soil is absent as is the vegetal cover
(Armand et al. 1995). The mean annual volume of recharge
water computed using these values corresponds to 8.3 · 106 m3

y−1 for the whole study area, which represents 0.2 m3 m−2 y−1.

Predictive simulation and groundwater response
to climate change

Data used

In this study, spatial data from SCRATCH2010 models
(produced by the CERFACS; European Centre for Research
and Advanced Training in Scientific Computation; Pagé and
Terray 2010), updated in 2012, has been used. The spatial
resolution is about 8 km, with a monthly time step. The meth-
od of downscaling used for the production of these data is
widely developed in Boé et al. (2006) and Boé and Terray
(2008). This treatment was performed on data from the
ARPEGE models V4.6 (research action on small and large
scale) produced by the CNRM (National Centre for
Meteorological Research).

Precipitation data and effective precipitation resulting from
the A2 and B1 scenarios have been used in this study. The A2
and B1 scenarios, which were developed by the
Intergovernmental Panel on Climate Change (IPCC), reflect
two contrasting future greenhouse gas emission situations
based on different hypotheses of economy and population
trends in the future (IPCC 2013, 2014; Nakicénovic et al.
2000). A2 is characterized by high emissions of greenhouse
gases and is considered as a pessimistic scenario, while B1 is
considered as an optimistic one.

Simulation of climate change scenarios

Forecast simulations were performed for a period of 49 years,
between 2001 and 2050. A monthly time step was adopted for
these simulations and the amount of recharge water was esti-
mated using the data presented earlier from the predictive
scenarios. The forecasted amounts of effective precipitation
have then been corrected with the soil and the vegetation fac-
tors previously discussed, in order to consider only the infil-
tration water in the numerical model.

The groundwater withdrawals were also introduced to
achieve these forward simulations. Average monthly volumes
were calculated using the 3 years of available data (July 2009
to July 2012). These monthly withdrawals were repeated iden-
tically during the 49 years of simulation. Without precise pre-
dictive demographic data, this treatment seems appropriate for
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the evaluation of the impact of climatic trends on groundwater
resources in a realistic way (this fact will be discussed later
on).

Results and discussion

Calibration and validation of the numerical model

Steady-state calibration

The numerical model has been initially calibrated in steady
state, using the 2011 data, a period for which the available
dataset is the most complete. This step allowed a first assess-
ment of the model characteristics before switching to the tran-
sient state regime.

The steady-state calibration was based on the altitude of the
198 perennial springs identified in the study area. The steady-
state calibration consisted of the restitution by the model of a
hydraulic head pattern in agreement with the seeping altitude
of these springs (Fig. 3). At the end of the calibration phase,
170 observation points showed a difference of less than 10 m
between simulated and observed hydraulic heads, of which
120 are less than 5 m. Differences of about 10–15 m were
observed for 22 calibration points and the simulated levels
presented a difference of 15–20 m with the measured altitude
for six springs. Besides this good correlation between com-
puted and observed hydraulic heads, the mean absolute error
(MAE, corresponding to the mean of the absolute value of the
residual, Anderson et al. 2015) about 0.89 m revealed an over-
all good result.

The 3-year runoff-volume dataset has also been used for
the calibration procedures. The exploited volumes from the
springs emerging in the eight controlled watershed (Urr, Urc,
Bas, Hey, Lat, Lou, Etc., Cos, Fig. 1b) were added to that

measured at the gauging stations, in order to precisely identify
groundwater outflows in these areas. These volumes were
compared with the simulated outflows from the numerical
model for the same areas. The results showed a positive cor-
relation between simulated and measured outflows.

The simulated outflow for the whole watershed was slight-
ly higher than the measured one (respectively 11,682,693 and
11,149,625 m3 y−1), with a ratio [simulated volumes/
measured volumes] of about 0.95.

Transient calibration

In a transient regime calibration, the simulation period
should be long enough and the data available have to
be adequate, accurate and complete. On the Ursuya
Massif, recharge data, withdrawals and hydraulic head
variations have been precisely recorded since July 2009.
These data are recorded in different time steps (from
hourly for recharge and hydraulic heads to weekly for
exploited volumes); therefore, the model is calibrated in
transient state over a period of 3 years (July 2009 to
July 2012), at a weekly time step. Hourly values of
recharge have been summed on a weekly basis and
weekly means of hydraulic heads have been used for
the calibration. Results are presented at an annual scale
so as to facilitate the reporting of results.

The comparison of measured and simulated hydraulic
heads shows a good restitution of the water table by the
model (Fig. 4). The total mean absolute error (MAE) of
about 1.9 m confirms the realism of the numerical mod-
el. The individual MAE is less than 1 m for the bore-
holes Ar5, Osp9 and Ip2 (respectively 0.74, 0.29 and
0.32 m, Fig. 4). It is slightly higher for Pit11, Pe5,
Pe4 and Osp5 (respectively 1.56, 1.38, 2.62, 6.44 m,
Fig. 4) but in an acceptable range beside the range of
hydraulic heads variability of these boreholes.

Accuracy of flow conditions through hydrodynamic
numerical modeling

The hydrodynamic properties of the calculation layers used in
the numerical model of the Ursuya aquifer are presented in
Fig. 5. Values of hydraulic conductivity are computed based
on the local dataset and bibliographical review and are adjust-
ed through the calibration process in steady and transient re-
gimes. These implemented hydrodynamic properties allow for
representing flow conditions quite close to field observations,
and describe the strong influence of the weathered profile and
of the hard rock discontinuities on the groundwater flow in
crystalline aquifers.

These results allow the establishment of a conceptual mod-
el available for weathered hard rock aquifers with

Fig. 3 Correlation between simulated and observed hydraulic heads in
steady state
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heterogeneous geographical weathering and erosion mecha-
nisms (Fig. 5; Table 2):

1. The weathered layer, besides having a high porosity, al-
ways has low permeability (5 · 10−8≤K≤5 · 10−7 m s−1 in
the Ursuya Massif). This layer, when saturated, is consid-
ered as a capacitive one and ensures a storage function.
The lowest values are here linked to differential
weathering processes due to the presence of pegmatite
(Boissonnas et al. 1974; Ondarroa et al. 1998) in one area
of the study site (Olhasso on Fig. 5).

2. In the transition layer, the original structure of the bedrock
is preserved. It is thus possible to observe the influence of
regional fractures in this layer with higher values along
major discontinuities (1 · 10−6 ≤K ≤ 1 · 10−5 m s−1).
However, beside these preferential pathways, this layer
displays a quite low permeability (7 · 10−8≤K≤3 · 10−7

m s−1).
3. The fissured layer is generally characterized by a dense

fissuring network and ensures a transmissive function
along active discontinuities (1 · 10−6≤K≤5 · 10−4 m s−1).
In addition, this study’s results highlight the fact that the
erosion process has to be considered. Indeed, where the
weathered profile is complete, the hydraulic conductivity

of the lower fissured layer is higher than that of the upper
one (1 · 10−6 and 8 · 10−7 m s−1 respectively).

4. Where the transitional and/or weathered materials are
eroded, and in case of regional extent erosion processes,
the porosity of the fissured layer could be clogged (4 ·
10−8–7 · 10−8 m s−1 for the upper fissured layer and 4 ·
10−8–3.5 · 10−8 m s−1 for the lower fissured one in
Petchoenea zone and Ursuya Mount area in Fig. 5), ex-
cept along some of the major discontinuities. A multiple
phasing of the weathering processes can then be
suspected. Fissures are progressively filled up by clay-
rich materials and are then obliterated by the weathering
process (Dewandel et al. 2006). These sealed fissures ex-
plain the low permeability observed in these parts of the
aquifer.

5. On the other hand, if the weathered material’s disappear-
ance is the result of recent fluvial erosion, it could be
expected that the local porosity of fissures is still conduc-
tive and that the global hydraulic conductivity of the fis-
sured layer is favourable to groundwater flow. This can be
observed along the Nive River (Fig. 5), where the lack of
weathered and transitional materials is related to mechan-
ical processes, induced by fluvial erosion. In this case, the
recent erosion of the unconsolidated surrounding mate-
rials allows a favourable porosity (Cho et al. 2003;
Dewandel et al. 2006; Lachassagne et al. 2001; Taylor
and Howard 2000) for both the upper and the lower fis-
sured layers, with the value of K respectively between 7 ·
10−6 and 1 · 10−6 m s−1.

This model, displayed in Table 2, is in agreement
with the results obtained during the past few decades
on weathered profiles of crystalline aquifers (Acworth
1987; Courtois et al. 2010; Dewandel et al. 2006,
2011; Houston and Lewis 1988; Howard et al. 1992;
Lachassagne et al. 2011; Maréchal et al. 2004; White
et al. 2001; Wyns et al. 2004).

In the Sohano and Mendurria zones, the permeability is
also lower, with values respectively between 4 · 10−8 and 8 ·
10−7 m s−1 for the upper fissured layer and 3.5 · 10−8 and 1 ·
10−7 m s−1 for the lower one. Unfortunately, these geograph-
ical sectors have never been subject to drilling and no data
exist. The lack of knowledge around these areas does not
allow for conclusions on the origin of the low permeability
values; however, even if uncertainties remain about the geom-
etry and the hydrodynamic properties implemented in these
zones, they allow a realistic transcription of the global mor-
phology of the hydraulic heads.

In the same way as for hydraulic conductivities, data on
specific storage are based on local datasets and bibliographical
review. They were then adjusted through the calibration pro-
cess in a transient state regime. For the weathered layer, values
from 1.3 · 10−4 to 5.5 · 10−3 m−1 are reported in the literature

Fig. 4 Simulated and observed hydraulic heads in transient state for
boreholes between July 2009 and July 2012. MAE mean absolute error
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(Dewandel et al. 2006; Domenico and Mifflin 1965), whereas
concerning the fissured layer, values between 3.3 · 10−6 and
7.0 · 10−3 m−1 are proposed (Dewandel et al. 2011; Domenico
and Mifflin 1965; Lee and Lee 2000). The values obtained for
the aquifer of Ursuya after the calibration phase are about 5 ·
10−4 m−1 for the weathered layer, 1 · 10−4 m−1 for the transition
layer, and 5 · 10−5 m−1 for the two fissured layers. For these
two layers, Ss is locally higher along some discontinuities (1 ·
10−4–5 · 10−4 m−1).

Impact of climate change on water resources

Recharge evolution

Future rainfall amount and effective precipitation estimated
until 2050 are presented, at an annual time step, in
Fig. 6. According to the A2 scenario, in the study area, annual
rainfall amount is decreasing between 2001 and 2050
(−5.0 mm y−1; R=0.4) as is effective precipitation (−5.6 mm

Fig. 5 Maps of computed hydraulic conductivity for the four first layers. (Not shown: hydraulic conductivity of bedrock horizon is homogeneous with a
value about 1 · 10−9 m s−1)

Table 2 Ranges of hydraulic
conductivities K (m s−1) imputed
in the Ursuya aquifer numerical
model and summary of K along
the weathered profile

Layer K, profile complete K, transitional and/or weathered layer absent

Weathered – 5 · 10−8 ≤K ≤ 5 · 10−7 Regional erosion
processes

Recent fluviatile
erosionTransition Global 7 · 10−8 ≤K ≤ 3 · 10−7

Discontinuities 1 · 10−6 ≤K ≤ 1 · 10−5

Upper
fissured

Global 8 · 10−7 4 · 10−8 ≤K ≤ 7 · 10−8 7 · 10−6

Discontinuities 1 · 10−6 ≤K ≤ 5 · 10−4 1 · 10−6 ≤K ≤ 5 · 10−4 1 · 10−6 ≤K ≤ 5 · 10−4

Lower
fissured

Global 1 · 10−6 3.5 · 10−8≤K ≤ 4 · 10−8 1 · 10−6

Discontinuities 1 · 10−5 ≤K ≤ 5 · 10−4 5 · 10−6 ≤K ≤ 5 · 10−4 5 · 10−6 ≤K ≤ 5 · 10−4
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y−1; R=0.4). Indeed, despite low correlation coefficients in-
duced by significant inter annual variations, a decreasing trend
is highlighted (Fig. 6). The average rainfall calculated from
data according to the B1 scenario between 2001 and 2050
does not show any declining trend, and neither does the effec-
tive precipitation (Fig. 6). According to the B1 scenario, the
hydroclimatology of the region should be exposed to only
little changes, thus this climatological hypothesis has not been
simulated.

Impact of climate change on hydraulic heads
and groundwater storage

Estimated changes in rainfall amount are relatively low until
2050 in the north-western Pyrenees (Fig. 6), similarly the
changes in groundwater heads and aquifer storage. The com-
putation of the annual hydraulic head median is presented in
Fig. 7, according to the forecasted scenario A2, for the eight
monitored boreholes.

These simulated hydraulic heads show heterogeneous de-
creasing trends with a maximum depletion of −0.13 m y−1 for
Pit16 (decrease in head about 5.85 m over 45 years) and a
minimum of −2.6 10−3 m y−1 for Ar5 (decrease in head about
0.12 m over 45 years). The significance of this decreasing
trend is not robust regarding the linear correlation coefficient

for Ar5 and Osp9 (correlation coefficient of 0.30 and 0.40
respectively; Fig. 7). For the other observation points, the
correlation is higher: R values from 0.49 (Pit16) to 0.73 for
Pe4. The global mean of decrease in heads is about −2.12 m
between 2005 and 2050 and is in the range of inter-annual
variations of hydraulic heads.

Hydraulic heads observed from the few boreholes existing
on the Ursuya Massif offer only a local vision of the hydro-
dynamic evolution of the aquifer. Groundwater storage is
more representative at the aquifer scale. Figure 8 represents
the annual volumes outgoing and ingoing the system and the
annual balance. The outgoing volumes include natural and
artificial ones, with an average groundwater storage with-
drawal from boreholes of about 5,000 m3 y−1. A logical cor-
relation appears clearly between the storage fluxes computed
and recharge amount estimations (Fig. 6). Thus, groundwater
storage is in deficit during the driest years (e.g. 2006 in the
historical period, 2018 and 2026 in the projected period),
while the balance is positive during the rainy years (e.g.
2004 in the historical period, 2025 and 2030 in the projected
period); however, the simulations do not highlight a reliable
long-term trend, and consequently do not highlight a long-
term trend for the recharge evolution in the coming decades.

The low impact of changes in recharge is thus clearly
highlighted by the evolution of groundwater storage. These
results also show that groundwater depletion by actual bore-
hole exploitation is negligible beside the groundwater storage
variations generated by inter-annual variations in recharge
amount.

Impact of climate change on natural discharges

In order to precisely determine the potential changes on a
global scale, the natural aquifer discharges have been comput-
ed to assess the groundwater volume variations in response to
climate change. Therefore, this computed discharge represents
the outflows of springs, which are used for drinkingwater and/
or generate runoff on the Ursuya Massif (Fig. 1b); further-
more, the methodology used for the calibration procedure
shows that the natural groundwater outflow is well transcribed
by the numerical model.

The simulated annual median of natural discharge (Fig. 9)
shows a significant decreasing trend of −360 m3 y−1 (R=0.6)
between 2001 and 2050. Assuming a linear decrease, without
considering the inter-annual variations, this tendency would
lead to a total decrease of about 17,640 m3 of the natural
outflow of the Ursuya aquifer in 2050, relative to the current
discharge. Nevertheless, these results should be considered in
the context of the actual exploited volumes from this aquifer
(1.5 106 m3 y−1 from the springs and 1.8 106 m3 y−1 with
boreholes). The calculated 50-year decrease corresponds to
only 1.3 % of the exploited volumes of spring water and to
1.1 % of the total collected volume.

Fig. 6 Forecast of annual rainfall and effective precipitation (with
corresponding regression lines: aA2 = −5.6 mm y−1 and RA2 = 0.42;
aB1 = 0.3 mm y−1 and RB1 = 0.02) in the north-western Pyrenees until
2050, according to scenarios A2 and B1
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In conclusion, this long-term simulation, and the low de-
crease discharge calculated, has to be carefully considered. If
climate change does not seem to be a crucial parameter in the
five future decades for the Ursuya aquifer, longer simulations
could show more worrying results.

Uncertainties and perspectives

The results of the simulation of climate change impacts on
groundwater resources are naturally affected by a number of
uncertainties (Demissie et al. 2015). Among them, some inac-
curacies in the input geometry and hydrological data are dif-
ficult to avoid in numerical groundwater models at the aquifer
scale (Ghanbari and Bravo 2011; Refsgaard et al. 2010),

mainly because of the poor distribution of field data.
Another source of inaccuracies in forecast models lies in the
input of hydroclimatic data, the predictions of the future cli-
matic variables (Nakicénovic et al. 2000) and the limitations
of the current downscaling techniques (Jackson et al. 2011;
Prudhomme and Davies 2008; Serrat-Capdevila et al. 2007).
Therefore, it is obvious that the predictive modeling of
groundwater evolution, under changing climate conditions,
leads to an accumulation of uncertainties; thereby, the results
of such simulations should be regarded only as a probable
trend of evolution.

This tendency could largely be influenced by socio-
economic development. On the one hand, the climate change
models are based on worldwide socio-economic forecasts

Fig. 7 Annual median of hydraulic heads in monitored boreholes simulated between 2005 and 2050 and corresponding regression line with 95 %
confidence and prediction intervals

Hydrogeol J (2016) 24:1359–1373 1369



(Nakicénovic et al. 2000), while on the other hand, the local
choices of policymakers have a strong influence on the
groundwater evolution. Peculiarly, land cover changes will
impact both the soil permeability and therefore the infiltration
rate, as well as the groundwater use for irrigation purposes or
alternatively for the drinking-water supply. Indeed, the evolu-
tion of groundwater use is another socio-economic parameter
that should be considered regarding the demographic evolu-
tion. For example, in the Pyrénées-Atlantiques, which is the
French administrative division where this study has been con-
ducted, the forecasted demographic annual trend is between
+7 and +12 % between 2010 and 2030 (INSEE 2010). It is
then likely that the increase in water abstraction from the aqui-
fer of Ursuya will be at least as impactful as the influence of
climate change. Unfortunately, accurate prospective data on
demographic and future water needs at a longer time scale,
and at a local scale, are scarce, especially for such rural areas.
In accordance with Döll (2009), Holman (2006), Holman et al.
(2012), Kurylyk andMacQuarrie (2013), andVouillamoz et al.

(2015), it seems unreasonable to project climate change for a
century and assume that water supply needs and land cover
conditions will be intransient. Half a century in scale seems to
be the upper limit that groundwater modeling simulation can
provide relevant information for, even regardless of future
demographic and land use changes. Beyond that time, perti-
nent groundwater modeling simulation needs increased effort
to assess future changes of the socioeconomic environment,
land cover, water uses and climate conditions.

Summary and conclusions

In this study, a groundwater model of a singular fissured aquifer
with a high degree of weathering has been developed. The pro-
posed methodology combined the finite element numerical so-
lution with the equivalent porous media model, to adequately
model the hydrogeological characteristics measured on the crys-
talline aquifer of Ursuya. The geometry of the conceptual model
of hard rock aquifers developed over the last decade (Wyns et al.
2004) has been numerically transcribed thanks to five calculated
layers representing the weathering profile of such media—one
weathered layer separated from the two fissured ones by a tran-
sition zone, overlying the hard rock basement. The monitoring
network, deployed in 2009 on the study site, not only allowed
the research team to obtain accurate data (meteorological data,
hydrodynamic parameters, geometry of the system) that can be
used in the numerical model, but it also confirms the very good
agreement between simulated and measured parameters (nota-
bly for hydraulic heads and runoff volumes). Hydrodynamic
properties of Ursuya aquifer were precisely described and the
predominant influence of the weathered profile was clarified as
well as the role of the geological discontinuities in such a hard-
rock aquifer with a high degree of weathering.

Regarding the aim of long-term management of this re-
source, forecast simulations have been conducted based on
the computed model. The most pessimistic climate projection
(scenario A2 from the IPCC), at a half-century scale, in the
north-western Pyrenees, shows a slight decreasing of the ef-
fective precipitation, around 5 mm y−1. Groundwater model-
ing simulation from these data showed that climate change
will not significantly modify the groundwater flows in the
coming decades; nevertheless, a decrease in the flow of
springs and streams is probable, but will not endanger the
water resource. Longer simulations could show more worry-
ing results, but it seems unreasonable to project climate-
change-effect consequences beyond a 50-year forecast with-
out precise socio-economic predictions on demographic
trends, land use modifications and water-use evolution.
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