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ABSTRACT 

Hydrogeochemical data are used as a standard tool in mine water origin determinations. In spite of 
this, little was done in order to determine the selectivity and sensitivity of the individual hydrogeochemical 
parameters in the case of a complex hydrogeological setting in a coal environment. We believe that a thorough 
assessment of both of them is of a primary importance if they are to be used in the inrush risk evaluation 
process. Methodology and results of a study, carried out at the Velenje mine in order to assess these factors 
are presented. The study shows that such a prediction methodology is reliable enough when only the aquifer, 
yielding a given mine inflow has to be determined. But when the time or the length of the flow through the 
coal are to be determined, it is still unreliable. 

INTRODUCTION 

Hydrogeochemical data are used as a standard tool in ground water and therefore 
also in mine water origin determinations. But, could they be used as a water inrush risk 
prediction tools? In what circumstances and under which conditions and with how much 
reliability? And finally, could they ever present an advantage over the other possible 
methods'! These were the questions that forced us to study the reliability of these methods in 
the specific case of Velenje lignite mine, where we felt that the hydrogeochemical data might 
prove useful for the purpose, since different hanging and bottom wall aquifers possess a 
different water inrush risk potential. With carefully controlled sampling and analysis we 
assessed the natural variability of the parameters within the individual aquifers, the selectivity 
of the individual parameters and the impact of an eventual sampling or analytical error on 
the certainty of predictions. 

Unless a sudden and massive inflow of water directly from the aquifer occurs, the 
water that seeps or starts to seep into a mine opening, has been during its seepage from the 
aquifer into the mine in contact with the quasi impervious top wall or bottom wall strata, and 
eventually the coal itself, for an indefinite lapse of time. We believe that the potential of the 
hydrogeochemical data as inrush risk prediction tools is centred on precisely such cases. An 
evaluation of the effects that such a type of flow could have on both the sensitivity and the 
selectivity of the applied hydrogeochemical parameters is therefore very important. As these 
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effects, resulting from the water-rock interactions, should be for a given geological environ
ment merely time dependent, they could themselves provide an additional information on the 
inrush potential of a specific water inflow. A study of these effects is still under way, so that 
only the preliminary and most general comments can be given here. 

METHODOLOGICAL APPROACH 

Study of the existing data 

At first, a study of the available historical analytical data on ground water chemistry 
was made. Raw analytical data, such as pH, total and carbonate hardness, dry residue at 
105 oc, K.Mn04 consumption and K, Na, Ca, Mg, NH4, Fe, Cl, HC03, S04 contents, were 
used as the first set of aquifer characterizing chemical parameters. 

Different synthetic hydrogeochemical parameters were used as further sets of aquifer 
characterizing parameters. According to the recommendations by Schoeller(9

), the following 
hydrogeochemical parameters were applied (with r denoting mil1igram equivalents): rMg/rCa, 
rNa/(rCa+rMg), rS04/rCI, rCl/rHC03, rNa/rCl, ieb(l)=(rCI-(rNa+rK))/rCl and ieb(2)= 
(rCl-(rNa+rK))/(rS04+rHC03+rN03); where "ieb" stands for Schoeller's "indice d'echange 
des bases" or cation exchange index. D'Amore, Scandiffio & Panichi(l) reported for the 
following 6 hydrogeochemical parameters to be very selective in a carbonate environment: 
A= 100(HC03-S04)/(I:-) B=lOO(SOJ(I:-)-(Na/(L+ )) C=lOO(Na/(:E+ )-Cl/(:E-)) 
D= lOO(Na+Mg)/(:E+) E=lOO((Ca+Mg)/(:E+ )-HCO:J(:E-)) F=lOO(Ca-Na-K)/(I:+) 
Parameters are calculated on the basis of milligram equivalents of the different ionic consti
tuents of ground water, with (I:+) sign standing for the sum of cations and (:E-) sign for the 
sum of anions. They were introduced for the purpose of hydrogeothermal research and might 
be less known to the mine water people. The role of individual parameters was reported(!) to 
be: A differentiates between the waters from carbonate rocks and from evaporitic series, B 
distinguishes sulphate waters from evaporitic rocks from sodium waters from marly or clayey 
sedimentary rocks, C differentiates between waters from flysh series or effusive rocks and 
waters originating either from carbonate and evaporitic series or from quartzitic and meta
morphic rocks, D characterizes waters from dolomitic rocks, E distinguishes those from 
carbonate aquifers from those from sulphate rich aquifers and, finally, F indicates an aug
mented concentration of potassium ions. 

The data for the quantity of the available allowed a statistical approach to the prob
lem. The aquifers or aquifer systems were hydrogeochemically characterized by the mean 
value of a given parameter and by its standard deviation. Arithmetic average was used to 
represent the mean value of a given parameter, when more than 15 data were referring to it. 
For smaller populations the median was used instead. For bigger populations the chi-square 
test<2

) was performed to test for the normality of their distribution. For smaller populations, 
where in most cases the normality of the distribution could not be ascertained~ the Wilcoxon 
test or test of the sum of ranksCll) was used. This test is based on ranks (succession order) 
attributed to the different values. General hydrogeochemical characteristics of the individual 
aquifers or aquifer systems were already known from previous work<13). The purpose of this 
study was to find the characteristic and statistically significant differences among them. For 
this, populations of data, representing all the values of a certain parameter for a given 
aquifer or aquifer system, were tested by Wilcoxon test, against the equivalent populations 
from other aquifers, on whether being characteristically different. 

4th International Mineral Water Association Congress, Ljubljana (Slovenia) .. Portschach (Austria), September 1991 

© International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy



Veselic & Mali-Reliability of Hydrogeochemical Methods as Water Inrush Prediction 315 

Tools h · f · f · 1 1· · f h c h · From t e point o v1ew o a practtca app tcatJon o t ese parameters 1or t e rrnne 
water inrush related probletns, the degree of certainty with which a given aquifer origin can 
be attributed to a water inflow of a given chemistry must be high indeed. Further, two popu
lations of data, defining a given parameter in two different aquifers, must be not only statisti
cally significantly different, but in order to assure a high enough certainty in classifying a new 
inflow of unknown origin, they must not overlap. The selectivity of an individual parameter 
can be therefore measured as the degree of certainty that the populations characterizing a 
given hydrogeochemical parameter in different aquifers or aquifer systems do not overlap. 
When a single parameter lacks a high enough selectivity over the whole set of aquifer sys
tems, a set of parameters assuring the required selectivity should be defined. At the time of 
this study we were still methodologically unprepared for a thorough analysis of the existing 
data by the methods of multivariate statistics, though a trial with discriminant analysis 
showed promising. Today, we would certainly recommend to use the methods of multivariate 
statistics also at this level. But then, we accepted as selective enough only the parameters 
responding to "z" test and having non overlapping populations. The last statement would in 
a two aquifer case practically mean that the maximum parameter value recorded in one 
aquifer should be less than the minimum recorded value in the other. 

Study based on repeated sampling 

The existing data are usually of uneven analytical quality and, partly, of unknown 
sampling quality. It is therefore doubtful, whether they are representative enough. Question 
is, whether the scatter of data, observed for the individual aquifers or aquifer systems, could 
be reduced by an even sampling and analytical quality. This would eventually mean also a 
greater parameter selectivity and an augmented safety. On the other hand, the question is, to 
what extend could eventual small omissions in sampling and analytical procedure, always 
possible in the real world, affect the parameter values and therefore certainty of conclusions 
and safety of decisions based thereupon? Only a study based on repeated and carefully 
controlled sampling and analytical procedures could possibly answer these questions. 

Repeated sampling was based on unbalanced nested hierarchical analysis of variance 
sampling design. Given the limitations of time and funding, only three aquifer systems, 
considered of highest water inrush potential, were sampled and analyzed for the purpose of 
this study. The number of the analyzed parameters could, however, be augmented and NH4, 

N02, N03 and electrical conductivity were added to the previous set of parameters. 

To test six levels of sampling (aquifer, sampling point, sampling repetition, collector, 
laboratory, analytics) a very large sampling program, involving high sampling and analytical 
costs would be necessary. An interim study<6), testing five sampling levels (aquifer, sampling 
point, sampling repetition, laboratory, analytics) by the analysis of variance, was used first to 
check the effects of sampling repetition and laboratory error. As it found no sampling errors 
it was concluded that the prescribed sampling procedure assures stable results and that no 
time dependent variation is introduced by repeated sampling. It was found, however, that the 
analytical results were slightly laboratory dependant, with one laboratory having higher 
analytical scatter than desired. But, most important was that this variations did not affect the 
selectivity of the observed hydrogeochemical parameters. It is also important to note here, 
that the data possessing some clearly obvious and easily detectable analytical error were 
previously eliminated by an adequate preliminary inspection. 
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Data collected for the interim study could be incorporated into the final study, whose 
sampling plan, as shown on Figure 1, also consisted of five sampling levels (aquifer, sampling 
point, collector, laboratory, analytics) and allowed us to check the eventual inconsistencies of 
the sampling procedure introduced by an unexperienced collector. In a real water inflow 
case, the person available for sampling on the spot might well not be a trained collector. For 
every aquifer two different sample collectors were sampling on different sampling dates and 
at a series of sampling points. Samples from both series were analyzed in two laboratories, 
with parallel analyses performed in 1ne of them. 
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Figure l: Sampling plan of the final study 

To analyze the data collected by this study, the methods that were previously used to 
analyze the existing data were used anew. Besides, the new data were analyzed by a series of 
statistical methods. For this, it was first proven by Kolmogorov-Smirnov test(tO) that the 
populations of logarithms of natural values of parameters are closer approaching the normal 
distribution than the populations of original, natural values of those parameters. Logarithms 
of natural values of parameters were therefore used for the subsequent analyses (with letter 
L before an ion's symbol standing for logarithm of its concentration in the tables relating to 
this study). 

The analysis of variance<2•4> was applied to test the variability of the newly collected 
data on different sampling levels. According to the fact that the total variance is a sum of 
partial variances, it can be written: s1 

2 = saq 2 + sP 2 + sc 2 + s12 + S/, where s1 
2 stands for 

total variance and saq 2 for variance among aquifers, sP 2 variance among sampling points, sc 2 

for variance among collectors, s1
2 for variance among laboratories and S

3 
2 for error variance. 

The last can serve as an estimate of the analytical error. 

After having controlled the quality of the newly collected data by means of the analy
sis of variance, several methods of multivariate statistics, e.i., discriminant analysis, cluster 
analysis and factor analysis, were tested for their applicability. Different statistical calcula
tions were performed with the help of computer software packages MICROGAS<5>, 
SPSS-X(tO) and STATPA011>. 

The applicability of the discriminant analysis<2
), in which linear combinations of vari

ables are used to distinguish between two or more groups of samples, was tested first. The 
discriminant function has the following form: R = a1 f1 + a2f2 + ... + a0 f0 ; where ai denotes 
the coefficient of the discriminant function and fi the value of the variable. Once having 
defined the coefficients of the discriminant function from the available data set, any new 
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, 11mple can be ranged within one of the groups determined by this analysis. The certainty of 
positioning of a new sample into a given group of data can be statistically tested and this is 
vital for the selectivity of this method. 

Cluster analysis, aiming to group samples on the basis of the similarity of their charac
teristics, was used next. Among the various techniques of this method, the applicability of 
cluster analysis based on Euclidian distances<2> dij was further tested with the same set of 
data. These distances are defined as: dij = (~k- ~k)/m , where Xjk or "it denote k-th variable 
measured on objects i or j, m denotes number of variables and dij represents the distance 
between observations i and j. A small distance dij signifies greater similarity between the two 
objects, while a great distance means that the two objects have no similarity. This analysis 
can also serve as a classifier of the new water inflow data. 

Finally, the applicability of the R mode factor analysis (Varimax solution) was tested. 
The analysis of the principal components was applied as the model of factor analysis<2). A set 
of observed variables is here transformed into a new set of independent synthetic variables, 
named uprincipal components" as follows: zj = aj1F1 + aj2F2 + ... + ajkFk = :E(ajiFi); where ~ 
stands for the standardized j-th observed variable, Fi for i-th principal component and aij for 
factor loading. The total variance of the population is explained by a linear combination of a 
series of principal components. The first factor (principal component) axis explains most of 
the variance, the second maximum of the remaining variance, an so on. In the Varimax 
solution the orthogonal factor axes are located in such a way that the variances of the princi
pal factors are maximized. 

HYDROGEOLOGICAL AND MINING SEI'I'ING OF THE CASE STUDY 

In the Velenje coal basin<13), a thick series of plioquaternary deposits was deposited 
on mostly miocene and mesozoic basement. As shown on the Figure 2, the plioquaternary 
strata within the coal basin have the form of a faulted brachisyncline with its longer axis 
about 10 kilometres long. The maximum thickness of the plioquaternary strata is 1200 m, 
with the quaternary part or the series reaching up to 250 m. The coal seam with up to 166 m 
of productive thickness, was deposited within the upper part of the pliocene series. In the 
central to northeastern part of the coal seam, the bottom wall part of the pliocene series is 
progressively pinching out, and the coal comes close to the triassic and miocene basement. 

An inrush risk potential for the underground mining operations present the hanging 
wall pliocene aquifers and within the area of facies transition also the intercalated and 
underlying pliocene aquifers, the underlying triassic aquifers and an underlying aquifer in the 
miocene limestone reet<14). When situated close to the mining activity, all these aquifers are 
being predewatered. Due to an active inrush protection policy applied to the triassic aquifers, 
their actual inrush risk potential is the lowest. Here again, the lower triassic aquifers, due to 
their partial barriers, may be less predictive. The highest, in spite of predewatering, is the 
actual inrush risk potential of the hanging pliocene aquifers. This is due both to the nature of 
the mining technology applied (sublevel caving) and to the sedimentary nature of this series, 
where an existence of a less depressurized aquifer lens can not be excluded. 

For the purpose of our study it was therefore vital to find a clue to differentiate 
waters originating from pliocene aquifers from all the others and especially from the waters 
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from the old working voids or the coal seam itself. It was also desired to find a means of 
distinguishing between the different triassic aquifers. 
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Figure 2: Hydrogeological crossection of the Velenje coal basin 

DISCUSSION OF THE CASE STUDY RESULTS 

Study of the existing data 

All the available historical analytical data on ground water chemistry, originating 
either from different hanging or underlying aquifers, or from the past water inflows into the 
mine, were collected. This set of data was constituted of 272 water analyses of very uneven 
quality and only a part of it could be used for our study. When taking into account also the 
hydrogeological origin of the water samples of which those analytical data were representa
tive, a given analytical parameter could be attributed to a given aquifer or aquifer system 
with frequencies (number of samples) ranging from 1 to 104. For the aquifers with an inrush 
risk potential, however, frequencies were seldom less than 10. Table 1 gives the characteristic 
mean values for the parameters and aquifer systems involved. On this table, hardnesses are 
given in german degrees and ion concentrations in mg/l. 

It was found out<8), that the populations of analytical parameters defining the individ
ual aquifers do not differ characteristically and are therefore not selective. Also the popula
tions of the tested hydrogeochemical parameters were generally not characteristically differ
ent enough. Of the parameters, recommended by Schoeller<9) and by D'Amore et aJ.(l), some 
responded to the nonoverlapping criteria and can be therefore applied for the purpose. On 
the basis of such comparisons it was found out that pliocene, triassic and miocene aquifers 
can be successfully distinguished by a combination of several parameters, but for distinguish-
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ing them from the waters originating from the coal seam or old workings no selective criteria 
could be find. The waters that were in contact with coal, basically originating from the old 
workings, contain higher quantities of humic acids, recorded as a higher KMn04 consump
tion value. No other parameter could be proven to differ significantly and even the KMnO 4 
consumption parameter is not selective enough. 
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Table 1: Mean values of analytical hydrochemical parameters for aquifers close 
to the coal seam in the Velenje coal basin 

K+ Na+ Ca~+ Mg2+ NH4+ ct· IIC03-
n n n n n n n 

Pl-krov. 4~ II ,:!50 54 135,931 54 137,104 54 137,509 51 51,47:! 54 12,986 54 1477,964 
63 12,208 9~ 2 I I , 96 I 104 137,184 104 184,154 56 49,884 77 I K,420 611 1735,366 

P1-talnina I 6 142,500 6 153,500 6 51,600 6 103,000 6 22,200 6 2009,500 
P 1-pe~ki 4 19,000 4 385,000 4 IH5,000 4 143,000 4 49,800 4 38,550 4 2429,000 
k\·anar 16 1,600 20 31,700 20 50,000 20 9,900 19 2,100 19 3,500 20 2H3,0UO 
lriaJa 13 3,58W 4t! II 8,600• 48 112,173 48 43,H55 49 )8,794 47 12,900• 4~ 751,265 

Tl 4 4,630• 12 173,~00* II 83,000 II 30,400 12 15,400 12 13,000" II 9lW,OOO 
T, I 2,500 II 76,}00 II 108,000 II 48,600 II 24,200 10 9,750 II 354,000 
TJ 7 3,300 7 41,000 7 56,700 7 18,700 7 I ,400 7 4,000 7 343,000 

Mi apn. ') 24,050 4 512,500 4 60,000 4 40,650 4 8,500 4 63,300 4 :!702,000 
Mi pdc. I s 171,200 7 80,000 7 26,700 8 200,000 8 244,500 7 4252,000 
01-Mi tuf 
slam l.kla / 14 128,000 16 148,000 16 47,400 16 56,000 12 17,560 16 1553,000 

so4~- 105 kar. t. eel. t. pH Fe+ KMn04 

n n n n n n n 

Pl-krov. 54 13,873 4g 1267,6~7 49 49,123 53 46,696 53 9,168 5 I 0,286 53 62,393 
72 13,tS4S 63 1552,657 75 59,517 104 59,517 102 8,286 54 I ,410 53 60,522 

P 1-talnina 5 10,900 2 1820,000 ') 12,250 6 31,620 6 7,495 6 0,269 6 139,950 
Pl-peski 4 5,950 4 201'!8,500 4 54,050 4 58,800 4 7,800 4 0,010 4 92,000 
kvallar 19 6,600 15 269,000 19 10,700 19 11,700 ll) 8,000 liS 0,065 18 12,900 
triaJa 46 140,330 14 47S,786 35 26,360 49 24,775 49 7,338 44 0,489 45 46,014 

Tl 11 41,280 4 691,000 10 I t/,900 12 •'19,600 12 7,060 13 0,069 II 37.300 
T2 9 117,350 I 5Y6,000 6 16,240 I l 24,830 II 7,090 10 0,0505 9 5,960 
T:~ 7 14,000 7 302,000 7 10,400 7 11,500 7 7,500 7 0,070 7 12,800 

Mi apn. 4 17,500 I I I 0,600 3 23,520 4 7,290 4 0,200 4 14,800 
Mi pcic. 6 fl2 ,400 I 

..., 36,520 3 37,080 8 7,465 7 0,123 8 38,000 
01-Mi tuf 
-.lara Jda II 66,700 I 9 70,840 16 34,5XO 16 7,055 16 0,134 I 5 268,300 

Legend: Pl-krov. - hanging pliocene multiaquifer system, Pl-talnina - bottom 
pliocene multiaquifer system, Pl-peski - interbedded pliocene multiaquifer 
system, kvartar - quaternary multiaquifer system, triada - undifferentiated 
triassic multiaquifer system, T1 - lower triassic aquifers, T2 - middle triassic 
aquifers, T 3 - upper triassic aquifers, Mi apn. - miocene limestone aquifer, Mi 
pe~~- - miocene sandstone aquifers, 01-Mi tuf - oligo-miocene tuff aquifer, 
stara dela - old workings; n - number of analyses, * - population with one 
extreme value omitted 

Study based on repeated sampling 

New study(7), based on repeated sampling as explained before, first confi~ed 
(Table 2) that most of the variance of the analytical results is originating from the aqutfer 
difference (AQ) and a considerable amount also from the variations within the aquifers, i.e., 
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between the sampling points (P). Variations due to the collectors were low, but some para
meters (S04, N02 and N03) proved to be very sensible on the laboratory bias and analytical 
error (L and A). 

Table 2: Variance components estimates for all samples 

---·-··----------···~----·---------------------------·-~-------~·~~-------

Total ~ _____ ?._a~r~t!~l~ .Y?!~~r"!_~e:_s_ j~ _ P~! _ ':':~~ _ ~ _ ~ _ ~ ~ ~ ~ ~ .. 
Variables Ratio variance AQ p c L A 

----------------------··-------------------~---------------··---------·---
LK 57:57 0.320 72 * 6 '* 0 0 22 
LNa 57:57 0.945 85 * 3 0 0 12 
lNH4 47:57 2.415 85 '* 6 0 9 * 0 
LCa 56:56 0.053 50 39 * 0 11 * 0 
LHg 57:57 0.186 70 * 27 * 0 3 * 0 
Lfe 46:57 1.270 73 * 0 0 24 * 3 
LCl 57:57 0.163 34 49 * 0 16 * 1 
LHC03 57:57 0.172 69 * 30 * 0 l * 0 
LN02 30:57 0.306 24 * 0 5 37 34 
LN03 34:57 0.274 30 3 12 42 * 13 
lS04 34:57 0.990 33 • 0 7 '* 58 * 2 
LKHn04 57:57 0.258 60 * 23 * 0 )3 * 4 
lsus 57:57 0.119 64 * 35 • 0 1 * 0 
lkar 57:57 0.171 68 • 31 * 0 l * 0 
lcel 57:57 0.104 50 45 * 0 ~ • 1 .. 
pH 57:57 0.124 42 * 20 * 0 18 20 
LSEP 52:52 0.092 68 • 25 * 0 6 • 1 

Ratio - Ratio of values exceeding detection limit 

• - Significance lavel cl..::: 0 .. 05 

---S01.•Cl 
~~--~~-------------~--~~~~~ 

This study confirmed the pre
vious findings on the selectivity of 
analytical and of hydrogeochemical 
parameters involved, but revealed 
also a high sensitivity of the later to 
an analytical error. On the 
Tables 3 & 4 are present the ranges 
of variation of these parameters with
in the tested aquifers and within the 
lower triassic aquifer (T1).The mod
ified Piper diagram, given on Fi
gure 3, presents the differences 
between the studied aquifers in a 
classical way. 
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figure 3: Modified Piper diagram 

With the discriminant analysis we analyzed the data with both excluded (DA-1) and 
included (DA-2) S04 parameter, as its values appeared from the analysis of variance to be 
analytically biased. In both cases two discriminant functions were established and their values 
for the individual samples calculated. Table 5 gives the extent of correlation between dis
criminating variables and discriminant functions for both cases, showing the extent to which 
a given function is dependant on a given analytical parameter. Figure 4 shows, that in both 
cases the two functions clearly differentiate between the three aquifers and that in spite of 
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all sample variability, the data point fall well away from the calculated boundaries between 
those aquifers. By means of th~se functi~~s and with .the ~e~p of a simple computer program, 
any new water sample can easily be pos1t1oned and tts ongtn determined. Therefore, even a 
certain laboratory error, if not relating to the most selective parameter, will not unacceptably 
affect the water origin determination. 

Table 3: Minimum and maximum values of hydrogeochemical parameters 
recommended by Shoeller 

Group of 
samples Hg/Ca Na/(C+H) Cl/HC03 Na/Cl i ebl ieb 2 

Pl max 8.85 0.434 0.024 36.784 ~4.403 -0.104 10.2 
min 2.324 0.176 0.006 5.173 -46.865 -0.278 0.047 

T2 max 1.088 0.124 
min 0.668 0.003 

0.04 
0.009 

4.835 0.807 0.02 83.529 
0.129 -4.997 -0.126 0.769 (7.676) 

Tl max 1.682 2.483 
min 0.468 0.187 

0.098 29.183 -5.823 -0.214 112.877 
0.023 6.654 -28.919 -0.938 0.200 (2.146) 

Tl(l) max 1.682 2.483 
min 0.468 0.594 

0.085 
0.023 

28.566 -5.832 -0.286 6.385 
6.654 -28.373 -0.678 0.200 (2.146) 

11(2) max 0.981 0.571 
min 0.826 0.187 

0.098 
0.044 

29.183 -8.221 -0.214 112.877 
11.248 -28.919 -0.938 0.227 (51.739) 

Legend: PI - hanging pliocene multiaquifer system, T2 - middle triassic 
aquifers, T1 - lower triassic aquifers (all samples), T1( 1) - lower triassic 
aquifers (all samples for sampling points 1,2 & 4), T1(2) - lower triassic 
aquifers (all samples for sampling points 3 & 5) 

Table 4: Minimum and maximum values of hydrogeochemical parameters 
recommended by D' Amore, Scandiffio & Panichi 

Group of 
samples a b c d e f 
·~----···-~····---·---·-~-····--~·-···--~---~--··--··--~-·----·---·-·····-· 

Pl max 99.22 
min 87.87 

12 max 93.821 
min 28.082 

-11.797 
-23.92 

33.062 
-2.357 

28.119 
9.613 

8.318 
-2.063 

11 max 94.483 55.835 63.122 
min -57.622 -54.977 8.304 

Tl(l) max 94.836 -30.017 63.122 
min 66.893 -54.997 26.620 

11(2) max -55.606 
min -57.622 

55.835 34.529 
42.424 19.634 

11(5) max 89.340 -13.340 
min 88.880 -25.150 

18.590 
8.304 

-21.564 -23.961 -0.472 
-45.478 -33.762 -17.444 

-29.047 39.422 57.817 
-50.112 -9.265 33.458 

52.888 54.948 29.030 
-22.202 -63.008 -57.304 

52.888 -40.190 -3.050 
7.820 -63.008 -57.300 

7.261 54.950 19.370 
-13.550 42.090 -2.514 

-6.664 -8.200 29.030 
-22.200 -20.170 9.790 

Legend: PI - hanging pliocene multiaquifer system, T2 - middle triassic 
aquifers, Tl - lower triassic aquifers (all samples), T1( 1) - lower triassic 
aquifers (all samples for sampling points 1,2 & 4), T1(2) - lower triassic 
aquifers (all samples for sampling points 3 & 5), T1(5) - lower triassic aquifers 
(Pt laboratory results for pt sampling series at sampling points 3 & 5) 
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Table 5: Correlation values for variables of the two discriminant functions for 
DA-1 (S04 included) and DA-2 (S04 excluded) discriminant analysis 

DA-1 

f\ri<c.lm 
Variablm 

1 2 

lNA 0.6321•• 0.11131 
LNH4 0.440231 0.21732 
LK 0.348601 0.09719 
LSUS 0.290701 0.14948 
Ltl 0.200811 -0.012Jl 
ltA O.N9651 O.Ct0187 

l"6 0.16~7 O.l25JU 
LHC03 ft. !7Ml 0.295041 
lH 0.13049 0,263751 
u:nNo4 o.um 0.256b01 

Legend: L(ion) - logarithm value 

I 

of ion 

DA-2 

Variables 

LNA 
LNH4 
LK 
L"6 
LSUS 
LHC03 
U':"N04 
LF'E 

ltl 
LS04 
LCA 

concentration 

Ftri<cim 

1 2 

0.4H8~1 ·0.36080 
0.399171 -0.15'166 
0.277101 ... O.li798 
0.277061 0.10765 
0.260211 ·0.0«1429 
o. 259231 0.07669 
0.224201 0.07895 
0. 222211 0.09006 

o. 12404 ·0.149691 
-0.06010 ·0.128511 
0.04621 ·0.047671 

. 
mg/1, LKMN04 lll -

logarithm value of KMnO 4 consumption in mg/1, LSUS - logarithm value of dry 
residue in mg!l 

DA-1 DA-2 

DISCRIMINANT FUNCTION 1 DISCRIMINANT FUNCTION 
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Legend: x - group centroids, 1 - pliocene multiaquifer system, 2 - middle 
triassic aquifers, 3 - lower triassic aquifers 

Figure 4: Two discriminant functions crossplot for DA-1 and DA-2 discrimi
nant analysis of all the involved samples 

ItO 

1 

110 

IH 

By cluster analysis we tried again to group both the data with and without S04 
included. From the Figure 5 it can be seen, that the analysis with S04 data excluded (CA-l) 
differentiates the samples down to the level of the sampling point, except for the data from 
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the middle triassic aquifers, where it groups the data according to the analytical laboratory. 
With the S04 data included (CA-2), even the selectivity down to the sampling point level no 
longer exists, confirming by this the questionable quality of so4 determination. What is 
important, however, is that the individual aquifers are very well differentiated. Provided it is 
added to the existing population of data and subsequently recalculated, any new sample can 
within these dendrograms be clearly graphically identified. 
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Legend: PI - pliocene multiaquifer system, T 2 - middle triassic aquifers, T 1 -

lower triassic aquifers, L-1 - 1st laboratory, L-2 - 2nd laboratory, 1,2,3,4,5 -
sampling point number, . - indication of 2nd laboratory results 

Figure 5: Dendrograms for CA-l (S04 data excluded) and CA-2 (S04 data 
included) cluster analysis 

Factor analysis was performed by a program, automatically selecting the optimum 
number of factors on the base of the sum of eigenvalues > 1. Again the data without S04 

(FA-1) and with S04 (FA-2) were used for the analysis. Table 6 gives the rotated factor 
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loadings together with the corresponding eigenvalues, % of variance explained by the factors 
and the communalities of the involved variables for both analyses performed. Factors of 
FA-1 analysis explain 80.4 % of total variance and those of FA-2 85.6 %. All variables have 
communalities greater than 0.6. According to Hitchon et at.<3> the factor loadings greater 
than 0.2 were taken as characteristic. The F A-1 defines two factors of no hydrogeological 
significance while FA-2 gives three factors clearly differentiating between the waters of the 
three aquifers. 

Table 6: Rotated factor matrixes of hydrochemical data for the three aquifer 
types of the Velenje mine case for FA-1 (S04 data excluded) and 
FA-2 (SO 4 data included) factor analysis 

Factcr 

Variables 
1 2 Variables Ccmllnili ty 

u: ,57509 .69042 LK .80741 
UA .56084 • 71108 LNA .82018 
LNH4 .72U4 .55291 LNH4 .B!3n 
LCA ·.21662 ,8740. LCA .84&13 

FA - I L"' .55585 ,60179 l"6 •• 7112 
lfE .BUOB ,06593 LFE .74925 
LCL • 44018 .66218 LCL .6):'2l 
LHCOl .92969 .24530 lHCOl .92450 
LIM04 .85166 .24582 LK"N04 .78575 
LSUS .47963 .85794 LSUS • 96611 

Eignvalue 6 .. 52 1 .. 52 
Per CBlt of var1.a1ce explaired by factor 65.2 15.2 

0 m 11 ative per <Ent of .varia1c.e 65.2 80.4 

==================================================================:================:===========================-

Factcr 

Variables 1 2 3 Variables 0 liiil nal ; ~ 

u: .81H2l .12901 .22131 u .85961 
UIA .t2831 .05607 .21641 LNA .91173 
liiH4 .868'l8 .29~25 .11610 lNH4 .85879 
lCA .15083 -.11550 • 96 783 LCA .'17279 
Utli .46621 .60303 .SH·OO l116 .91277 

FA- 2 lFt .50559 .70404 -.11381 LF£ .7b42b 
let .83666 -.(13038 .19040 LCL .73717 
lHCOl .6'1527 .66801 -.04&77 LHC03 .93182 
LS04 • 21401 ~.B2S26 ~.04162 l5(14 • 72859 
lt:IUI04 .65919 .57319 ~.01540 LU1Hv4 • 7h4(11 
lSUS .7U47 .23027 .snn. LSUS • 97077 

Eignvall.E 6.54 1.77 1.11 

Per CH1t of" variarxE explaire1 by factcr 59.5 16.11 10.0 

am J] ati ve per cent of var1aDe 59.5 75.6 85.6 

As shown on Figure 6, already by a combination of its first two factors it is possible to 
differentiate between the aquifers. But the selectivity is no better than with a Piper diagram, 
since the boundaries between the individual aquifers are not defined. The origin of a new 
sample, positioned somewhere in between the existing data points can not be exactly deter
mined. We therefore think that the other two multivariate methods are more suitable for our 
needs. 
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Figure 6: Crossplot of factor scores of the first two factors (F-1 and F-2) of 

FA-2 (S04 data included) version factor analysis 

CONCLUSIONS 

:00 

Following conclusions relative to the tested methodology can be advanced with 
respect to the results of the presented case study: 
• raw analytical data, even in the form of their mean values and standard deviations, do not 
permit a certain classification of the waters of unknown origin in a hydrogeologically complex 
coal bearing environment; 
• hydrogeochemical parameters as recommended by Schoeller<9) or D'Amore et al.(l), either 
applied individually or in groups, are selective enough when high quality analytical standards 
can be expected, but very sensitive to the analytical error; this sensitivity makes them less 
appropriate for the classification of waters of unknown origin, when a high degree of certain
ty is required; 
• factor analysis, besides being a graphically less obvious method, proved sensitive on the 
quality of chemical analyses and may not be recommended as a classification tool, when a 
high certainty of classification of a water of unknown origin is required; 
• discriminant and cluster analyses allow for a correct determination of the water originat
ing from a set of different aquifers even if these are chemically very similar and even when 
a less strict sampling procedure, a laboratory bias and an analytical error are present; they 
are to be recommended when a high certainty of classification of a water of unknown origin 
is required; 
• KMnO 4 consumption value was up to now the only analytical parameter registered to be 
water-coal interaction dependent: however, sharing the property of other raw analytical 
parameters of not being selective enough and, besides, having a low determination precision, 
it is an uncertain tool for high certainty requiring predictions; 
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• we are as yet unable to determine on the basis of hydrogeochemical data alone the time 
(or the length of flow) during which water, originating from a given aquifer, might have been 
in contact with coal; any water inflow into the mine openings, that can be hydrogeoche
mically attributed to a potentially dangerous aquifer must be therefore considered as danger
ous - unless otherwise proven by the alternative methods . 
• when a high degree of certainty is required, it is recommended that at least two samples 
are taken and sent to the laboratory as blind samples. 
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