
CAMISANI-CALZOLARI, F.A.G.M. Geostatistical evaluation of hydrogeochemical parameters as a tool to 
interpret regional geology. APCOM 87. Proceedings of the Twentieth International Symposium on the Application 
of Computers and Mathematics in the Mineral Industries. Volume 3: Geostatistics. Johannesburg, SAIMM, 1987. 

pp. 147 - 164. 

Geostatistical Evaluation of Hydrogeochemical 
Parameters as a Tool to Interpret Regional Geology 

F.A.G.M. CAMISANI-CALZOLARI 

A tomic Energy Corporation of South Africa Limited, Pretoria 

Approximately 850 groundwater samples were collected over a 29 300 km2 

region of the semi-arid Northwestern Cape during the site selection phase of 
the South African radioactive waste disposal project. 

The purpose of the geostatistical investigation was primarily to delineate 
metallogenic occurrences and provinces which might exist below the thin veneer 
of surficial material and could thus interfere with the suitability of the site, 
and to quantify the distribution patterns of groundwater parameters in order 
to establish a relationship to local and regional geology. 

Up to 34 variables were analysed for each sample. Structural analysis reveal
ed that the study area is statistically uniform. The variables have low correla
tion coefficients, with the exception of major ions, indicating a general poor 
degree of interrelationship between the spatial distribution patterns of the 
different variables. On the other hand, the long semivariogram range of the 
majority of variables, which reaches 70 km in cases, demonstrates their 
continuity on a regional scale. 

Kriging, which was repeated for each parameter, reveals that most variables, 
particularly trace metals, have distribution trends which are not influenced 
by local geomorphology or surface lithology. A 50 km wide, 220 km long 
metallogenic province, defined by kriging, could possibly reflect a broad 
metallogenic imprint on the basement and could represent a target area for 
prospecting. 

Kriging also reveals the possible existence of a wrench faulting system which 
may well have influenced the Namaqualand coastal graben and the western 

boundary of the Karoo. 

Introduction 

As part of the multidisciplinary its possible relationship to local geology, 

investigations undertaken, which culminated 

in the selection of Vaalputs as south 

Africa's first low-level radioactive waste 

disposal site, groundwater samples were 

collected from available wells over a vast 

area of the Northwestern Cape during a 

period of four months in 1982. The samples 

formed the basis for a series of 

hydrogeological studies. Geostatistics was 

applied to determine the spatial 

distribution of groundwater parameters and 

and to identify potential mineral 

occurrences. 

The geostatistical investigation was 

of 29 300 km
2 confined to an area , 

approximately the size of Belgium, bounded 

by latitudes 28 0 55' and 310 03' and by 

longitudes 17
0 

46' and 20
0 

02' (Figure 

1). 

Of the 850 samples collected within this 

area and analysed for their physical and 

chemical properties according to procedures 

GEOSTATISTICAL EVALUATION OF HYDROGEOCHEMICAL PARAMETERS 147 



\ 

\ 
26 0 \. 

I " \- " 

,-
",' 

,/ 
.I 

,. . ..-",/ 

/' 
....... ,.. 32 0 .-.. " "._." 

J 
\ 

') 

i 
'" ..... _.,,' PRETORIA 

I 
BARBERTON 

• i 
'26 0 I 

WITWAT ERSRAND 
BASIN 

UPINGTON 
\ ... ). 

o 

-- ,.," 

9VAALPUTS 
• BITTERFONTEIN 

100 200 300 400 500 km 

FIGURE 1. Locality plan of the study area 

laid out by Levin, 1 642 were retained for 

the study. Of the variables measured, 34 

were utilized for the geostatistical 

investigation. These included, amongst 

others, conductivity, pH, Eh; 10 major ions 

and 16 trace metals. 

General geology and hydrological features 

The area is underlain by metamorphic 

terranes of the Namaqua-Natal Mobile Belt 

(Figure 2) . 

metamorphites 

They 

of 

consist mainly of 

volcano-sedimentary 

origin, quartzo-feldspathic gneisses of 

uncertain origin, and intrusive gneisses 

and granites. The southeastern portion of 

the area is covered by the Karoo Sequence, 

and in particular the Dwyka Tillite 

Formation. The area around Gamoep is 

148 

intruded by a large number of kimberlitic 

or basal tic pipe-like bodies. Older rocks 

are masked by a cover of alluvium, sand or 

calcrete in the central and southern parts 

of the area. 

Three major shear zones (Figure 2) occur 

in or near the area investigated, namely 

the Skelmfontein shear, the Buffels River 
2 

shear and the Tantallite Valley shear. 

The former is recognizable outside the 

area investigated to the north of Springbok 

and Nababeep and is postulated to extend 

into it.
3 

It is coincident with the 

isograd dividing terranes characterized by 

upper-amphibolite metamorphic facies to the 

north and granulite facies to the south. 

The Tantallite Valley shear occurs in the 

northeastern part of the area investigated 
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FIGURE 2. Main geological features of the study area 

for a strike length of 90 km. This shear 

zone separates the granulite facies 

metamorphic terranes to the north from the 

upper-amphibolite terranes to the south. 

The zone shows a right-lateral displacement 

of uncertain magnitude. 

The Buffels River shear is present in the 

western portion of the area investigated 

along a strike length of approximatelY 

50 km. It occurs in the granulite facies 

terrane. 

The catchment areas of the Koa, Buffels 

and Olifants rivers are the main 

hydrological features. Vaalputs lies near 

the drainage divide of the three systems 

(Figure 3). No active drainage exists, and 

large areas show mainly internal drainage 

systems, with stream courses ending in 

depressions and pans. 
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FIGURE 3. Major river drainage systems within the study area 

Structural analysis 
Correlation coefficients 

coefficients was calculated and their 

average value for the entire study area is 

0,13. The average value varies from 0,11 

in the Koa area, to 0,12 in the Olifants 

area and to a maximum of 0,17 in the 

Correlation coefficients (r) for all 

possible combinations of variables were 

calculated. This was done for the entire 

study area as well as separately for the 

Buffles, Koa and Olifants river drainage 

systems. A total of 2 800 correlation 
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4 Buffels area. 

A high degree of correlation with r in 

excess of 0,9 is found for all possible 
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combinations of conductivity (CCN) , Cl, Na, 

K, Ca and Mg. Values of r ranging from 

0,4 to 0,7 are found for the couples 

CON/Al, Cl/Al, CON/B, B/Cu, Co/Cu, Co/Ma, 

B/Al and As/Cu. 

All the remaining combinations of 

variables have r values of less than 0,2. 

The correlation coefficients are, on 

average, very low, demonstrating the poor 

intercorrelation between the variables. 

Variations of the r value between the major 

river drainages are statistically 

insignificant and would suggest the 

existence of one population for the whole 

study area. 

The trace metals do not show any 

significant correlation either between 

themselves or with other elements and 

parameters. Even the slightly higher 

correlation of Cl and CON with Al and B, 
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Sample population distribution 

The variables broadly follow four frequency 

distribution curves, namely lognormal, 

three-parameter lognormal, lognormal with 

inflexion points and curves with unorthodox 

distribution. 
4 

Twenty-two variables have distributions 

approaching either the lognormal (Figure 4) 

or three-parameter lognormal (Figure 5) 

distributions. 

Nine out of the 16 trace metals, i.e. AI, 

Cd, Co, Cr, Cu, Mn, Ni, U and V, have value 

distributions which plot as straight lines 

on logarithmic probability paper, with one 

(Figure 6) and occasionally two inflexion 

points (Figure 7). The presence of 

inflexion points in the U curve is 

consistent with findings in the Karoo 
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FIGURE 4. Lognormal frequency distribution of variable Fe. The frequency distributions for the various 
areas are similar 
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deposits,5 and gives more support 

suggestion6 that the distribution 

ion si 

departing 

(Figure 8) 

from the 

have distributions 

above-mentioned ones. 

pattern of uranium should be used as a 

diagnostic tool to differentiate between 

chemical and clastic uranium deposits. 

Their pattern would indicate the possible 

influence of two or more populations within 

each of the drainage areas. 

The trace metals As, B, and Mo and the Generally frequency distribution curves, 
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means (x) and variances 

variables for the individual drainage 

basins and the whole area do not differ 

significantly (Figures 4-8), indicating the 
4 

statistical uniformity of the study area. 

Semivariograms 

Following the above-mentioned findings, the 

experimental semivariograms y*(h) of each 

of the 34 variables were calculated for the 

whole area. They were' fitted with isotropic 

models. The fitted models (y(h)) can be 

divided according to their range (a), into 

three broad categories: 

(i) 'short-range' y(h) with o<a<5 km 

(ii) 'medium-range' y(h) with 

10 km<a<15 km 

(iii) 'long-range' y(h) with a > 30 km 

The first category comprises eight 

variables of which six are the trace metals 

·Fe (Figure 9), Ti, V, Mn, Cd and Cr. The 

behaviour of y*(h) indicates poor spatial 

correlation between two variables, z(x) ~nd 

z(x + h), and would suggest the pure nugget 

effect as a better model. However, the 

experimental nugget effect * (C ) 
o 

calculated from boreholes sampled twice 

over a period of weeks was considerably 

lower than the 

(C), i.e. 

taken somewhat 

overall semivariogram sill 

* 1 Co ~ JC. This was 

arbitrarily as a better 

indicator of the nugget effect, and a 

'short-range' spherical structure with 

* nugget effect C =C was 
00

4 
the more realistic model 

adopted as 

TABLE 1. 
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Main statistical and semivariogram parameters 

of trace metals 

Mean 

VARIABLE (X) 

Al 1095 

As 625.9 

B 1864 

Be 8,49 

Cd 8?,95 

Variance 

1493700 

7639800 

3262800 

130,71 

127320 

Co 135,70 81541 

er 

Cu 

Fe 

Mn 

Mo 

Ni 

Ti 

u 

V 

Zn 

38, 

29,07 

762,3 

64,62 

57,88 

129,1 

6,89 

43,9 

3,51 

1044 

6169,20 

3998,7 

4886200 

17809 

8920,8 

72254 

284,26 

2795,9 

31,97 

4579400 

Nugget 

effect 

(Co) 

272519 

o 
1233004 

o 
8026 

11229 

1445 

636 

681148 

1297 

845 

12000 

23,6 

58 

1 

713553 

First 

structure 

527481 

400000 

566996 

3945 

7500 

58771 

4334 

814 

3565852 

18703 

7555 

33000 

732,8 

292 

31 

4625447 

1 
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13 
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1 
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4 

4 

1 
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10 

40 
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1400000 

680000 

3400000 
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y(h) Co + y (h). 
s 

Ranges of a few km have been utilized 

(Table 1). Though these seem very long by 

common norm, they are short relative to the 

sample density which averages 0,02 samples 

per km
2

, equivalent to 2 samples per 

10 x 10 km blocks. 

The 'medium-range' semivariogram category 

comprises the four variables Be, U, water 

depth (DEPW) (Figure 10) and water 

elevation (ELEW). They have considerable 

continuity within their range of influence 

(h S a), are particularly 'robust', and are 

characterized by the absence of a 

discontinuity at the origin (Co ~ 0). 

One structure spherical model 

y(h) = y (h) 
s 

was utilized. 

The variables DEPW, ELEW and U also have 

in common a relatively low sill 

c~l s2 
2 

and a 'background' influence which 

manifests itself as an increase in spatial 

correlation at distances h > 50km 

(Figure 10). The latter would suggest 

gradual 

properties 

flattish, 

changes of the 

on a regional 

gently sloping 

groundwater 

scale. The 

Bushmanland 

Plateau which is a characteristic feature 

of the area, could possibly be responsible 

for this behaviour. 

Twenty-two variables fall into 

'long-range' semivariogram category. 

the 

They 

include the major ions with the exception 

of F. Eh, pH, conductivity (CON) and 

temperature (TEM) are also part of this 

category, as are eight trace metals, namely 

Al (Figure 11), As, Co, Cu, Ni, Mo, Band 
4 Zn. 

Nested semivariogram structures 

consisting of the sum of two spherical 

models, 

were utilized. On average they are 
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characterized by a range of 4,2 km for the 

first structure and 59 km for the second 

one. Approximately 7"10 of the total range 

is due to the first structure. The two 

structures account each for approximately 

47% of the semivariogram sill value. 

The 34 variables have, on average, nugget 

effect values of 0,07 s2, which is 

relatively low, indicating the accuracy of 

the analyses and/or the small variability 

of the groundwater properties over short 

distances. 

A geometric anisotropy was detected along 

the 343
0 

direction in a few trace metals, 

amongst them As (Figure 12) and Cu. It is, 

however, too weak to be used for kriging} 

and isotropic models were adopted for all 

the variables. The implication of a 

preferential direction in the distribution 

pattern of groundwater elements will be 

discussed subsequently. 

From the above considerations it can be 

argued that most of the groundwater 

parameters present considerable continuity 

in their value distribution, and an 

extremely wide spatial correlation of up to 

70 km. 

This would suggest that groundwater 

parameters have a regional rather than a 

local significance and are influenced only 

to a limited extent by local surface 

lithology. 

Kriging 

The presence of three ri ver drainage 

systems suggests the existence of three 

populations. structural analysis of 

groundwater parameters reveals, however, 

that the populations of the three drainage 

systems and that of the whole area are 

similar. The exceptionally long ranges of 

the semivariograms militate against a local 

influence on the groundwater parameters. 

This is supported by the geologically 
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uniformed nature of the area being largely 

underlain by terranes of the Namaqua-Natal 

Mobile Belt with minor shallow cover of 

Karoo sediments and Kalahari sand. 

Because of the above-mentioned 

considerations and for convenience, the 

area was considered statistically 

homogeneous and kriged as such. Each 

groundwater parameter was taken as 

belonging to one population in the whole 

area studied and, accordingly, each 

variable was kriged only once. 

The extremely wide spacial distribution 

of the data points would militate against 

achieving any 

manipulating 

significant 

the raw 

benefit by 

data with 

log-transform or anamorphosis. Kriging was 

thus carried out using the raw data. 

Ordinary kriging7 ,8 was applied 

r A Y(v ,v )+~=y(v ,V) 
1 1 n 1 n 

under conditions of universality 

r A = 1 
1 

using the GEOLIN package from the Centre de 

Geostatistique of Fontainebleau (France). 

The study area was divided into 293 blocks 

each measuring 10 x 10 km.4 Results were 

S 2 10 

N 

5 

As 

contoured by computer using graphic 

packages specially modified for the 
(' 

purpose~ (Figure 13 and 14). 

The det.ailed study of the maps so 

generated indicates the presence of trends 

common to the value distribution of some 

variables. 

For sake of conformity and simplicity, 

and in order to have statistically 

significant and practical indicators, the 

results of each parameter were contoured in 

a separate exercise with two curves, one 

joining all points with values of 2 times 

the mean (2x), and a second curve joining 

all points with values of 3 times the mean 

(3x).4 This highlights the presence of 

common anomalous value trends for the trace 

metals AI, As, B, Be, Cd, Co, Cr, Cu, Mo, 

Ni, Ti, U, and zn. 4 ,10 This 

13 trace-metal anomaly occurs along a 

220-230 km long and 50 km wide (Figure 15) 

zone trending approximately 73 0 east of 

north. 

Three metals (Fe, Mn and V) do not follow 

this pattern. It is interesting to note 

that, as mentioned previously, Fe, Mn, and 

0~--------_1LO--------~20~--------3~0----

Km 

FIGURE 12. Geometric anisotropy of variable As 
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v have semivariograms which approach the 

pure nugget effect, indicating that there 

is poor continuity in their spatial value 

distribution and considerable local 

variations in their concentrations. 

Maj or ions show anomalous values roughly 

trending at 

above-mentioned 

Their anomalies 

right angles to the 

lineament (Figure 16). 

occur mostly in the Koa 

river drainage system and broadly parallel 

158 

to it. This conforms with the findings of 

the structural analysis which indicates 

lack of correlation between maj or ions and 

trace metals. 

Discussion 

Metallogenic anomaly 

The 13 trace-metal anomaly reveals 

considerable continuity over a distance of 

180-190 km, from the eastern boundary of 
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the area investigated to springbok 

(Figure 15). This indicates the regional 

c.haracter of this trend and conforms with 

the interpretation given to the long-range 

semivariograms of most trace metals. A 

10-20 km gap is present southeast of 

Springbok, after which the trace-metal 

anomaly rea~pears, apparently displaced to 

the south by approximately 30-35 km. 

The anomaly parallels the northeasterly 

direction of the metallogenic province of 
11 Namaqualand, though it is broadly 

off-set to the south of it. 

known base metal deposits 

The we~.L 

of O'kiep 

(Springbok) and Aggeneys, both of which 

occur within the metallogenic province" do 

not appear to directly influence the 

anomaly. Their location relative to the 
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study area appears to be responsible for 

this. They are in fact sited either 

outside (O'kiep) or on the boundary of the 

study area (Aggeneys). Their influence was 

thus relatively small, being supported by 

only a small number of samples and was 

eventually masked by the smoothing effect 

of kriging. 
Another aspect that should be considered 

is the possible migration 

distinct 

of the 

groundwaters. Very bUlls-eye 

anomalies of a few trace metals, amongst 

which are Cu and Zn, do not always coincide 

wi th known base metal occurrences. Their 

enrichment 

distance 

could 

away. 

have taken 

. k12 
Fr1C 

place 

found 

some 

that 

significant amounts of uranium had been 

leached from the upper portions of granitic 

source rocks in the area. The geometric 

anisotropy, found in certain trace metals, 

particularly Cu and As (Figure 12), would 

support 

migration. 

the concept of groundwater 

Geometric anisotropy indicates 

the existence of preferential directions in 

the spatial distribution of a variable, and 

it has been demonstrated that it parallels 

the palaeoslope 
. 13,5 h depos1ts. T e 

in certain sedimentary 

main anisotropic axis 

is along the NNW-SSE direction in the case 

under study, and 

the groundwater 

this would suggest that 

migrated along that 

direction, possibly southward. 

The implication of the groundwaters 

having migrated southward is very 

appealing. However, the geometric 

avisotropy is statistically insignificant 

and too weak to draw purposeful 

conclusions. Further, there is no 

supporting evidence that a metallogenic 

anomaly of that size can be caused by 

remote sources, such as Aggeneys and 

O'kiep. It is more probable that the 

anomaly results from chemical interaction 

between the groundwater and the hosting 

16C 

lithologies and thus reflects a regional 

lithogeochemical signature. 

The anomaly occurs wi thin a domain 

believed to be characterized by granulite 

facies metamorphism, wi th its northern 

boundary apparently coincident with the 

upper amphibolite/granulite isograd 

by the Skelmfontein shear represented 

(Figure 2). The implication that the 

anomaly is related to high-grade 

metamorphism appears to be invalid because 

of the lack of any anomalies over known 

granulite facies terranes in the Springbok 
4 

area. 

Part of the 

the margin of 

anomaly lies along or near 

the Main Karoo Basin which 

might suggest that the anomaly results from 

interaction between the geohydrologically 

dissimilar domains 

basement and the 

tend observations 

of the crystalline 

Karoo cover. Two 

to refute this 

suggestion. Firstly, the basement/Karoo 

contact generally trends at a high angle to 

the ~,omaly, and 

longitude lS
o 
40' , 

secondly, west 

the anomaly 

of 

lies 

entirely on basement at a considerable 

distance from the Karoo rocks. 

The northern boundary of the western 

segment of the anomaly appears to be 

tectonic in origin as it is marked by the 

Buffels River Shear.
4 

It also appears that the 13-metal anomaly 

is not directly related to major 

palaeodrainage features, though the major 

ions are. 

The above considerations indicate that 

the anomaly probably reflects a fundamental 

metallogenic signature resulting from broad 

geochemical physical features of the 

crystalline basement. 

Wrench faulting system 

The discontinuity and apparent 

displacement in the trend of anomalous base 
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metal values southwest of Springbok would 

suggest the presence of a wrench faulting 

system with left-lateral displacement of 

30-40 km. 

Further geological evidence of the 

existence of the fault would be: 

(i) the presence of numerous faults and 

lineaments synthetic to the 

postulated fault (Figure 15) . 

Lateral displacements of up to 5 km 

have been measured along some of 

these faults (Andersen, pers. comm.); 

(ii) the general pattern of kimberlite 

and diatreme occurrences in the 

proximity of the inferred fault 

would indicate a left lateral 

movement of 30-35 km along 

inferred fault14 (Figure 17); 

the 

(iii) the concurrence of Orange River 

course and postulated fault 

immediately east of the Richtersveld 

(Figure 17); 

(iv) the zone of circular features 

(v) 

consisting mainly 
15 16 17 structures ' , 

Springbok-Aggeneys 

of synformal 

of the 

area which 

appears to have been displaced along 

the inferred fault by 30-35 km; 

the coincidence of the inferred 

fault with the 'Escarpment' line; 

and, most prominently, 

(vi) the terranes of the Hyrnanskraal

Inverdoorn-Kruispad triangle which 

appear to have been subjected to a 

southeasterly translation of 
30-45 km alot.g the postulated fault 

system
14 

(Figure 17). 

There is no evidence at this stage of the 

extension of this left-lateral wrench 

faulting system into the Cape Orogen, but 

it is a concept that bears further 

investigation. The occurrence of synthetic 

kimberlitic fissures along the general zone 

of the inferred fault in the area under .. 

study (Andersen, pers. comm. ) adds an 

economic dimens ion to it. The hypothetic 

NNW projection of the postulated fault 

would roughly cross the SWA/Namibia 

coastline in the general area of Walvis Bay 

and would separate the diamond-bearing 

coastal terranes to the south from the 

bar.ren formations to the north. 

The diamond size distribution and 

occurrences of diamonds along the western 

coast and generally in Namaqualand could 

also be explained with an inland source for 

the diamonds along a band roughly 

coincident with the inferred fault zone. 

This might imply that the fault could have 

been either, one of the sources of the 

diamonds, and/or could have influenced 

their distribution to some extent. 

Conclusion 

The structural analysis of the available 

data has revealed the exceptionally long 

range of the semivariograms, which 

emphasizes the regional character of the 

sfstial distribution of most variables, 

particularly trace metals. 

A 13-trace-metal anomaly, 

long, 50 km wide and trending 

220-230 km 

73
0 NNE, 

discovered as a result of the kriging 

investigation, appears to represent a broad 

regional metallogenic feature of the 

basement. It might be related to mineral 

deposits along or near it which are yet to 

be discovered; and thus could be of value 

in targeting areas for prospecting. 

A distinet break in the anomaly in the 

vicinity of Springbok is aligned with 

certain major faults further south and the 

bend in course of the Orange River. This 

break could be caused by wrench faulting. 

Although there is at this stage 

insufficient evidence, it would seem that 

the extension of this wrench faulting zone 

may well influence the western boundary of 
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FIGURE 17. Position of postulated wrench faulting system 

the Karoo and the western coastal graben 

and may have some economic implications. 

Its extension further south into the Cape 

Orogen is, at this stage, hypothetical but 

is a concept that bears further 

investigation. 
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