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Abstract
The integrated management of the Sinclinal de Calasparra aquifer and surface waters of the Segura river during periods of 
drought represents an example of sectoral implementation of the European regulatory framework in terms of adaptation to 
climate change, thanks to the continued effort of the resource management agency, Confederación Hidrográfica del Segura, 
over almost 30 years of operation. The effective network of piezometric control and gauging stations distributed throughout 
the basin has made it possible to meet groundwater demand in situations of declared drought in a predominantly agricul-
tural region, while monitoring the effects on the environment of resource abstraction. The agency has promoted the use of 
numerical models of aquifer behavior as a management tool, as presented in this work, which has served to anticipate the 
effects of the abstractions planned for the period 2015–2021 on the Gorgotón spring and on the flow of the Segura river as 
it passes through the aquifer.

Keywords Drought management · Groundwater modeling · Environmental impact

Introduction

Within the general lines of action of the European Union 
in terms of adaptation to climate change (European Com-
mission 2014a), the Climate Action program considers it a 

priority to anticipate the possible adverse effects of climate 
change by adopting mitigation measures since it is consid-
ered that good planning has a beneficial impact on the 
environment and on the economy. Among the less forceful 
but necessary measures for creating a culture and raising 
awareness about the problem, the program highlights the 
provision of information and the integration of planning 
in the sectoral policies of each EU country, focusing on 
the most vulnerable sectors: water resources and agri-
culture (European Commission 2014b). Thus, one of the 
approaches outlined in the common agricultural policy of 
the European Union in its agenda for Horizon 2020 (Euro-
pean Commission 2017) is protecting the environment 
through more sustainable agricultural practices, research 
and dissemination of knowledge to address climate change 
repercussions on biodiversity loss, soil deterioration and 
water quality. Regarding the precepts on water, mostly 
included in the Water Framework Directive (European 
Commission 2000), the intervention of the state and sec-
toral administrations in adapting to climate change must 
include actions during prolonged drought cycles, which 
could be further accentuated as a consequence of climate 
change. Such actions would result in sustainable manage-
ment of the resource with minimal impact on the environ-
ment. At a national level, the EU recognized the progress 
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of the Spanish state in the implementation of good prac-
tices in this matter (European Commission 2007). The 
guidelines to follow have been defined in the Spanish 
National Climate Change Adaptation Plan (Plan Nacional 
de Adaptación al Cambio Climático-PNACC-Ministry of 
the Environment, MMA 2006) which considered the envi-
ronmental variables that may be affected by the alteration 
of surface and groundwater resources as a consequence of 
prolonged drought cycles. At a sectoral level, in the Ibe-
rian Peninsula, water resources management is centralized 
in Hydrographic Confederations, which, in the case of the 
Segura river basin and its water masses, is the Confeder-
ación Hidrográfica del Segura (CHS).

Located in the southeast of the Iberian Peninsula, the 
basin of the Segura river extends through several provinces 
over its 19,025 km2 area. The province of Murcia, with 
98.82% of its territory within the basin, is the largest (60% 
of the total). The area has a semi-warm Mediterranean cli-
mate of average annual temperature around 19 °C and rain-
fall between 300 and 400 mm/year. According to the data 
of the National Meteorological Agency (Agencia Estatal 
de Meteorología, AEMET), temperature and rainfall have 
changed in the last 10 years, with temperatures above 20 °C 
and rainfall below 300 mm/year. It is a predominantly agri-
cultural region, where the activity of the horticulture sector 
represents 26% of its total income, with exports that con-
tribute 0.12% of annual national GDP [see balance of 2017 
(CARM 2017; MAPA 2018)]. Spain is the EU country with 
the highest production in tonnes in this sector, averaging 
25% for the years 2014–2016 (MAPA 2019) and the Murcia 
region contributes 3% of the total.

In the Segura river basin, the demand for water for agri-
cultural purposes is channeled through 75 bodies consti-
tuting 41 Irrigation Communities, with an annual demand 
oscillating around 86.2% of the water available in the basin 
(CHS 2015), about 1518.7 hm3 per year (CHS 2014). Water 
regulation is managed through its surface reservoirs, with a 
total capacity of 1140 hm3, from the variable contribution 
that comes from the Tajo River Basin, with a maximum of 
600 hm3 per hydrological cycle (BOE 2013), and from the 
63 defined groundwater bodies, 18 of which are in a situation 
of overexploitation (Senent-Alonso and García-Aróstegui 
2014). The incorporation of groundwater as a reservoir 
for integrated management is part of the usual practice in 
some hydrographic confederations (Berbel et al. 2018), as 
is shown by the fact that Spain is the second country in the 
European Union with the highest abstraction of groundwater 
for agriculture, with an average volume of 4713 hm3 per year 
over the period 2006–2015 (Eurostat 2015). Of the basin’s 
groundwater resources, around 540.7 hm3 per year (85.6%) 
are destined for agrarian purposes, although this figure may 
increase in periods of drought, such as the years 2004–2006 
(BOE 2005).

Part of the responsibility of the Segura Hydrological Con-
federation is the progressive implementation of the policies 
mentioned above: quantification of the reservoir and iden-
tification of water bodies in the whole basin, exhaustive 
monitoring of water pressure and quality using an extensive 
network of piezometers, river flow measurement from the 
gauging stations distributed throughout the basin and envi-
ronmental impact studies for each of the resource exploita-
tion proposals. All this information has had an impact on the 
understanding and optimization of the regulation of water 
resources exploitation in drought situations, such as the cur-
rent period of 2015–2018 (MITECO 2018).

As an illustration of the technical requirement on the part 
of the CHS to control the exploitation of water resources 
within the basin, we present the numerical model of the 
Sinclinal de Calasparra aquifer, which predicts the effect 
of groundwater abstraction on piezometric measurements, 
on the Gorgotón spring and on the Segura river flow and 
stream stage by implementing meteorological regime vari-
ation conditions that reflect the current drought situation. 
The numerical modeling is among the requirements imposed 
by the CHS on applicants for water resources during the 
drought period declared between 2015 and 2018, since it is 
considered as a tool in the integrated management of water 
in this context. There are many proven cases in the literature 
that demonstrate the fundamental contributions of numeri-
cal models to the knowledge and management of water 
resources in the Mediterranean area (El Kanti et al. 2018) 
and in other parts of the world (Feng et al. 2011).

Sinclinal de Calasparra aquifer model

The Sinclinal de Calasparra aquifer (Fig. 1) is located in the 
meridional sector of the Segura river basin (northwest of the 
Region of Murcia).

Although it is a small aquifer, with an area of 332 km2 
and estimated annual natural resources of around 12 hm3 
(22.5 hm3 if recharge from irrigation is considered) and 
given that the fruit and vegetable production derived from 
the exploitation of its waters is valued at around 42 million 
gross euros per year (CHS 2015), its management is strategic 
and CHS has controlled its exploitation since 1992. During 
this period, drought has been declared twice (2004–2006 
and 2015–2018) and the annual groundwater demand from 
Irrigation Communities, private wells and CHS wells can 
then reach up to 54 hm3/year. For this reason, to achieve the 
necessary level of commitment to climate change adapta-
tion, the measures adopted by CHS in the management of 
the aquifer translate into:

• Forecast and monitoring of the environmental impact on 
piezometry and water quality of the adopted measures.
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• Action proposals to ensure sustainable management of 
the resource.

The aquifer is composed of upper Cretaceous limestones 
and dolomites, with an average thickness of 300 m, com-
pletely saturated, connected to each other by tectonic faults 
(IGME 1985; Rodríguez-Estrella and Conradi 2006) that 
contribute to a broad range of hydraulic conductivities of 
between 1 and 100 m/day, according to aquifer pumping 
tests carried out during the period 1992–2005 in 19 wells 
drilled by CHS for drought situations periods. The aqui-
fer is located between the lower Cretaceous clays substrate 
(“Weald Utrillas Facies”, Rodríguez-Estrella 1979) and the 
Quaternary and Miocene materials at the top, which con-
fer on it unconfined and confined characters, respectively 
(Fig. 1).

The piezometric levels vary between 170 and 210 m 
ASL depending on the extractive regime and rainfall, 
so that the connection between the river and the aquifer 
also depends on this condition. The river recharges the 
aquifer upstream of the Gorgotón spring along the Cre-
taceous limestone outcrops, while downstream, the aqui-
fer discharges into the river as it runs over marls. When 
the spring dries up, the river becomes a losing stream all 
along its course in the aquifer. This situation is controlled 
by evaluating the level in a piezometer located next to 
the spring (see P-3 in Fig. 5); when its level is below the 
spring absolute height of 189.2-m ASL, the spring dries 
up, a situation that has occurred at different times in the 
first decade of the twenty-first century, coinciding with 

periods of drought and increased abstractions (Fig. 2). In 
the model, the spring condition is implemented by means 
of a drain that allows groundwater to come out when the 
piezometric level is higher than that of the spring.

The first numerical model of the Sinclinal de Calasparra 
aquifer was carried out by the Spanish Geological and Min-
ing Survey (IGME) in 1985 at the request of the CHS, for the 
coordinated management of surface and underground water 
resources in the Segura basin. Subsequently, and in order to 
contribute to the management of the aquifer in periods of 
drought, such as the one that took place between 2004 and 
2006, new models were developed in 2003, 2005 and 2008 
with Modflow, a software package from the US Geological 
Survey for the resolution of the water flow equation in porous 
media (Harbaugh et al. 2000). They were based on the previ-
ous model but, this time, in a transient regime incorporating 
the historical piezometry data in the calibration and updat-
ing the available hydrogeological information (IGME 2015). 
More recently, during the 2015–2018 drought period, other 
numerical models based on the previous ones were imple-
mented to study the impact on piezometry of the extractive 
regime programmed in the aquifer to compensate for the 
impact of the lack of rainfall on agriculture (CHS 2016).

The numerical model presented in this work was also 
developed with Modflow. The purpose of the simulations 
was to evaluate the effects on piezometry and stream stage 
of the Segura river of the pumping program that was pro-
posed to mitigate the effects of the drought during the years 
2018–2021. By means of 20 abstraction wells, the proposed 
extractions would be distributed as shown in Fig. 3.

Fig. 1  Sinclinal de Calasparra aquifer regional geological situation in the Segura river basin (CHS 2013, coloured red in the Iberian Peninsula 
map).  Modified from Mapa Geológico de España (Nieto Albert et al. 2008) and Mapa Hidrogeológico de España (IGME 1985)



 Environmental Earth Sciences (2020) 79:7

1 3

7 Page 4 of 9

The model is based on the previous model of 2016 but 
incorporates new conductivity data obtained from strati-
graphic columns and pumping tests. The calibration of the 
conductivity was made from the piezometry historical series 
of 6 piezometers, considering continuous monthly informa-
tion for the period April 2012–February 2018 (Fig. 4).

Making use of parameter estimation tool PEST, which 
enables control of the partial weight of data introduced 
(Welter 2015), those piezometers located near the pump-
ing wells (P-2, P-3, P-5 and P-6), whose real schedules 
are fixed and conductivity measurements are more realis-
tic, were weighted 100%; while P-4 and P-1, located far 
from the Gorgotón and nearby wells with an uncertainty 
associated with their schedule, were weighted 50% during 
the calibration process. A total of 16 complete iteration 

processes were performed before the final distribution of 
parameters was achieved, reaching a compromise between 
the time required for each calibration process and the dif-
ferences between real and simulated piezometry (fixed at 
variations below 7% with respect to the total head). The 
main boundary conditions and the model geometry are 
summarized in Table 1.

Model results; effects on the spring 
and the Segura river stream stage

According to the planned extractive regime, the sharp-
est decreases in the simulation will occur at the end of 
2020, reaching the lowest piezometric levels around the 

Fig. 2  Piezometric head next 
to Gorgotón spring (P-3), aver-
age rain over the Segura river 
basin and abstractions from the 
Sinclinal de Calasparra aquifer. 
Data available in: https ://www.
chseg ura.es/chs_en/cuenc a/
redes decon trol/estad istic ashid 
rolog icas/

Fig. 3  Abstractions in the 
Synclinal de Calasparra aquifer 
during the period 1992–2030. 
2003 and 2008–2009 data are 
not available

https://www.chsegura.es/chs_en/cuenca/redesdecontrol/estadisticashidrologicas/
https://www.chsegura.es/chs_en/cuenca/redesdecontrol/estadisticashidrologicas/
https://www.chsegura.es/chs_en/cuenca/redesdecontrol/estadisticashidrologicas/
https://www.chsegura.es/chs_en/cuenca/redesdecontrol/estadisticashidrologicas/
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CHS intakes of 94–96 m ASL (Fig. 4). The recovery of 
the water upwelling through the spring and the restora-
tion of its optimum flow rate, around 55,000 m3/day, will 
take place 5 and 7 years later, respectively. Considering a 
decrease in water recharge to an extreme value that would 
perpetuate the current declaration of drought (a reduction 
of total rainfall by half), the maximum decrease reached 
in December 2020 would be an additional 11 m, which 
would mean less than 10% of the total decrease; while the 
recovery of the spring would occur with a lag of 10 months 
compared to the normal situation of average yearly rainfall.

As an example of the effect of the first steps in the 
implementation of the abstraction plan, a piezometric map 

obtained from the monitoring network and simulated mod-
eling in the vicinity of Gorgotón spring is shown in Fig. 5. 
A general decrease in piezometry, between 4 and 15 m com-
pared to the natural condition, took place in the area. From 
the shape of the constant head lines, it is deduced that the 
Gorgotón spring continued to flow and so the river contin-
ued in a gaining stream condition from that point; while 
upstream, the losing stream condition governed the ground-
water–surface water connection.

In the interpretation of the piezometry, it must be taken 
into account that the Sinclinal de Calasparra aquifer has 
porosity due to both intergranular spaces and karst conduits. 
Modflow solves the fluid flow equation in granular media 

Fig. 4  Calculated and observed 
data for piezometers P-1 to P-6 
after the calibration process

Table 1  Geometric and boundary conditions of the Sinclinal de Calasparra aquifer numerical model

a  5 hm3/year considering pessimistic forecast

Surface extension 346 km2 Hydraulic conductivity 2.4–100 m/days

Deep extension 300 m Rainfall recharge 10 hm3/yeara

Number of files 15 Recharge from irrigation 2 hm3/year
Number of columns 18 River infiltration 10.5 hm3/year
Unit cell size 2000 × 2000 m2 Abstractions from pumping wells 0.3–5.9 hm3/year each
No. calibration piezometers 6 Effective porosity 0.02–0.26
No. pumping wells 20 Gorgotón spring Drain (k > 100 m/days); 

topographic height 
189.2 m ASL

Time period simulated 2010–2030 year
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by means of finite elements, evaluating the balance of water 
in space and time in a volume of control of the medium to 
which Darcy’s law is applied. The hydraulic conductivity 
parameter k (m/day), which governs the flow, depends on 
fluid and soil skeleton properties that cannot be applied to 
fluid in conduits (see any classical book on groundwater, 
e.g., Harr 1962). On the other hand, the simulation of aqui-
fers with permeability by karstification is usually complex 
(Scanlon et al. 2003; Worthington 2009) given that it is dif-
ficult to reproduce the heterogeneous distribution of karstic 
ducts and groundwater preferential circulation channels 
by the presence of faults. Hence, the global permeabilities 
of the model do not reliably reproduce the karstic ducts: 
high permeabilities and karstification channels imply low 
hydraulic gradients and a wide radius of influence; while 
the piezometry in aquifers with permeability due to porosity 
(such as those simulated with Modflow) is more sensitive 
to the effect of pumping, where the hydraulic gradients are 
more pronounced and the radius of influence smaller. There-
fore, the results of the simulation are considered pessimistic 

regarding the establishment of temporary piezometry thresh-
olds for the cessation of pumping based on modeling results, 
allowing for a margin of safety. On the other hand, according 
to the simulation, the spring should have dried up for the first 
time in the summer of 2016 but, according to the data of the 
piezometer P-3, this situation has not yet occurred. This is 
explained by the fact that some of the aquifer abstraction 
authorizations have not yet been granted, since they must 
wait for public exposition periods, postponing the start of 
some abstractions to 2019. This fact delays future calibra-
tions to 2021 when the real schedule and abstractions will be 
known with precision. However, the fact that the exploita-
tion of the aquifer has been regulated since 1992 offers the 
CHS the experience accumulated during the first drought 
declared in the basin (between 2004 and 2006), when the 
exploitation of 109.2 hm3 implied a medium piezometric 
fall of 40 m in the whole aquifer and a recovery of the levels 
a year and a half after the cessation of pumping, with the 
complete recovery of the spring upwelling 6 years later. The 
quarterly monitoring of the piezometric control network and 

Fig. 5  Spatial distribution of 
piezometric levels in December 
2017; calculated (above) and 
field monitoring results (below)
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the gauging stations will allow the CHS to act early and stop 
extractions if the piezometry is below the minimum thresh-
old reached in December 2006 of 94 m ASL.

Before considering the effects on surface waters, it’s 
important to put in context that CHS coordinates two pro-
jects co-financed by European Life + programs (Life + Seg-
ura River link and Life + Ripisilvanatura, CHS 2014) that 
seek the improvement of the conditions of different ecosys-
tems coexisting along the margins of its rivers, as well as the 
determination of the environmental parameters necessary for 
maintaining them. For this purpose, among the effects that 
any intervention on groundwater could cause, it is necessary 
to consider the effect on both the river flow and the stream 
stage (height of the water surface). As regards river flow 
loss, according to the results of the simulation, the spring 
will stop discharging 20.0 hm3 per year into the river dur-
ing the 2019–2024 period. When the spring dries, the river 
will become a losing stream, which will mean an additional 
maximum loss of 1 hm3/year along the stretch that runs over 
the outcrop of Cretaceous limestones. To mitigate this net 
flow loss, CHS pours all the groundwater abstracted by its 
own wells into the river stream, from which the relevant 
water derivations will be made, and requires between 20 and 
40% of the groundwater pumped by the various irrigation 
communities to be returned to the river. According to the 
extraction data (Fig. 3) and in terms of absolute gain–loss of 
river flow, these measures will correspond to an increase of 
24 hm3/year during the period 2018–2020, a loss of 17 hm3/
year for the 2020–2021 interval and a loss of 21 hm3/year for 
2021–2025, this last due to the combination of dry spring 
and the cessation of river-recharging from pumping wells. 
The impact on the stream stage could be studied by apply-
ing the Manning equation (Manning 1895), which relates 
the circulating flow to the rugosity, the cross section and 
the slope of the river in the area of the Gorgotón spring. 
Given the difficulty in obtaining and estimating some of 
these parameters, the available stream stage and discharge 
data from the Almadenes gauging station (located 100 m 

upstream of the Gorgotón spring) was used. From these, the 
rating curve of Fig. 6 has been derived.

In an unfavorable hydrological year (such as 2014), in 
which the discharge variation would fluctuate between 0.7 
and 1.4 m3/s, the expected flow reductions would mean a 
variation in the stream stage of between − 0.03 and 0.03 m. 
For the average hydrological year, the variation in the water 
surface elevation would range between − 0.014 and 0.022 m. 
Thanks to the return flow of part of the groundwater to the 
river, the impact on the stream stage and, consequently, on 
ecosystems linked to the river can be considered practically 
negligible.

Conclusions

The integrated management of surface and underground 
waters carried out by CHS, the competent sectoral body, in 
the Segura river basin during the drought period 2015–2018, 
is an example of a work methodology that allows the com-
bination of the sustainable exploitation of resources and the 
implementation of European and national policies in terms 
of adaptation to climate change in semi-warm Mediterra-
nean climate regions, where the horticultural production 
that depends on this resource is one of its main sources of 
income.

The exploitation of the Sinclinal de Calasparra aquifer is 
proof of this. Since 1992, exhaustive monitoring of piezome-
try, river flows and groundwater extractions has been carried 
out and studies are required to foresee possible impacts on 
piezometry and stream stage when extraordinary extractive 
measures are approved in periods of drought. The numerical 
model presented in this paper has served for this purpose 
and has allowed, taking into account the preventive meas-
ures imposed by the administration consisting in returning 
between 20 and 40% of the water pumped from the aquifer 
and establishing a maximum piezometry threshold of 94 m 
ASL (recorded historical minimum), to conclude that:

Fig. 6  Rating curve of the 
Almadenes canyon gauging 
station, based on CHS data. 
https ://www.chseg ura.es/chs/
cuenc a/redes decon trol/estad istic 
ashid rolog icas/visor aforo s/visor 
js.html

https://www.chsegura.es/chs/cuenca/redesdecontrol/estadisticashidrologicas/visoraforos/visorjs.html
https://www.chsegura.es/chs/cuenca/redesdecontrol/estadisticashidrologicas/visoraforos/visorjs.html
https://www.chsegura.es/chs/cuenca/redesdecontrol/estadisticashidrologicas/visoraforos/visorjs.html
https://www.chsegura.es/chs/cuenca/redesdecontrol/estadisticashidrologicas/visoraforos/visorjs.html
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• The period of maximum extractions would have to cease 
before the beginning of the year 2021.

• The total recovery of the spring by which the discharge 
of the aquifer in the river takes place, considering an 
unfavorable situation of reduction of rainfall by half, will 
occur between 5 and 7 years after the cessation of the 
most intense extractions at the end of 2020.

• Considering an unfavorable year in the analysis of the 
flow history of the nearest gauging station, it has been 
determined that the cessation of the discharge flow from 
the spring to the river, estimated at 20.0 hm3/year, would 
mean a maximum decrease of 0.03 m in the stream stage, 
which will not have a significant environmental impact.

The comparison between the results of the model and 
continuous monitoring during the period of implementation 
of the measures will allow us to verify the extent to which 
the model predictions are fulfilled and to act accordingly. 
Subsequent calibrations of the model, once the real pumping 
schedule and the piezometric monitoring records are known, 
will allow the precision of the numerical tool to be increased 
and become useful in management. The experience in the 
2004–2006 drought, with a control on the extractions and 
measurements of the aquifer response, has served not only 
for the elaboration of the model itself but also as an addi-
tional criterion in the decision-making process.
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