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Abstract
Groundwater availability, management and protection are great challenges for the sustainability of groundwater resources in the
scattered rural areas of the Atlantic regions of Europe where groundwater is the only option for water supply. This report presents
a hydrogeological study of the coastal granitic area of Oia in northwestern Spain, which has unique geomorphological and
hydrogeological features with steep slopes favoring the erosion of the weathered granite. The hydrogeological conceptual model
of the study area includes: (1) the regolith layer, which is present only in the flat summit of the mountains; (2) the slope debris and
the colluvial deposits, which are present in the intermediate and lowest parts of the hillside; (3) the marine terrace; and (4) the
underlying fractured granite. Groundwater recharge from rainfall infiltration varies spatially due to variations in terrain slope,
geology and land use. The mean annual recharge estimated with a hydrological water balance model ranges from 75 mm in the
steepest zone to 135 mm in the lowest flat areas. Groundwater flows mostly through the regolith and the detrital formations,
which have the largest hydraulic conductivities. Groundwater discharges in seepage areas, springs, along the main creeks and into
the sea. The conceptual hydrogeological model has been implemented in a groundwater flowmodel, which later has been used to
select the best pumping scenario. Model results show that the future water needs for domestic and tourist water supply can be
safely provided with eight pumping wells with a maximum pumping rate of 700 m3/day.
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Introduction

Well failure and low well yields (˂20 m3/day) are common in
hard rocks aquifers (Taylor and Howard 2000; Courtois et al.
2009). However, these types of aquifers are well suited for the
water supply of scattered populations where total demand is low

in comparison to more populous areas. Groundwater resources
are commonly found in the first tens of meters below the ground
surface (Detay et al. 1989). Their geometry, hydraulic conductiv-
ity and storativity depend mainly on the weathering of the parent
rock and stripping (colluvial and fluvial erosion; Taylor and
Howard 2000; Wyns et al. 2004). A typical weathering profile
includes two main stratiform layers subparallel to the paleo-
surface contemporaneous of the weathering processes having
specific hydrodynamic properties (Chilton and Smith-Carington
1984; Chilton and Foster 1995; Wyns et al. 1999, 2004; Krásný
2002;Maréchal et al. 2004, 2006; Lubczynski and Gurwin 2005;
Dewandel et al. 2006; Krásný and Sharp 2007). From top to
bottom, the weathering profile includes: (1) the unconsolidated
weathered layer derived from in situ decomposition of bedrock,
which is commonly known as regolith, saprolite or alterite, which
may have a thickness of a few tens of meters, (Mc Farlane 1991;
Nahon and Tardy 1992; Thomas 1994; Taylor and Howard
1998), and (2) the fractured rock layer characterized by a dense
network of horizontal fractures in the first few meters and a
depth-decreasing density of subhorizontal and subvertical
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fractures (Houston and Lewis 1988; Howard et al. 1992; Cho
et al. 2003; Maréchal et al. 2004, 2006; Wyns et al. 2004;
Dewandel et al. 2006, 2012). The underlying unfractured and
fresh rock is only locally permeable in fracture zones. These
conductive fracture zones are much less dense than in the frac-
tured rock layer and their hydrodynamic properties are highly
variable (Pickens et al. 1987;Walker et al. 2001; Cho et al. 2003).

The development of a weathering profile requires significant
rainfall to ensuremineral hydrolysis and highmean temperatures
to favor the kinetics of weathering (Acworth 1987; Wyns et al.
2003; Oliva et al. 2003). Its development requires long periods
under stable tectonic conditions; thus, relatively flat topographic
areas are required to avoid erosion of weathering products and to
favor water infiltration (Dewandel et al. 2006). Deep layers of
weathered crystalline rock are common features of landscapes
across equatorial Africa, South America and Asia. In Europe,
stable tectonic conditions of Carboniferous, infra Permian and
infra Triassic in the Primary era, the Early Cretaceous and the
early andmiddle Eocene lasted enough for the formation of thick
(20–30 m) weathering profiles (Wyns et al. 2003). They usually
have a high porosity and a low permeability and, when saturated,
constitute most of the storage capacity of the aquifer. The weath-
ered layer, however, cannot develop in regions of sharp topog-
raphy where the erosion rate is higher than the rate of weathering
(Dewandel et al. 2006). The weathered layer is thin and bedrock
outcrops occur due to stripping. A sharp topography also entails
a low ratio of annual recharge to runoff component, which, to-
gether with a small thickness of the regolith layer, results in a
reduction of the water resources buffering and the discharge as
highly variable flowrate streams (Taylor and Howard 2000).

Groundwater flow in hard rocks is controlled by the con-
nectivity of the fracture network which depends on the distri-
bution of fracture lengths, orientations and density (Bour and
Davy 1998). Fracturingmay be caused by cooling stress in the
magma and subsequent tectonic activity (Houston and Lewis
1988), lithostatic decompression processes (Davis and Turk
1964; Acworth 1987; Wrigth 1992) and from the weathering
process itself (Lachassagne et al. 2001; Cho et al. 2003; Wyns
et al. 2004). The presence of horizontal and sub-vertical frac-
ture sets ensures a good connectivity between fractures and an
overall anisotropy of the hydraulic conductivity. The fracture
hydraulic connectivity decreases with depth and the limited
extension of the deeper flowing fractures can lead to a lateral
compartmentalization of the aquifer when the groundwater
level decreases significantly (Guihéneuf et al. 2014).
Rushton and Weller (1985) and Maréchal et al. (2004) esti-
mated an anisotropy ratio near 10 (Khoriz ˃ Kvert).

The proposed conceptualizations of groundwater flow in hard
rocks include (Selroos et al. 2002): double porosity models
(Barenblatt et al. 1960), discrete fracture models (Lee and
Farmer 1993; Long et al. 1982; Dong et al. 2019), parallel plate
models (Bear 1993; Lee and Farmer 1993) and equivalent porous
media models (Lubczynski and Gurwin 2005; Courtois et al.

2010; Dewandel et al. 2006, 2012). In an equivalent porous
media model, the unconsolidated weathering layer is represented
by a porous medium. The continuum approach to the fractured
rock layer is much more complex due to the heterogeneity, dis-
continuity and anisotropy of the fracture network. Data from
wells next to each other may show differences of several orders
of magnitude in the hydraulic conductivity of the fractured layer
(Krásný 1997; Dewandel et al. 2006). The simplification of this
layer to an equivalent porous media requires assuming relatively
well-connected fractures and upscaling hydraulic parameters to
regional scale. The fresh basement can be disregarded for
groundwater resources management.

Water supply in the scattered rural areas of theAtlantic regions
of Europe such as Galicia (Spain) relies on groundwater catch-
ments and wells. The construction of large centralized infrastruc-
tures in these areas requires large investments and maintenance
costs. Groundwater supply in rural communities is a paramount
challenge for the implementation of the European water protec-
tion andmanagement regulations (Directive 2000/60/EC) and the
quality of water for human consumption (Directive 98/83/EC).

Oia is a rural coastal area of Galicia (Spain) located in a
granitic mountain range. Groundwater is used for water supply
by private spring catchments at the summit of the mountains,
domestic wells and municipal wells. Several alternatives were
explored to overcome the water shortages and address the fu-
ture demand of a planned residential and hotel complex in the
Cistercian Royal Monastery of Santa María de Oia. There are
no surface-water sources with significant flowrates. The tech-
nical and economic feasibility of connecting this area to cen-
tralized infrastructures in the neighbor areas is severely limited
by the distance to highly populated areas (Eyser 2012a).

The evaluation of the feasibility and sustainability of the future
municipal groundwater supply system of Oia has been addressed
with a study of the hydrogeology and groundwater management.
The study included: (1) the integration of available geological
and hydrogeological data into a hydrogeological conceptual
model of the study area; (2) the quantification of groundwater
recharge with a hydrological water balance model; and (3) the
evaluation of several pumping scenarios with a groundwater flow
numerical model. The report starts with a description of the study
area. Then, the geology and the hydrogeology of the area are
presented, after which the groundwater use and the groundwater
resources evaluation with a hydrological water balancemodel are
described afterwards. Then, the conceptual and numerical flow
models are presented, and finally, the evaluation of several sce-
narios of expansion of the municipal groundwater supply system
is presented. The report ends with the main conclusions.

Study area

The study area is located in Oia on the north Atlantic coast
of Spain near the border with Portugal, between the Vigo
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Bay and the mouth of the Miño River (Fig. 1). This region
covers a narrow straight coastal strip of N–S direction and
a mountain range parallel to the coastline. That coastal
mountain range functioned as an orographic barrier, pro-
viding suitable conditions for fluvio-nival and periglacial
slope processes when the sea level was lower than today, in
the middle and late Weichselian (Blanco-Chao et al. 2003,
2007). The study area covers a surface of 84 km2. It limits
to the west with the Atlantic Ocean and to the east with the
water divide along the mountain range (Fig. 1). The area
presents steep slopes with elevations ranging from sea lev-
el to about 590 m above sea level (asl) at ~2 km from the
shore. O Vilar and Lavandeira creeks are the most impor-
tant water channels of the drainage network, and run nearly
perpendicular to the shoreline.

The climate in the study area is wet oceanic with relatively
abundant rainfall. According to the Köppen classification, the
climate is type Csb with mild temperatures and dry and warm
summers (Kottek et al. 2006; Peel et al. 2007). Most of the
rainfall occurs from October to May. The mean annual tem-
perature and precipitation in the period 2004–2017 are equal
to 13.1 °C and 1,149 mm respectively.

Oia municipality is a rural area with scattered low-
density population. Land use is strongly linked to the to-
pography. Fractured granites outcrop in areas with steep
slopes which are covered with pine and eucalyptus forests.
Most of the population is settled in the intermediate zone,
which presents moderate slopes. Natural pastures and cul-
tivated areas cover most of the lowest zones where the
slopes are nearly flat.

Fig. 1 Location, relief and slopemap of the study area: a Locationmap of
Oia in Galicia (Spain); b Relief map in which the study area is bounded
by the red line and the location of O Vilar and Lavandeira creeks is also
shown (blue lines); c Slope map in which the three homogenous zones in

which the domain is divided in the hydrometeorological model are dis-
tinguished (black lines) and d Topographic cross sections perpendicular
to the coast which location is shown in the slope map
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Geology

The study area is occupied by two-mica granites formed in the
Hercynian orogenesis. These only leave some small enclaves
of metasedimentary rocks, which show a high degree of as-
similation with the granites and belong to the graywacke
schists of the lowest levels of the Ordes Complex (Pliego
and Corretge 1978; Pliego et al. 1978; Abril and Corretge
1978a, b). The highest area is formed by less weathered gra-
nitic rocks (Fig. 2). The summits of the mountain range are
rounded and form a flat area with a weathered granite layer. A
few faults of limited extent have been mapped in the study
area which are located near O Vilar Creek and run parallel to
the coastline.

The metamorphic rocks together with weak terrigenous
deposits and alteration soils form a narrow terrace along the
coastline, which is characterized by the absence of beaches
and the outcrop of granites. The terrace progressively loses
height towards the north. The terrace consists of 5–6-m-thick
deposits of brownish silts over which a level of thick boulders
(up to 20–25 cm in diameter) is superimposed. A boulder
beach covers the rearmost 20–75-m-wide shore platform
(Pérez-Alberti and Trenhaile 2014). Posthercinic colluvial de-
posits and slope debris are found downhill, and are formed by
sands, silts and granite ridges, coming from the granite degra-
dation, with a chaotic structure and generally with a low de-
gree of compaction.

An electric resistivity tomography (ERT) campaign was
performed at O Vilar Creek near wells 1 and 2. The two-
dimensional (2D) resistivity tomography was obtained by
using the ABEM Lund Imaging system. A multielectrode
dipole-dipole configuration was used to collect the resistivity
data along a profile with a total of 40 electrodes with 5 m of

electrode spacing and a spread length of 200 m (see Fig. 3 for
location of the ERT line). The apparent resistivity data were
inverted with the RES2DINV software (GeoTomo software)
to generate a 2D image of the modelled resistivity along the
profile. Topography effects were removed during the interpre-
tation of the resistivity field by using the method of Lu et al.
(2015) to avoid misleading ERT anomalies (Fox et al. 1980).
The topography along the profile was obtained from LIDAR
data. The resistivity model obtained from the inversion of the
apparent resistivity data shows a large interval of resistivities,
which range from 100 to 30,000Ω-m. Resistivities show large
horizontal and vertical heterogeneities (Fig. 3). The resistivity
field allows the identification of the contact of the slope debris
and the fractured granite as well as the interface of the collu-
vial deposits and fractured granite. The approximate thickness
of the slope debris in this area is equal to 15 m. A remarkable
heterogeneity in resistivities is detected between wells 1 and 2.

Hydrogeology

Piezometric data

Hydraulic head and water quality data were collected at do-
mestic dug wells and boreholes, municipal wells 1–6 (Fig. 4),
a regional monitoring piezometer (RMP) of the Galicia-Costa
hydrological district, spring catchments and public groundwa-
ter fountains. Most of the springs are located in the highest
zone along the contact between the flat mountain summit, in
which rocks are covered by a significant layer of regolith, and
the steepest slope hillside where fractured rocks outcrop. A
few springs are scattered in the intermediate and the lowest
zones of the study area (Fig. 4). Available hydraulic head data

Fig. 2 Geological map of the study area and vertical cross-section along Lavandeira Creek (BB′) illustrating the hydrogeological conceptual model. The
profile extends from the coast to the summit of the mountain range and its location is shown in the geological map
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show that the water table is generally shallow, with a depth
less than 10 m in most of the study area. Head data recorded at
the RPM from 2011 to 2014 show that: (1) the water table
rises in response to rainfall events, and (2) the seasonal oscil-
lations of the hydraulic heads are smaller than 1.5 m (Fig. 5).

A contour map of hydraulic heads in the intermediate and
the lowest zones of the study area is shown in Fig. 4. The
contour lines of hydraulic heads are nearly parallel to the
topographic contour lines, showing that the groundwater
flows from the top of the mountains towards the sea and to-
wards Lavandeira and O Vilar creeks. The average hydraulic
head gradient is ~0.1 m/m.

Pumping tests

Several exploratory drillings were performed by the Oia
municipality in the study area. About half of them failed
or provided very low yields. Several pumping tests were
performed in the most productive wells located near the
creeks with different pumping rates and durations (Fig. 4).
Well 1 is 57 m deep and is located near O Vilar Creek. It

was drilled on slope debris which overly the fractured
granite. A well yield of about 1.5 L/s was recorded with
a drawdown of 1 m when the depth to the water table was
<2 m. The alluvial deposits of the creek provide a high
water yield. Drawdowns of ~40 m were recorded for a
pumping rate of 2.5 L/s when the depth to the water table
exceeded 3 m. The estimated transmissivity (T) of the
slope debris and fractured granite ranges from 0.7 to 1
m2/day. Well 2 is 50 m away from O Vilar Creek. The
drilling airlift yield of well 2 was significantly smaller
than that of well 1, thus showing the heterogeneity of
the slope debris.

Wells 3 and 4 were the most productive drillings near
Lavandeira Creek. They were drilled in colluvial deposits
near the contact with the marine terrace. Well 3 is 65 m
deep. The estimated well yield was about 1.6 L/s with a
drawdown equal to 37 m. Alluvial deposits of the creek
were found over the colluvial deposits in well 3, showing
transmissivities about 20 m2/day. These deposits have a
very limited areal extent and therefore can be disregarded.
The estimated T of the underlying colluvial deposits and

Fig. 3 Vertical cross-section along O Vilar Creek illustrating the
hydrogeological conceptual model (top), with location shown in the geo-
logical map, and vertical profile of the resistivities obtained from the

inversion of the 2D tomographic data (bottom), including the location
of the wells (red lines) and the measured groundwater levels in the wells
(white symbols)
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fractured granite ranges from 0.6 to 1.4 m2/day. Well 4 is
60 m deep and about 100 m away from Lavandeira Creek
(Fig. 2). The estimated yield of well 4 was about 1 L/s for
a drawdown of 32 m.

The results of the pumping tests show that the maximum
pumping rate in well 1 near O Vilar Creek is equal to 200 m3/
day, except during the dry season (July–September) when the
maximum rate is 40 m3/day. The pumping rates in wells 3 and

Fig. 4 Piezometric map in a strip
of the study area by the coast
between O Vilar and Lavandeira
creeks. Piezometric head of
contour lines is expressed in
meters (m). The locations of the
piezometer of the regional
monitoring network (RMP), the
existing and proposed municipal
wells, the inventoried private
wells and the springs and
fountains in the area are indicated
with different symbols. Water
samples for physico-chemical and
microbiological analyses were
taken in wells 1–4 and springs
SP1, SP2 and SP3. Notice that the
location of the spring SP3 is re-
lated to the sampling point in a
private small supply network but
sampled water comes from sev-
eral springs located near the sum-
mit of the mountains

a b

Fig. 5 a Scattergram of the computed and the measured steady-state heads in the observation wells in which dashed lines represent an error of ±5 m. b
Time evolution of the computed transient head (line) and measured (symbols) at the regional monitoring piezometer (RMP)
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4 near Lavandeira Creek are estimated to be equal to 150 and
90 m3/day, respectively.

Lavandeira and O Vilar creeks

Weekly gauging campaigns were carried out in the
Lavandeira and O Vilar creeks from May to September of
2017. These data were supplemented with qualitative obser-
vations during several field campaigns. Lavandeira Creek
maintains a permanent flow all year long, especially at its
lowest stretch. Measured flow rates during the dry season
range from 0.1–4.5 L/s. This creek has springs throughout
its course. Water springing up on its banks was observed in
a stretch ~100 m downstream from well 3 after several days
without rainfall. The water table near Lavandeira Creek is
shallow (~3 m deep).

Available data show that Lavandeira Creek is a discharge
zone, at least in the lower stretches when the water table is
high. On the other hand, the creek may act as a recharging
zone when the water table drops, as attested by the stabilized
drawdowns recorded in pumping tests performed in wells 3
and 4 near the creek.

Field data show that O Vilar Creek is a discharge zone
in some stretches in winter when the water table is high.
On the other hand, the creek was dry during 90% of the
weekly gauging campaigns performed during the dry sea-
son. According to communication with local residents, the
current morphology of O Vilar Creek reflects the conse-
quences of the floods that occurred after a big fire in the
summer of 2013. The bed of the creek was filled with large
boulders and pebbles dragged during floods. There might
probably be a subsurface flow that runs below the bed of
boulders even when the channel is dry on the surface. The
available streamflow data from O Vilar Creek clearly un-
derestimates the actual discharge because: (1) the morphol-
ogy of the creek does not allow an accurate gauging of the
creek; and (2) most of the discharge data were collected
during the dry season when the creek was dry.

Groundwater chemistry

Available groundwater chemical and bacteriological data
include: (1) 20 water samples from the regional monitor-
ing piezometer (RPM) from 2012 to 2015; (2) 3 water
samples from 2012 in springs SP1 and SP2 and in a tank
of a private water supply system, where water from sev-
eral springs located at the highest area is stored; and (3) 4
samples collected in 2017 from wells 1–4. Figure 4 shows
the location of the sampling points. The following param-
eters were measured: temperature, pH, Eh, dissolved ox-
ygen, electrical conductivity (EC), concentrations of ma-
jor cations and anions, concentrations of Fe, Al, Mn and

heavy metals (As, Cd, Cu, Zn, Cr, Sn, Sr, Hg, Ni, Pb and
Se) and microbiological presence.

Table 1 shows the measured values of pH, EC, and the
concentrat ions of the main cat ions and anions.
Groundwater is slightly acidic, with a pH range between
5.46 and 6.46. The electrical conductivity is low and
ranges from 78 to 204 μs/cm. The most abundant
hydrochemical facies is sodium/chloride. The cation com-
position is similar in all samples while the differences
occur in bicarbonate and sulphate.

The measured concentrations of the cations and anions are
below the parametric values for drinking water (RD 140/2003;
EC 2010). No significant nitrate contamination is observed.
Groundwaters in the study area show a slight bacteriological
contamination. This contamination is avoided by the chlori-
nation of the municipal supply system.

Groundwater uses and resources

Groundwater uses

The current groundwater municipal use ranges from 25 to
30 m3/day. Private groundwater use from spring catch-
ments and wells is estimated to be equal to 118 m3/day.
Private water consumption increases in the summer due to
seasonal population, garden irrigation and use of swim-
ming pools. Assuming a seasonal peak consumption factor
of 1.4, the peak groundwater consumption is ~200 m3/day.

The population of Oia has remained nearly constant during
the last 10 years. No significant increase in water demand is
foreseen in the study area, except for the development of a
tourist center in the former Cistercian Royal Monastery of
Santa María de Oia. According to the “Technical instructions
for hydraulic works in Galicia” (Aguas de Galicia 2011), the
water demand of the touristic complex will be ~500 m3/day;
thus, the expected total future demand in the study area is
estimated to be ~700 m3/day.

Hydrological model

Groundwater recharge comes from the infiltration of precipi-
tation throughout the study area. Its magnitude varies spatially
and temporally, with the spatial variability depending mainly
on the terrain slope, geology and land use.

A hydrological water balance model was performed to
evaluate the groundwater resources in the study area. The
hydrological model was carried out with VISUAL-BALAN,
a semidistributed hydrological code which solves daily the
water balance in the soil, the unsaturated zone and the aquifer
(Samper et al. 1999, 2015a, b; Stigter et al. 2014; Pisani et al.
2019).
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The watershed was divided into three homogeneous
zones, which are strip-shaped and oriented parallel to
the shoreline (Fig. 1). Steep slopes are prone to high rates
of surface runoff and interflow and small recharge rates
(Gurtz et al. 2003; Wu and Xu 2005; Espinha Marques
et al. 2010, 2013; Samper et al. 2015a). The steepest slope
in the highest part has the lowest recharge, whereas the
recharge is largest in the marine terrace at the sea level.

The parameters of VISUAL-BALAN are constant in each
homogeneous zone (Samper et al. 2007). The meteorological
data were measured at the Castro-Vicaludo meteorological
station located at an elevation of 473 m asl. The model param-
eters were calibrated by fitting the computed hydraulic heads
to the measured piezometric data from 2011 to 2014 in the
regional monitoring piezometer (RMP). Similar to Espinha
Marques et al. (2010), the results of the hydrological water
balance model are highly sensitive to soil thickness, whereas
the computed groundwater recharge is most sensitive to the
interflow and percolation recession coefficients. The mean
annual groundwater recharge is 108 mm/year, ranging from
73 mm/year in the steepest zone to 135 mm/year in the lowest
zone. The average groundwater resources in the study zone
range from 1,330 m3/day in dry years to 2,467 m3/day in wet
years. Average groundwater resources in the study area are
larger than the estimated future groundwater demand
(~700 m3/day).

Conceptual hydrogeological model

A regolith layer of significant thickness is present in the nearly
flat summit of the mountains where erosion was less intense
and allowed the formation of the regolith. The granitic rock is
significantly fractured near the surface and it is fresh in depth.
Downhill of the mountain, the fractured granite is covered by
the detrital formations such as slope debris, colluvial deposits
and marine terrace. Figure 2 shows the hydrogeological pro-
file between the coast and the highest area of the mountain
range along Lavandeira Creek.

The average thicknesses of the regolith and the fractured
granites in the study area were taken equal to 25 and 60 m,
respectively, based on the values reported by Wyns et al.
(2003). The thickness of the detrital formations was estimated
from geophysical surveys (Fig. 3) and the calibration of the
numerical groundwater flow model.

The gradient of the water table is high because the hydrau-
lic conductivities of the geological formations of the study
area are generally low.Most of the groundwater flows through
the regolith and the detrital formations, which have a hydrau-
lic conductivity significantly larger than that of the fractured
granite. Groundwater flows through the fractured granite only
in places where it outcrops. Otherwise, groundwater flows
through the regolith and the detrital formations. The faults in
the granitic rocks do not play a relevant role in groundwater

Table 1 Chemical data from groundwater samples taken in the study area. The location of the sampling points is shown in Fig. 4

Parameter RMPa Well 1 Well 2 Well 3 Well 4 Spring 1
(SP1)

Spring 2
(SP2)

Spring 3
(SP3)

pH at 20 °C 6.18 5.46 5.81 6.37 6.46 5.76 6.09 6.25

EC at 20 °C
(μS/cm)

142 78 87 108 204 143 184 95

Chloride
(mg/L)

27.6 19.7 19.9 20.2 29.3 33.7 33.8 21.3

Sulphate
(mg/L)

19.5 3.2 4.7 4.3 10.0 4.4 10.9 3.5

Bicarbonate
(mg/L)

13.8 17.1 12.2 20.3 43.6 9.0 6.3 7.5

Nitrate
(mg/L)

4.9 <0.4 0.6 1.2 6.8 2.6 15.1 2.8

Sodium
(mg/L)

15.9 13.0 13.0 15.0 27.0 19.1 19.7 11.9

Calcium
(mg/L)

3.87 <1.30 1.47 3.00 9.01 1.30 4.80 0.92

Magnesium
(mg/L)

1.83 1.43 1.63 2.11 3.70 2.10 2.60 1.60

Potasium
(mg/L)

4.51 <0.50 0.59 0.55 3.80 1.06 5.28 1.09

Predominant
lithologies

Colluvial
deposits/-
fractured
granite

Slope debris,
colluvial
deposits and
fractured
granite

Slope debris,
colluvial
deposits and
fractured
granite

Colluvial deposits
& fractured
granite near
marine deposits

Marine
deposits
and
fractured
granite

Slope
debris/-
fractured
granite

Marine
deposit-
s/
frac-
tured
granite

Weathered
granite

aMean value of 20 water samples
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flow according to the available field data. Piezometric head
data show that groundwater flows from the highest parts of the
mountain range towards the coastline and towards Lavandeira
and O Vilar creeks. Both creeks are discharge zones when the
water table is shallow; on the other hand, the creeks become
losing creeks when the water table drops in the summer or due
to groundwater pumping. Water accumulates in the regolith
and flows through this layer towards the hillside, where frac-
tured granite outcrops (Fig. 2). Although most springs are
located along the contact of the regolith layer with the frac-
tured granite in the hillside, some springs are also found at
lower elevations in detrital formations near the outcrops of
granitic rocks.

The fractured granite is assumed to behave as an equivalent
porous medium. Groundwater flow is assumed to be 2D and
nearly parallel to the water table. Vertical groundwater flow is
disregarded. Most of the pumping and observation wells are
not affected by changes in water density; therefore, the spatial
variability of water density near the coast is disregarded.

Groundwater flow numerical model

A 2D groundwater flow numerical model was performed to
test the conceptual model with field data and evaluate the
feasibility of expanding the municipal water supply system
to provide the future water demands. The numerical model
was calibrated by using the available piezometric data.
Afterwards, it was used to simulate pumping scenarios and
compute groundwater drawdowns and evaluate the potential
for seawater intrusion.

The model domain was discretized with a finite element
mesh of 2,426 nodes and 4,764 triangular elements (Fig. 6).
The mesh was refined along the creeks and near the pumping
wells. The estimates of groundwater recharge rates in the three
homogeneous zones considered in the hydrological water bal-
ance model were used as inputs to the groundwater flowmod-
el. The numerical model accounts for groundwater discharge
along the coast, along O Vilar and Lavandeira creeks, at the
springs located along the regolith/fractured granite contact at
the summit of the mountains and at the springs in detrital
formations near rock outcrops. The hydraulic head (h) is pre-
scribed and equal to 0 along the coast. Lavandeira and O Vilar
creeks and the springs are simulated with a Cauchy boundary
condition according to which the nodal flux, Q (m3/day), is
equal toα·(hext – h), whereα is a leakage coefficient (m2/day),
h is the hydraulic head and hext is an external head which is
taken equal to ground surface elevation. The leakage coeffi-
cients were taken equal to 100 m2/day to ensure that the com-
puted hydraulic heads at the boundaries are equal to the hext.

The rest of the model boundaries are water divides and are
assumed impervious. The model accounts for 10 hydraulic
conductivity and specific yield zones which were defined

based on the hydrogeological conceptual model (Fig. 6).
The saturated thickness of the fractured granite, the regolith
and the slope debris were estimated from geophysical surveys
and published data. They are equal to 60, 25 and 15 m,
respectively (see Table 2). The thickness of the colluvial de-
posits and the marine terrace was derived from groundwater
flowmodel calibration and was taken equal to 20 m (Table 2).

Table 2 Calibrated transmissivities (T), specific yield (Sy) and thickness
(b) of the parameter zones considered in the groundwater flow model.
The geometry of the zones is shown in Fig. 6

Geological formation Zone number T (m2/day) Sy (−) b (m)

Fractured granite 1 0.35 0.009 60
5 0.25

7 0.55

8 0.25

9 0.9

Weathered granite 6 1.2 0.125 25

Slope debris 2 1.4 0.112 15

Colluvial deposits 3 4.5 0.150 20
10 5.1

Marine terrace 4 4 0.150 20

Fig. 6 Finite element mesh and hydraulic conductivity zones of the 2D
groundwater flow numerical model. Zones 1, 5, 7, 8 and 9 are related to
fractured granite, zone 6 to weathered granite, zone 2 to slope debris,
zones 3 and 10 to colluvial deposits, and zone 4 to the marine terrace
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The groundwater flow numerical model was performed
with CORE2D (Molinero et al. 2004; Samper et al. 2009,
2012; Lu et al. 2011; Águila et al. 2019; Naves et al. 2019).
The model was calibrated in two stages. In the first stage, the
transmissivities were calibrated under steady-state conditions
by using prior information on transmissivities from pumping
tests and ensuring that the computed hydraulic heads match
the measured heads. The absolute value of the calibration head
errors is smaller than 5 m (Fig. 5). The calculated Nash index
is almost equal to 1. Figure 7 shows the contour map of the
computed water table.

Table 3 presents the recharge and discharge components of
the steady-state groundwater balance in the model domain.
Groundwater recharge in the model domain is equal to 1,978
m3/day. Most of the groundwater discharges to the sea (72%),
while 12% discharges in springs and 16% along the creeks.
The computed discharge in Lavandeira Creek (174 m3/day) is
within the range of the gauged values. The computed dis-
charge along O Vilar Creek is larger than the measured flow
rates which underestimate the actual discharge.

In the second calibration stage, the storage coefficients
were calibrated under transient conditions by using the

piezometric data recorded at the Oia RMP piezometer from
2011 to 2014. The computed hydraulic heads match the mea-
sured heads (Fig. 5). Model results validate the recharge rates
estimated with the hydrological water balance model.

Fig. 7 Contour lines of the a computed steady-state hydraulic heads
(lines every 10 m) and b computed drawdown (s) during the dry season
for the maximum pumping rates in wells 1–8. White, black and red lines

correspond to s = 0.1, 1 and 5 m, respectively. The maximum drawdowns
in O Vilar and Lavandeira creeks are equal to 15.9 and 15.4 m,
respectively

Table 3 Components of the steady-state groundwater balance in the
domain of the groundwater flow model of the study area

Balance component Q (m3/day) Percentage

Recharge 1,978 100%

Highest zone 724 37%

Intermediate zone 852 43%

Lowest zone 402 20%

Discharge 1,913 100%

Coast line 1,383 72%

Springs 229 12%

O Vilar Creek 127 7%

Lavandeira Creek 174 9%

Water balance error 3.2%
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Table 2 lists the calibrated transmissivities and specific
yields of the parameter zones. The calibrated hydraulic con-
ductivities (K) have been compared to the conductivities de-
rived from the interpretation of the pumping tests and the
conductivities reported in the literature for granitic formations
(see Table 4). The calibrated conductivities for the fractured
granite range from 4 · 10−3 to 1.5 · 10−2 m/day. These values
are lower than the values compiled from the literature. This
discrepancy of the Oia site might be explained by the erosion
of the shallowest and most fractured granite, due to the steep-
ness of the hillside and its great exposure to rain and wind,
resulting in a less thick and fractured granite. The calibrated
conductivity of the regolith (K) is equal to 0.05 m/day. The
calibrated K is within the range of published values (Table 4).
The calibrated hydraulic conductivity K could be larger than
0.05 m/day if the thickness of the regolith is smaller than
30 m. The calibrated conductivity of the slope debris coin-
cides with the value estimated from the pumping test per-
formed in well 1. On the other hand, the calibrated conductiv-
ity of the colluvial deposits is an order of magnitude larger
than the conductivity estimated from the pumping test per-
formed in well 3.

Evaluation of several scenarios of expansion
of municipal groundwater supply

The water-table drawdowns and seawater intrusion were eval-
uated for two pumping scenarios with a 2D numerical ground-
water flow model. Pumping scenarios include the combination
of the existing wells (wells 1–6) and additional wells (wells 8
and 9). Pumping rates vary seasonally. The pumping rate is
largest in the summer and smallest in the winter. Figure 8 shows
the dimensionless pumping rate function considered in the
pumping scenarios. The actual pumping rate is equal to the
product of the dimensionless pumping rate function times the
maximum pumping rate, Qmax. An acceptable scenario is one
which produces moderate drawdowns (<20 m), no seawater
intrusion and limited drawdowns in existing domestic wells.

The first scenario considers four existing municipal wells
with the following maximum pumping rates: 25 m3/day in
wells 1 and 2, 250 m3/day in well 3 and 150 m3/day in well
4 (Table 5). Model results show that the pumping rates of
wells 1 and 2 should be limited to 6 m3/day in the dry season
and 25 m3/day in the rest of the year. Figure 9 shows the
computed drawdowns in wells 1–4. The maximum

Table 4 Comparison of
calibrated values of the hydraulic
conductivity (K) in the
groundwater flow numerical
model of Oia with estimated K
from the interpretation of the
hydraulic tests and estimated K
values for other granitic
formations in the literature. NA
not available

Geological formation Calibrated
K (m/day)

K (m/day)
derived from tests

Estimated K (m/day) in other granitic areas

Fractured granite 0.004–0.015 NA 0.4–0.7

0.26

1.73

4.32

Taylor and Howard (2000)

Houston and Lewis (1988)

Maréchal et al. (2004, 2006)

Rushton and Weller (1985)

Weathered granite 0.05 NA 0.008–2.6

0.05–3.5

0.006–0.86

0.35–0.5

0.06–2.5

Taylor and Howard (2000)

Houston and Lewis (1988)

Compaore et al. (1997)

Rushton and Weller (1985)

Dewandel et al. (2006)

Slope debris 0.09 ~0.06

Colluvial deposits 0.34 ~0.05

Marine terrace 0.20 NA

Fig. 8 Dimensionless pumping
rate function
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drawdowns are equal to 14.9 m near O Vilar Creek (wells 1
and 2) and 15.6 m near Lavandeira Creek (wells 3 and 4). The
total maximum pumping rate of the current municipal system
is 450 m3/day. Therefore, it can be concluded that the future
estimated demand (~700 m3/day) cannot be satisfied with the
current groundwater supply system and additional pumping
wells are required.

Scenario 2 considers wells 1–4 and the following additional
four wells: (1) the existing municipal well 5 located south of O
Vilar Creek in the intermediate zone of the slope scree; (2) the
existing municipal well 6 located north of Lavandeira Creek in
the colluvial deposits; (3) a proposed new well in the marine
terrace near Lavandeira Creek (well 7); and (4) a proposed new
well (well 8) located in the colluvial deposits near wells 5 and 6.
The maximum pumping rates of wells 1–4 are similar to those

of the first scenario. The maximum pumping rates in wells 5
and 6 are equal to 35 m3/day, while those of wells 7 and 8 are
equal to 70 and 100 m3/day, respectively (Table 5).

Figure 7 shows the map of the computed drawdowns at the
end of the dry season for scenario 2. The maximum computed
drawdowns in wells 5, 6, 7 and 8 are equal to 14.1, 14.2, 7.4
and 13.4 m, respectively. Figure 9 shows the computed draw-
downs in wells 1–4. The total maximum pumping rate in
scenario 2 is about 690 m3/day during the dry season, while
the average pumping rate is about ~400 m3/day. Model results
of scenario 2 show no significant effects on existing wells.
The potential impact of pumping wells on seawater intrusion
was analyzed by computing the decrease of the discharge rate
of fresh groundwater into the sea along the coastal line com-
pared to the natural discharge rate. The total groundwater dis-
charge after 6 years of pumping decreases 7.5%. The maxi-
mum decrease is 18% at the mouth of Lavandeira Creek. This
small reduction in groundwater discharge is not expected to
lead to a significant advance of the saline wedge. It is con-
cluded that no seawater intrusion is expected in scenario 2.

Conclusions

A hydrogeological study of a coastal granitic area having
unique geomorphological and hydrogeological features
with steep slopes favoring the erosion of the weathered
granite, has been presented. The steep slopes and the great
exposure of the hills to rain and wind promote the erosion
of the weathered and altered granite. The regolith layer is
present only at the flat summit of the mountains and is not
formed on the hillside where the fractured granite is bare-
ly covered. The proposed hydrogeological conceptual
model of the study area includes: (1) the regolith, which
is present only in the flat summit of the mountains; (2) the
fractured granite which lies below the soil in the hillside;
(3) the slope debris and the colluvial deposits, which are
present in the intermediate and the lowest parts of the
hillside; and (4) the marine terrace. Water accumulates
in the regolith and flows through this layer, having a
hydraulic conductivity significantly larger than that of
fractured granite, towards the hillside. Most of the springs
are for domestic use and are found at the contact of the
regolith with the fractured rock along the hillside (Eyser
2012b). Slope debris and colluvial deposits are present in
the intermediate and lowest parts of the hill slope. The
regolith and the detrital layers exhibit a hydraulic conduc-
tivity larger than that of the fractured granite.

Groundwater resources in the study area have been evalu-
ated with a hydrological water balance model. Average aqui-
fer recharge ranges from 73 mm/year in the steepest zones to
135 mm/year in the lowest areas. Thus, average groundwater
resources are equal to 2,000 m3/day, which are sufficient to

Table 5 Maximum and average pumping rates used in the numerical
model

Well No. Qmax (m
3/day) Average Q (m3/day)

1 25 15

2 25 15

3 250 148

4 150 89

5 35 21

6 35 21

7 70 41

8 100 59

Fig. 9 Time evolution of the computed drawdowns in awells 1 and 2 and
b in wells 3 and 4
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supply the estimated current groundwater use (200 m3/day)
and the foreseen future needs (700 m3/day).

The conceptual hydrogeological model has been implement-
ed in a groundwater flow numerical model, which later has been
used to evaluate the performance of two pumping scenarios and
select the optimum solution to attain sustainable conditions. The
results of the numerical groundwater flow model confirm the
validity of the proposed conceptual hydrogeological model,
which for the most part is consistent with the available geophys-
ical, geological and pumping test data as well as with the con-
ceptual models reported in the literature.

Model predictions show that the needs for domestic and
tourist water supply can be safely provided with groundwater
pumping wells with admissible drawdowns and no seawater
intrusion. Our study illustrates that the combination of a sound
conceptual hydrogeological model, a hydrological water bal-
ancemodel and a numerical groundwater flowmodel provides
a robust tool to evaluate the feasibility and sustainability of
groundwater supply systems.

The results of our study could be improved by: (1)
performing a more detailed piezometric and hydraulic charac-
terization of the study area with additional field tests, especial-
ly in the regolith, the fractured granites and the marine terrace;
and (2) collecting water samples directly in spring catchments
instead of water samples from water tanks.
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