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INTRODUCTION

The Júcar River Basin District is located in the Communities 
of  Castilla La Mancha and Valencia, Spain (CHJ 2007, 2009, 
2011; Ferrer et al., 2012) (Fig. 1). It extends over about 
42 851 km2 in a hilly area with elevations ranging from sea 
level to 2000 m. Intensive agriculture is an important land 
use activity, occupying about 20735 km2 of  the cultivated 
area, of  which 15% is irrigated. Due to adverse climatic 
conditions, water resources are of  considerable importance. 
The largest portion of  the basin has a semi-arid climate, 
which reduces the availability of  surface water. This 
necessitates careful overall management of  water sources 
to ensure effective use of  water by all users, including 
urban consumers. Tourism and industry are large water 
consumers, but agriculture is the most significant. On 
the basis of  data from 2005, consumption of  water for 

agricultural purposes is estimated at 2452 hm3 in the Júcar 
River Basin District. Beside this large consumption, there 
are significant problems with the quality of  groundwater, 
including nitrate pollution, especially close to the most 
intensive agriculture areas.

For this study, a space-time table of  nitrate concentrations 
obtained from 6381 monitoring locations within the Júcar 
River Basin District between 1969 and 2012 was used. 
Nitrate concentrations reach 300 mg/l in several locations, 
compared to the 50 mg/l maximum recommended 
concentration in water for human consumption (Nitrates 
Directive 91/676/EEC; Council of  the European 
Communities, 1991). The major source of  nitrates is 
fertilizers used in intensive agriculture, and as nitrates are 
highly soluble, they are leached into water-courses and 
lakes, creating serious pollution problems in surface water 
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and groundwater (Gill, 1996; Guerrero, 2003; Mejías et al., 
2012).

The type of  soil determines the extent to which nitrates 
are leached, by influencing the surface flow and infiltration 
rate (Brito et al., 2006; Lencastre and Franco, 2006; Silva 
and Almeida, 2009). More permeable formations like sand, 
gravel and karst are more likely to conduct large amounts 
of  water and leach pollutants such as nitrates. In general, 
water flows through the different layers of  topsoils when 
rainfall exceeds evapotranspiration and soil moisture, 
which normally occurs when vegetation cover is low or 
nonexistent.

GEOGRAPHICAL AND GEOLOGICAL FRAMEWORK 
OF THE JÚCAR RIVER BASIN DISTRICT

The study area comprises the hydrographic basins and 
sub-basins draining into the Mediterranean Sea from the 
left bank of  the mouth of  the river Segura to the mouth 
of  the river Sénia including the basin of  the latter, and the 
endorheic basin of  Pozohondo (Fig. 1). Of  the total area 
of  the District (42851 km2), 50% is occupied by semi-
natural forest and 46% by agriculture, the latter playing 
an important role in the environmental conditions of  the 
region.

Both irrigated and non-irrigated crop types are found 
in the Júcar River Basin District. In irrigated crop types, 
the production of  vegetables and fruit predominates, 
and water is supplied by surface sources and aquifers. In 
non-irrigated crop types, in which cereals predominate, 
rainwater is needed. The fertilizers used for both crop types 

are identical and nitrate-based. Due to the difference in 
water supply and needs, irrigated agriculture plays a major 
part in nitrate leaching to the soil, and thus makes a more 
significant contribution to groundwater contamination. 
In non-irrigated crop types, despite the use of  similar 
nitrate-based fertilizers, nitrates are only leached by rainfall 
(Suarez-Varela et al., 1998).

From a geomorphological point of  view, the region has 
three major structures: mountain systems, the continental 
plateau and the coastal plain (Fig. 2). Of  the mountain 
systems, the most important are the Iberian System in 
the north, reaching 2000 m, and the Betic System in the 
south and southeast, with elevations around 1200 m. The 
continental plateau west of  the Betic and Iberian systems 
is a plain with elevations around 700 m. Finally, the coastal 
plain has mainly alluvial soils and is delimited to the north 
by the Iberian System, to the south by the Betic System, 
to the west by the continental plateau and to the east by 
the Mediterranean Sea.

Geologically, carbonate rocks prevail, mostly calcarenites 
and marls, especially in the mountains. In a few sectors 
other lithologies are also found, mainly detrital, siliceous 
detrital, selenitic and clayish. All the rocks are sedimentary 
of  the Mesozoic age. Occasionally, some Paleozoic 
outcrops and some materials of  the Tertiary age occur, 
such as alluvial deposits on river banks. Groundwater is 
of  primary importance given that 73% of  all water used in 
the region, i.e., about 2268 hm3/yr, is provided by aquifers 
(Custodio and Llamas, 1996). Although they are supplied 
from various sources, some aquifers have already been 
overexploited (CHJ, 2007).

Fig 1. Autonomous Communities and Júcar River Basin District.
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METHODS

The data table used in this case study links several networks 
of  wells and boreholes/piezometers built or maintained 
for water exploitation and monitoring purposes. There 
were 6381 monitoring stations available for study located 
in 113 groundwater bodies, totalling 24276 records (Fig. 3). 
The time series records begin in 1969 and continue to 
2012 (41 hydrological years), and during this period each 
monitoring location recorded nitrate concentrations together 
with other parameters. Due to alternating activity and 
inactivity of  the monitoring stations, the time series records 
are not complete for any of  the monitoring locations.

Before the data were analysed, groundwater bodies with low 
permeability or of  only local interest were excluded from 
the study (Fig. 4). Then, for the remaining groundwater 
bodies with higher permeability and therefore exploitation 
capacity, the five most important monitoring locations were 
selected, defined as those with most temporal and recent 
records. Using these criteria, 275 monitoring locations were 
selected out of  a total of  6381 available. Fig. 5 displays the 
number of  measurements of  nitrates for each hydrological 
year used in the case study. As can be observed, the 
number of  yearly observations is highly variable, ranging 
between a few records to almost 400 in the hydrological 
year 1999/2000.

The first statistical analysis consisted of  evaluating the 
linear correlation coefficient () to the representation 
of  nitrate concentrations vs. sampling date. The signal 
of   (positive, negative or null) represents the level and 
type of  correlation. A  close to zero means that no 
temporal trend exists, a positive one means that an increase 
in nitrates over time is observed and a negative  means an 
inverse trend. A higher absolute value of  , close to unity, 
means a consistent increase or decrease in concentrations; 
a lower  means a more heterogeneous and less consistent 
variation over time.

Based on the results of  this analysis, balancing the quantity 
of  sampling points and variations in nitrate concentrations 
over time, each groundwater body was classified as one 
of  the following: Sharp Rise, Gentle Rise, Inconclusive, 
Gentle Fall and Sharp Fall. The classes Sharp Rise and 
Sharp Fall were adopted for  higher than 0.7, meaning 
greater robustness of  the trends. The intermediate classes 
Gentle Rise and Gentle Fall include data for which  ranges 
between 0.7 and 0.5. The remaining class of  Inconclusive 
was applied to  results lower than 0.5. The sign of  the 
slope distinguishes between Rise (positive sign) and Fall 
(negative sign) classes. This analysis shows that variations 
in nitrate concentrations over time for each groundwater 
body are usually consistent between different sampling 

Fig 2. Digital terrain model showing the most important geomorphological 
structures.

Fig 3. Groundwater bodies (GWB) of high permeability, and those of 
low permeability or local interest only, overlaid with sampling points 
with records of nitrate concentrations in the Júcar River Basin District.
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points, which can be explained by more regional sources 
of  variations in the dependent parameters.

Possible regional sources may be different rainfall patterns, 
diversity in land uses, diversity in fertilizers used in agriculture, 
expansion of  crops and variations in the quantity of  water 
extracted from wells and boreholes. The data available 
for this study only enabled analysis of  the relationship 
between temporal variations in nitrate concentrations and 
yearly rainfall for each groundwater body. Thus, a bivariate 
statistical analysis between total yearly rainfall and nitrate 
concentrations for each groundwater body was performed 

Fig 4. Groundwater bodies (GWB) selected for detailed study.

Fig 5. Histogram showing the number of records of nitrate concentrations for each hydrological year.

and the results were characterized by a linear correlation 
coefficient. Leaching and transport of  nitrates from the 
surface to groundwater bodies takes a certain time, which 
depends on rainfall and the types of  soil and rock involved. 
To take into account delays between rainfall and transport 
of  nitrates through the rocks of  the mainly detrital and 
carbonate geological formations with different hydraulic 
conductivities, correlations were analysed between the 
observed concentrations and rainfall in previous years up 
to a maximum of  two years. The magnitude and the sign 
of  the linear correlation coefficient determine the type 
and level of  dependency of  these two variables. If  the 
coefficient is positive and close to one, it means a high and 
positive correlation, so the nitrate concentration increases 
as rainfall also increases. On the other hand, if  the sign is 
negative, there is an opposite correlation between nitrate 
concentration and rainfall. Low coefficient values (close to 
zero) mean that the variables of  nitrate concentration and 
rainfall are independent.

The infiltration rate of  water and the time taken to reach 
groundwater bodies depends on the hydraulic conductivity 
of  the rocks. In detrital rocks, water percolation follows 
the small and interconnected pores of  the rock and 
therefore capillarity is an important factor affecting flow. By 
contrast, in carbonate rocks the percolation rate is higher 
than in detrital rocks because of  its secondary porosity 
and permeability caused by fractures and dissolution of  
carbonate components that create sinkholes and caves. The 
geological nature of  the different materials that compose 
each groundwater body is crucial for interpretation of  the 
results. Therefore, the set of  groundwater bodies were 
grouped according to their geological characteristics, as 
detrital, carbonate or mixed, the last designation being 
applied if  both detrital and carbonate materials occurred. 
Carbonate rocks were also classified in two subclasses: 
carbonate, crystalline type (mainly from the Jurassic 
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period, more likely to create dissolution structures like 
karsts), and carbonate, detrital type of  the Cretaceous 
period. Fig. 6 displays the groundwater bodies according 
to the classification of  the rocks: (a) carbonate, crystalline 
type; (b) carbonate, detrital type; (c) detrital type; (d) low 
permeability or of  local interest only and (e) not considered 
for this study.

To optimise the analysis of  the correlation between nitrate 
concentrations and climate (rainfall), the annual recharge 
to each groundwater body in the Júcar River Basin as 
calculated by the PATRICAL simulation model was 
also used (Pérez-Martín, 2005). The PATRICAL model 
quantifies the amount of  recharge by taking into account 
a set of  contextual parameters in the calculations, giving 
more realistic results for the amounts of  water that reach 
the ground and infiltrate into the lower layers. For example, 
in a rainy year, the usual yearly estimation does not take 
monthly variations in rainfall into account, but PATRICAL 
calculates the monthly recharge, the annual recharge being 
the sum of  the monthly amounts. The recharge is computed 
as rainfall minus surface flow and evapotranspiration. The 
PATRICAL model enables more effective management and 
planning of  the water resources in the region.

After this statistical analysis, which assessed possible 
relationships between nitrate concentrations and some 

regional contextual variables (precipitation and type 
of  groundwater bodies), the study proceeded with 
the construction of  annual average images of  nitrate 
concentrations in the area of  study (Júcar River Basin). To 
create average yearly images, a geostatistical approach was 
used, which included (Soares, 2000; Paralta and Ribeiro, 
2003; Guimarães et al., 2014; Quental et al., 2012; Roxo 
et al., 2016): (a) calculation and fitting of  variograms 
of  nitrate concentrations in space (2D) and time (third 
dimension); (b) generation of  various simulated scenarios 
of  nitrate concentrations for each hydrological year using 
Sequential Gaussian Simulation (SGS); (c) determination 
of  the average of  the simulated nitrate concentrations; 
(d) evaluation of  the areas above and below the threshold 
of  50 mg/l nitrates. The space-time approach is effectively a 
3D model, meaning that the X and Y coordinates represent 
2D space and time represents the third dimension (usually 
Z). For the estimation of  each location the nearest data, in 
space and in time, were used (Almeida et al., 2004).

For geostatistical modelling purposes the geoMS software 
and a parallelised version of  the sequential Gaussian 
simulation were used (Alexandre and Almeida, 1998; 
Nunes and Almeida, 2010). Due to the broad dispersion 
of  data with no preferential orientation, it was decided 
to compute averages for the variograms encompassing 
all directions together (omnidirectional variograms) 
(Isaaks and Srivastava, 1989; Goovaerts, 1997). Also, to 
estimate yearly average images, simulations plus average 
of  simulations were performed instead of  kriging for 
declustering purposes, thus avoiding the artefacts in the 
images that would have been obtained by kriging (Almeida 
and Lopes, 2005). For processing simulated images it is 
also better to provide a binary image above and below a 
threshold, which is done at the end of  the study (Almeida, 
2010).

RESULTS AND DISCUSSION

Correlation analysis between nitrate concentrations 
and the contextual variables rainfall, infiltration and 
groundwater body major rock type
The temporal trends in nitrate concentrations by 
groundwater body are displayed in Fig. 7. The 24 276 records 
of  nitrate concentrations from samples collected in 6 381 
locations (wells, boreholes and piezometers) located in 113 
groundwater bodies show irregular trends of  temporal 
variations, some clearly positive or negative, but most 
inconclusive. This trend analysis was based on the best 
fit slope of  trend lines, and groundwater bodies were 
classified as Rise or Fall, Sharp (for  above 0.7), Gentle 
(with  between 0.7 and 0.5) or Inconclusive (for values of  
 below 0.5). The agreement between concentrations over 

Fig 6. Classification of groundwater bodies according to their dominant 
lithology.
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time in various locations could be due to any regional cause 
affecting the groundwater bodies similarly, for instance the 
occurrence of  dry or wet periods, or undetermined causes. 
Trends in concentrations are undoubtedly related to land 
use, as can be observed in the continental plateau and the 
coastal plain, in both of  which areas intensive agriculture 
is the major land use.

Analysis of  the correlation between rainfall and nitrate 
concentrations began with bivariate diagrams between 
these variables for each groundwater body and for each 
hydrological year. Average nitrate concentrations for each 
groundwater body and for each hydrological year were 
computed for this analysis.

The highest correlation coefficient was observed for 
carbonate crystalline rocks, but did not exceed -0.50. If  
the correlation coefficients are calculated with the recharge 
values provided by PATRICAL model, slightly better 
correlations are observed. Even more, the calculations 
of  correlations between nitrate levels in a specific year 
and the yearly rainfall of  previous years (one and two 
previous years) did not yield substantially higher correlation 
coefficients. Even so, for carbonate crystalline groundwater 
bodies, negative correlations prevailed, implying a 
dependence between nitrate dispersion rate and lithology. 
In carbonates, water flows preferentially along fractures in 
which the flow velocity is much higher, resulting in more 
effective dispersion of  pollutants.

Regarding carbonate detrital-type rocks, the correlation 
between nitrate concentrations and recharge is slightly 
better than that obtained for rainfall, but is far from 
good. The use of  time delays in this bivariate analysis 
improves correlation coefficients in some cases. As was 
found for carbonate crystalline rocks, more groundwater 
bodies are observed with negative correlations than with 
positive correlations. Correlations with recharge values 
instead of  rainfall show small, but not significantly greater 
improvements in results. The reasons can be assumed to be 
the same as those identified above for carbonate crystalline 
bodies: in carbonate rocks flow rates are high, resulting 
in dispersion of  pollutants over a larger volume of  water 
and more quickly.

Finally, in detrital rocks there are more groundwater 
bodies with positive correlation coefficients than with 
negative ones. A positive correlation coefficient means 
that an increase in seepage results in an increase in nitrate 
concentrations reaching the groundwater body. This may 
be a consequence of  the hydraulic properties of  detrital 
rocks, in which water flows between connected pores 
with lower conductivity rates than in carbonate rocks. 
If  infiltration and flow rates are lower, the increases in 
nitrate concentrations are more local, and for this reason 
conflicting results are obtained between close sampling 
points for the same groundwater body.

Table 1 displays the positive and negative correlations 
observed by groundwater body lithology type. To 
summarise, the linear correlations obtained between 
yearly rainfall or recharge calculated by the PATRICAL 
model and nitrate concentrations show mainly inverse 

Table 1: Number of positive and negative correlations 
observed for the studied groundwater bodies (GWB) 
according to the type of predominant rock type and climate 
variable (rainfall or recharge from PRATICAL model)
Correlation 
coeficient 
signal

Seven groundwater bodies mainly of carbonated 
crystalline rock-type

Rainfall Recharge calculated 
with PATRICAL model

Same 
year

One year 
of delay

Two years 
of delay

Same year

Positive 3 3 1 3
Negative 4 4 6 4

Five groundwater bodies mainly of carbonated 
detrital rock-type

Positive 1 2 3 2
Negative 4 3 2 3

Eight groundwater bodies mainly of detrital 
rock-type

Positive 5 5 7 6
Negative 3 3 1 2

Fig 7. Distribution of trends in nitrate concentrations in the studied 
groundwater bodies.
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correlations in groundwater bodies of  carbonate 
lithologies and direct correlations in groundwater 
bodies of  detrital lithologies. In carbonate rocks, the 
positive correlation coefficients can be explained by the 
prevalence of  the detrital component over the crystalline 
component, or by the existence of  a significant detrital 
component that overlies the carbonate formation. 
However, for detrital formations, the correlation 
between nitrate concentrations and rainfall or infiltration 
delayed by one or two years led to improvements in the 
correlation coefficients. As previously stated, and unlike 
with carbonate rocks, positive correlation coefficients 
predominate over negative ones.

Despite the intermediate and lower correlations 
obtained, negative values represent a reduction in nitrate 
concentrations, which may occur after a rainy period in 
carbonate formations, by diluting nitrates over a more 
extensive groundwater mass. The opposite effect, of  a 
positive trend for detrital rocks, can be explained by intensive 
surface leaching plus a lower rate of  transportation. Both 
situations are controlled by leaching rates and the amount 
of  water in circulation. The magnitudes of  the correlations 
were below expectations, possibly because the depths of  
the sampling points were not considered and a flat 2D 
groundwater body was assumed.

The geostatistical space-time model of nitrate 
concentrations
The geostatistical approach begins with the calculation 
of  space and time variograms of  nitrate concentrations 
and is followed by the stochastic simulation of  nitrate 
concentrations using SGS.

As stated above, spatial variograms were computed merging 
all directions together (omnidirectional variograms); 
time variograms represent the variations in nitrate 
concentrations over time for each location. The spatial 
variograms show an effective correlation distance or range 
up to a maximum of  50 km; for the temporal calculations, a 

500 year range of  correlation was computed, mostly based 
on extrapolation of  the results of  the variograms. Fig. 8 
illustrates the experimental variograms and the theoretical 
models fitted.

For the SGS, 350 realizations were made for each 
hydrological year, and the average of  each set of  
350 images was computed. Typically, each realization of  
a variable is a possible scenario of  the studied variable, 
and honours the data in the measurement locations and 
the univariate statistics and variograms of  the true data. 
Stochastic simulations are good for local calculation of  the 
distribution of  the studied variables, balancing the location 

Fig 9. Result of one simulated image of nitrate concentrations (mg/l) 
by sequential Gaussian simulation algorithm for the hydrological year 
1970/71.

Fig 8. (a) Spatial experimental variogram of the nitrate concentrations and theoretical model fitted γ(h) = Sph1 (C1 = 450; a1 = 3000m) + 
Sph2 (C2 = 563; a2 = 50000m), (b) temporal experimental variogram of the nitrate concentrations and theoretical model fitted γ(h)=Sph1 (C1 = 450; 
a1 = 15 years) + Sph2 (C2 = 563; a2 = 500 years).

ba
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last recording year analysed in this study). To facilitate 
comparison, the colour code for nitrate concentrations is 
the same for all five images. This sequence of  images shows 
that the highest values occur in parts of  the coastal plain 
of  Valencia and Castellón, with one in the plateau of  La 
Mancha; most of  the interior areas are not monitored and 
thus the values between known data points are estimated 
with distant data. Also, to simplify interpretation of  the 
zones with higher nitrate concentrations, binary images 
of  the same hydrological years were computed (above or 
below the reference value of  50 mg/l), and are represented 
in Fig. 11. Overall, both Figs. 10 and 11 show that the 
problems of  contamination in mostly agricultural areas, 
such as the plateau of  La Mancha and the coastal plain, are 
persisting and worsening. Nitrate concentrations appear to 
have increased steadily from the early 1970s and to have 
stabilized since 2005.

of  the data, the variograms and the contradictions between 
the true data. For this reason, to compute binary images of  
a variable above or below a threshold, it is preferable to use 
the set of  simulated variograms instead of  transforming 
an estimated image to a binary one. However, an average 
image obtained by a large number of  simulations is almost 
equal to one obtained by kriging. Fig. 9 displays a simulated 
scenario of  nitrate concentrations for the hydrological year 
1970/71 overlaid with the measurement locations of  the 
same year. This simulated image shows a possible scenario 
of  nitrate distributions respecting the theoretical model of  
variograms fitted.

In the analysis of  temporal evolution, Fig. 10 shows 
several examples of  the results of  the computed average 
images of  nitrate concentrations for the hydrological years 
1974/75, 1984/85, 1994/95, 2004/05 and 2011/12 (the 

Fig 10. Result of nitrate concentrations (mg/l) of a sequential Gaussian 
simulation averaging 350 different scenarios, for the years 1974/75 (a), 
1984/85 (b), 1994/95 (c), 2004/2005 (d) and 2011/12 (e).

dc

ba

e
Fig 11. Temporal evolution of nitrate concentrations above 50 mg/l 
averaging 350 simulations of the years 1974/75 (a), 1984/85 (b), 
1994/95 (c), 2004/05 (d) and 2011/12 (e).

dc

ba

e
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FINAL REMARKS

Groundwater contamination by nitrates from agricultural 
and agro-industrial activities in the Júcar River basin 
region reaches worrying levels in some areas, particularly 
the coastal plain areas and the plateau of  La Mancha. 
Nitrate levels increased steadily from the early 1970s until 
approximately 2005, since when the values appear to be 
more stable. In the agricultural region of  Albacete, in the 
continental plateau of  La Mancha, where cereal crops and 
vineyards are concentrated, the situation is not so alarming, 
but nitrate levels are increasing.

The quality of  water in the Júcar River basin is of  particular 
importance because degradation reduces availability in this 
semi-arid region. Overall management and sustainability of  
surface and groundwater is essential to ensure a continuous 
supply for different uses, including urban areas, tourism, 
agriculture and industry. Interdisciplinary studies involving 
geology, hydrogeology, geochemistry and geostatistics are 
fundamental to management of  water resources and to 
achieve desirable quality levels.

ACKNOWLEDGEMENTS

This work is  a contr ibution to Project UID/
GEO/04035/2013 funded by Fundação para a Ciência e 
a Tecnologia (FCT), Portugal.

Author contributions
All authors contributed equally in this article.

REFERENCES

Alexandre, J. and J. A. Almeida. 1998. GeoMS – Geostatistical 
modelling software. Center for Modelling of Oil Reservoirs - 
CMRP, Instituto Superior Técnico, Lisbon.

Almeida, J. A., E. Santos and A. Bio. 2004. Characterization of 
population and recovery of Iberian hare in Portugal through 
direct sequential co-simulation. In: Sanchez-Vila, X., J. Carrera 
and J. Gómez-Hernandez, (Eds.), GeoENV IV — Geostatistics 
for Environmental Applications, Quantitative Geology and 
Geostatistics, Vol. 13. Kluwer, Netherlands, Pp. 127-138.

Almeida, J. A. and M. Lopes. 2005. Stochastic simulation of rainfall 
using a space-time geostatistical algorithm. In: Renard, P., 
H. Demougeot-Renard and R. Froidevaux, (Eds.), Geostatistics 
for Environmental Applications, Berlin, Springer, Pp. 455-466.

Almeida, J. A. 2010. Modelling of cement raw material compositional 
indices with direct sequential cosimulation. Eng. Geol. 114(1-2): 
26-33.

Brito, M. G., C. N. Costa, J. A. Almeida, D. Vendas and P. H. Verdial. 
2006. Characterization of maximum infiltration areas using GIS 
tools. Eng. Geol. 85(1): 14-18.

CHJ - Confederación Hidrográfica del Júcar. 2007. Estudio General 
de la Demarcación (General Demarcation Study). CHJ, Madrid.

CHJ - Confederación Hidrográfica del Júcar. 2009. Technical 

Reference Document: Identificação and Delineation of Bodies 
of Surface Water and Groundwater. (Documento técnico de 
referencia: Identificación y delimitación de masas de agua 
superficial y subterránea).

CHJ - Confederación Hidrográfica del Júcar. 2011. Report on the Basic 
Characterization of Groundwater Bodies of the Hydrographic 
Confederation of Júcar. (Informe sobre la caracterización 
básica de las masas de agua subterránea de la confederación 
hidrográfica del Júcar).

Custodio, E. and M. R. Llamas. 1996. Groundwater Hydrology 
(Hidrologia Subterranea). Tomo. I. Ediciones Omega, Barcelona, 
New York.

Council of the European Communities. 1991. Directive 91/676/EEC 
Concerning the Protection of Waters against Pollution Caused 
by Nitrates from Agricultural Sources. 12 December 1991, 
Council of the European Communities, Brussels.

Ferrer, J., M. A. Pérez-Martín, S. Jiménez, T. Estrela and J. Andreu. 
2012. GIS-based models for water quantity and quality 
assessment in the Júcar River Basin, Spain, including climate 
changes effects. Sci. Total Environ. 440: 42-59.

Gill, R. 1996. Chemical Fundamentals of Geology, Chapman & Hall, 
London.

Goovaerts, P. 1997. Geostatistics for Natural Resources Evaluation. 
Oxford University Press, NY.

Guerrero, C. A. C. 2003. Estratégias de Controlo da Poluição das 
Águas Subterrâneas pelos Nitratos de Origem Agrícola, Faro, 
PhD Dissertation, Faculdade de Engenharia de Recursos 
Naturais, Algarve University.

Guimarães, T., J. A. Almeida, M. G. Brito, R. Salgueiro, E. Ferreira 
da Silva, C. Candeias and P. F. Ávila. 2014. Characterization 
of copper grades in soils and sediments in the vicinity of the 
Aljustrel Mine (Caracterização de teores em cobre nos solos e 
sedimentos na envolvente à Mina de Aljustrel). Commun. Geol. 
101: 1015-1018.

Isaaks, E. H. and R. M. Srivastava. 1989. An Introduction to Applied 
Geostatistics. Oxford University Press, NY.

Lencastre, A. and F. M. Franco. 2006. Hydrology Lessons (Lições de 
Hidrologia). FCT-Foundation, Lisbon, Portugal.

Mejías, M., B. J. Ballesteros, C. Antón-Pacheco, J. A. Domínguéz, 
J. Garcia-Orellana, E. Garcia-Solsona and P. Masqué. 2012. 
Methodological study of submarine groundwater discharge from 
a Karstic aquifer in the Western Mediterranean Sea. J. Hydrol. 
(Amst). 464-465: 27-40.

Nunes, R. and J. A. Almeida. 2010. Parallelization of sequential 
Gaussian, indicator and direct simulation algorithms. Comput. 
Geosci. 36: 1042-1052.

Paralta, E. A. and L. F. T. Ribeiro. 2003. Monitoring and stochastic 
modeling of contamination by nitrates into the gabbro-diorite 
aquifer located in the region of Beja. Results, conclusions and 
recommendations. (Monitorização e modelação estocástica da 
contaminação por nitratos do aquífero gabro-diorítico na região 
de Beja – Resultados, conclusões e recomendações.) Seminar 
about Groundwater, APRH/LNEC, Lisbon.

Pérez-Martín, M. A. 2005. Distributed simulation model of the 
hydrological cycle and water quality, integrated in geographic 
information systems for large basins. Contribution to the analysis 
of pressures and impacts of the Water Framework Directive. 
(Modelo distribuido de simulación del ciclo hidrológico y calidad 
del agua, integrado en sistemas de información geográfi ca, 
para grandes cuencas. Aportación al análisis de presiones e 
impactos de la directiva marco del agua.) Ph. D Dissertation, 
Universidad Politécnica de Valência.

Quental, P., J. A. Almeida and M. Simões. 2012. Construction of high-



Ferreira, et al.: Nitrate pollution of groundwater

424  Emir. J. Food Agric ● Vol 28 ● Issue 6 ● 2016

resolution stochastic geological models and optimal upscaling 
to a simplified layer-type hydrogeological model. Adv. Water 
Resour. 39: 18-32.

Roxo, S., J. A. Almeida, F. V. Matias, H. Mata-Lima and S. Barbosa. 
2016. The use of sensory perception indicators for improving the 
characterization and modelling of total petroleum hydrocarbon 
(TPH) grade in soils. Environ. Monit. Assess. 188(3): 1-19.

Silva, M. T. and J. A. Almeida. 2009. Digital mapping of impermeable 
areas by classificação of Landsat 5 TM images: An example 
of spatio-temporal analysis in the municipality of Almada, 

Portugal (Cartografia digital da área impermeabilizada através 
de classificação de imagens Landsat 5 TM: Um exemplo de 
análise espacio-temporal no concelho de Almada, Portugal). 
Geociências (São Paulo). 28(3): 233-246.

Soares, A. 2000. Geoestatística para as Ciências da Terra e do 
Ambiente. IST Press, Lisboa.

Suarez-Varela, M. M. M., A. L. Gonzalez, M. L. T. Tejerizo and P. M. 
Requena. 1998. Nitrate concentrations in drinking water and 
the relation to different crop Types production in the province of 
Valencia (Spain), Int. J. Environ. Stud., 55(3): 219-231.


