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Abstract

The search for new economic ore-deposits becomes increasingly difficult. A
sophisticated approach is required to locate new ones. In exploration geochemistry
the use of uni- and multivariate statistics is often advocated. In this series of
studies it is shown how techniques such as factor analysis, discriminant function
analysis, non linear mapping and cluster analysis can be of use to the exploration
geochemist. Applications are presented to geochemical rock, sediment and water
surveys.

Samenvatting

Ret wordt steeds moeilijker nieuwe economische ertslichamen te ontdekken.
Steeds verfijndere opsporingsmethodes zijn daarom noodzakelijk. In de exploratie
geochemie wordt het gebruik van multivariate statistische technieken vaak
aangeraden. In deze serie studies wordt getoond hoe technieken, zoals factor
analyse, discriminant functie analyse, non-linear mapping en cluster analyse
gebruikt kunnen worden door de exploratie geochemicus. Toepassing op
geochemische surveys gebaseerd op gesteente-, sediment- en waterbemonstering
worden gegeven.

vi

CHAPTER I
INTRODUCTION

Nichol et al., 1969; Zielinski R.A et
al., 1987). Recen,tly, at least in some
textbooks, the dangers in blindly ap
plying these techniques are treated
(Howarth, 1983). A consequence of
the awareness of these dangers is that
the application of sophisticated com
puterized techniques does not speed
up but in fact greatly slows down the
interpretational process. In return one
gets an in-depth understanding of the
geochemical processes in a given area
and one may discover anomalous
situations that may go unnoticed
otherwise. It also means that an ex
ploration geochemist, who may collect
widely varying types of sample mater
ials (e.g. rock, soil, water, air etc.)
and often works closely together with
experts of different disciplines, must
have a working knowledge of many
fields in the geosciences in order to
reach an optimal interpretation of his
results. Unfortunately, although the
total cost of geochemical surveys is
generally considerable, in industry it
is often difficult to find the limited
though necessary funds for an ade
quate interpretation.
As exploration geochemistry is not a
science to develop methods in data
interpretation, this task is mostly left
to other branches in science. The
correct usage of these methods, the
combination of procedures, together
with what can be learned from them
is rather unique for the exploration
discipline. Of course many of the
field and data-interpretation expe
riences gained in exploration have a
direct application in environmental
studies, a fact that largely has gone
unnoticed in many countries.

GENERAL CONSIDERATIONS
Rose et al. (1979) give the following
definition of geochemical exploration:
"Geochemical prospecting for mine
rals includes any method of mineral
exploration based on systematic meas
urement of one or more chemical
properties of a naturally occurring
material". The measurement of pro
perties of naturally occurring mater
ials in exploration campaigns com
monly entails the collection and anal
ysis of several tens, up to hundreds of
thousands of samples. While in the
earlier years of the science it was
common practice to only "eyeball" for
high or anomalous values of single
elements, nowadays a more sophis
ticated approach is often required, as
the "easy" mineral deposits have long
been found. It is more and more
necessary to detect the less obvious
anomalies in a rough geochemical
landscape. To recognize these anoma
lies the setting of the individual sam
ple in its immediate surroundings
must be studied (Roquin, 1985). This
means that, in the interpretation of
the geochemical results, all infor
mation available in an area must be
incorporated. Given the size of geo
chemical surveys, it is natural that
exploration geochemistry was one of
the first disciplines in the earth scien
ces to extensively use computerized
data treatment techniques. In the
beginning techniques like moving
average or rolling means, trend sur
face analysis, cluster analyses etc.
were rather indiscriminantly and
sometimes incorrectly applied (e.g. I.
1

vantages that. are hardly offset by
negatives. Outside speed and cost
effectiveness, mineralogical and geo
chemical details can directly be stud
ied that otherwise may be lost in the
sample preparation. A first result is
that in the Regoufe granite it is clear
ly shown that surface weathering has
no influence on the chemical com
position of the granite as long as the
physical ro.;k structure is retained.
Through an electron microprobe
study of some slices that exhibited
extreme concentrations for certain
elements, minerals that were un
known to occur in the Regoufe gra
nite were effortlessly discovered.
Especially the identification of the·
important ore-mineral columbo-tan
taHte which is often recovered from
placer deposits around specialized
granites is noteworthy. The detailed
multivariate study of the bulk of the
data showed that the hydrothermal
processes left a distinct imprint in all
parts of the Regoufe granite and its
derivatives, showing thereby their
pervasive nature. Their interaction
with "existing" mineralogy was iden
tified in factor analysis by element
associations that point towards dis
tinct minerals such as apatite, mica
etc. The trace element signature of
such factors are diagnostic concerning
the processes that were active on
these minerals. The element Sr is an
interesting illustration of the power of
the IRA approach. In the conven
tional study no satisfactory explana
tion of the behavior of Sr was forth
coming. In the IRA study it was
found that in the western and least
altered part of the Regoufe granite Sr
is linked to feldspars, while in the
eastern part it is mainly governed by
apatite.

In the following chapters some exam
ples are given of the correct ap
plication of multi-variate data treat
ment techniques. Also techniques that
recently appeared in the statistical
literature are tested in geochemical
exploration.

CASE HISTORIES
Chapter II and III are studies in li
thogeochemistry. The Regoufe gra
nite, a W-Sn specialized granite in
Northern Portugal, was sampled con
ventionally and by the new integral
rock analytical approach (IRA) (van
Gaans et al., 1987). The interpreta
tion of the multi-element geochemical
data together with the field obser
vations was mainly based on factor
analysis. The analysis of the conven
tional data gave a clear reflection of
(auto)metasomatic processes, opera
tive during and after the emplace
ment of the granite. The intensity of
the albitization and greisenisation
process coincides with the disap
pearance of biotite, tourmaline and
K-feldspar megacrysts and the ap
pearance of sulphides. The influence
of mineralizing fluids is mostly found
near known W-Sn deposits and is
much stronger near disseminated
wolframite mineralization than near
quartz vein type mineralization.
Finally a factor of the incompatible
elements Cs, U and U points towards
late stage hydrothermal activity
(Voncken et al., 1986, Konings et. al.,
1988). In the IRA research small
drillcores of different parts of the
Regoufe granite were collected.
These drillcores were subsequently
sawn into 1 cm thick slices that were
without further preparation analyzed
by X-ray fluorescence spectrometry.
This procedure has some clear ad
2

Chapter IV and V describe studies on
mainly sediment material. Chapter IV
deals with the problem of how to
soundly interpret relatively small
multivariate datasets. In situations
whereby the use of techniques based
on the correlation matrix are doubt
ful, owing to inhomogeneity of the
dataset, the use of cluster analysis
and pattern recognition techniques is
advocated. The grouping obtained in
such analysis may provide an ade
quate understanding of the case at
hand. Especially the combination of
two techniques which are fundamen
tally different is useful to arrive at a
satisfactory model. A recurrent phe
nomenon in the study of naturally
occurring materials is that groupings
are not well separated but often show
varying degrees of overlap. Conven
tional clustering' techniques are not
well suited for such situations. Howe
ver clustering techniques based on the
concept of fuzziness (Zadeh, 1965)
may then perform better (Bezdek,
1981). The applicability of such fuzzy
clustering is illustrated in two case
studies of water and sediment com
positions in a region of Northern
Portugal. It is shown to perform well
in combination with the pattern re
cognition technique of non-linear
mapping (NLM), whereby the NLM is
mainly used to decide on the correct
number of groupings to extract from
the datasets. NLM provides a two
dimensional image of a multivariate
dataset whereby the distances be
tween sample points in the mul
tivariate space are minimally distorted
(Sammon, 1969). In chapter V the
potential of well sediments for
geochemical exploration purposes is
assessed. A case study was conducted
in a granite/schist contact zone,
hosting a wide range of minera
lizations, close to Nisa, Portugal. If

well sediments are indeed suitable for
prospecting purposes, they must inter
act with their geological and geoche
mical environment. Through discrimi
nant function and factor analysis
studies it was shown that these sedi
ments are indeed geochemically ac
tive media that reflect bedrock com
position as well as the common geo
chemical processes that are active at
the rock-atmosphere interface. Effects
of contamination are minor and are
easily recognizable. This confirms
their general suitability as sampling
medium. The subsequent anomaly
evaluation demonstrates that the
sediments give an excellent response
to mineralization. At places where
nowadays wells are found, the water
is close to the surface. This is gener
ally the case in joint and fracture
zones. These are also zones most
favorable for mineralization. It is
therefore postulated that nature has
already helped in the search for de
posits by eliminating dry and thus
commonly barren ground from the
sampling realm.
Chapter VI and VII are hydrogeo
chemical studies in exploration geo
chemistry. They focus on the search
of uranium deposits. In either chapter
it is shown that a thorough understan
ding of the water chemistry in a cer
tain region is mandatory for the inter
pretation of the uranium contents
observed in the waters. In the case of
the Sao Pedro do Sul granite, a gra
nite enriched in radio-active elements,
but void of any known mineraliza
tions, no high V-tenors are en
countered in surface or groundwater.
Through a multivariate analysis it is
made plausible that many of these
waters reach deeper levels before
surfacing again. It was therefore con
cluded that in this region which was
3

culture and village pollution types.
Mapping of these types showed that
their distribution pattern is not dis
rupted by the granite schist contact.
Thermodynamic calculations marked
V0 2(HP04)Z:l- as the predominant V
species and excluded the possibility of
supersaturation of some V mineral.
Supersaturation may severely distort
the uranium distribution pattern
(Runnels, 1981). The V contents vary
widely between clusters, indicating
that the definition of anomalies is
best carried out within each cluster. A
comparison of the results of such a
definition with "simpler" definitions
shows that bias introduced through
changing bedrock or through evapo
transpiration is virtually eliminated.
All radiometric anomalies are reflec
ted in the anomaly pattern. The inter
pretation of these anomalies together
with some new discoveries within the
hydrogeochemical framework allows
for a refined priority classification for
eventual follow-up research.

long considered favorable ground for
V-deposits (Fernandez, 1970) the
chance on finding such a deposit at
the surface or at some depth are slim.
A similar conclusion is reached if the
mineralogy of uranium in the granite
is considered. Vraninite is reported as
a common accessory mineral in the
granite (Basham, 1982). Normally
uranium is easily leached from urani
nite during hydrothermal activity. If a
suitable geochemical barrier is
reached it may reprecipitate and
eventually form an ore-deposit. How
ever the uraninite of the Sao Pedro
do SuI granite contains 3-7% Th020
which implies that this type uraninite
is not easily leached (Granstaff,
1976), thus precluding the formation
of deposits.
The second case study, presented in
chapter VII, was carried out in the
same area as the well sediment study
of chapter V. Sizeable vein type and
disseminated V-deposits occur in this
granite/schist contact zone. Prior to
tackling the uranium distribution
pattern in spring and well waters, a
detailed and extensive study was
made of the water chemistry in the
area. Discriminant function analysis
proves the significant impact of bed
rock differences on the water com
position. Factor analysis carried out
separately on the data sets originating
from granite and schist terrains in
dicate that basically the same proces
ses influence the water chemistry.
These are evapotranspiration, land
use, oxidation/reduction and water
rock interaction. However, the extent
and signature differ. Similar processes
were also found in related studies
(Chapter VI, ten Haven et al., 1985,
Comans et al., 1987). Through
Q-mode cluster analysis it was pos
sible to classify the waters in genetic
groups, such as surface runoff, agri

CONCLUDING REMARKS
In all studies multivariate procedures

were helpful or even indispensable in
the interpretation of the data at hand.
A time consuming and difficult part
of the multivariate analysis is the
elimination of the distorting influen
ces of deviations of normality owing
to multimodality, skewness and out
liers. Recently these problems have
been recognized and so-called robust
techniques gain rapidly in popularity.
The fuzzy concept has already been
mentioned. Other interesting develop
ments are bootstrapping (Diaconis
and Efron, 1983), jackknifing and the
multivariate selection of outliers
through the calculation of the Maha
lonobis distance (Di Zhou, 1989).
4

Exploration Methods. Review of
the NEA/IAEA R & D
Programme. Paris 1982. Nucl.
Energy Agency, Paris, pp. 398-411.
Bezdek c.J., 1981. Pattern Recog
nition with Fuzzy Objective Fun
ction Algorithms. Plenum Press.
Comans, RN.J., van der Weijden,
C.H., and Vriend, S.P., 1987. Geo
chemical studies in the drainage
basin of the Rio Vouga (Portugal).
IV. Impact of land use on the hy
drogeochemistry of natural waters
in the Vouzela region. Environ.
Geol. Water Sci., 9 (2): 119-128.
Diaconis, P. and Efron, R, 1983.
Computer-intensive methods in
statistics. Sci. Am., 248: 96-108.
Di Zhou, 1989. ROPCA: a fortran
program for robust principal com
ponents analysis. Computers &
Geosciences, 15: 59-78.
Fernandez, AP., 1970. Contribuicao
para 0 estudo da regiao dos
granitos radioactivos de S. Pedro
do Sul. Junta de Energia Nuclear,
Lisbon.
van Gaans, P.F.M., Vriend, S.P. and
Schuiling, RD., 1987. Integral
Rock Analysis; a new approach in
lithogeochemical exploration with
use of X-ray fluorescence
spectrometry. Geol. Mijnb. 65: 205
213.
van Gaans, P.F.M., Vriend, S.P.,
1990. Multiple linear regression
with correlations among the
predictor variables. Theory and
computer algorithm RIDGE
(Fortran 77), Computers &
Geosciences, in press.
Granstaff, D.E., 1976. A kinetic study
of the dissolution of uraninite.
Econ. Geol., 71: 1493-1506.
ten Haven, H.L., Konings, E.,
Schoonen, M.AA, Jansen, J.RH.,
Vriend, S.P., van der Weijden,
c.R., Buitenkamp, J.,
1985.

Occasionally application is already
found in geochemical literature (e.g.
Oostindier et al., 1988, van Gaans,
1990). Other techniques, which re
quire a high sampling density are
neighborhood regression (Roquin and
Zeegers, 1987). This technique could
be considered as an automated vari
ant of part of the approach applied in
the hydrogeochemical study in the
Nisa region. In fact both techniques
underline the importance of conside
ring the contents of an element or
compound in its own geochemical
setting. In a simpler form Lepeltier
(1969) already stated that geoche
mical parameters should be deter
mined for each geochemical setting
separately. This fact was indepen
dently, and somewhat later, noticed
by the ministry of the environment of
the Netherlands (Anonymous, 1986).
The case studies presented here show
that a thorough knowledge of both
the geochemical and the statistical
aspects is required to reach a sound
interpretation. Especially the blind
application of cookbook recipes may
lead to inferior results. The new de
velopments in data treatment will
undoubtedly lead to a situation
wherein sophisticated multivariate
statistical techniques are easier to
apply and will become routine tools
for the interested scientist.
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ABSTRACT
Vriend, S.P., Oosterom, M.G. Bussink R.W. and Jansen, J.B.H., 1985. Trace-element
behavior in the W-Sn granite of Regoufe, Portugal. J. Geochem. Explor., 23: 13
25.
Vein-type W-Sn deposits occur both in and around the Regoufe granite. The musco
vite-albite granite hosts several roof pendants of schist along its eastern and northern mar
gins. Biotite, tourmaline and K-feldspar megacrysts are virtually absent from the roof zone
of the granite but sulphides are abundant. These sulphides disappear through a transi
tion zone and the granite becomes a tourmaline-bearing porphyritic two-mica granite.
Fifty-five rock samples were collected within the granite resulting in a sample density
of about 10 samples per km'. The analytical results show that the granite is extremely
rich in Sn, W, Li and Cs, rich in P, Ta, Rb, F and U, about normal in Cu, Zn and Nb
and low in Sr, Ti and Zr in comparison with the global averages for low-Ca granites.
Factor analysis was applied to the data and the resulting three factor model could be
correlated to the field relations. Factor 1 reflects greisenization and albitization pro
cesses. Factor 2 scores are high in the mineralized areas and factor 3 appears to be con
nected with the transition zone.

INTRODUCTION

The Regoufe granite is located around latitude 40° 52' 57" north and
longitude 0° 58' 56" east of Lisbon. It is situated about 200 km north of
Lisbon on the boundary of the provinces of Douro Litoral and Beira Alta.
Geologically the Regoufe area belongs to the Hercynian massifs which are
exposed over large parts in the northwest of the Iberian peninsula. Numerous
tungsten-bearing quartz-vein deposits are found in and around the Regoufe
granite. Most of these deposits have been mined in the past.
The purpose of this study was to discern the trace-element trends within
this granite and determine their relationship to magmatic differentation
processes, post-magmatic mineralization and late alteration.
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GEOLOGY

The geology of the region has been studied in detail by Sluyk (1963).
According to Oen (1970) the Regoufe granite belongs to the Younger
Hercynian granites. Pinto (1979) determined with the Rb-Sr whole-rock
isochron method an age of 280 ± 9 Ma. The granite is oval-shaped in out
crop and has a surface expression of about 6 km 2 • It is discordantly in
truded into the metasedimentary rocks of the Beira Shale Complex, a
group of low-grade metamorphic rocks, composed of sericitic phyllites
and quartzites with intercalated conglomerates. The granite contact is
steep in the east and dips away at a low angle in the west. A contact-me
tamorphic aureole of spotted phyllites with biotite, cordierite and andalusite
occurs around the granite, which is much wider in the west than in the
east (Fig. 1). In the eastern and northern parts of the granite schist roof
pendants are found (Fig. 1). Sluyk (1963) describes the rock type as a
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Fig. 1. Petrological sketch map of the Regoufe granite (modified after Sluyk, 1963).
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muscovite-albite granite with a porphyritic texture. The following average
composition is given: 25-30% albite; 30-40% quartz; 10-20% microcline;
15-20% muscovite. Apatite is a minor component. Biotite, tourmaline and
arsenopyrite occur in certain parts of the granite. Accessories are zircon,
ilmenite, anatase, monazite, xenotime and rutile.
MINERALIZATIONS

Several tungsten-tin deposits occur in and around the granite body.
The areas where mining activity took place in the past are indicated in
Fig. 1. At present none of these deposits are being exploited and no pro
duction data, or ore reserve estimates, are available. The most important
mine in the area was the Minas de Regoufe, located near the village of
Regoufe. Exploitation of the mine stopped in the late fifties. Mineralization
occurs mostly in quartz veins where the important ore minerals are wol
framite and some cassiterite. Sphalerite is often encountered in close asso
ciation with these minerals. The wall rock around the veins in the granite
is often altered into a quartz-muscovite greisen with cassiterite, late apatite
and tourmaline (Sluyk, 1963).
SAMPLING AND ANALYTICAL TECHNIQUES

Fifty-five rock samples (Fig. 2) were collected in July 1981. As far as
was practical and possible, the sample locations were chosen to reach a
sample density of about 10 per km2 • This high density was chosen to show
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the interelement associations and to accurately map the element distri
butions within the granite. At each sample location about 10 chips of
approximately 100 g were collected over an area of about 500 m2 • The
freshest rock obtainable at each location was accepted for samples. A finer
grained aplitic rocktype sometimes occurs in the granite. This type of
rock was not included in the sample series. The mineral composition and
grainsize of each sample was estimated by one of the authors who did
not participate in the sampling. The whole rock sample was crushed, split
and pulverized to -250 mesh in Ni-Cr steel equipment. Rb, Sn, W, Sr, Ta,
Cs, Nb, P, Ti, Zr and U were determined by XRF in pressed powder bri
quettes; Cu, Zn and Li by AAS after a HF-HCI0 4 -HN0 3 sample decompo
sition; and F by ISE after a fusion with N~C03' The quality of the analyses
was monitored by the inclusion of international standard samples of ap
propriate composition. The results were interpreted with the aid of the
computer packages SPSS (Nie et aI., 1975) and Symap (Dougenik and
Sheehan, 1976).
RESULTS AND DISCUSSION

Mineralogical observations
The contour maps (Fig. 3) of our mineralogical observations show some
interesting general features. For easy comparison between these maps
and also those shown in Figs. 4 and 5 the mineral composition and grainsize
ranges are devided in ten intervals. In the zone where arsenopyrite is pre
sent, tourmaline and biotite are mostly absent and potassium feldspar
megacrysts are less abundant than in the rest of the granite. Though some
what vague it also seems that the grainsize in the sulphide-rich zone is
smaller than in the other parts. Muscovite is a major mineral component
throughout the granite and is more abundant in the eastern than in the
western part. In the northern and eastern parts the granite is sulphide-bearing,
medium grained and only contains muscovite. Then through a transition
zone wherein the mineralogical composition is not always uniform, it be
comes a tourmaline-bearing porphyritic two-mica granite. A petrological
sketch map (Fig. 1) was drawn with the aid of the mineralogical maps.
This map differs in some important details with the one presented by Sluyk
(1963).

Trace- and minor-element distribution
The distribution of the elements within the granite is shown in Fig. 4.
Table 1 gives the arithmetic mean, standard deviation and range of the
concentration of the different elements together with global average concen
trations for low-Ca granite (RosIer and Lange, 1975). The ratio between the
concentrations in the Regoufe granite and the global average for low-Ca gran
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Fig. 3. Distribution of estimated mineralogical parameters in the Regoufe granite. Ranges of the estimates are: biotite
0-5%; muscovite 5-25%; sulphides 0-;2%; tounnaline 0-3%; K-spar megacrysts 0-10% and grainsize 3-15mm.
The contours are equal interval. Values increase from white to black.

ites shows that the granite is: extremely rich in Sn, W, Li and Cs; rich in P,
Ta, Rb, F and U; about normal in Cu, Zn and Nb; and low in Sr, Ti and
Zr. These characteristics are quite common for "specialized granites" af
filiated with Sn and W mineralizations (Tischendorf, 1977). The trace
and minor-element contour maps correspond in several aspects with the
mineralogical contour maps. In the sulphide-bearing zone Rb, P, Nb and
Ta are relatively high and Zr and Ti are relatively low. Also in this zone,
Sn and F are locally higher, though less conspicuously than the Rb group
elements. Li and Cs show their highs mainly in the transition zone. The
distributions of W, U and especially Sr are difficult to interpret.
Factor aoolysis
R-mode factor analysis was applied to the data in order to investigate
the interrelation of the elements. R-mode factor analysis is based on the
correlation matrix. Correlations are adversely affected if the distributions
of the variables are highly skewed, multimodal, or contain outliers. The
gap statistic (Miesch, 1981) did not show any significant gaps at the 0.20
probability level except for Cu, Zn and F (significant at about the 0.01
0.02 probability level). The gaps in the Cu and Zn distributions are in
duced by rounding off during the analytical procedures. This conclusion
is corroborated by the absence of an inflection point in the cumulative
frequency curves of these elements. The gap in the F distribution appears
to be genuine. Skewnesses of the distributions of the variables were com
pared with"[ those of the distributions of the logarithmically transformed
variables. The average of the absolute of the skewnesses of the non-trans
formed data was 0.95, while the average for the log-transformed data was
0.40, clearly an improvement. The log-transformation increased the skew
ness only for Li and U. Finally the calculation of the standardized scores
for the different variables (Le. zi = Xi -xi/si where zi is the standardized
score and Xi and si the mean and standard deviation of variable Xi) showed
that for the non-transformed data 15 results were outside the mean ± 2.5
standard deviation range and 9 outside the mean ± 3.0 range. For the log
transformed data these figures were respectively 10 and 4. These latter
figures are in close agreement with those theoretically expected. Taking
the above considerations into account it was felt that, although some de
viations occurred, a logarithmic transformation of all variables would provide
an adequate starting point for the factor analysis. Considering that the
study of the processes that led to the present day composition of the granite
was one of the main interests of this research, it was decided that factor
analysis rather than component analysis (respectively indicated by PCA2
and PCA1 in the SPSS) was the appropriate approach. Factor analysis is
aimed at the explanation of the interrelation of the variables, while com
ponent analysis is more variance oriented (Joreskog et al., 1976). Study of
the eigenvalues and different factor models indicated that a three factor
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Fig. 4. Distribution of minor and trace elements in the Regoufe granite. The concentration ranges between white
and black are: Rb 540-920ppm; Nb 27-59ppm; Ta 10-27ppm; P 1350-2900ppm; Zr 21-57ppm; Ti 145-770
ppm; F 2300-4700ppm; Sn 33-75ppm; W 7-25ppm; Cu 4.5-15ppm; Zn 47-117ppm; Sr 24-53ppm; Li 300
760ppm; Cs 37-93ppm and U 4.3-17ppm. In these ranges the contours are equal interval. The white and black
intervals bracket these ranges and are limited by respectively the minimum and maximum values listed in Table I.

TABLE 1
Arithmetric averages (i), standard deviations (5) and concentration ranges for the ele
ments in the Regoufe granite. Global averages for low-Ca granites are given for compa
rison (Rosier and Lange, 1975). The ratio is the ratio between the columns 1 and 4.
All concentrations are given in ppm

Sn
Li
Cs
W
Rb
Ta
F
U
P
Nb
Zn
Cu
Zr
Ti
Sr

x

5

Range

Low-Ca
granite

Ratio

54
555
58
16
700
15
3410
10
1960
37
80
8
35
354
36

15
145
20
5
131
6
1080
4
470
9
26
3
13
223
13

28- 101
240- 900
28- 118
7 34
491- 965
7 35
2000-6880
1 21
1160-3100
19 59
30- 150
3 17
17 85
65-1280
13- 109

3
40
5.0
1.5
150
3.5
850
3.5
700
20
50
15
200
2300
300

18
14
12
11
4.5
4.3
4.0
2.9
2.8
1.9
1.6
0.53
0.18
0.15
0.12

TABLE 2
Kaiser varimax-rotated factor loadings for 55 samples of the Regoufe granite

Rb
Nb
Ta
p
Zr
Ti
Sn
W
Cu
Zn
F
Li
Cs
U
Sr

Factor 1

Factor 2

0.81
0.83
0.90
0.79
-0.92
-0.91
0.51

0.41

0.51

Factor 3
0.30

0.37
0.72
0.59
0.47
0.71
0.47

Eigenvalues before rotation
2.29
6.82

0.30

0.95
0.77
-0.46

1.42
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Fig. 5. Distribution of the factor scores in the Regoufe granite. The ranges are: factor 1 -2.17 to +2.20; factor 2
-2.24 to +1.98; and factor 3 -2.20 to +1.87. The contours are equal interval. In all figures, the lowest values are
white, shading gradually towards black for the higher values.

model, explaining some 70% of the data variability, best described the
different trends. A rerun of the factor analysis after deletion of the four
cases that contained results deviating more than 3.0 standard deviations
from the mean gave some slight shifts in the factor loading matrix; however,
the three-factor model remained essentially the same. The Kaiser varimax
rotated factor loading matrix is given in Table 2. Contour maps of the
factor scores of these three factors are given in Fig. 5. Factor 1 has high
positive loadings for Rb, P, Nb and Ta and high negative loadings for Ti
and Zr. Sn and F give only minor positive contributions. The map of the
factor 1 scores outlines a zone in the roof of the granite which is sulphide
bearing, contains little or no biotite and tourmaline and is relatively fine
grained and megacryst free. According to one of us (JBHJ) the processes
described by this factor can best be related to greisenization and albitiza
tion. Factor 2 is controlled by the ore-related metal-elements Sn, Zn, W
and Cu with Rb and F also contributing moderately. This factor mainly
scores high in areas where W-Sn mineralization occurs within the granite.
It therefore seems that the mineralization process had a distinct influence
on the trace- and minor-element composition of certain parts of the granite.
Factor 3 is dominated by Li and Cs with a moderately negative U loading.
It seems to be related to the transition zone within the granite, and may
reflect some deuteric alteration process that took place. Further investiga
tions are required to better understand this factor. Sr does not load on
any of the three factors.
CONCLUSION

The information gained from multi-element analysis and statistical inter
pretation elucidates which processes left a distinct imprint on the compo
sition of the Regoufe granite. Even without prior knowledge of the existing
mineralizations, the average trace and minor element concentrations clearly
indicate that the granite strongly deviates from common low-Ca granites.
For the exploration geochemist factor 2, found in the factor analysis, is
the most interesting. It outlines zones where circumstances for mineraliza
tion are favourable and thus a target for more detailed prospecting.
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CHAPTER ill
Assessment of Mineralogical Influences on the Element
Mobility in the W-Sn Enriched Granite of Regoufe and
Its Derivatives (Portugal) by Means of XRF Analysis
of Unpolished Rock Sections
P.F.M.VAN GAANS, S.P. VRIEND, R.P.E. POORTER, and lB.H. JANSEN 1

Abstract
The relation of rock chemistry, mineralogy and geochemical processes was studied
in the hydrothermally altered, W-Sn specialized granite of Regoufe, northern Por
tugal. To this end unpolished rock sections sawn from small drill cores were directly
analyzed by X-ray fluorescence spectrometry, which is the basic aspect of an
approach called Integral Rock Analysis (IRA). Chemical variation within the
granite and its derivatives is mainly due to pervasive (auto)metasomatic activity.
The effect of chemical weathering on the rock chemistry of this denuded granite is
negligible. With the aid of factor analysis the imprints of albitization, muscovitiza
tion, apatitization and mineralization are traced throughout the granite and asso
ciated dyke system. Alteration generally increases from west to east. In the NE
area the separate effect of disseminated wolframite mineralization, apart from the
common W-Sn quartz-vein association, and late sericitization are recognized. The
importance of mineralogy or major element chemistry in the response to the
hydrothermal processes is typically evidenced by the element associations of Sr and
ofTi and Zr. Sr preferentially substitutes for K in feldspar and mica in the western
region, whereas it mainly substitutes for Ca in phosphates in the most altered eastern
zone. As expected, Ti and Zr are closely related to biotite in the western part and
appear to remain concentrated in the biotite alteration products. Depletion of Ti
and Zr by leaching of refractory minerals is linked to Na 2 0, P and metal enrichment
through albitization, apatitization and mineralization. The IRA approach offers a
rapid method for the acquisition of large quantities of detailed rock geochemical
data. An additional advantage is that data are indicative of mineralogy. Selected
rock sections were investigated microscopically and by electron-probe micro
analysis, resulting, among others, in the discovery of the trace minerals columbo
tantalite and scorodite in the granite.

I Department of Geochemistry and Experimental Petrology, Institute of Earlh Sciences, University of
Utrecht, P.O. Box 20081, 3508 TA Utrecht, The Netherlands
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1 Introduction
Not all W-Sn enriched granites have affiliated ore deposits. Understanding of the
crystal-chemical parameters that lead to dispersion and concentration of ele
ments may improve the discrimination between barren and productive granitoids
(Stemprok 1979). The main rock-forming processes are reflected by rock chemistry.
The composition of a sample of a particular granite may reflect the composition of
the primary magma, metasomatic and post-magmatic processes, metamorphism,
and in the case of surface samples, the effects of weathering (Govett and Nichol
1979). The impact of processes, however, is also determined by the mineralogical
nature of the host rock itself. Especially trace element behaviour strongly depends
upon the interaction of magma or fluid with existing host minerals (Mellinger 1984).
The integration or rock chemistry, mineralogy and mineral chemistry is there
fore a prerequisite to a full understanding of the history of the rock. Results of
conventional chemical analysis and electron-probe microanalysis are often
difficult to interrelate, owing to differences in scale and nature of the object studied.
Integral Rock Analysis (IRA) is an attempt to fill this gap. This approach was ap
plied to the granite of Regoufe, Portugal, an example of a 'specialized' granite
(Tischendorf 1977), to gain insight in the interaction of mineralogy with metasomatic
processes.

2 Geology
The granite of Regoufe, located about 200 km north of Lisbon, is a hydrother
mally altered, W-Sn specialized granite of Hercynian age (280 ± 9 Ma, Pinto
1985). The geology of the region was studied by Sluijk (1963). The granite, with
a surface expression of about 6 km 2 , discordantly intruded the metasedimentary
Beira Schist Formation. The contact is steep in the east and dips away at a low
angle in the west. A petrological sketch map is given in Fig. 1. Vriend et al. (1985)
distinguished two major rock types on the basis of mineralogical variation. A
porphyritic two-mica (P2M) granite with tourmaline grades towards the east into
a muscovite albite (MA) granite rich in arsenopyrite, with virtually no K-feldspar
megacrysts, biotite or tourmaline (Fig. 1). The eastern part is the most altered.
Granitic and aplitic rocks are exposed in rows of small outcrops Wand SW of
the granite and form a few ring-shaped dykes. Several tungsten-bearing quartz
veins in and around the granite have been mined in the past. Post-magmatic
processes, including mineralization, are related to various trace element trends
within the granite (Vriend et al. 1985; Voncken et al. 1986). Schist roof pendants
occur at the higher altitudes. Study of the chemical variation and the interaction
of rock type and hydrothermal fluids at the direct contact of a schist inclusion (van
Gaans et al. 1986a) revealed enrichment of the inclusion in W, Ta, Nb, Sn, Rb, Cs
and K and depletion in P, Ca, Sr, Na, Ti and Zr, relative to normal schist
concentrations, which is in accordance with ·the mineralization trend within
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Fig. 1. Petrological sketch map of the Regoufe granite (After Vriend et al. 1985)

the granite itself (Vriend et al. 1985). The schist inclusion appeared to be a favourable
deposition site for the ore-related elements. The effect of albitization and greiseniza
tion in the schist decreased steeply with increasing distance from the granite
contact.

3 Sampling, Analytical and Statistical Techniques
Some 90 small drill cores, with a diameter of 24 mm and a length varying between
5 and 20 em, were collected in the Regoufe granite and its associated dyke system.
Detailed study in a number of subregions of the granite was thought to result in a
better understanding of the rock-forming processes (Voncken et al. 1986). Therefore,
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Fig. 2. Sample site map. Drill core locations are indicated by a star. Numbers denote the sampled
subregions (number of cores per subregion); 1 MA-l (6); 2 P2M-2 (5); 3 MA-3 (15); 4 P2M-4 (10);
5 P2M-5 (10); 6 MA-6 (14); 7 NEA (12); 8 WD (16). Open circles indicate conventional geochemical
samples (After Vriend et al. 1985)

sampling was concentrated in eight subregions, representative of the variation
within the granite and its derivatives (Vriend et al. 1985; Voncken et al. 1986). The
main granite is covered by subregions 1 to 6, an aplite in the northeast by subregion
7 (NEA) and the dykes in the west by subregion 8 (WD) (Fig. 2).
Following the IRA method (see Appendix and van Gaans et al. 186a) cores
were dissected into ca. 6-mm-thick slices by a diamond saw with a cut of about
3 mm. The terms core, slice and section are illustrated in Fig. 3. Ten to 15 sections
per core provided sufficient data for the study of the granite on the various spatial
scales. Calculations showed that 10 to 15 sections are sufficient to adequately
estimate (trace) element contents, including those occurring in small discrete par
ticles, and to give a reasonable chance of detecting trace minerals (Grassia 1986).
Some 1000 rock sections were analyzed by XRF for Si0 2 , Na 2 0, K 2 0, CaO,
Cs, Sn, Ti, P, Ta, Nb, W, Rb, Sr and Zr using a Philips PW 1400 with automatic
sample changer. The exposed part of the sections was 22 mm. Pressed powder tablets
of artificial and international natural granite standards were included for calibra
tion. As the focus of this study is inter-element correlations and not absolute tenors,
for reasons of expediency, no further matrix corrections were applied.
Results of 55 conventionally analyzed samples of Regoufe granite were used for
comparative purposes (Vriend et al. 1985; Vriend unpubl. data). The samples are
composites of ten chips collected over an area of 500 m 2 • Major elements were
analyzed wet chemically (Shapiro 1967) and XRF analyses of pressed powder
briquettes were made for trace elements. IRA concentration levels for most elements
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Fig. 3. Illustration of the terms core, slice and section

are, considering the spatially different sample coverage (Fig. 2), in agreement with
the conventionally obtained results (Table 1). Significant differences in the concen
tration level between IRA and conventional results are due to uncorrected miner
alogical matrix effects (de Jongh 1970; van Gaans et al. 1986b) which do not greatly
influence correlation coefficients (van Gaans et al. 1986a). For all elements the
displayed chemical variation among subregions within the gramte is in accordance
with the distribution maps of conventional results (Vriend et al. 1985, 'Vriend,
unpubl. data). Thus, the IRA data set has an internally consistent, relative basis.
Data were interpreted with the aid ofSPSS and BMDP statistical software (Nie
et al. 1975; Hull and Nie 1981; Dixon 1981). The element association patterns were
studied by means of component analysis, a type offactor analysis (Le Maitre 1982;
Joreskog et al. 1976). The number of factors was chosen with application of the
Gutman criterion, i.e. only unrotated factors with eigenvalues greater than 1.0 are
retained. Pearson correlations, used as a measure of association, are adversely
affected by the presence of outliers and by skewness of the frequency distribu
tions. Histograms showed that 3.7% of the analyzed sections significantly deviated
from the main population for one or more elements. These outliers were removed
from the data set. A selection of rock sections with outlying or extreme results was
polished for electron-probe microanalysis (EPMA). For the main population a
transformation of the general form x' = In(x-alpha), with alpha adjustment to
obtain minimum skewness for the distributions (Miesch 1981; Selinus 1983), was
applied to all variables.
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Table 1. Results of Integral Rock Analysis (IRA); averages for the various subregions of the granite and its derivatives."

IV
Ul

Subregion

Western
dikes
(WD)
8

W
Sn
Nb
Ta
Ti
Zr
Cs
Rb
KzO
SiOz
Sr
CaO
P
NazO

13
54
27
32
170
24
46
635
4.09
76.8
46
0.27
1649
4.39

N

247

Porphyritic two-mica granite
(P2M)
2
4
5
15
56
18
28
309
31
55
662
4.90
74.2
38
0.11
1386
2.90
47

13
39
19
24
322
30
29
532
4.32
74.3
38
0.20
1301
3.46
132

14
55
20
23
361
36
31
513
4.39
74.7
41
0.22
1246
3.27
68

mean
P2M

14
47
19
25
331
32
34
557
4.44
74.4
39
0.19
1301
3.31
247

Miscovite albite granite
(MA)
6
I
3
16
66
31
32
153
20
48
727
3.99
73.4
35
0.24
2062
3.68
100

15
58
33
38
90
14
32
739
3.91
75.1
50
0.40
2305
4.42
200

15
54
33
35
102
17
28
661
4.00
74.2
43
0.25
2036
4.03
175

mean
MA

NE
Aplite
(NEA)
7

Mean
main
granite
1-6

Vriend
et al.
(1985)

15
58
33
36
108
16
34
708
3.96
74.4
44
0.32
2163
4.13

23
85
41
37
82
15
57
963
3.74
77.0
64
0.24
2164
2.60

15
54
29
33
187
21
34
663
4.13
74.4
42
0.27
1855
3.83

16
54
37
16
354
35
49
683
4.09
73.1
36
0.27
1958
3.53

475

144

722

55

" The selection of elements measured reflects the major rock-forming processes. IRA data are on an internally consistent, relative basis. The conventional
results for the main granite (Vriend et al. 1985; Vriend unpubl. data; see also Fig. 2) are added for comparison. Oxides are in wt%, elements in ppm. N is
the number of rock sections or samples.
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Fig. 4. Variation of K 2 0 with depth as an inverse measure of weathering for the main granite. The
numbers in the plot indicate subregions, an asterisk is used for coinciding points

4 Lithogeochemistry
4.1

Weatbering

The Regoufe granite has a slightly weathered appearance, while generally a soil
cover is lacking. Of the major oxides, K 2 is most sensitive to the weathering of
granite (Chessworth 1979). No trend of K 2 0 content with depth is evident for the
Regoufe granite (Fig. 4). Also, none of the other analyzed elements exhibit an
obvious increase or decrease in concentration with depth. Clearly, erosion proceeds
more rapidly than chemical weathering in the Regoufe environment. In the present
study on (trace) element behaviour the influence of weathering on chemistry need
not be considered and the collected cores can be used integrally. An additional
conclusion is that conventional samples taken at the immediate surface also have
no significant overprint of chemical weathering.

°

4.2

Spatial Element Distributions

The granite subregions 2, 4 and 5, located in the P2M granite and in the transition
zone, are chemically distinct from subregions 1, 3 and 6 in the MA granite (Table
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1), which is confirmed by Analysis of Variance (ANOVA) and subsequent pairwise
contrast tests (van Gaans et al. 1985). The MA granite is higher in CaO, NazO, P,
Rb, W, Ta and Nb and lower in KzO, Ti and Zr than the P2M granite, which is
interpreted as the result of hydrothermal alteration (Vriend et al. 1985; van Gaans
et al. 1985). The composition of the WD is intermediate between the P2M and the
MA granite compositions. High tenors of Sn, Cs, Rb and low concentrations of
KzO, NazO, Ti and Zr in the NEA are attributed to intense hydrothermal
alteration (van Gaans et al. 1985).

4.3 Data Extremes
The rock volume represented by IRA is for single sections smaller than with a
single conventional rock analysis. Averaging, inherent to the conventional sample
preparation, whereby the effects of chemical extremes and mineral accumulations
are diluted, does not occur. Outliers are aberrant for Si, P and Cs, probably because
oftheir high mobility (van Gaans et al. 1986a). In contrast, no local enrichment or
depletion outside the normal statistical range of concentrations is encountered for
Sn and Zr, suggesting no secondary entrapment within the granite. The dominating
mineralogical/structural factor causing an extreme can be determined, and in
teresting phenomena may be discovered in rock sections falling in the tails of the
frequency distributions. Trace minerals that were unknown in the granitic rocks of
Regoufe were discovered by EPMA of selected sections. Columbo-tantalite grains
[(Nb1.38 Ta o.s7 Tio.Q7Feo.ssMno.44)06] were identified in a section of MA-6,
which was highest in Ta and Nb (Plate 1). Scorodite [(Fe, Al)(As, P, Bi)04'
2H z O] was detected in the section highest in PzOs (5.3%) of the NEA. A phos
phorus outlier of3.0% PzOs from the eastern margin of the Regoufe granite (MA-l)
(versus a maximum of 0.71% in conventional samples) was microscopically
identified as an apatite bearing quartz veinlet, thus clearly showing the mobility
ofP.

4.4 Element Association Patterns Within the Main Granite
R-mode Component Analysis was applied to the analytical results of single sections,
to the means per core and for comparison also to the conventionally analyzed
samples of the main granite, to study the interrelation of the chemical elements. The
Varimax-rotated factor-loading matrices for sections (F,ee,), cores (Feo,e) and con
ventional bulk samples (Fbu1k ) are listed in Table 2. Ta was excluded from the factor
model for sections because it showed no significant correlations with the other
elements, due to the large relative random error for analytical values near the
detection limit.
The mineralogical influence on the element association patterns is emphasized
by the extracted factors for rock sections. CaD, Sr and P form an apatite factor
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Plate 1. Example of columbo-tantalite (C) embedded in muscovite (MU). Incident light, width of
photograph ca. 0.2 mm

F3. ect . Apatite occurs as primary magmatic inclusions and as a late hydrothermal
mineral (Sluijk 1963; this study). This factor is therefore an expression of apatitiza
tion. The combination of CaO with Sr is present for all three types of samples in
F3. ec ', F3 core and F3 bu1k ' K 2 0, Rb and negative Si0 2 in F4. ec ' may reflect muscoviti
zation or the closure effect (Le Maitre 1982) between K-feldspar (muscovite, biotite)
and quartz. The positive association of Rb with K for sections contrasts with their
inverse association in Flcor< and Fl bu1k , which reflect the observed increase of Rb
and decrease ofK with alteration (Table 1). Evidently, the small-scale mineralogical
association dominates for rock sections, whereas the larger scale alteration trend
dominates for means per core and bulk samples. For similar reasons, the negative
association ofTi and Zr with Nb, Ta and Rb in Fl core and Fl bu1k is obliterated for
sections where the chemical or spatial relation of all these elements to biotite takes
its effects. Fl. ect has high positive loadings for Ti and Zr and negative loadings for
Na 2 0 and also P; it links the leaching of refractory minerals to processes like
albitization and apatitization. Its mirror image forms part ofFl core and the almost
identical Fl bu1k , which have a more pronounced apatite component. The loadings
ofTa, Nb and Rb, and for bulk samples also Sn, on Flcor< and Fl bu1k relate leaching
of refractories to mineralization. F2. ect with high positive loadings for Nb, W, Cs,
Sn and Rb obviously describes a mineralization process. F2 core is similar to F2. ect
with only a moderate Nb contribution. F2 bU1k is a simple W-Sn mineralization
factor; here, the relation of mineralization to the other processes is expressed more
explicitly in Fl bu1k '
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Table 2. Varimax-rotated factor-loading matrices for the Regoufe main granite (only loadings of over 0.4 are given)
A. IRA data of sections

B. IRA mean data per core

C. Conventional data

(after Vriend et al., 1985)

FIsc!:.
Sn
Nb

W
10

• Na 2 0

F3 sect

F4sect

0.67
0.88
0.79

W

Ti
Zr
Cs
Rb
K20
Si0 2
Sr
CaO
p

F2'1II:1:1

W

0.86
0.91
0.73
0.67

-0.44
-0.63

Fl"ore

0.61
0.88
-0.75
0.76
0.82
0.73

Sn
Nb
Ta
Ti
Zr
Cs
Rb
K20
Si0 2
Sr
CaO
p
Na 2 0

0.69
0.69
-0.92
-0.92
0.47
-0.70

0.64
0.82
0.84

F2core

Fl bu ,.

F3 core

0.70
0.85
0.55

0.82
0.71
0.75
0.80
0.47

W
Sn
Nb
Ta
Ti
Zr
Cs
Rb
K20
Si0 2
Sr
CaO

P
Na 2 0

0.63
0.87
0.82
-0.94
-0.93

F2 bu1k

F3 bu1k

F4"ulk

0.91
0.51

0.83
0.86
-0.63

0.48
-0.58
0.91
0.78

0.88
0.71

-0.43

~
l'il

~
"a
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"e
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Table 3. Varimax-rotated factor-loading matrices for the sampled subregions (IRA data of sections; only loadings of over 0.4 are given)"
WD

Fmin

Fbiol

F. p

P2M-2

Fmu

Fmin

F. p

P2M-4
Fm1n

Fm •

FbiOI

F.p

Fm1n

Fm •

"r1
P2M-5
Fb10l F. p

~

Fm •

-alb

w

W
Sn
Nb
Ti
Zr
Cs
Rb
K,O
SiO,
Sr
CaO
P
Na,O

0.74
0.72
0.67

W
Sn
Nb
Ti
Zr

0.86
0.91
0.68

0.48
0.88
0.90
-0.72
0.66
0.85
0.89
0.70

0

0.61
0.96
0.95
0.91
0.52

Cs

0.84

Rb
K,O
SiO,
Sr
CaO
P
Na,O

0.88
0.92
-0.84
0.87
0.81
0.88
0.87

MA-l

Fmin

Fbiot Fap

Cao

P
Na,O

0.71
0.84
0.77
0.42
0.58
0.94
0.74
-0.64

0.72
0.90
0.92
0.63
0.66
0.46

Fmin

F. p

0.57
0.86
0.50

-0.43

Fmin1 Fap

Fm •

Cl

0.82
0.90
-0.56
0.68

0.48

MA-3

Fa1b

·m.

W
Sn
Nb
Ti
Zr
Cs
Rb
K,O
Si0 2
Sr

W
Sn
Nb
Ti
Zr
Cs
Rb
K 20
SiO,
Sr
CaO
P
Na,O

0.94
0.93
0.63

MA-6
Fser
Fmin2

W
Sn
Nb
Ti
Zr
Cs
Rb
K 20
SiO,
Sr
CaO
P
Na,O

Fath

0.85
0.90
0.66

0.49
0.59
0.92
0.91
-0.86

0.59
0.85
0.78
0.89
0.56
0.72
0.54

0.49
0.74
0.85
-0.86
0.80
0.93
0.92

-0.55

0.44

0.71
0.81
0.78
0.64
0.62

1;1

~

~

0.69
0.90
0.56
0.87
0.91
-0.81
0.66

-0.53

Fmin1

0.92
0.88
0.87

F. p

NEA
Faer
Fmin2

Fa1b

·alb

·alb

W
Sn
Nb
Ti
Zr
Cs
Rb
K,O
SiO,
Sr
CaO
P
Na,O

W
Sn
Nb
Ti
Zr
Cs
Rb
K,O
SiO,
Sr
CaO
P
Na,O

0.49
0.90

0.64
0.87

0.86
0.58
0.65

-0.53
0.67
0.94
0.89
0.60
0.96
0.93

.-<
.

:l

W
Sn
Nb
Ti
Zr
Cs
Rb
K,O
-0.69 SiO,
Sr
CaO
P
0.74 Na,O

0.75
0.50
0.75

0.79
0.92
0.50

-0.64
0.69
0.97
0.90
-0.88
0.64
0.86
0.91

-0.52

0.42

0.69

• The tentative geochemical interpretation of the factors is indicated by the suffixes: min mineralization; minI Sn(,W) quartz-vein type mineralization; min:!
disseminated W mineralization; biot biotite; ap apatite/apatitization; mu muscovitization; alb albitization; ser late sericitization.
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4.5 Element Association Patterns Within the Subregions
Component Analysis was applied to rock section data for the subregions (Table 3).
A sufficient number of analyses (Howarth and Sinding-Larsen 1983) per subregion
is available (Table 1).
A mineralization factor Fmin is present for all subregions, commonly composed
of Sn, W, Nb, Cs, Rb and mostly Ti. For the WO this association is more or less
divided over a simple mineralization factor and the biotite factor. For MA-6 and
NEA an Nb-W factor FminZ ' with only a minor Sn contribution in NEA, is found
separate from the major Sn-related factor Fmin1 . The two factors probably express
different mineralization types. In the NE part small disseminated wolframite
mineralizations occur within the granite (this study) which is in contrast to the
common quartz-vein, W-Sn type mineralization.
Zr and Ti, which are depleted in the Regoufe granite (Vriend et a!. 1985),
invariably combine in FbiO\" Except for the NEA, they load on the same factors as
Cs, which is highly enriched. Zr-Ti depletion may be related to albitization or
apatitization (see above). The association with the incompatible element Cs prob
ably stems from the close association of Ti and Zr with biotite or its alteration
products (van Gaans et a!., in prep.). In the three-factor models (P2M-2 and MA-3)
Ti, Zr and Cs load positively on Fmin , indicating that the ore elements have some
spatial relation to (altered) biotite. In the factor models for the MA-6 and NEA, Zr
loads on two different factors. Outside the Zr-Ti association on F min , an alkali
factor F,er with a negative Zr loading is present. This alkali metal versus Zr factor
points towards the leaching of Zr with late sericitization which is largely restricted
to the NE part of the Regoufe area.
SiOz inversely associates either with NazO in Fa1b (MA, P2M-4, NEA) or with
KzO, Rb and Sr or Cs in Fmu (P2M-2, P2M-4, MA-l, WO), in MA-3 with both in
one factor Falb-mu. This may reflect albitization and muscovitization respectively,
or the predominance of either albite or K-feldspar as the most abundant mineral
next to quartz. Although the NazO content of the NEA is relatively low (Table 1),
the relative importance of albite over K-feldspar, as observed in thin section, is
confirmed by Falb in the component analysis.
KzO and Rb generally load on the same factor, either Fmu or F,ero in the WO,
the MA granite and the NEA together with Cs, in the P2M granite and the NEA
with Sr. In Fmu they oppose SiOz, in F,er (MA-6, NEA) Zr.
CaO and P consistently form an apatite factor Fap , in the P2M granite together
with Na z 0, in the MA granite and the northeastern aplite commonly together with
Sr (MA-3, MA-6, NEA) and in the western dykes (WO) with both.
The Sr affinities thus vary among subregions. Sr associates with KzO and
Rb and inversely with SiOz for the P2M granite (Fmu). In the factor model for P2M-5
Sr also loads negatively on Fmin . Sr loads on Fap in the WO and the NEA and in
part of the MA granite (MA-3 and MA-6), in MA-1 Sr and SiOz together oppose
NazO in Falb . In the NEA Sr also loads on F,er. The above indicates that Sr acts
mainly as a substitute for K in the P2M granite and mainly as a substitute for Ca
in the MA granite and the aplites and dykes. In the NEA both substitutions appear
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to be of importance. This ambiguous behaviour of Sr explains why the conventional
general study ofVriend et al. (1985) failed to explain the Sr variance.

5 Discussion and Conclusions
Owing to the small rock volume, mineralogically determined element associations
greatly affect the association patterns for rock sections. Larger scale processes and
features are stressed if mean concentrations per core are considered. Their associa
tion patterns therefore more closely resemble the patterns obtained on conventional
samples. The expression of metasomatic and ore-forming processes varies with the
scale of observation. Therefore, the resolution of rock chemical data is different for
each scale. Mineralogical and local phenomena may go unnoticed if only bulk
chemistry is considered. Integration of the association patterns of all scales, includ
ing results of conventional chemical analysis and microscope techniques, elucidates
the interaction of the various rock-forming phenomena.
The influence of weathering on rock chemistry of the Regoufe granite is negli
gible for major and trace elements, provided that the physical rock structure is
retained. Erosion is obviously faster than chemical weathering in this type of
environment.
The effects of the hydrothermal processes on rock chemistry are recognized
throughout the Regoufe granite and its derivatives. Albitization, W-Sn quartz-vein
type mineralization, muscovitization and apatitization and in the NE, also dis
seminated W-mineralization and late sericitization, are distinguished. Although the
exact compositions and relative importance of the various factors differ among
subregions, association patterns of the individual subregions, based on rock sec
tions, basically describe the same features and processes as identified for the whole
main granite. The post-magmatic processes obviously not only induced chemical
variation among, but also within subregions. Therefore, despite local variation, the
detailed results presented here indicate the pervasive nature of the processes. The
decrease in the extent of alteration from the roof zone towards the deeper parts of
the granite is apparent from the gradually changing concentrations and by the shifts
in the element association patterns, whereby the distinct patterns for the NE are
noteworthy.
The element correlations clearly illustrate the impact of the mineralogical
composition of the granite in hydrothermal alteration. The interaction of miner
alogy with metasomatic processes can be identified and evaluated e.g., in an apatite
factor, a biotite influence for Ti and Zr, mica, feldspar and quartz components. Sr
illustrates both the importance of mineralogy or major element chemistry and the
effect of varying alteration. It preferentially substitutes for K, in feldspar or mica,
in the P2M granite and for Ca, in phosphate minerals, in the WD and the MA
granite. In the NEA both substitutions are of importance.
Facilitated by the selection based on rock chemistry (IRA) of sections, interest
ing features, like an apatite-bearing quartz veinlet, and some trace minerals were
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identified. Columbo-tantalite was detected in the MA granite, scorodite was found
in the NEA.

Appendix: The IRA Approach
Flat rock sections cut from drill-cores are analyzed by XRF spectrometry as they
are, without further sample preparation, yielding a total chemical analysis for each
section. At the cost of some loss in accuracy and precision much is gained by: a
better resolution of within-sample inhomogeneities, a more direct relation between
rock chemistry and mineralogy, the availability of the sections for later investiga
tion, e.g. ore microscopy and electron-probe microanalysis (EPMA) and effective
ness in time and costs. The IRA approach is described in detail by van Gaans et at.
(1986a).
Evaluation ofthe IRA method (van Gaans et al. 1986b, c) showed that precision
for repeat analysis of the same rock section at the 95% confidence level is normally
within 8%. Precision of XRF analysis of pressed powder tablets is only 25 to 50%
better. Accuracy of the method mainly depends on the type of matrix correction
applied. Insufficient matrix correction usually causes approximately linear sys
tematic deviations which can be empirically corrected. However, for exploration
purposes and for the study of geochemical processes, relative figures are more
important than absolute values (Levinson 1974; Fletcher 1981) and in these
instances elaborate matrix corrections are rarely needed. Within a geochemical
setting of volcanic rocks with associated sulphide deposits (van Gaans et al. 1986c),
correlations between IRA and conventional results were better than 0.94 (van Gaans
et al. 1986c).
In the same study a considerable reduction of 60% in analyst time was achieved
compared to conventional routine XRF analysis of trace and major elements.
Instrument time is generally ten times longer using a sequential spectrometer.
However, the consequent ten-fold increase of data allows the study of rock chemis
tryon 'conventional' as well as on smaller, within-sample, down to mineral scales.
Moreover, sample throughput is fully automated and if necessary can be greatly
increased with a simultaneous spectrometer. For subsequent study by more expen
sive and more labour-intensive techniques, such as microscopy, X-ray diffraction,
electron-probe microanalysis, scanning electron microscopy or neutron activation
induced beta-autoradiography, sections of interest can be selected on the basis of
the IRA data, providing a more (cost-)efficient use of these methods.
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CHAPTER IV

The application of fuzzy c-means cluster analysis and non-linear
mapping to geochemical datasets: examples from Portugal
S. P. VRIEND, P. F. M. VAN GAANS, J. MIDDELBURG and A. DE Nus
Institute of Earth Sciences, Department of Geochemistry, 3508 TA Utrecht, The Netherlands
(Received 31 March 1987; accepted in revised/arm 19 August 1987)

Abstract-In the interpretation of relatively small multivariate datasets, deviations from homogeneity
may cause severe problems. In these cases fuzzy c·means cluster analysis (FCM) and non-linear mapping
(NLM) are conceptionally suited to discern structure in the datasets. Particularly, the combined use of
FCM and NLM furnishes a powerful method to find meaningful data groupings within a dataset. This is
illustrated with two case studies, for water and combined water and stream sediment analyses, respec
tively, where FCM and NLM were applied. The results are easily related to geology, mineral occurrences
and environmental factors.

INTRODUCTION

THE MULTI-ELEMENT analysis of geochemical samples
has virtually become a routine procedure. In a single·
or multi-pass analysis of the same sample prepara
tion, techniques such as XRF, ICPES, INAA, AAS
and ion chromatography, used alone or in combina·
tion, can easily yield data for up to 40 elements. The
interpretation of the resulting data matrices requires
a sound geochemical background, but often benefits
from sophisticated statistical manipulations. An
excellent review of many of the more popular statisti·
cal techniques is given by HOWARTH and SINDlNG'
LARSEN (1983).
One recurrent problem is the requirement for
population homogeneity by many classical multi·
variate statistical procedures. In order to use many
statistical techniques to their full advantage the vari
ables must be multivariate-normally distributed. For
the interpretation of correlation coefficients, and the
many techniques based on the analysis of the corre·
lation matrix, strict adherence to the above is manda·
tory. The examination of datasets for deviations from
normality is usually undertaken with the aid of histo·
grams, cumulative frequency curves, and (principal)
component and factor analysis. This may be a tedious
iterative affair if the population is to be subdivided
because of multimodality or outliers. In the case of
multimodality, sUbpopulations, which are often
difficult to define precisely, should be treated sepa·
rately. Cases containing outlying values can be used
in the final interpretation as their coordinates within
a given model can be calculated. However, these
cases must be omitted from the calculation of correia·
tions, regression coefficients and other estimates of
population parameters that are used to derive a
generalized model for a certain dataset. Thus, adher
ing to the above guidelines, it is often impossible to
establish in smaller sample sets (Le. with size less
than a hundred) a sufficiently large homogeneous

dataset with the needed requirements to build an
initial general model.
In cases where inhomogeneity in a dataset is sus
pected due to a priori knowledge of a classificatory
parameter, such as the geology at the sample point,
discriminant analysis (DA) may be helpful in deter·
mining if such a classification has statistical signifi.
cance. However, as has been shown by FOLEY (1971),
DA is only effective if a large number of cases,
relative to the number of variables, per group is
available. Secondly, compositional overlap between
various subgroups, an oft encountered phenomenon
in geochemistry, is not adequately dealt with in con
ventional DA. When the differences between groups
are large the above considerations are of no impor·
tance, however, in such cases only the obvious has
been proven. Finally, it may be possible to confirm
the influence of a known parameter with DA, whilst
the influence of some important but unknown param
eter goes unnoticed.
Clustering techniques are generally used to dis
cover such unknown parameters. Hierarchical clus
tering yields a series of successive agglomerations of
samples on the basis of successively coarser parti
tions. Iterative partitioning techniques, of which c·
means clustering is an example, are used if a partition
in a predetermined number of groups is appropriate
(HOWARTH and SINDlNG·LARSEN, 1983). However,
just as conventional DA, most conventional cluster·
ing techniques have the disadvantage that they are
too rigid and do not consider compositional overlap
between clusters.
Because of the above difficulties, which are par
ticularly encountered in the interpretation of smaller
datasets, techniques which neither require multi·
variate normality nor a priori knowledge of c1assifi·
catory parameters and allow for a certain overlap
seem the most appropriate for geochemical studies.
We find that together with the standard univariate
and bivariate techniques, the application of fuzzy
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c-means cluster analysis (FCM) in combination with
non-linear mapping (NLM) greatly facilitates the
interpretation of data. The two techniques are based
on different theoretical considerations, and thus any
similarities between the data structures elucidated in
the applicaton of FCM and NLM are a strong indi
cation for their true existence. The huge computer
costs of similar techniques noted in the past
(LEFEBVRE and DAVID, 1977) need no longer impede
their utilization. For both techniques existing com
puter programs were modified to suit the present
needs and adapted to run on inexpensive personal
computers.
After a brief introduction into the theoretical back
ground of FCM and NLM, two case studies will be
presented. These illustrate the effectiveness of the
approach, together with the pitfalls encountered and
the reasoning required in reaching a satisfactory
interpretation.

THEORETICAL BACKGROUND

Conventional (hard) c-means clustering (e.g.
DIXON, 1981) is an iterative partitioning of cases
among subgroups or clusters, which is directed to
minimize the maximum distance of a case to its
cluster center (ENGELMAN, 1980). Cases are unam
biguously allocated to one cluster only, based on a
notion of uncertainty in terms of the chance that this
is the most likely configuration (stochastic or prob
abilistic approach). Consequently, cases that are
really intermediate between two or more clusters, or
outliers that belong to nOne of the clusters, are forced
into a cluster. The influence of these misfits on the
cluster to which they are allotted is too large and their
influence on the other clusters is nil; the model is a
distorted representation of the existing data struc
ture.
The concept of fuzziness, introduced by ZADEH
(1965), takes a different approach towards uncer
tainty. Some fuzziness or vagueness is allowed in the
description of the cluster-model. Interest is not in
whether chances are largest that a case belongs
entirely to one specific cluster, but in the similarity
between case and cluster and how much they are
alike (BEZDEK, 1981). In fuzzy models, likeness or
similarity is indicated by a continuous function (mem
bership) between zero (completely different) and
one (exactly the same). The memberships of a case to
all clusters sum up to 1. Hence, FCM allows inter
mediate cases to be recognized as such by assigning
similar memberships of the case to the cluitters con
cerned. Outliers contribute equally to all clusters. In
computing the cluster centers each case is weighed by
its membership, thus outliers have less influence on
the final cluster configuration in the fuzzy model than
in the hard model.
Recently a new computer program for this type of
multivariate clustering was published (BEZDEK et al.,

Table 1. Algorithms used in fuzzy c-me"ns cluster analysis
In the caSe of Cclusters for N cases analyzed for V variables
(x) and a fuzzy exponent q then the cluster center (CC) of
the ith cluster for the jth variable is:
N

~ (Ub)q • x'i

CCij

= "".:..:1..."....

f

_
(Ub)q

k=1

and the membership (u) for the kth case to the ith cluster:
_
Uki -

[(d,J'rIl(q-l)
c
~

[(d.,.)'rIl(q-l)

i'=l

where the standardized distance (d) ofthe kth case to the ith
cluster (with Sj as the standard deviation of the jth variable)
is given by:
v

(d,J'

= 1:

[(x'j - CC'j)/siF

j=1

1984). The actual algorithm used is presented in
Table 1. The exponent q controls the extent of mem
bership sharing between fuzzy clusters (BEZDEK,
1981). The "fuzziness" of the model increases with q.
For q ~ 1 the fuzzy c-means clustering converges to
conventional hard c-means clustering. Cluster cen
ters are then the normal centers of gravity of the
cluster data cloud and memberships are either 1 or O.
For q ~ + 00, all cluster centers converge to the
overall center of the data cloud, memberships of all
cases to all clusters are equal (and thus equal to lIC,
where C is the number of clusters). According to
BEZDEK et ai. (1984), there is no theoretical basis for
the choice of q. Generally, q is assigned a value
between 1.5 and 3. Clustering is carried out in an
iterative procedure, which starts with the generation
of a series of random numbers initial cluster member
ships. Thus, two runs on the same dataset do not
necessarily yield the same result. However, any simi
larity of run results gives an indication of the stability
of the solutions, and the reality of the revealed data
structure.
The number of clusters, both in hard and fuzzy
models, may either be predetermined on empirical
grounds, or models for different numbers of clusters
may be compared on the basis of a suitable validity
functional (BEZDEK, 1981; BEZDEK et ai., 1984). For
FCM the classification entropy H and the partition
coefficient F are such functionals (Table 2). F is
conceptually comparable to the F-ratio of the pooled
within-cluster (co)variance and the between-cluster
(co)variance. It is closest to one for the most signifi
cant clustering. H, which resembles mathematically
the thermodynamic entropy, approaches zero for the
most significant clustering. Both functionals describe
properties of the model rather than of the initial raw
data. The limiting values for both functionals are
dependent on the number of clusters (Table 2). Often
when these parameters do not give conclusive evi
dence, the number of clusters is decided on the basis
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Table 2. Classification entropy H and partition coefficient F
functions and their limiting values
N

H

=-

C

~ ~ [Uk, • log (uk,)IN]

0'" H '" log (C)

k=1 ;=1

N

F

=~

C

~ [(uk,)'IN]

1/C'" F '" 1

k=l ;=1

of an empirical approach in combination with the
indications obtained from the F and H parameters.
Fuzzy c-means clustering was chosen over other
fuzzy techniques for the datasets at hand because the
influence of various geochemical controls on the
samples was sought. Related applications in geology
of the fuzzy concept are those of GRANATH (1984),
who uses the fuzzy-set theory in discriminant
analysis, and ofYu and XIE (1985), who apply a fuzzy
hierarchical clustering to detect ore-element associa
tion patterns.
The NLM algorithm was first presented by SAMMON
(1969, 1970) and has been applied to geochemical
data by GARRETT (1973), HOWARTH (1973a,b),
GLASBY et al. (1974), HOWARTH et al. (1977) and
CHORK and GOVETT (1985). A great advantage of
NLM and the reason for us to select this technique to
evaluate the FCM results is that no presumptions
about the number of clusters or even the existence of
subgroups have to be made. The NLM basically
determines a 2- or 3-dimensional image of a V-dimen
sional data cloud such that the interdata distances are
minimally distorted. The distances displayed by NLM
are therefore closer to reality than those displayed in
the simple projection planes obtained with principal
component analysis (see HOWARTH and SINDING
LARSEN, 1983, Fig. 6.18). Mapping is achieved by
iteratively minimizing over all N samples the foIlow
ing criterion:
D =

~ ~
dkk' • =1 • ' =1

----:-:N-.;---:-[- -

~

~

N '-1 (dkk' _ d k.,)2

-'--""-------""-'

d••,

k=l k'=l

dkk': distance in the original V-dim. variable space
d k.,: distance in the 2 or 3-dim. mapping space.

using a so-called steepest descent method (SAMMON,
1969). The value of this mapping error D is normaIly
unstable at the beginning ofthe iteration process, and
then stabilizes while approaching asymptotically a
minimum value.
NLM is, according to HOWARTH (1973a), particu
larly suited to the detection of outlying samples.
Extreme outliers influence the scale of the NLM
image and lead to insufficient resolution for the smal
ler distances. Therefore extreme outliers, which may
also be identified by FCM or other statistical
techniques, should preferentially be removed from
the data.
The similarity measure used in both FCM and
NLM is the squared distance. The simple Euclidean

distance of unstandardized data presents metric prob
lems as a variable ranging from 0.01 to 0.05 wt. %
would have less weight than a variable ranging from
100 to 500 ppm. The distance measure used in the
present studies is the Diagonal Norm, equivalent to a
division of each variable by its standard deviation
(Table 1). This standardization, which provides the
necessary scale invariance, is, given a certain dataset,
independent of the number of clusters and call be
applied in a straightforward manner in both FCM and
NLM. Prior to applying this procedure, it is useful to
transform the data, if necessary, to obtain unskewed
frequency distributions (e.g. a log-transformation)
and also to exclude the extreme outliers in order to
obtain robust estimates of the standard deviations.
Some alternative methods for the calculation of dis
tances are discussed in the Appendix.
A great advantage of NLM is the simple but infor
mative way in which the relation between samples is
displayed. However, a graphical division in groups
on the basis of NLM alone is often subjective.
Through FCM a relatively unambiguous grouping of
the data points is obtained, while the relation of
samples to each of the clusters (and thus each other)
is still maintained. Hardened clusters may eventually
be derived from the fuzzy clustering by taking those
samples together which have their highest member
ship on the same cluster. The signification of the
fuzzy or hardened clustering is not always directly
evident but a NLM plot may give weight to the
obtained grouping. The combination of FCM with
NLM provides a powerful method to detect meaning
ful groupings within a dataset.

CASE STUDIES

Two data sets were treated with FCM and NLM, in
addition to the application of more conventional
univariate statistical techniques. The samples of both
datasets were collected in the drainage basin of the
Rio Vouga, northern Portugal (Fig. 1). The first
dataset (area I) was collected to evaluate the influ
ence of the different geological formations present in
the study area on the composition of natural waters.
The second dataset (area II) was used to study the
response of river waters and sediments to Pb, Zn and
Cu mineral occurrences in a rather uniform geologi
cal hinterland. A value of 1.5 was chosen for the FCM
q parameter. This agreed with the expected
topologies of the datasets. Additionally, in previous
applications values of 1.5 to 1.75 had provided satis
factory results (VAN GAANS et al., 1986). For both
studies repeated FCM runs gave virtually the same
result.
Area I: the Rio Certima drainage basin
General. The river and stream waters of the drain
age basin of the Rio Certima (Fig. 1), one of the main
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tributaries of the Rio Vouga, were sampled. Impor
tant industries (potteries, brick works and wineries)
are concentrated in the western part of the drainage
basin and along the Rio Certima proper. A mineral
water bottling plant is located near Luso (Fig. 2). The
whole area is cultivated (grapes, corn, horticulture)
except for the east, which is forested. Exposure of the
geology is generally poor. Average temperatures are
19°C in summer and 9°C in winter. Rain falls mainly
in winter "and spring, totalling about 1000 mm/a
(MUELLER, 1980). The countryside is relatively flat
with an average altitude of 100 m above sealevel. In
the east, upon entering the Beira schists (see below),
an escarpment rises to about 400 m.

20'

o

10km

FIG. 1. Location map of the study areas.

FIG. 2. Geological sketch map of the Rio Certima drainage
basin.

Geology. No detailed geological map ofthe area is
available. Information has been compiled from field
observations and the 1:500,000 geological map of
northern Portugal (Fig. 2). The eastern part of the
area is underlain by low-grade regionally
metamorphosed graywackes, schists and quartzites
of the Infra-Cambrian Beira Formation. The middle
part comprises Neogene silty sands with pebbles and
Triassic sandstones. In the southwest Jurassic cal
careous rocks crop out, which in the northwest are
covered with Upper Cretaceous marine clays and
sands with minor intercalations of calcareous strata.
The rivers in the east are mainly fed by surficial
water, while in the west, especially in the calcareous
areas, the underground contribution through springs

FIG. 3. Sample location map and areal FCM membership
distribution in the Rio Certima basin. Memberships of <5%
are not indicated. For the numbered samples see Fig. 6.
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FIG. 4. Histograms of some selected variables for the Rio Certima dataset. The subdivision is made
according to the so-called hardened clusters (for explanation see Table 4). For shadings see Fig. 3.
Concentrations are in mg/l.

is of greater importance. This is reflected by the much
denser pattern of the tributaries in the east. In the
southeast the major mineral springs of Luso are
related to SE-NW trending faults.
Sampling and analysis. In the summer of 1984 seventy-five
water samples were collected (Fig. 3). The techniques used
for sampling and analysis are described by TEN HAVEN et al.
(1985). The waters were filtered through a 0.45 I'm filter.
The measured variables with values sufficiently above their
analytical detection limits to be used in this study were the
electroconductivity (Ee). pH, Na, K, Ca, Mg. Sr, Fe.
H.SiO•• CI, F. SO. and HCO,.

Results and discussion. In this study most elements
are lognormally distributed and the logarithmically
transformed data were used throughout the data
treatment. Multimodality (Fig. 4) is a common fea
ture, as is to be expected for an area with widely
varying geology and environment (Fig. 2). An unam
biguous allocation of the samples to the different
geological units is not possible on the basis of the
histograms and cumulative frequency curves alone
(STNCLAIR, 1976). Also. the geology is insufficiently
well-known to allow an a priori grouping of all sam
ples. The number of samples that can be unambigu
ously assigned to the different geological units is too
small forDA (FOLEY, 1971). The application ofFCM
and NLM circumvented these problems.
The criteria for determining the number of FCM
clusters (Table 3) indicated an initial best fit for two
clusters. However, a four cluster model concurred
better with the geological knowledge of the area.
Cluster centers of the fuzzy clusters and geometric
means of the hardened clusters are given in Table 4.
Table 3. The F and H cluster validity parameters for the Rio
Certima dataset for various numbers of clusters
No. of
clusters

F

H

2
3
4
5

0.889
0.793
0.673
0.635

0.189
0.370
0.582
0.696

The spatial distribution of the four clusters (Fig. 3),
the NLM plot (Fig. 5) and the piper diagram (Fig. 6)
all show the consistency of the partitioning. In the
first two figures the values of the membership func
tions are visualized.
Initial inspection of the raw dataset had already
revealed that for Ec, pH. Ca, Mg. Sr, SO., F and
HC0 3 the presence or absence of calcareous rocks is
an important control, while for all components except
H.SiO. the waters originating from the Beira schists
have low concentrations with respect to the other
geological units. The FCM clustering confirms,
refines and appends these observations. The waters
of cluster I mainly drain calcareous areas and belong
to the Ca-HC0 3 watertype. Cluster II is intermediate
between the Ca-HC03 and Ca-Cl types and is con
centrated in the western part of the area. The shift
towards the Cl apex in the piper diagram (Fig. 6) is
caused by evapotranspiration and the leaching of
salts from marine clays. Cluster III is strongly rep
resented east of the Rio Certima outside the Beira
schists and is of the Ca-Cl or of the Na-Cl watertype.
Its composition is formed through mixing Beira
schist-derived waters with those from the younger

18,30

8
15,90

13,50

~19

•

••
•
•

11.10

~18
8,70

14.28

FIG. 5. FCM membership distribution represented in the
NLM plot for the Rio Certima basin. For symbols see Fig. 3.
For the numbered samples see Fig. 6.
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PIPER DIAGRAM
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« Ca
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FIG. 6. Piper diagram ofthe water samples of the Rio Certima basin. Sample 12 is a spring. Samples 18 and
19 drain the Lower Cretaceous which has a higher porosity and permeability than the Upper Cretaceous
(BARBOSA, 1983). Memberships for samples 36, 37 and 61 indicate their similarity to the third cluster.
Sample 61 has a stronger Na-SO. characteristic. Samples 36 and 37 are from a stream in the southeast of
the study area which drains the region where the important Luso mineral waters originate.

Table 4. Geometric mean (CM) and cluster center (CC) compositions for the Certima drainage
basin. The CM's are the geometric means of the so-called hardened clusters. Hardened clusters
are derived from fuzzy clusters by taking those samples together which have their highest
membership on the same cluster. Five samples belong equally to all four fuzzy clusters and are
not allocated to one of the hardened clusters. Note that the CC's are less extreme than the
eM's. This is in accordance with the notion, that when q nears infinity all cluster centers are
identical. The geological units mentioned in parentheses indicate the units that are thought to
have the greatest influence on the cluster composition. All variables are expressed in mgll,
except for Sr, Fe and Fwhich are in.ugll and the Ec (uS/em) and pH. Total number of samples
is 75
Variable

Cluster I
(Jurassic)

CM

CC
(n
Ec

pH
Na
K
Ca
Mg
Sr
Fe
CI
HCO ,
SO,
H,SiO.
F

504
7.70
18.4
2.51
85.7
11.0
350
26
35.7
188
63.9
13.5
155

= 12)

531
7.85
18.4
2.09
94.3
12.1
427
18
33.6
206
78.1
12.5
163

Cluster II
(Cretaceous)

CM

CC
(n

392
7.25
19.6
4.04
53.1
9.4
190
99
38.2
116
47.8
14.7
124

= 29)

302
7.20
19.8
4.34
53.9
9.3
190
114
39.7
111
50.1
14.9
119
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Cluster III
(Triassic)

CC

CM
(n

= 17)

176
173
6.80
6.90
15.8
15.0
2.08
1.92
11.2
11.2
4.9
4.8
43
44
107
86
25.0
24.4
28.6
28.6
17.7
18.5
14.6
15.1
51
50

Cluster IV
(Infra-Cambrian)

CC

CM
(n

83
6.40
8.5
0.27
2.7
2.9
16
28
13.6
13.3
9.4
17.6
30

= 12)

81
6.35
8.4
0.25
2.7
2.9
16
28
13.2
12.5
9.3
17.1
29

Fuzzy c-means cluster analysis and non-linear mapping

Geology. The main rock types in the study area are
schists of the Infra-Cambrian Beira Formation and
minor granite intrusions in the east and west (Fig. 7).
Some major faults run roughly N-5 while a minor
fault system runs E-W. Several Pb, Zn and Cu
mineral occurrences are related to the latter system
(THADEU, 1977; GONCALVES 1974; SCHERMERHORN,
1981). The six occurrences present have slightly
varying mineralogy. They all contain pyrite, galena,
sphalerite and calcite, but at the Minas do Palhal (1)
and Telhadela (2) also some Ni, Co, Cu, As, Sb and
Ag minerals have been found (CABRAL, 1889). All the
occurrences have been mined in the past, but activity
ceased in 1974. Tailings are deposited in and along
the rivers and streams.

c::=J

Sampling and analysis. Some 50 water and sediment
samples were collected in June 1984 (Figs 8 and 9). Sample
density was somewhat increased near the old mine work
ings. Stream waters were collected and analyzed as
described by TEN HAVEN el al. (1985). Arsenic was deter
mined by flame less AAS. The sediments were collected
from the active stream bed and wet-sieved through a 63.um
sieve. The fine fraction was dried and As, Sb, Ce, La, Eu,
Yb, Lu, U, Th, Hf, Cs, Sc and Rb were determined by
INAA (VAN DER SLOOT and ZoNDERHUIS, 1979). Strontium,
Pb, Co, Ba, Mn, S, Mg, Sn, Na, Ca, Zn, Cu, Li, Zr and Ni
were analyzed by lCPES after an acid sample decomposi
tion with a mixture ofHF, HClO. and HNO,.

QUATERNARY SEDIMENTS

~ BEIRA FORMATION
~ GRANITE
~

Pb-Zn MINES

• km

FIG. 7. Geological sketch map of the Rio CaimalRio Mau
drainage basin. The names of the mines are: Minas do
Palhal (1), Minas de Telhadela (2), Minas de Bembe (3),
Minas do Coval da Mo (4), Minas da Malhada (5) and minas
do Bracal (6).

formations. Cluster IV is of the Na-Cl type; this
watertype is also found in the Beira schists in case
study II and by DEKKERS et al. (1986). It largely
retains a rainwater signature (COMANS et al., 1987).
The water composition in this study area is thus
virtually completely controlled by the different
geological formations that are present.

Area II: Pb-Zn mines in the Rio Caima/Rio Mau
drainage basin
General. The second area comprises parts of the
drainage basins of the Rio Mau and Rio Caima, both
tributaries of the Rio Vouga (Fig. 1). Land use
consists of agriculture (corn, rye, wheat and
potatoes) and forestry (mainly eucalyptus). The
climate is similar to that in the first study area,
precipitation averages 1700 mm/a. Altitudes vary
between 100 m and 800 m. The relief is relatively
steep and has a NS-trending character caused by
massive granite bodies and faults.
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Results and discussion. The histograms (Fig. 10) of
the analyzed components in the waters and especially
the sediments show multimodal tendencies. ·No a
priori division On geological grounds can be made.
All measured variables were logtransformed,
because they more closely follow a lognormal distri
bution pattern than a normal one. The number of
variables available for the sediment dataset is imprac
tically large. Therefore, only One or two elements of
each group of closely related elements (the REE,
Zr-Hf, Rb-Cs etc.) were used in the data analysis.
The values for the partition coefficient F and the
classification entropy H in FCM (Table 5), favor a
four clusters model for either dataset. The cluster
centers are given in Tables 6 and 7. The spatial
distribution of the clusters is shown in Figs 8 and 9.
The NLM plots for the same datasets are given in Fig.
11. The coherence of the FCM derived clusters is
evident in the NLM plots. The map patterns of the
different clusters seem to be related to different
drainages and areas. The membership functions are
Table 5. The F and H cluster validity parameters for the
datasets of the Rio CaimalRio Mau drainage basin for
various numbers of clusters

Water

Sediment
H

No. of
clusters

F

H

F

3
4
5
6

0.653
0.680
0.587
0.602

0.627
0.631
0.824
0.831

0.677
0.689
0.665
0.633

0.560
0.599
0.663
0.749
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FIG. 8. Areal FCM membership distribution of the water
samples of the Rio CaimalRio Mau drainage basin. Mem
berships of <5% are not indicated.
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cluster A
c!usterB
cluster C

c1ust~~D

FIG. 9. Areal FCM membership distribution ofthesediment
samples of Rio Caima/Rio Mau drainage basin. Member
ships of <5% are not indicated. For eight samples one or
more analytical results are missing. In these cases the
distance function is weighed according to the number of
analytical results available (see also Table 7).

, 1

24
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Pb

Mg

La

FIG. 10. Histograms of some selected variables of the Rio CaimalRio Mau basin datasets. The subdivision
is made according to the so-called hardened clusters (see Table 4). A: stream waters (concentrations in
mglI); three samples belong equally to all clusters and are not allocated to a specific hardened cluster.
B: stream sediments (concentrations in ppm); three samples belong equally to all clusters andare not
allocated to a specific hardened cluster; in addition, a varying number of values are missing for each
element. For shadings see Fig. 8.
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FIG. 11. FCM membership distribution represented in the NLM plot for the sediment (A) and water (B)
samples of the Rio CaimalRio Mau drainage basin. Memberships of <5% are not indicated. Eight
sediment samples, owing 10 missing values, could not be included in the NLM calculations are are thus not
mapped.
generally much closer to zero and one than in the first
case study (compare Fig. 5).
The geographical distribution of the clusters for
the two sample media is quite similar, they are there
fore discussed together. The water compositions for
this case study are, in general, close to the schist
cluster of the first study area, especially to the waters
originating in undisturbed schist areas (see cluster A
below). The geochemical characteristics of the differ
ent clusters are as follows:
Cluster A. The area dominated by this cluster is in
the north of the study area and in some small tributary
catchment areas of the Rio Mau. The relief is steep,
which precludes agriculture or any other human

activity except some forestry. There are no known
mineral occurrences in these areas. The sediments
are low in virtually all elements. Similarly, the waters
are the most diluted of all the clusters, which is
consistent with the above.
Cluster B. High membership samples of this cluster
originate mostly from the Rio Caima proper. The
sediment cluster is high in La, U, Th, Eu and Zr,
pointing towards a granitic origin of these sediments,
more specifically towards the heavy minerals that are
released during granite weathering. The corres
ponding water group has high concentrations of Na,
K, CI, N0 3 and As. Along the river industrial and
agricultural activities are the most intense for the
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Table 6. The compositions of the cluster centers for the
water samples of the Rio CaimalRio Mau drainage basin.
All variables are expressed in mgll, except for Sr and Fe
which are in ",gil and pH. The number of samples equals 45
Variable
pH
Na
K

Ca
Mg
Sr
Fe
As
CI
HCO,
SO,
H,SiO,
NO,

Cluster A Cluster B Cluster C Cluster D
6.21
6.35
0.41
0.96
1.50
<10
30
0.28
8.74
8.54
3.53
11.2
0.42

6.55
9.79
1.17
2.94
1.82
20
60
4.19
14.56
11.74
5.32
9.74
5.53

6.59
7.50
0.63
1.85
1.64
10

30
0.20
10.76
7.80
4.10
10.6
3.63

6.65
7.50
0.46
3.90
3.67
10
40
0.41
10.06
12.50'
10.59
12.0
1.31

sediments. This group of elements is also encoun
tered in the mineralogy of the Minas do Palhal (1)
and Coval da Mo (4). The waters contain high
amounts of S04, HCO" H,Si04, Mg, Ca and As.
This composition is also largely the result of the
weathering of tailings. The ore mineralogy effect in
the waters of this cluster is far more explicit than in
the former because the discharge is much lower than
in the Rio Mau (VAN DER WEIJDEN etal., 1984). Also,
no agriculture is present in the drainage.
It is of interest to note that although the sediment
and water clusters coincide, this is mostly the result of
different factors. These factors can, of course, be
interrelated through simple reasoning. A certain
geology, for example, will be less favorable for
agricultural activity than another. The geology will
mainly determine the sediment composition, while
the presence or absence of agricultural influence will
set a group of waters apart from the others.

area, and apparently leave a distinct imprint on the
water composition.
GENERAL DISCUSSION AND CONCLUSIONS

Cluster C. This cluster is concentrated in the Rio
Mau. The sediments are high in Pb, Zn, S, Ca and
Mg. The dispersion of the ore-related elements
released by the weathering of the tailings of the
Minas do Bracal (6) and Malhada (5) causes these
highs. The waters are high in K, CI and NO" indicat
ing agricultural influence (fertilizers), which is indeed
encountered along the Rio Mau.
Cluster D. The samples are mainly located along
the lower stretches of the Rio Filvida, a tributary of
the Rio Caima. High tenors for Pb, Zn and S but also
for As, Sb, Co, Mn, Sn, Cu and Ni are found in the

For smaller datasets the often used statistical
methods based on correlation coefficients are less
suitable than those proposed here. Used in combina
tion the two alternative data treatment methods
tested, FCM (fuzzy c-means clustering) and NLM
(non-linear mapping), proved to be very powerful in
dividing a dataset into interpretable clusters or
groups. The application is easy, straightforward, and
inexpensive. Only extreme outliers may be detrimen
tal to FCM and NLM and are best removed from the
dataset prior to treatment. Also, some simple trans
formation to remove skewness is useful.

Table 7. The compositions of the cluster centers for the sediment samples of the Rio
CaimalRio Mau drainage basin. N is the number of samples which varies for the
different elements due to missing analytical values. In total eight samples had one or
more values missing

Element

Vnit

Cluster A

Cluster B

Ouster C

Cluster D

N

As
Sb
La
Eu
Th

ppm
ppm
ppm
ppm
ppm
ppm
ppm

27.1
0.47
54.7
1.56
20.9
8.65
68
0.37
7.3
0.65
0.13
484
51
22.4
42
78
169
173
6.3
485

21.3
2.0
78.7
2.1
33.3
9.87
66
0.48
6.8
0.71
0.23
517
40.7
14.8
49
1720
361
236
9.5
1940

27.8
3.8
181
3.4
86
30.8
41
0.49
1.2
0.33
0.14
240
20.6
7.3
37.4
84
103
481
10.2
534

77.1
3.2
51.9
1.54
20.0
10.1
93
0.40
9.9
0.69
0.12
725
76
33
86
1537
476
164
12.9
1670

49
49
49
50
50
49
43
43
50
43
43
43
43
43
43
43
43
43
43
43

V
Li

Na
Cs
Mg
Ca
Mn

Ni
Co

Cu
Pb
Zn
Zr
Sn
S

%

ppm
%
%

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

45

Fuzzy c-means cluster analysis and non-linear mapping
The application of FCM is preferred over conven
tional hard clustering techniques because the "fuzzy"
concept fits better with what is normally encountered
in nature. This observation is of course especially
valid for stream sediment and water samples, which
are often viewed as a composite sample of an area or
volume created by nature.
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APPENDIX
The choice ofthe distance or similarity measure is, next to
the choice of clustering or mapping technique, of the utmost
importance (HOWARTIf and SINDlNG-LARSEN, 1983). In
general, for the squared distance of two objects X; and X, in
a V-dimensional space one can write:

v

V

(du ')' = ~ ~

(Xkj -

x"j) • A jr • (x'l- x"r)

j=l i'=<l

where A is a V by V norm inducing matrix.
In the most simple case A is the identity matrix and the
distance measure then is the Euclidian Norm. For the
Diagonal Norm, A is a diagonal matrix of the inverses ofthe
variances, equivalent to a division of each variable by its
standard deviation which is used in this study. To eorrect for
statistical dependence between variables the Mahalanobis
Norm, with for A the inverse of the covariance matrix, is
theoretically appropriate (BEZDEK, 1981). As has been
discussed in the text, pr~per steps have to be taken to deal
with skewness and outlying values.
For multimodel distributions the overall (co)variance
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over the total dataset is not necessarily a good estimate of
the subgroup (co)variances. Use of especially the overall
covariance matrix is only justified if the different clusters
have directions and shapes more or less identical 10 the
direction and shape of the total data cloud in the multi
dimensional space (see BEZDEK, 1981, Fig. 15.1). A pooled
(fuzzy) covariance matrix of the various clusters could be
used if directions and shapes of the clusters still more or less
coincide with each other. The use of local fuzzy covariance
matrices which induce a different norm for each cluster
(GUSTAFSON and KESSEL, 1979; GRANATH, 1984) would be
required in all other cases.
A disadvantage with the use of the Mahalanobis Norm is
that for datasets with many variables relative to the number
of samples, estimates of covariance matrices are notoriously
poor (JAIN, 1986). This problem is therefore readily encoun
tered in small datasets and even more so if pooled or local
norms over clusters are introduced, owing to the loss of
degrees offreedom. In addition, a pooled or local norm [see
ENGELMAN (1980) and GRANATH (1984)] is very much depen
dent on the predetermined number of clusters and can
therefore not be used in combination with NLM.

CHAPTER V

WElL SEDIMENTS: A MEDIUM FOR GEOCHEMICAL PROSPECTING, AN
EXAMPLE FROM THE NISA REGION, PORTUGAL

S.P. Vriend, M.J. Dekkers, M. Jansen, J. Commandeur
Department of Geochemistry, Institute of Earth Sciences, University of Utrecht,
Budapestlaan 4, 3584 CD Utrecht, The Netherlands.

Abstract
The potential of well sediments for geochemical prospection purposes is assessed in the Nisa
region (Portugal). The semi-arid terrain is less suited for more conventional prospection media. The
composition of well sediments is dependant on local geology. Well sediments actively interact with
emerging groundwater. These influences are identified and evaluated through statistical methods,
including discriminant function analysis and factor analysis. Contamination, which may bias the
geochemical landscape, appears to be of minor concern. Known mineralized areas (U, Ph, Zn, Ba)
show up as strong anomalies. Additional anomalies of associations of several ore-related elements are
attractive targets for follow-up study. Single element anomalies may be caused by local pollution. In
general well sediments, if available, may offer an attractive alternative to more conventional
prospecting media in arid and semi-arid regions.

Introduction

Geochemical prospecting for minerals is carried out through sampling of a wide
variety of naturally occurring materials (Rose et al., 1979). For reconnaissance type
surveys these include stream sediments, stream waters, ground waters, glacial
debris, lake sediments and soils. These sample media are often less suited in arid
or semi-arid regions. Ground water sampling has been shown to be successful in
such areas especially for typically mobile elements like U and F and, more
recently, even for Au (Bergeron and Choini~re, 1989). However, this medium is
not favorable for the lesser mobile metals. Their concentrations in solution
generally are extremely low which complicates the analytical procedure. Moreover,
effects of supersaturation with respect to many minerals - even at these low
concentrations - bias the geochemical landscape.
Recently a ground water survey was carried out in the Nisa region, central
Portugal (Dekkers et al., 1989) with the prime objective to study the manifestation
of U deposits in these waters. The study area is located between Monte Claro and
Povoa e Meadas - an area rich in small mineralizations (cf. Fig.1). A genetic
history was established for each water sample on basis of major element chemistry.
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Fig. 1: Geological map of tbe Nisa region, east-<:entral Portugal, after Ribeiro et aI. (1965) and Fernandes et al. (1973).

Deep, surficial and polluted waters could be discriminated, thus greatly improving
the interpretability of the anomaly pattern. However, mineral deposits other than
U mineralizations appeared to be poorly reflected in the ground water
composition. A possible alternative prospecting medium, not mentioned in current
literature, is well sediment. The intimate interaction between emerging ground
water and the well sediment may well prove suitable for mineral exploration,
owing to a favorable element partitioning between the solution and scavenging
sediments.
The present study in the same area between Nisa and Povoa e Meadas (Fig. 1)
investigates this potential of well sediments in exploration geochemistry. The active
interaction with passing groundwater is demonstrated through the impact of
bedrock difference, major chemical processes and possible human influences.
Statistical techniques are used as a major aid in visualizing geochemical differences
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and processes. In a final test the anomaly pattern ensuing from the well sediment
data is compared to the areal distribution of the known miIieralizations.
Geological Setting
A multiple intrusive complex is located south of Nisa. A Caledonian intrusive
body is bordered by two large intrusive bodies of the younger Hercynian granite
series: the Nisa/Castelo de Vide (NCdV) and Gafete granites (Fig. 1; Fernandes,
1970, 1971). The Caledonian intrusive was altered into orthogneiss during the
Hercynian orogeny. The northernmost coarse-grained, S-type, two-mica NCdV
granite (age ± 300 Ma) contains many vein-type mineralizations.
The probably infracambrian Beira Schist Formation (BSF, Thadeu, 1977) - with
a large areal extent in the western Iberian Peninsula - forms the northern contact
of the NCdV granite complex. In the Nisa region it has undergone low-grade
regional metamorphism. Intrusion of the NCdV granite caused a contact
metamorphic overprint; an inner hornfels zone and an outer spotted schist zone
are recognized (Fig. 1). Typical mineralogy of the spotted schist zone comprises.
quartz, feldspars, biotite, white mica, chlorite and cordierite, with accessory
graphite and pyrite. The hornfels zone has a similar mineralogy; only chlorite is
virtually absent. Gamet and (clino-)zoisite occur occasionally (Pilar, 1966a, 1966b).
Peneplanation was completed in Tertiary times. The present erosional level has
reached the original roof zone of the NCdV granite (pilar, 1966a).
Mineralizations
The Nisa region is known for its V deposits (Fig. 1). Quartzitic V-bearing veins
occur in the NCdV granite, and disseminated V deposits in the contact zone. The
disseminated deposits are thought to be extensions of the V-bearing vein-systems
in the granite. Important ore-minerals in both mineralization types are uranyl
phosphates such as autunite, torbernite, Ba-autunite, bassetite,
autunite-uranocircite.
Vranium occurrences in the study area are the Tarabau and Mato do Povoa
veins (de Faria, 1966). To the west the well-known disseminated Nisa deposit
occurs (Pilar, 1966a, 1966b) and to the south the formerly mined Tolosa vein
(Ferreira, 1971).
Other mineralizations (Ba, Pb, Zn and marginally W) are also related to
quartzitic veins in the granite with extensions into the granite/schist contact zone.
The veins host (small) occurrences of wolframite, barite, apatite and galena-spha
lerite (Fernandes et al., 1973; Ribeiro et al., 1965; Neiva et al., 1953). More
comprehensive descriptions are given by Dekkers et al. (1984).
The mineralizations were formed under a widely differing hydrothermal regime.
High temperature conditions are represented by wolframite deposits, intermediate
temperature conditions by apatite deposits and low temperature conditions by
barite, uranylphosphate and galena/sphalerite deposits. Age relations between
these deposits are not definitely established; in the usually multiple metalliferous
veins only relative ages are known (Neiva et al., 1953). However, it is possible that
the deposits encompass a wide range of ages from late Hercynian for the high
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temperature to late Alpine for the low temperature phases. Radiogenic heat could
have driven mineralized fluids through vein-systems during rejunevation of faults
during geologic history (Fehn et al., 1978).
Hydrology and well description

The study area is characterized by a Mediterranean climate with hot summers
and precipitation mainly in winter. The NCdV granite constitutes a virtually flat
topographic high. Its contact metamorphic aureole slopes steeply to the north. The
drainage system is poorly developed with very low discharge in summer. During
summer water supply is chiefly maintained through artificial lakes. Most of the
study area is dry and barren, almost without soil, or covered with forests (mainly
eucalyptus). Horticulture and agriculture (cereals) are concentrated around small
towns and villages.
In former times wells were commonly excavated for subsistence farming.
Nowadays many are out of active use, thus diminishing the anthropogenic effect.
Generally, the well diameter is some 2 m; well depths range from 2 to 20 m
depending on the local water table. No masonry is used in their construction.
Yields are low; in most cases water is manually extracted. More wells are located
in the granite than in the schist.
Sampling and sample preparation

Sediment samples were collected from the bottom of the wells with a hand
dredge. Wet sieving to a grain size of -1.0 mm was carried out in situ. The samples
were sun-dried in Kraft paper bags. A small pilot study, comparing the 100-250,um
and the -63 ,urn fractions, indicated that the -63 ,urn fraction gave generally a better
anomaly-background contrast. Subsequently all samples were sieved to a grain size
of -63 ,urn.
Analytical methods

Inductively Coupled Plasma (ICP) analysis for K, Ca, Mg, Fe, P, S, Li, Ti, Cr, Ba

Two hundred and fifty mg of each sample was leached overnight at 90"C with
12 N HCI and, after cooling, diluted to 250 ml with de-ionized water. These
solutions were then directly analyzed by ICP.
X-ray fluorescence (XRF) analysis for Mn, Rb, Sr, Zr, Nb, Ta, Cu, Ni, Co, Pb, Zn, V,
Y,U;W

Pressed powder tablets were prepared of 8 g sample with 0.75 g elvacite
(Dupont-Nemours) as binder. The tablets were analyzed by XRF using a Philips
PW1400 model. For calibration, pressed powder tablets of international natural
rock standards were used.
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Organic matter
An estimate of the organic cpntent of the samples was obtained through
determination of the weight loss at 9500c after drying the samples at 110°C. As a
control on the quality of this rather crude approach, the organic content was also
determined with the Kelsey method (Walkley, 1935; The method is based on the
measurement of the pressure of C02J produced by heating the sample to 900"C.
The evolved gasses are lead over hot CUO (900"C). HzO is seperated
cryogenically. Interference of carbonate COz is suppressed through prior treatment
of the sample with HC1(1:1) in 18 samples. Agreement between the two methods
was satisfactory.
Results and interpretation

If well sediments are indeed suited for prospecting, they must be geochemically
active. This implies that geochemical parameters are reflected in their (varying)
composition.

Bedrock differences - Discriminant Function Analysis
Bedrock differences are reflected in the composition of the well sediments.
These show up particularly in the Cu, K, Cr, Fe, Mg, Ni, Co and V contents which
are higher in the schist well sediments, and in the Y, Rb, U, Ta, Nb and Zr
contents which are higher in the granite well sediments (Table 1). These
differences (see Fig. 2 for some pronounced examples) are readily explained
through the mafic character of the BSF and the acid character of the NCdV
granite. The high Mg- and K-contents of the spotted schist may be related to
ubiquitously occurring cordierite and K-micas.
To test the significance of the difference between well sediments of the granite
and schist areas, a Discriminant Function Analysis (DFA) was carried out (SPSS,
Nie et al., 1975). Sediments were assigned to either lithology on the basis of field
observation. Field classification was impossible for some samples collected in the
immediate vicinity of the contact. Prior to the DFA the constituents with
lognormal characteristics were log-transformed. All constituents were entered into
the analysis (direct method). The DFA classification concurs with the field
observation for no less than 96 percent of the cases. Hence, differences between
granite and schist sediment may be regarded as statistically significant. The few
incorrectly classified samples are all close to the contact. For the samples with
unknown provenance and these mis-classified samples the DFA classification is
used throughout this study.

Geochemical processes - Factor Analysis
Important processes in the formation of well sediments within each lithology
may be traced in their changing chemical composition. The ensuing correlation
patterns are conveniently studied through Factor Analysis.
Factor analysis was carried out on the granite and schist data sets separately.
The procedure to arrive at a final robust model (log-transformation if necessary,
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TABLE 1: Geometric means (b) and geometric means plus and minus one standard deviation
(s; based on the logarithmic values) for the analyzed compounds in granite and schist well
sediments (respectively 46 schist and 61 granite samples). The arithmetic mean and arithmetic
mean plus and minus one standard deviation are given for organic matter. All data are in parts
per million unless otherwise indicated. Outliers were excluded.

SCHIST
Compound

b

K in %
Ca
Mg
Fe in %
Mn
P
S
Ti
ORG in %
Li
Rb
Sr
Ba
Zr
Nb
Ta
Cr
Ni
Co

0.41
1320
5180
3.1
287
915
1590
555
3.7
32
160
43
122
235
9
5.0
46
27
20
117
40
225
49
19
9.6

V

Cu
Zn
Pb
U
y

GRANITE
b-s
0.26
720
3790
1.8
156
390
455
315
1.9
19
110
36
57
175
7
3.5
31
19
13
87
21
115
26
6
6.3

b+s

b

0.64
2420
7080
5.2
530
2180
5500
980
5.4
52
220
52
261
315
13
7.8
67
39
30
157
74
445
93
58
14

0.24
1820
2530
1.46
260
800
970
365
4.8
38
245
44
75
360
13
6.5
13
3.6
7
34
18
130
38
55
21

b-s
0.16
1020
1730
0.96
165
470
420
210
2.6
20
180
37
48
220
9
4.7
9
1.9
3.5
25
7
80
25
32
12

b+s
0.34
3240
3700
2.2
400
1360
2220
645
7.0
72
330
53
118
590
19
9
19
7.0
14
48
42
215
58
92
37

factoring procedure, removal of multivariate outliers) is described in some detail in
Vriend et al. (1985) and Dekkers et al. (1986, 1989) and will not be re-iterated
here. The SPSS (Nie et al., 1975) PAl program for Principal Component Analysis
combined with Kaiser Varimax rotation was used. Parallel factors in the schist (S)
and granite (G) groups have been labelled by the same number. For clarity only
the higher loadings are mentioned in the text. Full details are found in Table 2.
SCHIST
For the samples from the schist terrane a four-factor model was selected.
Factor 81: Clay mineral-mica factor, positive loadings for Cr, K, Mg, Ni, V, Ba, Sr
and Ti.
This factor points towards weathering processes in the schist and reflects a clay
mineral and mica association. The highly loading trace elements are common trace
constituents in these minerals.
Factor 82: Fe-Mn coprecipitation factor, positive loadings for Fe, Mn, Co and
negative ones for U and Y.
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Fig. 2: Histograms of some elements, that show contrasting distributions for element concentrations
in well sediments derived from different lithologies.

The element association expected on this factor would be elements coprecipitating
and absorbing on Fe- and Mn-(oxy-hydr)oxides that form from waters that tum
oxic upon surfacing. These fresh (partly amorphous) hydroxides are very efficient
in scavenging other ions (e.g. Whitney, 1975; Nowlan, 1976). An association with
many metals would therefore be foreseen. However, only a relatively strong
relation with Co is observed. Many trace elements load on the organic matter
factor (53). Organic matter also creates favorable conditions for complexing and
immobilization of trace elements (e.g. Govett, 1960). It probably has a greater
influence on the trace element behavior than Fe-Mn (hydr)oxides.
The n'egative loading of U and Y on this factor is somewhat enigmatic. This
aberrant behavior may be explained by gradients generated by the granite:
concentrations of U and Y fall with increasing distance to the granite (cf. Fig. 3).
However a concurrent increase of Fe and Mn with decreasing metamorphic grade
was not observed.
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TABLE 2: Rotated Factor models for the granite and schist sediments.
SCHIST
Com
pound
ORGANIC
Cu
Pb
Zn

FACTOR
SI
.47
.25
.27

K

P
Ca
Sr
Ba
Zr
Nb
Ta
Mg
Fe
Mn
Ti
Cr
Ni
Co
V
y

-.51

FACTOR FACTOR
54
53
.65
.32
.42
.69

FACTOR
Gl
.30

-.77

U

5
Li
Rb

FACTOR
S2

GRANITE

-.36

-.31

.33

.44
.52

.49
.74

.80

.77

-.26
-.42
-.40
.38
.77
.77

-.43
-.60
-.48

.65
.51
.46
.27

.42
-.27
.57
.52

.36
-.29

.60
.34
-.76

.87
.39
.86
.29

.40
-.30

.86
.73
.34
.54

FACTOR
G3
.76
.28
.31
.75
-.80

.79
.55
..-33
.61

-.74
-.66
-.86
-.50

.51

.36

.54
.83
.75
.74

.26
.31
.56
.64
.62

.71

-.27

.62
.64

FACTOR
G2

.61
.70
.65

-.42

.34
.62
.83
.43
.51

-.36
.36

Only loadings and correlations outside the range of + 0.25 and -0.25 are given. The Eigenvalues
of the components prior to rotation are respectively for the granite sediments 7.4, 4.8, 2.8; for
the schist 5.5, 4.3, 3.5 and 2.0. All compounds except organic matter were logtransformed in the
factor analysis.

Factor 83: Organic matter factor, positive loadings for S, Zn and organic matter
and a negative one for Nb.
The positive loading for organic matter, S and moderately to weakly for some
chalcophile elements (Zn, Cu, Pb) versus the negative one for Nb and weakly
negative for some other lithophile elements (Rb, Zr and Ta) is ascribed to the fact
that high organic content precludes high contents of silicates and related elements
and visa versa (an expression of the 'closure effect', see Aitchison, 1986). The
chalcophile elements have a rather strong expression in the schist area, possibly
related to minor pyrite.
Factor 84: Granitophile element factor, positive loadings for Rb and P.
Samples with high scores on this {actor are confined to the immediate vicinity of
the contact zone. The granite dips away under the schist and therefore these
samples may reflect the proximity of the granite-schist contact.
GRANITE

A three-factor model was selected for the well sediments from the granite area
(Table 2). As is to be expected, a factor expressing a concentration gradient
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Fig. 3: Scattergram of U concentration vs the N-S coordinate. Note the strong increase in U in the
schist well sediments with decreasing distance to the granite.

toward the granite like factor S4, does not show up in the granite sediments
themselves.
Factor Gl: Clay mineral-mica factor, high positive loadings for ti, K, Ti, Cr, Mg.
This factor reflects very similar phenomena as factor S1 for the schist group.
Obviously the different mica composition in the granite in comparison to the schist
causes a different in element loadings.
Factor G2: Fe-Mn coprecipitation factor, high positive loadings for Co, P, Fe, Mn,
Zn, Ni, V, Ba, Pb and Ca.
The trace elements coprecipitate with Fe- and Mn-(hydr)oxides upon oxygenating
of the groundwater. While in the schist sediments this element association is main
ly found under the organic matter factor, the balance has tipped over to the Fe
Mn coprecipitation factor in the granite sediments, perhaps due to diverse expres
sion of oxidation phenomena in the different lithologies. In the granite sediments
P has also a high loading on this factor. like the trace elements phosphate is
known to be adsorbed onto goethite-like phases (e.g. Atkinson et al., 1974).
Factor G3: Rock debris-organic matter dipole factor, high positive loadings for
organic matter and S and negative ones for Nb, Rb, Sr and Zr.
This factor resembles factor S3 of the schist. Due to the lesser expression of the
chalcophile elements the antipodal character of this factor is slightly enhanced with
respect to that in the schist group.
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The relations observed in the factors can be explained by common geochemical
phenomena and processes. Moreover the soundness of the models is supported by
the fact that both lithologies, although chemically quite distinct, broadly do yield
similar factor models. Factors that should express distinct geographical trends,
actually do yield such trends: schist samples with high scores on granite-related
factors (S2 and S4) are indeed located close to the contact.
Two types of oxidation-reduction phenomena are thus discerned. Firstly,
through a Fe (hydr)oxide precipitation upon oxygenation of emerging reducing
water in oxic sediment. Fez+ converts to Fe3+ which precipitates as Fe-(hydr)oxide.
Such processes can presumably also occur in the absence of abundant organic
matter, so that rock interaction plays a more important role. Secondly, in the
presence of decomposing organic matter sediments readily. use up their oxygen and
reducing conditions result. In such environments sulphate, when present, is reduced
to sulphide mediated through bacteria (odor of HzS).
The strong association of Fe and P and the favorable geochemical environment
(Nriagu and Dell, 1974) in the granite sediments led us to suspect the presence of
vivianite (Fe3(P0 4)z.8HzO) in those samples with high scores on the G2 factor.
XRD examination of two of these high scoring well sediments did prove the
presence of this mineral.
The behavior of D and Y in the well sediments is most interesting. They form
a concentration plateau in the granite terrane while their concentration slopes
down in the schist terrane with increasing distance to the granite (Fig. 3). If this
present-day behavior may be linked to the ore-forming process, this could point to
a metasomatic process whereby D (and Y) was transferred from the granite and
trapped by changing chemical (redox?) conditions in the schist contact zone. This
feature shows certain parallels with the observed vein-type D deposits in the
granite and disseminated deposits in the schist contact zone.
Human impact

Factor models did not hint at any pollution-like process. Thus, it is reasonable
to conclude that human impact, if present, is only marginal. This is corroborated
by the fact that high values of pollution sensitive elements (like Pb and Zn) mostly
coincide with high values for other common ore-paragenetic elements (Ba, Cu, D),
favoring a natural origin. Nonetheless, since local pollution effects can not be
totally excluded, single-element anomalies should be regarded with caution and
assigned a low prospection priority. In the next section the value of anomalies is
evaluated through its ore-element association.
Anomaly evaluation

In particular D, Pb, Zn, Ba mineralizations occur in the study area; therefore
these elements are most interesting to evaluate the potential of well sediments for
geochemical exploration. Study of the histograms of the ore-related elements
already revealed the presence of anomalous values, and especially showed
conspicuous highs for Pb.
In order to rectify the influence of differences in lithology on the background
and threshold values, the following procedure was adopted, thereby avoiding the
use of more than one threshold value per element and per map (Fig. 4):
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Fig. 4: Anomaly patterns and mineralizations for D, en, Ba, Pb and Zn, For each element the
cumulative frequency curves are given that were used to determine the threshold value. Data
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centration in the maps; for reference purposes some circle sizes are labelled with their appro
priate standardized units in the keys. The interpretation of each anomaly is listed in Table 3.
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- Determination of the means and standard deviations in the distributions
(logtransformation was applied if necessary) for the background populations of
the separate lithologies with the help of cumulative frequency curves (Sinclair,
1976). Outlying parts of the distribution, expressed by breakpoints or inflection
points in the cumulative frequency curve, were split off prior to the
determination of these values.
- Standardization of the data per element and per lithology to a mean value of
0.0 and to a standard deviation of 1.0.
- Construction of cumulative frequency curves for the combined standardized
data sets of both lithologies and determination of the threshold value for each
element.
In the above procedure extensive use was made of the program PROBPLOT
(Stanley, 1987).
Only U did not show a clear inflection point in the cumulative frequency curve
(Fig. 4). Therefore somewhat arbitrarily a (in these situations commonly used)
value of the mean plus two standard deviations was defined as threshold (Hoff
man, 1988). All U anomalies identified through the ground water survey (Dekkers
et al., 1989) were also identified in the well sediments (Fig. 4), provided that
sampling in the vicinity was possible (a number of water anomalies were found
through spring sampling and thus no sediment could be collected in such cases).
All known ,Pb, Zn and Ba mineralizations are reflected in the anomaly pattern
of the well sediments. This congruence demonstrates the merit of well sediment
sampling for prospection purposes. A pollution explanation seems likely for some
single-element Pb and Zn anomalies (cf. Table 3 and Fig. 4). The significance of
the additional anomalies of associations of several ore-related elements may be
evaluated in a follow-up study.
TABLE 3:
NUMBER

Anomaly characterization for Pb, Zn, Cu and Ba
ELEMENT ASSOCIATION

1
Pb
Pb,
2
Ba,
3
4
Pb,
5
Cu,
6
Ph,
7
Pb,
Zn,
8
Pb,
9
10 (2 wells) Ph,
11
Pb,
12 (3 wells) Pb,
13
Cu,

Zn
Cu, (Pb)
Ba, Cu,
Zn
Ba, (Zn,
Zn, Ba
(Ba)
Zn, (Ba,
Zn, (Ba,
Zn, (Ba)
Zn, Cu,
Ba

(Zn)
Cu)
Cu)
Cu)
(Ba)

(POSSIBLE) CAUSE
contamination
mineralization
follow up
mineralization
mineralization
mineralization
mineralization
contamination?
follow up
follow up
follow up
mineralization
mineralization

(Pb)
(U)
(U)
(Ba, Ph, Zn)
(Ba, Ph, Zn)

(U, Ba)
(Ba, Pb)

Numbers correspond with those in Fig. 4. Elements between brackets have concentrations that
faIl very close to the threshold. Follow up implies an attractive element association warranting
more detailed work.
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The background-anomaly differences are rather large for all elements of
interest, except for U which shows a more gradual background-anomaly pattern.
This smoothing of the anomalous population may be due to the solubility of U in
oxidizing water.
Only two W mineralizations of no economic interest occur in the study area.
One has no well in its drainage. The other yielded a high W value. Thngsten was
not considered in more detail.
Discussion and conclusions

An explanation for the strong response of ore deposits in the Nisa well sedi
ment composition may well lie in the fact that places that are most favorable to
find water close to the surface are also the most favorable to find mineralization.
Water in semi-arid crystalline areas is most likely to be found in joint and fracture
zones. Quartz veins are found frequently in these zones in the Nisa area. It is not
uncommon to find springs originating in these veins. Quartz, a brittle mineral,
poses in fractured veins little obstruction for water. Hydrothermal mineralizations
are generally confined to these environments. These environments are also easiest
for the rural population to excavate their wells in. In fact through this "natural
selection" barren ground has for a large part already been eliminated from
sampling. The well sediments contain clays, Fe-Mn (hydr)oxides and organic
material, all phases that are very efficient in immobilizing solved or suspended
trace elements. They thus have all characteristics required for a excellent
prospecting medium.
Well sediments are an interesting alternative in regions where more
conventional prospecting media are less successful. In the Nisa region virtually all
known mineralizations are reflected in the well sediment samples, mostly as strong
anomalies. Their zone of influence may reach deeper than stream waters and
sediments or soils. Concentration levels are such that they can routinely be
analyzed with presently available equipment. Factor analysis did not show the
presence of any pollution-like process, thus anthropogenic influences are probably
minor. OxidatiOn/reduction processes lead to precipitation of Fe-Mn hydroxides
and phosphates which will scavenge trace elements, together with organic matter
and clay minerals, from emerging ground water and thus greatly enhance the
prospective potential of well sediments.
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CHAPTER VI
THE SAO PEDRO DO SUL GRANITE, PORTUGAL:
HYDROGEOCHEMISTRY RELATED TO THE EXPLORATION
OF URANIUM
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ABSTRACT
Dekkers, M.J., Vriend, S.P., Van der Weijden, C.H. and Van Diest, Ph., 1986. The Sao
Pedro do SuI granite, Portugal: Hydrogeochemistry related to the exploration of
uranium. In: L. van Wambeke (Guest-Editor), Uranium Exploration: Results of
European Communities Programme. Uranium, 2: 261-277.
The Sao Pedro do Sui granite in the north-central part of Portugal is highly radioactive
but is not affiliated with any known uranium mineralization. This setting therefore
provided an interesting case study for the hydrogeochemistry of uranium. Spring, tap and
stream water samples were collected and analysed for pH, Ec, Na, K, Ca, Mg, CI, S04,
HC0 3 , H 4Si0 4 , P0 4 , N0 3 , DOC, F, U, Sr and Ba.
Univariate and multivariate statistical techniques were applied to gain an under
standing of the important factors that influence the water composition. Evaporation
appeared to dominate the chemistry of the waters. Faults and the deeper weathering of
the granite are also reflected in the water composition, especially in the behaviour of the
pH, HC0 3 , F and H 4Si0 4 . The U concentrations are low and do not show any interesting
groupings. The combined results concur with the absence of known outcropping mineral
izations, and also indicate that the presence of hidden ore bodies is unlikely.

1. INTRODUCTION

Surface and groundwater compositions are determined by many different
factors such as the initial rainwater composition, evapotranspiration,
chemical, biological and mineralogical contents of bedrock and soil, anthro
pogenic contributions (agriculture) and depth of percolation. Water samples
(stream, spring and tap) may thus contain indications of their genetic
history, which is of interest in the search of (hidden) ore deposits.
The "radioactive" granite of Sao Pedro do SuI in north-central Portugal
(Fig. 1) is an interesting target to test the potential of hydrogeochemistry in
the prospection for uranium mineralizations: (1) to study the response of a
granite not affiliated with any known U mineralizations but with high U and
Th content, mainly enclosed in refractory minerals (Basham et aI., 1982b);
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Fig. 1. Topographical map of the Sao Pedro do Sui area.

and (2) to investigate the likelihood of hidden ore deposits at shallow depth.
Fernandes (1970) carried out an intensive radiometric survey of this area but
found no outcropping mineralizations.
Granite and schist, the main rock types encountered in the study area,
have a low porosity and permeability. Consequently, the waters of the Sao
Pedro do SuI region display mainly characteristics of surficial water-rock
interaction. In tectonically affected areas water may penetrate deeper and
come into contact with fresh rock and vein material. The fault-related hot
springs of Sao Pedro do SuI are extreme examples of this type of inter
action (e.g., Lautensach, 1932; Basham et al., 1982b; Ten Haven et al.,
1985).

The Sao Pedro do SuI granite is bordered in the south by the Rio Vouga,
cut in the eastern part by the Rio SuI, and covers an area of ~ 16 km 2 • Farm
lands (com, potatoes) and vineyards are mostly assembled along riverbanks
and around small villages (shaded areas in Fig. 1). The higher regions are
covered with forests (pine tree, eucalyptus). Altitudes vary between 150 min
the Rio Vouga valley and 480m of the Sra da Guia (Fig. 1).

2. GEOLOGY

The geology of the Sao Pedro do SuI area, as given by Fernandes (1970),
is shown in Fig. 2. The main petrological units in the area are a complex of
meta-graywackes, different granite types and, to a minor extent, (sub- )recent
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Fig. 2, Simplified geological map of the Sao Pedro do Sui granite (after Fernandes, 1970).
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alluvial deposits. The meta-graywackes belong to the Beira Schist Formation
which crops out in large parts of northern Portugal. The sedimentary age is
Cambrian (Thadeu, 1977). During the Hercynian orogenic event the for
mation was regionally metamorphosed. Relatively low-pressure types of
metamorphism are generally encountered. Hercynian granites caused con
tact metamorphic overprints. In the sao Pedro do SuI area the formation was
metamorphosed into the staurolite + andalusite and biotite zones along the
contacts of the Sao Pedro do SuI granite (Oen, 1958, 1970).
Older and Younger Hercynian granites can be distinguished (Oen, 1958,
1970; Schermerhorn, 1959). The Older granites have concordant contacts
and radiometric ages of 330-320Myr. The Younger ones are porphyritic,
intruding into the Beira schists or the Older granites and having discordant
contacts. Their radiometric ages vary between 310 and 280 Myr.
Various subtypes are recognized on the basis of petrographic and chemical
criteria. Age relations are somewhat ambiguous, e.g. Pinto (1979) distin
guishes five Hercynian granite generations in northern Portugal.
2.1. Sao Pedro do Sui granite

The Sao Pedro do SuI granite has a blue appearance and is porphyritic and
medium-grained. In the border-zones the grain size decreases. Schlieren and
interfingering s::hist fragments are common (especially close to their wall
rocks). The major mineralogical constituents of the granite are quartz,
plagioclase and K-feldspar, minor components are biotite and white mica
while accessory sillimanite also occurs. The chemical composition of the
granite is given by Fernandes (1970). In terms of chemical classifications
of granites the Sao Pedro do SuI granite is peraluminous. Very important is
its anomalous radioactivity - 40-60c.p.s. (Geiger-MUller A.V.P.), some
times up to 300c.p.s. Normal c.p.s. values for the neighbouring rocks are in
the range of 20-25 c.p.s. (Fernandes, 1970).
The age determination of Mendes (1961) (316 ± 11 Myr.) is in accordance
with a later age determination of Priem et al. (1984) (315 ± 3 Myr.). Neigh
bouring rock units are the Beira Schist Formation north- and westwards
and an Older granite southwards.
Two major faults run N-S and NE-SW through the eastern part of the
Sao Pedro do SuI granite.

3. SAMPLING AND ANALYTICAL TECHNIQUES

Eighty-three water samples were collected in the period of June 18-27,
1981. At the sample site two separate samples were filtered through a
0.45-J.Lm membrane filter; one was acidified with 1 ml 6 N HCI per 250-ml
sample to prevent adsorption onto the container walls. The alkalinity and CI
were measured in the unacidified sample, the other constituents in the
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acidified portion. All samples were kept in plastic bottles in a relatively cool
and dark place to prevent disturbing secondary chemical and/or biological
reactions.
Measurements of pH, electroconductivity (Ec) and temperature of the
water were carried out in situ.
The alkalinity was determined by titrimetry, using the Gran plotting
method for end-point indication; P0 4 , H 4 Si0 4 and N0 3 by spectrophotom
etry; F and CI by ion-selective potentiometry; DOC (dissolved organic
carbon) by Coleman® carbon analyzer; Na, K, Ca and Mg by flame atomic
absorption, using Cs and La as ionisation and chemical buffer, respectively;
Ca, Mg, Na, K, Sr, Ba, S04 and H 4Si0 4 by inductively coupled plasma
emission spectrometry (ICPES); and U by fluorometry, using a 98% NaF
2% LiF flux (weight percentages) after preconcentration by evaporation and
solvent extraction with ethyl acetate (Korkisch and Hecht, 1972).
Some elements (Na, K, Ca, Mg, P0 4 and H 4 Si0 4 ) were analysed both
with ICPES and a control method. The analytical results were checked with
respect to the ionic charge balance of the major ions; when necessary these
were re-analysed.
4. STATISTICAL DATA INTERPRETATION

A map of sample locations is given in Fig. 3. The water samples are
derived from three main groups: streams (8), springs (42) and taps (33).
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During the interpretation of the results extensive use was made of the
computer packages SPSS (Nie et al., 1975) and BMDP (Dixon, 1981). The
variables Ec, pH, Na, K, Ca, Mg, D, HC0 3 , CI, F, N0 3 , P0 4 , S04, DOC, Sr,
Ba and H 4Si0 4 were used in the statistical analysis. In Table I means,
standard deviations, minima and maxima for each variable are listed. In
general, the waters from the Sao Pedro do SuI area are dilute.
TABLE I
Levels of chemical constituents in the Sao Pedro do Sui waters

pH
Ec
Na
K
Ca
Mg
CI
HC03
H 4Si0 4
S04
N0 3
P0 4
DOC
F
U
Sr
Ba

+ SL

Mean

Geometric
mean, b

b -SL

b

6.01
86.3
11.2
2.23
2.41
1.54
16.3
11.5
30.2
5.1
1.38
0.223
1.56
0.10
0.22
17
26

5.99
74.9
10.1
1.40
1.99
1.26
14.4
9.0
28.0
4.0
0.15
0.080
1.54
0.087
0.15
13
11

5.49
44.7
6.5
0.57
1.06
0.67
9.1
3.5
18.9
1.90
0.013
0.187
1.25
0.055
0.06
6
3

6.54
125
15.7
3.42
3.74
2.37
22.8
23.2
41.4
8.4
1.67
0.343
1.90
0.14
0.38
28
34

Min.

Max.

4.95
29.4
4.0
0.45
0.23
0.37
7.0
0.1
10.1
0.38
0.01
0.020
1.0
0.035
0.04
2
2

7.47
250
34.7
13.7
9.2
4.4
52
29.6
67
16.5
13.7
2.56
2.7
0.32
1.0
49
305

Unit

JlS

mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
mgl- I
Jlg I-I
JlgI- I
Jlg I-I

b ± sL indicates the antilogs of arithmetic means ± one standard deviation of the logarith
mic transforms of the constituents. Data are based on 83 samples.

4.1. Histograms and cumulative frequency distributions
Apart from the pH and H4 Si0 4 , which are unimodally and normally
distributed, all variables have unimodal distributions of lognormal character.
Only the nature of the distributions of N0 3 and P0 4 is difficult to judge,
because a large percentage of these constituents was below the limit of
detection. Stream waters show the smallest variations (Dekkers et al.,
1983a), which are caused by their composite nature. Taps are fed by
captured local springs, selected for their constant flow even after long
periods of dry weather. Sometimes small storage reservoirs were built to
improve their effectiveness. The chemistry of the taps is therefore com
parable with that of the uncaptured springs and no obvious differences
between these two are noticeable in the histograms.
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4.2. Piper diagrams
Relative amounts in meq% of the major cations and anions are expressed
in Piper (1944) diagrams as shown in Fig. 4. All waters belong to one group
and can be classified as Na---el type. Spring, stream and tap waters do not
show any systematic differences. Waters with higher Ec's are gene\"ally
shifted towards the S04 and (Ca + Mg) apices, probably due to agricultural
activities (Dekkers et aI., 1983a). The waters with a low Ec represent best the
original Sao Pedro do SuI granite waters, because those are the least (or not
at all) polluted.

Fig. 4. Piper diagram of the Sao Pedro do Sui water samples. The darkly shaded areas
contain 70% and the contoured areas 95% of the samples.

4.3. Scattergrams
In the Na vs. CI plot (Fig. 5a) the seawater dilution line (NatCI = 0.85) is
drawn. Compared to the seawater ratio a slight excess of Na over CI exists.
Obviously evapotranspiration is an important process in the area. The excess
Na is added by the chemical weathering of rocks.
The seawater dilution line in the S04 vs. CI plot (Fig. 5b) shows that S04
must have been added to the water. The application of fertilizers and the
combustion of fossil fuels are explanations for the relatively increased S04
amounts. The extent of either source is difficult to estimate.
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4.4. Component analysis
In order to obtain interpretable results, it must be established prior to
component analysis (CA) that the variables are unimodal, normally distrib
uted and free of outliers. The histograms and cumulative frequency CUlves
showed no significant outliers nor deviations from unimodality. A trans
formation to skewness zero (Miesch, 1981; Selinus, 1981) resulting in sym
metrically distributed variables was applied. The transformation has the form
In (x - ex) or In (ex - x), whereby ex was chosen through an iterative pro
cedure.
Although in the histograms stream, spring and tap waters show no signifi
cant differences, this unimodality may not exist for the multivariate data set.
Discriminant function analysis (DFA) is an appropriate technique to test for
differences between groups of samples. In this case DFA did not indicate
any significant difference and hence it is justified to treat all samples as one
group.
Component analysis with Kaiser varimax rotation was applied. Variables
with more than 30% of their concentrations below the limit of detection and
samples of which the charge balance deviated more than 10% from electro
neutrality were excluded from the calculations to avoid possible spurious
TABLE II
Component loading matrix of the Sao Pedro do Sui water data
Evaporation
component
pH
Ec
Na
K
Ca
Mg
CI
HC0 3
H 4Si0 4
S04
N0 3
F

Fault/depth
component
0.75
0.29
0.40

0.92
0.85
0.87
0.82
0.95
0.86
0.26
0.73
0.77

0.29
0.81
0.87
-0.26
0.56
0.72

P0 4
DOC
U

Sr
Ba

0.86
0.55

-0.42

rhe constituents below the dashed line were not included in the component mOdel.
Figures indicate their correlations with the component scores. Coefficients with an abso
lute value below 0.25 are not given. The first three eigenvalues of the corresponding
principle component solution were respectively: 6.37,2.39 and 0.84.
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influences they might have on the outcome of the CA. The program (PAl in
the SPSS manual; Nie et aI., 1975) allowed the scores of these samples in the
component model to be calculated. The Gutman criterion was applied as a
rough guideline for the number of components (extracting only those factors
that have eigenvalues> 1.0). Other possibilities close to this criterion were
also tested, since there is no precise method to determine the number of
components (Joreskog et al., 1976). All results were checked for their
hydrogeochemical interpretability. A two-component model was chosen in
this study, whereby only those variables were retained that had significant
loadings on at least one of the components. This model satisfied the hydro
geochemical and statistical criteria best.
Table II presents the adopted two-component model. The remaining
variables were correlated with the derived components. The correlation
coefficients of constituents which were excluded from the computation of
the component model, are also presented in Table II. U and DOC have no
relation with either one of the components.

5. HYDROGEOCHEMICAL INTERPRETATION

The two components given in Table II are termed evaporation com
ponent and fault/depth component respectively.

5.1. Evaporation component
Variables with a high loading on this component are Ec, CI, N0 3 , Ca, Mg,
Na and K; 80 4 has a slightly lower loading. CI, N0 3 , K and also 80 4 are
related to the combination of surficial and anthropogenic influences. In
agricultural areas high evaporation is due to relatively intense soil use,
irrigation and high moisture retention of the agricultural soil. These factors
and the application of fertilizers contribute to high scores on the evaporation
component. In forests no fertilizers are applied; shade keeps the temperature
lower and the rate of evaporation is consequently somewhat lower. Due to a
relatively "loose" soil structure, the rate of infiltration of rainwater in forest
soils is higher than in agricultural areas. This implies that water which enters
the groundwater system is more concentrated in agricultural areas.
The distribution of the scores of the evaporation component are presented
in Fig. 6a. The areas with high values are indeed farmlands and villages.

5.2. Fault/depth component
Variables with a high loading on this component are pH, HC0 3 , F and
H 4 8i0 4 • HC0 3 and pH are related to each other in the carbonate system.
Higher values of F and H 4 8i0 4 generally indicate a somewhat deeper perco
lation level. The interpretation of this component is that fault and fracture
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Fig. 6. Distribution maps of the component scores in the Sao Pedro do Sui granite.
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zones permit a percolation of meteoric water through deeper zones, thus
acquiring a composition more or less in equilibrium with "fresh" rock. The
geographical distribution of the scores (Fig. 6b) on the fault/depth com
ponent reveals that the scores are high in tectonized areas.

5.3. Component scores plot: genetic implications
A plot of scores of the evaporation component vs. the fault/depth com
ponent is given in Fig. 7. The estimated areas of the streams, springs and taps
are contoured. The following trends are depicted in the plot:
(I) Stream waters are found in the center, indicating their "average"
character.
(II) Arrows which express the "vectorial relation" between the following
phenomena are indicated:
(1) evaporized surficial: agriculture and/or villages;
(2) non-evaporized surficial: forests;
(3) evaporized deep; and
(4) non-evaporized deep.
Scaltergram

3

......

4
-3.0+-~----r~-.--~--,--~---r-~.---~---,--~_r--~-.-~-r--.--~--.------r---l
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Fig. 7. Scattergram of the evaporation component scores vs. the fault/depth component
scores. Symbols have the same meaning as in Fig. 3. The solid line outlines the stream
water samples, the dashed line the spring water samples and the dotted line the tap water
samples. Arrows are explained in the text.
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Phenomena (1) and (2) are portrayed by shaded arrows while (3) and (4)
are indicated by dotted ones in Fig. 7.
(III) Tap waters have a deeper origin than spring waters.
The evaporized deep type waters do not exist: it is unlikely in this area for
one and the same water sample to show both surficial and depth character
istics. A similar reasoning applies to non-evaporized deep type waters: the
deeper a water percolates, the longer it remains in contact with rock com
ponents and thus its solute content will increase. A more realistic presen
tation (shaded arrow in Fig. 7) will be a kind of vectorial sum of these two,
displaying (almost) no influence of the evaporation component. There is
evidence for the existence of such an arrow in Fig. 7.
The component model presented is relatively simple and internally con
sistent. The influence of evaporation on the w8ter composition is consider
able, a result supported by the fact that many springs dry out during sum
mer, indicating that spring water remains underground for relatively short
periods.
An attempt was made to correct for the influence of the evaporation,
expressed by the Ec, as a method to "standardize" the water compositions.
The partial correlations, remaining after the removal of the correlation attri
butable to the Ec, have been computed and on the residuals CA was per
formed again. Unfortunately the results had no hydrogeochemical meaning,
because evaporation dominates the total variance within the samples to such
an extent that, after correction, the remaining variance is influenced for an
important part by sampling and analytical errors. It is obvious that in such
cases a reasonable interpretation of the residuals is virtually impossible. It is
to be expected that in areas with high evaporation this process will obscure
other phenomena that may be apparent in areas not characterized by high
evaporation (e.g., Van Diest et al., 1982).

6. DISTRIBUTION OF URANIUM IN THE WATER SAMPLES

The uranium distribution in the waters of the study area is shown in
Fig. 3. The U concentrations are low (the highest concentration is 1J,LgI-I)
compared with other granitic regions with known U mineralizations, e.g.
Nisa, Portugal: 43 out of 116 samples above 1J,LgI-I, up to 25.5 J,Lg I-I
(Dekkers et al., 1983b), Sortelha, Portugal: 34 out of 92 samples above
1J,Lgr l , up to 9.5J,LgI-I (Walen et al., in prep.) and Lachaux, France: 26
out of 70 samples above 1J,LgI-I, up to 6.3J,LgI-I (Van Diest et al., 1982)~
No significant correlation of U with either of the components exists (Table
II). This is in contrast with the Vouzela region, south of the study area,
where U scores highly on a fault/depth-related component (Ten Haven et al.,
1985). In this area small uranium mineralizations are known (Cerveira,
1951). The low U values - the bulk of the samples has concentrations close
to or below the detection limit of the analytical method - and the absence
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of correlations of U with either of the components leads to the conclusion
that uranium has not undergone any concentration process. The absence
of any correlation with the fault/depth component may imply that the
uranium is not mobilized. The occurrence of (hidden) U mineralizations in
the Sao Pedro do SuI granite itself seems therefore unlikely.
7. DISCUSSION

The high U (8-58 ppm) and Th contents (39-621 ppm) are responsible
for the high radioactivity of the granite. Basham et al. (1982b) reported
uraninite as a common accessory mineral and they suggested that a consider
able part of U is built in refractory and non-leachable minerals, such as
monazite, apatite, zircon and rutile. A mineralogical assessment for U is
given, but unfortunately not for Th.
Uraninite is a leachable U mineral when its Th content is low (Grandstaff,
1976). In the Sao Pedro do SuI granite the Th contents are in the range of
3-7% ThO z , implying that this uraninite is not easily leachable (Basham et
al., 1982a). This is supported by the concordance of the uraninite chemical
age (321 ± 31 Myr.; Basham et al., 1982b) with the age of the granite deter
mined by other methods.
The granite intrusion did not reach high crustal levels indicated by the
paucity of veins and by the occurrence of sillimanite. In the Nisa-Monte
Claro region, central Portugal, andalusite is found in the granite (Pilar, 1966;
Dekkers et al., 1983b), indicating that the Nisa granite was a so-called high
level intrusion. In this granite many mineralized veins are present and in the
contact zone mineralizations of U, W, Ba, Pb and Zn occur. It could well be
that a relation exists between the depth of intrusion and the occurrence of
(mineralized) veins; in other words, a relatively shallow intrusion depth is a
favourable factor for vein development which may lead to mineralizations
when other circumstances are also favourable [e.g., in the (granitic) intrusion
there should be a fluid with mineralizing power (Simpson et al. (1979)]. A
similar conclusion was derived by Plant et al. (1983) in a study of the
granites in the Scottish highlands, U.K.
The conclusion must be drawn that the granite of Sao Pedro do SuI,
despite its high radioactivity, is not a favourable site for the development of
U mineralizations. The granite is only slightly altered (an early alteration
stage may have generated part of the muscovite); the uraninite (Th-bearing)
was not remobilized during the cooling history of the granite. Tectonic
activity caused faulting and fractUring which allows for a deeper penetration
of surface water. However, fluids which may have acted upon the granite
were unable to liberate uranium from the rock.
In the neighbouring southern granite greisenization phenomena are well
developed (Den, 1958; Ten Haven et al., 1985); along the N-S-directed fault
vein type uranium mineralizations developed (Cerveira, 1951). Genetically
the probability of occurrence of U mineralizations in the Sao Pedro do SuI
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granite itself seems very low. This is confirmed by the low U concentrations
of the waters. There is no indication for a geochemical anomaly which could
lead to the discovery of an U mineralization.

8. CONCLUSIONS

(1) The statistical methods adopted lead to a consistent interpretation of
the water chemistry. A two-component model comprising an "evaporation"
component and a "fault/depth" component was derived.
(2) Evaporation is an important process in areas characterized by low
rainfall and/or relatively dry seasons. The time period between infiltration
and discharge of spring waters in the Sao Pedro do SuI granite is relatively
short.
(3) Stream water samples represent more or less an average of the waters
in a (restricted) geographic area, eliminating outlying effects and obscuring
local trends. Therefore springs and taps are more suitable for the investi
gation of water--TOck relationships.
(4) Tap (perennial spring) water usually originates from greater depth than
(seasonal) spring water and therefore has more prospective value for hidden
ores than stream and (seasonal) spring water.
(5) It is unlikely that hidden U mineralizations are present in the Sao
Pedro do SuI granite.
(6) The attempt to "standardize" water compositions by correcting for
the influence of the Ec failed because evaporation dominates the total
variance amongst the samples to such extent, that the remaining variance is
for a major part determined by sampling and analytical errors.
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Abstract-The hydrogeochemistry of the Nisa region, central Portugal, an area of known U mineraliz
ation, was studied. The geology of the region comprises an S-type high-level granite intrusion with
vein-type V-mineralization, its contact.metamorphic aureole developed in a schist host rock containing

disseminated U-mineralization. An integrated multi-variate statistical, hydrogeochemical and thermo
dynamic approach was adopted for the interpretation of groundwater data from the granite and its contact
aureole. The U groundwater anomalies are evaluated within the local hydrogeochemical context.
One-hundred-and-fifteen water samples were collected and analyzed forpH, Ec, Eh, Na, K, Ca, Mg, Fe,
Mn, AI, U, Li, Ba, Sr, Cl, HCO,. SO" NO" PO" F, DOC and H,SiO,. Uni- and bi-variate statistical
studies of these dilute waters indicate that mainly surface and land-use characteristics control the
dominant chemical processes, with water-rock interaction playing a lesser role. Granitelschist composi
tional differences show up especially in the Mg and HCO, content of the waters. Multi-variate statistical
analyses (Principal Component Analysis and Q-mode Cluster Analysis) were carried out separately on the
granite and schist water groups. Evapotranspiration is an important process both in the schist and granite
environment. The impact offaultlfracture zones, land-use, oxidation/reduction reactions and water-rock

interaction is different for the waters from each bedrock type. For both rock types, the waters can be
classified into genetic groups or clusters ranging from surface runoff/shallow interflow, through surface,
agriculture, and infiltrated, to Village-pollution type water. The distribution pattern of these groundwater
types is not disrupted by the granite-schist contact, allowing for an interpretation of the U distribution in
the entire study area. Thermodynamic calculations indicate that the predominant U species in solution is
UO,(HPO,)l-. Virtually all waters are undersaturated with respect to U minerals. The distribution of U_
in the waters is thus not influenced by precipitation of U-bearing minerals. The distribution of U in the
water samples as well as that for U/Ec (in an attempt to correct for evapotranspiration) are evaluated. The
U- and U/Ec-anomaly patterns are considerably biased by bedrock differences and varying genetic
history. Interpretability is greatly improved if these differences are taken into account by defining
U-threshold values for each genetic water cluster. All known radiometric anomalies are reflected in the
hydrogeochemical U-anomaly pattern. The general hydrogeochemical features allow for a refined
evaluation of the known radiometric anomalies and of the additional anomalies found in the present study.
Additional hydrogeochemical anomalies from waters reflecting depth characteristics are attractive
exploration targets.

INTRODUCTION

THE MERIT of multi-variate statistics in distinguishing
groundwater types and in unravelling factors and
processes which determine the composition of
groundwater samples, has recently been demon
strated in several hydrogeochemical studies (e.g. VAN
DIESTet al., 1982; TEN HAVEN et al., 1985; DEKKERS et
al., 1983, 1986; COMANS et al., 1986; ZIELINSKI et al.,
1987). Multi-element analyses are used to gain infor
mation on the origin and evolution of the water
samples. Important factors and processes influencing
the chemical composition of groundwaters are the
following:
(1) Distance to the ocean, i.e. rainwater composi
tion.
(2) Climatological influences.
(3) Redox processes in the surficial environment.
(4) Thickness of the soil.
(5) Depth of percolation of meteoric water. deter
mined by the porosity and permeability of the bed-

rock, by topography and by fault- and fracture-zones.
(6) Bedrock chemistry.
(7) Anthropogenic contributions (agriculture and
pollution).
The hydrogeochemical response of U deposits in a
granite-schist contact zone is the subject of this inves
tigation. The U-anomaly pattern in water samples in
the Nisa region, central Portugal (Fig. 1), was studied
in the context of the above mentioned hydrogeo
chemical features. A groundwater survey was
adopted for its potential to locate hidden U deposits
in addition to outcropping mineralization.

Geological setting
The Nisa region (Fig. 1) consists of three main
geological units:
(1) the Hercynian Nisa/Castelo de Vide (NCdV)
and Gafete granites;
(2) the pre-Ordovician Beira Schist Formation
(BSF);
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FERNANDES etal. (1973).

(3) the contact metamorphic aureole around the
granite.
The Hercynian granites belong to a complex of
intrusive bodies south of the Tejo River. The oldest
bodies are of Caledonian age (FERNANDES, 1970,
1971; PINTO, pers. comm.) and these were altered
into orthogneiss during the Hercynian orogeny. Two
younger granites were intruded during the Hercynian
orogeny (some 300 Ma ago) on the northern flank of
the complex: the NCdV granite and the smaller
Gafete granite (FERNANDES, 1970, 1971). The NCdV
granite is a coarse-grained, porphyritic, calc-alkalic,
high level S-type two-mica granite. Andalusite is a
common accessory mineral (PILAR, 1966a). The
Gafete granite is a medium- to fine-grained alkalic
non-porphyritic biotite granite.
The BSF crops out over large parts of the western
part of the Iberian Peninsula. Phyllites and quartz
phyllites with minor intercalations of more Ca-rich
rocks are typical. These have been regionally
metamorphosed (low-grade) in the Nisa region. The
sedimentary age of the BSF is probably Infracam
brian (THADEU, 1977).

The intrusion of the NCdV granite caused a con
tact-metamorphic overprint on the BSF forming a
hornfels and a spotted schist zone. Typical mineral
ogy of the spotted schist zone (besides quartz and
feldspars) comprises biotite, white mica, chlorite and
cordierite, with accessory graphite and pyrite. Close
to the NCdV granite, the spotted schist grades into
hornfels with similar mineralogy; only chlorite is
virtually absent. Garnet and (dino-)zoisite occur
occasionally.
The area was uplifted and eroded after the Hercy
nian orogeny. Alpine movements created or rejuve
nated an approximately N-S directed vein- and frac
ture-system in the northern part ofthe NCdV granite.
Peneplanation was completed in Tertiary times; con
tinimtal sands were deposited up until the Pleisto
cene. The present erosional level has reached the
original roof zone of the granite (PILAR, 1966a).
Mineralization

The Nisa region is known for U deposits (Fig. 1).
Quartzitic U-bearing veins occur in the NCdV
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granite, and in the contact zone disseminated V
deposits, thought to be extensions of vein-systems in
the granite, occur. The important ore-minerals are
uranyl-phosphates (autunite, torbernite, Ba-autu
nite, bassetite, autunite-uranocircite). The dissemi
nated Nisa deposit, located between Nisa and Monte
Claro, is the largest in the study area. The phos
phuranylite variety nisaite predominates in certain
parts of this deposit (LENCASTER and VAIRINHO,
1970). PILAR (1966a, 1966b) favors a hydrothermal
origin, postulating that the V-phosphates are the
result of (sub-recent) oxidation in the supergene
zone.
Other important V occurrences in the study area
are the Tarabau and Mato do Povoa veins (DE FARIA,
1966). The Tolosa vein is located fartherto the south,
and is the only vein mined in the past (FERREIRA,
1971).
In addition small occurrences of wolframite,
barite, apatite and galena-sphalerite are found in
quartz veins (FERNANDES etal., 1973; RIBEIRO etal.,
1965; NEIVA el al., 1953). A more detailed overview is
given in DEKKERS et al. (1984).

Hydrology
A Mediterranean climate with hot summers pre
vails in the study area. Precipitation falls pre
dominantly in winter; evapotranspiration exceeds
precipitation in summer. The granite forms a nearly
flat topographic high and drains into a relatively
steeply dipping north-sloping schist zone. Dry granite
and schist areas are either barren, virtually without
soil, or covered with forests (mainly eucalyptus).
Sparsely occurring springs in both the granite and the
schist have low yields (l-5l/min) and are confined 10
fault- and fracture-zones which occasionally have
(quartz) vein development.
Because water is scarce in the region, wells are
excavated out of the bedrock for domestic and
agricultural purposes. Their diameter is typically
about 2 m and their depths range from 2 to 20 m
depending on the local water table. Well-walls are
not cemented, nor is any masonry used. Yields are
generally low; in most cases water is manually
extracted. The crops grown are strongly dependent
on water availability: horticulture and corn fields are
found in the direct vicinity of wells, whereas cereals,
which consume less water, are cultivated at greater
distances.
More wells are located in the granite than in the
schist. Therefore, agriculture is predominantly
located in granitic areas. However, between Nisa and
Monte Claro the schist zone dips more gently, which
results in increased water availability, making this
schist area partly suitable for agriculture.

Sampling and analytical techniques
Twenty spring water samples (12 in the granite, eight in
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the schist) and 95 well water samples (54 and 41 in the
granite and schist, respectively) were collected in the early
summer of 1982. All springs in the study area were sampled.
Only wells showing no visual signs of contamination and
without excessive growth of water plants and algae were
selected.
Each water sample was filtered through a 0.45 I'm mem
brane filter at the sample site. A portion of the filtrate was
acidified with analytical grade 6 N HCI (1 ml1250 ml filtrate)
to prevent adsorption by the container walls. The remainder
was kept for anion analysis. Insilu measurements of the pH,
electroconductivity (Ec), redox-potential (Eh) and water
temperature were carried out. Bicarbonate was determined

titrimetrically (Gran-plot method for endpoint indication)
at a field laboratory.
Fluoride, Cl and NO, were detennined in the unacidified
portions by ion selective potentiometry and spectro
photometry (NO,). The other components were deter
mined in the acidified portions. Aluminium, Fe and Mn
were determined by graphite furnace atomic absorption
spectrometry and Ca, Mg, Na, K, Sr, Ba, S, Si, Li and P by
inductively coupled plasma emission spectrometry. Dissol
ved organic carbon (DOC) was analyzed with a Coleman
Carbon Analyzer. Uranium was preconcentrated by evap
oration and solvent extraction with ethyl acetate, then

measured in a 98% NaF, 2% LiF fusion flux by fluorimetry
using a Galvanek/Morrison fluorometer (KORKISCH and
HECHT, 1972). All samples were checked with respect 10
their charge balance, and if necessary they were re
analyzed.
GENERAL HYDROGEOCHEMICAL
INTERPRETATION OF THE RESULTS

The V distribution is, apart from proximity to
mineralization, influenced by many factors. A mean
ingful interpretation of the U contents is therefore
only attained after a good understanding of the water
chemistry in the area has been acquired. For this
purpose univariate and multivariate statistical as well
as thermodynamic considerations were taken into
account.

Discriminant function analysis
Because water samples were collected from two
distinct geological domains the samples may be
grouped accordingly. Discriminant function analysis
(DFA) (SPSS; NIE et al., 1975), which assumes a
priori knowledge about the grouping, is a common
technique to test whether this grouping is statistically
significant. Additionally, if a grouping is significant,
DFA can assign samples of unknown origin to a
specific group.
The water samples were divided into a granite and
a schist group, based on field Observation; in a few
dubious cases from close to the contact zone no
grouping was pre-assigned. The direct method (NIE
et al., 1975), in which all the independent variables
are entered concurrently, was applied with the vari
ables: pH, Eh, Na, K, Ca, Mg, HC0 3 , SO., H.SiO.,
PO. and F. Trace elements were excluded, because
their analytical precision is somewhat poorer, owing
to concentration levels being close to their respective
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detection limits. Chloride and NO} were excluded
because their relation to surficial and anthropogenic
processes makes them less suitable for discrimination
between rock types. Because the statistical tests of
DFA are based on normal distributions, the actual
distributions were transformed to distributions with
skewness zero by means of adjusting the a-parameter
in the transformation of the type In Ix - a' (MIESCH,
1981; SELINUS, 1981).
The classification that emerged from the DFA
scores is consistent with the pre-assigned grouping
except for a few samples collected in the vicinity of
the contact zone. Reconsideration of geomorpholo
gical and hydrological arguments regarding the catch
ment area of those sampling sites leads to the conclu
sion that the DFA scores rectified some ambiguous
field classifications. The outcome of the DFA, which
is a classification on geochemical grounds, is used in
the following statistical data interpretation.

Histograms

Histograms of the constituents are presented in
Fig. 2. The low Ec of the waters indicates their dilute
nature. The waters from the schist contain more
dissolved mineral matter, e.g. Mg and HCO}, than
the waters from the granite. Many constituents show
a tendency towards bimodality due to geochemical
differences between the two lithologies. Except for
the pH. Eh (both intrinsically logarithmic) and
H,SiO" all constituents show lognormal characteris
tics. The normal distribution of H,SiO" also
observed in many other data sets (e.g. VAN DIEST et
al., 1982; VAN DER WEIJDEN et al., 1984; DEKKERS et
al., 1983, 1986), is explained by the equilibrium
between dissolved silica and amorphous silica, as is
indicated by thermodynamic calculations, thus limit
ing the upper tail of the distribution.

(Fig. 4a) deviate only slightly from the seawater
ratio, indicating that the samples display dominantly
surface water characteristics. Apparently, the waters
from the schist areas are more influenced by evapo
transpiration and thus circulate at shallower depths
than the waters from the granite areas. The large
excess of SO, over CI compared to the seawater ratio
(Fig. 4b) is caused by acid rain and leached fertilizer.
The observed correlation indicates the conservative
behavior of SO, in this region. Although this part of
Portugal is neither intensively cultivated nor heavily
industrialized, a relatively small amount of sulfate
has already madc a noticeable impact on these dilute
waters with little buffering capacity. Chloride is plot
ted vs NO} in Fig. 4c together with the 1: 1 ratio line.
Generally, the CI content is considerably higher than
the NO) content with no evident correlation. This
implies different origins for the constituents. An
excess HCO) over Ca exists compared to the calcite
dissolution line (Fig. 4d), demonstrating that the use
of CaC0 3 for agricultural purposes has not affected
the water composition.
Eh/pH diagram

The waters display the common Eh/pH features
(ct. Fig. 5) of natural surface water samples in granitic
terrains (slightly acid and oxidizing). The waters
from the schist are slightly less oxidizing than the
waters from the granite, which is in accord with the
lithological characteristics of their catchment areas.
The schist, in contrast to the granite, contains organic
matter. Of course the pH values of the samples of the
present study are somewhat lower than these mea
sured by HENRY et al. (1982) in V-bearing sandstones
deposited in a fluviatile to deltaic sedimentary envi
ronment.
DOMINANT PROCESSES: PRINCIPAL
COMPONENT ANALYSIS

Piperdiagrams

The relative amounts of the major constituents are
plotted (Fig. 3a and b) in a Piperdiagram (PIPER,
1944). The Ca/Mg ratio differs between waters from
the granite and the schist areas, the relative Mg and
HCO) contents being higher in the schist waters. In
the granite as well as in the schist, the Ca/Mg ratio of
the waters remains almost invariant with increasing
Na + K contents. Samples with the highest Ec values
contain relatively more Ca and Mg in both water
groups. This is an indication that apart from mere
evapotranspiration other processes (water-rock
interaction, fertilizer application) are of importance.
Scatlergrams

Scattergrams of some selected species in the water
samples are presented in Fig. 4a-d. The Na/Cl ratios

Principal component analysis (PCA) was applied
to study the correlation patterns in either data set and
to evaluate the relative importance of the processes
determining the water composition. PCA (principal
component analysis, number of components selec
tion and Kaiser Varimax rotation) was carried out on
the granite and schist water data sets, using the SPSS
PAl software (NIEetal., 1975). Any statistical model
increases in reliability with an increasing number of
samples. Statistical criteria and experience with these
types of data sets (e.g. VAN DIEST et al., 1982; TEN
HAVEN et al., 1985; DEKKERS et al., 1983, 1986)
indicate that for a reliable model 50 samples is an
absolute minimum for a sound interpretation. The
rule "number of samples> three times the number of
variables", recommended by HOWARTH and SINDING
LARSEN (1983), leads to similar minimum sizes for
data sets.
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The variables used in a PCA must have normal
distributions in order to obtain a reliable interpret
ation. The data sets were transformed with the same
procedure as was used in the DFA. Samples with
highly deviating values for its variables, Le. values
outside the range of the mean plus or minus two
standard deviations, were removed from the data set.
The coefficient a was then redetermined.
With this transformed data set, a first PCA model
with corresponding component scores was calcu
lated, using only those variables for which the values

were not close to the analytical limit of detection.
Samples with multivariate outliers, i.e. highly deviat
ing component scores (three granite and four schist
water samples), and variables showing no significant
correlations with other variables were removed from
the data set. With this data set, which was again
transformed with newly determined as, the final
robust PCA model was calculated. For this robust
model, the component scores for the removed sam
ples were calculated as well as the correlation
coefficients between the components and the
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contoured areas are represented by • for granite waters and + for schist waters. The fields of HENRY et al.
(1982) are drawn for comparison for their oxidized, intermediate and reduced water, indicated with the
contoured A, Band C areas, respectively.
The reactions, shown in the diagram, are:

1: H,O, ~ 0, + 2H+ + 2e
Eh = 0.682 - 0.059pH + 0.0291(pO,/[H,O,D
1a: log (pO,/[H,O,D = 10'
1b: log (pO,/[H,O,D = 1
2: FeCO, + 2H,o = Fe(OH), + CO, + H+ + e
Eh = 0.614 - 0.059pH + 0.0591 log (pCO,)
2a: log (pCO,) = -1.4
2b: log (pCO,) = -2.4
3: FeS, + 8H,O = Fe" + 2sol- + 16H+ + 14e
Eh = 0.345 - 0.067pH + 0.0084 log [SOl-]
+ 0.00421 log [Fe'+]
3a: log [Fe'+] = -5.5, log [SOl-j = -3
3b: log [Fe'+] = -5.5, log [SOl-j = -4
excluded variables. A comparable procedure was
followed by OLESEN and ARMOUR-BROWN (1984) by
their deduction of robust factor models.
No unambiguous procedures are available to deter
mine the "correct" number of components (JORESKOG
et al., 1976). Therefore, geochemical criteria in com
bination with the scree test (CAITELL, 1966) and the
Guttman criterion (GUITMAN, 1954)-extracting
only components with eigenvalues greater than one
were used for this determination.
A four component model was selected for the
granite waters and a three component model for the
schist waters. The component loading matrices are
presented in Table 1.

dent of each other, i.e. their intercorrelations are
zero. However, they are used to trace processes in
nature which are often intercorrelated to some
extent. The waters from the granite and schist result
in different PCA models due to differences in bed
rock chemistry, hydrological regimes and anthro
pogenic contributions to either sample group. For
example, the schist contains organic material and
minerals that weather relatively easily. The granite is
highly fractured compared to the schist. Agriculture
is by and large restricted to the relatively water-rich
granitic part of the study area.

Granite
Geochemical interpretation

Component 1. Evapotranspiration component.
Component 1 is termed the evapotranspiration com
ponent because of the high loadings (>0.70) of the
Ec, Na, Ca, Mg, Cl and S04, and the intermediate

In the interpretation of the component models it
must be kept in mind that components are indepen-
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loadings of K and HCO,. As in other studies (e.g.
COMANS etal., 1986; TEN HAVEN etal., 1985; DEKKERS
et al., 1986) samples with high scores on this compo
nent are confined to the agricultural areas where
irrigation cycles the groundwater through additional
evapotranspiration stages. Generally, evapotranspir
ation components are characterized by high loadings
of the Ec and the major species in water. The high
loading of the relatively conservative Cl, originating
from rainwater and inferior fertilizers, is typical.
With respect to the additional correlations it can be
noted that more mineral-rich, re-cycled waters for
agricultural purposes, contain more DOC. The
alkaline earth metals Ca, Ba and Sr behave isochemi
cally. The negative correlations of P04 and H 4Si04
indicate that their behavior is not influenced by
merely evapotranspirative processes (ct. TEN HAVEN
et al., 1985; DEKKERS et al., 1986).

component is defined separately from the compo
nents that express or contain depth influences, indi
cates that Eh and pH are not governed by depth of
penetration. This agrees with GERMANOV et al. (1958),
who argue that in a granitic environment waters may
remain oxidizing up to several hundred meters depth.

Schist
Component 1. Evapotranspiration component.
Component 1 is characterized-as in the granite
waters-by high loadings of the variables: Ec, Na,
Mg, Cl and SO•. It is, therefore, also termed the
evapotranspiration component. Calcium, HCO, and
F have moderate loadings. Samples with high scores
on component 1 are mostly encountered in agricul
tural areas just as in the granitic environm'ent.
The additional correlations of Sr and PO. are
caused by similar processes as in the granite waters.
The Li correlation may be related to the moderate
loading of F on component 1; anyway Li is a very
conservative element in dilute waters. The schist
waters in the study area contain relatively high con
tents of F and Li.

Component 2. FaUlt/depth component. Compo
nent 2 is labelled the faUlt/depth component because
of the high loading of F, released through weathering
of F-bearing minerals, such as apatite, biotite and
muscovite. The high HCO, loading is explained by
water-rock interaction processes. Water, when pene
trating through the soil increases in reactivity through
the uptake of CO 2 formed through the decay of
organic matter. The resulting circulating ground
waters of low pH are (partly) neutralized through
cation release from the surrounding rock. Evidence
for this is seen in the moderate loadings ofNa and Ca,
released through the weathering of feldspars.

Component 2. Water-rock interaction component.
The variables with high loadings on this component
are: Ca, HCO" K and Eh (negatively). Both Ec and
Mg have moderate loadings. The high loadings of
HCO, and Ca point to waters which have used their
CO 2 to react with surrounding rock (see component 2
of the granite waters). The loading of K may have its
origin in weathering or in fertilizer application. In
this case, the latter is less likely as NO, has an
insignificant loading on this component. The
behavior of NO, in the schist contrasts that of most
other elements, which have higher contents in the
schist, whilst NO, is four times lower than in the
granite (ct. Fig. 2). This implies that fertilizer appli
cation is of minor importance in the schist areas,
which explains the differing behavior of K, which is in
granite areas predominantly fertilizer-related and in
schist areas predominantly weathering-related.
The additional correlation of Sr is caused by its
isochemical behavior to Ca. Manganese is related to
the Eh, i.e. related to oxidation/reduction pheno
mena (this applies also for component 3).

Component 3. Fertilizer component. Component 3
is characterized by high loadings for K and NO, and
moderate ones for F, Na and Ec. High loadings of K
and especially NO, are related to fertilizer appli
cation. The slight association ofthe other variables is
possibly due to the fact that water in relatively arid
regions is mostly confined to fault and fracture zones.
This is reflected in the moderate loading of F and
related variables. The weak correlation of U to this
component suggests that fertilizer application may
contribute to the U concentration in the granite
waters. However, DURRANCE (1986) demonstrated
for an area of intensive agriculture in East Devon,
England, that a significant contribution of U from
fertilizers to the U concentration in surface waters is
unlikely.
Component 4. Eh/pH component. High and oppo
site loadings of the pH and Eh characterize compo
nent 4. The opposite loadings are expected from
general Eh/pH relations. The contribution of HCO,
to component 4 is explained by the carbonate system
in natural waters (GARRELS and CHRIST, 1965). The
measured Eh is a fair indicator of the "real" Eh
determined by various redox couples acting together
resulting in an "intermediate" Eh as will be discussed
elsewhere in this paper. The fact that the Eh/pH

Component 3. Surface/depth dipole component.
Component 3 is characterized by high loadings of F,
pH, and NO, (negatively). Moderate loadings are
found for HCO" and Eh (negatively). Because NO,
is derived from fertilizers, the negative loading com
bined by the positive loading of F implies that waters
with high scores on component 3 are unpolluted and
may have their origin from somewhat deeper levels
(faulting and fracturing). However, because no direct
relation exists with the bigger (mapped) faults, this
reasoning is difficult to substantiate. The pH, HCO,
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and Eh relations are similar to those in the granite
areas (ct. component4). Ifwaters penetrate to similar
depths in schistose and granitic environments, the
relatively reduced and organic matter-rich character
of the schist will have more influence on the Eh and
pH of the penetrating waters than a granite. There
fore, an Eh/pH component is not separately defined
in the schist waters, but related to both weathering
and fracture zones.

and 4 of the granite waters combined in the third
component of the schist waters. However, NO, is
related to fertilizers, i.e. contamination, which makes
the fertilizer component (component 3) in the granite
waters in some aspects similar to the surface/depth
dipole component of the schist waters.

Comparison of the component models of the granite
and schist waters

The spatial distribution of the evapotranspiration
components within the granite and schist could easily
be linked over the contact. The other processes
described in these models are less easily related over
the two geological units (see above). This is mainly
caused by differences in the chemical and mineral
ogical compositions and different hydrological
regimes on either side of the contact. This results in
component models with overlapping interpretations
for only partially equivalent components which, in
such cases, are not easy to match. Rotation of the
second and third components of the schist waters in
their plane perpendicular to the first one does not
lead to an improved match with the granite water
components.
An alternative for an interpretable grouping

WATER TYPES: CLUSTER ANALYSIS

The evapotranspiration components in both sam
ple groups are similar. The geographical patterns of
the component scores in both lithological units also
rink up over the contact. The equivalent ofthe water
rock interaction component (component 2) of the
schist waters is the fault/depth component (compo
nent 2) of the granite waters. However, due to chem
ical differences between the two lithologies and dif
ferences in the hydrological regimes the expression
of the two components is not the same. The equiva
lent of the surface/depth dipole component (compo
nent 3) of the schist waters is difficult to assess in the
granite waters: there are features of components 2, 3

Table I. Component models for the granite and schist waters
Granite waters

Schist waters

Component loadings
Variable
pH
Eh
Ec
Na
K

Ca
Mg
HCO,
CI

SO,

Component

Component

Component

Component

1

2

3

4

Component
I

0.80
-0.86
0.82
0.80
0.33
0.81
0.94
0.30
0.89
0.87

NO,
F

0.34
0.29

0.32
0.31
0.71

0.84
0.88

0.42
0.74

0.83

0.36
0.84
0.33

0.58
0.79
0.25
0.90
0.70

Component

2
-0.70
0.35
0.69
0.70
0.51
0.68

Component
3
0.73
-0.36

0.36
-0.79
0.72

0.47

Additional correlations

Fe
Mn
Al
H,Si04
DOC
PO,
Li
Sr
Ba

-0.26

0.30

U

-0.27

0.31
0.53

-0.32
0.64
-0.46
0.91
0.65

0.26
0.51

0.38
0.33

0.33
-0.58
0.43
0.74
0.29

0.39
0.25
0.31

0.37
0.53

0.33

Only loadings and correlations outside the range of +0.25 and -0.25 are given. The eigenvalues of the components prior
to rotation are respectively for the granite waters 6.12, 1.56, 1.18 and 0.94; for the schist 5.46, 2.07 and 1.08. The variables
included in the peA model comply to two criteria: (1) they are measured with good analytical precision and (2) they have
reasonable communality within the chosen peA model. Variables which did not comply to these criteria were excluded from

the calculation of the final robust models. The correlations of these variables with the calculated scores for the different
components of the robust models are given for comparison under" Additional correlations".
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amongst the granite and schist water samples may be
the outcome of a Q-mode cluster analysis (DAVtS,
1986) applied separately to both data sets. This type
of similarity cluster analysis leads to a number of
groups which each have different hydrogeochemical
signatures. These signatures may extend over the
contact zone. For this homogeneous dataset cluster
analysis may seem less appropriate. However, it does
lead to interpretable clusters with distinctive fea
tures; of course the cluster division has a gradual
character.
The component scores of the samples are used as
input in the cluster analysis (applied program taken
from DAVIS, 1973, pp. 467-473), while the correlation
coefficients between samples are used as similarity
measure. Clustering on component scores rather than
on raw data was chosen because the component
scores reflect the important hydrogeochemical pro
cesses which are described by more than one variable.
Thus the communal influence of variables is empha
sized, while the unique variation of separate vari
ables-which may be considered as "noise"-is
reduced. Correlation coefficients as a similarity mea
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sure compare the relative impact of the processes to
each other, rather than the absolute impact of each
process. Because evapotranspiration is the most
important process, this procedure seems justified.
Thus waters which have similar process patterns are
grouped. Experience with comparable datasets cor
roborates these findings (VAN DIEST ef al., 1982).

Interpretation
A heuristically determined similarity levl/l of >0.55
yields six clusters for the schist waters and eight
clusters for the granite waters. The within-cluster
vpriation in the granite waters is larger t/lan in the
schist waters (cf. Fig. 6).
Characteristic typologies, which are used to label
the clusters with appropriate geochemical meanings,
can be derived for each cluster. Cluster names were
chosen to represent the processes that govern the
chemical composition of the waters. For example,
the name of the agriculture waters of the granite
group is deduced as follows. These waters are evapo
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FIG. 6. Principal Component Analysis Score pattern for each closter in the waters from the granite (A)
and schist (B). For the geochemical meaning of the components see Table L The selected Q-mode
clustering technique groups samples with similar patterns. The cluster names are derived through
geochemical interpretation (cf. Fig. 7).

transpirated (i.e. relatively high score on component
1), of surficial origin (relatively low score on compo
nent 2), contaminated (relatively high score on com
ponent 3, indicating influence of fertilizer) and rela
tively oxidizing (relatively low score on component
4). The labels of the other clusters are derived along
similar lines (ct. caption Fig. 7) leading to the follow
ing typological names for the granite clusters: surface
runoff (SR), shallow interflow (SI), surface (S),
infiltrated Ia and Ib (In Ia; In Ib), infiltrated II (In II).
agriculture (A) and village pollution (VP). The
approach proves its validity by the fact that similar
clusters are found in the analysis for the schist
domain, i.e. surface runoff/shallow interflow (SR
SI), surface (S), infiltrated I (In I), infiltrated II (In
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II), agriculture (A) and village pollution (VP) waters.
A model for the genetic relation together with the
processes that cause the transition from one cluster to
another is given in Fig. 7. The granite SR and SI
clusters as well as the infiltrated Ia and Ib clusters,
which show a great similarity between pairs, are
combined in the model.

Geographical distribution of the clusters: matching of
the granite and schist areas

The model, outlined in Fig. 7, comprises the fol
lowing clusters in each sample group: surface runoff.
surface, agriculture, infiltrated I and II and village
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FIG. 7. A model for the genetic relation of the clusters; Sand G denoting schist and granite, respectively.
The general PCA score pattern is derived schematically from Fig. 6. The horizontal hatched line indicaies
zero level for the component scores. The relation between the different clusters can be described as
follows: waters mainly determined by the rainwater composition combined with some evapotranspiration
are Surface runoff (SR)-Shallow interftow (SI) clusters. In the granite waters these clusters can be
distinguished (SR upper curve, SI lower one). In the schist waters this subdivision is not seen. Through
evapo(transpi)ration the SR-SI cluster passes into the Surface cluster. More extreme evapotranspiration
with some fertilizer application leads to the Agriculture cluster. Through infiltration the SR-SI cluster
passes into the Infiltrated I cluster. In the granite waters a subdivision can be made: when surface waters
infiltrate, a slightly different Infiltrated I cluster is obtained. In the schist waters this subdivision could not
be unraveled. When Infiltrated I type waters are contaminated (e.g. by fertilizer application) they blend
into the Infiltrated II cluster. The "final" evolution is achieved when the pollution increases through use
and re-use of the waters in the direct vicinity of the villages. This final cluster is therefore termed Village
pollution cluster.
pollution. Figure 8 shows their geographical distribu
tion. The boundary between the granite and schist
domains is no longer evident, an interesting result
given the differences in element concentrations and
hydrological regimes. Cluster analysis is successful in
distinguishing similar groups of water samples in
different geological domains, by combining the
characteristics expressed by the component scores of
each sample.

The most pronounced feature on the map (Fig. 8)
is, not unexpectedly, the aureole of contaminated
waters around the villages. The agriculture type is
indeed mainly located in agricultural areas, while the
contaminated infiltrated II waters are concentrated
in areas characterized by waters of deeper origin,
where agriculture is applied. Surface waters are
encountered in the artificial lake and in areas where
forests are dominant. Surface runoff water is found in
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areas devoid of human activity and it is an indication
of the low capacity of the wells and springs in these
areas, making agriculture or even forestry impossi
ble. The waters in the neighborhood of Povoa e
Meadas are generally from deeper origin, in accor
dance with the greater amount of fractures and veins
(sometimes mineralized) in this area. The statistical
significance of clustering is difficult to assess theoreti
cally. However, the observed spatial coherence and
the consistency of the cluster model gives confidence
in the soundness of the interpretation.

URANIUM DISTRIBUTION IN THE WATER
SAMPLES

Thermodynamic calculations on uranium speciation
and supersaturation
The determination of the degree of saturation is of
importance for the interpretation of the V-threshold
values in waters. It is likely that a high V-concen
tration will be a reliable ore-indicator in those waters
which are undersaturated with respect to all V miner
als. However, a water with a low V concentration,
which is nevertheless supersaturated with respect to a
V-mineral phase, may equally point to a mineralized
zone (d. LANGMUIR and CHATHAM, 1980).
Aqueous speciation of V and saturation indices
(SI) for the mOre common minerals were calculated
with a modified version of the WATEQ chemical
speciation program (PLUMMER et al., 1976; VAN
GAANS, in press) with data for V from LANGMUIR
(1978) and VAN GENDEREN and VAN DER WEIJDEN
(1984). The logarithm of the computed ion-activity
products of minerals divided by their respective solu
bility products represents the saturation index.
Supersaturation is indicated by positive numbers.
The outcome of the thermodynamic saturation calcu
lations has to be used with care because dissolution
precipitation reactions in supergene environments
are often kinetically determined and do not reflect
strict equilibrium conditions as is assumed in the
thermodynamic calculations (e.g. BOWIE and
THORNTON, 1985).
An important parameter in the calculation of SI
values of species amenable to redox reactions is the
redox-potential in the waters. As is well-known (e.g.
MORRIS and STUMM, 1967; LINDBERG and RUNNELLS,
1984) redox couples in natural waters are often not in
mutual thermodynamic equilibrium (e.g. MORRIS and
STUMM, 1967; HENRY et al., 1982; LINDBERG and
RUNNELLS, 1984). Slow electron transfer at the elec
trode-solution interface of the platinum electrode
then results in mixed potentials. However, in the
present study the measured Eh/pH values lie, for the
greater part, in the field for which WHITFIELD (1974)
argues that operational use of platinum electrode
measured Eh values is warranted. Although rela
tively high DOC contents in the Nisa waters show
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that biological influence may be of importance, the
calculated SI for Fe(OHh approaches equilibrium
fairly well, pointing towards reasonably internally
consistent Fe, Eh and pH determinations. This jus
tifies a semi-quantitative use of the redox potential
for the measured Eh-range.
Supersaturation with respect to clay minerals is
ubiquitous and with respect to Al-, Fe- and Mn-bear
ing (hydr)oxides common. Supersaturation of Fe
and Mn-bearing phases could partly be overstated
due to the fact that organic complexes are not taken
into account in the WA TEQ calculations. Humic and
fulvic acids are strong complexing agents especially
for elements of the first row transition elements (Fe,
Mn) in waters like the ones investigated (BOWIE and
THORNTON, 1985). Their presence may be inferred
from the DOC content of the samples. The apparent
supersaturation could also be due to the existence of
suspended (colloidal) particles in the solution. This
applies especially for AI. Colloidal particles are
important in dilute waters from crystalline bedrock
(e.g. BOWIE and THORNTON, 1985). Particles with
sizes <0.45 .urn pass through the filter and are mea
sured adding to the total concentration in true solu
tion (ROSE et al., 1979). However, kinetics are possi·
bly more important because we find the majority of
the samples close to equilibrium with amorphous
AI(OHlJ, Equilibrium (defined as Sf between -1
and + 1) is also attained between amorphous silica
and the solutions in virtually all samples and, to a
lesser extent, between amorphous Fe(OHh and the
solutions. The latter is undersaturated in waters with
a pH <-5. The equilibrium situation between the
solution and these amorphous phases indicates the
general importance of kinetic factors under the pre
vailing supergene conditions. Whenever supersatur
ation occurs, crystal growth in supergene environ
ments is greatly hampered by the presence of silica
because it adsorbs onto nuclei, thereby occupying
"growth places" (e.g. SCHWERTMANN and TAYLOR,
1972; KAMPF and SCHWERTMANN, 1982).
The above considerations undoubtedly have impli
cations for the speciation and solubility of V in the
waters. In the presently available thermodynamic
calculation models these are hardly incorporated. It
can be presumed, however, that these aspects will not
greatly influence the relative predominance of V
species, though an increased solubility of V is
envisioned.
The predominant V-species is calculated to be
vOz(HPo4H- under the prevailing neutral to slightly
acid pH regime. The concentration of this complex is
up to three orders of magnitude higher than the
second most important complex. Differences in the
remaining complex concentrations are much smaller
from the second most important complex downward.
With increasing pH (>7.5) the VOo-carbonate com
plexes become more important and occasionally sur
pass the V02(HP04)~- concentration. In more acid
waters (pH < 4.5) the VO~+ -hydroxy complexes are
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dominant. The concentration of uranyl-carbonate
complexes is negligible in this low pH regime.
Vranium minerals are undersaturated in virtually
all samples; the SI values range down from about - 5.
Autunite-like minerals have SI values from -9 down
ward; typical SI values are some orders of magnitude
lower. This, despite the fact that the V-mineraliz
ation consists of autunite-like minerals (veins in the
granite and disseminated ores in the contact zone).
The present-day composition of the water samples
cannot reflect mineralization-precipitation con
ditions. The V minerals which are closest to satur
ation (but still far away from equilibrium conditions)
are uraninite, coffinite, rutherfordite, schoepite and
p-schoepite.
A few samples have SI values for uraninite and
coffinite >-3. Occasionally. even a small positive SI
is calculated. These samples are all from waters in the
schist, which have a lower average Eh than the
granite waters, in part because of associated organic
matter (ct. Fig. 2). Those samples with an Eh above
the bulk of Eh-values appear to be associated with
radiometric anomalies. Those samples with a lower
Eh than the bulk of the samples are point anomalies,
unrelated to radiometric anomalies. These latter
anomalies could reflect very local V-saturation
through oxidation/reduction mechanisms. In the pre
sent survey, erratically distributed samples with low
Eh (and thus supersaturated with respect to V-miner
als) should therefore be assigned a relatively low
prospecting priority.
In conclusion it may be stated that the V distribu
tion in the majority of the waters is not influenced by
supersaturation of V minerals. Hence, supersatura
tion with respect to V-bearing minerals does not
affect the interpretation ofthe V-anomaly pattern in
the Nisa area.

Anomaly assessment
The following points are of importance for the
recognition of V anomalies:
(I) Recent studies emphasize the necessity of back
ground adjustment for varying geochemical environ
ments (01 ZHOU, 1985; ROQUIN and ZEEGERS, 1987),
Similarly, in the present study different geometric
means for dissolved chemical constituents are calcu
lated for waters from the granite and the schist areas
(Fig, 2).
(2) The V concentration in the waters may increase
solely due to evapotranspiration because the waters
are undersaturated with respect to V compounds,
Thus evapotranspiration may cause false anomalies,
To compensate for this effect the ratio of V over Ec
(VEe) instead of the V concentration is sometimes
used (DALL'AGuo, 1971),
(3) Differences in the genetic histories of the
groundwater samples, as have been outlined above,
may have implications for the significance of the
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anomalies, Waters reflecting a deeper origin are of
special interest in prospecting for hidden V-deposits.
The V-anomalies defined by the V concentrations
and the VEe values will be evaluated within these
different perspectives. Cumulative frequency curves
(SINCLAIR, 1976) do not show a distinct bimodality,
neither for the total data set nor for the separate
granite and schist data sets. Multiple impacts of
different processes on each water sample apparently
obscure patterns in the V distribution.
Another means to assign a threshold in a data set is
the so-called gap test (MIESCH, 1981). The gap test
determines the maximum gap between adjacent
values in a standardized distribution, The values
below the gap may be considered as background
values, with the gap value being the threshold value,
The significance level at'the gap can be used in the
interpretation. Applying this test tothe total data set
leads to the trivial result of a separation of the granite
and schist waters (the granite waters contain consid
erably more V, Fig. 2). These differences are
enhanced in the VEe values owing to the lower Ec
values of the granite waters (Fig, 2), In the following,
the granite and schist waters will be-considered sep
arately.
The trivial and often used mean-plus-two-stan
dard-deviation criterion for threshold estimation is
obviously inappropriate in this area with a high inci
dence of V-mineralization (see also ROSE et al., 1979
and HOFFMAN, 1988). Many known V-anomalies
would be classed as background by this definition of
anomaly. Therefore, this definition is too stringent.
Samples with V content greater than this level (8.8
and 8.7 1lg/1 for the granite and schist, respectively)
are classed as "extra high values" (EHV). They are
excluded from the data sets for further threshold
determination.
A threshold value for V at the geometric mean
plus-one-standard-deviation is reasonable for the
study area. Inspection of the response of known
(radiometric) anomalies supports the validity of this
choice. Also, the gap test, applied to the separate
granite and schist water data sets, gave its most
significant gap near this level (with a probability of
about 0.20). The gap test applied to each cluster for
V and VEe yielded similar results. The different
threshold values for V and VEe for the total data set,
separated in a granite and schist group and per cluster
are given in Tables 2 and 3, respectively.
Noteworthy in Tables 2 and 3 are the varying
background and threshold values of the clusters. The
differences between granite and schist affiliation are
most striking. Only values for the surface waters are
similar, which is reasonable because rock interaction
is minimal for this water type.
Vranium and VEe values can now be transformed
to standard normal deviates from the respective
means. The geographic distributions of these nor
malized V and VEe for the granite and schist sample
group and per cluster are shown in Fig. 9A-D. A

U anomaly evaluation in groundwater, Nisa, Portugal
Table 2. Geometric means an~ geometric-means-plus-one-standard-deviation for the U contents of the clusters
G. mean + I' sl. dev.

Geometric mean

Granite
Undifferentiated
Total
Cluster I
Cluster II
Cluster III
Cluster IV
Cluster V
Cluster VI

Schist

Granite

0.36
0.34
0.38
0.47
0.55
0.11'
0.48'

2.13
2.29
2.92
2.62
2.97
1.36
0.88

0.59
0.85
0.94
1.50
0.76'
1.02'
0.73'
0.44

Schist
1.98
1.44
1.57
1.43
1.58
3.59
0.27
0.71

Village pollution
Infiltrated II
Agriculture
SR-SI
Infiltrated I
Surface

'One extra high U-value (EHV) is not ineluded in the ealculation of the mean.

Table 3. Geometric means and geometric-means-plus-one-standard-deviation for the iU/Ec) , 1000 ratios of the clusters
G. mean + I' sl. dev.

Geometric mean

Granite

Schist

Granite

4.6

Undifferentiated
Total
Cluster I
Cluster II
Cluster III
Cluster IV
Cluster V
Cluster VI

8.6
6.2
20.4
7.5'
14.5'
6.9'
4.4

Schist
18.4

23.4
15.7
45.4
28.0
42.3
11.7
8.6

2.0
1.4
2.4
2.1
3.8
0.7'
2.5'

8.0
5.3
9.5
8.7
22.4
1.8
5.0

Village pollution
Infiltrated II
Agriculture
SR-SI
Infiltrated I
Surface

'One extra high U-value (EHV) is not included in the calculation of the mean.

Table 4. Comparison of radiometric and hydrogeochemical U anomalies
Hydrogeochemical
Anomaly

Radiometric

GIS

RI
R2
R3
R4
R5
R6
R7
R8
HI
H2
H3
H4
H5
H6
H7
H8

CLUS

no water available

,

,

R8 was discovered during the hydrogeochemical sampling campaign. Hydro
geochemical anomalies are listed according to their various modes of assessment.
GIS = U threshold defined per rock type; CLUS = U threshold defined per cluster;
GIS", = threshold defined per rock type for U/Ec; CLUSE' = threshold defined per
cluster for U/Ec.
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comparison between the radiometric and hydro
geochemical anomaly pattern is made in Table 4.
The different normalized U and UE< patterns show
subtle but important differences in general appear
ance (Fig. 9) and anomaly definition (Table 4). The
cluster affiliation of an anomalous sample is an impor
tant parameter for the evaluation of the priority
order of the anomalies. A group of anomalous sam
ples with surficial characteristics, geographically
close to each other, indicates an outcropping ore
zone. Anomalous samples belonging to clusters of a
deeper origin are interesting exploration targets for
hidden ore deposits. Unfortunately, the exact rele
vance of our interpretation cannot be assessed
because follow-up studies have not yet been carried
out.
Hydrogeochemical anomalies are found in the vi
cinity of all known radiometric anomalies (Fig. 9).
The good correspondence of the radiometric and
hydrogeochemical approach is consistent with the
relatively thin soil cover in the study area. The
absence of water precludes a reflection of the Mato
do Povoa vein in the hydrogeochemical anomaly
pattern. All but one of the radiometric anomalies are
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related to water from a deeper origin, thus they are
probably not caused by local surficial U-enrichment.
Apart from the detection ofthe known radiometric
anomalies, each hydrogeochemical approach gives
different anomalous samples (d. Fig. 9, Fig. 10 and
Table 4). Their prospective values can be assessed
with the hydrogeochemical features of the water
chemistry. An ideal anomaly definition strictly distin
guishes mineralization-related samples from the
others. In practice, an anomaly definition should be
neither too "loose" nor too "tight". The former leads
to many false anomalies and the latter assigns
anomalous samples to the background group. From
Table 4 it appears that the evapotranspiration correc
tion normalized per rock type (column 3 of the
hydrogeochemical anomaly definitions) is too tight.
This rather crude correction does not take into
account the genetic history of the samples. The Ec of
the waters increases due to evapotranspiration,
agricultural influences etc., but also due to water
rock interaction. When correcting for the Ec and
normalizing per rock type one cannot discriminate
between these different contributions. The hydro
geochemical interpretation led to several groups of

Background value

Village

Radiometric anomaly

•

SurfIcial anomalous U (in Al and U Ec (m BI

Granite/schist contact

*

Deeper anomalous U (m Al and U Ec (m BI

FIG. 10. Anomalous U in the duster approach for U (A) and Ul:::~' (B). Surficial water is indicated with.
symbols and deep water with'" symbols. Radiometric anomalies are indicated with the dotted areas. For

clarity, only the additional hydrogeochemical U anomalies as defined by the respective definitions are
indicated. Their numbering corresponds to those in Table 4.
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waters with similar genetic histories, so when com
paring normalized Ec corrected figures at cluster
level one takes the genetic history of each sample into
account.
This cluster approach is visualized in Fig. 10. The
anomalous samples categorized on the basis of nor
malized U as well as normalized UEc are shown.
Waters are discriminated into a surficial group and a
group reflecting features from a deeper origin. With
this division, important information on the character
of each anomaly is obtained. The superiority of the
UEc-approach is evident: the U-approach would miss
a radiometric anomaly and leads to some additional
anomalies. The UEc-approach traces all radiometric
anomalies and leads to fewer additional anomalies.
Each additional anomaly as defined by the U Ec
approach is also anomalous in the U-approach. The
anomalies of deeper origin defined only by the U
approach are confined to polluted waters, which
makes them rathcr suspect. Indeed they are classed
as non-anomalous with the UEc-approach.
The additional anomalies of the UEc-approach are
indicated with HI, H2, H3 and H4 in Fig. lOB.
Anomaly H2 is surficial; anomaly H3 has a deep ori
gin. Anomaly HI consist of two anomalous samples
close to each other, so this anomaly could have a
larger areal extent. Anomaly H4 is in the vicinity of a
Pb-Zn vein. With the information obtained from the
hydrogeochemical features it can be assessed that
anomalies HI, H3 and H4 have a greater prospecting
value for hidden U-mineralization than anomaly H2
because they are related to deeper (more evolved)
waters.

SUMMARV AND CONCLUSIONS

Straightforward univariate and bivariate statistical
procedures revealed important features of the water
samples. Histograms showed logarithmic distribu
tions for all constituents, apart from H 4Si0 4 and the
intrinsically logarithmic variables (pH, Eh) which
show normal distributions. The normal distribution
of H,SiO, is explained by equilibrium between dissol
ved silica and amorphous silica as demonstrated by
WATEQ calculations. Scattergram interpretation
allowed tracing of the origin of Cl (rainwater), N03
(fertilizer application) and SO, (fertilizer application
and acid, rain). Piperdiagrams also indicated that the
water composition can only be explained by the
combined influence of several processes, such as
evapotranspiration, weathering and pollution.
The influence of such processes on the composition
of each water sample was evaluated by multivariate
statistics. Discriminant Function Analysis showed
that waters originating from granite and schist are
significantly different. Therefore, subsequent multi
variate statistical techniques (Principal Component
Analysis and Q-mode Cluster Analysis) were carried
out on separate granite and schist groups. Principal
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Component Analysis revealed four dominant pro
cesses determining the composition of the granite
waters (evapotranspiration, relation to faults and
fracture zones, fertilizer application and oxidation
reduction processes) and three dominant processes
determining the schist water composition (evapo
transpiration, water-rock interaction and a surface
vs depth dipole). Only the evapotranspiration com
ponents could be matched over the granite-schist
contact. The other components have only partially
overlapping interpretations owing to differences in
bedrock chemistry and hydrological regime between
the granite and schist terranes. However, Q-mode
Cluster Analysis on the Principal Component Scores
led to the recognition of clusters with similar hydro
geochemical features. A genetic sequence of Surface
Runoff-Shallow Interflow, Surface, Agriculture,
Infiltrated I, Infiltrated1I and Village Pollution clus
ters are distinguished for both rock types. The geo
graphical cluster distribution reflects land-use. The
cluster characteristics match across the contact zone,
thus enabling a general interpretation ofthe U-distri
bution in the entire study area.
Thermodynamic calculations (WATEQX) of sat
uration indices and kinetic considerations showed
that the samples are generally undersaturated by
several orders of magnitude with respect to all U-min
erals. The U-distribution in the waters is thus not
limited by precipitation of U-bearing minerals. Four
different U-anomaly displays are generated: U and
UEc (=U/Ec) normalized per rock level and per
cluster. Comparison of the hydrogeochemical ano
maly patterns with the radiometric pattern shows
that all radiometric anomalies are traced and several
additional anomalies are defined. From a combina
tion of hydrogeochemical characteristics as revealed
by Principal Component Analysis and Q-mode Clus
ter Analysis it is concluded that the UEc pattern
normalized on cluster level leads to the most promis
ing hydrogeochemical anomaly definition. With the
hydrogeochemical knowledge several additional
anomalies related to polluted samples could be dis
carded. The hydrogeochemical approach permits the
establishment of a priority level of additional
anomalies by the distinction between waters with a
surficial character and those displaying characteristics
from a deeper origin with potential indications for
hidden ore deposits. Furthermore, the hydrogeo
chemical results show that the radiometric anomalies
have extension to deeper levels which enhances their
prospective value. Thus, a hydrogeochemical survey
significantly adds to a radiometric survey. Interpret
ations based on sophisticated multivariate techniques
are to be preferred over interpretations which take
only rock-type discrimination into account.
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