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Abstract-The main objective of this research is the study of 

vulnerability to pollution in an unconfined karstic aquifer 

system. Aquifer vulnerability assessment to define critical zones 

of contamination is a core issue an effective monitoring network 

for groundwater management. 

Vulnerability integration is addressed for risk valuation and 

risk–benefit considerations, focusing the requirements of the 

European Community’s Water and Groundwater Directives. 

The development of an integrated vulnerability assessment 

methodology can be useful for the effective management and 

protection of this valuable freshwater source. The research 

insights suggest that an effective governance is mandatory as the 

future highway, the prison and the airport are overlaying the 

aquifer’s most vulnerable areas.  

 
Index Terms—Groundwater management, vulnerability, 

geostatistics, environmental risk.  

 

 

I. INTRODUCTION 

 

Cleaning and restoring contaminated groundwater has been 

often technically difficult and a considerable financial burden. 

Otherwise, searching for alternative sources for water supply 

is not always feasible. Therefore, the most efficient and 

realistic result is to prevent groundwater from pollution. A 

comprehensive regional approach, identifying vulnerability 

patterns of groundwater to contamination can be a utilitarian 

instrument to make out this valuable resource. 

Vulnerability can be somehow an ambiguous concept. 

Several sources provide a sound overview of different 

definitions for vulnerability assessment [1-5]). Vulnerability, 

as a relative aquifer’s characteristic, is a non-measurable and 

dimensionless property and should be used as an indicator for 

risk assessment. The identification of “cold” and “hot” 

vulnerable spots, and the subsequent overlapping of 

impacting activities provides policy makers guidance in 

overcoming urban water governance challenges. In this paper, 

was used the DRASTIC method [6], a non-parametric method 

widely used [7-10]. 
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In the herein work, the results of the vulnerability mapping 

using DRASTIC are used as an attribute for the sustainability 

study of the unconfined limestone aquifer of Montes Torozos, 

Duero river watershed. Torozos area (total area= 10000 km2), 

is situated in the central northwest of the Iberian Peninsula, 

extending between the Spanish provinces of Valladolid and 

Palencia (Fig. 1), encompassing 57 municipalities and 

parishes [11] with a population around 47000 inhabitants 

[12]. The main human activities are agriculture and livestock. 

The anthropogenic impact has grown exponentially in the last 

fifty years, primarily due to alterations in consumer habits 

which induced environmental changes and deferred direct 

effects on the endangered population. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig.1. “Montes Torozos” localization - Duero watershed. 

 

 

The study area has a temperate weather with dry summers 

and middle temperature, average rainfall of 456 mm/year and 

11.14ºC/year [12].  

 

II. MATERIAL AND METHODS 

 

A. Review 

 

Many different methods have been developed for assessing 

groundwater vulnerability. The DRASTIC method is a point 

count system model (PCSM) for assessing the intrinsic 

vulnerability [6]. The acronym DRASTIC stands for the 

parameter included in the method: Depth to water (D), net 

Recharge (R), Aquifer media (A), Soil media (S), Topography 

(T), Impact of vadose zone (I) and hydraulic Conductivity (C) of 
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the aquifer. The calculated DRASTIC indices are roughly 

analogous to the likelihood that contaminants released in a 

region will reach groundwater: higher scores translate into a 

higher likelihood of contamination [6]. 
The DRASTIC method includes a numerical index computed 

as a weighted summation of the seven model parameters. The 

important media types or categories of each parameter set out 

between 1 (lower vulnerability) and 10 (higher vulnerability) 

based on their relative effect on the aquifer. The seven 

parameters are then assigned weights between 1 and 5 reflecting 

their relative importance [6]. 

The DRASTIC has been well accepted in many studies all 

around the world [13-16]. Recent publications have 

demonstrated the importance of vulnerability computation in 

developing nations like China [17], Tunisia [18], Iran [19], 

among others. The impact of natural and anthropogenic 

activity assessment is a target issue to a sustainable 

groundwater resources’ policy guidance in overcoming urban 

water governance challenges. 

 

 

B. Layers Construction and Assumptions 

 

Depth to Water (D) parameter was obtained from 

piezometric head data recorded during 2010-2011 field 

campaign in 65 wells and 40 springs, homogeneously 

distributed in the study area (Fig. 2) and interpolated through 

a geostatistics methodology. In any geostatistical study, an 

important consideration is the choice of an appropriate, 

repeatable, and objective search strategy that controls the 

nearby samples to be included in the location-specific 

estimation procedure. In order to achieve more reliable 

sample, in 6 georreferenced points (Fig.2; Black dots) the 

piezometric level was estimated. Linear regression was taking 

into account the geological contacts. At last the estimated 

values were compared with the dataset available in the 

Confederación Hidrográfica del Duero (Spain) [20]. 

 

 

 
 
Fig.2. Sampling Design: gray dots – well and spring collected water points; 

black dots – estimated points. 

 

The next step was the spatial structural study by computing 

the experimental variogram and fitting the most suitable 

model. 

For the 111 piezometric head data, was used a combination 

of nugget and two nested spherical models to capture 

variability in an omnidirectional experimental variogram 

(Table I).  

 

 
TABLE I: VARIOGRAM PARAMETERS 

 

Parameters Nugget Model 1 Model 2 

Nugget (C0) 261.1159 - - 

Type - Spherical Spherical 

    

Sill (C1) - 617.3606 - 

Sill (C2) - - 254.8226 

Min range (a1) - 18801.6903 - 

Max range (a2) - - 43048.2053 

 

 

The two nested structures points to a short distance 

correlation (range=18802 m) which is predominantly 

representative in the northeaster of the area and a second 

structure (range= 43048 m) indicating a long distance 

correlation which is primarily represented in the southwestern 

portion of the aquifer (Fig. 3).  

 

 

 

 
 

 

Fig.3. Estimated Aquifer Depth layer using ordinary Kriging. 

 

 

All climatic values have been calculated from Villanubla 

serial data, located near Monte Torozos area. Other 

meteorological stations have been turned down as their 

temporal serial data were incomplete or inaccurate. The 

values of this meteorological station are useful for any place 

of Montes Torozos since there are not physiographic borders 

or micro-climate’s worth notify. It is concluded, that 

Villanubla meteorological station is the most representative to 

calculate mean values of precipitation and temperature. The 

average precipitation and temperature data are the start 

parameters to calculate the recharge. The recharge has been 

calculated through useful rain data. The useful rain is the rest 

of average accumulated precipitation and average real 
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evapotranspiration and was computed using Turc’s 

methodology [21].  

The aquifer’s net recharge parameter (R) has been 

calculated taking into account the precipitation and the 

temperature serial data (1936-2006) [12]. The annual net 

recharge’s values is 178 mm/year (Drastic level = 6), this 

value was contrasted with a value of Libro Blanco Del Agua 

[22]. The obtained DRASTIC value of ten shows a significant 

contribution of this parameter for vulnerability computation. 

Net recharge has been correlated with the flow of spring 

waters which drain to the karstic aquifer. The Pearson 

correlation index (0.91) was calculated between the natural 

logarithm of the flow measured on the water springs and the 

annual average precipitation observed on each spring nearest 

point using the meteorological Villanubla station’s dataset. 

This correlation will find out a relation between rainfall and 

discharge. As the correlation showed to be of 0.91 is possible 

to conclude that the difference between the rainfall amounts 

and the spring’s flow corresponds to the recharge after the 

subtraction of the real evapotranspiration (ET0). In order to 

compute the ET0, the Turc's methodology was used [21].  

 

 

The real evapotranspiration has been reckoned with the 

following equation: 
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Where: 

ET0 is the real Evapotranspiration [mm/yr] 

P is the average accumulated rainfall [mm/yr] 

t is the average temperature [ºC] 

 

An average real ET0 of 312 mm/year and an average 

recharge of 178 mm/yr were computed and the correlation 

coefficients between the natural logarithm of the monthly 

accumulated rainfall and flow rate calculated. To avoid 

distortions from the extraction wells during irrigation 

processes, and taking into account periods of recharge and 

drought, only the months of October to February were used 

for 2010-2011 years, as they accumulate more than 50% of 

the annual precipitation. There is an annual inertia (within the 

same hydrological year) where the maximum precipitation 

generates maximum flow and it is approximately of 4 months. 

The aquifer media parameter (A) was determined taking into 

account the lithostratigraphic layers [23]. The soil parameter 

(S) was evaluated using observations collected in the field 

campaigns, during 2012. Since soil is rather superficial or 

absent throughout the entire study area, this parameter 

received the DRASTIC value of ten and will contribute 

significantly to the computation of vulnerability. The surface 

slope parameter (T) was established using the Digital 

Elevation Model (DEM) for the study area [24], after 

reclassification into the correspondent DRATIC's classes. 

There are not high slopes, only on borders could be observed 

slopes between 6-12 %. The vadose zone impact parameter (I) 

was computed taking into account the aquifer's lithological 

information. It is an acceptable assumption as groundwater 

has shallow characteristics, where water circulation is 

primarily controlled by the lithological characteristics. 

Limestone has the highest intrinsic vulnerability associated 

(Drastic level = 10). The hydraulic conductivity parameter 

(C) was assigned the value of 1.00 x10-4m/s based on 

literature research [20] and corresponding to the 

DRASTICS’s class number ten, so a low contribution in the 

subsequent vulnerability computation. 

 
 

III. RESULTS AND DISCUSSION 

 

The vulnerability maps are a strong tool for inferences and 

can be used for risk analysis. Taking into account the 

vulnerability patterns from the study area it will be possible to 

formulate a sustainable territory management. In fact, the 

road network and other infrastructures are overlaying the 

most vulnerable areas (Fig. 4) and the constructed 

vulnerability maps may help to design and plan some 

corrective, compensatory or protective measures [25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig.4. DRASTIC mapping. 

 

 

Note wide the existence of a higher vulnerability in the 

central region of the aquifer, being overlaid in the south part 

by hazardous infrastructures such as airport, industrial area 

and the principal highway (Fig. 4). Near the electric plant 

there is a gas plant with potential leakage issues and 

dangerously close to the freshwater’s spring La Mudarra (Fig. 

4).  

 The use of a geostatical approach for the definition of the 

aquifer depth, taking as data the piezometric levels, allowed 

the establishment of its spatial structure. Although it was not 

possible to model the geometric anisotropy, the results 

showed up a good spatial correlation and an experimental 

variogram with two different structures stress the presence of 

Airport 

State Jail 

Electric station N-610 
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two different hydraulic behavior, north and south 

respectively. Two spherical models were fitted, the first with 

an amplitude of 18801m and the second of 43048m, 

corresponding, the first one to the north zone (Fig.3 – zone 1) 

and the second one to the south zone (Fig.3 – zone 2). The 

differences in the hydraulic parameters can be explained by 

the geology and also due to the visible throat effect (Fig. 4). 

The weight of this two spatial structure in the vulnerability 

computation must be underlined. 

 

IV. CONCLUSION 

 

Vulnerability maps are a powerful tool for hazard analysis 

and territory’s sustainable management. Mostly when in the 

presence of highly dangerous hazards, allowing consistent 

monitoring and adopting preventive and remediation 

measures. 

The most vulnerable areas are located in the central part of 

the aquifer, which coincides with the highest phreatic level, 

where the water is closer to the surface. This proximity allows 

an easy access to groundwater and for that also the most 

requested for the placement of the hazardous equipment. 

The hazard equipment are overlaying the high vulnerable 

areas, which requires monitoring and taking protective and 

feasibility actions in future, related to urban activities, airport, 

roads and electrical plants’ locations.  

According to the DRASTIC parameters, Monte Torozos  

aquifer has a high intrinsic vulnerability associated with its 

own hydrogeological characteristics. It is important to 

underline the importance of the piezometric head data for the 

aquifer conceptual model design. The variographic study 

showed up the presence of two different and independent 

hydraulic behaviors, concerning to the south and the north 

zones, respectively, and was essential to the aquifer geometry 

definition. 

Vulnerability assessment is core knowledge for 

management optimization and planning, namely in which 

concerns to road winter maintenance (with massive 

discharges of brine), traffic of dangerous goods (mainly 

fuels), urban and industrial waste management, and leak 

control. Constituting a powerful tool, within the European 

framework of sustainable development, for the 

implementation of environmental emergency plans and the 

construction of prediction scenarios for outbreak crises 

associated with such activities. 
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