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ABSTRACT : Groundwater chemistry in groundwater-fed wetlands often is the result of 
mixing of discharging groundwater and rainfall in combination with chemical reactions 
altering the chemical composition, mostly due to changes in redox conditions. In this study, a 
Self-Organizing Map is used to classify chemical groundwater samples of three groundwater-
fed wetlands in Belgium in order to identify the origin of groundwater and to deduce redox 
conditions in the wetlands. 

The Self-Organizing Map (SOM) algorithm is an unsupervised neural network technique to 
represent a multidimensional dataset on a two-dimensional grid in a topology-preserving way, 
allowing investigation of non-linear, complex relationships between variables and grouping of 
the data (Kohonen, 1995).  

The SOM is trained with data from a regional groundwater monitoring network and rainfall 
data. The resulting SOM is able to distinguish between samples of different origin or redox 
conditions within the regional aquifers. Subsequently, samples of the three wetlands are 
shown to the SOM and each sample is classified as having a chemical composition 
comparable to rainfall or to one of the regional aquifers. 
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1. Introduction 

Riparian wetlands are often characterized by a complex hydrogeology due to heterogeneity of 
the alluvial deposits and interaction with the unsaturated zone (Batelaan et al., 2000) . The 
complexity of hydrogeologic flowpaths is often reflected in a variation of the chemical 
groundwater composition, ranging from a composition close to rainwater to a composition 
close to the groundwater discharging in the wetland. Additionally the composition of the 
groundwater entering the wetland not only changes due to mixing with other waters, but 
changes in redox conditions can also alter the composition of the groundwater. 
In this study, chemical analyses of groundwaters from three riparian wetlands in Belgium are 
classified in order to deduce the origin of the groundwater and to deduce the redox conditions. 
The classification is carried out using a self-organizing map trained on chemical groundwater 
analyses of a regional monitoring network and chemical analyses of rainfall. 

2. Methods 
Artificial neural networks are computer algorithms capable of learning from data and 
generalizing. The SOM neural network is designed to classify data according to their 
similarity by such a learning process. The classification is done by plotting n-dimensional 
data onto a two-dimensional grid of nodes or units in such a manner that similar observations 
are plotted in each others neighbourhood. 
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The network architecture consists of an input layer and a layer of nodes, which are fully 
interconnected. Each of the input vectors is also connected to each of the nodes. The learning 
process can be divided in six steps (Kohonen, 1995, Kaski, 1997): 
Step 1:  an m x n matrix is created from the dataset with m equal to the number of samples 
and n equal to the number of variables. The classification of the input vectors is based on a 
similarity measurement, for instance Euclidean distance. In order to avoid bias in 
classification due to differences in measuring unit or range of the variables, a normalisation is 
carried out before the data analysis.  
Step 2:  each unit is randomly assigned an initial weight or reference vector with a length 
equal to the length of the input vectors (n). 
Step 3: an input vector is shown to the network and the Euclidean distances between the 
considered input vector X and the reference vectors Mi are calculated: 
Step 4: the best matching unit Mc, the node with the greatest similarity with the considered 
input vector, is chosen. 
Step 5: the weights of the best matching unit and the unit within its neighbourhood N(t) are 
adapted so that the new reference vectors lie henceforth closer to the input vector. The 
learning rate α(t) controls the rate of change of the reference vectors.  
Step 6: step 3 until 5 are repeated until a predefined maximum number of iterations is 
reached. During these iterations both α(t) and N(t) decrease, forcing the network to converge. 
After the training each of the input vectors is assigned to his best matching unit and the grids 
can be visualized. There are two types of grids commonly used to visualize and analyse the 
result of the SOM procedure: component planes and the U-matrix (Vesanto et al, 1999). The 
U-matrix or distance matrix shows the Euclidean distance between neighbouring nodes by 
means of a colour scale. 
Component planes are the second visualizing technique. In these maps the component values 
of the weight vectors are also represented by a colour code and each of these component 
planes visualizes the distribution of one variable in the dataset.  

3. Description of dataset 

The regional hydrochemical dataset is obtained from a monitoring network of the Flemish 
Government, made available through Databank Ondergrond Vlaanderen (DOV, 2006). The 
dataset consists of 55 wells, each equipped with three well screens at different depths, 
resulting in a data set of 164 samples. 
Chemical analyses of rainfall are obtained through the acid deposition monitoring network of 
the Flemish Environmental Agency (VMM, 2005) in Maasmechelen and Tielt-Winge. 
The groundwater chemistry monitoring network of the wetlands consists of shallow 
piezometers and is maintained by the Instituut voor Natuur -en Bosonderzoek (INBO). The 
datasets of Doode Bemde, Vorsdonkbos and Zwarte Beek consist of respectively 36, 41 and 
43 samples. 

4. Results 

4.1. Major Anions and Cations 
The self-organizing map is trained using the data from the regional monitoring network and 
the composition of rainfall. Only the variables pH, Na, K, Ca, HCO3, Cl and SO4 are used in 
the training since these parameters are less prone to changes in concentrations due to changes 
in redox conditions. The resulting SOM is shown in figure 1. The SOM can be divided into 
four clusters based on the component planes and the geology labelled U-matrix. The first 
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group is formed by the samples of the Diest aquifer and is characterised by low pH, 
bicarbonate and calcium concentrations. The second group on the other hand, is formed by the 
samples of the Brussels aquifer and is characterised by higher values for those variables. The 
group formed by the rainfall samples is has low pH and low concentrations of all variables. 
The fourth and last group consists of the samples of Quaternary deposits on top of the Diest 
and Brussels aquifer and shows extremely low pH and high potassium concentrations. 
 

 
Fig. 1. SOM-classifier major ions and cations 

 
After training and clustering of the SOM, the samples of each of the wetlands are shown to 
the network. The response of the SOM to the new data is visualized by red dots on the SOM 
of which the size varies with the amount of samples assigned to the node. 
The major part of the samples of the Zwarte Beek wetland is classified as comparable to the 
Diest aquifer. A minority is classified as having a rainfall signature. Almost all samples of the 
Doode Bemde wetland are assigned to the Brussels aquifer cluster, although a large part plots 
close to the rainfall group. Only two samples have a distinct rainfall composition. Another 
two samples appear to have composition comparable to the Diest aquifer group. The 
Vorsdonkbos samples are more scattered throughout the SOM. The majority of samples is 
plotted in the Diest cluster, a minority is plotted in the Brussels cluster. The chemical 
composition of two samples resembles the composition of Quaternary samples and another 
two samples have a rainfall signature. 
4.2. Redox sensitive parameters 
Similar to the previous classifier, a second classifier is constructed based on the redox-
sensitive parameters nitrate, sulphate, iron and ammonia. A SOM is trained with the data from 
the regional monitoring network and the rainfall data. The resulting SOM is depicted in figure 
2. The SOM can be divided into three clusters. The first group is characterised by high nitrate 
concentrations and low iron concentrations. The second group is characterised by high iron 
and low nitrate concentrations. A third cluster can be delineated based on the occurrence of a 
zone with low nitrate, high iron and low sulphate concentrations. 
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Fig. 2. SOM-classifier redox-sensitive parameters 

The geology labelled U-matrix shows that zones of low nitrate and high iron exist in both 
aquifers, as do zones of high nitrate and low iron. However, if iron is present, concentrations 
in the Diest aquifer are significantly higher than concentrations in the Brussels aquifer. 
The samples of the three wetlands almost entirely plot in the low nitrate, high iron field. Only 
one sample of the Doode Bemde wetland is assigned to group 1. Additionally, a minority of 
the samples of Doode Bemde and Zwarte Beek is assigned to group 3. 

5. Discussion 

5.1. Major Anions and Cations 
The distinction between the Brussels aquifer and Diest aquifer based on pH-values and the 
concentrations of calcium and bicarbonate reflects the difference in mineralogical 
composition of both aquifers. The Diest sands aquifer consists of coarse, glauconiferous sands 
and sandstones, while the Brussels sands aquifer is a heterogeneous formation consisting of 
an alteration of highly and poorly calcareous sands, which are locally silicified (Laga et al., 
2001). 
Since the Zwarte Beek wetland is situated in the Diest sands aquifer, it is not surprising that 
part of the samples have a chemical composition resembling the Diest sands aquifer. It is 
however striking that there is a large number of samples with a rainfall signature. 
Samples of the Doode Bemde, which is situated in the Brussels sands aquifer, are classified as 
similar to the Brussels sands aquifer. Compared to the Zwarte Beek, there are less samples 
classified as having a rainfall composition. The apparent classification of two samples in the 
Diest group probably represent a mixture of rainwater and groundwater from the Brussels 
aquifer, giving it a chemical composition resembling the Diest aquifer. 
The Vorsdonkbos wetland appears to receive groundwater from both aquifers. A 
hydrogeological contact between both aquifers is documented in Schiltz et al. (1993). 
5.2. Redox sensitive parameters 
Group 1 in Fig. 2 can be interpreted as the oxic zone in the definition of Berner (1981), while 
group 2 can be interpreted as the post-oxic zone, with a lower redox potential and the 
possibility of nitrate reduction. The third group indicates an early stage of the sulphate 
reduction, with an even lower redox potential. In the regional dataset the occurrence of this 
sulphate reduction zone is unlikely, since both aquifers are phreatic. This zone probably is the 
effect of a post-oxic zone in an area with a low sulphate background concentration. 
Almost all the samples of the wetlands are classified as belonging to the post-oxic zone and 
are depleted in nitrate, although the wetlands are fed with nitrate rich groundwaters. This is a 
clear indication of nitrate reduction taking place in the wetlands. While sulphate reduction 
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probably is not present in the regional aquifers, the samples that are plotted in the low nitrate, 
high iron, low sulphate zone are probably reflecting the local occurrence of sulphate reduction 
in the wetlands. This is especially the case in the Doode Bemde, which is fed by the Brussels  
aquifer with relatively high sulphate concentrations. 

6. Conclusions 

The Self-Organizing Map algorithm proves to be a valuable tool in the classification of 
groundwater samples. A SOM trained on regional chemical groundwater data, enabled the 
classification of groundwater samples of three wetlands based major ion composition and on 
redox sensitive parameters. 
The Doode Bemde wetland groundwater chemistry is dominated by inflowing groundwater 
from the Brussels aquifer. The Zwarte Beek wetland is fed by water from the Diest aquifer 
and has, compared to the Doode Bemde, a higher influence of rainwater. The Vorsdonkbos 
wetland receives groundwater from both the Brussels and the Diest aquifers and has little 
influence of rainfall. 
Classification based on redox-sensitive parameters reveals that post-oxic conditions prevail in 
the wetlands and there are indications for nitrate reduction and even sulphate reduction. 
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