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ABSTRACT 

Principal component factor analysis with the varimax orthogonal 
rotation criterion applied to hydrochemical data is shown to be a 
promising tool in determination of the origin of water. With advance 
dewatering becoming more important, this is illustrated in a case 
study of an area in pre-mining state having an almost homogeneous 
water chemistry. The R-mode classification reveals the ruling chemical 
processes, enabling selection of ions to study the arc,al distribution 
of a reduced number of processes. 

Determination of the origin of water entering mines can add to the 
development of more effective and economic schemes for mine dewater- 
ing [I]. In addition to active dewatering, infiltration control and 
grouting of source aquifers may help to reduce water inflow and 
consequently the need for costly water treatment plants [2]. A way to 
identify the origin of the water is to determine its chemical composi- 
tion. Due to the strict water pollution controls in many countries, 
the chemistry of water from mines and surrounding dewatering wells must 
be analysed frequently. Therefore only a few additional analyses of 
samples are needed from water inrush areas inside the mine and from 
surface waters in the mine area. 

Common techniques to obtain a regional picture such as a Stiff Symbol 
Map (effective when large variations occur [I]) or a Piper Plot only 
take into account the major ions. Furthermore they are time consuming 
to construct and when this is done by hand, errors can be made. More- 
over the information is often limited if the samples show only a minor 
differentiation in chemistry, i.e. samples from still unpolluted water. 
In conclusion, a grouping technique which incorporates all available 
information in the grouping procedure and with a sensitivity to minor 
changes in composition is needed. 



Such techniques are provided by the vast number of multivariate statisti- 
cal analyses [3,4,5,6]. The application of factor analysis is relatively 
simple and unambiguous compared with other multivariate techniques such as 
cluster analysis [4,5,7]. Although the latter and discriminant analysis 
provide useful grouping facilities [4,7], factor analysis is chosen for 
the ease of application and interpretation of the results. The objective 
of factor analysis is to represent a large number of variables (or cases) 
by a reduced number of hypothetical entities or factors. Consequently, 
factor analysis tries to reduce the data by detecting the possible under- 
lying pattern of relationships, such that the given data is rearranged 
(reduced) into a smaller number of factors or components, accounting for 
the interrelations among data variables (or cases) [5]. An objective 
grouping of the samples or ions is simply obtained by running the factor 
analysis program on a computer, however; for a physically significant 
interpretation, hydrogeological and hydrochemical knowledge of the area 
is essential [4,5]. The use of factor analysis applied to hydrochemical 
data from a chemicallx almost homogeneous area, as indicated by the Stiff 
Diagram Map [7] and the Piper Plot (~i,g. I )  is presented in a case study. 
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Figure 1 .  Piper plot of the samples 

CASE STUDY ; AREA DESCRIPTI3N 

The study area is located in County Rildare 50 km southwest of Dublin on 
the eastern margin of the Central Lowland of Ireland. The location of 
the area, as well as the location of the sample points and their numeri- 
cal designations are given in Fig.2. Topographically the area can be 
divided into ( 1 )  a flat central part wYcdse elevation gradually decreases 





A I . irgc'  part of this aquifers is unsaturated. A semi-confined strip 
. ~ c l t i  i f c t r  [Z] is found in a paleo-channel (Fig.3), the former course of the 
I . i l  fey flowing southwest to the Barrow. This Paleo-channel aquifer is 
c,omlxlsed of sand and limestone gravels of the Elsterian or Saalian 
$:laciation. The limestone basement is most likely karstified, therefore 
the hydraulic boundaries of this limestone aquifer are difficult to 
dcfine. Outside the flat central plain where the Paleo-channel aquifer 
acts as a drain, groundwater flow is controlled by the topography (~ig.4)~ 
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Figure 3; Two sketch profiles running through the 
middle of the area based on resistivity 
soundings [7] and one borehole log at the Curragh 

INPUT DATA MATRICES 

In the study area, 74 samples were taken (~ig.2) from wells ( 5 6 ) ,  
springs (5), and streams (13); 14 variables were quantified, among 



which the temperature, pH and Electrical conductivity were measured in the 
field and the ion concentrations determined in the laboratory (Institute 
of Earth Sciences, Free Univergity, Amsterdam). These 14 times 74 numbers 
constitute the raw data matrix (Table 1). 

Pre-processing of this raw data matrix is necessary due to (a) the require- 
ment that the values are in the same order of magnitude and (b) the 
variables should have a normal distribution. 
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Flgure 4. The watertable elevation map of the Kildare area 
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Tab le  1 Raw d a t a  m a t r i x  showing a l l  v a r i a b l e s  of t h e  samples used 
i n  t h i s  c a s e  s tudy  



A logarithmic input data matrix is used for the R-mode analysis, the 
grouping of variables, since these show a better defined normal distribu- 
tion after logarithmic transformation [7]. 

R-MODE RESULTS 

Using the logarithmic input data matrix, the principle components of 
factor analysis are applied to the input data correlation matrix (Pearson 
product moment) with the varimax orthogonal rotation criterion [5,6]. Thc 
resulting simplified rotated factor score coefficient matrix is presented 
in Table 2, in which factor scores below 0.600 have been depleted as 
being not significant [&I. The factors, representing independent new 
variables, will be discussed in order of decreasing importance (determinec 
by the percentage of explained variance). 

Table 2. R-mode simplified rotated factor score coefficient matrix 

Factor I : Ec field, Ca, HC03, and SO4 

I 

The limestone solution factor is the most important factor which is 
hardly surprising in a limestone area where the reaction 

2+ 
CaC03 + C02 + H20 -t Ca + 2HC03- 

is the ruling process. This is in the same way (same sign) responsible 
for variations in electrical conductivity (which, having a linear 
relation with all ions, is a factor in itself). The presence of SO4 is 
less obvious and dissolved gypsum could account for this. 

Factors 1 I 

Factor I1 : Temp, pH, and Si 

Variables 

1 Temp 
2 PH 
3 Ec field 
4 Eclab 
5 Na 
6 K 
7 Mg 
8 Ca 
9 C1 
10 HC03 
1 1  SO4 
12 NO3 
13 Si 
14 Fe tot 

Cum. % expl.var 

The diatom factor is of secondary importance, since only 13 surface 
water samples are present due to the homogeniety of the samples. The 
ruling reaction is growth of diatoms due to the higher temperature of 
surface waters in springs, thereby reducing the Si concentration 
(opposite sign). Furthermore, surface waters generally have a higher pH. 

v 

.723 

' 78 
J 

I1 

.777 
,826 

-. 622 
5 1 

-. 843 

-.847 

-.738 
-. 600 

37 

I11 

-. 788 
.788 

6 1 

IV 

.795 

.695 

70 



Table 3 Q 

Factors 

samples 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
2 5 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3 5 
36 
37 
38 
39 
40 
4 1 
42 
43 
44 
4 5 
46 
47 
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49 
50 
51 
52 
53 
54 
5 5 
56 
57 
58 
59 
60 
6 1 
62 
63 
64 
6 5 
66 
67 
68 
69 

7 3 

-mode simplified rotated factor score coefficient 

74 1 I 
cum % of  

1 -.624 1 

matrix 

expl var 93 83 95.4 87 97.3 90 



F a c t o r  I11 : Fe t o t ,  and NO 3 

The anaerobic factor i n  t h i s  boggy a r e a  on ly  t a k e s  t h i r d  p l a c e .  The 
r u l i n g  p r o c e s s  i s  d e n i t r i f i c a t i o n  accord ing  t o  

115~0 , -  + 6 1 5 ~ '  + e  + 1 1 1 0 ~ ~  (g )  + 3 1 5 ~ ~ 0  

which i s  due t o  t h e  breakdown of o r g a n i c  m a t t e r .  I n  t h i s  r educ ing  e n v i r -  
onment (where low, up t o  n e g a t i v e ,  pe-values p r e v a i l )  i r o n  may d i s s o l v e  : 

4Fe2O3 + 3 ~ '  + e  -+ F'e2+ + 3/2H20 

While t h e  s i g n s  of t h e  f a c t o r  s c o r e s  a r e  o p p o s i t e ,  t h i s  r e a c t i o n  i s  
p o s s i b l e .  

F a c t o r  I V  : K, and Na 

The fertilizer factor r e p r e s e n t s  an  a d d i t i o n  of u n p u r i f i e d  K - f e r t i l i z e r .  
S t i l l  e x p l a i n i n g  9% of t h e  v a r i a n c e ,  i t  i s  a  s i g n i f i c a n t  f a c t o r .  

F a c t o r  V : C1 

This  f a c t o r ,  b e i n g  t h e  l a s t  and hav ing  on ly  one v a r i a b l e ,  i s  n o t  s i g n i f i -  
c a n t ,  a l t h o u g h  i t  s t i l l  e x p l a i n s  8% of t h e  v a r i a n c e .  P o l l u t i o n ,  caused 
by seepage of manure through t h e  l i n i n g  of b r i c k ,  i n t o  t h e  dugwel l s  might  
be  one of t h e  p r o c e s s e s  l e a d i n g  t o  v a r i a n c e  i n  t h e  d a t a  which i s  e x p l a i n e d  
by t h i s  f a c t o r .  

Now t h e  r u l i n g  p r o c e s s e s  a r e  known, we can reduce  t h e  number of v a r i a b l e s  
t o  be measured i n  f u t u r e  sampling,  e .g .  Ec l a b ,  and Mg can be d e l e t e d  and 
on ly  one v a r i a b l e  of each f a c t o r  h a s  t o  be measured;  d e t e r m i n a t i o n  of Ca, 
pH, NO3, Na, and C1 w i l l  s u f f i c e .  One can a l s o  d e l e t e  t h e  i o n s  of a  
particular p r o c e s s ,  f o r  example a l l  v a r i a b l e s  of t h e  limestone solution 
factor w i l l  i n c r e a s e  t h e  importance of t h e  o t h e r  p r o c e s s e s  on t h e  
grouping p rocedure .  I n  p o l l u t e d  a r e a s  o r  i f  samples a r e  mixed w i t h  a  
d r i l l i n g  mud, t h i s  d e l e t i o n  of v a r i a b l e s  a s  a  way of d i g i t a l  f i l t e r i n g  
adds an  e x t r a  dimension t o  t h e  m u l t i v a r i a t e  t e c h n i q u e s .  

Q-MODE RESULTS 

Using t h e  t r ans formed  d a t a  m a t r i x  a s  i n p u t  f o r  t h e  same a n a l y s i s  a s  i s  
used t o  a c q u i r e  t h e  R-mode r e s u l t s ,  t h e  s i m p l i f i e d  r o t a t e d  f a c t o r  s c o r e  
c o e f f i c i e n t  m a t r i x  a s  p r e s e n t e d  i n  Tab le  3 i s  o b t a i n e d .  I f  c r i t e r i a  
f o r  t h e  f a c t o r  s c o r e s  t o  be  s i g n i f i c a n t  a r e  s e t  a t  0.600, n o t  a l l  
samples appear  i n  a  f a c t o r ,  however; a  s i g n i f i c a n t  grouping i s  o b t a i n e d .  
The p h y s i c a l  meaning of f a c t o r s  based on t h e  knowledge of t h e  remain ing  
sample p o i n t s  [ 7 ]  i s  a s  f o l l o w s  : 

F a c t o r  I : samples from w e l l s  i n  t h e  unconfined a q u i f e r s ,  mainly 
t h e  Curragh a q u i f e r .  

F a c t o r  I1 : t h e r e  i s  no e x p l a n a t i o n  f o r  t h e  appearance  of sample 2  
and 48 i n  a  s e p a r a t e  f a c t o r ,  when t h e  raw d a t a  a r e  used 
t h e s e  a r e  grouped i n  t h e  "unconfined" f a c t o r  ( I ) .  

F a c t o r  I11 : t h e  m a j o r i t y  of t h e  s u r f a c e  wate r  samples a r e  c l e a r l y  
p r e s e n t  i n  t h i s  group.  

F a c t o r  I V  : samples from w e l l s  i n  t h e  conf ined  a q u i f e r s  a s  w e l l  a s  
a l l  s p r i n g s  f e d  by t h e s e  a q u i f e r s ;  t h e  Paleo-channel  
and l imes tone  a q u i f e r s .  



Factor V : one exceptionally polluted well (28) forms this factor. 

Factor VI : samples in this factor show high chloride concentrations 
and are all polluted wells. 

The actual importance lies in the wrongly cZassified samples : Note 
samples 36, 42, 50 and 54 are from wells appearing in the surface water 
factor (111). Field evidence indicates that surface water has 
infiltrated in wells 36, 50 and 54. Well 42 contains almost rain water 
(see also the deviation in the Piper plot, Fig.1). More information can 
be gained if the significance level is lowered to 0.5 (italic figures 
in Table 3 are now also considered). Considering these figures, the 
mixing of water becomes evident. For example, the river water of 
sample 13 is largely fed by groundwater from the confined aquifer, 
which is realistic in that artesian area [ 7 ] .  Deep wells have a filter 
over their entire depth and then close to rivers, tap confined and 
unconfined aquifers as well as surface water, as in the case of wells 
59, 62 and 71. If these were dewatering wells, river bed sealing might 
improve mine drainaie, efficiency. At the 0.500 significance level, 
factors I and 111 sh& an overlap. If we reduce the significance level 
more, an overlap with other factors will occur, thereby reducing the 
grouping effect. It is obvious that one should compromise between a 
well defined grouping and all the cases classified. 

CONCLUSION 

From this study it is understood that : 

(a) Multivariate techniques as factor analysis does appear to be 
usefui and are an extension of the Piper and Duror diagram idea. 
This is especially true in chemically almost homogeneous areas. 

(b) Using factor analysis for an R-mode classification, the ruling 
chemical processes can be determined in an objective way. All the 
problems appear to be in the conclusions drawn from the classifi- 
cation results. 

(c) The three dimensional distribution of water types, including 
mixing features is determined by Q-mode classification. 
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