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Cluster Analysis as a Tool in the
Study of Groundwater Quality
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A study of the vulnerability of the river Tenes aquifer has been carried out by means
of cluster analysis. On the basis of eleven features measured for forty-seven ground-
water samples, pattern recognition techniques allow the visualization of several types
of waters. Moreover, the natural differences occurring between manual and pump
sampling procedures have arisen. Alkalinity and pH and to a lesser extent sulphates
and conductivity have been identified as the features which contribute tc the
differentiation of the water samples according to the sampling procedure. The
withdrawal from the chemometric analysis of these variables leads to the presence of a
sole type of water quality in which those samples that show the influence of the
surface pollution can be distinguished.

KEY WORDS: Water analysis, groundwater quality, water sampling, cluster
analysis.

INTRODUCTION

In the context of a wide research program on the chemical character-
ization of surface and ground waters of the BesOs basin (Catalonia,
Spain),"*? a study on the vulnerability of the aquifer of the
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Tenes river, tributary of the Besos river, has been undertaken. The
main deterioration of the aquifer might be due to both the influence
of the river water, highly polluted because of the industrial effluents
discharged on it, and the presence of fertilizers used in the agricul-
tural areas.

The first step in water analysis is always sampling. Very often the
way of doing sampling of groundwaters is imposed by the character-
istics of the wells. An important factor to take into account is that
chemical properties of the waters sampled may depend not only on
sampling methods®* but also, to a great extent, on the chemical
equilibrium established between the sample and environment. This
equilibrium may be of different nature according to the way of doing
sampling, either by pumping or manually. In the former it can be
assumed that water samples are in equilibrium with the aquifer,
while in the latter there exists greater possibilities of occurring
interactions between the collected waters and the environment, so
the samples may be of somewhat different composition from the
aquifer water. Having in mind this fact, two strategies may be
followed: The first one would consist of disregarding those wells that
require manual sampling, thinking of the distortion of the infor-
mation obtained from them. The second one would be to look for,
and remove, the causes of this distortion. Pursuing the first strategy
signifies that several sampling points have to be omitted and
consequently some information will be lost. When choosing the
second procedure, a multivariate data analysis has to be used.

Very recently, Bartels et al®> have used pattern recognition
methods to classify several types of surface waters on the basis of
physicochemical variables. In this paper these methods®=® have also
been used in order to find changes in the groundwater quality of the
area studied. Moreover, the physicochemical parameters which show
greater variability according to the sampling procedure used
(pumping or manual) have been located and those parameters which
can be used in the study of groundwater quality independently of the
way of doing sampling have been determined.

EXPERIMENTAL

Forty-seven groundwater samples (Table 1) were analyzed corre-
sponding to fourteen different wells. Thirteen samples had been
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Table 1 Groundwater samples, wells and sampling dates (see Figure 2)

Water Sampling Water  Sampling Water  Sampling
sample ———— —  sample ——— —  sample
Point  Date Point  Date Point  Date
{ AJ? Oct. 83 17 cc? Nov. 83 33 MB"  Jan. 84
2 RS? Oct. 83 18 Sp* Nov. 83 34 MO®  Jan. 84
3 Ccv? Oct. 83 19 pv® Nov. 83 35 PV® Jan. 84
4 MA®*  Oct. 83 20 CcO? Nov. 83 36 DA*  Jan. 84
5 DA?* Oct. 83 21 AJ? Dec. 83 37 cv? Jan. 84
6 T Oct. 83 22 RS? Dec. 83 38 RS? Jan. 84
7 cca Oct. 83 23 Cve Dec. 83 39 ES® Feb. 84
8 Sp? Oct. 83 24 MA*  Dec. 83 40 ALP Feb. 84

pPV® Oct. 83 25 DA®*  Dec. 83 41 MB®  Feb. 84
10 CO*  Oct. 83 26 TI® Dec. 83 42 MO®  Feb. 84
11 AJ? Nov. 83 27 cce Dec. 83 43 PV® Feb. 84
12 RS® Nov. 83 28 Sp# Dec. 83 44 TI# Feb. 84
13 Ccv® Nov. 83 29 PV® Dec. 83 45 DA®*  Feb. 84
14 MA®*  Nov. 83 30 CO*  Dec. 83 46 cve Feb. 84
15 DA*  Nov. 83 31 ESP Jan. 84 47 RS? Feb. 84
16 TI# Nov. 83 32 AL® Jan. 84

o

*Pump sampling.
*Manual sampling.

manually collected (manual sampling with a Niskin bottle) and
thirty-four had been extracted by means of an automatic mechanical
system (pump sampling). The sampling period spanned from
October 1983 up till February 1984 with at least two sample
extractions from each well. The area studied, (Figure 1), correspond-
ing to the aquifer of the river Tenes is shown in Figure 2 where three
distinct zones have to be distinguished: zone A is mainly industrial,
the amount of water supplied by pumping the wells is considerable
and within the studied area the river water suffers a serious
progressive deterioration as it runs farther south because of the
industrial effluents discharged without any treatment. Zone B is
principally an urban area with a large percentage of manual
extracted water which give rise to a liquid supply considerably lower
than zone A. Zone C is a rural area in which pump sampling is
predominant although the amount of pumped water is much smaller
than that of zone A.
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Figure 1 General area of the Besos basin. The studied area has been encircled.
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PARETS DEL VALLES

0iKm

Figure 2 Studied area of the river Tenes (Parets del Vallés) with sampling points and
different zones shown.

Eleven parameters corresponding to major, minor and trace
components: NOj3, Cl17, SOZ~, alkalinity, pH, conductivity, Ca?*,
Mg?*, Na*, K* and NO; were determined according to standard
analytical methods.!® Other variables were measured: the contri-
bution of temperature was not considered relevant for the chemo-
metric analysis and heavy metals (Cu, Cr, Cd, Hg and Pb) had
concentration levels very often below the detection limits of the
analytical methods used (a.a.s and ic.p-a.e.s) so they were not taken
into account in the present work. Chemical results have been
recently reported elsewhere.!! Calculations were performed by using
well-known pattern recognition packages: ARTHUR 812, SPSS-X13
and CLUSTAN.'* All programs were run on a IBM 3083 computer
of the University of Barcelona.



19: 15 18 January 2011

Downl oaded At:

260 G. RAURET et al.
PATTERN RECOGNITION TECHNIQUES

In order to know the vulnerability of the aquifer, the first objective
has been the detection of different groups of water samples in a zone
where only one groundwater quality would be expected. Before this
unsupervised analysis of the water samples (objects), the usefulness of
the variables has been tested. In the same way as the cluster analysis
of the objects in the 11-dimensional space defined by the variables
reflect similarities in the quality of waters, a cluster analysis of the
variables in the 47-dimensional space of the objects exhibit simi-
larities in the behavior of the measured parameters. Two or more
parameters with identical location in the hyperspace would imply the
same contribution of the variables to the natural disposition of the
objects and therefore there would be an excess of information. The
number of variables can be reduced with minimum loss of infor-
mation by selecting one variable representative of each tight cluster.
Therefore the initial data matrix has been transposed, the new
objects have been autoscaled and the resulting features have been
studied by non linear mapping and principal components analysis.

Figure 3 shows a representation (non-lincar map) of the 11
parameters in the pseudothree-dimensional space in which the
coordinates are non-linear combinations of the coordinates in the
47-dimensional space defined by the water samples. The three-
dimensional principal components plot (not shown) gives very
similar results. As can be seen in Figure 3, of all variables consi-
dered, pH, Ca®*, NOj, SO2~, K* and NO; display the most
singular behaviour while all other features do not cluster in a dense
grouping indicating the different contribution of these features to the
natural distribution of the water samples. Consequently, no reduc-
tion of variables has been considered at this step and the initial data
set is arranged in a 47 x 11 data matrix.

The application of two clustering methods: Ward’s hierarchical
agglomerative procedure and minimal spanning tree, and a display
method: principal components analysis to the autoscaled variables is
shown respectively in Figures 4-6. Several common trends can be
observed for all assayed methods. First, the natural difference
between those samples collected by manual sampling and those
obtained by pump sampling. This results have been related more to
the differences in water composition than to the sampling procedure.
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Figure 3 Three dimensional non-linear map of the ecleven features in the 47-
dimensional space of water samples.

They give evidence of the known fact that a water column in
equilibrium with the atmosphere is less equilibrated with the aquifer,
and therefore its composition is different, than the samples obtained
by sampling from mechanically extracted water. Second, the presence
of defined wells whose waters have a significantly different quality
from all other groundwater samples. Several causes might be the
origin of these results. Samples named no. 6, 16, 26 and 44 belong to
only one well (TI) placed in the lower part of zone A where the
aquifer is in contact with the most deteriorated surface waters.
Samples 7, 17 and 27 have been collected from the CC well placed in
the rural zone C. They have an abnormally high concentration of
NOj; and a SO2~ level higher than the overall mean value. Samples
9, 19 and 29 from the PV well display a lower salinity than ail other
waters, their pH is higher as a consequence of a lower buffer
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Figure S Minimal spanning tree of the water samples in the 11-dimensional space of
the initial features. O pump sampling, @ manual sampling.

capacity. Samples 12 and 14 although both collected in November
1983, belong to different wells: RS and MA respectively, placed
relatively far away from each other. Both samples show a serious
punctual contamination of NO; .

The existence of two different groups of waters corresponding to
manual or pump sampling has been assessed by supervised analysis.
Since the population of the manual sampling group is not large
enough, no reasonable assumption about the probability densities of
the group can be formulated and therefore, a non-parametric
method of analysis has been used, the linear learning machine. The
results obtained when all objects have been used to compute the
decision surface, indicate the linear separability of the classes consi-
dered. In order to know the importance of the variables in the
differentiation of the groups, two procedures of variable selection
have been used. In Table 2 the individual importance of the features
evaluated as the variance weights is listed. Clearly alkalinity and pH
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Table 2 List of features and importance in the differentiation of sampling procedures

Feature Symbol Variance Feature Symbol  Variance
weight weight

Conductivity® CON 1.58 Sodium* Na* 1.24
pH pH 2.34 Potassium® K* 1.00
Calcium® Ca?* 1.03 Nitrite® NOj; 1.03
Magnesium® Mg?* 1.97 Sulphate® SO%- 1.25
Chloride® Cl- 1.57 Alkalinity® AIKA 364
Nitrate® NOj 1.23

*In uScm™t.

°In mgl~! of CaCO,.

Inmg 1%

are the most relevant parameters although the absolute weight
values indicate that their importance is not considerable. Subroutine
SELECT of ARTHURS81 which chooses variance weighted features
which have been decorrelated from those previously chosen, has
given rise to the variable selection listed in Table 3. These results
basically coincide with those reported by the stepwise sclection
procedure of subprogram DISCRIMINANT of SPSS-X listed also in
Table 3. A 1009 classification score is obtained when four basic
features are selected: alkalinity, sulfates, pH and conductivity. In the
context of the global program, the reasons for the pH increment in
the waters from the manual sampling wells are being studied at
present. This pH increases can give rise to a larger precipitation of
CaCO; which in turn would signify a decrease of both alkalinity and
conductivity as encountered in the present study.

When these features are withdrawn from the initial data set, the
linear separability of the classes according to the linear learning
machine method is no longer accomplished. In order to visualize the
distribution of the water samples in the new 7-dimensional space a

Table 3 Feature selection

Procedure Selected features
SELECT? ALKA,SOZ™,CON,pH,Mg?*,Na*
DISCRIMINANT® ALKA, SOZ-, pH, CON

*Variance weight criterion, Tolerance level =1.001.
*WILKS, MAXMINF and RAO criterions, FIN=FOUT=3.0.
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principal components analysis has been carried out and plotted in
Figure 7. Samples are randomly distributed independently of the
sampling procedure although a clear distinction is still observed for
those samples which previously were characterized as of different
quality (samples no. 6, 16, 26, 44, 17, 27, 12, 14). In a similar way,
the dendogram obtained when applying Ward’s hierarchical ag-
glomerative method (Figure 8) shows a recombination of the initially
well defined groups, but clearly, samples no. 17 and 27 are of
different quality in a similar way as samples no. 6, 16, 26 and 44.
Therefore, the effects of the surface pollution on the quality of the
aquifer waters do remain.

The well TI placed farthest south around the river bed in the
studied area A displays the most serious deterioration of the
groundwater quality with respect to all other wells located in the
same area. At present several sampling points farther south in the
aquifer are being examined in order to verify the existence in the
same aquifer of a water type completely different, and of inferior
quality, from that studied in the present work.
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