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Abstract

Water supply deficits in droughts, groundwater pollution and climate change are the main challenges for the sustainability
of groundwater resources from hard-rock aquifers in rural areas of Galicia (Spain). Here, we address the sustainability of
groundwater resources of weathered and fractured schists in the rural areas of the Abegondo municipality. The conceptu-
alization of the hydrogeology of the study area includes: (1) The weathered schist (regolith), (2) The decompressed highly
fractured schist layer; and (3) An underlying slightly fractured schist. Groundwater flows mostly through the regolith and
the highly fractured rock. Rainfall infiltration is the source of aquifer recharge. Groundwater discharges in seepage areas,
springs and along creeks and valleys. The water table is generally shallow and shows seasonal oscillations of up to 4 m. The
equivalent transmissivity of the regolith and the highly fractured schist ranges from 15 to 35 m*days. The electrical resistivity
tomography identifies a shallow water table and attests that the contact of the highly fractured schist and the slightly fractured
schist is highly heterogeneous. Groundwater resources were quantified with a hydrological water balance model. The mean
annual recharge is about 185 mm. Groundwater recharge at the end of the twenty-first century could decrease from 6 to 10%
due to climate change. The decline in groundwater table could aggravate the shortages during droughts. Groundwater quality
data show bacteriological and nitrate contamination due to the poor management of the manure in the fields and occasional
discharges of slurry from pig and mink farms. Groundwater management and protection actions are proposed to prevent
groundwater pollution and achieve a sustainable groundwater supply in the study area.

Keywords Sustainability - Rural water supply - Groundwater resources - Schists - Climate change - Galicia - Groundwater
pollution

Introduction infrastructures in these regions is severely limited by the

distance to highly populated areas and the large investments

The European regulations concerning the water protection
and management (Directive 2000/60/EC) and the qual-
ity of water for human consumption (Directive 98/83/EC)
pose a great challenge for water supply in dispersed rural
communities such as those of Galicia in the northwestern
corner of the Iberian Peninsula (Fig. 1) (Naves et al. 2019,
2021). The technical and economic feasibility of centralized
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required to undertake them. Local people have developed
spontaneously autonomous water supply systems based on
spring catchments, shallow dug wells and deep drilled wells.
More than 650,000 people rely on groundwater supply from
hard-rock aquifers through this kind of solutions in the rural
areas of Galicia (Naves and Varela-Alvarez 2021).

Hard rocks generally show a large spatial heterogeneity
in both vertical and horizontal directions, which causes
a large spatial variability in the hydrogeological param-
eters. The statistical structure of the spatial variability can
be derived with adjoint-state cross-validation methods
(Samper and Neuman 1989). Hard rock aquifers usually
present: (1) A shallow regolith layer with clay-rich mate-
rial derived from the in situ weathering of the bedrock; (2)
A fractured rock layer, which often presents a dense hori-
zontal network of fractures in the first few meters and a
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Fig.1 Location of the study area in the Abegondo municipality
(Galicia, Spain). The map includes the Digital Terrain Model and the
drainage network, dividing the area which drains to the north to the
Mero and Barcés rivers (black line) and the area which drains to the

depth-decreasing density of subhorizontal and subvertical
fractures (Taylor and Howard 2000); and (3) The less-frac-
tured rock basement which is permeable only when tec-
tonic fracture zones are present (Krasny 2002; Lubczynski
and Gurwin 2005; Dewandel et al. 2006; Espinha et al.
2013). The proposed conceptualizations of groundwater
flow in hard rocks include (Berkowitz 2002; Selroos et al.
2002): double porosity models (Barenblatt et al. 1960),
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south and tributes to the Tambre river (blue line). The location of the
meteorological stations, the pilot experimental basin of El Abelar and
the three piezometers (PZ1, PZ2, and PZ3) of the piezometric moni-
toring network are also indicated

discrete fracture models (Lee and Farmer 1993; Long et al.
1982; Molinero and Samper 2004; Molinero et al. 2004;
Dong et al. 2019), parallel plate models (Bear 1993; Lee
and Farmer 1993) and equivalent porous media models
(Lubczynski and Gurwin 2005; Dewandel et al. 2006).
The main challenges for the sustainable groundwater sup-
ply in the rural areas of Galicia include: (1) Low guarantee
of water supply in dry periods, (2) Groundwater quality
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deterioration and (3) Deficiencies in the governance of
groundwater use and sewage water treatment (Naves et al.
2019; Life Rural Supplies 2020; Naves and Varela-Alvarez
2021).

Previous hydrological research and water resources
assessment were performed in the Abelar pilot watershed in
Abegondo by Soto et al. (2005) and Rodriguez-Suérez et al.
(2011, 2014) (Fig. 1). This small watershed has a surface
area of about 10.7 ha. It was equipped with two meteorologi-
cal stations, two piezometers and a streamflow gauging sta-
tion (Soto et al. 2005; Rodriguez-Suérez et al. 2011, 2014).
The results reported by Rodriguez-Suérez et al. (2011, 2014)
show that fast-growing trees reduces the availability of the
water resources in dry periods, leading to a decline of the
water table and the drying up of springs and small creeks.

Climate change could aggravate the current problems of
water supply guarantee in Galicia during drought periods.
Raposo et al. (2013) evaluated the impacts of climate change
on groundwater resources in Galicia using a hydrological
model and the meteorological series of the PRUDENCE cli-
mate project (Christensen et al. 2007). Raposo et al. (2013)
reported that groundwater recharge could concentrate in the
winter and decrease in the summer and the autumn.

There is a concern about the chemical and microbio-
logical quality of groundwater supply in rural areas due
to the lack of proper control of the water quality by well
owners. Agricultural contamination is often a pressure on
the groundwater chemical status where nitrate is the main
concern for groundwater quality (EC 2010). Other risks for
groundwater contamination include the poor management of
the manure in the fields, the discharge of slurry from farms
and the inadequate planning of land use, which does not
account for groundwater protection.

Here we address the sustainability of groundwater
resources of weathered and fractured schists in the rural
areas of Abegondo (Galicia, Spain). The available topo-
graphic, meteorological, geological, electric resistivity
tomography (ERT), piezometric, streamflow and hydro-
chemical data have been integrated into the proposed con-
ceptualization of the hydrogeology of the study area. The
impact of climate change on groundwater resources is quan-
tified with a hydrological water balance model. The study
includes also the assessment of groundwater chemistry and
pollution. Finally, recommendations are given for ground-
water management and protection to prevent groundwater
pollution and achieve a sustainable groundwater supply.

Description of the study area

The study area is located in the highest part of the Abegondo
municipality (Fig. 1). It covers a surface area of 29 km?
with altitudes ranging from 250 to 409 m a.s.l. The climate

in the region is wet oceanic with relatively abundant rain-
fall. It is classified as Csb, temperate with dry or temperate
summer, according to Koppen Climate Classification system
(AEMET and IM 2011). The autumn and the winter are the
rainiest seasons. The complete weather station at the Agri-
cultural Research Center of Mabegondo is located 4 km at
the north of the study area at an elevation of 94 m, which is
significantly lower than that of the study area (Fig. 1). The
average annual temperature and precipitation in this station
are equal to 12.3 °C and 1133 mm, respectively. The Olas
weather station is located 6 km at the south boundary of the
study area at an elevation of 401 m (Fig. 1), which is similar
to the altitude of the elevated zones of the study area. The
average annual precipitation in this station is 1539 mm. Most
of the study area drains to the north to the Mero and the
Barcés river basins (Fig. 1). However, a small area drains
to the south and tributes to the Tambre River. The drainage
network is very dense.

The study area is mostly framed in metapsamites and
metapelites of the Betanzos-Arzida Unit (Fig. 2), which
is part of the Complex of Ordes, a polymetamorphic unit
with intercalations of amphibolites and ultrabasic intru-
sions (Anthonioz and Ferragne 1978; Galén et al. 1978;
Raposo et al. 2012). Narrow insertions of phyllites have
been mapped in the south of the study area which are less
than 4 km long. Quaternary colluvial and alluvial deposits
are found in the lowest areas and in the flood plains of the
main watercourses. Rock outcrops are hardy available for
direct observation due to the covering by soil and abundant
vegetation.

The rural study area has a low-density population (~ 66
inhabitants per km?). The main land uses include pastures,
thickets, forests and crops. The economy depends on agri-
culture, livestock and forestry with a few derived industries.
The population in the study area does not have a public water
supply system. Instead, the inhabitants rely on autonomous
groundwater supply systems based on spring catchments and
dug and drilling wells.

Materials and methods
Electrical resistivity

Geophysical techniques provide a tool to improve the
knowledge about spatial heterogeneity in hard rocks. The
electrical resistivity tomography (ERT) is a rapid method
for determining the spatial distribution of the electrical
resistivity in the subsurface, which can be linked to the
variations in the clay content, rock porosity, water satura-
tion and the concentration of dissolved electrolytes (Loke
et al. 2003; Cassidy et al. 2014). The multi electrode
dipole—dipole array allows for a large spacing between the
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Fig.2 Geological map and boundary of the study area (white line)

survey lines while still containing significant 3D informa-
tion (Loke 2016). The dipole—dipole array is very sensi-
tive to the horizontal changes in resistivity, but relatively
insensitive to the vertical changes in the resistivity. Thus,
it is well suited for mapping vertical structures (Loke
2016). According to Samouélian et al. (2005), this array
allows obtaining a depth of investigation larger than that
of the Wenner and Schlumberger arrays. However, it has
the disadvantage of a lower signal strength.

A 3D electrical resistivity tomography was performed
in the Abegondo study area using the ABEM Lund Imag-
ing system and a multi electrode dipole—dipole array with
40 electrodes and 5 m inter-electrode spacing. Five paral-
lel survey lines with a separation of 10 m were performed
in the southwest part of the study area near Wells 1 and
2 (Fig. 3). The actual subsurface resistivity was derived
from the apparent resistivity values by solving the inverse
problem with the RES3DINV software (Loke 2016) and
by accounting for the ground topography. The results of
the inversion of the ERT data file were post-processed
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with the Voxler 3D data visualization package software
of Golden Software, Inc.

Piezometric data and hydraulic tests

An inventory of domestic dug and drilling wells, natural
springs, and spring catchments for rural water supplies was
performed in the study area. The location of the 133 water
points is shown in Fig. 4. Three piezometers were drilled to
monitor hydraulic heads and groundwater quality (Fig. 1).
They were equipped with electrical pressure transducers to
monitor continuously the water table depth.

Pumping tests were performed at two locations. The first
one consisted on a constant-rate pumping test performed in
a 30 m deep drilled well. The well is slotted in the deepest
15 m. The pumped flowrate was~0.5 L/s and pumping lasted
for 2 h. No observation wells were available. The water level
was recorded with a manual piezometric probe during the
pumping and recovery stages. The effective transmissivity
of the regolith and highly fractured schist was derived using
the Cooper-Jacob semi-log method. A second pumping test
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Fig.3 Map of the study area with the location of the resistivity profiles, Wells 1 and 2 and the piezometer (a). 3D Electric Resistivity Tomogra-
phy: Inverted subsurface resistivity (Q-m) for the 3D block (b) and inverted resistivity (Q-m) in a cross section along the second dashed line (c)

was performed in a 27 m deep drilled well located in the
South of the study area. Pumping lasted 25 h at a rate of ~0.5
L/s. Drawdowns were recorded during pumping and recov-
ery at the pumping well and four observation wells using
both manual piezometric probes and pressure transducers.
The distances of the observation wells from the pumping
well range from 27 to 78 m. Estimates of the transmissiv-
ity and storativity were derived from the interpretation of
drawdowns using the Theis type-curve and the Cooper-Jacob
semi-log methods.

Hydrological water balance

The water resources of the study area were evaluated with
a hydrological water balance performed with VISUAL
BALAN (Samper et al. 2015a, b), a semi-distributed hydro-
logical code that computes daily water balances in the
upper-most soil layer, the unsaturated zone and the aquifer.
VISUAL BALAN calculates sequentially the daily values
of the components of the water balance. The daily water
balance equation in the soil is given by (Pisani et al. 2019):

A9 =P+1,—1,-AET-S—R,, (D
where A@ is the change in soil water content, P is precipita-
tion, 7, is irrigation water, I, is interception, AET is actual
evapotranspiration, § is surface runoff, and R, is potential
recharge, which is equal to groundwater recharge if there is
no interflow.

The water balance in the unsaturated zone is given by:

Avuz = Rp_Qr_Qh’ (2)

where V, is the volume of water stored in the unsaturated
zone and Q, and Q, are interflow and recharge, respectively,
which are given by (Samper et al. 1999; Pisani et al. 2019):

v 3

uz’

O, =q,

V

uz?

0,=K, +a, @)

where K, is the saturated vertical hydraulic conductivity
and a;, and a, are the recession coefficients of interflow and
recharge, respectively. Groundwater flow in the aquifer in
VISUAL BALAN is assumed to be uniform and normal to
the discharge areas. Groundwater discharge, Q,, is calculated
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Fig.4 Map of water points in the study area and the PZ1, PZ2, and PZ3 piezometers of the monitoring network

using a transient 1D explicit finite differences scheme. The
total outflow from the basin is the sum of overland flow, S,
interflow, Q,, and groundwater discharge, Q,. A detailed
account of the methods and parameters of VISUAL BALAN
can be found in Samper et al. (1999), Castafieda and Garcia-
Vera (2008), Samper and Pisani (2013) and Pisani et al.
(2019).

Land use data were taken from CORINE maps (Bossard
et al. 2000; https://land.copernicus.eu/pan-european/
corine-land-cover [last check: 09/09/2021]), aerial photos
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and field observations. The main types of land use in the
study zone can be grouped into two main types: (1) Transi-
tion forest, mixed forest and thickets and (2) Crops. The
water balance model was calibrated in four small basins.
The first one corresponds to the Abelar pilot site, which is
equipped with a piezometer and a gauging station (Fig. 1).
The calibrated parameters of the hydrological model at
the Abelar site were used as initial estimates for the mod-
els of the other three basins (Fig. 1), which are equipped
each one of them with a piezometer (PZ1, PZ2 and PZ3 in
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Fig. 1). Soil, interception and evapotranspiration param-
eters were calibrated with piezometric data from February
2015 to September 2015 and by taking into account the
vegetation and slope conditions of each zone.

Evaluation of the impact of climate change

Current global and regional climate models generally do
not reproduce correctly the observed annual and monthly
temperature and precipitation normals (3-decade aver-
ages) in the historical period. The bias of the simulations
affects also the predictions for the future climate scenarios
(Wilby et al. 2000; Stigter et al. 2014). This limitation is
usually overcome by running hydrological models with the
meteorological data provided by climatic models for both
the control and the prediction periods. The impacts of the
climate change were evaluated in terms of the differences
between the results of the hydrological model in the control
and the prediction periods (Akhtar et al. 2008). Although
this method does not provide accurate predictions of the
hydrological variables for the prediction period, it ensures
that simulated climatic variables preserve the day-to-day
variability (Hay et al. 2002; Wood et al. 2004).

The effects of climate change on the water resources at
the end of the twenty-first century were evaluated for the
A2 (more pessimistic) and the B2 (more optimistic) [IPCC
scenarios (Nakicenovic et al. 2000) with the precipitation
and temperature predictions of the PROMES-HadAM3H
climate model developed for the PRUDENCE European
project (AEMET 2008; Christensen et al. 2007). The effects
of climate change on the water resources for the period
2071-2100 were quantified using the hydrometeorological
conditions of the reference historical period 1961-1990 and
by assuming that the land use in the prediction period is
the same as those in the control period. The meteorological
series generated by the climate model for the control and
prediction periods were used as inputs to the calibrated
hydrological model of the study area. The results of the
water balance in the control period were compared to those
of the prediction period. The relative changes of the water
balance components were calculated in a manner similar to
Samper et al. (2015b), Espinha et al. (2010) and Pisani et al.
(2019) who evaluated the effects of climate change in the
Serra da Estrela hard-rock area in Portugal.

Groundwater chemistry and pollution

Groundwater quality was evaluated based on the results of
202 physicochemical and microbiological analyses per-
formed on water samples from springs, domestic wells and
piezometers within the study area from 2014 to 2016 (Aqua
Plann 2011). The following chemical and microbiological
parameters were determined: pH, electric conductivity, the

concentrations of major cations (Na*, K*, Ca®*, Mg*"),
major anions (Cl~, SO42_ and HCO; ™), ammonium, nitrate,
organic carbon, metals (Al, As, Cd, Cu, Cr, Hg, Ni, Pb, Se,
Zn, Fe, Mn and Sr), total and faecal coliform, E. coli and
Faecal Streptococcus colonies.

The pristine chemical properties of the shallow ground-
water in the study area were previously established within
the framework of the LIFE Aqua Plann Project (Aqua Plann
2011; Naves et al. 2019). Measured concentrations were
compared with the reference concentrations and the admis-
sible (parametric) concentrations established in drinking
water regulations (Directive 98/83/EC).

Results
Geophysical results

The resistivities obtained from the inversion of the ERT data
range from 60 to about 3000 Q-m, with large horizontal and
vertical heterogeneities (Fig. 3). The resistivity is greater
than 1500 Q-m in a shallow layer corresponding to the unsat-
urated regolith. The resistivity decreases sharply to less than
500 ©-m, showing a sharp transition at depths ranging from
5 to 10 m. This transition coincides with the location of
the water table which is at 3 m depth in Well 1 and 6 m in
Well 2. The thickness of the shallow high-resistivity zone
decreases at the north-eastern corner near the spring.

High resistivities (up to 3000 Q-m) are observed at the
bottom of the 3D block between Wells 1 and 2. These large
resistivities correspond to the slightly fractured schist. The
zone of lower resistivities located below the water table and
above the slightly fractured schist corresponds to the satu-
rated regolith and highly fractured schist. The interpreta-
tion of the ERT does not allow distinguishing between both
materials. This lumped layer extends beyond the depth of
the resistivity profile (~40 m) in most of the domain and its
thickness is around 20 m, where the slightly fractured schist
can be observed.

The resistivity within the regolith and highly fractured
schist shows spatial variability in both the longitudinal and
the transversal directions. The observed heterogeneities in
the resistivities are consistent with the measured depths to
the water table and the water-producing layers in Wells 1
and 2.

Piezometric data and hydraulic tests

Hydraulic head data show that the piezometric surface is
shallow and smoothly follows the topographical surface.
Its depth is less than 10 m, except in the most elevated
areas where it can exceed 20 m (Fig. 5). The measured
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hydrographs in the three piezometers show that the water
table rises in response to rainfall events. The seasonal
oscillations of the hydraulic heads are smaller than 4 m
(Fig. 5). Piezometric fluctuation data were not used to
quantify groundwater recharge due to the difficulties of
estimating groundwater recharge from water-table fluctua-
tions in heterogeneous unconfined aquifers (Aguila et al.
2019).

The estimated equivalent transmissivity of the lumped
layer of regolith and highly fractured schist ranges from 15
to 35 m*/days. These transmissivities are consistent with

@ Springer

those reported by Carvalho et al. (2003) for the fractured
schists in northern Portugal. These transmissivities are
also consistent with those adopted by Naves et al. (2019)
for modelling spring protection zones in Abegondo. The
average specific yield of the regolith is 0.01.

Conceptualization of groundwater flow
The conceptualization of the hydrogeology of the study

area includes: (1) The regolith, (2) The decompressed
highly fractured schist layer; and (3) The underlying slightly
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Fig.6 Hydrogeological block
diagram of the regolith, highly
fractured and the less-fractured
schists of Abegondo. Modified
from Naves et al. (2019)
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fractured schist (Fig. 6). The ERT results do not allow dif-
ferentiating the regolith and the highly fractured schist. The
measured thickness of both lumped layers range from 20 to
40 m. These values are consistent with the information pro-
vided by well logs and the geological surveys conducted for
the construction of the highway crossing the study area. This
information states that: (1) The thickness of the schist rego-
lith is spatially heterogeneous and ranges from 1 to 15 m;
and (2) The depth of the slightly fractured schist ranges from
15 m to more than 50 m. No major fracture zones are pre-
sent in the study area and the schists are highly fractured.
These features tend to support the assumption that ground-
water flow through the fractured schists obeys the equivalent
porous media approach.

Most of the groundwater flows through the regolith and
the highly fractured schist. Field evidences from borehole
drilling have shown that groundwater flows into the drilled
wells at the contact zone between the regolith and the highly
fractured schist. The hydrogeological role of the slightly
fractured schist can be generally neglected. The available
data do not allow distinguishing the properties of the rego-
lith and the highly fractured schist layers. Therefore, these
two layers are lumped into a single unconfined aquifer with
an equivalent transmissivity ranging from 15 to 35 m*/day
and a storativity of ~0.01.

Infiltration of rainwater is the source of aquifer recharge.
Irrigation is restricted to small plots. Natural groundwa-
ter flow is slow (<1 m/day). The natural discharge of the
groundwater occurs in seepage areas, springs, and the lower
parts of the creeks and valleys. Springs are not found to be
related to geological contacts, quartz dikes, tectonic fracture

zones or other rock singularities. Flowpaths from recharge
to discharge areas are generally short.

Hydrological water balance

The hydrological model of Abelar pilot basin was calibrated
with measured stream flows at the watershed discharge point
(Fig. 7a) and available piezometric data from October 2007
to September 2010. The mean annual values of the compo-
nents of the water balance for the period 2006-2015 in the
study area are listed in Table 1. The average annual precipi-
tation, P, is equal to 1499 mm. Interception and actual evap-
otranspiration (AET) amount to 506 mm (34% of P). The
remaining 66% of P is the annual streamflow, Q. Interflow
is the major component of Q (78%). Groundwater recharge
is 19% of Q and surface runoff is about 3% of Q (Table 1).
The mean annual interflow is equal to 771 mm while the
mean aquifer recharge is equal to 185 mm. These values are
consistent with those estimated by Raposo et al. (2012) with
the chloride mass balance method.

Effects of climate change on water resources
and groundwater recharge

The mean annual temperature in the period 2071-2100 could
increase 2.4 °C in scenario B2 and 3.4 °C in scenario A2
compared to the mean temperature of 12.3 °C in the control
period. Table 1 shows the mean annual values of the com-
ponents of the water balance in the study area in the control
period (1961-1990) and the projected changes for the predic-
tion period 2071-2100 caused by the climate change. Precipi-
tation could decrease from 9 to 12.6%. Although the potential
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Fig.7 Measured (symbols)

and computed (lines) stream
flows at the discharge section
of the Abelar site in 2007-2010
(a) and measured (symbols) and
computed (lines) piezometric
heads at the PZ2 piezometer in
2014-2015 (b)

Table 1 Mean annual values of the components of the water balance
calculated with the hydrological model for the historical period in the
study area and in the Abelar pilot basin using historical meteorologi-
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Hydrological model of the study area using
meteorological data generated by climate
model simulations

Historical period: 2007-2010  Historical period: 2006-2015  Control Scenario A2 Scenario B2
period 2071-2100 2071-2100
1961-1990
(mm) (mm) (mm) (mm) A (%) (mm) A (%)
Precipitation 1597 1499 1272 1112 -12.6 1158 -9.0
Interception 108 69 86 77 -10.5 79 -8.1
Potential recharge 806 956 557 498 -10.6 524 -59
Potential evapotranspiration 705 962 699 832 19.0 787 12.6
(PET)
Actual evapotranspiration 668 437 606 525 —134 530 -125
(AET)
Surface runoff 15 37 23 13 —-435 24 4.3
Interflow 632 771 437 391 -105 411  -59
Groundwater recharge 174 185 120 108 —-100 113 58
Streamflow 821 993 580 511 —-119 548 -55
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evapotranspiration could increase from 12.6 to 19%, the actual
evapotranspiration could decrease from 12.5 to 13.4% due
to the decrease in precipitation (see Table 1). Groundwater
recharge could decrease from 6 to 10%. This reduction should
not affect the availability of groundwater resources because
groundwater use in the study area is much smaller than the
average resources. A slight decline of groundwater levels and
spring and fountain flows is expected. Recharge could increase
in the winter and decrease in the rest of the year. The periods
without recharge could become more frequent and last longer.
Climate change could aggravate the problems of guarantee of
water supply from spring catchments in droughts. Moreover,
the effects of climate change could aggravate the decline of
groundwater levels and the reduction of groundwater resources
caused by the water consumption of eucalyptus plantations.
For the most part, our predictions of climate change effects on
water resources are consistent with those reported by Raposo
etal. (2013).

Groundwater quality and pollution

The measured pH ranges from 5.7 to 6.5. These slightly
acidic values are similar to the pH of natural groundwater in
the study area. The measured electrical conductivities are low
and slightly larger than the reference values for this area (from
40 to 110 pS/cm). The measured pH, electrical conductiv-
ity and chloride concentration do not show significant spatial
variability.

The natural concentration of dissolved nitrate ranges from
1to 10.4 mg/L (Aqua Plann 2011). The nitrate concentrations
measured in existing wells attest groundwater nitrate contami-
nation in the southern part of the study area (Fig. 8). The upper
regolith layer forms a shallow water table aquifer, which lacks
a confining layer. These conditions do not provide a good natu-
ral protection against groundwater nitrate pollution.

The analysis of the pressures on the aquifer show that
groundwater nitrate pollution is caused by the poor manage-
ment of the manure in the fields and occasional discharges
in pastures of large volumes of pig and mink slurries from
local farms. Figure 8 clearly shows that most of the wells and
springs affected by nitrate contamination are located near the
areas with a large density of rural estates authorized for slurry
discharge.

The measured total concentrations of some metals such as
Al, Mn, Fe, As and Pb exceed the parametric values for drink-
ing water in some water points, when water samples are not
properly filtered in situ. This pollution is generally associated
with suspended matter. Dissolved metal concentrations are
below their parametric values. Therefore, metal pollution can
be easily prevented by groundwater filtration. Other metals
such as arsenic, copper, cadmium, nickel, mercury, lead and
zinc are found in very low concentrations.

Recommendations for groundwater
management and protection

The extensive bacteriological contamination of groundwater
in the study area could be overcome by appropriate filtering
and chlorination. Filtering should also prevent groundwa-
ter metal pollution. Nitrate contamination, however, cannot
be eliminated with a reasonable cost treatment. Alternative
groundwater supply catchments for communities affected by
nitrate pollution could be found in areas where appropriate
land use planning measures are implemented to preserve
groundwater quality.

Land use planning and groundwater protection regula-
tions should be established based on a common consen-
sus among all the involved stakeholders such as local and
regional authorities, environmental, water and agriculture
planners, pig breeders, farmers and water users. The dis-
charge of slurry by farmers in rural states should take into
account groundwater resources planning and management.

Conclusions

The study of the sustainability of groundwater supply in the
rural areas of Abegondo municipality (Galicia, Spain) has
been presented. The conceptualization of the hydrogeology
of the study area includes: (1) The regolith, (2) The decom-
pressed highly fractured schist layer; and (3) The underly-
ing slightly fractured schist. Most of the groundwater flows
through the two shallowest layers. The equivalent transmis-
sivity of the regolith and the highly fractured schist layer
ranges from 15 to 35 m%days. Infiltration of rainwater is
the source of groundwater recharge. Creeks and the lowest
valleys are discharge zones.

A hydrological water balance model has been constructed
to evaluate the water resources in historical conditions. It has
been calibrated using measured streamflow and piezometric
data. The average groundwater recharge in the study area in
the historical period (2006-2015) is 185 mm/year, which
constitutes 12% of the average precipitation. The hydrologi-
cal model was used to evaluate the effects of climate change
at the end of the twenty-first century for the A2 (more pes-
simistic) and B2 (more optimistic) [IPCC emission scenarios.
Groundwater resources could decrease from 6 to 10% by the
end of the twenty-first century. The reduction in groundwater
resources could lead to a decline of groundwater levels and
spring flows, especially in droughts. The expected decline in
groundwater resources at the end of the twenty-first century
due to climate change should not affect the availability of
groundwater resources because current groundwater use in
the study area is much smaller than the average resources.
However, the water supply shortages in droughts could get
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Fig.8 Map of nitrate pollution classes in the study area, which indi-
cates the points without evidence of pollution (green dots), with mild
nitrate pollution (yellow dots) and exceeding the admissible limit (red

worse. Shortages could be overcome by deepening the water
catchments or drilling deep wells.

Groundwater in the study area is slightly acidic and has
low electrical conductivity. Some wells and springs show
bacteriological and nitrate contamination caused by inad-
equate management of the manure in the fields and occa-
sional discharges of slurry from local pig and mink farms.
Measured total concentrations of some metals, related to

@ Springer
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dots). The rural estates authorized for slurry discharge by the regional
environmental authority (white areas) are also shown

suspended matter, exceed their parametric values in some
locations.

Filtering and chlorination should avoid groundwater bac-
teriological and metal pollution. Furthermore, appropriate
management plans and groundwater protection actions are
strongly recommended to prevent groundwater pollution and
achieve a sustainable groundwater supply in the study area.
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The hydrological water balance model for recharge esti-
mation and the conceptualization of groundwater flow pre-
sented here could be extended in future studies by perform-
ing a numerical groundwater flow and contaminant transport
model.
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