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Introduction

Anthropogenic activities such as urbanisation, industry and 
farming are considered the main drivers of the transforma-
tion of the Earth’s biosphere (Niemelä et al. 2000; Ellis 
2015; Singh et al. 2021). Human societies are responsible 
for the most contemporary changes in current environ-
ments (Jansen and Gregorio 2002; Tuomainen and Cando-
lin 2011). Numerous studies have highlighted how mankind 
has caused significant alterations worldwide in global 
warming (Cook et al. 2016), biodiversity loss (Hautier et al. 
2015), soil erosion (Issaka and Ashraf 2017), eutrophication 
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Abstract
Groundwater resources are vital for human development, particularly in arid and semi-arid regions with limited water 
availability. This study examines the evolution of aquifer vulnerability in the Miranda basin by addressing the criti-
cal interaction between land use and water quality amidst increasing pressures on water resources, with a focus on the 
impact of historical land use changes and agricultural practices on groundwater quality in the Campo de Cartagena aqui-
fer, which drains into the degraded Mar Menor coastal lagoon in southern Spain. To evaluate aquifer vulnerability, this 
research employs the DRASTIC vulnerability assessment method, which is based on seven hydrogeological parameters. 
This theoretical framework allows for a comprehensive analysis of the interactions between land use changes, water 
management, and aquifer health, which deepens the understanding of the factors driving vulnerability over time. A key 
component of the methodology is the use of the Soil and Water Assessment Tool (SWAT) to estimate aquifer recharge 
and generate reliable maps that depict this essential parameter. The study reveals significant results through an extensive 
analysis of vulnerability changes over the past 70 years, which shows that high vulnerability areas have increased from 
11%, prior to the Tagus-Segura water transfer in 1979, to 53% today. In contrast, low and moderate vulnerability areas 
have decreased by 15% and 28%, respectively. This shift is primarily attributed to intensified agricultural practices, which 
lead to enhanced aquifer recharge and elevated piezometric levels, which increase contamination risks, as demonstrated 
by the severe eutrophication observed in the Mar Menor. Moreover, the accuracy of the vulnerability maps is validated 
by comparing them with observed nitrate concentrations in groundwater, which reveals a strong correlation (R² = 0.86). 
The methodology provides essential insights for policymakers and supports the implementation of land use restrictions to 
mitigate groundwater contamination risks. The findings ultimately underscore the necessity for integrated water manage-
ment strategies that balance agricultural productivity with ecological sustainability in water-scarce environments.

Keywords  Aquifer vulnerability assessment · Landuse changes · DRASTIC · SWAT · GIS · Water resources 
management
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(Chuai et al. 2012) and fire regimes (Bowman et al. 2011). 
Consequently, water resources are not an exception, human 
pressures and climate change result in a large geographical 
and temporal variability of both surface water and ground-
water quality and quantity (Ghaleni and Ebrahimi 2015).

Water stress and scarcity are becoming increasingly 
important for many countries (du Plessis 2019) due to popu-
lation growth, urbanisation, irrigation demands, pollution 
and climate change, this affects over 2 billion people in the 
world (Phok et al. 2021). In this regard, within the 2030 
Agenda for Sustainable Development of the United Nations, 
Goal 6 focuses on ensuring the universal availability of 
drinking water and sanitation, as well as its sustainable 
development and management. Indeed, target 6.3 addresses 
improving water quality by 2030 by reducing contamina-
tion, eliminating wastewater discharge, reducing chemical 
emissions and hazardous materials, halving untreated raw 
sewage, and strongly increasing recycling and reuse. Indi-
cator 6.3.2. outlines the proportion of bodies of water with 
good ambient water quality, which is measured by various 
sub-indicators, such as 6.3.2.3. wich assesses groundwater 
bodies overall status. The monitoring, control and supervi-
sion of groundwater quality is crucial for meeting the pro-
posed objectives (Pacheco et al. 2018; Lapworth et al. 2022) 
point note that groundwater contamination risk models must 
be integrated in watershed scale management to assess aqui-
fer vulnerability.

Groundwater has been a vital resource for humankind 
throughout history, representing the greatest freshwater 
reservoir on Earth in living areas. On a global level, over 
97% of accessible water in the world is provided by aqui-
fers from which half of drinking and irrigation water comes 
from them (Jakeman et al. 2016). Furthermore, the role of 
aquifers in environmental issues is also noteworthy, are a 
key factor in base flow to rivers and riverbanks and flood-
plains moisture. In recent decades, the use of groundwater 
increased substantially, particularly in irrigation in arid and 
semiarid regions (Moench 2003; Schmid et al. 2005; Cus-
todio Gimena et al. 2016; Domingo-Pinillos et al. 2018; 
Senarathne et al. 2021). Aquifer overexploitation has led 
to critical depletions in water tables (Bhattarai et al. 2021), 
reductions (even disappearance) in river and spring flow 
rates (Souza et al. 2022), negative effects in wetlands and 
riparian ecosystems (Li et al. 2021), degradation in water 
quality (Dhaouadi et al. 2021; Sarah et al. 2021; Ouarekh 
et al. 2021) and sea intrusion in coastal aquifers (Hajji et al. 
2022; Idowu et al. 2022).

In Mediterranean regions, semi-arid climate, seasonal 
droughts and high-variability rainfall have led to a great 
exploitation of groundwater resources over millennia, but 
their water supplies have been considerably reduced in the 
last 50 years (Cudennec et al. 2007), particularly to satisfy 

agriculture demands and tourism in coastal cities (Iglesias et 
al. 2007). A clear example of anthropisation in the western 
Mediterranean is the multilayer aquifer at Campo de Cart-
agena (CC) (Senent-Aparicio et al. 2015), region of great 
economic and touristic value located in southern Spain. The 
main sector is agriculture, which is highly influenced by the 
scarcity of water problems in the area. Due to the absence 
of natural permanent surface water, groundwater, the Tajo-
Segura water transfer, and the reuse of wastewaters are the 
main resources to meet water demands (Rupérez-Moreno et 
al. 2017). The implementation of the water transfer in 1979 
caused a radical change in irrigable zones in both land use 
and environmental situation (Senent-Aparicio et al. 2021). 
There was a significant increase in irrigated intensive farm-
ing marked-orientated crops such as citrus trees, fruit trees 
and vegetables versus previous traditional agriculture based 
on un-irrigated fruit-bearing crops (Ibarra Marinas et al. 
2017). Concerning the aquifer, the deficit caused by the 
large number of water withdrawals in the pre-water transfer 
period was replaced by positive balance in the post-trans-
fer period, due to reduction of around 50% in groundwater 
abstraction and the increase of infiltration from the irriga-
tion surpluses (Domingo-Pinillos et al. 2018).

The CC aquifer is a clear example of significant spa-
tial and temporal variations in groundwater systems, with 
direct implications in both water quality and quantity. Water 
resources policy at all levels of government is required to 
analyse the evolution of the vulnerability of groundwater 
to provide the tools to plan appropriate measures in the sus-
tainable utilisation of water resources as well as in land-use 
regulation and growth management. Indeed, Pisciotta et al. 
(2015) address the vulnerability in aquifers to all the factors 
depending on space and time that can contribute modify-
ing groundwater quality. In essence, the assessment of the 
vulnerability of an aquifer relies on contaminant agents and 
hydrologic and hydrogeologic processes (Bera et al. 2021). 
Vulnerability methods can be classified into four categories: 
overlay and index-based methods, process-based simulation 
models, statistical methods, and hybrid methods (Taghavi 
et al. 2022).

Amongst the former, the most popular in groundwater 
vulnerability research are DRASTIC (Ahada and Suthar 
2018; Nazzal et al. 2019; Oke 2020; Shah et al. 2021; 
Ahmed et al. 2022), GALDIT (Mahrez et al. 2018; Ama-
rni et al. 2020; Idowu et al. 2022), SINTACS (Noori et al. 
2019; Jahromi et al. 2021; Ikenna et al. 2021), the suscepti-
bility index (Ncibi et al. 2020; Ameur et al. 2021), and GOD 
(Ekanem 2022).

Previous studies have compared the above indices (Oura-
rhi et al. 2024a, b) in various aquifers around the world and 
generally demonstrated the superiority of DRASTIC over all 
others. Quantitative methods or process-based approaches 
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are based on water and pollutant transport models and, use 
deterministic physical and chemical equations to represent 
the process of pollutant transport and transformation (Geng 
et al. 2023). The complexity of the models varies depend-
ing on the required datasets and the equations relating them 
(Machiwal et al. 2018). Within this category, the most 
commonly used models to simulate water flow and solute 
transport can be classified into hydraulic models, such as 
SWAP (Claus Henn et al. 2018) and MODFLOW (Eslamian 
et al. 2023); multicomponent geochemical models, such as 
PHREEQC (Abdelshafy et al. 2019) and MINTEQ (Lai et 
al. 2019); and coupled models for water flow, solute trans-
port, and chemical reactions (Testoni et al. 2017). Statistical 
methods offer an effective option for assessing aquifer vul-
nerability when the relationship between groundwater qual-
ity and environmental information (Fannakh and Farsang 
2022), such as hydrogeological data, soil characteristics, 
and land use, is susceptible. The most common statisti-
cal techniques for assessing vulnerability include logistic 
regression (Jang 2022), multiple linear regression (Busico 
et al. 2020), and artificial intelligence models (Jafarzadeh 
et al. 2024), with the latter being used in predicting vulner-
ability in aquifers.

Despite the numerous existing techniques for the assess-
ment of vulnerability in aquifers, index-based methods, 
which are qualitative in nature, continue to be the most 
widely used models (Rezaei et al. 2013), primarily because 
they are integrated with geographic information systems 
(GIS), which allows users to interpret the results more eas-
ily (Ourarhi et al. 2024a). Over time, the DRASTIC method 
has proven to be an effective and reliable tool for protect-
ing, managing, and monitoring groundwater resources 
against surface pollution (Ourarhi et al. 2024c). Nonethe-
less, in the last decade, numerous studies have also pro-
posed several modifications to this index. For example, 
Ourarhi (Ourarhi et al. 2024c) integrated the DRASTIC, 
RIVA (Tziritis et al. 2021), and analytic hierarchy process 
(AHP) (Saaty 1988) techniques to enhance and streamline 
the assessment of groundwater vulnerability in Moroccan 
agricultural regions. Likewise, the AHP and variable weight 
model (VWM) methods, combined with DRASTIC, were 
employed by Yu (Yu et al. 2013) to optimise the weight-
ing of parameters in a vulnerability assessment in central 
China. Furthermore, recent review studies on groundwater 
vulnerability assessment (Taghavi et al. 2022) highlight the 
scarcity of studies based on hybrid approaches. The novelty 
and usefulness of the methodology employed in this work, 
combining index and process based methods, is thus partic-
ularly interesting in highly anthropised areas. In fact, the use 
of the Soil and Water Assessment Tool (SWAT) to estimate 
aquifer recharge ensures the generation of reliable results 

representing this essential parameter and its influence on the 
calculated index.

This paper analyses the temporal evolution of the vul-
nerability of a semi-arid aquifer starting before the Tagus-
Segura water transfer came into operation until the present 
day in the CC basin due to the diverse anthropisation pro-
cesses in the area (aquifer overexploitation, water transfer, 
increase of irrigated agriculture and infiltration), using a 
GIS-based DRASTIC model. Furthermore, to provide more 
accurate R values in the DRASTIC method, as suggested 
by several research studies (Oni et al. 2017; Abunada et al. 
2021), the semi-distributed soil SWAT model (Arnold et al. 
1998) used to assess aquifer recharge.

Study area

The study area lie in the southeast of the Iberian Peninsula 
in the Segura River basin (Fig. 1). The Miranda watershed 
covers around 100 km2 and is confined between 1°5 W to 
0°51’ longitude and 37°43’ to 37°37’ N latitude. Altitudes 
vary from 156 to 0 m above mean sea level (MAMSL), with 
an average of 20 m MAMSL. The study area is character-
ised by a long, flat plain defined by a little small southeast 
slope that is encircled by mountainous elevations in all its 
contours, except for the coastline area.

The Miranda watershed has a semi-arid Mediterranean 
climate, characterised by tempered winters and warm sum-
mers with a maximum of 40°C (August) and minimum 
of 10°C (January). The mean annual temperature and 
precipitation are around 17°C and 300  mm, respectively 
(1951–2019 period). There is a highly uneven distribution 
of rainfall over the year. Convective rain events are com-
mon in autumn and winter and may produce severe storms 
reaching over 100 mm in 24 h. There are no permanently 
flowing rivers in the studied watershed; only ephemeral 
watercourses drain this area of 99.16 km2, with a maximum 
length of 18.89 km draining completely to the Mar Menor 
coastal lagoon.

The Miranda aquifer is part of a complex hydrogeologi-
cal unit located in the large inland depressions of the Betic 
Cordilleras. It is dominated by a powerful Neogene fill and 
contains calcareous and detrital intercalations from the Mio-
cene to the Quaternary, which form different aquifer levels. 
These diverse hydrogeological formations are composed 
of sand, silt, clay, conglomerate, caliche, and sandstone 
(Quaternary), sandstone (Pliocene), limestone (Messinian), 
sandy limestone and conglomerate (Tortonian) and marble 
from the Triassic bedrock (Baudron et al. 2014).

The exploitation of natural resources and changes in con-
sumer habits, commodities, and processes in the area have 
resulted in an exponential rate of anthropogenic activities in 
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Materials and methods

In the present study, a GIS-based DRASTIC method has 
been used to evaluate the evolution of the vulnerability to 
pollution in the Miranda watershed aquifer over the past 
70 years, by assessing the DRASTIC Vulnerability Index 
(DVI) distribution in the area starting from the Tagus-Segura 
water transfer came into operation until the present day with 
cell size of 1 km x 1 km. Based on the scarce availability 
of information, three time frames have been established to 
analyse the influence of agricultural expansion derived from 
the Tagus-Segura water transfer: (1) the 1950s, when the 

the last 60 years (Albuquerque et al. 2013). Agro-industrial 
activity has been and remains the most important economic 
sector in the Miranda basin, with crops covering more than 
third of the total surface area. In addition, none of the numer-
ous small scattered urban centres exceeds 5,000 inhabitants 
across the studied area.

Fig. 1  Location of the Segura river basin and Miranda watershed, including topographic and river stream features
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10 (maximum vulnerability) according to the characteris-
tics and behaviour of the seven environmental parameters 
controlling the groundwater pollution within the DRASTIC 
acronym: depth to groundwater (D), net recharge (R), aqui-
fer type (A), soil type (S), topography (T), impact of the 
vadose zone (I) and conductivity of the aquifer (C) (Kwon 
et al. 2022) (Table 1).

The methodological approach followed in this work 
(Fig. 2) comprises three main steps: (1) the estimation of the 

Tagus-Segura water transfer had not yet come into operation 
(PRE); (2) the 1990s, when agricultural expansion derived 
from water from the Tagus reached its peak (POST) and (3) 
the present time, when agricultural expansion is stabilised 
(PRESENT). The DRASTIC method (Aller and Thornhill 
1987) is the most commonly used (Ncibi et al. 2020) due to 
its compatibility with a wide variety of aquifers (Asadi et 
al. 2016). The theoretical framework supporting the DRAS-
TIC method is the rate from 1 (minimum vulnerability) to 

Table 1  Data sources related to hydrogeological parameters
Data Description Source
Depth to Water (D) Piezometric data Database of Geological Survey of Spain (IGME)
Aquifer type (A); Soil type (S) Geological map of Spain and Portugal Geological Survey of Spain (IGME). 1:1,000,000
Impact of vadose zone (I) lithostratigraphic map Geological Survey of Spain (IGME). 1:200,000
Hydraulic conductivity (C) Hydraulic conductivity raster 1 × 1 km of spatial resolution (Ferrer-Julia et al. 2021)

Fig. 2  Methodological flowchart
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SWt = SWo +
∑

(R − Qs − ET − Wseep − Qgw)� (1)

where SWt is the final soil water content (mm), SWo, the 
initial water content on day i (mm), R the precipitation 
on day i (mm), Qs the surface runoff on day i (mm), ET 
the evapotranspiration on day i (mm), Wseep the amount 
of water entering the vadose zone on day i (mm) and Qgw 
the return flow on day i (mm). Neitsch (Neitsch et al. 2011) 
provide a thorough description of all the parameters of the 
SWAT model.

2 shows the input data used in the present study for the 
SWAT model in the Miranda basin. The physical water-
shed characteristics were obtained using the 25-m spatial 
resolution DEM from the Spain National Geographic Insti-
tute (IGN). A map of crops and land uses in Spain for the 
2000–2009 period was used to obtain the various landuses 
with the exception of 1960. This was done analysing black 
and white orthophotos from the 1956–1957 U.S. flight in 
the Segura Basin (CHS 2022). The land uses were classi-
fied according to the maximum likelihood algorithm (ML), 
under which probability density functions are built for each 
class based on the training data’s spectral value (Hagner 
and Reese 2007). The process was performed by the Super-
vised Classification Plugin of QGIS (Congedo 2021). The 
soil physical parameters were obtained from the Harmo-
nized World Soil Database (HWSD), which contains the 
soil properties information required for SWAT model, such 
as bulk density, soil depth, etc. Daily climate data from the 
Peninsular Spain Weather Dataset developed by Senent-
Aparicio (Senent-Aparicio et al. 2021) were used as input 
in the SWAT model. A modified Soil Conservation Service 
(SCS) curve number and the Hargreaves methods were used 
to estimate surface runoff and potential evapotranspiration 
values, respectively (Table 2).

The model was set up for the 2000–2019 period, after 
which it was assessed for the three studied time frames 
(PRE, POST, and PRESENT). Three years (2000–2002) 
of warming-up were considered before the calibration and 
validation stages in the 2003–2012 and 2013–2019 peri-
ods, respectively. The soil evaporation compensation fac-
tor (ESCO), initial SCS runoff curve number (CN2), the 
plant update compensation factor (EPCO), the soil available 
water content (SOL_AWC), depth of soil layer (SOL_Z) 
and deep aquifer percolation fraction (RCHRG_DP) were 
determined as the most sensitive factors in the SWAT 
model. Actual evapotranspiration (AET) data obtained from 
the last version of the remote sensing dataset Global Land 

recharge factor based on a calibrated SWAT model (using 
satellite evapotranspiration data), (2) calculation of the 
other factors of the DRASTIC method based on available 
information, and (3) mapping of the historical evolution of 
aquifer vulnerability.

Depth to water (D)

D considers the depth of the piezometric level in the case of 
a free aquifer or the aquifer celling for a confined one; is a 
crucial component in determining the vulnerability to con-
tamination in aquifers. The shallower the water table is, the 
faster contamination reaches groundwater. Since the begin-
ning of the 20th century, the Geological Survey of Spain 
(IGME) has conducted numerous groundwater studies that 
provide information on piezometric data in CC. As such, D 
has been obtained from information provided by IGME for 
the various time periods (PRE, POST, and PRESENT).

Net recharge (R)

R is the primary means to transport contaminants from the 
vadose zone to the saturated zone. It meanly depends on 
soil permeability, land use, rainfall, and slope of terrain 
(Abunada et al. 2021). Various studies have analysed the 
components of parametric methods, including the DRAS-
TIC model, and determined that aquifer recharge and depth 
are dynamic parameters, unlike the other variables, where 
they are regarded as static and remain unaffected by changes 
or surface pressure (Banerjee et al. 2023). For example, 
Ourarhi (Ourarhi et al. 2024b, d) combined the Ground-
water Confinement Type, Hydraulic Conductivity, Vadose 
Zone Impact, Topography, and Dynamic Factor (GCITF), 
along with the DRASTIC method, in a Moroccan aquifer to 
achieve a more comprehensive analysis of dynamic anthro-
pogenic pressure on the degree of vulnerability. The semi-
distributed and physically based hydrological SWAT model 
(Arnold et al. 1998) was used at this stage for the various 
analysis periods. The catchment is divided into sub-basins 
that are further subdivided into hydrologic response units 
(HRUs), characterised by unique combinations of land use, 
soil and topographic characteristics. The water processes are 
simulated at individual HRUs, whose outputs are summed 
up and routed through the stream network. The hydrologic 
cycle is modelled at HRU level according to Eq. 1.

Data Description Source
DEM 25 m x 25 m resolution Spanish National Geographic Institute (IGN)
Land use map Vector database Corine Land Cover (2000)
Soil map 1 km x 1 km resolution Harmonized World Soil Map (HWSD)
Climate data 5 km x 5 km resolution Spanish National Meteorological Agency (AEMET)

Table 2  List of input datasets 
used for SWAT model setup
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Soil type (S)

The amount of recharge, potential dispersion, and filtration 
process of contamination are influenced by soil. Fine soil 
or organic content in soil materials can reduce permeabil-
ity and slow contaminant movement (Yin et al. 2013). The 
upper altered fraction of soil where biologic activity per-
forms is considered to assess this parameter. As in the previ-
ous factor, IGME’s geological map of Spain and Portugal at 
scale 1:1,000,000 was used, considering no variations in the 
studied period.

Topography (T)

This parameter considers the slope of the terrain: the higher 
the slope is, the lower the infiltration results and, conse-
quently, the vulnerability of aquifer contamination. Slope 
maps during the studied period were obtained using the 
sources previously referred to in the SWAT model. Notwith-
standing, T is the parameter with the lowest effect on DVI.

Impact of vadose zone (I)

The non-saturated zone influences the slowing down of 
the recharge of the aquifer. This parameter distinguishes 
between unconfined, semiconfined, and confined aquifers 
by considering the type of soil in the non-saturated zone. 
As such, the impact of the vadose zone is determined by its 
permeability and attenuation characteristics. The parameter 
I was obtained from IGME’s lithostratigraphic map at scale 
1:200,000.

Hydraulic conductivity (C)

Hydraulic conductivity was obtained from a 1 × 1 spatial 
resolution map of Spain’s hydraulic conductivity imple-
mented by the University of Leon (Ferrer-Julia et al. 2021).

DVI calculation

The DVI is obtained using Eq. 6 (Aller and Thornhill 1987). 
In addition to the 1–10 rate for each parameter, its influ-
ence within the index is weighted from 1 to 5. Both indices 
(rate and weight) are multiplied, and the seven values are 
summed to obtain DVI.

DRASTIC Index (DVI) = (DrDw) + (RrRw) + (ArAw)
+ (SrSw) + (TrTw) + (IrIw) + (CrCw)� (6)

where r and w refer to the rate and weight, respectively. 
Table 3 show the values of both indices for each parameter.

Evaporation Amsterdam Model (GLEAM) (Miralles et al. 
2011) was used for calibration and validation processes 
(López-Ballesteros et al. 2019), by comparing the satellite-
derived AET data with SWAT-simulated values. The Kling–
Gupta efficiency index (KGE) (Eq. 2) was used to automate 
the calibration process (Gupta et al. 2009). The parameter 
ranges were changed after the first iteration of 1000 simula-
tions, which were separated into two iterations of 500 runs 
each. The calibration and validation processes and global 
sensitivity analysis were conducted using the Sequential 
Uncertainty Fitting procedure (SUFI-2). The performance 
of the SWAT model was assessed using the coefficient of 
determination (R2) (Eq. 3), the percent bias (PBIAS) (Eq. 4) 
and Nash–Sutcliffe efficiency (NSE) (Eq. 5).

KGE = 1 −
√

(∝ −1)2 + (β − 1)2 + (γ − 1)2 � (2)

where α, β and γ are the Pearson correlation coefficient, 
fraction of standard deviation and the average between the 
observed and simulated AET data, respectively. KGE may 
vary between from −∞ to 1, with 1 being the optimal value.

R2 =
∑n

i=1

(
AETobs,i − AETobs

)
(AETsim,i − AETsim√∑n

i=1(AETobs,i − AETobs)
2
√∑n

i=1(AETsim,i − AETsim)
2� (3)

PBIAS =
∑n

i=1 (AETobs,i − AETsim,i)∑n
i=1AETobs,i

*100� (4)

NSE =
∑n

i=1(AETobs,i − AETsim,i)
2

∑n
i=1(AETobs,i − AETobs,i)

2 � (5)

where AETobs,i  and AETsim,i  are the observed and simu-
lated AET values, respectively, and AETobs  and AETsim  
are the average observed and simulated AET. R2 ranges 
from 0 to 1, PBIAS between − 100% to + 100% and NSE 
from -∞ to 1. The optimal values for each one are 1, 0 and 
1, respectively.

Aquifer type (A)

Parameter A assesses the lithology of the aquifer, consid-
ering that larger grain sizes increase permeability and a 
higher vulnerability level. Initially, IGME’s geological map 
of Spain and Portugal at scale 1:1,000,000 was used as the 
first step in lithology field reconnaissance of worse-defined 
areas. No changes in A were considered during the studied 
period because the variations in the geological formation 
are only visible on a much longer time scale.
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Results and discussion

Depth to water (D)

Figure 3 shows the evolution of the piezometric level during 
the study period. Regardless of the year, the deepest levels 
are found in the northern area of the aquifer, reaching over 
30 m, so the influence on vulnerability here is thus lower 
than in the rest of the watershed. It is also common in the 
three periods that the western-eastern gradient concurring 
with the drainage net reaches depths lower than 1.5 m in 
the proximity to the discharge into the Mar Menor. The 
depth of the phreatic level has been clearly decreasing, par-
ticularly on downstream flood plains. Mean depth has gone 
from around 25  m in the PRE period to 20 and 15  m in 
the POST and PRESENT periods, respectively. Before the 
Tajo-Segura water transfer came into operation, crop irriga-
tion derived mainly from groundwater wells, helped by the 
technological advances that allowed water withdrawals at 
greater depths and in large amounts (Castejón-Porcel et al. 

Finally, spatial DVI is divided into five categories using 
geometrical interval classification (Table 4) according to the 
degree of vulnerability obtained (Kazakis and Voudouris 
2015). Using GIS techniques, the DVI is calculated for each 
of the analysed periods (PRE, POST, and PRESENT), and 
the spatial and temporal evolution of the vulnerability of the 
aquifer is assessed.

Table 4  Classification of degree of vulnerability
DVI Degree of vulnerability
66–87 Very low
87–101 Low
101–111 Moderate
111–125 High
125–145 Very high

Parameter Range Rating Weight
Depth to water (D) 0–1.5 10 5

1.5–4.5 9
4.5–9.1 7
9.1–15.1 5
15.1–22.9 3
22.9–30.5 2
> 30.5 1

Recharge (R) 0–50.8 1 4
50.8–101.6 3
101.6–177.8 6
177.8–254 8
> 254 9

Aquifer type (A) Metamorphic/ Igneous 2–5 3
Massive sandstone 4–9
Sand and gravel 4–9

Soil type (S) Sand 9 2
Sandy loam 6
Clay loam 3

Topography (T) 0–2 10 1
2–6 9
6–12 5
12–18 3
> 18 1

Impact vadose zone (I) Igneous (low permeability) 4 5
Igneous (medium permeability) 6
Sand and gravel with silt and clay 8

Hydraulic conductivity (C) 0.04–4.1 1 3
4.1–12.2 2
12.2–28.5 4
28.5–40.7 6
40.7–81.5 8
> 81.5 10

Table 3  DRASTIC parameters 
ranges, ratings and weights
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2018). The implementation of water transfer in 1979 caused 
the water table to rise due to the reduction of extractions and 
the irrigation returns (Jiménez-Martínez et al. 2016).

Net recharge (R)

As stated above, the SWAT model was used to assess the 
net recharge in aquifer in the three periods studied. Table 5 
shows the fitted values for the most sensitive parameters 
in the hydrological model when AET satellite-derived data 

Table 5  SWAT parameters for calibration of AET
Parameter Default value Calibrated value
ESCO.hru 0.95 0.80
CN2.mgt - + 5.8%
EPCO.hru 1 0.07
SOL_AWC.sol - -9.72%
SOL_Z.sol - -15.00%
RCHRG_DP.gw 0.02 0.40

Fig. 3  Rated/Weighted and 
Values for DRASTIC factors: D 
Depth to water table, R Recharge, 
A Aquifer, S Soil, T Topography, 
I Impact of Vadose zone, and C 
Conductivity
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altitudes of the basin, outside of the floodplain, this area is 
not suited to cultivation and its anthropisation is less severe.

Topography (T)

The studied basin has a relatively flat landscape, with slopes 
ranging from 0 to 2%, which makes the aquifer very vulner-
able after heavy rains. In the southeast of the Miranda basin, 
high irregularities are observed due to the presence of some 
small hills with elevations of around 150 MAMSL; this area 
is thus less vulnerable in terms of parameter T. The anthropic 
transformation of land use (roads, urban centres, etc.) has 
led to an increase in the slope in some parts of the basin, 
particularly in the present period, as Fig. 3 demonstrates.

Impact of vadose zone (I)

As with the A and S parameters, the low permeability of vol-
canic rocks in southern and higher-altitude areas represents 
less than 10% of the Miranda basin, as shown in Fig. 3. The 
rest of the area is covered with medium permeability soils, 
such as silty and clay sands that provide intermediate values 
in the range of the I parameter.

Hydraulic conductivity (C)

According to Ferrer-Julia (2021), hydraulic conductivity in 
the Miranda basin has, in general, low values, ranging from 
6 m/day in the west area to 12 m/day in the east. The spatial 
distribution is quite homogenous, particularly as we come to 
the outlet of the wadi into the Mar Menor lagoon. As such, 
the entire study area has a unique C-parameter value of 2, 
which is associated with low contamination risk regarding 
permeability.

Nitrate analysis to validate DRASTIC vulnerability 
maps

The validation of vulnerability maps is necessary to verify 
the accuracy and reliability of the vulnerability assessment. 
This helps ensure that the vulnerability maps are based on 
sound scientific principles and that they provide a realistic 
representation of the actual vulnerability of the aquifer. The 
validation process involves comparing the vulnerability 
map with the actual occurrence of some common pollut-
ant in groundwater, such as nitrates (Ourarhi et al. 2024a) 
and pesticides (Zghibi et al. 2016). This comparison helps 
determine the accuracy of the vulnerability assessment and 
identify any areas where the vulnerability map may need 
to be revised or updated. As Fig. 4 demonstrates, the most 
recent available data have been used to check the correlation 
between the observed nitrate values and the vulnerability 

were compared to SWAT-simulated values. SWAT model 
monthly performance was satisfactory in both the cali-
bration (2003–2012) and validation (2013–2019) periods 
according to Moriasi et al. (2007) and Kouchi et al. (2017), 
as shown in Table 6.

Although average yearly rainfall was similar in the three 
studied periods (294 mm/year in PRE period, 277 mm/year 
in POST period and 253 mm/year in the PRESENT period), 
the average net recharge in the PRE period (4.08  mm/
year) was far lower from the more recent periods (26.58 
and 21.89 mm/year in POST and PRESENT, respectively) 
increasing from 1.39% in the 1960s to 9.12% after the water 
transfer came into operation. According to Abunada (2021), 
SWAT provides a good representation of the temporal and 
spatial variability of recharge through the HRU concept, 
which combines cells with similar hydrological parameters 
such as slope, land use, soil type and climatic conditions. 
In the three periods studied (PRE, POST, and PRESENT), 
land use and climatic conditions vary over time, while slope 
and soil types are considered static due to their longer-term 
variation dynamics (López-Ballesteros et al. 2023). There-
fore, although the annual climatic conditions in the study 
area are stable, anthropogenic changes in land use over the 
years have modified the recharge rate. As a result of the 
increase in agricultural activity, aquifer recharge increased 
significantly in irrigated areas (Baudron et al. 2014).

Aquifer type (A)

The Miranda basin presents a high degree of homogeneity 
with regard to the lithology of the aquifer. More than 80% 
of the surface is constituted by sand and gravel, typical of 
floodplains at these latitudes, which explains, the high val-
ues of vulnerability associated with this parameter (Fig. 3). 
Due to the presence of volcanic materials, limestone, and 
sandstone, the south and southeast areas of the basin are 
considered of lesser vulnerability.

Soil type (S)

As Fig. 3, demonstrates similar situation to the preceding 
one holds true regarding soil. Only the clay loam located 
in the southeast represents something of a barrier against 
aquifer contamination. Notwithstanding, being at the higher 

Table 6  SWAT model performance statistics (satisfactory thresholds 
according Moriasi et al. 2007 and Kouchi et al. 2017)
Statistic Calibration Validation Satisfactory thresholds
R2 0.75 0.69 > 0.60
KGE 0.63 0.63 ≥ 0.50
NSE 0.71 0.66 > 0.50
PBIAS 2.31 2.34 ≤ ±20%
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Evolution of vulnerability

After calculating the six parameters of the DRASTIC 
method for each of the three periods under study, the weights 
in Table  4 were applied and the evolution of DVI was 
assessed, as Fig.  5 demonstrates. Amongst all the param-
eters, A, S, I, and C had no influence on the evolution, thus 
were considered invariable, as justified above. Furthermore, 
the differences in those parameters in the watershed appear 
in the southern boundaries, which coincides with the highest 
altitudes where agricultural activities are scarce. As such, 
the main factors were D, R and T. The latter is related to the 
development of road infrastructure and buildings linked to 
farming areas, but their extension is limited to small areas 
of land, as in Fig. 3 demonstrates. Finally, the most influ-
ential parameters were D and R as such, besides having the 
highest weights in DVI, their values have also significantly 
changed during the periods referred to. On the one hand, the 
piezometric level has risen, on average, between 5 and 10 m 
from the PRE to the POST period, which highlights the 
trends of DVI evolution shown in Fig. 5. On the other hand, 
the net recharge, which began nearly started from scratch 
in the PRE period due to the large withdrawals of water, 
reached around 24 mm/year after the water transfer came 

map values; this reveals a strong relationship between them 
(R2 = 0.86). This analysis confirms that the estimated vulner-
ability map aligns with the real distribution of nitrates in the 
aquifer. As expected, the highest concentrations of nitrates 
in groundwater (over 100 mg/L) are found in the areas near 
the mouth of the basin, where there is a concentration of cul-
tivated areas for horticultural crops. Conversely, the lowest 
values observed (7.35 mg/L) are located around the town of 
Albujón (headwaters of the Miranda basin), where agricul-
tural activity is non-existent.

In recent years, and due to the serious environmental 
deterioration of the Mar Menor, great efforts have been 
made to monitor the lagoon. However, the situation in the 
CC watershed and aquifer differs completely. Here, there 
are few gauging stations to measure the flows caused by 
storms (Cecilia et al. 2023), and the network for monitoring 
piezometric levels and the amount of nitrates in the aqui-
fer present serious problems of representativeness; most of 
the wells are privately owned, which hinders access to them 
and limits information on recent pumping activities and on 
the operational status of the pump (García-Aróstegui et al. 
2024). This has led to little information being available for 
the validation of the vulnerability maps, which is a limita-
tion of this study that can be improved upon in future work 
when more data are available.

Fig. 5  Spatio-temporal evolution of DVI

 

Fig. 4  Comparison between 
DRASTIC vulnerability mapping 
and observed nitrate concentra-
tions in the study area
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vulnerability of the Miranda basin aquifer has clearly 
evolved negatively since the Tagus-Segura water transfer 
came into operation. Initially, more than 50% of the water-
shed had low values and only 12% of the area could be con-
sidered highly vulnerable. The water transfer has a clearly 
negative effect on aquifer vulnerability since its inception, 
as reflected in the 1990 period. Whereas the difference in 
lowest classes in 1990 (very low and low) did not reach 7% 
compared with previous period, there was a drastic decrease 
in moderate class (around 24%), which increased signifi-
cantly high (11%) and, in particular, very high vulnerability 
(20%) in aquifer. The last period reflects the continuation 
of the past trend, reaching over 53% of the total watershed 
for the most vulnerable classes, at the expense of reducing 
the moderate and low vulnerability classes by more than 
11%. The very low vulnerability percentage has remained 
practically unchanged since the 1960s (around 5%) because 
it represents the mountainous area where crop irrigation is 
nearly non-existent.

The quality status of groundwater resources in the 
Miranda basin is relevant, for not only for a sustainable 
agricultural production but also the environmental status 
of the aquifer and the coastal lagoon of the Mar Menor, 
which drains into. Changes in agricultural practices in the 
Miranda drainage basin together with the introduction of 
intensive irrigation crops, have substantially modified its 
sensitivity to contamination, as evidenced by the processes 
of eutrophication and degradation of water quality in the 
Mar Menor at present (Erena et al. 2019; Jimeno-Sáez et 
al. 2020; Guaita-García et al. 2022). Restrictions related to 
soil fertilisation, permanent pastures or afforestation should 

into operation, which enabled the dragging and filtration of 
plant protection products (Senent-Aparicio et al. 2015).

The Tajo-Segura water transfer led to an increase of 
groundwater recharge and an important recovery of water 
tables. However, this fact, which might be considered, a pri-
ori, as positive in the environmental aquifer status, has turned 
out to be a growing vulnerability with regards to contamina-
tion. This, together with the massive expansion of irrigated 
crops in the area since the Tagus-Segura transfer came into 
operation (Jiménez-Martínez et al. 2016; Domingo-Pinillos 
et al. 2018), has already had a major impact on Mar Menor 
eutrophication (Jimeno-Sáez et al. 2020; Álvarez-Rogel et 
al. 2020; Sandonnini et al. 2021).

The evolution of vulnerability in the aquifer has been 
strongly associated with the development of farming in the 
area. As crop irrigation has spread along the alluvial plains 
of the watershed in the southeastern-southwestern direction, 
high vulnerability values have been expanding, particularly 
in the lowest altitudes and slopes, where conditions for cul-
tivation are clearly optimal. Furthermore, the location of 
crops in floodplains together with a soil structure, favour-
able to filtration to lower layers, has contributed to a rapid 
and high degree of aquifer vulnerability, starting from the 
drainage net of the watershed. Predictably, the higher the 
altitudes are, the lower the variations and vulnerability are. 
In fact, the north area of the basin remained in low vulner-
ability in the three periods, and the very low values in the 
mountainous boundaries in the south did not change in any 
scenario.

Figure 6 shows the percentages of each degree of vul-
nerability in the periods studied. As stated above, the 

Fig. 6  Evolution of aquifer 
vulnerability by class/surface 
area (%)
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of hydrological processes, which is particularly useful in 
regions with complex dynamics, such as the Miranda basin.

The implications of this research extend beyond local 
applications and significantly enhance the scientific under-
standing of aquifer vulnerability within global water 
management challenges. As water scarcity and pollution 
increasingly threaten ecosystems worldwide, this study 
emphasises the urgent need for sustainable land use and 
resource management practices. The developed methodol-
ogy is adaptable to various geographical contexts, which 
highlights its global relevance. This research ultimately 
equips policymakers with essential insights and tools for 
effective water management that emphasise the need for 
continuous monitoring and land use restrictions to mitigate 
vulnerability.
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