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ABSTRACT 
 

The Algarve region, in Portugal, is strongly affected by the intense 
exploitation of its groundwater resources.  The fact it is a coastal area implies that the 
management of these resources is of enormous complexity. 

Thus, there is a need to create capable tools for the evaluation of the risks and 
uncertainty associated to this case, so that risk maps can be made, and be used in the 
decision-making process related to the water resources manegement. 

A description of the uncertainty of this contamination problem can be 
achieved by using a non-parametric approach called Indicator Geostatistics. 

This involves the calculation of the probability distribution function of the 
unknown value at any location, conditioned to the available information.  For this 
purpose a special coding must be used, to estimate the uncertainty of the chloride 
content.  This is, can be treated by assigning binary indicator values according to 
some specific threshold. 

By using these categorical variables this formalism provide an estimation of 
the probability that the saline contamination in groundwater exceed a maximum 
admissible value. 

 
 

INTRODUCTION 
Groundwater has been widely used as one of the most important water 

resources.  In the last three decades the southern part of the Algarve Province (located 
in the south of Portugal) has been over-exploited, due to the growth of tourism 
industry and to the changes of agriculture practices, specially in the summer period. 

Recently, serious problems are being caused by the improper and the 
excessive uses of groundwater.  The sea water intrusion into aquifers is a typical and 
common problem in coastal areas. 

Over-exploitation of coastal aquifers create optimum conditions for the 
advance of the freshwater/saltwater interface which leads to some coastal aquifers 
contamination, which the Mexilhoeira Grande - Portimão aquifer is one of them 
(Fig.1). 
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Figure 1: Location of Mexilhoeira Grande - Portimão aquifer, in Portugal. 

 

 

HYDROGEOLOGY 
Mexilhoeira Grande - Portimão aquifer is composed of two layers, one 

Jurassic (limestone) in the north area of the aquifer; and another Miocene (limestone 
and sand) in the south area of the aquifer. 

The Miocenic layer had been recharged by the Jurassic layer before the 
beginning of the powerful exploitation [INAG, 1997].  Nowadays, the hydraulic head 
of the limestone bed is very low near the sand bed, consequently that conceptual 
model is no longer valuable. 

Piezometric surface revels that main flux is made from north to south, that is, 
from Jurassic formations, were the recharge is made by direct infiltration of rain and 
from Ribeira do Farelo and Ribeira da Torre, to the Miocenic formations [Reis, 1993]. 

The aquifer discharge is made from the Jurassic layer to the Ribeira de Boina, 
on the East boundary; on the West boundary the discharging is made into the springs 
of Fontainhas, [Reis, 1993]. 

Transmissivity was calculated based on 20 values of specific rate and its 
variability is from 300 to 1000 m2/day [INAG, 1997]. 

Produtivities calculated from 124 samples are about 8.3 l/s for a minimumof 
0.3 l/s and a maximum of 108 l/s. 

 

 

TREND ANALYSIS 
 Nonparametric tests have been used in water quality analysis to detect and 
evaluate the trend of water quality parameters [Hirsch et al., 1982]. 

Mexilhoeira Grande - 
Portimão aquifer 
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 The Mann-Kendall test, is a nonparametric test for randomness against trend.  
This test allows the determination of the statistic S  for a data series ascending 
assorted by time ( )ntttt <<<< ....321 : 
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where f  is a function defined by: 

( ) 1+=θf  if  0>x  

( ) 0=θf  if  0=x  

( ) 1−=θf  if  0<x  

The statistic S  can be calculated in a seasonal way using time steps equal to 
the selected periods (annually, monthly, diary, …). 

The number of essays (N.º Essay) achieved is given by: 

( )
2
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where n  it is the number of effective values. 

Percentage of essays with positive trend (%Ts) or negative trend (%Td) can be 
calculated; values abovea specific detection limit are included.  The hypothesis of null 
tendency 0H  is tested for each case in order to reject or accept it in the presence of 
the statistical distribution of S .  The significance levels will be given by the 
statistic p .  If 1.0<p  there is a high probability of a detected trend occurred. 

Furthermore, in order to estimate rates of change per unit time, an unbiased 
estimator due to Thiel (1950) and Sen (1968) is also calculated for the trend slope.  
This is the median of all the values ijd  defined by: 
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for all ( )ij tt ,  pairs such that nij ≤<≤1 . 

Table I show the results obtained by the application of this test for a chloride 
content data series, observed in a well located in the west part of the aquifer, from 
May - 1983 to April - 1997.  It is clear that the chloride content has a global upwards, 
namely in the months of: February, March, April, September, October and December. 
.The results also show that the chloride content increased in average 0.677 mg/l per 
month in the observed period. 
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Table I - Trend Analysis results in Cl- observed in Mexilhoeira Grande - 
Portimão aquifer, from 1983 to 1997. 

Month N.º Essay Ts + Td % Ts % Td p Slope Trend 
JAN 78 27 65.38 30.77 0.11 0.766534 ↔↔↔↔ 
FEB 78 36 70.51 24.36 0.031 0.858333 ↑↑↑↑  
MAR 78 28 66.67 30.77 0.099 0.762963 ↑↑↑↑  
APR 78 28 65.38 29.49 0.097 0.580688 ↑↑↑↑  
MAY 78 14 56.41 38.46 0.424 0.3 ↔↔↔↔ 
JUN 78 15 55.13 35.9 0.385 0.525974 ↔↔↔↔ 
JUL 91 22 59.34 35.16 0.247 0.489583 ↔↔↔↔ 
AUG 91 24 60.44 34.07 0.205 0.486111 ↔↔↔↔ 
SEP 91 40 65.93 21.98 0.028 0.708333 ↑↑↑↑  
OCT 91 39 69.23 26.37 0.036 0.972222 ↑↑↑↑  
NOV 91 28 63.74 32.97 0.137 0.907407 ↔↔↔↔ 
DEC 91 34 67.03 29.67 0.069 0.986111 ↑↑↑↑  
TOTAL 78 335 63.81 30.77 0 0.677083 ↑↑↑↑  

 

 

RELATIONSHIP BETWEEN CL- AND EXOGENOUS FACTORS 
There are some situations, which frequently arise where the assumptions of 

constant variance and normality of residuals required by Ordinary Least-Squares 
regression are not satisfied, and transformations to remedy this are either not possible, 
or not desirable [Helsel and Hirsh, 1992].  In these situations LOWESS (LOcally 
WEighted Scatterplot Smoothing) is one of the alternative methods for fitting lines to 
data [Cleveland et al., 1979 in Helsel and Hirsh, 1992]. 

LOWESS smoothes greatly aid data analysis in situations such as: 

− To emphasize the shape of the relationship between two variables on a 
scatterplot of moderate to large sample size; 

− To compare and contrast multiple large data sets; and 

− To remove the effect of an explanatory variable without first assuming 
the form of the relation (linear, etc.). 

LOWESS is computationally intensive, it involves fitting at least 2n weighted 
least squares equations.  At every 0X , a Ŷ  is computed from a Weighted Least 
Square regression whose weights are a function of both the distance from 0X  and the 
magnitude of the residual from the previous regression.  The robust regression 
weights iw  are computed by: 

iii wrwxw ×=      (4) 

where: 

iwx  - distance weight; is a function of the distance between the center of the window 
ix  and all other x . 
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iwr  - residual weight; is a function of ii YY ˆ− , the distance in the Y  direction between 
the observed iY  and the value predicted from the previous Weighted Least Square 
equation. 

The power of LOWESS is varied by altering the window width, as controlled 
by the smoothness factor f .  As f  is increased, the window size is also increased, 
and more points will influence the magnitude of Ŷ . 

In this case LOWESS was used twice, one to compare the piezometric data 
series with the chloride content data series (Fig. 2) and the other to compare the 
pumping rate data series with chloride content data series (Fig. 3); monitored in the 
same well for the same period of time. 

 

 

 

 

 

 

 

 

 

Figure 2 – Piezometric values vs. chloride content values. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Pumping rate values vs. chloride content values. 

 

The results show that there is a non linear correlation between the 3 variables: 
an upward Cl- trend is related with a piezometric downward trend (Fig. 2); and an 
increased pumping rate is closely related with an upward Cl- trend (Fig. 3). 
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N

SPATIAL ANALYSIS 
101 samples had been used for this analysis, which spatial distribution can be 

observed in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 – Chloride monitoring network. 

 

Table II shows the statistics for chloride content.  The respective histogram is 
represented in Fig. 5. 

 
Table II 

N Average Median Minimum Maximum Q1 Q3 Standard Deviation 

101 422.02 255.60 60.00 2230.72 106.50 582.20 426.46 
 

 

 

 

 

 

 

 

 

 

Figure 5 – Chloride content histogram. 

 

As both, histogram and average and median values, show the variable presents 
a skewness distribution.  Note that more than 50% of the samples exceeds the 
maximum admissible value, acording to the UE legislation (200 mg/l). 
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To evaluate the risk salinization magnitude an indicator geostatistic 
methodology was used.  In short, the methodology encompasses thr following steps: 

1. The variable is binary codified according to a threshold value; 

2. Variograms of the indicator variable are calculated to study the main 
structure patterns; 

3. Variograms are modeled by theoretical functions;  

4. Probability maps are calculated by kriging. 

This geostatistic methodology has already been used as a probability tool to 
study the risk of aquifer contamination by saltwater intrusion due to evaporite domes 
leaching in Maragota area, Algarve [Ribeiro, 1998]. 

Eight values corresponding to the percentiles 10 (80.77 mg/l), 20 (102.20 
mg/l), 30 (115.40 mg/l), 40 (184.60 mg/l), 50 (255.60 mg/l), 60 (404.70 mg/l), 70 
(504.10 mg/l), and 80 (647.53 mg/l), were used to calculate the probability maps.  
This new indicator variables were structurally studied and its variograms modeled.  
Experimental omnidirectional variograms were fitted with spherical models. 

Fig. 6 to 13 show experimental variograms and the correspondent risk maps. 

Each risk map show the probability of the threshold value be exceeded. 
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Figure 6 – 10th Percentile: variogram and risk map. 
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Figure 7 – 20th Percentile: variogram and risk map. 
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Figure 8 – 30th Percentile: variogram and risk map. 
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Figure 9 – 40th Percentile: variogram and risk map. 
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Figure 10 – 50th Percentile: variogram and  risk map. 
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Figure 11 – 60th Percentile: variogram and risk map. 
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Figure 12 – 70th Percentile: variogram and risk map. 
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Figure 13 – 80th Percentile: variogram and risk map. 
 

These results show that variograms of lower percentiles are more structured 
than the ones of higher percentiles, ranges of the spherical variograms increased from 
2146m (10th percentile) to 3900m (80th percentile), the percentage of the nugget effect 
related with the experimental varience (the level of randomness) increases with the 
magnitude of the percentile. 

Two particular areas show high probability of contamination: the south of the 
aquifer, near the sea and the area near Ribeira do Farelo.  According to Fig. 13 the 
probability of Cl- exceed the threshold of 647.53 mg/l in these areas is 90%. 

 

 

CONCLUSIONS 
Although deterministic models are very important to study coastal aquifers 

hydrodynamics, they do not take into consideration the uncertainty of the natural 
phenomena.  Geostatistic methods allow the quantification of this uncertainty using 
probabilistic concepts. 

Indicator Kriging has advantages to ordinary kriging techniques, because 
allows to built as many risk maps as the thresholds selected for decision maker 
purposes. 

The application of indicator kriging has provided different images of the saline 
contamination: the higher is the threshold the smaller are the most contaminated 
areas, identified by the indicator kriging technique  

Trend correlation analysis have also shown an aggrement between the Cl- 
upward trend with the downward piezometric trend and upward pumping rate trend. 
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