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'PREFACE

, This thesis was planned as a work in two volumes — Volume 1 for
the text ete. and Volume 2 for the many maps and other illustrations of A2 »
size. Volume 1 eventually grew so large that it became necessary to

divide i1t into three sub-volumes:

Volume 14: Text
Volume 1R: Plates and Appendices
Volume 1C: Literature Survey arnd Lists of References.

Some of the maps in the thesis were prepared several years before
publication, ard refer to the Karroo formation. It was recently offictally
ruled that the epelling Karoo should be adopted. Some of the values for.
pressures are given in atmospheres because that was the unit of measurement
in foree at the time that the experimental work was undertaken. The

currently-accepted S.I. unit for pressure is the Pascal.



ABSTRACT

The Precambrian Otavi dolomites in the district of Tsumeb in Namibia
are host to base metal mineralization but large tracts of these rocks
occupy a mature pediplain and.are deeply buried by transported overburden
of Kalahari age. This sandy material makes exploration for minerals very
difficult. Hydrogeochemistry was considered as a possible answer to the
problem of prospecting in this region but a majorvobstacle was the lack of ,
" an undisturbed site for orientation studies.  The Tsumeb mine was therefore
used as a "surrogate" orientation target and water samples collected there
were analyzed for about forty elements or ions. The data were plotted on
long-sections through the orebody and examined with the aid of simple
statistical calculations. The Na'/CI— ratio proved to be a powerful index
for identifying groups of waters with a common origin. It appeared that the
most important of these groups of waters were not natural groundwaters but v
were being recycled. Millions of litres of water are pumped from the mine
~daily and a significant proportion finds its way back into the workings through
seepage. This conclusion was supported by chemical data and by calculations
in which the rates of pumping and recharge were balanced. Over the years the
process of recycling has caused a rise in the conéentrations of sodium, chloride
and sulphate in the water arriving at the sumps in the mine. The other major
combonents of these waters ~ Ca, Mg and HCO; - are not affected to the same

extent by recycling because of controls imposed by the carbonic system.

It was not geherally possible to establish rational links between the
distributions of the trace elements, the major groups of related waters and the
proximity of ore. Although some trace elements tended to be more abundant in
samples from the upper parts of the mine, whé}e exposure to broken, weathered
ore is greatest, the value of this association was.diminished by the fact that
these waters are recycled effluents that cannot be equated wifh the natural
groUndwaters that would be in contact with any undiscovered orebodies similar
to the Tsumeb lode. This conclusion was reinforced by the fact that some of
the trace elements were relatively abundant in waters that were comparatively
saline but which had not been éxposed to oxidized ore. It was concluded that
it would not be possible to interpret the trace elehent data from the mine waters.
unambiguously. Nevertheless it was clear that. sulphate, Cu, Pb, Zn, Hg, Cd, Se,
Te and perhaps Li were being mobilized from the ore and that these were therefore

all good "candidate" pathfinders. Less probable candidates were Mo, Ge, As, Na

and chloride.

A second orientation study was then undertaken, using normal groundwaters
from boreholes and springs on surface. Sampling was concentrated around the
Tsumeb and. Kombat mines as targets and waters were also obtained from background

areas where dolomites were exposed. The chemical data were plotted on maps.by'



computer and were examined with the aid of simple statistical calculations
such as the cumulative frequency distribution. ~ Although anthropogenic
effects were apparent at both mines they were not severe and it was possible
to be more confident about theiprospective roles of the various chemical
species in.hydrogeochemical exploration for ores in the Otavi dolomites.

These hrospective roles may be summarized as follows: undetectable or of
~virtually no interest: - pH, temperature, phosphate, K, Ti, Fe, Li, Rb, Cs; '
V, Cr, Mo,"Ag, Au, Cd, Hg, TI, Gé, As, Sb, Bi, Se and Te; useful as
ihdicafors of regional hydrogeochemical featuresvndt directTy related“to'
mineralization: . Si, F , Sr and Al; weak"regionai'pathfinders:“Ni and Co; o
probably good regional pathfinders: sulphate, Cu, Pb and Zn. Bicarbonate;
€17, Na, Ca and Mg are not pathfinders but it is useful to have these data
when considering the nature and significance of the samples and the abundances
in them of the trace elements. - Despite the identification of a suite of
pathfinders it was not feasible to establish orientation criteria such as

contrast ratios.

An attempt was made to apply the. findings of this orientation sufvey in
an area to the northeast of Tsumeb, where dolomifes are buried under thick
sand and calcrete. Anareaof five thousand square kilometres was selected
and all usable sources of groundwater within it were sampled. The following
data were collected: - total dissolved solids, pH, Ca, Mg, Na, bicarbonate,
chloride, sulphate, Cu, Pb and Zn. Hydrological data suggested that the
regional movement of groundwater was from the exposed dolomites into the
pediplain.  The hydrogeochemical data showed that during this migration the
major element composition of the groundwater. changed ("metamorphosed")- radlcally
Because of this metamorphlsm, very severe dlfflcultles stood in the way of
1 applying in the sandy pediplain what had been learned in the areas of well-
exposed dolomite. An attempt was therefore made to provide tighter control
between the lithology of the geological profile and the hydrogeochemistry of .
the associated formational waters in the pediplain.  This work consisted of .
(a) a sampling program to try to "fingerprint" specific formational waters.
This proved to be impossible. - (b) drilling four diémond drill holes near
selected anomalies and studyihg the cores in detail. - These revealed that the
Kalahari beds were very thick (46 to >103m) In all cases the base of the
overburden was far below the present water table and in some cases the over-
burden was underlain by unmineralized rocks other than dolomite. These results
indicated that the hydrogeochemical anomalies were probably spurious and it was
concluded that hydrogeochemical exploration in this kind of Kalahari terrane was

not practicable.



SUMMARY

{Marchant, J.W. 1980. Hydrogeochemical exploration af Tsuméb.,Ph;D. thésis,
.University of Cape Town. 4 volumes; 850 pages; 200 illustrations; 1200
‘ references} | o ' _

The late Precambrian Otavu dolomates in the district of Tsumeb in
northern Namibia are host to important base metal mineralization, but ]arée -
tracts of these rocks cannot be subjected to conventional methods of
prospecting because they lie on a mature pediplain and are deeply buried by
layers of éuperficial,-transported overburden of Kalahari age (Recent to .
Tertiary). Hydrogeochemical exploration was considered to be a possible o
answer to the problem because the reactivity and mobility of groundwater
favour the recognition of secondary aureoles of dispersion that would
probably not be detected by other techniques. A major obstacle to any
attempt to apply the hydrogeochemical method in the region was the lack of
an adequate site for orientation = there being no known local deposité
that are buried under a substantial layer of overburden. The Tsumeb orebody
(a pipe-like Cu-Pb-Zn sulphide/oxide deposit) was therefore used as a

'"surrogate' orientation target, and a suite of water samples from this mine
was examined with a view to identifying pathfinders. Samples were colleﬁted
from é wide range of geological and hydrological settings throughout the |
mine. Data for the following parameters were recorded: geoiogical and -
hydrological characteristits,.rafe of flow, air temperatUré, water
temperature, pH, colour of total suspended solids (TSS), mass of TSS,
total dissolved solids (TDS), Mg, Ca, OH , Co3, HCOZ, CI7, F, SO, POJ™,
Na, K, Li, Rb, Cs, Sr, V, Cr, Mo, Mn, Fe, Co, Ni, Cu, Ag, Au, Zn, Cd, Hg,
Al, T1, Si, Ge, As, Sb, Bi, Se, Te and Pb. Most of the major components
were determined by wet chemical methods and most of the trace elements by
atomic absorption spectrophotometry (solvent extraction, flame and flameless
techniques). In addition, x-ray fluorescence spectrometry was used to make
semi—guantitative estimates of the amounts of Si, Al, Mg, Ca, Ti, Mn, Fe,
~Cu, Pb and Zn in the TSS residues separated by filtration.

. The data were plotted on computer- generatéd long—sections throuéh the
orebody and examined with the aid of simple stat:stlcal calculatuons. The
interpretation proceded in two stages: (i) the first stage was essentially
a hydrological study aimed-at the identification of characteristic bodies
of related mine waters and the investigation of their origin. For this .
purpose~ Na , C17 and 504 were used as natural tracers. The study of the
hydrology of the mine was hampered to some extent by the fact that the rock

in the vicinity of the workings is heavily cementated. Nevertheless the



SUMMARY (cont.)

Na/Cl ratio proved to be a powerfUl‘[ndex for identifying groups of waters
with a.common origin. The SOZ content was not quite as diagnostic but was
~nonetheless valuable. Seven groups of related mine water samples were
identified, which were distributed in a systemafic manner through the _
vertical length of the mine workings, and in.which the mean Na/Cl-ratfo
varied from 0,6 to 1,6. It appeared that fhe most important of these groups
of waters were not natural; pristine groundwaters but werebbeing recycled
through the mine via the surface. Millions of litres of water arevpumped l
from the mine each day and a significant proportion finds its way back

into the workings by various paths. This conclusion was supported by
chemical data, by calculations in which the rates of pumping from the mine,
rainfall, recharge, evaporétion and disposal of wastes Werevbalanced against
one another, and to some extent by radiocarbon dating of local groundwaters.
One group of recycled water enters the upper levels of the mine from
directly above and is derived from industrial water discarded in the Mihihg‘
Area. Another important group originates in,the.Slimes Dams complex some
kilometres north of thé town and makes its way back into the central levels
of the mine (= 1000 m below surface) via fractures, of which a major one
"known as the North Break Zone is the most important. Only the most mobileb
species are carried through this cycle; the toxic, immobile microcomponenté
are fixed en route and are not recirculated. Over the years the process of
recycling has thus caused a significant rise in the concentrations of Na,
C1~ and SO ‘

major components of these waters -~ Ca, Mg and HCO3 - are not affected to

: in the water arriving at the sumps in the mine. The other.
 the same extent by recycling because their concentrations are tightly
controlled by the solution equilibria of the carbonic system. A computer
program was written that compared the 'observed' state of the carbonic

system in each of the samples of mine water with the theoretical '"saturated"

state- for that sample. The program requires data for observed pH, alkalinity, .

and [Ca] and allows for the effects of temperature, ionic strength and
‘hydrostatic pressure, since the Tsumeb mine is about 1500 m deep and some .
of the pressures measured exceeded 100 atmospheres. The computation showed
that [Ca], pH and [HCOE] in the miné waters are generally well-equilibrated
and therefore cannot readily be used as natural tracers since they change
in response to factors independent of the origin and movemen't of the
different bddies of related groundwaters. The equilibrium is nevertheless
dynamic, with continuous dissolution of dolomite and reprecipitation of

" calcite, and there is some evidence that the concentrations of certain



SUMMARY (cont.)

trace elements may be infiuenced by concomitent effects of co-precieitation.
or ''scavenging'. The incongruent solution of dolomite has lead to a
disequilibrated molar Mg/Ca ratio of 1,05 (ideal value 0,8). (ii) The
second stage of the interpretation was -essentially hydrogeochemicdl and
was aimed at constructing a picture of the interrelationships between the
abovementioned major components and the minor and trace elements. I't was
obvious from (i) above that the groundwaters around the ‘mine had been
greatly disturbed by man and there were prima facie reasons for apprehendlng
that this would be reflected in a disruption of the natural state of these
relationships. This did prove to be the case and it was not generally
possible to establish rational links between the distributions of the trace
elements, the major groups of related waters and the proximity of ore.
Lithium was the only trace element that correlated well with the groups
identified on the basis of the Na/Cl ratio. Although some trace elements
tended to be more abundant in samples from the upper parts of the mine
where exposure to broken, weathered ore is greatest, the value of this
association was diminished by the fact that these waters are.recycled
effluents that cannot be equated with the natural groundwaters that would
be in contact with any undiscovered orebodies similar to the Tsumeb lode.
This conclusion was reinforced by the fact that some trace elements were ‘
relatively abundant in the waters of the North Break Zone, which are
. comparatively saline but have not been much exposed to oxidized ore. It
was concluded that it would not be possible to interpret the trace element
data from the mine waters unambiguously and that one could not with »
confidence identify pathfinder species or establish orientation criteria
such as threshold values or coﬁtrast ratios. Nevertheless it was clear
from the diagrams and from statistical examination of the data that‘SOE,' )
Cu, Pb, Zn, Hg, Cd, Se, Te and perhaps Li were being mobilized from the ore
on a significant scale and that these were therefore all good '‘candidate'
pathfinders. Less probable candidates were Mo, Ge, As, Na and cl . |
- On the basis of the above results, it was decided that a second
orientation study should be‘undertaken, using normal groundwaters drawn
from boreholes and springs on surface. This study took place in the Otavi
Mountainland, which is a hilly area of well-exposed dolomites immediately
south of Tsumeb. Sampling was centered around the Tsumeb and Kombat mines

as targets and waters were also obtained from several background areas. The
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sémples were anélyzed for each of the chemical componenté that had been 1_1 
determined in the study of the mine waters. The data were plotted on
computer-drawn, coloured maps and were examined with the aid of simple
statistical calculations. The cumulative frequency distribution was used

to divide the data into two classes of negafive anomalies; two classes_of
positive anomalies and the background class. The distinction between
’negativé anomalies and backgrouhd values was useful in many éases for
demonstrating regionai hydrogéochemical features. The threshold values

were: Grade -l, 10% of cumulative frequency; Grade —II; 20%; Grade 11,

80%; Grade |, 90%. Sophisticated statistical procedures such as discriminaﬁt
function analysis and cluster analysis were also utilized but they added
nothing of importance to the interpretation of the,resultﬁ._]t was useful
to examine_the raw data, ratios of (dissolved [element]/[TDS]), ratios~bf:‘
(suspended [element]/[TSS]) and summed indices such as (Cu + Pb). The
following factors had to be taken into account in order to explain the
observed patterns of distribution of values, to decide which of these
constituted anomalies and to assess the importancé of these anomalies: wn
the indivfdual characteristics and historical réputation in groundwater
hydrqgeochémical exploration of the different chemical species; contrést

" values and the detection limit of analysis; variations in the local value

~ of the background concentration; the influence of the lithology of the
country rocks; the correlatiohs between TDS and TSS and the concentrations
 of certain species; the postulated "metallogenic zones" or primafy .
dispersion aureoles at Tsumeb and Kombat; and the disturbance of the _
groundwater regimes at Tsumeb and Kombat by the activities of man. Although
anthropogenic effects were apparent at both mines - manifested principally
in the form of TDS and TSS anomalies and an accumulation of Na, Cl-, Mg,
POE', Ti, Fe and Mn - they were not as severe as those noted in the study
of the mine waters and it was possible to be more confident at this stage
about the prospective roles of the various chemical species in hydrogeo-
chemical exploration for ores in the Otavi dolomites. These prospective
roles may be summarized as follows: undetectable or of virtually no -
interest: pH, tempefature,vPoa', K, Ti, Fe, Li, Rb, Cs, V, Cr, Mo, Ag, Au,
¢d, Hg, T1, Ge, As, Sb, Bi, Se and Te. (It is apparent from this list that
the doubts entertained about the validfty of performing an orientation
survey with disturbed mine waters were justified); useful as indicators

of general, regional hydrogeochemical features not directly related to

mineralization: Si, F-, Sr and Al; weak pathfindefs: Ni and Co; probably
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SUMMARY (cont.)

good pathfinders: SOZ, Cu, Pb and Zh. The remainder‘of the major elements
form a special group. They are not good pathfinders but it is useful to
have these datawhen considering the nature and significance of the samples

and the abundances in them of the trace elements. Despite the succassful

identification of a suite of pathfinders, it was nevertheless significant

that ‘the anomalies at Tsumeb were generally'weéker than those at Kombat.
Because of this it was“not reaiistiC'to establish orieﬁtation'criteria

- such as contrast ratios, sizes of expected anomalies etc. it was clear,
_however, that any anomalies detected by the hydrogeochemical method would
be more likely to be regional than local. Ancillary studies conducted
during this orientation survey included (a) studies of the contamination
of samples by borehole hardware. This was monitored by restarting pumps

on boreholes that had been idle for up to 12 months, and analyzing sampleé
collected at regular intervals for an hour or more. Contamination appeared
‘not to be a general problem and only zinc géve trouble in certain cases.
Rotary pumps are less likely to cause contamination than reciprocatingl' ;
pumps. (b) extensive studies of the contamination of samples by the high-
-density polyethylene containers in which they were stored. It was shown
that this was not a.problem. (c) studies of the stability of stored samples
of groundwater. Trace elements appeared to be effectively stabilized for

several months by acidification to pH =2 with HNO, or HCIO,_l and freezing

at =200 €. The major componehts of the groundwate?s from the Tsumeb area
do not require any special preservation and are very stable for at least a
week. (d) studies of seasonal variations in the compositions of waters
 from boreholes. This was found to be slight. o

It was recommended that an attempt be made to apply the findings of

the second orientation survey in an area to the northeast of Tsumeb, where '

dolomites are buried under thick sand and calcrete. For this purpose an
area’of five thousand km2 was withdrawn from pegging and all usable sources
of groundwater within it were sampled. The followfng data were collected:
TDS, pH, Ca, Mg, Na, HCO;, ci, soz, Cu, Pb and Zn. Interpretation followed
lines similar to those described for the second orientation survey.
Hydrological data from unpublished sources suggested that the regional
movement of groundwater was from the Otavi Mountainland northwards into

the pediplain. The hydrogeochemical data showed that during this migration

the major element composition of the groundwater changed (‘'metamorphosed')

radically. Because of this metamorphism, very severe difficulties stood in

the way of applying in the sandy Withdrawal area what had been learned in
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the areas of well-exposéd dolomite. Thus: the concentrations of DS, Na

and C1~ in the Withdrawal area were very high and variable. Only in the far
south could the influence of northward—moving, dilute dolomitic waters be
detected; the pH was systematically higher in the Withdrawal area; sulphate
was much more abundant and correlated too well with TDS, so that attempts

to define positive sulphate anomalies tended merely to outline the zones of
relatively saline waters. Substituting the SOZ/TDS ratio he]ped but little, |
because the amount of sulphate rises proportionately faster than the TDS
does as the groundwaters migrate northwards; the concentrations of Pb_ahd.
Zn were severely‘suppressed relative to the dolomitic waters and many of
the Cu and Zn anomalies were dubious because of a strong correlation with
areas of saline water (cf. sulphate, above). in addition, many of the SOZ,'
Cu and Zn anomalies fell in those parts of the Withdrawal area that were
thought, on the basisof aeromagnetic data, to be underlain by'unfavouréble
rocks such as Mesozoic basalts or Archaen granites. An attempt was therefore
‘“made to minimize the need to extrapolate criteria from the orientation data
to the application data, by providing tighter control between the lithology
of the geological profile and the hydfogeochemistry of the associated
formational waters in the Withdrawal area. This wdrk consisted of (a)'a
sampling program in the-east to try to “fingerprint” basaltic and granitic
.formational waters. This proved to be impossible, mainly becauseﬁthe
- composition of the water in the boreholes drilled into these profiles is |
controlled not by the impervious subcrop but by the more aquiferous : ' _
Kalahari overburden; (b) drilling four diamond drill holes and studying the ,f
petrology, mineralogy and geochemistry of the cores. Two holes in the east
" of the Withdrawal area sHowed that the poorly-sorted, sandy or gravelly,
calcareous Kalahari cover was deeper than had been expected; these two holes
reached down to 56 and 103 m respectively and did not encounter bedrock.
" Both profiles (and the two penetrated by the boreholes described below)
were very heavily recémented by calcrete, especially in the upper 20-40 m.
It was considered impossible to pursue a program of practical hydrogeochem-
ical exploration through this depth of overburden. There was no evidence of 'f
any secondary dispersion of base metals in the borehole cores and it was |
éonsidered probable that the hydrogeochehical anomalies ‘in the eastern
portion of the Withdrawal area were spurious. A borehole sited in the
northwestern corner of the Withdrawal area, upon a maghetic anomaly and a
SOi/TDS anomaly, passed through 59 m of typical Kalahari beds and into

_sandstone of the Mesozoic Karoo Formation. The existence of these rocks in




SUMMARY (cont.)

this part of the Withdrawal area had not.been expected and this terminated
the hydrogeochemical project in this'region. The fourth borehole was
drilled in the southwestern part of the Withdrawal area, in the hope fhat'
“thinner overburden existed there, and ?h order to investigate a prominent
zinc anomaly. The Kalahari cover was nevertheless still a daunting 46 m
thick and the anomaly was specious because the drill then péssed not intd

dolomite but into Mulden quartzites. The hydrogeochemical effort in this

kind of Kalahari terrane was regarded as untenable and the withdrawal order o

was allowed to lapse. On the other hand, the results from the secorid,
v,orientation survey were held to be valid and useful for prospecting in
terranes relatively free of overburden, and the hydrogeochemical me thods
developed in this study are currently being used by a mining group for
exploration in those areas of dolomite that are not so'deeply buried.
This thesis includes a very comprehensive survey of the history and
literature of groundwater hydrogeochemical exploration for all types of

mineral resources except petroleum.




CONTENTS

LIST OF ILLUSTRATIONS
ABBREV IAT IONS
ACKNOWLEDGEMENTS
FOREWORD |
SECTION 1. INTRODUCTION
Chapter 1. A description of the country around the town of Tsumeb
.1 Location

.2 Climate

.3 Vegetation

.4 Geology

.5 Topography

.6 Pedology

. 1.7 Hydrology and hydrogeochemistry

. 1.8 Human activities » _

Chapter 2. A statement of the exploration problem and a consideration

of the hydrogeochemical method as a solution thereof

2.1 The problem

2.2 A description of the kind of mineralization scught and its
‘probable location

2,3 HYdrogeochemistry as a possible answer: a pre-orientation of
available information |

SECTION 2. ORIENTATION STUDY OF THE HYDROGEOCHEMISTRY OF THE TSUMEB MINE

Chapter 3. Exzperimental

3.1 Introduction

3.2 Selection and location of sampling sites ‘

3.3 The collection of samples and measurements im situ in the mine

3.4 Summarized analytical information and results

Chapter 4. Interpretation of the Tsumeb Mine Water data

k.1 Introduction

4.2 Identification of bodies of related Tsumeb Mine Waters. The use of
sodium, chloride and sulphate as natural tracers

4.3 The origin of bodies of re}ated mine waters

4.4 Summarized. 'three ion' hydrologlra] model of the Tsumeb Mine as a
_basis for the construction of a more complete hydrogeochemicai model

4.5 The Hydrogeochemical Model (1): Inclusion of the less-mobile major

components of Tsumeb Mine Water - calcium, magnesium and bicarbonate

(the carbonic system)

Xi

Xiii
XX i

XXii

O OO NN NN NN -

. —t ——t
—

1
12

16

17
25
25
25
26
27
29
43
43

L6

56

77



CONTENTS {cont.)

4.6 The Hydrogeochemical Model (2): Inclusion of the data for the
trace elements '

4.7 Conclusion of Section 2. Evaluation of the Tsumeb Mine as a site

| for hydrogeochemical orientation surveys '

SECTION 3. ORIENTATION STUDIES USING NORMAL SHALLOW GROUNDWATERS AND
THE APPLICATION OF THIS INFORMATION TO THE SEARCH FOR ORE
IN THE KALAHARI AREAS

Chapter 5. Orientation studies of the hydrogeochemistry of groundwaters
from boreholes and other subsurface sources in the vicinity

: of the Tsumeb and Kombat mines »

5.1 Introduction

5.2 Sampling

5.3 Summarized analytical data énd results

5.4 Interpretation of the orientation results

Chapter 6. Application experiment in the Withdrawal Areas northeast
of Tsumeb

6.1 Introduction

6.2 Sampling, analysis and results

6.3 Initial interpretation

6.4 Advanced investigations and interpretation

Xit

85

113

115

115
115
117
118
120

152
152
152
154
213



VOLUME IA

Periodic Table

Frontispiece: “Exb]oracion de las fuentes del Rio Orinoco' by Remedios

Varo, 1959. /156/.

Map 1. Map of Namibia.

Map 1A. Location map of area around Tsumeb

Fig. 2.3. Sketch showing the relationship between the hydrogeochemical

Vertical sections through the Tsumeb orebody; distributions of chemical
data for the Tsumeb Mine waters:

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

SACLANT perspective diagrams (3D) and contour maps (CM) for the

L.
M.
1N,
10.
1P.
1Q.
1R.
1S.
1T

iy

1v.
iW.
1X.
1Y.

6.1. Map showing the Withdrawal Area relative to Tsumeb town and

pH
Fluorine
Copper
Lead

Zinc
Cadmium
Germanium
Selenium
Telurium
TDS
Phosphate
Lithium
Strontium

Mercury

application data:

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

6A
6AC

6B

6BC
6C
6CC
6D
6nC

TDS 3D
TDS CHM
Sulphate
Sulphate
Chloride

Chloride

pH 3D
pH CM

orientation situation and a hypothetical application situation.

the Otavi Mountainland

3D
CM
3D
CM

LIST OF ILLUSTRATIONS

Xiii

inside of front cover

90
91
92
93
gk
95
96
97
98
99
100
101
102
103

160
161
162
163
164
165
166

167



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
'Fig'
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

6E
6EC
6F

6FC

6G
6GC
6H
6HC
61
6i1C

6JC
6K
6KC
6L
6LC
6M
6MC
6N
6NC
60
60C
6P
6PC
6Q
6QC

6RC
6S
6SC
67
6TC

6U

6uC
6V
6ve

"LIST OF ILLUSTRATIONS (cont.)

Magnesium 3D
Magnesium CM
Calcium 3D
Calcium CM
Bicarbonate 3D
Bicarbonate CM
Zinc 3D

“Zinc CM

Sodium 3D

Sodium CM

Copper 3D

Copper CM

Lead 3D

Lead CM
Magnesium/TDS 3D
Magnesium/TDS CM
Calcium/TDS 3D
Calcium/TDS CM
Bicarbonate/TDS 3D
Bicarbonate/TDS CM
Chloride/TDS 3D
Chloride/TDS CM
Sulphate/TDS 3D
Sulphate/TDS CM
Copper/TDS 3D
Copper/TDS CM
Zinc/TDS 30
Zinc/TDS CM
Lead/TDS 3D
Lead/TDS CM
Sulphate/chloride 30
Sulphate/chloride CM
Copper plus lead 3D
Copper plus lead CM
Sodium/TDS 3D
Sodium/TDS CM

168
169
170
171
172
173
174

175

176
177
178
i79
180
181
182
183
184
185
186
187
188
189
196
191
192
193
194
195
196
197
198

- 199

200
201
202
203



LIST OF ILLUSTRATIONS .(cont.)

VOLUME IB

Plate 1. A typical wind pump near Tsumeb.

Plate 2. A borehole installation neér Tsumeb (diesel engine).

Plate 3. A borehole in the Tsumeb mine.

Plate 4. Water running from an oldvorebox in the upper levels of the
Tsumeb mire.

Plate 5. Water spraying from a fissure in the roof of a drive in the
upper levels of the Tsumeb mine. _

Plate 6. Growths of hard, green carbonate on the walls and floor of
a drive in the upper levels of the Tsumeb mine.

Fig. B. Apparatus and working curve for the colorimetric determinaticn

' of arsenic. '
Fig. B4. Apparatus for the generation of hydrides.
~ Fig. C1. Longitudinal (E-W) long section through the Tsumeb Pipe and

diagrams iilustrating the ”smoothing‘out” of distortions
produced by rotating the plane of section in Fig. 1, Vol. I},

Fig. C2. lllustrating the trigonometrical relationships used in
calculating the projected positions of the 36 underground
sampling points.

Fig. D. Two examples of Viewing's patterns.

Fig. H1. Time variation of [SOZ] and [CI-] in Tsumeb Raw Mine Water

Fig. H2. Three estimates of recharge area.

© Fig. H3. Tsumeb Bulk Water flow chart.
Fig. 11. Modified Lawrence Caldwell diagram.
VOLUME IC

Most of the illustrations in this volume have been reproduced

directly from published works cited in the text. In these cases the

original figure numbers have been retained.

Cartoon

Unnumbered  Comparison of calculated data with the results of

hydrogeochemical investigations

Fig. 4. ldealized surface pattern of anomalous springs forming a halo

around a mineralized zone.

XV

vii
vii

B6 bis
B 43

H 6
H 13
H 16

o Xi
98

123



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

14,

12.

16,

15.
16.

. Cycle of arsenic interconversions of nature.

Fig. A.

Fig.

~ LiST OF ILLUSTRATIONS (cont.)

Idealized representation of anomalous springs forming a linear

and sinuous pattern near a mineralized zone.

. Sketches illustrating (1) spring at outcrop of mineralized fault; -
(2) springs along surface traces of cross faults; (3) springs

. along surface traces of porous beds and bedding planes.
15.

Sketches illustiating the use of water and precipitate
analysis in mine exploration. -_

ldealized longitudinal section of a glacial valley showing
distribution of normal and anomalous metal contents in
ground water near a mineral deposit.

Contents of fluorine and organic matter in the waters of
northern taiga landscapes of the Aldan Upland. |
Diagrammatic depiction'bf prospecting for undisclosed
uranium deposits on the basis of criteria of the theory of

epigenetic zonation.

. Variation in Eh, pH, dissolved oxygen and sulphide with

distance from the outcrop.

. Variation in concentration of major and trace cations with

distance from the outcrop.

. Variation in concentration of major and trace anions with

distance from the outcrop.
Interaction of insoluble humic acids with elements of the

Perijodic Table.

. The fluorine content of the A soil horizon and groundwater

along the northern regional traverse.

. The fluorine content of the A soil horizon and groundwater

along the southern regional traverse.
Fluorine in groundwaters at the Duquesne mine.

Fluorine in groundwaters at the Halliwell mine.

. Location of surface waters, recharge areas...and samples.

anomalous in Cu and Zn.

. Location of drill-hole waters, recharge areas...and samples

anomalous in Cu and Zn. v
(showing groundwater and bog anomalies at a Welsh copper

deposit).

. Relation bstween contents-of HCO Ca ', Cl , SOQ and Mg++

3

and total salinity.

XVi

123

123

124

124

127

128

—
4=
N

143‘
144
152
157
157
158
158
166
181
182

183

187



X‘.}

Xvii
LIST OF ILLUSTRATIONS (cont.)

Fig. 2. Relation between uranium contents in water with salinity of

=50 mg/liter and its contents in rocks. 187

- Fig. 3. Correlation between uranium content and salinity in the waters
- of the Caucasus. | ' . ' 188

Fig. 4. Correlation between uranium content and salinity inthe waters

of the Caucasus and Eastern Siberia. _ 188
Fig. 6. Concentration of uranium in rocks and in the dry residue of

waters circulating through these rocks. : | 188
Fig. 7. Actual and calculated uranium contents in different rocks. 188
Fig. 5. tdealized cross section of solution front deposit. 194
Fig. 1. Geochemical‘mobility of the elements. . 199
Fig. 2. Geochemical mobility. . 1399
Fig. 5. Multiple regression analysis...of uranium on the major

constituents (of) stream-water samples from Sicily. 209
Fig. 6. Uranium-fluorine diagram plotted directly by computer. 209
Fig. 5. U and V contents, and chemical composition of water samples

from a calcreted basin in Australia. » 204
Fig. 6. Histogram of the uranium content of waters. 206
Fig. 7. Diagram of uranium content versus electrical conductance. ' 1206
Fig. 3. Uranium contents vs. electrical -conductance values. 207
Fig. 1. ldealized flow system of ground water, Las Vegas Valley,

Nevada. - » 209
Fig. 2. Cumulative frequency curves for groundwater uranium content

in the Beaufort West region. ' o : ' 223
VOLUME IT
The diagrams in this volume are of A2 size and ave not paginated.

.Map 2. Map of Tsumeb town and mfning area.

Map 3. Sketch plan of a typical mine level - 28 level.

Map L. Simplified geologiéal map of the area of the groundwater
hydrogeochemical survey. |

Map 4A. Groundwater hydrogeochemical master map éhowing locations and
numbers of all points sampled in both the Surface Orientation
Survey and the Withdrawal Area Application Study.

Map kB. Total field aecromagnetic contour map and interpretation.



L1ST OF ILLUSTRATIONS (cont.)

The hydrogeochemical data maps:b

Lc
Lp
L
LF
Lg
LH
by
N
Lk
Ly
Ly
LN
Lo
Lp
kQ
LR
ks
4t
Ly
Ly
Lw
Ly

by

4z
LAA
4AB
LAC
4AD

 LAE-

LAF
LaG
LaH
LAl
LA
Lak
LAL

DS
Sulphaté
Chloride
pH
Magnesium

Calcium

N

Bicarbonate

Zinc
Sod ium
Copper
Lead

Temperature

Potassium
Strontium
Manganese
lron
Cobalt
Nickel
Aluminium
Sijicon
TSS
Fluoride
Phosphate
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Suspended
Mg/TDS
Ca/TDS?

lead
copper
zinc

iron
manganese
titanium
calcium
magnesium
aluminium
silicon

phosphorus

xviii



LIST OF ILLUSTRATIONS (cont.)

LaM Bicarbonate/TDS
LAN Chloride/TDS
Lao Sulphate/TDS

“LAP Na/TD$S
WAQ K/TDS
LAR Sr/TDS
Lps Mn/TDS
LAT Fe/TDS
Lau Co/TDS
Lav Ni/TDS
baw Cu/TDS
Lax Zn/TDS
LAY A1/TDS
Laz Si/TDS
LA Pb/TDS
LgB Fluoride/TDS
LsC Phosphate/TDS

. hBD . Suspended lead/TSS
LBE Suspended copper/TSS
LBF Suspended zinc/TSS
LBG Suspended iron/TSS
LBH ‘ Suépended manganese/TSS
kel Suspended titanium/TSS
LBJ Suspended calcium/TSS
LBK Suspended magnesium/TSS
LBL Suspended aluminium/TSS
LM Suspended silicon/TSS
LBN Suspended phosphorus/TSS
Lo Ratio sulphate/chloride
4Bp Sum: Cu + Pb |
LBQ Sum: Cu + Pb + Zn

Vertical sections through the Tsumeb orebody; location of sampling points,

geology and distribution of chemical data for the Tsumeb Mine waters:

Fig. 1. - Geology

Fig. 1A. Sample point iocation data



Fig.
- Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig

Fig.

1B.
1C.
iD.
1E.
1F.

1G.
1H.
1.
1J.
K.

LIST OF ILLUSTRATIONS (cont.)

Sulphate
Chloride
Bicarbonate
Sodium
Sodium/chloride ratio (showing also the eight groups of
related mine water samples)

Magnesium

Calcium

Potassium

Flow rate

Sulphate/chloride ratio

.. 2. Longitudinal section, Tsumeb mine.

3. ERTS mosaic with transpérent overlay

XX



The following abbreviations are used in this thesis.

ABBREVIATIONS

abbreviations are not included in this list.

A
AAS

APCD

AR
ART
BDH
ce
CONC
DL
EDTA
FIG
HCL
MA
M1 BK
MLC
 NBZ
PA
SOLN
- SUS
TeL
DS
TH
THW
TSS
ueT
VoL
vT
WA

alkalinity
atomic absorption spectrophotometry
ammonium pyrrolidene carbodithioate

analytical (grade) reagent

article

British Drug Houses

correlation coefficient
concentration or concentrated
detection limit (concentration)
ethylenediaminetetraacetic acid (or its sodium salt)
figure

hollow cathode lamp

methyl alkalinity

methyl isobutyl katone, alias 2-methyl-k-pentanone
Modified Lawrence Caldwell (diagram)
North Break Zone (of Tsumeb mine)
phenolphthalein alkalinity-

solution . -
suspended

Tsumeb Corporation Limited

total dissolved solids

total hardness

Tsumeb Mine water

total suspended solids

University of Cape Town

volume or volumetric

Varian Techtron

Withdrawal Area

Well-known

XXi



xXXii
~ ACKNOWLEDGEMENTS

This thesis was a joint venture éupported by the University of Cape
Town, Tsumeb Corporation Limited and the Geological Survey of South Africa.

Because of the nature and the long duration of the project an
unusually large number of people were involved in or associated with it.
It is not feasible to record here the names of each person who assisted me
'.and in what capacity; it must suffice to offer to all of them a general
word of thanks for their contributions small and large. They include many
members of the School of Earth Sciences at UCT; a large number of the staff
at TCL; members of various Governmental Departments - Water Affairs,
Transport (Weather Bureau, South African Airways), Geological Survey, CSIR ;
the dozens of farmers who gave us every possible assistance; officials of
the Tsumeb Municipality; and the members of the Computing Service at UCT.

In addition the writer would fain offer a special word oflthanks to
the following people whose contributions cannot be allowed to pass without
a specific mention: A

Dr. L. H. Ahrens, Mr. J. P. Ratledge and BPr. J. F. Enslin, who
represented the abovementioned organizations at the inéeption of this
project and who negotiated and supported the joint venture and saw to it
. that the necessary logistical and financial support was proVided. The
writer would like to thank these gentlemen also for the personal interest
that they showed in the progress of the project.

Drs. M. J. Orren and A. J. Erlank, who criticized the manuscript.

Drs. A. R. Duncan and J. P. Willis, who taught me about computers.

Bob Meiring, Doug Buerger and Andy Andersen, for the very special
intellectual support and encouragement that they provided in Tsumeb.

Or. Wf Herzberg, for his keen and unselfish interest in promoting
hydrogeochemical exploration in southern Africa.

Dick Loewenthal, whose exceptional intellect and generosity were the
driving force behind most of the applied mathematics in Appendix I.

My students, Ben Klopper and Ernfe Brunke - "in die land van die
blindes is een oog koning''; between us we had three eyes. |

And my friends Jenny Skeat (proofreading), Rhyno Rhynas (drafting),
Lesley Elley (typing), Charles Merry (digitizing facilities), Dot Erlank
(proofreading) and Jane Dowle (assistance in the laboratory and elsewhere)

- who gave of their time freely in order to help me.



" FOREWORD |
"Much of northern Namibia is covered by a thick blanket of recent
overburden, which makes exploration for minerals in this region rather -
difficulf This thesis.describes the development and application of
‘methods of groundwater hydrogeochemlcal exploration in an attempt to
~solve some of the practical problems posed by.this obscurative overburden
These exper:ments took place in the district of Tsumeb. The thesis is’
structured as follows:
(1) Introduction
(i) Prellmlnary lntroductory information
(||) A detailed statement of the exploration problem and a
~consideration of the hydrogeochemical method as a possible
. solution thereof | | |
~(11) Orientation experiments with mine waters

(111) Orientation studies and regional surveys using ordinary groundwaters

Throughout this work numbers enclosed in sloping dashes (e.g. /24/)
refer to literature references listed at the end of the volume. A
comprehensive survey of : literature is given in a 300-page
supplementary volume entitled "A review of the history and literature of
groundwater hydrogeochemical exploration for ores'. lﬁ order>to improve |
the readability of the main part of the text, many sections that deal
-in detail with matters such as analytical methods, sampling locations,:
mathematical derivations, etc. have been taken out and placed in appendices.

Many sepia overlays and other illustrations that are too large for
inclusion within the text will be found’in_an accompahying mep portfolio.
All of the original graphic work- for this thesisuwas produced on sepia
overlays similar to the examples inclﬁded in the map portfolio. The cost
of drafting work, and especially of sepia prints, is now prohibitive and
| fo reduce costs it has, regrettably, been necessary to reproduce many of
these illustrations on paper, and to use computerized graphics routines
to cope with the considerable volume of drafting work involved. These -
graphics routines are obviously not totally flexible and the: reader is

asked to overlook the minor shortcomings in the artwork produced by them. .




SECTION 1. INTRODUCTION
Chapter I. A description of the country around the town of Tsumeb

1.1 Location/222/ ‘<

.. The Territory of Namibia is situated on the west coast
of Africa south of the equator. The region of specific interest is in the
north-central portion of the Territory (maps 1 and la), within a radius

of about 100km of the town of Tsumeb (approximately 190s, 180f).

1.2 Climate/52,74,220-1/

Althéugh more than half of Namibia is within
the tropics, most of the Territory is desert or semi-desert because of
the influence of the cold, north-bound Benguela Current off the west
coast. Rainfall improves to the north and towards the east from the
coast, North-central Namibia has a warm, semi-arid climate.

The annual rainfall at Tsumeb is about 560mm, falling mainly in
summer thunderstorms between November ‘and March. Precipitation is slightly v
heavier in the triangular area of highlands known as the Otavi Mountainland
but decreases to a mean of just under 500mm per annum in the flat areas
adjacent to the mountainland. Evaporatibn exceeds precipitation everywhere.
and aridity is emphasized by the widespread development of karstic
landscapes. Temperatures in summer are around 279C and in the dry winter

they are around 150C.

1.3 Vegetation/32,2207(Plates 1 and 2) A
Tsumeb lies within the thorn country

vegetation belt of Namibia and Botswana. The typical vegetation is low
thorny tree and scrub savanna, characterized by many species of Acacia
and other common thorn species such as the Sekeibos (Dichrostachys eineria)
and the Buffalo-thorn (Z<ziphus mucronata). Many species of grasses grow
~abundantly. amongst these thorny bushes and trees but open grésslands are
not commonly developed except in certain of the valleys of the Otavi
‘Mountainland. _ | ' |

Minor local changes in this typical pattern of vegetation, duc to
variations in relief, geology, soil conditions and the activitics of man,
are commonly seen. Scme areas, especially the dolomitic hills, are fairiy
well-wooded and may be described as low tree savanna. Most of these trees
are small or medium-sized and may be evergreen or deciduous. Well-known
examples are the Mopane (Colophospermum mopane), Tambooti (Spirostachys

africana) -and Terminalia {Terminalia prunoides). Some conspicuous larger
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Table 1.4 Condensed stratigraphy of the area around Tsumeb /70,222/

Supergroup . Series or Stage Substage Lithology Max. Age
Formation : thickness ‘
Kalahari- Sandstone,grit,marl,calcrete 300m? Tertiary to Recent
MAJOR UNCONFORMITY ‘
Karco (Stormberg) Kaoko Basaltic lava 100m? Triassic to
Etjo Sandstone,quartzite 100m? Lower Jurassic
MAJOR UNCONFORMITY
Damara Mulden Series Sandstone,quartzite,grit 730m?
: DISCONFORMITY
Otavi Series Tsumeb Dolomite,minor limestone and shale 300m More than 5iC
Tillite Tiilite,conglomerate,quartzite 210m megayear,probably
S DISCORDANCE _ Late Precambrian
Abenab Dolomite,lesser limestone,shale 1900m
. UNCONFORMITY
Nosib Epidosite,schist,quartzite,arkose 750m
Formation phyllite,minor dolomite
- MAJOR UNCONFORMITY
Archaen Abbabis (Outjo & Granite; augen gneiss 1 1700 megayear
Greootfontein

Granites

Inliers)




trees such as the Maroelaboom (Sclerocarya caffra) are often quite common.,

The bush Catophractis alexandrii occurs ubiquitously in tracts
underrlain by calcrete. Towards the north and east, where drainage is
poorer, the conspicuous Makalani palm (Hyphaene ventricosa) occurs

singly or in scattered groups.

1.4 Geology/52,70,222,229/ (Maps 1&la, and Map & in Vol. 2)

o The geology
of thg region is relatively simplé, The ‘terrane is dominated either by the
Recent Kalahari Beds (vide infra) or by the Outjo Facies of the Late
Precambrian Damara Supergroup, a thick succession consisting mainly of
dolomite and lying unconformably on the Archaen Abbabis Granite. This is
probably the thickest accumulation of dolomite in the world /22%,233/.
Table 1.4 summarizes the geological succession. Active investigation of
the Damara continues and details of subdivision,’nomenc}ature, correlation
and interpretation are not always universally agreed upon {e.g. /206,227,
234-5/) and are subject to revision.

The succession is moderately folded along open axes with a general
east-west strike, tending towards northeasterly in the east. Towards the
south folding becomes progressively heavier as the entire succession
passes gradually into a high-grade metamorphic zone, krown as the Swakop
Facies of the Damara Supergroup, most of which is well south of the area
of interest. The alimost unmetamorphosed Cutjo Facies in the Otavi-Tsumeb-
Grootfontein district can be regarded as a shelf facies equivalent of the
southern geosynclinal Swakop Facies. '

Certain units within the Outjo Facies are well mineralized and small
prospects and showings are very common. The origin of this mineralization
is controversial and discussion of-this topic will be deferred to section
Il. There are four large oxide/sulphide mines in the area /52,195-8,1165/,
producing one or more of the metals Cu, Pb, Zn, V, Ag, As, Ge and Cd in
varying proportions. The Tsumeb mine is particularly rich, having v
_produced around three million tonnes of metal since 1307 from cre
averaging about 5,9% copper, 7,0% zinc and 15,1% lead. Development of the
pipe-like orebody continues.

It appears likely that the Damara was once wholly or extensively
overlain by sedimentary rocks and/or basaltic lavas of the Mesozoic Karoo
Formation. |f so, the noftherly portion of this cover has been largely
stripped by Post-Cretaceous pediplanation, leaving outcropping remnants
only, in the form of the Etjo sandstone and the Kacka basalt in the extreme
-southeast of the area of interest. Boreholes have intersected more

northerly outliers of Kaoko basalt totally buried beneath superficial



materials- for example, an extensive lava field is known to lie under the
sand some 65km east of Grootfohtein, while a borehole about 25km northwest"
of Tsumeb passed through 25m of overburden, 60m of Kaoko basalt and v
penetrated a few metres into the underlying Etjo sandstone, It is likely
,tHat other unknown butliers of Karoo rocks are buried beneath tﬁe regolith
north of Tsumeb. ' | | -

To the north of Tsumeb and east of Grootfontein the pediplaned,
tilted surface of the exposed Damara rocks disappears completely '
underneath a vast, flat, transgressive layer of poorly-consolidated,

Recent to Tertiary terrestrial material known as the Kalahari Beds, which
cover hundereds of thousands of square kilometres of south-central Africa;b
it is this obscurative Kalahari Formation that causes the prospecting

~ headache, since it completely blankets the potentially mineralized Damara
‘ rocks below. The Kalahari beds in northern and northeastern Namibia are
probably largely transported rather than being residual detritus that has
collected Zn situ. They consist of layers of calcareous sandstone, aeolian
sand, a little clay etc., which collected in a vast, shallow, continental
internal drainage basin. Thick layers of calcrete (50m is nbt uncommon)
frequently occur within or cap the beds, which reach thicknesses of 100

to 200m (and-perhaps more) within 30km of Tsumeb. '

Numerous general or detailed geological maps of the area are
available from the Geological Survey or are in the possession of mining
corporatfons. Aerial photographs are available from Government and private

sources. ERTS imagery is also available (Fig. 3, Vol. I1I).

1.5.T0pography/7k,221/ (Plate 1) .
. ' . The two prinéipa] topographic features of
the Tsumeb area are the great African or post-Afrfcan pediplain and the
residual Otavi Mountaihland of an older period. The pediplain, of post-
Late Cretaceous age, is here a bevelled and extremely flat plain now

'standing at about 1400m above sea level and sloping slightly to the east.
It confers an all-pervading, sandy flatness in the north of Namibia, |
truncating all-formétions equally where fully developed, so that in places
of thick regolithic cover virtually no solid geology is visible for .
hundereds of kilometres on end. The detailed  topography of these cyclic
land surfaces is in fact quite complex. Most of the pediplain is a
denudational surface of either African or post-African (dicyclic Oligocene-
Miocene) age, but where the Kalahari sands encroach in the northeast the
pediplain is an aggradational Recent land surface. The pediplain has few
irregularities, except for isolated, low, rounded hills, which rise

abruptly out of the plain. These hills are remnants of an older landscape



(Jurassic ""Gondwana'' cycle), which was not quite destroyed by the new

' pediplain. These hills are almost absent north of a line joining Tsumeb
and Grootfontein, and east of Groctfontein. In the Tsumeb-Otavi-
Grootfontein district the hills are'alwéys of dolomite.

The Otavi Mountainland or Highland, occupying a foughly triangular
area defined by the towns of Tsumeb, Grootfontein and Otavi, is a
dissected highiand belonging tc the same cycle of erosion as the isolated
hills and representing the last coherent remnant of the old pre-African
Iandséape. The dolomitic highland consists of interlocking, open, steep
valleys and ridges, the highest of which are some 600m ébove the pediplain
(i.e. about 2000m above sea level). ‘

The Otavi Valley, near the southern edge of the Otavi Mountainland,
is a conspicuous, open, synclinal valley running for 30km east from the
town of Otavi to the Kombat mine and beyond. ‘ '

Karstic features are developed both in the highland and where
dolomite underlies the pediplain. Sinkholes, caves and springs are common.
Examples are the large, deep sinkhole lakes at Guinas and . Otjikoto, both
near Tsumeb. Otjikoto Lake is some 220m in diameter and Guinas is a little
larger. The Harasib cave, near Grootfontein, is at least 150m deep and
contains one of the largest undérground lakes in the world. Strong perenniai‘
~springs occur at Otavifontein, Rietfontein, Olifantsfontein, Felsenquell
and elsewhere. Springs are f}equently associated with lithological contacts.

The network of surface drainage channels in the area is very poorly
developed because drainage from the kaést is almost entirely subterranean.
Thére is virtually no surface runoff on a regional scale, not even from
the highlands or from springs..Towards the north and east the old karstic
surface of the dolomite becomes buried by the less permeable Kalahari beds
and here some runoff occurs in times of flood.

“The.area is well triangulated and 1:250 000 and 1:50 000 topocadastral

maps are available.

1.6 Pedology/74,220-1/

~ In general the soils of the region‘are typically
semi~arid lithosols, being shallow, brown or reddish in colour, loose,
sandy and poor in organic matter. Development of well-differentiated soil
horizens is poor and layers of powdery, nodular or massive calcrete occur
~ubiquitously. Often there is virtually no soil layer and calcrete is
exposed in decomposing sheets at the surface. At present the climate is
not dry enough for the formation of shifting dunes, but occasional
fossilized_dunes are fodnd”banked up against the residual dolomfté hills.

Some variation in the type of soil occurs with changes in lithology:



A.. Soils on dolomite

The soils of the karstic area south and west of the main Kalahari
beds are largely residual, but some old aeolian material is probably often
included. The dolomite hills are generé]ly bare or thinly covered with
soil. The karstic valleys or pediplain areas are better covered but soil
profiles more than 2m thick are uncommon (Plate 1). These soils are v
generally reddish, with varying amounts of calcrete and red clay derived
from gé]ution weathering of the carbonate bedrock. In most areas a ''C"
~horizon of calcareous or siliceous rubble is a prominent feature of the

soil profile.
B. Soils on the Kalahari Formation

These very pooriy developed lithosols are derived principally
from material transported to the present location in the geclogically
recent past. These soils are generally sandier and often less well~-
~drained than those occurring on the dolomite. Calcrete is extremely
commnon in the soil profile and is frequently more than 10m thick. in
places the calcrete becomes so thick -over 100m in scme boreholes-
that it can hardly be regarded as a legitimate component of a soil profile.
Towards the north and east, on the pediplain, verticai draihage through
the calcrete may be poor and large, fiat areas become waterlogged during
a good rainy season. v

These Kalahari soils scarcely constitute a favourable substrate
for the identification of the secondary anomalies of any older orebodies
that may be buried deeply beneath them. It is prima facie very unlikely
that the detectable dispersion halo of such an orebody will yet have
permeated through to the surface layers of these thick, young, transported
materials. From the point of view of geochemical exploration this is a

critically important issue, which will be -elaborated in Chapter 2.
c. Soils associated with other lithologies

'Sandy, calcreted soils tend to develop on the Archaen granite.
Fairly deep, sandy or slightly clayey red soils commonly form on the
readily weathered, arkosic Mulden quartzite (uppermost member of the
Damara Supergroup- cf. page 5). Deep, calcrete-free pockets of this soil

are quarried as fil! material for the Tsumeb mine.
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1.7 Hydrology and hydrogeochemisty/33,52,220/

' The hydrology of the region
has not been studied in great detail. Namibian hydrological data are often
officially classified as restricted information and few pertinent articles
(e.g. /20%/) have found there way into the literature. The surface |
hydrology of the karstic afea is simple. There is virtually no surface
runoff, even in summer. The ephemeral highland streams seldom run and
the shallow omirimbi (plural of omuramba, a river) of the pediplain are dry
except in times of very good rains. Some surface flood runoff occurs from
the pediplain areas of Kalahari beds to the north and east but none of it
ever reaches the sea. North of Tsumeb the water proceeds via the Omuramba
Ovambo into the Etosha Panh, where it evaporates. Runoff from the pediplain
east of Grootfontein makes its way northwards along the Omurambo Omatako
into the Okavango River and hence to the closed inland drainage basin.of
the Okavango Swamp in Botswana.

Very little is known of the groundwater hydrology. In the karstic
areas penetration and recharge ére_rapid and there appears to be a general
lateral movement of groundwater outwards from the Mountainland into the
pediplain to the north and northcast. The detailed shape of the surface of

the water table is not simple, however, and the depth below the surface
varies greatly, from zero at the eyes of springé to 100m or more. Many
boreholes are thus dry or yield poorly. Other groundwater sources, in
contrast, yield prolifically., For éxample, Otjikoto Lake can deliver
(andvin times of flood rapidly absorb) millions of litres of water without
- serious changes in the elevation of the local water table.

During good rains the wafer table rises quite rapidly everywhere and
many intermittent springs run for a few weeks. On the other hand, recharge
of water sources deep in the Tsumeb mine does not occur until a few months
after the rainy season. There are, of course, cones of depression
(de-watering) /1161/ around each of the major mines in the region.

The water table in the Kalahari beds of the pediplain, to the north
. -and east, is generally deeper (mean >35m) than in the dolomitic terranes.
The waterlogged surface often.seen in summer is probab]y,caused by a
perched water table, because rainwater cannot readily pass through the
thick layers of calcrete. The waterlogging disappears in winter.

Predictably, the waters of the region are both fairly hard and
fairly neutral in pH. The concentration of dissolved solids in tYpica]
groundwater is moderately high and tends to be higher in the Ka]éhari beds
than in the dolomites. Much further north, towards the Etosha Pan,
extremely éaline groundwaters are encountered. On the other hand some

quite dilute waters occur in the higher parts of the Otavi Mountainland.
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In all formations the dominant aqueous ions are Ca , Mg , Na , bicarbonate,

sulphate and chloride. Potassium and silicon are common minor components.
1.8 Human Activities/52/
A. Mining and prospecting

Mention has bzen made of the many prospects and four important mines
in the'disfrict. Milling facilities exist at Berg Aukas, Kombat and Tsumeb.
Tsumeb has a large smelter /1171/ and there is a zinc fuming kiln at Berg
Aukas /189/. The area is éonnected,by rail and good surfaced roads to the
south and to the coast and so a very good infrastructure exists for further
mineral exploration and mining. Although prospecting has confinued since
the previous century, the possibility of further discoveries is still very
~good. The established corporations have well-consolidated mining, exploration,
analytical, engineering, producticn and allied facilities. The largest of
these iocal companies is Tsumeb Corporation Limited (TCL), which owns the
Tsumeb and Kombat mines. '

Minerai rights are vested in the Administration of the Territory and
not in the owner of the land. Prospectors (individuals or corporate hodies)
may peg claims or apply to the Administration for exclusive right to
prospect within large areas "Withdrawn from pegging" in their favour for up
to six months in the first instance, or longer if an extension is granted.
On application to the Administration, interesting prospects or future mines

may be protected by more costly and semi-permanent Grants or Mining Areas.
B. Other activities

Most .of the area described is natural bushland, divided into
privately owned, fenced farms of a few thousand hectares each. The chief
agricultural activity is the raising of beef cattle. Perhaps 1% of the land
is tilled. Tsumeb is the largest town (population about. 17 000). Grootfontein
and Otavi are smaller (5 000 to 10 000 people), while Berg Aukas, Kombat and
Abenab are smail mining villages. There are no other villages. Human

population density is thus low and adverse environmental impact is minimal.

Chapter II. A statement of the exploration problem and a consideration

of the hydrogeocheniical method as a solution thereof

The exploration problem and its geological causes have been alluded to -
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in the foregoing. In this section the problem and a possible approach to its

solution will bé examined in detail.
2.1 The prqb!em/30,32,51;70,221/(Maps 1&1ajand Map LeFig.3 in Vol. 2)

The Damara dolomites are both well-mineralized and well-exposed in the
Otavi Mountainland /195-8/ and are amenable to conventional éxploratioﬁ
methods /52/. It is logical to assume that the dolomites north and northeast
of the Mountainland may also be mineralized, but they are obscured by a thick
layer of Kalahari beds and calcrete. The problem is how to set about a
regional exploration of this tract of blanketed rccks practically and
econcmically. In the absence of other information it is logical to start
searching for ore beneath the Kalahari cover as near to exposed, mineralized
dolomite as possible. Thus the area of immediate interest is an arbitrarily
defined block of Kalahari terrane, northeast of Tsumeb, which abuts on and
swallows th2 exposed, ncrtheast-trending Damara rocks. This region has
priority for three reasons: (a) it is near the Tsumeb mine (b) it lies on
the line of prcjection of the major Okorusu-Capé Cross lineament and other
'northeastmtrending structural lineaments, which may have played a part in
controlling the location of important mineralization in the Otavi
Mountainland /52,67,233/ and (c) an aeromagnetic survey has indicated a
magnetic lineament and interesting magnetic features up to about 25km
northeast of the town of Tsumeb. | |

Arbitrary northward extrapolation of known outcrop indicates that a
block of something like 500 000 hectares of Kalahari terrane may reasonably
be expected to be underlain by subcropping dolcomite, but the area is
open-ended to the north and east, because the ultimate extent of the Damara
beneath the overburden is unknown. This block, very roughly speaking,
comprises the northeastern and northwestern corners, respectively, of the
two 20 topocadastral maps "Tsumeb 1916'' and "Grootfontein 1918', which are
depicted at a smail scale in Maps 1 and la and at the original 1:250 000
in some of the hydrogeochemical data maps in this work (e.g. Map 4a in’
Vol. Il). The co~ordinates of this block are about 1740 to 199 E and 1820
to 1910 s, , |

- For practical.reasoﬁs, geographical limits must be plaéed on any

prospecting venture. The experiments in applied hydrogeochemistry that are
described in this thesis were confined within this half a million hectares.
Throughout this work, unless otherwise stafed, it is implied that é]!
observations and conclusions apply, Zmprimis, cnly to thfs block. Half a
‘millijon hectares (5 000 km?) is a very large area in which to prospect under

conditions as difficult as those encountered here, but it is negligible when



compared to the total extent of the Kalahari Formstion in southern Africa.
The experimental area provides a not untypical example of the adverse
prospecting conditions prevailing throughout the Kalahari belt and the
results arising from this project may well be of some use in attempting to
apply hydrogeochemical exploration techniques eléewhere in this sandy terrane.
None of the éonventiona] prospecting techhiques can be effectively used
for a regional reconnaissance of this great 50 by 100km block. These
techniques and their limitations are summarized below. Those described as
""too e%pensive“ may be useful for the detailed investigation of small,
-previously selected target areas: _
(a) Remote sensing: Outcrop is virtually nil, except on the flanks of the
Otavi Mountainland in the southwest. Aerial photography
and satellite (ERTS) imagery /1145/ show hardly anything useful, because
burial is total. An ERTS mosaic (with orjentation overlay, Fig. 3) of the
area of interest will be found in the map portfolio and should be compared
with Map la on page 4. The Otavi Mountainland is clearly seen in the lower-
-~central portion of the composite.'Lake Ctjikoto shows up as a small orange
cot three centimetres to the west of Tsumeb, The Omuramba Ovambo and the
thick blanket of Kalazhari materials are clearly seen towards the north,
where outcrop of older formations is nil. Note that false colour imagery was
used; the dry Etosha Pan appears blue.and fields of green crops under
irrigation appear to be orange..
(b} Ground mapping: There is no outcrop.
(c) Pitting or drilling on grid, or "wildeatting": This is too expensive &nd,
' - in the case of deep
. pitting, tdo dangerous and impractical.
(d) Aeromagnetics: The material of the Tsumeb pipe does not have a distinctive
'~ magnetic susceptibility or remnant contrast. Orientation
studies in the Tsumeb area /30/ have suggested that favourablz structural
settings may be detectable by magnetics. However, the value of the method is
unknown and at best doubtful because of the lack of basement control.
{e) Ground magnetics: This is heir to all of the abovementioned ailments
and is expensive to boot. _
(f) Airborne electromagnetics: INPUT and similar techniques would have tc be
flown at line spacings of about 250m énd
would therefore be very expensive. The thick overburden and brackish water
are serious cobstacles. , , ,
(g) Electrical methods: |. P. orientation at Harasib in the Otavi
. Mountainland, in 1972 /30/, showed that unexposed
sulphide mineralization is not.readily detected under even a thin cover of
calcrete and sand. Unambiguous interpretation of !.P. data is not possible

/
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in the presence of local calcretes, which have variable electrical properties.
(h) Special variations of the above geophysical methods /30/ are either not

' practically available, not applicable, or not
justified by the available data. »
(i) Gravity: The original gravity expression of the heavily-mined Tsumeb
body is not known. The Tsumeb West Pipe (a poorly-mineralized
structure somewhat similar to the Tsumeb body) causes a small negative
gravity anomaly but this is not detectable on traverse grids larger than 50
by 50 hetres. This technique is extremely expensive for regional work.
(J) Radiometrics: The ores of the Otavi Mountainland are not known to be
significantly more radioactive than the country rocks.
Radiation fs in any case readily suppressed by overburden.
(k) Pedogeochemical methods: The prospects for regional soil sampling are
slim /31,52/, 'in view of the expected small
size of targets, the thick, transported overburden and pbtential problems
cf severe suppression of dispersion by calcrete, which tends te be thickest
at or near the present landsurface /74,230/. The absence of any known
orientaticn sites is an additional, very serious difficulty. The practical
pedogeochemical techniques available at the present time cannot reasonably
be expected to cope with this exceedingly unfavourable and intractable
combination of circumstances. Elsewhere in the Kalahari belt (Jijombo,
Zambia) an orientation survey /238,1168/ of mineralization buried under
about 14m of old, transported sand has shown that an anomaly can be detected
near the surface by careful study of the very fine fractions of the sand or
soil. In the Tsumeb area, however, the overburden can be more than thrice
this thickness. We do not know the limiting maximum depth of overburden with
which these special techniques can cope but under the prevailihg circumstances
there is a prima facie case for pessimism. An attempt to detect small, low-
—contrést anomalies with these techniques would require a sampling density
that is totally impractical for regional work and even then the risk of
failing to detect a strongly suppressed or deeply buried'secondary aureole
would be unconscionably high. ' ‘
(1) Geobotany and biogeochemistry: The possibility of the application of
, these methods is viewed unfavourably by
geobotanists who have experience of the area /32/. Cole (1971 [1167/, in
her discussion of the application of these techniques in the Kalahari, stated
that '‘the enormous tract of country, the presence within it of different
vegetation formations and associétions, and the extenf and nature of the
surficial cover presented problems not encountered (elsewhere). Moreover,
there were no known deposits over which to focus initial geobotanical work'.

The geobotanical method enjoyed some success only in special areas (e.g. at
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Vitvlei) where ''bedrock lies relatively near surface' and ''calcrete and
Kalahari sand are less extensive than elsewhere''. ,
(m) Stream sediment geochemistry: There is virtually no surface drainage
A o system that might be sampled and in any
case samples from the shallow omirimbi would be subject to the same limitations
that apply to the regional soil samplind surveys discussed above.
(n) Mercury vapour detection: Mercury “'sniffing" techniques are very unlikely
‘ to be of use because local studies /52/ have
shown that the metal is relatively immobile (less mobile that copper or zinc)
under local conditions. '
(o) Termitoria: In some areas:termite heaps include haterial that has been
| brought up from considerable depths aﬁd a few publications
(e.g. /1194/) refer to the use of termitaria as a sampling medium in sandy
terranes. Watson /1195/, in particular, demonstrated that a gold anomaly
buried under Kalahari sand was reflected by the chemcial composition of the
termite heaps directly above it. Joubert and his colleagues tried to apply
this technique near Berg Aukas in the‘eafly 1970's /231/, but met with no
success. They postulated that the local termites were not given to digging

deep tunnels,.

The writer worked for a year as expldration geochemist for TCL and
found, as many others had done, that the problems caused by the Kalahari
overburden were of more than academic interest. No practical prospecting
tool existed with which to tackle the refractory areas to the north and
northeast of the main Mountainland. It was known that other prospecting
groups had run into similar problems in Namibia and elsewhere is southern
Africa but, as far as could be ascertafned, no effective solution had been
found. ' _

Some years previously the possibility of borehole hydrogeochemical
prospecting had been mooted within the Geological and Analytical Departments
of TCL. It was realized that the immediate advantages of this method are:
(a) a sample from relatively great depth is obtained rapidly and cheaply
(b) because water is highly mobile and reactive, the chemical composition of

the sample tends to approach an equilibrium that reflects the average
composition of the rock with which the water is in contact, or through
which it had recently passed. ‘

In 1968 J.A. Coope had written a memorandum on the subject /223/, but
without reference to any specific region of potential application. Because '
of the daunting problems involved in such an undertaking, no action was
taken at the time. During 1971 H.A.R. Meiring and the writer, in collaboration

with Dr. Coope and later A.D. Buerger, resumed the investigation of the
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- feasibility of such an undertaking /224-6/. By'thé latter part of 1971 we
were convinced that the practical problems of sampling, analysis and
interpretation could be overcome, and.that groundwater geochemical prospecting
~was the best (and probably the only) potential regional exploration tool.for.
the seiection, in the Kalahari areas, of targets . for detailed work. Samples
would be obtained principally from deep'boreho]es.

In 1972 the Geological Survey-University of Cape Town Geochemical
Exploration Research Unit and TCL adopted'this study as a joint research
project; The portion of the project described in this thesis spanned the
period 1972 to about September 13975. ' '

2.2 A description of the kind of mineralization sought and. its probable
location | ‘

The relevant geology has been depicted in Maps 1 and la (pp. 3-4) and
in Map 4 in volume two. The on]y/}ithOIodical units of real ihterest.in
terms of potential mineralization are the calcareous members of the Damara
Supergroup. The known important mineral occurrences within the Damara are
shown. They are generally sulphide bodies containfng one or more of the
metals Cu, Pb, Zn and V [n quantity and sometimes lesser amounts of Cd, Ag,
Ge‘and’As. These bodies may be well oxidized if they occur at or near the
surface. The age of the ore (at least at Tsumeb) is almost certainly pre-
Karoc (Triassic) because in the Tsumeb mine it is cut by a kersantite dyke
that is probably of this age /52/. The origin of the orebodies and the
reasons for their geographical situations has for a long time been, and
remains, the subject of much inquiry and debate (e.g. /45,52,65-7,233/). An
example of this is the question of whether the vanadium concentrated in the
Abenab and Berg Aukas ores, and elsewhere, is syngenetic (i.e. was present
in the doiomites dufing sedimentation) or whether it was leached downwards
from the Karoo basalts that once overlaid the area./1165/. However, for the
present purposes it is not necessary to examine such questions of provenance
etc. for each mineral occurrence. From the point of view of hydrogecchemical
exploration it will suffice to examine the probable genesis of only the two
major orebodies at Tsumeb and Kombat; all the others may then be attributed
to similar or secondary processes of metal accumulation. _

The ores at Tsumeb and Kombat are associatéd with. dolomite breccias
and a unique quartz/feldspar rock called pseudo-aplite, which resembles the-
Mulden quartzite. Mineralized pscudo-aplite is known elsewhere in the area,
but is not universally present where ore is found. For example, it is not
seen in the Berg Aukas body. There are at present three main theories of

~genesis:



(1). The pseudo-aplite is an intrusive igneous rock or hydrothermal
precipitate and the orebody is a simple, epigenetic, hydrothermal

feature. This old theory is‘seriously challenged nowadays.

(2) The Tsumeb pipe, and perhaps the Kombatfbody, represent ancient, deep,
' karstic caverns, which were partly filled wifh unconsolidated Mulden
arenite and dolomitic rubble. The ore was deposited from mineralizing
solutions that were either hydrothermal or else derived from leaching of

the country rock (1Tateral secretion mechanism).

(3) The Tsumeb pipe, and perhaps the Kombat body, are the result of
diapiric intrusion, through the dolomite, of originally stratiform

bodies of arkosic material that now constitutes the pseudo-aplite. The

ore may be syngenetic, or derived from the country rock or from hydrothermail

sources.

Additional information about the ore.will.be'given in a subsequent

section dealing with the waters of the Tsumeb mine. It is sufficient at this

stage to know that similar mineraljzed bodies may be expected to lie beneath

parts of the Kalahari terrane to the north of the exposed dolomites of the
Mountainland. These becdics will probably be well-oxidized in part if they

occur at or near the pre-Kalahari topographic surface, because geological

logs /33/ from a few randomly distributed boreholes to the north of Tsumeb
show that the pre-Kalahari surface is well weathered and has karstic

fissures and caves that are filled with Kalahari materials.

2.3 Hydrogeochemistry as a possible answer: A pre-orientation synthesis of

available .information~

No previous study in the area has been directly concerned with
hydrogeochemical prospecting. There are indeed no know southern African
precedents to which one might turn. Sellschop and Verhagen /1062/, in their
summary of the work that has been done on subterranean waters in the
~ Kalahari areas, record no examples that are in any way related to mineral
expjoration. Onvthe cohtrary; they (and others, e.g. /1153/) show that the
work on groundwaters in the Kalahari regions hasibeen largely hydrological
and aimed at expanding resources of potable water. Nevertheless, there is a
substantial volume of published work - mainly geological and scme
hydrological. and chemical information - that provides an extensive if rather
general background to this study. Some of this information has already been

summarized in the foregoing pages. There are many useful papers on the
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geology of the area (e.g. 42,65-75,189,193-202,205,220-2,227,234-5/) but
most of the available data remains unpublished. TCL-record§ /52/ provide a
great wealth of reports, surface and underground maps, aerial photographs
and related materials. There is also limited hydrologica1 and meteorological
information, mainly for the vicinity of the town of Tsumeb. The analytical
and geochemical departments of TCL provided chemical analyses of some local
waters, as well as a great deal of information about the composition of the:
ores, rocks and soils of the region. (The TCL geochemical laboratory had,

by 1975; produced an estimated two million analyses of soils alone. Only

a few hundred results have been published /189/).

Various Government agencies (Department of Water Affairs, C.S.1.R.,
Geological Survey, Weather Bureau /33/) have accumulated limited additional
~geological, hydrological, meteorological, chemical and radiometric
information in this region. Very little of this is directly relevant to this
hydrogeochemical study and, because much of it is regarded as restricted
information, reference to official dafa will be made oniy where it is
possible to do so. -

In studying the picture provided by this existing data, several
important points emerged. These can be conveniently examined under a few

distinct headings:
(A) The nature of the Kalahcri terrane and the problem of orientation

it is rather important that there is no known mineralization in the
Kalahari terrane that can serve as a target for conventional orientation
studies (Fig. 2.3). A}l known mineralization is in solid dolomite with
practically no overburden. Almost all of the boreholes that tap water from
within the sphere of influence of these orebodies are, as a result, drilled
in solid dolomite free of all but a superficial regolithic layer. Thus the
waters that any orientation survey may characterize as anomalous or
otherwise will all be contained in a dolomitic matrix. In contrast, the
available boreholes in the Kalahari ferrane almost always penetrate
considerable thicknesses of calcreté and gravelly, arenacecus materials quite
uniike dolomite - in fact, few of these holes reach down as far as the sub-
-Kalahari bedrock surface. This is a serious shortcoming, because one cannot
hope to sample ''dolomitic'' water from beneath the buried areas. The problem:
is thus twofold: {a) The waters of the Kalahari beds differ chemically from
the waters of the dolomitic fermations and have a relatively high content of
salts /52/ and (b) There is no preof that appreciable secondary hydrogeochem-
ical dispersicn from the Damara rocks into the lower Kalahari beds has

occurred. Nevertheless, these Kalahari waters are the only deep samples that
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can be collected practically. The project therefore rests on two assumptions:
{i) that upward secondary migration of indicator elements, from weathered
ore into the Kalahari beds, has occurred and (ii) fhat the influence of this
secondary dispersion will still be recognizable in waters sampléd from a
borehole tapping only the new lithological and hydrochemical environment.

A limited number of logged water boreholes occur within the area of
interest /33,52/ and they indicate that the Kalahari beds here are quite
typical of the Formation as it occurs over wide areas of southern Africa
/229/._Loose aeolian sand, sandstone, calcarous sandstone and calcrete are
ubiquitous. Also cccasionally mentioned (verbatim) in these logs are
dolocrete, silty caicrete, silcrete, calcareous gritty clays, calcareous
red clays, red clay, grey clay, sandy marl, calcareous silt, thin shale,
arenaceous shale, silty sand, arkosic sandstone, grits, quartz grits, fine-,
medium- and coarse gravel, sandy gravel with shale fragments, thin ferricreted
gravels, thin laYers of dolomitic pebbles and chipé, quartz pebble
conglomerate, scattered pebbles and rubbly calcareous conglomerate. This
sort of materiai can be expected to be quite permeable and thus encourage
significant local migration of many trace elements.

Calcrefe, on the other hand, is known to be capable of strongly
suppressing such dispersion under many conditions_/52,855/. The mechanism
of this suppression is not fully understood /232/, but carbonates have a
ready abi!ity>to neutralize acidic solutions and to absorb many trace
elements. An encouraging factor in the present case is that the limited
cdata from borehole logs suggest that the heaviest calcréte is generally near
the present land surface and that many boreholes penetrate through this
zone to regions of lighter calcrete cementation. This phenomenon is quite
typical of the Kalahari Formation elsewhere /230/. _

it would be highly desirable to know more about these specific
Kalahari beds and especially about the calcrete within them, but this is a

difficult task /1166/. Netterberg /74~6/ has written extensively about

‘scuthern African calcretes but his observations in and around the Ctavi

'Méuhtainland were few and confined to surficial calcrete profiles, not

deeper than about 5 metres. Since almost nothing further is known &about the

distribution, genesis and nature of the calcrete within these particular

Kalahari beds, only very limited conclusions ‘can be drawn from an examination

of Netterberg's comprehensive comments on calcretes in general. Nevertheless
this is interesting and instructive and the main points that he makes, or
which can reasonably be deduced from his work, are as follows:
(1) Calcrete can be classed as pedogenic (carbonate leached from the A

into the B horizen) or non-pedogenic (carbonate leached Upwards by

evapotranspiration from a shallow water table). Clearly, for prospecting
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purposes, non—pedogenic calcretes are potentially more useful, since they
are more likely to be accompanied hy upward secondary dispersion.

(2) The hardpan calcretes at the present-day surface 'in the Grootfontein~
Etosha Pan area (Fig. 3, vol. Il) are noh-pedogenic. This conclusion
‘need not necessarily apply to the deeper calcretes in this region.
(3) The region between the Otavi Mountainland and the Kunene river
(Angolan border) has probably had, since Late Cretaceous .times, avcomplex
history of erosion, sedimentation, cyclic climatic changes and fluctuatiohs_
of the water table, with accompanying periods of formation, dissolution and
reformation of calcrete. Calcretes of several ages are probably represented
at various stratigraphic levels. Thus the calcrete layers encountered in
deep boreholes may be pedogenic, non-pedogenic or, conceivably, not even
_calcrete at all but consoclidated, transported calcareous sandstone. Without
additional information one can only speculate as to whether pedogenic or
non-pedogenijc processes predominated. In an aggrading profite, such as the
accumuiating Kalahari beds, successive layers of pedogenic calcrete may be
formed. On the other hand, if the water tabie fn a thick succession of
calcarcous sediments drops slowly, a very great thickness of non-pedogenic
calcretes may accumulate slowly down the profile. |
{4) The exact age of the older surface calcretes here (the so-called
Ka!éhari Liméstone) is uncertain but is probablyv early to middle
Pliocene. This calcrete may have formed as the Etosha Pan shrank westwards
because its water supply was removed by river capture elsewhere. Younger
calcretes are certainly present at surface, while some of. the deeper calcrete
may, on the other hand, be pre-Pliocene.
(5) tuch of the Kalahari Limestone (sensu stricto) is a fossil calcrete
reflecting local rainfall conditions of Pliocene times. (The main
control over the formation of calcrete is climate, and calcrete forms most

rapidly during waning pluviais).

_This,information; although valuable, unfortunately does not save us
from having to make the optimistic éssumption that the calcrete within the
lower Kalahari beds has not generally and severely retarded local,
hydrogeochemical dispersion from the underlying Damara formations. But it
does suggest that such an assumption is not unwarrantéd, for the following
two reasons: | '
(a) The deeper Kalahari beds and associated calcretes may be five million
years old or more. This Iong,time span favours the likelihood that significant
dispersion has occurred despite the presence of the calcrete.
(b) The complex history of climatic changes and variations.in the elevation

of the water table increases the probability that at least some of the deep
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calcrete is non-pedogenic and has assisted some ‘local dispersion,

It must be borne in mind that in certain parts of the area of interest
the geological succession may be more complex than the simple'combination
of Damara and Kalahari rocks described above. Extrapolation of known
lithological contacts (Map 1a, and Map 4, vol. 11) suggests that the Kalahari
may be lying directly on.the Abbabis Granfte in the southern portion’of
~the ‘pediplain, where it abuts against the Mountainiand east and northeast
of Grootfontein. There may be additional, isolated areas further to the
north Qhere'pre—Kalahari erosion has stripped away the Damara rocks and
brought the granite into direct contact with the youngest formations. The
_granite is not thought to be mineralized but it may have a characteristic
local influence on the background hydrochemical composition of adjacent
~groundwaters. There is also the more . serious possibility.that in places a
layer of Kaoko basalt may be interposed between the Damara and Kalahari
rocks. Such a stratum will! not only decisively suppress secondary upwaid
migration from any ore that may be beneath it, but it is likely to leave its
own characteristic chemical 'fingerprint'' on adjacent waters. This
phenomenon of ''fingerprinting' - the generation of waters of characteristic
composition in the vicinity of certain specific lithological units - is of
course vefy well known (see, for example Brooks /1179/) and unless it is
recoghized it can caﬁse 2 great deal of confusion in hydrogeochemical
surveys. Additional variatioris in the chemisfry of local groundwaters may
‘bc caused by major differences in lithology wfthin the Kalahari stccession,
or even by the influence of non-calcareous units within the Damara group
(e.g. the Nosib formation). -

It is'impossible to predict the precise nature of the changes that may
occur in the background composition of local groundwaters as a result of
major changes in lithology. However, this could conceivably result in either
the masking of real anomalies or the generation of spurious ones, and both
of these pessibilities will have to be carefully considered during

interpretation of the data.
(B) Orientation "by promy" in the dolomitic areas

At the start cf this projeﬁt it waé épparent, for reasons already
discussed, that some sort of "orientation by proxy' would have to take the
place of a conventional orientation in the Kalahari areas. The obvious place
for this was around the orebodies within the Otavi Mountainland.

A The dolomite, like the calcrete,'is relatively reactive and tends to
retard the secondary dispersion of many trace elements, especially those

mobilized at low pH. In both terranes there would be a great advantage in
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identifying a very mobile pathfinder element. Thus it may be apprehended
that the highly mobile ions such as sulphate may be of particular importance
in this sort of situation. | S

Because of the reactivity of carbonates, the anomalous aqueous

concentrations of the metals that might be sought.will generé]ly be very
small in absolute terms- probably of the order of a few micrograms per litre.
This poses certain sampling and analytical problems but with care these can
‘be overcome. An examination of the available water analyses from this region
showed the following: '
(a) The waters are always very hard. Calcium and magneéium habitually
dominate as cations and hicarbonate as the anion. Carbonate ion is extremely
rare, because the carbonic sy;tem tends to buffer the pH within the range
6,5 to 7,8. Variable amounts of sodium, potassium (Na almost always much
more abundant than‘K), sulphate and chloride are present. fhese seven jons,
almest without excep{ion, constitute more than 95% of the total dissolved
solids, which commonly amount to between 400 and 8C0 mg/1. Other reported
non-metallic, minor or trace combonenfs(are silicon, nitrate, nitrite,
fluoride, ammonia and phosphate; The last four of these are frequently absent
or present in amounts less than 1mg/l, aithough there are occassionai
nitrate-rich waters. All of this is very typical of groundwaters in dolomites
 /228/. | | |
{b) Sump water pumpéd from the Tsumeb mine for the town water supply has a
high content of sulphate (about 450 mg/1), suggesting that this ion may be
a useful indicater species derived from the oxidation of sulphides. '
(c) Practically nothing was known about the trace metal content of local
groundwaters or of the mine water. A few available assays suggested that
background values for Cu,Pb,As,Mn,Cr and Fe were likely to be well below
lmg/1. The mine sump water contains appreciable amounts of cértain metals,
for example copper and lead but almost all of it is in suspgnsion rether

than in solution, and is effectively removed by flocculation.
(C) The problem of hydrological control and its consequences

Little is known about the hydrology of either the dolomitic or
Ka]éhari terranes and thére was ne{ther the wherewithal nor the time to
rectify this shortcoming by'undertakfng an intensive hydrological study.
Care must obviously be exercised in defining hydroéhemical anomalies in the
karstic mountainland. Werner /146/ stated that the hydrology of karstic
terranes is often unpredictable: '"...telling which way is downstream is not
always easy, as demonstrated by reports showing the relation (or ron-

-relation) of surface and subsurface drainage basins. As pointed out in



several...feports, karst ground‘water_flows_often pass through ridges that
form surface drainage divides. Problems of this nature...give...serious
headaches...'. Fortunately this problem is not likely to be éerious in the
bediplain, which is extremely flat and therefore hydrologically uncomplicated.
Despite this advantage, we have very little understanding of the detai{éd
picture of the Flow regime in the Kalahari terrane adjacent to the
Mountainland, and under these circumstances it is probably not possible to
do more than identify broad, regional anomalies with the hydrogeochemical
technique -i.e., to select ancmalous sub-areas of manageable size within the
vast tract of the pediplain. It should then be possible to select potential
targets within these regional anomalies by application of detailed
hydrogeochemistry, hydrology and geophysics, together with geological and

geochemical investigations of selected drill holes.



SECTiON 2. ORIENTATION STUDY OF THE HYDROGEOCHEMISTRY OF THE TSUMEB MINE
Chapter 3. Experimental

3.1 Introduction
In Section | it was shown that some sort of ''orientation

by proxy' would be required before an attempt couid be made to épply
regional hydrogeochemical exploration methods in the area of the northern
pediplain. The next logical step, therefore, was & detailed study of the
relationship between a typical orebody and its associated groundwaters, and
the obvious place to begin this study was at the Tsumeb mine. The literature
contains many examples of experiments of this nature. Suetin (1965 /1150/),
for example, statedvthat " a comparison of results of spectral analyses cf
rocks....and mine waters resulted in outlining the set of element
associations....which can be uséd in the field for hydrogecchemical
prospecting....'.

- It was anticipated that a sfudy of the waters of the Tsumeb mine
would shed light on the Tollowing questions: _ ’
(2) What is the general major and trace element composition of the waters?
(b) Can one distinguish between waters associated with the country rock
and those associated with ore? If so, are the latter waters recognizably
and consistentiy anomalous and by what criteria? Are there any specific
indicator elements or ions?
(c) To what extent can the details of the composition of the water be
related to the detailed composition of the rock or.ore?
(d) Under what circumstances and: in what quantities are various elements
released into the water, especially from the ore? What controls the
residence time of the dissolved ions, their mobility and ultimate fate?
(e) To what extent are the above findings, based on the study of mine
water, relevant and useful to a prospecting program utilizing groundwater
drawn from surface boreholes in the Kalahari areas? _

The data required for the study were obtained by collecting and
analysing a suite of thirty six waterfsamp]es from the mine workings. The -
following observatidns, measurements and analyses were recorded:
geological setting, hydrological characteristics, rate of flow of water,
air temperature, water temperature, pH, colour and concentration of
total suspended solids (T5S), total dissolved solids (TDS) and the
concentrations of Mg, Ca, 'OH'_', coz, Hco;, cr, F, soz, Pog“, Na, K, Li,
Rk, Cs, Sr, Cu, Ag,. Au, Zn, Cd, Hg, V, Cr, Mo, Mn, Fe, Co, Ni, Al, T1, Si,

Ge, As, Sb, Bi, Se, Te ard Pb. This is not an arbitrary list of parameters;



the basis on which they were selected'iSNdiscusséd in Appendix F.
A description of the Tsumeb orebody and thé Norkingf of the mine

is given in Appendvx E. : .

3.2 Selection and locations of sampling sites
The following scheme was
adopted for sampling the waters of the mine:
(a) The writer went underground and noted all possible points for
colleéting samples of water. There were about a hundred but many were
not suitable for various reasons, such.as duplfcafion, very slow rate of
flow, awkward or dangerous situation, contamination etc. !f a sampling
point was a borehole its orientation was noted.
(b) The location and situation of these potential sampling points were
examined with the aid of available diagrams (geological sections, level
plans etc; examples are shown in Map 3 and Fig. 1). The location of the
peints with respect to the orebody, the mine workings and the major
geological feétures was noted. The logs of identified aquiferous
boreholes were scrutinized and the stereo-orientation cof the hole in
space was establlshed |
(c) On the basis of this information the writer decided that a pllot
study, at a sample density of about one per mine level, would give
sufficient initial éoverage of the mine. There are about 44 accessible
levels but many, especially at shallower depths, are dry and.eventually
a total of thirty six représentative samples was selected. It was
anticipated that this would provide water samples derived from or
characteristic of the following: (i) most levels of the mine (ii) all
major structural and lithological features of the orebody and the surrounding
country'rocks (iii) all major features of the wdrkings, such as the stopes,
“haulages and crosscuts (iv) all types of sampling point, such as boreholes,
oreboxes and seepages (Plates 3 to 5) (v) fast flowing and slow flowing
sources (vi) a selection of underground boreholes directed towards the -
orebody as well as some directed away from the ore and out into the
couritry rock (vii) horizontal as well as positively and negatively
‘inclined boreholes. The last kind are artesian.
This selection was limited by several factors: (1) The upper levels
“are dry. At deeper levels cementation severely restricts the flow of water
into the mine at many places. (2) The ore is relatively impervious. Very
~little water flows in the stopes. (3) The northern side of the orebody is
rmuch wetter than the southern side, probanyAbecause the regional dip is
to.the south. (%) Very few drips or seepages that come directly from

fissures in the rock are suitable as sampling points. A steady, coherent
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~and relocatable flow i< needed and in general seepages do not meet these
requirements. (5) Some parts of. the mine are dangerous or not readily
accessible. ' '

Nevertheless, the representation of (i)-fo (vii) above was fairly
satisfactory.
(d) The 36 sampling po;nts were numbered from 131 to 166 and tagged w:th
galvanlzed iron plates-with Lhc'sample number stamped into them (Plate
5). (These tags disintegrated.within henths;plastic tags should be used
in preference).
(e) The writer originally planned to sample these flows in winter and
then six months later in order to investigate seasonal fluctuations in
the composition of the water. (Fix /541/, inter alia, has described the
phenomenoh of seasonal dilution of the dissolved content of waters seeping
into mines). The results of the first sampling (June 1973), which are
described in this section of the text, led the writer to abandon any
further work with the mine waters and to proceed instead with the
orientation survey of waters from surface boreholes (Section 3).

The locations and important characteristics of the 36 underground

sampling points are given in Appendix A and Fig. 1A.
3.3 The collection of the samples and measurements <n situ in the mine

The procedures for contamination-free sampling of waters and for
stabilizing the samples prior to analysis are well documented /28, 45,
125, 158-62, 165, 209-12, 1001-4, 1158, 1160/ and were observed in ail
essential detail at all stages of sample handliing. Most samples from the
mine were collected in high density (1inear) polyethylene buttles, of
one litre capacity, and fitted with all-plastic, unlined, press-fit
polyethyiene closures. These containers were thoroughly fested (see
Appendix J part J2) and found to be non-contaminating. Before being used
the bottles were cleaned by soaking them in dilute nitric acid (1 conc.
HNO3: L water) for at least 3 days. Only special samples intended for
mercury analysis were collected in Pyrex glass, previously rinsed with
stannous chloride solution and soaked overnightvin dilute perchloyic
acid (1 HC]OI+ 1 water).

At each sampling point details such as location, o;nentat.ou,
nature of the sample source and any other relevant observations were
noted where appifcable. A numbered metal tag was attached nearby. Then,
consecutively and as ranidfy as pessibie, the in situ measurements were

made and the sample containers: filled. The followung measurements were

recorded at the sampling point:
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(1) Air temperature (Hg thermometer)

(2)‘Water temperature, within the flow (Hg thermometer)

(3) pH, within the flow where possible (Pye Un: cam 293 meter with Phlllps

- Call electrode) ' e

(4) Rate of flow from the samplnng ponnt (Graduated 20 litre bucket and

-stopwatch ’
Additional information'about these measurements is.provided in

Appendix B. | | _ '

The, sample container and itevlid were thoreughly rinsed in the flow
and then the bottle was filled by.placing it directly in the rUnning
stream. Care was taken not to touch the lip of the bottle against any
object or to dislodge any adjacent. solid material that could have fallen
into the running water. Two plastic containers were filled completely
(to exclude all air) and marked for major component and wet chemical
analysis. Six containers were filled to the three-quarter mark and set
aside for preservation by freezing and subsequent analysis.for many trace
elements. The air space left in these was to allow for expansion upon
freezing. A special sample for mercury was collected by running 90 ml
of water directly into a 100 ml Pyrex volumetric flask already containing
10 ml of concentrated A.R. perchloric acid. The flask was immediately
closed with a plastic stopper and shaken. Investigation /1-5, 7, 161,
1043/ has shown that this pre-acidification is essential in preventing a
- rapid loss of mercury from the sample by adsorptionvor Voiatilization.
Work by the TCL Analytical Department /52/ had ehown that perchloric acid
was a suitable stabilizing agent. - h

In Appendix E mention is made of some of the practncal dlfflcultles
encountered in moving between sampling points on different levels of- the
mine. Experience showed that the collection of six samples on three or
four different levels took about six hours. Most of this time was spent
moving the samples to and from the shaft stations and waiting for the |

~cage. It proved most convenient to ''sink' at De Wet shaft at midnight end

to surface at about 6 a.m..when the shift changed and cages were available
to travel to the bank. By 6.30 a.m. the trace element samples were in the

- freezer and the determination of the major components, etc. had commenced
in the TCL laboratories. Since all orientation samples were personally -
co]fected and analyzed by the writer, it was not practical to process

more than six samples per day. The samples were rendomized as far as was
possible under these somewhat dlffncult circumstances. (see Table 3.4B,

last column). A report on the transportation, storage and utlllzatton of

the samples is given in Appendix G.



29

3.4 Summarized analytical information-and results
(a) Introduction

A summary is given here of the analytfca] procedures, important
analytical parameters and results. Throughout the analytical work the
emphasis has been more on precision than on absolute accuracy, since it
is obviously more important to compare one sample of mine water with
another rather than with some external standard. The reader will
appreciate that, in a project of this kfnd, an attempt to establish
closely the relative . accuracies of analytical methods for some thirty
elements - many of them present at‘sub-mg/l levels - would be both
Herculean and Iudicrous.'Nevertheless, all the methods used were based
on well-accepted analytical procedures and there is no prima facie reason
to believe that the values reported here are not reasonable approximations
of the real concentrations of elements .in these samples.

A1l additional analytical information and related comments about
interferences, reliability etc. will be found in Appendix B.

The analytical results for the thirty six samples of mine water
are listed in the following taebles in eight subdivisions:

Table 3.4B Measurements made Zn situ

' 3.4C Hardnesses; suspended and dissolved solids

.42 Anions |

.4E Elements of Groups 1A and I1A of the periodic table
.4F Eiements of groups 11IB to VIl of the period table

4G Elements of groupé !B and 11B of the periodic table

w W W W w

-4H Elements of groups |IIA to VIA of the periodic table

3.4t Examination of TSS residues by XRFS ‘
(Note that the nomenclature used for the groups of the Periodic Table
varies (1199-1200/. The classification used throughout this thesis is that
of the Periodic Table inserted on the inside of the front cover of- this
volume /1201/). |

Each subsection of Table 3.4 comprises results, notes and summarized
technical data. In order to obtain the fullest appreciation of this
information the reader shouid élso consult the relevant subsections of

Appendix B, and especially B3.9 and notes 10 and 11 in B2,
(B) Measurements made in situ (Table 3.4B)

(i) Estimated maximum errors of measurement:
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(a) Rate of flow: =+ 10%" '
(b) Temperatures: 2 0,30 ¢

(c) pH:

T

0,05 units

(c) Hdrdnesses; suspended and dissolved solids (Table 3.4C)

(i) General

TSS is total suspended solids, of dfameter greater that 0, L5 ﬁm
TDS is total dissolved solids, dried at 1100 ¢

The colour of the suspended solids was observed on the millipore
disc while wet. The colour reported in subjective, as no comparative
colour chart was availablie. A dash indicates that the disc was colourless
(white). _ . v |

Hardnesses are given as [Mg++] and {Ca++]. These two specijes account
for at least 95% of the total hérdness, so that the hardness values for
these two cations can be taken as a close approximation of the real

concentrations of dissolved calcium and magnesium.
(ii) Estimated errors of determination

(s) TSS: +0,0008 g and -0,0004 g

(b) TDS: This measurement is subject to several errors (see Appendix B).

The meximum weighing error due to fluctuating mass of the nickel dish is
about 0,004 g. The various samples could not all be dried for the same
'Iength of time and may have lost different amounts of water of crystalization
etc. The dried TDS residues are extremely hygroscopic and may pick up

several milligrams of moisture from the atmosphere within a minute or two

of being removed from the oven. The amount abSorbéd depends on the humidity.

The total uncertainty is probably abou{ 0,010 g.

FRECISION TABLE (95% confidence)

5% 203 . 50% ¢l
DS - - 2,0 0,4 - g/1.
Mg 48 - - - ] - mg/1

Ca 890 - - - mg/1

(The use of the precision tabie may be explained by the folfowing example:

At values of TDS around 2,0 g/, about 95 out of one hundred analyses of



TABLE 3.4B

Measurements made 7n situ -

sample  source Flow Air T, Water T. pH mine.
number 1/min.) (Oc) - (0¢) . levell
131 B 7,5 29,0 29,5 6,88 34
132 B 6,0 29,0 29,5 6,92 34
133... B 83,1 29,0 35,3 6,75 34
134 B 2,4 28,5 29,0 6,92 35
135 B 127,1 28,5 34,5 6,84 35
136 B 29,7 3k,0 37,0 6,90 37
137 B 2k ,9 28,5 34,0 . 6,80 27
138 B 37,7 24,0 34,0 6,80 28
139 D 52 28,0 32,53 . 6,603 30
140 B L3 27,0 29 6,4 28
141 B 13,5 27,0 33,2 6,9 27
142 B 264,0 31,0 34,0 6,4 30
143 B 5,6 22,k 26,4 6,65 22
144 B 1,8 30 34 6,6" L2
145 0 22,4 24,0 29,8 6,65 24
146 B 78,2 26,0 33,0 6,7 26
47 B 3,6 29,3 " 28,4 7,0 24
148 B 182 26,3 - 31,6 7,1 26
149 B 4,8 29,9 37,7 6,45 Ly
150 B -5 28,0 - 33,0 7,5 38
151 B 1,3 - 29 ' 34 6,65 41
152 B 1,8 26,8 - 37,8 6,7 45
153 B 38,6 27,8 39, 6,65 L1
154 0 20,8 23,9 20,7 7,2 i0
155 0 8,9 25,0 30,1 7,4 16
156 B 12,0 25,8 29 6,75 32
157 B 11,1 22,0 28,8 6,90 31
158 B 1,5 27,0 31,8 7,15 31
159 B 108,0 21,8 . 31,2 6,9 32
160 0 5,0 24,5 30 8,2 20
161 W 33,3 23,5 24,2 7,22 12
162 B 1,2 25,5 26,0 8,3 16
163 F 12 .19 19 8,3" 6
164 B 20,0 25,5 © 35,1 6,8 35
166 B 2,7 23,9 26,0 7,08 33

(1) Mine levels are about 30 m apart. (2) Visual estimate; situation too
awkward to allow measurement of rate of flow. (3) Measured in dam; mean
of two readings at either end: Temp. = 32,0 and 33,0 degrees, pH = 6,60
and 6,60. (4) Measured in a bucket; situation was too awkward to permit
a direct reading. (5) The rate of flow was extreme - too high to measure
with a bucket. - o

The following symbols are used for the types of source: B = borehole;

D = dam; 0 = orebox; F = fissure; W = walled-up drive



Hardnesses; suspended and dissolived solids

Colour of TSS.

TABLE 3.4C

Sample TSS DS Mg Ca
number g/ a/1 mq/1 ma/1
131 grey 0,0004 1,30 99 138
132 pale yellow 0,0010 1,70 86 162
133 - 60,0000 1,15 76 124
134 dark brown 0,0536 1,50 91 130
135 grey 0,0064 1,20 82 137
136 grey and brown 0,003 1,45 96 142
137 - 0,0008 2,02 115 189
138 - (0,0002 1,44 g5 154
139 - 0,0002 0,88 72 116
140 pale yeilow 0,00%0 1,56 114 153
141 - 0,0000 1,56 89 158
142 - 0,0004 1,64 91 158
143 grey 0,0008 1,68 - 88 179
144 very pale yellow 0,0000 ¢,50 80 123
145 - ' 0,0004 1,30 g4 142
146 - 0,0002 1,88 94 177
C 147 - 0,0000 1,22 88 137
148 pale yellow ‘ 0,0008 2,04 115 186
143 very pale yellow 0,0006 0,56 65 102
150 pale yellow 0,0008 1,22 92 141
- 151 brown ' 0,0006 0,96 84 126
- 152 - _ 7 0,0000 0,60 - 65 104
153 pale yellow 0,00060 0,52 61 102
154 pale yellcw grey 0,0C14 0,94 102 155
155 pale grey ‘ 0,0010 1,86 147 263
156 - - _ 0,0000 1,26 S0 149
157 very pale yellow 0,0000 1,38 107 194
158 - 0,0006 1,84 97 185
159 - 0,0004 1,4 95 164
160 - 0,0002 1,40 156 144
161 - 0.0000 1,10 115 136
162 - 0,000 0,52 70 107
163 - 0,0000 1,06 73 92
164 - 0,0600 1,18 74 122
165 grey 0,0002 1,72 99 146
166 very pale yellow 09,0002 1,34 98 167

32
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the same sample will lie within 20% of the mean of the analyses. See

Appendix B2, notes 10 and 11 for details).
(D) Anions (Table 3.4D)
(i) General

The values for hydroxide, carbonate and bicarbonate are calculated froh
equatibns given in Appendix B. Where P alkalinity is zero ( as is the case
in 35 out of the 36 samples) the concentrations of free hydroxide and
carbonate ions are negligible and all carbonic componehts are present as

bicarbonafe (see alsc Appendix 1).
(ii) Estimated errors of determination

There is no titration error in the determination of a zero P Vaiue.
The Tsumeb mine waters (TMW) are not complex and probably obey theoretical
carbonate equilibria closely. Therefore the hydrbxide and carbonate ions
are effectively absent in all samples except number 145, This~samp1e had
a relatively low M alkalinity and its pH was 6,65, which suggests that
the P value determined was not real but was caused by some unidentified:
interference. » o
(a) Bicarbonate: A titraticn error of 0,1 ml corresponds to an error of
6 mg/1. This error is negligible compared to a maximum possible error of
about 10% owing to departure from the ideal carbonate equilibria /23/;
see Appendfx | for details.
{b) Chloride: A titration error of 0,1 ml corresponds to an error of-
3 mg/1. Variations due to interferences are equivalent to an uncertainty
of about 3 mg/1 as well. | |
(c) Fluoride: The concentration of fluoride is read on a logarithmic scale.
At concentrations below about 0,4 mg/l the reproducibility is aboﬁt 2
scale units, which corresponds to an error of 0,008 mg/1. For concentrations
above 0,4 mg/1 the corresponding errors are 5 scale units and 0,02 mg/1. At .
concentrations near the lowest end of the scale (equivalent to about 0,038
mg/1) lack of equilibration becomes a problem. The uncertainty here is about
0,04 mg/1, which for a reading of about 0,12 mg/] F~ means a precision of
no better than about 33%. .
(d) Sulphate: A weighing error of 1 mg isequivalent toihnm/! of sulphate.
If the effects of ce-precipitation and other errors are‘included then the
total uncertainty is about 10 mg/I. ’

(e) Phosphate: The concentration of phosphate is near the detection limit



TABLE 3.4D.

Anions
- . . N - - ae
Sample OH co3 Hco3 cl F S0,, PO;

131 0 0 537 148 0,13 352 0,023
132 0 0 375 224 0,50 505 0,036
133 0 0 531 103 0,34 194 0,032
134 0 0 531 143 0,19 320 0,054
135 0 0 543 139 0,26 287 0,045
136 0 0 546 137 - 0,21 350 0,077
137 0 "0 433 294 0,26 - 717 0,045
138 0 0 L73 232 0,26 4sg 0,054
139 0 0 529 Lk 0,62 104 0,056
140 0 0 387 109 1,58 650 0,099
141 0 0 Y 212 0,33 422 0,059
142 i 0 482 237 0,41 436 0,122
143 0 0 487 164 0,20 553 0,311
140 0 0 556 / 77 0,10 216 0,117
145 0 - 21 295 ' 54 1,62 LY 0,117
146 0 0 464 256 0,27 611 0,104
147 0 -0 537 93 0,27 217 0,108
148 0 0 428 285 0,27 712 0,171
1ka 0 0 £73 S 0,12 21 0,203
150 0 0 536 137 0,12 330 0,198
151 0 0 561 86 0,13 204 0,203
152 0 0 558 36 0,12 52 0,207
153 e 0 565 6 - 0,12 26 0,158
154 0 0 192 130 0,77 631 0,230
155 0 0 207 100 1,46 1056 0,126
156 0 0 ' 538 147 6,13 343 0,167
157 0 0 482 234 0,15 638 0,081
158 0 0 363 258 0,43 656 0,077
159 0 0 543 - 173 0,18 457 0,059
160 0 0 305 103 2,55 748 0,14k
161 0 0 190 134 0,73 638 0,063
162 0 0 603 3 0,46 42 0,072
163 0 0 170 153 0,68 433 0,099
164 0 0 555 89 0,64 230 0,189
165 G 0 519 182 0,25 477 0,099
166 0 0 192 218 0,15 709 0,108

All values are in mg/l



in many cases. The possibility of contamination must also be noted, since
much phosphate is used in the laboratory where this work was done. The
uncertainty of measurement of absorbance is about 0,003, which is
equivalent to 0,014 mg/1 phosphate. This is less than the estimated blank
error of 0,02 mg/l.

PRECISICN TABLE (95% confidence)

5% . i16%  50% 1003 . dl
C1” 120 60 . 12 6 3 mg/l
F— see text .
soz 200 100 20 - - ‘mg/l
Poﬁ' o,4 0,2 0,0k 0,02 0,02 mg/1
//
(E) Elements of Groups IA and ITA (Table 3.4E)

(i) Generel

Neither rubidium nor caesium was detectable in any sample. No

attempt was made to concentrate these elements prior to analysis.
(ii) Estimated errors of determination

"PRECISION TABLE (95% confidence)

5% 10%  50% 100% dl
Na 4o 21 - & 2 - mg/l
K k2 20 L 2 - - mg/l
Li 50 24 5 2,5 - g/l
©Sr 204 99 - - - pg/l

(F). Elements of Groups IIIB to VIII (Table 3.4F)

(i) Estimated errors of determination



TABLE. 3.4E

Eiements-of_GroupsxlA and 1A

Na K Li " Rb Cs Sr

Sample mg/1 mg/1 - wg/} - ug/l ug/l ug/1
131" 139 11 11 <15’ <15 213
132 150 15 10 <15 - <15 288
133 97 6 8 <15 <15 - 200
134 129 10 8 - <15 <15 188
135 116 8 6 <15 <15 200
136 126 9 10 <15 <15 225
137 176 11 12 <15 <15 263
138 143 8 9 <15 <15 188
139 Ly 7 -8 . <15 <15 188
140 124 35 12 <15 215 350
111 142 9 10 S $15 . - 150 .
142 146 8 9 <15 <15 175
143 140 12 20 <15 . <15 375
144 83 7 7 <15 $15 338
145 62 7 Ly <1g <5 350
146 161 10 12 <15 <15 200
147 100 9 15 <15 <15 263
148 172 12 13 <15 <15 263
149 16 6 5 <15 <15 225
159 119 10 10 <15 515 263
151 88 9 8 <15 <15 300
152 28 6 L <15 <15 275
153 19 5 4 <15 <15 300
154 109 15 29 <i5 <15 263
155 g4 18 L5 <15 <15 363
156 126 10 - 13 <15 <15 350
157 163 13 18 <15 <15 - 463
158 166 17 15 <15 <15 Loo
159 140 12 16 <15 <15 363
160 95 17 46 <15 <15 - 400
161 115 15 27 <15 <15 225
162 3 1 8 <15 <15 163
163 138 11 34 <15 <15 175
164 53 3 6 <15 <15 213
165 155 11 13 <15 <15 325
166 165 29

10 <15 si5 - 375




TABLE 3.4F

Elements of Groups - 111B to VI
Samplie ) Cr Mo Mn Fe Co Ni
131 <10 3 <10 - <28 <30 2,6 <2,2
132 <10 6 30 169 <30 25,3 4,7
133 <10 3 <10 <28 <30 <1,5 <2,2
134 <10 6 <10 .. 141 50 5,6 3,3
135 <10 5 <10 56 - <30 <1,5 4L
136 <10 6 <10 338 67 13,2 <2,2
137 <10 3 <10 <28 <30 <1,5 <2,2
138 <10 6 <10 <28 <30 <1,5 <2,2
139 <10 3 <10 <28 <30 <1,5 <2,2
140 <10 2 33 <28 <30 <1,5 <2,2
141 <10 3 <10 <28 <30 <1,5 <2,2
142 <10 <1 <10 <28 <30 <1,5 <2,2
143 <10 5 <10 <28 <30 <1,5 <2,2
144 <10 6 <10 28 <30 1,9 <2,2
145 <10 Iy .22 <28 33 <1,5 2,2
146 <10 & <10 <28 <30 2,4 2,2
Ly <10 6 <10 <28 <30 <1,5 <2,2
148 <10 4 <10 <28 <30 <1,5 <2,2
149 <10 6 <10 <28 <30 <1,5 <2,2
150 <10 - 7 - <10 <28 <30 8,2 5,0
1573 <10 6 <10 <28 <30 <1,5 <2,2
152 <10 8 i0 <28 <30 <1,5 <2,2
153 <10 9 <10 <28 <30 <1,% <2,2
154 <10 8 <10 <28 <30 <1,5 <2,2
155 <19 8 <10 <z8 <30 1,8 <2,2
156 <10 3 <10 <28 <30 <1,5 <2,2
157 <10 8 <10 591 <30 23,8 $2,2
158 <1C 3 <10 <28 <30 2,1 <2,2
159 <10 3 <10 56 <30 - 5,0 <2,2
150 <10 2 <10 <28 <30 <1,5 23,3
161 <10 11 10 <28 <30 <1,5 <2,2
162 <10 o7 <10 <28 <30 <1,5 <2,2
163 <10 89 - <10 <28 <30 <1,5 <2,2
164 <10 14 <10 <28 <30 <1,5 <2,2
165 <10 2 <10 56 <30 <1,5 <2,2
166 <10 4 <10 13 <30 <1,5 <2,2

All values in pg/1l

37



PRECISION TABLE (95% confidence)

5% _ 10%  50% 100% dl
e 0200 b - 2 1
Mo - - 200 10 10
Mh - 280 56 28 28 |
o “Fe - - 80 L2 30 (211 ug/1)
Lo - 30 59 3,2 1,5
Ni = - 519 3 ‘ 2,2
(G) Elements of groups IB and IIB (Table 3.4G)

(i) General

The detection limit for the determination of zinc by carbon rod AAS
is much lower than 20 micrograms per litre but this was taken as a
conservative minimum bécause'of the high and variable blank value for this
metal in this analytical run. In subsequent determinations (see Appendix

_BH) the zinc blank was reduced to much lower concentrations.
(ii) Estimated errors of determination

PRECISION TABLE (95% confidence)

5% 10% 50% . 100% . dl (all values in ug/?)
Cu - 145 28 15 10
-Zn 90 4g - - 20 (zee text)
Cd 2 1 0,2 0,1 -
‘g 5 3 0,5 0,3 0,06
()  Elements of Groups IIIA to VIA (Table 3.4H)

(i) General

(a) Arsenic: The detection limit concentration for arsenic depends on the
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. degree of variability of the arsenic blank (Appendix B3). The blank varies
with the quality of.the.reagentstSéd, especially the granules of zinc
metal . | ' 4
(b) Bismuth: The detection 1imit for some samplés was improved by doubling

the sample aliquot.
(ii) Estimated errors of determination

PRECISION TABLE (95% confidence)

5% 10%  50% 100%  dI
Si - 2,9 0,62 0,3 ~ (mg/1; others in ug/1)
Ge 140 80 17 8 3 '
~As 154" 70 15 7 see text
Se 290 152 4o 21 ' -
Te - 160 40 19 10
Pb 45 20 5,5 2,5 -
(1) Sehiquantitative examination by XRFS of TSS residues (Table 3.4I)

(i) General

The data are semiquantitative and precision figures are meaningless.



TABLE 3.4G

Elements of Grcﬁps 1B aﬁd 113

Sample Cu Ag Au in- Cd Hg
131 <10 <9 . <100 50 1,1 0,1
132 10 <9 <100 29 2,4 0,3
1332 i0 <9 <100 114 0,5 0,6

_134 <10 <9 <100 36 1,4 1,3
135 <10 - <9 <100 Lo 0,8 2,3
126 <10 <9 <100 : 86 0,7 0,8
137 Lo <9 <100 50 1,5 3,8
138 <10 <9 <160 20 4,6 2,7
139 <10 <9 <100 57 0,4 0,1
140 89 <9 <100 186 11,0 0,5
14 20 <9 . <100 57 1,7 2,7
142 <10 <9 <100 43 1,2 2,7
143 <i0 <9 <100 29 G,9 0,1
144 <10 <9 <1060 43 0,8 0,7
145 b <9 <100 229 14,0 0,1
14 18 <9 7<100 <20 1,5 0,9
147 <10 <9 <100 <20 0,7 0,1
148 10 <g . <100 29 1,5 2,1
149 il <9 <106 - <20 0,k 0,5
150 <10 <9 <100 <20 0,7 0,4
151 <10 <9 <100 <20 0,4 0,4
152 <10 <9 <100 <20 0,1 0,3
152 <10 <9 <100 36 0,5 0,2
154 10 <9 100 1800 320 0,06
155 L5 <9 <100 7938 810 <0,00
156 <10 -~ <9 <100 L3 0,9 0,2
157 <10 <9 <100 20 1,0 1,5
158 50 <9 <100 <20 3,9 - 0,7
159 <10 <9 <100 <20 1,0 0,2
160 50 <9 <100 71 17,0 0,1
161 91 <9 <100 292 100 0,06
162 <10 <9 <100 <20 2,6 0,3
163 10 <9 <100 29 i,0 0,06
164 <10 <9 <100 29 0,6 <0,06
165 70 <9 <100 . 678 3,5 0,06
166 30 <9 <100 242 25 0,06

Ail-values invﬂg/l



TABLE 3.LH

Elements of Groups I1iA to VIA

Sample Al T Si Ge “As Sb Bi ~ Se Te Pb
131 <20 <2,0 1,5 57 1 <20 <20 218 L8 6,4
132 <20 <2,0 2,3 70 150 25 <20 195 90 18,6
133 <20 <2,0 1,5 37 5 <20 <20 95 37 16,3
134 <20 <2,0 1,7 7 12 <20 <20 80 62 94
135 <20 <2,0 2,0 47 8 <20 <20 75 56 10,1
136 <20 <2,0 2,0 90 L <20 <20 112 Lo 4,5
137 <20 <2,00 1,7 80 12 <20. <10 239 143 20,0
138 <20 <2,0 1,3 13 10 <20 <10 240 67 12,1
139 <20 <2,0 1,0 <3 <h <20 <10 35 <10 2,4
140 <20 <2,0 2,3 7 79 <20 <10 65 4y 30,9
141 <20 <2,0 1,3 <3 18 <20 <10 104 87 10,8
142 <20 <2,0 1,3 13 9 <20 <i0 241 70 °,7
143 <20 <2,0 1,7 4o 27 <20 <10 118 Ly zh4,y
14 <20 <2,0 1,7 13 <1 <20 <190 .85 15 18,3
145 <20 <2,0 1,3 <3 91 <20 <10 L5 15 22,7
46 <20 <2,0 1,7 3 <h <20 <10 152 G2 18,4
147 <20 <2,0 1,3 <3 12 <20 <10 50 17 11,3
148 <20 <2,0 1,3 33 17 <20 <10 168 48 10,4
149 <20 <2,0 2,7 60 9 <20 <10 20 <10 26,9

150 <20 <2,0 2,0 64 10 <20 <10 158 37 4,8
151 <20 2,0 2,3 55 $2 <20 <10 125 21 1,9
152 <20 <2,0 1,7 57 140 <20 <10 65 <10 1,6
153 <20 <2,0 20 27 23 - <20 <10 19 <10 2,2
154 <20 <2,0 1,7 30 17 <20 <10 115 Lo 15,9
155 <20 <2,0 1,0 37 L <20 <10 210 L6 77
156 <20 <2,0 2,0 <3 <4 <20 <10 185 33 4.6
157 <20 <2,0 1,3 37 24 <20 <10 390 60 7,6
158 <20 <2,0 1,3 27 36 <20 <10 303 77 14,6
159 <20 <2,0 1,3 13 <4 <20 <10 278 35 5,5
160 <20 <2,0 2,3 97 11h <20 <10 188 33 23,0
161 <20 <2,0 1,0 30 26 <20 <10 240 -21 13,3
162 <20 <2,0 1,3 10 24 <20 <10 5 <10 24,2
163 <20 <2,0 2,0 27 <4 <20 <10 244 - Lo 5,8
164 <20 <2,0 1,3 <3 <k <20 <10 105 19 42
165 <20 <2,0 1,7 20 2L <20 <10 248 66 26,1
166 <20 <2,0 1,0 70 12 <20 © 490 60 17,1

<10

Values for Si in mg/l. All other values in ug/l

L3

Ay



TABLE 3.41

Semiquantitative examinétion by XRFS of TSS residues

Mn F

Sample Si Al Mg Ca Ti e Cu. Pb Zn
blank 0 0- 0 1* 0 0 0 0 0 0
132 1 0 7 0 0 1 ? 11

134 3 3 2 3 11 3 2 2 2
135 1 1 1 3 ? ? 1 ] ] 1
136 i1 1 3 1 0 1 0 i 1
M 1 2 1 1 17 0o 1 0 0 o
1 o 0o ¢’ 1 0 o 1 0 06 0
146 ? ¢ 0 1 0 o0 1 90 0 o0
148 1 1 1 - - e e e e .
150 i ¢ ? t+ o0 6 1 0 0 0
151 72 7 o 1 72 6 1 0 ¢ O
153 1 1 2 1 7 0o 1 ¢ 0 0
154 f 1 1 2 7 .0 1 0 0 .1
155 11 1 1 7 0 171
155 L T
157 1 1 0 - = e = e e -
158 T T T
701 0 - - - - e -

163

w N =
1] il ] ] ]

Very small peak, much smaller than any samp]e.Ca peak.

o

no data. 0 = no visible beak. {
up to 1/2 of full scale deflection.
1/3 to 2/3 full scale deflection.

more than 2/3 full scale deflection.

= probable small peak.

v,
-
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.Chapter 4. Interpretation of the Tsumeb mine water data

4.1 Introduction

The interpretation of chemical data obtained from the
analysis of mine waters is‘potentially complex because of the need to-. |
correlate several chemical and physical paramefers in a fluid more or
lesslfree to move in and, to some extent, react with a three—dimensiona1<
~rock matrix of variable mineralogical composition The principles involved
have been known for a long time (e g. Lane, 1914 /1163/ and. Hodge, 1915
/1164) but there is nevertheless no set method of tackl:ng the problem
(see Appendix D). '

In a static hydrological situation, Qhere negligible movement of
water occurs, the chemical composition of groundwater can change only by
reaction with the rock material of the aquifer. Rock may be dissolved
into the water or formed from the water through precipitation reactions |
or allied processes, such precipitates being defined as part of the rock
material. In an ideal, static system such as this it is relatively easy
to monitor reactions between the rock and the water. However, few bodies
of groundwater are A static. In particular, observation of the
extent to which the Tsumeb mine is continuously dewatered by pumping and,
also, of the flow of water into tﬁe mine via boreholes and fissures on _
many levels leaves little doubt that the hydrological regime of the mine |
is highly dynamic. | o -

In a dynamic hydrologncal situation the composition of any body of
groundwater, in addition to being subject to water-rock lnteractgon, may
also be changed by mixing with waters of differing chemistry. This ’
mixing may be purely physical or it may involve mutual chemical interaction.
‘Under these conditions the interpretation of the chemical data becomes =~ |
much more complex because it may not be possible to separate the effects
- produced by wall rock reactions from those due to mixing. B

In the study of the waters of the Tsumeb mine it would be very
useful to be able to separate these two effects somehow in order to
examnine them independently; in this instance the principle concern is
with the water<rock reactions, because the aim of the orientation study
is to learn something practically useful about the characteristics of |
groundwater/ore systems. What is needed therefore is a hydrogeochemical
model of the orebody and-its associated wafers, which takes cognizance
of both hYdrological and chemical factors. If discrete bodies of water
can be recognized and the mode of mixing of different masses of water'cén
be understood, then attention can be céncentratedon the interpretatioﬁ of

the geochemical data in terms of water-rock reactions occurring within any
o ,
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given body of water. , _
-One of the fundamentals of the science of hydrology is the tracing
and delineatioh of flows of groundwater /295—305,309/;.Sometimes tracers -
such as fluorescent dyes, radioisotqpes, spores, micro-organisms etc. are
used for this purpose /305-8,310-19,322-3/. Tracer studies of this type
were considered to be beyond the scope of this orientation survey. The
practical problems involved would have been considerable. It is not at all - -
certain that tracing téchniques would have worked in the Tsumeb hine, |
because there is an overwhelming tendency for groundwater to flow into
but not out of the deeper developmehts. It is difficult to imagine hbw
one might introduce tracers homogeneously into selected bodies of - »
groundwater near the mine, unless by large-scale pumping via underground :
‘boreholes below the water table or fissures above the cone of dewatering.
Moreover, despite the fact that some dyes (e.g. Uranin /306/) are regarded
as harmless, the mine sumps are the source of Tsumeb's drinking water
~and the ill-considered introduction of tracers into groundwaters that
gravitate towards these sumps would be highly anti-social. Some
sophisticated geophysical and electrolytical techniques (e.g. /325-9/)
are also available for tracing the flow of groundwater but these were
likewise considered to be beyond the scope of the project.
| The alternative in a situation such as this is to try to use one
of the chemicai components or other properties of the groundwaters as a
natural tracer /306,320,324,330,490/, rather than adding some artificial
tracer to the system. Properties such as pH and temperature are clearly
~unsuitable in the Tsumeb mine and so the prospective natural tracer must
needs be a chemical species. An ideal natural tracer would pass the
following three tests: - - L
(i) 1t should be well concentrated in.the water, so that small additions
'Qr losses of the species will have only a minor effect on the abundance
of the ion in solution. Trace elements are thus unsuitéble_and only the
major components can be considered as candidates. In Tsumeb Mine water
- (TMW) these are sulphate, chloride, bicarbonate, calcium, magnesium and‘
“sodium. - | ’ ‘
(ii)The tracer should be practically unaffected by adsorption/pfecipitation
reactions with the wall rock or Zn aqua. Only sodium, chloride and sulphate .
are suitable in this case, because under the conditions prevailing in TMW .
these are the only three ions that will‘not precipitate in significant
amounts. (The solubility of gypsum is.not exceeded in any sample). The other
three ions mentioned above are components of the carbonic system (Appendix
1) and they may interact freely with the carbonate country rocks.

(iii).The concentration of the natural tracer should be practically
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unatfected by dissolution reactions. That is it should not be possible for
large masses of the species to entefvthe:water during its movemédt through
the mine and adjacent ore and country rocks. No natural component in TMW
passes this test. Sulphate can be added as a result of the oxidation of
sulphidic minerals and hoth chloride and sodium may enter the water as a'
result of cementation operations. Sodium may.also be derived from the
decomposition of feldspar in the'péeudo~ap1ite of the orebody (Appendix E).
_Although there is no ideal natural tracer for TMW, sulphate, sodium
and chloride are the best approximations. (This is true in general and not
only fof the Tsumeb mine; see the fol]dwing references fof examples of the
use of sulphate /330/, sodium /147/ and chloride /1155-7/ as natural
tracers). In the following subsections (4.2 to 4.4) the distribution of
these three ions in the mine water samples will be examined in an attempt
to construct a ﬁydrological model of the mine and its groundwaters. This
construction is cbnveniently underfaken in two separate steps, as follows,
although the concepts are of course not  independent of each other:
(1) The identification of bodies of related waters (subsection 4.2)
(2) Establishing the origin of these groups of related waters (subsection
i.3). This step must necessarily include ‘a consideration of the extent
to which these waters may have been altered by unnatural or "anthropogenic'
influences, since there is a mass of prima facie evidence that suggests
that these influences have been very important (Appendix H).

_ Using this hydrological model and the reméining geochemical data, a
hydrogeochemical. model will be develobed in which consideration can be
given equally to hydrological factors and wall rock reactionsv(sﬁbsections
4.5 to 4.7). Within the framework of this model an attempt will be made to
reach some understanding of the practically useful aspects of the natural
interactions that take place between groundwater, carbonate courntry rock
and sulphidic ore. ' |
. Naturally, where chemical composition is bsing used to study
hydrology and vice versa, it isdifficult in practice to separate the logica!
derivation cf a "hydrological' model from that of a 'hydrogeochemical'!
model. The two concepts and the sets of data for the separate ''models'
will be mingled whenever this is advantageous.

, The interpretative diagrams fér this Chapter'are Maps 2 & 3 and Figs.
1, 1a, 1b,....1y. Some‘of these are in this volume and the rest are in Vol..
Il. The most fundamental of these is Fig. 1, a geological long section
(1:5000) through the Tsuemb orebbdy; Fig. la is a translucent overlay, at
the same scale, which shows the locations at which the orientation samples

‘were collected. Figs. 1b, 1lc¢, id etc. are translucent overlays or paper

prints showing the concentrations of the most important chemical species
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determined in the mine waters, together with some additional data such as
pH and rate of flow at the sampling .points.

In constructing this series of oveflays the writer had to éontend
with the problem of representing épatia] informaticn in two dimensions.
It was felt that no oblique projection could portray the location in
space of the sample points and bereholes without ambiguity. Therefore all
the data necessary to describe the locations have been presented in two
separate, but complementary,'two—dimensional sections normal to eaéh cther
(Fig. 1a). From these the reader can construct an accurate and unambiguous
mental picture of the location of any sampling point and the spatial
orientation of any borehole, and can to some extent corientate these
features relative to the solid geology of the orebody and, country rocks,
and to the mine workfngs. Additional teChnicé! information about the
location of the sahpling points and the trigonometrical relationships
involved in the construction of the variants of Fig. 1 can be found in

Appendices A and C.

k.2 Identification of bodies of ‘related Tsumeb mine waters. The use of

sodium, chloride and sulphate as natural tracers

The inter-relationship between the different groups or types of
waters occurring in and around the Tsumeb pipe are iliustrated by the data
in Figs. 1 and 1a and the overlays for sulphate, chloride, sodium, Na/C1~
and soz/cf} énd rate of flow (Figs. 1b, 1c, le, 1f, lk and 1j respectively).

The writer will attempt to show that the key to the understanding
of the hydrology of the mine waters is the relationship between the
concentrations of the sodium and chloride ions. If a simple grouping of
the samples is made according to Na/C1 ratio and depth below the surface
(Table 4.2), then a remarkably ordered pattern of sample properties
emerges, from which there are few deviations. The locations of these groups
‘with respect to the mine workings is shown in Fig. 1f, in which they are
identified by coloured symbols. The three colours selected and the order in
which they are used have no special significance; they are merely added to
show more clearly which samples are grouped together.

The names that have been given to the various groups are arbitrary
but hopefully descriptive. The tempting but potentially confusing terms
""footwall waters'' and "hanging wall waters' have been avoided, because
the pipe is sinuous and the footwall is scmetimes on the south side and

sometimes on the north. The properties of the different groups of waters -

-are described below in order of increasing depth.below the surface.



TABLE L.2: Sampies of Tsumel .mine water grouped according to

sodium/chloride ratio and depth below surface

i

Group Sample SO, Cl Na  Na/Cl so;/CI’ Flow

TA 163 433 158 138 0,90 2,83 1

; , 154 631 130 109 0,84 4,85 21

Stope 161 638 134 115 0.86 4,76 33

waters 155 1056 100 94 0,94 10,56 9

. 160 748 103 95 0,92 7,26 5

143 553 164 14g 0,85 3,95 6

IB 162 42 3 3 1,00 14,00 1

Ir4 145 Lby 6l 62 ;15 8,22 22

Shallow 147 217 , 93 100 1,08 1,37 3

sodium " 139 104 T Ly 47 ,07 2,36 5

waters 140 560 i09 124 1,14 5,96 4

I1B 137 717 294 176 0,60 2,44 25

148 712 285 172 0,60 2,50 18

166 709 218 165 0,75 3,25 3

: ‘ 146 611 256 . 161 0,63 2,39 78

North . 158 656 258 166 0,64 2,54 2

" Break 157 638 234 163 0,70 2,73 11

chloride 132 505 224 150 0,67 2,25 6

waters 138 455 232 143 0,62 1,96 38

: 142 436 237 146 0,62 1,84 264

141 422 212 142 0,67 1,99 12

164 230 89 53 0,60 2,58 90

Irc 159 457 173 140 0,81 2,64 108

165 = 477 182 155 0,85 2,62 2

156 343 147 126 0,86 2,33 12

131 352 158 138 0,93 2,38 8

Intermediate 134 320 143 129 0,90 2,24 2

waters 135 350 137 126 0,92 2,55 30
150 330 137 119 0,87 2,41 extreme

135 287 139 116 0,84 2,07 127

133 194 . 103 97 0,94 1,88 83

17D 144 216 77 83 1,08 2,81 2

151 20L 86 88 1,02 2 1

IIE 149 21 9 16 1,78 2,33 5

153 26 6 10 1,67 4,33 39

IIF 152 52 36 28 0,78 1,44 2
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IB = Upper dilute waters. IID = Deep sodium waters,
IIE = Deep dilute waters. IIF = Deep chloride waters.
Concentrations of jons are inmilligrame per litre. Flow rate in i/min,



(A)- GROUP I. UPPER LEVEL WATERS

The seven samples collected abové the apex of the cone of dewatering
(about 23 level) are classified as Upper Level Waters. These form what will
be termed a coherent group of adjacent samples. The word coherent is used
here to describe a collection of neighbouring samples that can be readily
recognized as forming a distinctive, non-random subpattern within the

dvera]) pattern of distribution of the surrounding samples.
(1) Group IA. Stope waters (Samples 163,154,161,155,160 & 143)

(a) Some statistical properties of this group are as follows:

Group 1A SO, CIT  Na”  HMa/Cl” 507/¢1”
x 677 131 115 0,89 5,70
o 213 26 20 0,041 2,79
%0' 3]’5 1977 17’5 "\‘,6 ll9,0
n==b '

(In this table and similar tables in the following pages x is the mean
of all X.» O is the standard deviation, %o is 1000/x; i.e. the coefficient
of variation (COV) expressed as a percentage, and n is the number of
sampies. The concentrations of sulphate, sodium ahd chloride are always
expressed in milligrams per litre). |

The waters of Group |A are generally sulphate-rich and have
relatively high concentrations of éddium and chioride. The concentration
of sulphate is distinctly more variable than those of the other two ions.
The COV is slightly lower for sodium than for chloride and this may well
be due to the fact that the precision in the determination of the former
ion is somewhat better than it is for the latter (Appendix B and p. 35).
The Na/Cl ratio is remarkably steady in.view of the general decrease in
[Na] and [Cf] with depth. On the other Hand fhe sulphate/chloride ratio
is very variable; the concentration of sulphate - and consequentiy the

value of the ratio - first increases and then later decrcases with depth.

(b) Two of the samples (154, 161) are practically identical in compositicn.

(c) The waters of group 1A generally flow along the ground or down
.manways and orepasses, on the northern side of the orebody, in the
relatively dry upper levels of the mine. There is little visiblie

augumentaticn of the flow on the flcor by water from the roof or walls of
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the development. There are in fact very few places between surface and 22
level where substantial amounts of water can be.seen flowing from the rock
into the mine. These are at samplings pocints 163 (fissure, 1 1/min.),
162 (long borehole, 1 1/min.) and 143 (short borehcle, 6 1/min.) and near
One Shaft on éight level, where a showery flow .issues from a fracture in
the roof. Nevertheless it wss in no case posséble to trace the flow from
an orebox etc. back to its original source in the wail rocks because of
the extremely dangerous condition of the abandonéd workings in this old
.'part of the mine. o | ' A |
(d) A1l the samples in this group come from slow, low-pressure, non-

~artesian flows.
(2) Group IB (Sample 162)

(a) This single sample from 16 level is the 6nly water with a low TDS
value that could be found above the cone of dewatering. !ts composition
is radically different from the compositions of the waters of greup lA.
The differences in the concentrations of the three mobile ions, expressed
as the ratio (Group 1A mean value/Group I8 value) are considerable:
Sulphate: ‘16,]
Chloride: 43,7
. Sodium . 38,3
The Na/Cl ratio for sample 162 is unity and the sulphate/chloride ratio
is extremely high, but it must be remembered that the relative precision
of analysis is poor at these low concentrations.
(b) An important characteristic of sample 162 is that it emerges from the
only aquiferous long borehole in the upper levels. The hole has a southerly
azimuth and is directed well away from the workings and the orebody, in the
vicinity of which all the other Upper Level waters were encountered. The

flow from borehole 162 was very slow and under negligibde pressure.
(B) GROUP II. LOWER LEVEL WATERS

The dividing line between the waters of Groups | and I! is the
poorly defined upper surface of the cone of dewatering at about 22 level.
Although only about one half of fhe mine levels are below this surface,
twenty nine of the thirty six samples collected from the mine belong to
Group 11. This simply reflects the difficulty of {inding sampling points

. above the water table.
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(1) Group IIA. Shallow sodium waters (Samples 145,147,139,140)

(a) These waters are chemnca}]y s:milar to those of Group IA but there are

nevertheless some important differences:

Group 11A soz ct” Na Na/Cl” . soZ/c1’
X 354 75 83 1,11 L4
o 243 Lo 35 0,04 3,18
0‘60' 68;3 — l*ly3 ’ 1'2’3 3’7 80’0
n=54 '

The chief characteristic of Group IIA is the remarkably constant
Na/Cl” ratio somewhat greater than unity. The constancy of this ratio is
emphasized by the large range in [50:], [Na‘j and-[C]—]; for each of these
ions the COV is more than double that of the corresponding value in Group
tA. The values of the sulphate/chloride ratio are also more variable in
Group !1A than in Group IA. In common with Group A, the COV's for chloride
and sodium are similar to each other and only about two thirds of the
COV for sulphate.

The salt content of Group IiA is, in general, considerably lower
than that of Group |A. The ratios ;lA/;l!A are as follows:

Sulphate: 1,91

Chloride: 1,75

Sodium : 1,39
This disparity also serves to emphasize that the Group (1A waters are
relatively sodium-rich. Nevertheless, several values for sulphate, chleride

and sodium for samples in Group |lA are of the same sort of magnitude as

corresponding values in Group |A. The best example of this is the similarity

between sample 140 (11A) and samples 154 & 161 (IA).

(b) The location of the Group IIA samples is different in many respects
from that of the Group I|A samples. The relationship with respect to the
water table is the most important disparity. The set of Group liA samples
is identical to the set of samples occurring on the southern side of the
orebo&y between the contact between the‘dolomites of Zcnes 6 and 7, and
the North Break Zone (NBZ).

(c) The pressures and rates of flow in the boreholes that provided the

samples of Group 1iA are quite low.

(2) Group IIB. North Break chloride waters (Samples 137,148,166,146,158,
157,132,138,142,141 and 164)



(@) This is a well—défined group of hjgh-TDS waters that are distinctly
different from any of the other samples collected in the mine. The group
contains one mauvats sujet, number 164, which is ;ratﬁer? ~different from
the rest, but which is classified 1B because of its Na/leratio. Sample
164 has vague affinities to number 147 (I11A) and certain samples in Group
11D, but its Na/Cl ratio is atypical of either of these groups. Some

statistical properties of Group |IB are as follows:

.~ Group 11B . SO, Cl Na Na/C1™ so:/cf
X 586 245 158 0,65 2,39
o 120 28 12 0,05 - 0,k2
%o 20,5 11,3 7,8 7,7 17,4

n =10 (sample 164 excluded)

The sulphate content of these waters is high and is exceeded, on
average, only by the waters of group lA. The concentration of chloride in
the waters of Group 1IB is not paralleled by any other TMW. Sodium is also

abundant, and only a few samples in Groups IA and 1IC have concentrations

- of this metal approaching those that are typical of the I'IB waters. The ..

-mean Na/Cl value for Group |IB is distinctly lower than that of any other
group, but the sulphate/chloride ratios are similar to those of many other
samples in severai different groups.

‘Another important feature of this group is the reiatiVely low values
of the COV for all parameters except Na/C1” (which is low but of the same

magnitudé as those of the other groups). That is to say,‘the similarity

between the individual members of Group 1IB is greater than the similarity

between the members of any other group. The COV for sodium (written Na?o)
is slightly lower than Cl;o, while Sozyc-is much greater than either. '

(b) . Three major subgroups can be recognized within Group I1B. Samples 132

and 164 are the only ''odd men out' that cannot be accomodated in any of °the

d

subdivisions:
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soz Cj Na Na/C1™ soZ/cr‘
Subgroup 118(i) x 713 266 171 0,65 2,73
o - 4 42 . 6 0,09 0,45
%o 0,6 15,6 - 3,3 14,2 16,5
n=3 (137,148,166) : '
Subgroup 11B(ii) x 635‘ - 249 163 0,66 2,55
o 23", 13 3 0,04 0,17
9'00' 3,6 . 5,3 ]95 517 . 6’7

n = 3(146,158,157)

Subgroup 11B(iii) X 438 227 144 - 0,64 ' 1,95
o 17 13 2 0,03 0,08
% 3.8 5,8 1,4 45 k,1

‘ o
n = 3(138,142,141)

To facilifate a comparison, the followingtable lists the mean of the
COV's of the three subgroups, the COV value for Group 1B as a whole, and

the ratio of these two values:

S0, €T Na Na/C1™ S0,/C1”
Group 118 %6 20,5 11,3 7,8 7,7 .17,k
Mean of subgroups %o 2,7 8,9 _ 2,112‘y 8,1 - 9,1
_Ratio of the above 7,6 - 1,3 = 3,7 '0495. 1,9

From this table it is clear that the internal similarity within
the subgroups is generally better than that of Group IIB as a whole. The
table emphasizes the relative constancy of the Na/Cl ratio, the low -
variability of[Na ] and especially [C17] and the fact that the principal
feature distinguishing the three subgroups is the differing content of
sulbhate. ' ’ '

(c) The setting of the sampling points of this group is quite complex.

52

These waters first appear about two levels above the NBZ and seven samples

»form a coherent group between 26 and 31 levels, to the north, northeast or

northwest of the orebody, in the dolomites of Zones 5 and 6. Between 31 and

35 levels there are four samples, which appear to be associated with the

central pipe structure or with the rocks somewhat to the south of it. Below
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35 level the group becomes incoherent and interspersed with waters of Group
HHC. It is not immediately obvious, for example, why sample 158 (11B) and
sample 156 (11C) should be different, since they are both derived froh
boreholes that are similarly situateq. The same applies to the paifs
157 (11B) - 159 (11C) and 164 (11B) - 135 (11C). Neither is there any.
apparent order in the distributions of the threé subgroups, except perhaps
for the waters of subgroup (iii), which are from three boreholes that lie
~within the uppermost portion of the region of distribution-of‘the Group 118
samples. These three holes are on the northern side of the pipe, below the
NBZ, and are drilled out into the country rock approximately in the plane
of section of Fig. 1, or somewhat to the east of it. An important point to
note, however, is that the two ''chemical misfits" (132 & 164) have the
deepest situations of all 11 samples in the Qroup‘and are'"sandwiched”
between several samples belonging to Group IIC. It is not apparent why these
samples should be different from their neighbours. - a o
(d) Although water pressures and rates of flow for the waters of Group |IB
are very variable, the mean values are high in comparison to those of any
group previously described. The strongest flow noted hitherto from a
borehole was in Group IA (number 143, 6 1/minute), Eut in Group |IB only
three flows are equal to or weaker than this and most of the others are
much stronger. Each subgroup has at least one strongly flowing borehole and

several of the boreholes are artesian.

(3) Group IIC. Intermediate waters (Samples 159,165,156,131,134,136,150,
135 and 133) '

| (a) These wateré are so named because they are'intermediate, in both depth
from surface and content of salt, between the waters of Group (1B on the

one hand and those of Grbups I1D,E and F on the other.Group lIC waters are
manifestly éifferent from almost all other samples'of,ming water; Group fA

only is somewhat similar. .

Group 11C S0, €17 . Na  Na/C1T  sop/ci
x 346 145 127 0,88 2,35
o 84 23 16 0,04 0,25
%o 24,4 15,6 12,95 5,1 10,8
n=29 - ’ ' | N

The familiar pattern of distribution of COV's appears again; ,c,ulphate.,,60
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.is greater than C]%gi’ which is slightly greater than Naézc.-By comparing
these values with the corresponding ones of Group IA, it can be seen that
the chief difference between the two groups is that the former has less.
sulphate and consequently has a lower sulphate/chloride ratio, which happens
also to be much less variable. The samples comprising Group |IC are not
as closely related to one another as the samples of Group 11B are; the
values of the COV for all three ions in I1B are scmewhat lower than the
corresponding values for 1IC. It is therefore interesting that the %o
“values for the two ratios are somewhat lower in 1IC than in |IB.
The Intermediate waters have lower concentrations of the three
mobile ions than Group 1B has. The ratios of the means (;RIB/;I!C) are
as follows:
Sulphate: 1,694
Chloride: 1,690

‘Sodium : 1,244

These figures emphasize that the mean svlphate/chloride ratios for
the two groups are pfactically tHe same but that the Na/C1 ratios differ
because the 1iC waters are relatively sodium-rich.

Subgroups'can be distinguisﬁed within the waters.of Group i1C. There
aré two of these and two additional samples (135 & 133) that fit into

neither subgroup:

soz c1” Na~ Na/Cl™ soj/CI‘

Subgroup 11C(i) x k467 178 148 0,83 2,63
‘ o 1k 6 BB 0,03 0,01

0/00 - 3:0 316 . 792 3”'* 035
n=2 (159, 165) '

Subgroup 11C(ii) X 339 142 128 0,90 2,38
- o W 5 7 0,03 0,11
%0 L,o 3,7 - 5,k 3,4 4,8

n= 5 (156,131,134,136,150) o

The,ratios.<XIlCi/x|lCii) are a;lfollows:



Sulphate: 1,38
Chloride: 1,25
Sodium : 1,16
Na /C1~ : 0,92
SOh/Cl s 1,1

The subgroups are characterized by differences in [C] ] and espec:ally
[SO=]. The COV's of either subgroup are much better than for Group |iC
taken as a whole, except in the case of the Na/Cl ratio, where the 5mprovement
is slight. S - '
(b) The location and geological setfing of the samples of Group !IC are
quite complex. The samples of the group occur in a coherent pattern, but
this is "intruded" by a vertical finger of three samples of Group 1!B. The
majority of the 11C samples are from boreholes that are drilled either (i)
to the west of the orebody, into the country rock or (ii) deep into or just
through the orebody. However, sample 150 comes from a borehole that was
drilled into dolomite to the northeast of the pipe structure. The '
'relationship between the samples constituting the subgroups of Group IiC
is less well-ordered. The two black sheep (135 & 133) were derived from
boreholes that are congruently situated and penetrate through ore. However,
the two members of subgroup I1C(i), although comparatively near to -
each other, are in very dissimilar geological settings and there is no
obvious connection between them. .Subgroup (ii) is also scattered; sample
~points 131, 134 and 136 are congruently situated to the west but sample
150 came from the northeast and sample 156 from the orebody. There is no
apparent reason for the chemical similarity of these five waters. |
(c) The waters of Group 1IC (and indeed of all groups that will be descrlbed
subsequently) were all derived from dolomites of Zone 5.
{d) As was the case with Group [IB, the waters of Group IIC are often under
high pressure and come from sources that have large yields. At least one

flow is strongly arteSIan
(4). Group IID. Deep sodium waters (Samples 144 and 151)

(a) A gap of three levels separates the lowermost waters of Group e froﬁb
the three small, deeply-located Groups lID, E and F. The paucity of samples
below 38 level is due mainly to the very effective cementation of the
wallrocks in the deepest levels of the mine, where the hydrostatic Tload

- is very great. v
(b) The two Group 11D wéters are similar to each other and also to some
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of the waters.of Group 1A, which occur many levels higher. up in the mine.
Compared to the |IC waters immediately above them, the 1ID samples have |
something like half as much sulphate, chloride and sodium and a higher
- Na/Cl ratio. They are, as a group, the most dilute waters thus far
encountered below the single sample from Group IB, on 16 level. There are
simflarities_between the waters of Group 11D and the black sheep of
both Groups 11B andVIIC, but the resemblance is more apparent than real.

(c) The IID‘sampTes came from similar geological situations to the
southwest of the orebody The. observed rates of flow are Iow, but thIS is

probably because of cementation.
(5) Group IIE. Deep dilute waters (Samples 149 and 153)

(a) The lack of the three mobile ions in the waters of groop.llE is very
marked. The [ID waters, themselves’relatively'dilute, have from 5 to 10
times more sulphate, chloride and sodium than the samples of Group IIE.
The latter waters also have a very high Na/Cl ratio. Because of ;hese
.prOperties, this group can be compared only to Groups fA and 1IF. But
although these three groups are superficially similar iﬁ that they all
contain dilute waters, the concentration ratios of the mobile components
in them are quite different. ‘

(b) Although the two boreholes from which the samples of Group HIE were
collected have adjacent collars, they are drilled in different directions -
hole 149 into the ore and number 153 away from it.

(c) Sample 153 is from an artesian source w:th a fasrly high rate of flow.
(6) Grouwp IIF. Deép chloride waters (Sample 152) -

This final sample came from a new, weakly-yielding artesian hole on 45
level. The borehole had apparently been cementated a short time before the
sample was collected. The water is dilute and the oh]y_reasonably close
relatives would be the samples of Group llE. However, sample 152 has v
significantly higher concentrations of sulphate, chloride and sodium and is
relatively rich in chioride and poorer in sulphate. '

| 4.3 The origin of bodies of related mine waters

(A) INTRODUCTION

In this section an attempt will be made to trace the origin and
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history of the groups of waters identified in subsection 4.2. It is
impossible, in an exercise of thfs type, to avoid some subjective

“speculation. It is also necessary to make comparisons between samples that

~were separated both by time and space. For exampje, in subsectibn L. 3B
a comparison will be made between the main set of orientation data,
obtained in 1973, and a set of analyses of surface- and underground waters
collected in 1975. Comparisons of this nature are valid only if "steady
'sfate“_conditions prevail in the hydrological regime and are vitiated if
sharp; random fluctuations in composition occur frequently. There is,
fortunately, a measure of prima facie evidence (/52/, Table 4.3a, Fig. H1
and the data of subsection 4.2 and Appendix J, subsection J4.1) that
suggests that the major bodies of waters studied in this orientation
project change in composition only very slowly. In the absence cof
comprehensive data collected over a period of many years there is
obviously no alternative, if any comparisons are to be made at all, but to
accept that such comparisons can in fact be validly made.

It is convenient to discuss tHe various groups of waters systematically,
from the surface downwards, as was done in subsection 4.2. The single most.
important assumption that will be made in this discussion is that many of
the orientation samples contain a large proportion of water that has
recirculated into the mine workings from the land surface above the
crebody. Some of the water may have completed many cycles. This hypéthesis

is supported by much evidence, which is.detailed in Appendix H.
(é) ORIGIN OF THE UPPER LEVEL WATERS - GROUPS IA AND IB

The seven sémpTes defined as Upper Level waters all occurred above
.~ the cone of dewatering, which is steep but of unknown but-probab!y complex
shape. In 1972 the apex of the cone stood at around 22-23 level, some
680 m below the surface and was apparently still dropping slowly. It is
. therefore improbable that large, untapped bodies of pristine groundwater
remain in the dolomitic formations around the Upper Levels of the Tsumeb
mine, Some fresh groundwater, of local origin and derived from rainfall
recharge, undoubtedly does make its Qay'down through-and around the old,
shallow workings. Sample 162 (11B) is probably an example of such a water.
It issues from a borehole drilled well to the southeast of the pipe and it
- would not have had much chance to collect dissolved salts either from the
country rocks or from the vicinity of the orebcdy.

In contrast, it seems unlikely fhat the waters of Group {A are
natural groundwaters. How could they have achieved such high concentiatiocns
of sodium and chioride in percolating through such a limited thickness of

rock? (compare, for example, the typical values for [Cl—] and [Na'] in the



waters from surface boreholes, describéd"in Section 3). And even were it
possible to leach these large quantities of salts from this rock or from
the mine complex, why jthen do [C]1°] and [Na'] in the Group IA samples tend
to decrease rather than increase with depth? The writer therefore proposes
the following hypothesis:

The Group IA waters are defivéd from industrial and domeéticrwater
wasted on the surface within the Mine Area; i.e. the typical water discarded
into the Jordan river (Map 2 and Fig. la). Part of this waste water
percolates down through the permeable dolomites and in so doing may be
difuted to a greater or lesser extent by freshwaters of type I1B. The two
kinds of water may mingle within the country rock or while running
down through the old workiﬁgs. This dilution would alter the concentrations
of sodium and chloride, but would not influence the Na/C]-ratio, because in
samp]e 162 this ratio is unity. Wateré derived in this manner might enter
the mine at several points and at various stages of dilution. Generally
speaking, the deeper the location of the sampling point below the surface,
the more diluted. the water will have become.

This hypothesis can be made somewhat more rigerous by posing and
quantitatively answering two questions: '

(i) 1t has been demonstrated in Appendix H that the Jordan River waters
could provide the observed amounts of sodium and chloride in the shallow.
mine waters. The Na/Cf-ratios, too, are similar ( Jordan wéters 0,88 to
0,87; IA waters 0,84 to 0,94). But is there a rational relationship
between the composition of the waste waters of the mine area and that of
the Jordan flow? |

The available evidence suggests that there is. Most of the water in
circuit with the Mine Area ié either domestic water or Raw Mine water and
most of what is wasted locally ends up in the Jordan. (Any heavily
polluted waters are piped directly to the slimes dams). Table 4.3A compares
the compositions of these waters and that of Jordan River water. It appears
that the water of the Jordan is a fair approximation of the type of water
likely to be available within the Mine Area for recycling into the upper
levels of the mine. _

(ii). Is there enough downward seepage from the surface within the Mine Area
to account for the observed volumes of water leaking into the upper levels?
This is more difficult to answer rigorously but the writer has '
‘attempted to do so by measuring the loss of water from the Jordan due to
seepage. On most days a considerable volume of water is discarded into the
Jordan and its mincr tributary, the Little Jordan, within the Mine Area

between De Wet shaft and the old glory hole (Map 2 and Fig. H3 in Appendix H).



TABLE 4.3A

A comparison of some properties of Jordan River water, Tsumeb domestic water

and Raw'Mine water

Domestic! Raw Minel Jordan?
50, cl 50, Cl 50, CI
X 409 167 434 169 4oL 188
o Li 14 29. 10 71 8
NOTES :

(1) Nineteen determinations at regular intervals between Dec.

1971 and June 1S§75. /52/
(2) Two analyses, October 1975.

All values are in milligrams per litre.

No data are available for sodium in these waters.
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The beds of these streams are natural and uniined and there are long periods
during the day when the flow is steady enough tb be measured with
reasonable accuracy. Thé flow was ﬁeasured'at two points below the
confluence of the streams in October 1975, at the end of the dry season,
when the runoff could not in any way have been influenced by rainfall. At
these two points, which were 250 m apart, the flow was constrained to pass
through concrete pipes and gauged with a large bucket and a stopwafch. No
water was being added to or extracted from the stream between these two
points. b

The mean QF rnineteen estimates of the rate of flow at the confluence
was 37,8 1/second. At the station downstream the mean of seventeen _
measurements was 30,2 1/second. It appeared that 7,6 litres of stream water
was soaking into,the ground in this section of the river bed in each second.
The tota}'lengthfoFAthe Jordan-Little Jordan system within the Mine Area is
about 800m. If water is lost equally over this distance, theﬁ some 24,31/sec.
may be cercolating down into the rocks around the Upper levels from this
source. This is of course an extremely crude estimate. _

The other side of the equation - the rate of inflow into the Upper
levels ~ is even less well known. The writer's estimate, based on the
.collected inflow to the sumps on .16 level, is not greater than 50 1/sec.
This suggests that perhaps a half or somewhat mcre of the inflow into the
uppermost sections of the mine could be supplied by direct seepage from
the Jordan River system. Aithcugh the data collected are primitive, they
are good enough to show that no impossible imbalance exists between the
volume of water entering the upper levels and the volume lost on the
surface cdirectly above.

The Group IA waters show some interesting trends that are related to
depth below the surface (Table 4.3B). Note the following:

(2) As expected, the temperature of the water generally increases with
depth but is never more than a few degrees warmer than the ambient
temperature of the air, suggesting that the water is well exposed to aeration.
This is supported by observation underground. v

(b) Chloride and sodium are diluted as the depth increases. !t is clear
that sulphate is - at least initially - being added to the water at a rate
exceeding the rate cf difution. The amount of sulphate added can be
estimated by assuming that (i) all samples were derived from a common,
homogeneous source and (ii) the diluent water was practically free of
sulphate; ard then multiplying the observed [SOZ] by the ratio of the
observed [Cl ] in any sample/observed [Ci ] in sample 163. The latter
sample is taken as the most likely approximation of the parent water,
because of the high concentration in it of chloride and the shallow

location of the site where it was collected.



TABLE 4.3B: Depth-dependent properties of the Group IA waters

SOA SOh

4

Sample Level Description Air,0C Water,0C CI~ Na  observed predilution difference

S0

163 6  fissure 19 19 - 153 138 433 433 0
154 10 orebox 23,5 21 130 109 631 743 112
161 12 orebox 23,5 24 134 135 638 728 ' 90
155 16 _ orebox 23 30 100 94 1056 1616 ' 560
160 20  orebox 2,5 30 103 95 748 1111 363

143 22 orebox 22,4 26,4 164 140 553 515 -38

NOTES: A1l analytical values are in mg/l
Calculation of predilution concentration of sulphate

. is based on the chloride content of sample number 163.

19
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It appears that the addition of sulphate is very rapid. Tha value for |
“predilution [50:]” rises from 433 mg/1 on 6 level to 1616 mg/] on;16 level,
where a peak is reached. Below this the values appear to decrease with
depth, although the data are limited and the estimation of predilution [SOQ]
‘for the deepest sample in the Group is meaningless because [CI ]]43/[C] ]163
exceeds unity. This is probably because sample 143 issues from a borehole
drilled away from the orebody and which may tap water coming fairly
directly from the surface. This sample is very similar to the waters of the
Jordan (Tables 4.2 and H2). | .
These observatlons are, consistent wnth the hypothesis that sulphate is
being produced rapidly and in quantity in the uppermost parts of the mlne by -
“the aerial, electrochemical or bacterial oxidation of sulphldes
2H,0 + 257 + 30, = 24,50, = kH* + 250,
More than anywhere else in the Tsumeb mine, conditions in the.upper levels
are conducive to the promotion of oxidation. The stopes are well ventilated,
and damp but not flooded. Various kinds of moulds grow ubiquitously. Some
of the material filling'the old stopes has a base metal content of several
percent and this waste is fragmented and poroUs.vMany authors have noted
that the oxidation of sulphides is strongly promoted under these circumstances
/50,116,782,1151/. Woodmansee /730/ pointed out that the most important
factor favouring an accelerated rate of oxidation is the permanent
- depression of the level of the water table. It should be noted that the
mechanisms and kinetics of these oxidation processes can be very complex
and may, through galvanic action, involve more than just local portlons of
the orebody (Thorber, 1975 /281/). _ _ '
All else being equal, the increase in the concentration of sulphate
in the upper levels of the Tsumeb mine is likely to be linearly related to .
the length of time the water is in contact with the waste material and -
vestigial sulphides, and the extent of the surface area of mineral
matter over which it passes. It is therefore not surprising that we find -
here the highest concentrations of sulphate of any of the mine waters. jﬁk'

- However, as the depth increases the effect of dilutian accelerates
“owing to the greater influx of relatively fresh groundwate}- It is also |
Ilkely that the rate of production of sulphate decreases in the deeper, |
younger and more thoroughly exploited stopes. This may explaun the reversal,
below 16 level, of the earlier trend of net increase in sulphate despite
the dilution. It is probably no coincidence that the first running borehole
drilled out into the country rock is encountered on 16 level. '

It is well known that the oxidation of sulphides tends to lower the pH

)
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-of adjacent waters /23,ﬁ3~h,h9,53,116/. This is not observed in the Tsumeb

mine; in the presence of massive cxgesses of dolomite and célcite any sulphur
acids produced by oxidation will be very répidly neutralized and the buffering
effects of the carbonic system will effectively prevent the accumulation

of H ions. ' |

+ - - =
25k + SO -2 =-
4+ HCO3 SOA + 2C02 + 2H20

(C) ORIGIN OF THE LOWER LEVEL WATERS

(1) General
Below about 24 level the country'rccks are saturated with water

and the observed pressures and rates of flow generally increase with depth.
These increases are not altogether regular because of variations in the
permeability of the. rock, the degree of cementation and similar factors.
Although the choice cf sampling boints in the deeper levels 'is wider, it.
must be remembered that all boreholes and fissures that might allow large
volumes of water into the workings are permanently sealed. The samples
collected vere therefore merely leakages from the main reservoirs of
groundwater. Although the influx of water into the mine is about one million
titres per hour - indicating a dynamic surrounding hydrological system -
it is probable that the samples seen in scme parts of the lcwer levels will
not reflect all of the hydrochemical events occurring in those parts. |

The detailed structure and locations of the various channels that
conduct water about the Tsumeb pipe, and the amounts of water contained in
them, are very little known.The relationships between moving bodies of
pristine and (apparently) recirculated waters are also obscure and have to
be inferred from the chemical data. This interpretation can be difficult

and subjective when the available information is ambiguous.
(2) Group IIA (Shallow sodium waters)

This is a rather problematic group of samples. It is necessary to
explain the similar and relatively high Na/Cl ratios of the four samples,
which at the same time exhibit wide variations in [SOZ], [NSQJ, [CI—] and
sulphate/chloride ratio. The waters of Group |lA appear suddenly as a
coherent pattefn of samples on the southern or southwestern sides of the
orebody ( the northern side being quite dry here ). The uppermost sample
"in the Group (145) came from an orebox, and if the orebox waters are

regarded as being representative of the type of water moving through the



old stopes, then it is apparent that the composition of the stope waters
changes significantly between about. 20 and 24 level. The following table

compares the compositions of sample 145 and the two stope waters of Group

IA that occur at somewhat shallower levels:

Level  Group Semple SO, €17 Na” Na/cl” 50,/C1°

16 A 155 1056 100 = 94 0,94 10,56
20 IA 160 748 103 95 0,92 7,26
24 LA 145 L4 54 62 1,15 8,22

——

Some possible sources of the waters of Group IlA are listed be]ow:'
(a) They may have resulted from the evolution of waters of Group (A
during downward migration. Note that the Group is characterized by high
concentrations of sulphate and the continued trend of dilution of chioride
and sodium with depth (sample 140 being the excebtion). If.is necessary to .
postulate a relatively sodium-rich diluent to account for the increased
Na/CI‘ratio. Sampie 139, from a borehole drilled fromvthe south haulage
into the country, rock south of the orebody, provides some evidence that
such waters may exist. |t has a slight excess of sodium but is relatively
dilute and is therefore unilikely to be very ciosely related to the
postulated diluent. -
(b) Although the waters of Group 11A now appear to be flowing mainly from
the dolomites to the southwest of theé pipe, they may have migrated down dip
from the north and passed the orebody (Figs. 1, 1a and 1f). It is therefore
reasonable.to postulate that these waters have been influenced by fluids
migrating down dip from the slimes dams, which are the most feasible source
of the excess sodium (Appendix H). The value of the Na/C1” ratio in the
waters of the slimes dams varies from.0,86 on the north side to 1,37 on the
south side. The slimes dams complex is more than a kilometre wide (Map 2)

and covers dipping strata and at least one important fault /52/. It is

6k

conceivable that water from this complex is not recirculated as a homogeneous

mass but may be channeled into several chemically distinctive bodies via
different major systems of fractures. Note that sample 140, which relative
to the mean for the Group has high,[SOZ], [Na] andv[C]—], comes from the
only borehole in the Group that is drilled across the section of the orebody
towards the northeast, near the space occupied by the waters of Group !B
(vide infra), where the influence of recirculated fluids from the slimes
dams is thought to be strongest.

Any fluids that the slimes dams are contributing to the Group 11A



waters must be heavily diluted en.route by both fresh country rock waters
(cf. Group IB) and waters of type JA. Dilution by type IB water alone
cannot account for the cbserved compositions of the samples in Grouo liA.
For example, the sulphate/chloride ratio in the slimes dam waters never
reaches three, but for sample 140 this value is nearly six and for sample
155 it exceeds eight (Table 4.2). Nor can dilution by waters of Group IA
alone account for the observed, low concentrations of sodium and chloride
in Group I1A. |

It is the writer's opinion that the members of this Group were
derived from various blendings of waters of types IA and IB, and sodium-rich
waters of the type found on the southern side of the slimes dam complex. !n
a situation such as this the number of theoretically possible dilutions and
blendings becomes enormous and arithmetical '"cake mixing" to obtain the
observed concentrations of ions in the samples becomes pointless.
Nevertheless the failure to unravel all the details of the evolution of
the Group I1A samples is not a fatal shortcoming. It remains highly
probable that they have been influenced by effluents from one source oi
another and for the purposes of this orientation study they can be loosely

conjoined with the waters of Group lA and treated with suspicion.
(3) Group IIB. North Break chloride waters

The nature and origin of this group of samples have already been
discussed in some detail in subsection 4.2 and Appendix H and there is
convincing circumstantial evidence that recirculated water from the slimes
dams is an important and perhaps even dominant component of the Group.

The chief ( and in the writer's opinion insuperable ) difficulty
with any alternative hypothesis is to explain the reversal of the trend
of dilution with increasing depth by the sudden appearance of large volumes
of high-pressure water with elevated concentrations of chloride, sulphate
and sodium. The writer cannot accept that any significant portion of the
~sulphate in the waters of Group |IB could be derived from sulphidic ore
during a single passage of these waters from the surface down to the
héulages. There is relatively little sulphide in the North Break, or
anywhere else outside the pipe ([52/, Fig. 1A, Appendix A) and it is clear
that the waters of Group I1B-do not come from within the orebody. All the
available evidence suggests that the processeé of oxidation are at
maximum intensity in the uppermost levels of the mine and decrease steadily
with depth. Yet on 26 and 27 levels afe strong flows of water, which
apparently have not been in contact with any substantial amounts of ore, but

with concentrations of suiphate exceeding anything short of the peaks reached
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in but a couple of the stope waters of Group lA. And even were the sulphate
attributable to oxidation processes at depth, the unprecedented concentrations
of chleride and sodium would'rema:n\unexplalned,bbecause waters of this type
are otherwise(unknown in the Otavi dolomites (Section 3; except, as noted
in:Chapter 6 and on page 22, where the influence of water from the Karoo or
post-Karoo formations prevails. There are no such formations close to the
Tsumeb mine). .

The division between the waters of Groﬁp 1A, on the one hand, and
of IIB on the other is quite sﬁarp, except perhaps in the case of sample 140
(I'lA}, which may have been influenced by waters akin to those of Group I!B.
The division coincides more or less with the North Break Zone, which, together
with the surrounding dolomites some tens of meters below or above, is a
powerful but structurally and hydrogeologically complex aquifer /52/. it
appears likely that the Break and the contlguous dolomites constntute a
major pathway Fur recirculation and are the source of the IIB waters. The
orebody is apparently not an |mpenetrable barrier to these high- pressure
fluids, which migrate around and to some extent into the pipe. |

Group 11B cen be divided into subgroups containing samples that are
very closely related. As was the case with Group IIA, it is almost impossibie
to elucidate the details of the origin, pathways of migration and chemical
inter-relationships of the various subgroups on the basis of the limited data
available. Nor again is it important to do so, because the strong possibility
that the whole Group has been contaminated by effluents raises grave doubts
about using the chemical data from these samples for purposes of orientation.
Some further discussion of the properties of the Group is nevertheless
necessary and is given below in point form:
(a) A comparison of data from Tables 4.2 and H2 indicates that the downward-
-moving slimes dam waters are diluted to varying degrees before emerging
in the mine workings. Sample 164, for instance, is abouf 3,1 to 3,3 times
more.dilute than sample 137, depending on which ion is selected as the
index. The diluent is probably rainfall recharge. ' |

The degree of dilution that is necessary to produce the observed 11B
samples from slimes dam water is a little uncertain because the waters of
the dams are inhomogeneous (in space and perhaps in time) and because the
composition of the diluting water i$ unknown. However, by assuming that the
diluent had negligible amounts of chloride, sodium and sulphate, an
order-of-magnitude estimation can be made by comparfng values in the
abovementioned two tables. By comparing the various data for the North Break
waters analyzed in 1973 with the mean values for the slimes dam waters
analyzed in 1975, one finds that the ranges of dilutions required to

produce the observed concentrations of the three ions are:



deium: 2,7 to 8,9
Chlorjde: 1,5 to 5,0
Sulphate: 133 to 4,1

These values are in fact the ranges of the ratlos (mean sllmes dam conc. /

~conc. in samples of Group |18).

Using the data for the samples of slimes dam and North Break waférsf

~ collected in 1975 a similar calcu]ation'yields'the following corresponding 

values: , , _
| Sodium: 1,h to 3,4
Chloride: 1,6 to 3,1
Sulphate: 0,86 to 2,8

(The minimum value for the range of sulphate values is in this case less
than one. The concentration of sulphate in some samples in Group IIB
exceeds the mean value for slimes dam waters, but not the maximum for those

waters). From this it appears that during migration to the boreholes

delivering waters of type |1B the slimes dam waters are diluted by masses of
fresher water varying from somewhat less than an equal volume to as much as -

-about eight times the volume of migrating effluent. The most probable mean

dilution is about one part slimes dam water to two parts of rainwater,
to give a final concentration .ratio of about one third.

| Because all of the Group !B samples have similar-Na/leratios and
fairly similar sulphate/chloride ratios, they can be regardedbas members of
a continuous, consanguineous series derived by diluting a bulk, ion-rich
source fluid with increasing volumes of water that is practically free of
jons. It does not follow that they did originate in this manner, but it is
nevertheless possible to produce good approximations of most of the |IB
samples by mixing various proportions of various other‘waters‘in the Group.
For example, a good approximation of sample 158 can be obtained by mixing -
samples 137 and 164 in the ratio 6,98 : 1, or alternatively, by mixing
samples 137 and 132 in the ratio 2,48 : 1 (Table 4.3C); In this situation
it is idle to speculate about which sample is the parent andehich the
offspring. ' |

(b) Unlike Group 1A, and perhaps IIA, the samples of Group IIB exhibit
no marked systematic variations in chemical properties with depth (Table
4.3D). Moreover, the distribution of values within the three 11B subgroups
(subsection 4.2) is not significantly more ordered than for the group as a
whole. This is probably because the North Break water is under con5|derable

hydrostatic pressure and that the point of emergence of a sample is

T -
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controlled more by geological structure than by simple gravitational movement
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of the flow. qu example, samples 141 and 146 are from boreholes drilled
into the North Break Zone relatiVely close together, but they yield waters
of different subtypes. |t is probabiy for the same reason'tﬁat one cannot
convincingly relate the chemical tomposifions of the samples fo the spatial
orientations of the boreholes from which they i ssued (Table 4.3E).

(c) In view of the apparently random distribution of the subtypes of Group
I'1B waters and the strong indication that the mobile ions in them were

- in the main ~ carried down from the surface rather than picked up along
the way, it is scarcely surprising t5 find that the presence or absence of
records of intersected ore in the various borehole logs cannot be

related to water type (Table 4.3E).
(4) Intermediate waters. Group IIC.

The relaticnship between Groups—llB and IIC is complex. The two
groups are interfingered within the same general block of dolomite; there
is no obvious reason, for example, why samples 157 and 159 should belong
to different groups. Furthermore, the two lowermos t samples of Group {IB
are '"chemical misfits'', although not obviously intermediates between Groups
118-and i1C. The high rates of flow recorded for several of the boreholes
yielding waters of type 1iC {Table 4.2) indicate that this group is not the
result of small-scale mixing but is a major hydrogeochémica] feature.

For these reasons it seems likely that the waters of Group IIC are
also a variation on the theme of recirculated slimes dam water. They may
represent either: ‘ ' |
(a) A discrete body of relatively sodium-enriched water moving down through
- the dolomites of Zone 5 well below the NBZ. This water would be progressively
diluted by .rainfall recharge.

(b) A continuation of or a parallel to the éequence of dilution observed in
Group 1B, but one in which the diluent is relatively more enriched in
sodium than the hypothetical diluent for the |IB seriés.‘A hypothetical
diluent that could prodﬁce sample 165 (highest TDS in Group 1IC) by 1:1
dilution of sample 137 (highest TDS in Group !1B) would have the following

properties:

SO
23

, C17 Na~ Na/cT s0,/c1”

7 70 134 1,91 3,39

There is no water amongst the thirty six orientation samples with a sodium/
chloride ratio this high. This does not mean that such a water does not

-exist; the mixing and dilution that produced the fluids collected in the



TABLE 4.3C

Hypothetical approximations of someAGroup‘IlB samples produced by mixing two

other IIB waters

Example 1, based on equalized concentrations of sulphate

Sample - SOh' Cl Na~
137 717 - 294 176
132 . 505 224 150
164 - - 230 89 53
158 656 258 166
(137:164::6,98:1) 656 268 161

(137:132::2,475:1) 656 273 168

Example 2, based on equalized sodium

148 712 285 172
(137:16#::29,75:1) 701 287 172
158 656 258 166

(137:16L4::11,3:1) 677 277 166 -

Explanation of arithmetic: The mixing proportion needed to produce the
observed concentration of the selected ion (sulphate in this example) is
calculated. The same factor is then applied to the remaining ionic .
concentrations. Water Z is to be derived by mixing waters X and Y. Water N
has nSOk4 mg/1 soz. xS04>2S0h>yS04. Let mSOL be [SOZ] resulting from any
mixture of X and Y. Let p be parts of X to be added to one part Qf Y to
make mSO4 = zSOL. Then (pxSOh + ySO4)/(p + 1) = zSOk e (i)
pxSO4 + ySO4 = pzSO4 + 2S04, pxSO4 - pzSOL = 2S04 - ySOh. Therefore

p = (2504 - ySOL)/(xs0k - zSOh)

One may then substitute p and xCl, yCl in (i) to get zC1l, and so on.



TABLE 4.3D. Systematic examination of the properties of the subgroups of Group |IB as a function of decreasing [SOZ], {C171, {Na],
Na/C1 and $0,/C1~ -

Sub- Sub~ Sub- Sub- - ‘Sub-
~ group Sample SOZ Level group Sample Cl™ Level group_SampTe-Ni' Level group Samplé Ne/C! Level  group Sample soZ/cz' Level

i ]37 176 27 i 166 0,76 33

i 137 717 27 | i 137 294 27 | . | i 166 3,25 33
i 148 712 26 | i 148 285. 26 |- i 148 172 26 | ii - 157 0,70 31 | i 157 2,73 31
i 166 709 33 | ii 158 258 31 | i 158 166 31 | ms* 132 0,67 34 | ms 164 2,58 35
i 158 656 31 | ii 14 256 26 | i 166 165 33 | iQii 141 0,67 27 | ii 158 2,54 31
ii . 157 638 31 |. fii. 142 237 30 | ii 157 163 31 | it 158 0,64k 31 | i 148 2,50 26
i W6 611 26 | ii 157 234 31 | i 146 161 26 | ii b6 0,63 26 | i 137 2,44 27

ms 132 505 34 | iii 138 232 28 | ms 132 150 34 | i 138 0,627 28 | ii 146 2,39 . 26
Pt 138 455 28 | ms 132 224 34 | i 142 146 30 | iii 0 142 0,62 30 | ms - 132 2,25 = 34
PiT k2 436 30 | i 166 218 33 | iii 138 143 28 | i 137 0,60 27 | iii 141 1,99 27
ii 1w k22 27 | dii w2120 27 | i Wi 1h2 27 | P 148 0,60 26 | iii 138 - 1,96 28

| l | |

“ms 165 230 35. | ms 164 89 35 ms 164 53 35 ms 164 0,60 35 iit o 1h2 1,84 30

o

* ms = Yblack sheep'
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TABLE 4.3E

Correlation between subgroups of waters of type |IB that came from boreholes

and the azimuth of the borehole and the grade of mineralization intersected

Sampie  Subgroup Azimuth | Mineralization intersected
137 i SW  moderate
143 i NE slight
166 i - - NE strong
158 i SW moderate
157 i W percussioh hole; not directed at ore
146 ii - NE strong
138 Pii NE very slight
142 iii ENE good

141 iii NNE percussion hole, not directed at ore
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mine workings may have occurred hundreds of metres up dip. The observed
values for the Na/Cl ratios in the slimes dam waters ranged up to 1,37
(Table H2) and could conceivabiy be higher at times. The highest Na/Cl_
ratio observed in the mine waters was 1,78 (sample 149, Group IE, Table L.2).
Mixing this water in the ratio 1:1,9 with sample 137 (11B) will produce the
following approximation of sample 165 (liC):

50, ¢17 NaT NaselT sop/c1” )
- 165 observed - 477 182 155 0,85 2,62
165 calculated 477 196 121 0,62 2,43

This hypothetical mixture inevitably lacks soditm. Nevertheless the
difference between the properties of the two end members (137 & 149) is
great and therefore the agreement is good enough to permit the suggestion
that the watersAdf Group {1C may have been derived in part from the waters
of type |IB or their precursors, by admixture with waters quite closely
related tc those in Group IIE.

Be that as it may, in practical terms these alternatives (a and b
above) -amount to six of one and half a dozen of the other, because in beth
cases the effluents from the slimes dams are 8nce again implicated. If
this is correct then the orientation data for the waters of type liC, like
the data for Groups IlA and 1IB, must be treated with circumspection.

As was the case with Group IIB, it is difficult to visuaiize any
alternative explanation of the origin of the relatively salty l1C waters.
Why should they.be so different from the purer, very deeply located waters
of Groups IIE and IIF (Table 4.2)? One can postulate only the influx of
waters enriched in sodium, chloride and sulphate from some remote source
such as the Kalahari formations many kilometres to the north of Tsumeb. Not
only is there no supporting evidence at all for this theory, but it leaves
one with the ticklish problem of explaining how water migrating from a
disfant source to a relatively localized geological feature —vthe,Tsumeb -
pipe —- arrives there in at least two very chemically distinctive masses of
water. | | _
The following are additional notable observations concerning the
origin of the waters of Group |iC:

(a) As was the case with Group 1B, the IIC waters are not restricted to

one side of the orebody but are encountered to- thé north (sample 150),

within or very close to the orebody (135,132,156,165) and south or

southwest of it (136,134,131,159). The Tsumeb pipe appears to te no

obstacle to these high pressure waters. | |

(b) The saltier subgroup 1iC(i) tends to occur at shallow depths, the 11C(ii)

waters of lower TDS constitutejthe bottom of the Group and the most dilute,
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non-conformist' samples occur at intermediate leveis ( data on page 54; cf.
Table 4.3D, page 70, for Group 11B). This invites speculation about ‘
whether subgroup lICii can be derived by admixture of the other two kinds.
Table 4.3F compares the observed sulphate, chloride and sodium values of
subgroup 11Cii with those of various theoretacal mlxtures of samples 165
~and 135, The agreement is good enough to warrant the view that the samples
of Group IIC form a series inter-related by dilution. As was the case
with the dilutioﬁ series of Group |1B, the end members are unknown, - but in

this case the diluent is enriched in sodium relative to Group IIB.

(5) The waters of the Seven Shaft area: Groups IID (Deep sodium waters),
- IIE (Deep dilute waters) and IIF (Deep chloride waters)

It is convenient to collocate these three Iast groups (f(ve samples)
for purposes of discussion. _ ' _

Figures la and 1f show that there fs a clear physfcal separation
between Groups |IC and 11D, which corresponds approximatelyvto the bottom
of De Wet shaft on 38 level. This is probably not entirely a coincidence.
De Wet shaft is a rélatively old feature, whereas Seven shaff,_which
provides access to all sampling points below 38 level, is new (1970-2).
This deep subvertical shaft and all the drives from it have been '
extensively protected by cementation against the possibility of high-
pressure water bursts. Thus very little water finds its way into the -
~workings below 38 level and there has been relatively little turnover in
the groundwater reservoir in this region, compared to,vsay, the,North
‘Break area between 26 and 28 levels. T » '

It therefore seems logical to expect the Seven shaft waters to be
relatively unaffectedvby recirculation and to approach the composition of
the original, pristine groundwaters of these deep dolomitic formations. [t
is probable that the two sampies of Group IID represent the tafl end of
the process of downward migration and continuous dilution of the waters"
from the slimes dam complex. Compared with sample 137 (11B), the salt _
content of sample 151 (11D) has been diluted 2,0-3,5 times (assuming ion-
~free water) and, compared with the waters of the slimes dams (Table H2;
data from 1975), some 3,8 to 6,5 times. , _

It has been implied in preceding paragraphs'that Group IIvaas
probably the best available approximation of the deep pristine waters. It
is therefore no surprise to find that the samples of Group 11D can be very .
well imitated by theoretical mixtures of selected waters of Groups TIE and

Hic. For example:
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TABLE 4.3F

derivation of subgroup 11C(ii) by mixing of samples 165 (lICi)
and 135 (11C ms) '

= - )

Sample PrOportion* | SOA Ci Na
calc. obs. calc. obs. calc. obs.
156 0,4179 343 343 152 1k7 127 126
131 0,5200 352 352 154 148 129 138
134 0,2102 320 320 146 143 123 129
136 0,L4961 350 350 - 153 137 129 126
150 0,2925 330 330 149 137 125 119

parts of sample 165 to one part of sample 135.

Calculation based on equaljzed sulphate. For arithmetic see
Table 4.3C, page 69.

All analytical values are in milligrams per litre.
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s0,  Cl Na
149 216 77 . 83 -
136:149::1:1,46 216 85 81 : .

Because there are only two 11D samples, isolated from tHe Gfoups above and
below, there is little more that can be deduced from their locations. There.
is a similarity between some samples of Groups 1iID and I1A, but the
significance of this is unknown. _

With Group IIE we finally reach deep,'unadu!terated waters. They appear
' to be unaffected by the waning  influences of recirculated effluents, but
the location of these two isolated samples tells us little more, about their .
origin. The relatlvely high yield of sample 153 quggests that falrly extensnve
“reserves of this type of water exist. , v

The final sample, number 152, which is the sole member of the Group'llF,
is something of an enigma, in that it reverses the trend of decreasing TDS.
and rising Na/Cl ratio with depth.‘lt‘is possible:that the differences *°
between the chemistry of Group |IF and that of |IE merely reflect natural
varfations in fonic concentrations that are to be found in groundwaters’ |
‘distributed through a complex series of aquifers in a thick dolomitic
succession. It seems rather less probable that sample 152 could be a chemical
intermediate between Groups |lE and 11D that had somehow physically bypassed
“the Group IIE samples and is now found below them. Furthermore, both the |
Na/Cl and sulphate/chloride ratios of sample 152 are too low to support this
suggestion. The writer's view is that sample 152 is in fact a non-equilibrated,
residual, post-cementation leakage and not a true sample of groundwater in
the sense that the term has been used in the discussion thus far. Appendix A
shows that this sample emerged as a very slow trickle (2 litres/minute) from
amongst a forest of cementation borehole casings in the Six shaft/Seven
shaft drive. This area had been cementated about six months prior to sampling.
Between February 1973 and March 1974 the mass of CaCl2 added to‘the cement
used . in cementation operations below 37 level averaged 600 kg/month /52/.
- Assuming that the rate of flow of sample 152 had remained constant over this
period, |t follows that a total of ' -

2 x 60 x 24 x 365 x 0,5 = 525 600 litres of water had emerged

from this leakage point prior to sampling. If it is assumed further that.
the observed composition of the sample is due to ideal mixing of Tsumeb Raw
Mine water ( which would approximate to the water usedvto make the cement
slurry) and type I|IE water, then the proportion of the former component
" can be calculated. The following estimate is based on sulphate, because
there is probably less soluble sulphate than sodium or chloride in the

cement mix:
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Mean conc. of sulphate in Bulk Mine water (Table 4.3A)

]

b3h mg/1;
23,5 mg/1; -

Mean conc. of sulphate in waters of Group IIE

Therefore the ideal mixing ratio required to produce the observed concentration
of sulphate in sample 152 is o ,

' 1 part Bulk water : 14,29 parts of IIE water. ‘

i.e., an original volume of only 34.375 litres of Bulk water would, in théory,
“have observed the observed flow of sample 152 for six months. This amount of
water could very éasily have been injected during a major ceméntation
operation around a deep level such as this one. It follows that it is not
Justifiable to assert that sample 152 is definitely representative of the
groundwater that may eventually emerge from this particular borehole casing.

The data for this sample should therefore be interpreted with caution.

4.4 Summarized "'three jon' hydrological model of the Tsumeb mine as a basis

for the construction of a more complete hydrogeochemical model

(A) Synopsie ,

With this summary we reach the first goal of Cﬁapter L - the
presentation of a hydrological model for the Tsumeb mine waters. It is a
simple and }imited model, but it will suffice. We have by now some
understanding of the distributions and significance of certain ions (Na+,
€1 and sulphate) Qithin the framework of the model. In the following
sybsections (4.5 and 4.,6) the remaining data for the mine waters will be
examined in terms of this model and assimilated into it to evolve a more
detailed hydrogeochemical model;thereby achieving the second goal of
Chapter 4 and completing the orientation survey of the Tsumeb mine waters.
The main features of the hydrological model and the probable impact of
these upon the hydrogeochemical model are summarized below:

(1) The model is fairly general and, provided that it is correct in its
essential features (cf. Appendix D), any errors of detail are likely to be
of little consequence. v v v

(2) The thirty six samples can be divided into rationally-constituted and
inter-related groups and subgroupé principally on the basis of the Na/Cl-_
ratio, the depth below surface and the concentration of sulphate. The groups
appear to be related more by dilution than by dissolution-precipitation
reactions on a large scale. The composition of the diluent appears to be
variable. The remaining data for the mine waters should be examined for

and parallel intragroup or intergroup trends.

(3) variations in the the concentrations of sodium and chloride bétwéen the

samples of any group or subgroup appear to bear little relation to the
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presence of mineraiization or to the orientation in space of the boreholes
. that produced the waters of that fype. The same is generajly true for
sulphate in the deeper waters, but there is strohg evidence that this ion

is being released in appreciable amounts into some of the ;hallowest samples
as a consequencevof the oxidation of sulphide minerals.

(4) There is relatively little influx of water into.the Upper levels of the
mine. Variations in the concentrations of trace elements within Groups A
and IB may therefore be especially fnteresting.

'(5) There is onlyia handful of samples that have not been heavily influenced
by recirculated water._dne must. be extremely wary of the possibility of
drawing incorrect concliusions about orientation criteria ( pathfinder
'elements, expected mobility, concentration levels, intef—e]ement ratios

etc.) as a result of this unnatural influence.

(B) Recommendations. I: Relevant to the Hydrogeochemical Exploration Project

/
f

Irrespective of the results of any subsequent interpretation of the
remaining data for the mine water, a second orientation study should be
performed around the Tsumeb mine (and elsewhere), utilizing only water
drawn from boreholes drilled from the surface, and from springs. This is
the only practical way of obtaining data that might serve as -a baseline
from which to judge the real significance and usefulness of the analyses of

the Tsumeb mine waters.
(C) Recommendations. II: Not directly relevant to the Exploratibn Project

It is self-evident that the question of recycling of groundwatef
should be inveséigated in detail in order to anticipate and minimize any
serious threat of pollution of the fegional reservoirs of groundwater. The
writer would stress that he has not proved that any serios pollution has
occurred. It is merely suggested that there is sufficient circumstantial
evidence pointing to the possibilfty of the existence of some such problem
to justify a separate investigation into the relationship between the waters

of the slimes dam complex and those of the mine.

k.5 The Hydrogeochemical Model (1): Inclusion of the less-mobile ma jor
components of Tsumeb Mine water - calcium, magnesium and bicarbonate

(the carbonic system)

(A) Introduction: some general features of the carbonic system
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The relatively less~mobile major'componentS‘of TMW (calcium, magnesium
and bicarbonaté) are aiso the most important soluble members of the carbonic
system ( at least in the pH range typically found in TMW). Thus some '
understanding of the nature cf the carbonic system is mandatory if one is
to make sense of tne data for these three componentf. We will first briefly
examine some genetal features of the system and then, more specuflcally,
the significance of the carbonic system in TMW's _

.Those aspects of the carbonic system that will be of interest here
have been described by McCoy /17/, Owen and Br:nkley /334/ and especially
in the extensive treatise of Lowentha‘ /23/.

The relationship between the aqueous members of the system,atmospheric
carbon dioxide and various solid-phase compcunds such as calcium carbonate,
Mg (OH)2
expressed in the general form

etc. is governed by a set of simultaneous equilibria, which can be

[C] [DJ/[A) [B] = ke/k =K
for the reaction
A+ B <= C +D ,

where k. and k_ are respectively the constants of proportionality for the
forward and reverse reactions and K is the equilibrium constant for the
overall reaction. K is temperature-dependent and may also be influenced by
factors such as ionic strength of the solution, ion paring phenomena,
hydrostatic pressure and the presence of the members of other weak acid-base
systems.

Tnus in the equilibrated state of the carbonic system under given
physicochemical conditions the parameters [Ca++], [Mg++], [H 3], [HCO ],
[CO 1, [OH 1 and [H ] are uniquely inter-related and any one of these va]ues
can be quantitatively calculated if certain of the others are known. The

" following useful operations are possible:

_If the calculated equilibrium and experimentally observed states of the
carbonic system in a given water are compared, then the degree to which
the system departs from the equilibrium state can be accurately estimated.
Furthermore, the changes that thevsystem must undergo in order to achieve
the equilibrium state can be predicted precisely.

.~ One can calculate what the new equilibrium conditions will be-if one
of the variables or components in the system is changed e.g. if the pressure
fs raised or a known mass of acid is added, and predict the changes that
the system will tend to undergo in order to move once again towards a state
of equilibrium; e.g., by a shift in_pH or by precipitation of calcite.

The following important features of the carbonic system must also be
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noted: ,
(1) The carbonic system is not directly affected by non-carbonic jons of
strong.acids and bases, such as sulphate, chloride and sodium. The only
effects are indirect, through ion pairing and changes in ionic strength of
the solution. .
(2) The carbonic system is often slow to equilibraté and the observed state
is frequently quite different from the predicted state. The kinetics of the
carbonic reactions is a much more complex matter than the study of the
equilibrium states /332-3/. Equilibration times vary from a few milliseconds
for aqueous ionic reactions to days or weeks for changes such as the
exchange of carbon dioxide between the waters of reservoirs and the
atmosphere, or the deposition of excess calcite from supersaturated
solutions of the salt.
(3) Where magnesium is not precipitated or dissolved, the Mg++'system in
natural water can be regarded as indépendent of the Ca++'system.
(4) Carbonic equilibria are affected by other weak acid/base systems.
Fortunately, the concentrations of nitrogen acids, phosphate and cyanide
in TMW are neg]igible {Chapter 3 and /52/), while the concentration of
silicon seldom exceeds 2 mg/1. The concentrations of boron and organic
acid/base compounds are unknown but are believd to be very low /9/. All
interferences of this sort can therefore be ignored in the study of the
waters of the mine. '

(B) The carbonic system in Tsumeb Mine waters: Rationale

There are two important reasons for undertaking an examination of
the carbonic system in TMW:
(1) In subsection 4.1 the members of the system were -dismissed as potential
natural hydrological tracers on theoretical grounds. It was considered that
the effects on the concentrations of calcium, magnesium and bicarbonate of
mixing and dilution of bodies of groundwater could be greatly complicated
or masked by sojid—liquid'reactionsAinvolving the wallrocks /331,306/. As
a simple example /23/, a body of groundwater in limestone, which was
previously saturated with‘respect'to Ca++, and which is diluted by an influx
- of calcium-poor recharge water, will tend to dissolve the wallrocks to
regain an equilibrated value for [Ca++]. After a sufficiently long period
this influx of rainwater will not be detectable by analysis for dissolved
calcium. _

Nevertheless, there may well be those.who will want a stronger
case than this for rejecting the use of'calciﬁm, magnesium and bicarbonate

ions in the process of identifying anomalous Tsumeb Mine waters; we have seen
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that a dissenting opinion on this subject was voiced early.on in this project
(Appendix D). It was therefore incumbent upon the writer to examine the
behaviour of these three ions somewhat more closely. It was necessary, in
‘.~particu]ar, to see how well different bodies of TMW could be characterized
by the carbonic species in them and, <pso facto, to establish the degree to
which the empirical chemical data justified the abovementioned dismissal of

the role of these ions in prospectingwunder local conditions. Some understanding
was needed of the extent to which the TMW samples were equilibrated with
respect to the carbonic system, the factors that were most likely to disturb
this balance, the probable resultant changes and ‘the rates at which these
changes were lfkely to occur. _

(2) Both theory and observation indicate clearly that precipitation and
dissolution reactions involving the carbonic system /23,331/ occur in the
waters of the Tsumeb mine on a large scale (Plate 6). It is possible that
concomi tant co-precipitation reactions could have a strong influence on the
concentrations of certain trace elements /4L/. It seemed necessary to
~establish whether waters that were actively precipitating calcite were at

the same time being stripped of some microcomponents.

(C) Results of the observation and calculation of carbonic system parameters
(excluding magnesium) in Tsumed Mine waters, and the interpretation
thereof. | V

~ A computer program was written that could prbduce a listing of the
important observed (i.e. analyzed) and saturatedA(i.e. equilibrated)
carbonic parameters for each of the mine water samples. The program allows
for all important deviations caused by factors such as hydrostatic pressure
and differences in ionic strength. The description of the program and its
mathematical basis is lengthy and has therefore beenplaced in Appendix I.
The output of the program is given as Table 4.5, from which the foilowing
conclusions are obvious: _
(1) The effect of hydrostatic pressure on pH is not negligible in the deeper
"~ parts of the mine. At high pressures the shift in pH may exceed the precision
of the pH measurement. The effect is more serious at lower pH values.
(2) The data in.the column (SAT-0BS(Ca)) show clearly that the mine waters
~are, in general, well eqdilibrated with respect to [Cgf. This confirms that
the carbonic system parameters tend to be independent of non-carbonic
influences and that there is therefore very little scope for using the
carbonic ions as indicators of mineralization. There is nothing in Table 4.5°
or Fig. 1h to suggest that changes in the concentration of calcium may be in

any way related to the distribution of ore. The same conclusion applies,



TABLE 445

ERVED AND SATURATED

VALUES OF IMPORTANT OBS CA
PARAMETERS IN TSUMEB MINE WATERS

RBONIC SYSTEM

ALL IN P.PoM. CALCIUM CARBONATE
¥* : *

0oBS 0BS LP = SAT EST *

SPL LP HP ~HP  ®#0BS 08S SAT =-0BS ERR SATs SAT
NOe. PH PH PH #ALK CA ChA CA CA ALK® PH
I E R A ER S SRR R R R RS R R R RS2 Rl R Rl 8
131 688 683 «05 440 344 348 3 10 443 b6.84
132 6.92 6.87 «05 308 404 415 10 8 318 b6.92
133 6.75% 6.70 «05 435 309 319 9 11 444 6473
134 6.92 b6.87 «05 435 347 344 -2 8 432 4.86
135 684 6.79 «05 445 342 331 -11 180 433 6.76
136 6.90 6485 «05 448 354 324 =30 9 417 b6.75
137 6.80 676 «04 355 471 4790 -1 9 353 6.76
138 6.80 6b6.76 «04 388 384 386 1 10 389 6.77
139 6.60 656 | 04 434 289 343 53 14 487 b.67
140 640 6.36 «+04 318 382 5213 141 18 459 6467
141 690 be86 «04 391 394 377 -17 9 373 46.80
142 6.40 6.36 «04 395 394 499 105 18 500 6455
143 6465 662 «03 399 447 497 - 50 14 449 6.74
144 - 6.60 6454 «06 456 307 362 55 14 511 6465
145 6465 6465 «00 295 354 4023 49 11 344 .81
146 6470 6466 +04 262 442 440 18 11 400 6.71
147 7.00 697 «03 440 342 317 ~-24 g 415 6.88
148 7.10 7.06 «04 351 464 430 -34 6 316 b6.89
149 b.45 6.238 «07 470 254 340 85 17 555 6.52
150 7.50 7.44 . .06 439 352 274 ~77 3 2361 6+96
151 6665 6459 «06 460 314 354 39 13 499 &6.b67
152 6.70 6463 «07 457 259 280 20 12 477 6.68
153 6.65 &6.58 «07 4463 254 275 20 12 483 6463
154 7.20 7.20 =.00 157 387 397 10 3 167 7.35
155 7.40 7.40 -.00 170 656 634 =21 1 148 7.07
156 6+.75 6470 «05 441 372 396 24 13 465 6476
157 &6+90 6.85 «05 395 484 473 -10 9 384 6.82
158 7.15 7.11 «04 298 461 436 ~25 S5 272 6.94
159 6.90 6.8% +05 445 409 388 =21 10 423 6,79
160 8.20 8.21 -.01 250 359 312 -47 1 202 720
161 722 7.22 =.00 156 339 347 7 4 163 7.234
162 8430 8.28 D2 494 267 164 =102 1 391 7.18
163 B8.30 8.31 ~-.01 139 229 219 -10 1 128 7.72
164 6.80 675 «05 455 304 303 =1 9 453 b6.74
165 6.93 6b.88 «05 425 364 364 a} 9 425 46.88
166 7.08 7.03 «05 158 417 433 16 S 174 7425
NOTE: ABBREVIATIONS USED ARE (FROM LEFT TO RIGHT), SAMPLE

NUMBER, OBSERVED, LO# OR H1GH PRESSURE, ALKALINITY,

CALCIUM CONCENTRATION, SATURATED, AND ESTIMATED
ERROR (1IN THE VALUE OF (SAT - OBS)CA++).
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mutatis mutandis% tc the data for pH and bicarbonate. The pH does decrease
somewhat with depth - and the concentraticn of bicarbonate does increase -
(Figs. 11 and 1d) but it is clearly demonstrated in Appendix | that this is
due in great measure to the effects of hydrostatic pressure and the
concomitant rise in the paftial'pressure of carbon dioxide. This phenomenon
can hardly be regarded as a prospecting criterion under the circumstances
prevailing in the mine. ' '

(3) The principle observations of paragraph (2) notwithstanding, it is
obvious from Table 4.5 that the concentfation of calcium is seldom perfectly
equilibrated; nor should we expect it to be, since it is obvious from the
carbonate growths that occur throughout the mine that siight dissolution and
reprecipitation of carbonate takes place contiquously in response to small
physical and chemical changes that occur in the migrating waters. The
precipitation of calcium carbonate can be responsible for stfipping trace
elements from water either by éo-precipitation or through ion exchange
reactions. That carbonates are highly effective scavengers of trace metals
has been clearly demonstrated by Popova /793/ and by Kitano et al. /1154/.
Scavenging by carbonates is also well known to chemists concerned with the
treatment of metalliferous effluents (Marais, pers. comm.). Many stalagtitic
growths in the Tsumeb mine are highly coloured; blacks, browns, greys,
yellows, blues and greens are common and reds are cccasionally seen. These
colourations are almost certainly due to the incorporation of trace metals
from the mine waters into the calcitic growths. Note also that high
concentrations of calcium in TSS samples (Chapter 3) are generally accompanied
by high concentrations of copper, lead, zinc and occasionally other metais.
The writer found it impossible to make any quantitative estimate of the
balance between the total mass of metal in solution in the-various types of
TMW's and the amount that is immobilized in this manner. However, it is
clear that calcium-oversaturation is a powerful, potential force for
effecting radical changes in the trace element composition of mobile Tsumeb,

Mine waters.
(D) Magnesium in Tsumeb Mine waters

Figure 1g shows that the concentration of magnesium, like that of
calcium, shows a general but not strong tendency to decrease with depth.

The theoretical basis for the calculation of solution equilibrium
data for magnesium has been adequately described by Loewenthal /23/ and
Stumm and Morgan /43/. These calculations are much less complicated than
the corresponding ores for calcium (Appendix 1); this owing principally to

the fact that the equilibrium relationship between calcite, dolomite and
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dissolved magnesium is essentially independent of pC0,, pH and (moderate)

pressure. We have seen that most TMW's are nearly in iquilibrium with calcite.
- Stumm and Morgan have shown that natural waters in equilibrium with both
calcite and dolomite will have molar [Mg]/[Ca] ratios of 0,8 = 0,1 (the
uncertainty representing experimental error). The range of this ratio for
TMW's is 0,81 to 1,65 and the mean ‘is 1,05. Thus the Tsumeb waters are
consistently, and in most cases slightly, oversaturated with magnesium. This,
rather_than being anomalous, is to be expected /1204-5/. Wigley (1973 /1205/)
stated that ''groundwaters from dolomite rocks in cool climates frequently
contain an excess of magnesium over calcium...This can only come about if the
solution of dolomite is accompanied by the concurrent precipitation of
calcite: this would necessarily lead to the incongruent solution of dolomite'
(p. 1397). -
The dissolution of dolomite is an irreversible reaction and the state

-of equilibration between this mineral and calcite and aqueous Mg++’;an be
approached from undersaturation 6nly. Because all common salts of magnesium
are more soluble than dolomite (see nomogram in Fig. 11, Appendix 1), excess
magnesium can be removed from solution only through the reaction

(s = solid) ' 2CaC03(s) + Mg CaMg(C03)2 +catt ,
which is extremely slow. Thus it may be noted that magnesium occurs less
frequently that caclium in TSS samples from TMW's, and in much lower
concentrations (Table 3.41). That it occurs at all is probably because of

the effects of cb-precipitation or the presence of mechanically comminuted
dolomite. 1t appears that Mg/Ca ratios will tend to climb above the
equilibrium value in those dolomitic formational waters that are hydrclogically
active; i.e., Qhenever there is a continuous process of simultaneous
corrosion of dolomite and precipitation of calcite, with a resultant
accumulation of dissolved magnesium. This process is probably a natural state
of affairs in any karstic, dolomitic terrane that is undergoing chemical
weathering and erosion /1205/. Thus it méy be noted that the mean molar

Mg/Ca ratio for the waters from shallow boreholes in the Otavi Mountainland
(Chapter 5) is 1,08 - almost exactly the same as the mean value in the TMW
samples - although the range of observed values.in the borehole waters is
larger (probably because much greater variations in lithological environments
and hydrogeochemical conditions are encountered in. the host rocks).
Furthermore, the ratio for the only Upper dilute Group Ib water, which is
apparently an example of natural, unrecirculated recharge water, is.also 1,08.

According to Loewenthal (pers. comm.) the Mg/Ca disequilibrium can be expected
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to affect the dolomitic formational waters .to a very great depth, pfovided
that some slow exchange of water continues to take place there. This is
because all waters entering the deep strata must, at some stage, have passed
through_shallower, weathered strata and will have carried along an excess
of magnesium. This excess can be lost - if at all - only by the very slow

ion-exchange processes that convert calcite into dolomite. Thus it may be
noted that the deepset, least disturbed TMW's - the two samples of Group
IIE -~ have molar Mg/Ca ratios of I,OS and 0,99.

In most parts of the mine the corrosion of dolomite is likely to be
accelerated by two factors, although it is impossibie to say to what degree
either of them boosts the natural rate of dissolution. The first factor is

recycling of groundwater. Preferential precipitation of calcite will be
promoted by recycling, for example through the loss of carbon dioxide or

in water softenihg._There is no corresponding compound of magnesium that
will be precipitated in nearly neutral waters. Secondly, the oxidation of
sulphidic ore, with the release of corrosive sulphuric acid, will contribute
to high Mg/Ca ratios if calcium is subsequently removed from the spent
acidic solution as calcite. A very high Mg/Ca ratio could therefore, in
theory at least, be regarded es a potential indicator of sulphidic
mineralization in dolomitic host rocks. An examination of the analytical
data shows that there is a weak tendency for the waters of Group IA (Stope
waters, in contact with the shallowest, most aerated ore) to have

elevated Mg/Ca fatios. However, the correlation is tenuous and it may be
objected that it is_meaning]ess, because the stope waters are also prime
candidates for examples of directly recycled waters. Under the circumstances
it can scarcely be claimed that the Mg/Ca ratio can be used for the purpose
of delineating ore zones wéthin the Tsumeb mine. In Chapter 5 (second
orientation study of waters from shallow boreholes) it will again be shown
that there is a vague but not unique relationship between the locations of
- sulphidic ore and high Mg/Ca ratios in associated groundwaters. It will

also be shown that several serious difficulties stand in the way of using

this ratio as a pathfinder.
(E) Interim summary; The major components as pathfinders in TMW

1t does not appear ito be possible, from this study of TMW, to
identify any of the major components other than sulphate as a potential
pathfinder. Sodium, chloride and sulphate appear to be recycled on a large
scale, although the last of these is being leached from the ore in the
upper levels. Calcium, magnesium, pH and bicarbonate are controlled more

- by the carbonic system than by other factors. Although the release of magnesium
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~into the water may be related to the acticn of. sulbﬁuric acid from the .
orebody, there are important complications that vitiate the usefulness of
this ion or the Mg/Ca ratio as pathfinders.

If any pathfinder other than sulphate can be identified iﬁ this study,
it will be amongst the trace elements (subsection 4.6 following). It is
nonetheless worth noting that recycling in the TMW's effectively disguised
the role of sulphate as a pathfinder in several of the most important bodies
of groundwaters occurring at depth. It remains possible that subtle but
important features of the natural distributions around the mine of
sodium and chloride have been totally overprinted by this recycling; one must
consider the possibility that some proportion of the sodium chloride that
is being recirculated was originally derived. from the ore, stt as the
recycled sulphate was. The possible role of these two ions as pathfinders
for sulphidic ore in the Otavi Mountainland should therefore be carefully

reconsidered in the planned second orientation survey (Chapter 5).

L.6 The Hydrogeochemical Model  (11): Inclusion of the data for the trace

elements
(A) INTRODUCTION

The objects of this subsection are (i) to examine the data for the
trace elements and to see how well the distribution of these elements
correlates with the distribution of the major groups of waters encountered
in the Tsumeb mine. (ii) on the basis of (i) above, to identify potential
pathfinder trace elements, while bearing in mind the strict limitations
imposed upon this task by the fact that most of the TMWs are recycled and
are véry probably no longer truly representative of the natural waters
that would normally be in contact with the orebody.

The principle approaches that were employed in testing for meaningful
patterns within the trace element data are summarized below. Most of the
bulky tables of detailed computed data and statistical calculations have
been omitted, especially where no positive features are demonstrated by them.
Many elements that were analyzed but which proved to be of very little
‘interest in terms of prospecting are discussed only briefly or not at all
and the diagrams showing the distributions of these metals have been omitted
in order to save space. These include silicon, which has a very uninteresting
distribution and others such as Mn, Fe, Co, Mo, Ni and Sb, which were
detected in so few samples that it was not worthwhile plotting the data. Yet
| others (Rb, Cs, V, Au, Ag, Al, Tl and Bi) had concentrations that were so

consistently below the detection limit that it is impossible to comment upon
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their distributions. Chromium is an interesting special caﬁe. Most of the .
observed concentrations are near the detection limit and do not have an
interesting distribution, but there are a small number of anomalous values
that appear to be due mainly to the presence of kersantite dykes emplaced in 
and near the shallower portions of the orebody. It therefore seems likely
that these chromium anomalies are specious and they.have_been_ignored. The
metal is in any case rather immobile /345,55,775/ and there is little chance
that it could serve as a re@jonal pathfinder for base metals /783/., Thi§ .

conclusion was supported by experiments deséribed_in Chapter 5.

(B) EXAMINATION OF THE DISTRIBUTION DIAGRAMS FOR THE MORE IMPORTANT TRACE -
FLEMENTS, AND SOME RELATED STATISTICAL OBSERVATIONS ' |
(Wote _

Many of the variations of Fig. 1, and especially those showing the
distributions of the trace elements, are reproduced in the text as péper '
prints rather than as sepia overlays in Vol. Il. This was done with
reluctance, but was necessitated by the escalating financial burden of .
“reproducing the hundreds of diagrams>required for the several copies of
this thesis. During the interval between pianning of the required diagrams
and the final preparation of them the overall effective cost of sepia - .
overlays rose about ten-fold. Nor do the computer-drawn diagrams used here
compare in quality with those produced for the second orientation survey
described in the following thapters 5 and 6. This was because Chapters 1
to 4 were practically'finalized before the new plotter, which has a very
fine pen-increment and three pens, became available at UCT. The old plotter
was so slow, and the demand on it so high, that it was . not feasible to
use it to make many copies of each diagram, as it is with the new lnstrument.
" Neither could the author justify the time and cost that would have been
involved in re-creating all the diagrams for the mine water data with the

new plotting programs so that they could be redrawn on the new plotter).

The abundance of a trace element in water will obviously be sensitive
to factors that will hardly affect the concentration of a major component.
It is therefore not surprising to find that the distributions of trace -
elements in TMW's, as depicfed on the appropriate versions of Fig. 1, do
 not - Qeﬁerally speaking - appear to be closely correlated with the |
distributions of the major Groups of water. This observation was tested
formally by a non-parametric statistical method /6/ and it was found that
lithium alone showed a definite (95% confidence) tendency to vary
systematically in concentratlon between all of the different groups; i.e.,

lithium is the only trace element that could be used with some confidence to
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characterize and identify each of the major types of TMW's. The rather
random nature of the QEStribution of trace elements in these waters can
be illustrated moré‘directly by comparing smaller groups of samples with ..
very similar major element compositions. Five such groups, comprising a
total of fifteen samples, are shown in Table 4.6A. (The numbers used to
identify these groups are arbitrary and have nothing to do with the
nuﬁbering‘of the major types of mine waters described in subsection 4.2);
Casual observation of these data suggests that the range; of concentrations
of most trace elements fn aﬁy group are much wider than those of thevmajorA
components of that group. This is confirmed by the data of Table 4.6, which
shows;vseparately for each group, the ranges of observed concentrations of _L'
various chemical species as a percentage of the mean concentration of each.
An éxample of how these numbers were derived is given at the fqot of the
table. It can bevseen that bicarbonate, sulphate, calcium, magnesium, '
chloride, sodium and TDS have values ]ess than 20%, i.e., these species
have a relatively constant abundance. Lithium, potassium, strontium and:
silicon vary by about 20-30%, and tellurium, selenium and cadmium by about
40-70%. The values for all the other trace elements indiéate much. more |
variation. Closely related waters thus have different abundances of trace

‘elements, and éspecially of heavy‘metals. Note in addition that the value
for TSS is very variable. It seems likely that the concentrations of ‘
elements that are in colloidal suspension rather than in true solution, or
which are readily hydrolyzed, will be profoundly influenced by the effects
of simple filtration as the water percolated through the host dolomites.

Despite: the general disorder in the data for the trace elements, many
of fhe diagrams .reveal some less universal trends and partial correlations -
that may be of significance in the process of identification of potentialvl'
pathfinder species. Only a few trace elements have distributions that do not

appear to be related in any manner whatsoever to lithological factors or
other external controls. The diagrams for the individual trace elements are

discussed below:
(1) Trace elements that appear to be randomly distributed

.These are germanium (Fig. lr),'phosphate’(Fig; 1v) and strontium (1x).
High or low concentrations of each of these elements appear at random in '
the different groups of TMW's and there is no evidence, from the respective
_diagrams,'that their presence is in any way related to the orebody or to
specific geological features. Strontium is a common minor component of .
dolomites and other naturally-formed carbonate minerals (500-3000 ug/g; /35,

1203,1206/) and the strontium content of carbonate groundwaters is often as



TABLE 4.6A. EXAMINATION OF TRACE ELEMENT DATA FOR SEVERAL GROUPS OF MINE WATERS THAT HAVE SIMILAR MAJOR ELEMENT COMPOSITIONS

Group Group 1 Group 2 ~ Group 3 Group 4 o Group &

Sample 156 131 134 136 150 148 137 154 161 141 138 142 - 164 151 144
TSS*  0,0000 0,0004 0,0536 0,0034 0,0008 | 0,0008 0,0008 | 0,0014% 0,0000 | 0,0000 0,0002 0,000% | 0,0002 0,0006 O0,0000
TDS* 1,26 1,30 1,40 1,45 1,22 2,04 2,02 0,94 1,10 1,56 1,44 1,64 1,18 0,96 0,90
Mg 90 99 - 91 96 - 92 115 115 102 115 89 95 91 74 84 80
Cats 149 138 139 142 141 186 189 155 136 158 154 158 122 126 123
HCQ g*% 538 537 531 546 536 428 433 192 190 L7 473 482 555 561 556
Cl_ 7% 147 148 143 137 137 285 294 130 134 212 232 237 89 86 77
SQ; x%x 3043 352 320 350 330 712 717 631 638 422 455 436 230 204 216
Fo3-*% 0,13 0,13 0,19 0,21 0,12 0,27 0,26 6,77 0,79 0,33 0,26 0,41 0,64 -~ 0,13 0,10
PO, ** 0,167 0,023 0,054 0,077 0,198 0,171 0,045 0,230 0,063 0,059 0,054 . 0,122 0,189 0,203 0,117
Nal k% 126 138 129 126 119 172 176 109 115 142 143 146 53 88 83

K %% 10 11 10 9 10 12 . 11 15 15 9. 8 8 3 8 7

Li *%x 13 118 10 10 13 12 29 27 10 9 9 6 8 7

Sr #x% 350 213 188 225 - 263 | 263 263 263 225 . 150 . 188 175 213 300 338

Cr ** 0,003 0,003 0,006 0,006 0,007 | 0,004 0,003 | 0,008 0,011 | 0,003 0,006 <0,001 | 0,014 0,066 0,006
M *%  <0,028 <0,028 0,141 0,338 '<0,028 | <0,028 <0,028 | <0,028 <0,028 | <0,028 <0,028 <0,028 | <0,028 <0,028 0,028

Fe *** <30 <30 50 67 <30 <30 <30 | <30 <30 <30 <30 <30 - <30 <30 <30
Mo *%% <10 <10 <10 <10 <10 <10 <10 <10 10 <10 <10. <10 <10 . <190 <10
Co *%*% <]’5 2,6 : 5,6 13,2 8,2 <1,5 <],5 <1,5 <1,5 <]’5 <],5 <]75 <],5 - <1,5 179
Ni #*% <2,2 <2,2 3,3 <2,2 5,0 <2,2 <2,2 <2,2 <2,2 <2,2 <2,2 <2,2 <2,2 <2,2 <2,2
Cu *%% <10 <10 <10 <10 - <10 10 Lo 10 91 20 <10 - <10. <10 <10 <10
In #%% 43 50 36 86 <20 - 29 59 1800 292 57 20 43 29 <20 43
Cd **% 0,9 1,1 1,4 0,7 0,7 1,5 1,5 320 100 | 1,7 4,6 1,2 0,6 0,4 0,8
Hg %% 167 111 1278 777 389 2111 3777 56 56 2666 2722 2722 <56 389 667
Si*x 2,0 1,5 1,7 2,0 2,0 1,3 1,7 1,7 1,0 1,3 1,3 1,3 1,3 2,3 1,7
Ge **% <3 57 7 90 64 33 80 30 30 <3 13 - 13 <3 55 13
As *%% <l 1 12 4 - 10 17 12 17 26 18 10 9 <4 <2 <1
Se *%% 185 218 80 112 158 - 168 239 115 2490 104 240 24 105 125 85
Te #%% 35 48 62 49 37 48 143 40 21 87 67 70 19 21 15
Pb %% L,6 6,4 9k b,5 4,8 10,4 20,0 15,9 13,3 10,8 12,1 9,7 h2 1,9 18,3

* = g/l. *% =mg/l. %%k = pg/l. Hkkk= ng/l.

88



TABLE 4.6B

89

The range of observed concentrations of various chemical species as -

percentage of the mean of the concentrations for the five groups of

(A) Range of values as a % of mean

related waters defined in Table k4.6A

(B) Mean of 5 values in (A)

Group
1 2 3 L 5

TSS 460 0 200 200 150 203
TDS 17 1 16 13 28 15
Mg 10 0 12 7 13 8
Ca _ 8 2 13 3.3 7
HCOS -3 1 1 2 1 2
cl 8 3 3 11 14 11
F_ 58 L 3 L5 160 67
50, 9 1 1 8 12 10
Pol*a 169 116 114 89 51 . - 108
Na 15 2 5 3 L7 31
K 20 9 0 12 95 27
Li L8 8 7 11 29 21
Sr 65 0 16 22 L 26
Cr - 80 29 32 >150 92 >90
Mo’ - - >0 - - -
Mn >275 - - - - >275
Fe >89 - - - - >89
Co >188 - - - >34 >188
Ni >94 - - - - >94
Cu >0 120 160 >75 - 140
In >140 53 144 93 >75 97
cd 73 0 105 85 67 66
Hg 233 57 0 2 >165 - 17
Si 16 27 52 0 57 31
Ge >197 83 0 >103  >220 >100
As >177 34 42 73 - >95
Se 92 35 70 173 38 65
Te 63 99 69 27 33 38
Pb 391 63 18 22 193 156

Example: From Table 4.6A, the values for TDS in Group i are 126, 130, 140,
145 and 122 mg/1. The mean is 132,6. The range is 145-122 = 23, which is
23 x 100/132,6 = 17,3% of the mean. This is rounded to 17 and entered above

in the columns marked (A), under Group 1. Values are similarly calculated

for Groups 2 to 5. The mean of the row of five values in (A) (17, 1, 16,

13, 28) is 15,0 and is recorded as 15 in the column marked (B). Some

semi-quantitative approximation ‘is unavoidable when several inequalities

are involved because many of the concentrations were below the detection

limit. The units used for concentrations are the same as those of Table

L. 6A.
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high as one milligram per litre /35/. The concentration of the metal -in
the Tsumeb ore is unknown.

Phosphate, too, can be a common minor component of many carbonate .
rocks /35/, but 'is a trace element (about 10 ng/g /52/) in the Tsumeb ore.
Little is known about the abundance of phosphate in unpolluted groundwaters
/35/ but 60 ug/1 is regardéd_as a typical figure. It is known that the
phosphate content of formational waters does not correlate well with the
lithology of the host rocks.

The behaviour of germanium is a little more difficult to understand.
Its concentration in carbonate groundwaters is typically 0-60 ﬁg/l /35/.
The element is not generally concentrated in limestones, but may be
encountered at levels from less than 0,1 to 1 ug/g in these rocks. The
amount of the element in the Otavi dolomites near the Tsumeb mine is not
known but may well be higher than average, since the element is somewhat
concentrated in the Tsumeb ore and for a time it wés extracted és a by-
-broduct and sold. The metal is present in significant amounts throughout
the orebody (/1174/ and Appendix E). The mean value is apparently about
50 ug/g but there were zones, especially on the shallower levels, where
concentrations of 1000 to 1700 ug/g were encountered (Appendix E). It is
unclear why there are no germanium anomalies in waters such as those of
Groups IA or 1iB and it will certainly be worth taking a second look at
the distribution of this element in the planned second orientation study

of the shallow borehoie waters of the Mountainland (Chapter 5).

(2) Trace elements that are more concentrated in some groups of mine waters

than in others

These are potassium (Fig. 1i), fluorine (1m), copper>(ln), lead (10),
zinc (1p), cadmium (1g), selenium (1s), tellurium (1t), lithium (1w) and
mercury (1y). These all show a tendency to be relatively less abundant in
the dilute waters of Groups 1B, IID, I1E and 1IF and correspondingly more
abundant in Groups fA, IIA, IIB and [IC. It has been shown that these
latter, more saline, waters have probably been recycled and that the
reliability of any pathfinders provisionally identified in them must
remain uncertain until checked by a second orientation effort using
undisturbed groundwaters. ,

The significance of either potassium or lithium as pathfinders is
dubious. The range of potassium is small ( 1-35 mg/1) and although the
metal tends to be more abundant in the more saline waters thi; is probably
because potassium to some extent follows sodium through the cycle of

recirculation.
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The range of observed concentrations of lithium is from 4 to 46 ng/l
and the distributicn of the metal is strongly and inversely related to
depth below the surface. The deepest waters have 4 to 8 ug of lithium per
litre. The shallow waters of Groups 1A and 1B have the highest values
(8-46 ug/1, of which the second lowest value is 20.pg/1). The waters at
intermediate depths have from 6 to &4 pg of lithium per litre, with the
second highest value being 18 ug/1. The cause and significance of this
trend are unknown. The lithium content of the Tsumeb pipe is unknown. The
dispersion of lithium around the outcrop of the orebody should be checked
in the secdnd orientation survey.

Fluorine is a trace element in the Tsumeb ore (about 50 ug/g /52/)
but is known to serve as a useful pathfinder for some types of base metal
deposits'/830,969/. JOn .the other hand, fluorine is often present in -
appreciable amounts in carbonate rocks /35/ and may simply have accumulated
in the TMW from that source during recycling or because of acidic attack
on the host rocks. The distribution of this anion must be re-examined in
the second orientation exercise. -

Selenium and tellurium are homologues of sulphur and occur in the
Tsumeb ore in concentrations of less than 100 ug/g /52/. Nonetheless they
are, in a relative sense, strongly concentrated in the Tsumeb pipe along
with germanium and arsenic /52,1171/. There is some doubt about the
magnitude of the Clarke values for selenium and tellurium /1200,1202/ but
the ratio (ppm/ppm) for S:Se is estimated at between 9400:1 and 15 000:1
and for S:Te at about 470 000:1. But in the Tsumeb ore these proportions
are around 800:1 and 2000:1 respectively. There is very little published
information about the use of selenium or tellurium in hydrogeochemical
exploratiocn. Neither element is normally as mobile as S{VI) in the
supergene envircnment /35,61/. Nevertheless, it has been shown that these
elements can become highly concentrated in mine waters. Faramazyan and
Zar'yan /808/ reported mean values of 640 ug Se and 45 pug Te per litre in
- waters from a base metal mine. The proportion S:Se:Te was 60 000:14:1. The
corresponding values for TMW are about 158 nug Se/l1, 45 ng Te/i and
3285:3,7:1. Both of these elements tend to show a maximum abundance in the
recycled waters between 26 and 35 levels. High concentrétioné of selenium
are also found in the shallow IA waters, but tellurium is less well-
-represented there. The significance of these features of the distribution
~of the two elements is uncertain. The second orientation study should show
whether complexes of these metalloids are capable of migrating beyond the
immediate vicinity of the cre. | .

The remaining base metals (Cu, Pb, Zn, Cd and Hg) are all present in

the orebody in amounts in excess of 100 ug/g and the first three are major
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components of the ore. All five metals - and especially zinc and copper -
have been used as pathfinders for deposits of base metals /48,345,802,822,
1033,1035,1039,1036/. ‘ | | |

‘Mercury is present in the mine waters in very small absolute amounts
(56 to 3800 ng/1) and most of the peak values occur near the North Break
Zone in waters of Group [1B. This is very significant because it is known
that mercury mineralization is practically confined to the North Break
- region of the pipe (Appendlx E). _ o _
| Copper and lead anomalies occur in all parts of the mine above 33
level. This is generally true for zinc also, but the extreme values for
. this metal occur in waters of Grbup IA, which are-particulariy-well'exposed L
to oxnd:zed ore.

~ Cadmium tends to follow zinc geochemlcally and it is theréfore

reasonable to find that the peak values for cadmium are also in samples
from Group IA. The metal is avaluableminor component of the ore (mean
value 400 ng/g; range up to 0,5% in some parts of the mine /52/ Appendix E)
and is recovered for sale. ,

The abovementioned five base metals all appear to be_pofential
pathfinders'for mineralization in the Otévi dolomites and must be studied

closely in the planned additional orientation work.

() ADDfTIONAL GRAPHICAL METHODS

Various calculated parameters such as (trace elemént/TDS) ratios and"
éums of components (e.g. [Cul + [Pb] + [Zn]) were plotted and examinedf In '
- addition, a great deal of effort was expended in trying to get useful |
information out of the raw data by casting the samples into groups on the
basis of similarity of Durov diagrams /486/ and related graphical
repfesentations of composition (/247/: Appendix D). This effort was, in .

. the opinion of the writef, totally fruitless and the many diagrams and

graphs that were developed are therefore not included here.
(D) NONPARAMETRIC REGRESSION CORRELATION ANALYSIS OF ALL TMW DATA

- The examinations of the TMW data described inforégofng Subseétfdﬁgu
have revealed several significant relationships between variables {(e.g. pH‘,
- with depth and Na with C17). In order to search sytematically for any -
additional, potentially useful fnter-relationships in the TMW data, the
BMDP program for nonparametric correlation /281/ was used. Values of zero
or less than the detection limit were deleted. ‘ ' |

Any correlation analysis that is performed on data that sum to 100%

is bound to produce some essentially meaningless correlations because of
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the effects of closure /1192/. Furthermore, many of the variables
encountered in this case are not really independent of all other variébles.
Sodium and chloride, for example, must obviously be related; these two ions
and the other major components must necessarily correlate with TDS.
Moreover, it is well known that some trace elements tend to concentrate in
waters with high TDS values / 1143/; these therefore also correlate well
with TDS and a host of cross-correlations is spawned. Examples: (i) zn
with TDS; Na with TDS; therefore Zn with Na. (ii) pH varies with depth as
pCO2 rises (subsection 4.5); temperature of the groundwater rises with
depth (geothermal gradient); therefore pH is correlated with temperature.

It is thus not surprising and certainly not very useful to find
that 99 out of 496 possible correlations are significant at the 99%
level of confidence. Many of these correlations are ridiculous; for instance
the concentration of chromium is inversely proportional to air temperature.
One way around this problem is to select only the very highly significant
correlations by setting the confidence levels extremely high. The writer
has arbitrarily forced the number of ''significant' correlations down to
about 5% of the maximum number of combinations by setting the threshold
coefficient at about 0,70, which corresponds to a level of confidence well
in excess of 99,99%. These highly significant correlations are compiled
in Table 4.6C. Most of these correlations are predictable or were already
obvious from the examination of the variants of Figure 1. Thus (i) the
temperature of the water and the concentration of lithium are related to
depth below surface. (ii) TDS correlates with many major components, which
therefore show correlations amongst themselves. (iii) Lead, being
relatively immobile /55/ and probably present in many of the mine water
samples largely as a suspension /52/, correlates strongly with TSS. (iv)
It was shown that most of the peak values for selenium and tellurium were
associated with saline waters near the NBZ; hence the correlations between
these two elements and NaCl. (v) Cadmium foliows zinc closely. .

The only remaining (i.e., previously unnoticed) correlations are
those between lithium and bicarbonate and fluoride. These probably
‘result from the fact that the concentrations of all three ions are related
to depth below surface. In any case the relationships are not obviously
useful from the point of view of exploration.

It appears that correlation analysis of the TMW data has provided
scant additional information that might be of use. in identifying

pathfinders in this project.

'(E) ESTIMATION OF THE OCCURRENCE OF ANOMALIES IN WATERS RECENTLY IN
CONTACT WITH ORE



~ TABLE 4.6C

Highly significant correlation values for TMW data

Sample size

Correlated parameters Value

..Water temperature-Level 0,79 36
TDS-Ca 0,82 36
TDS-C1 0,85 36
TDS-sulphate 0,78 36
TDS-Na 0,84 36
Mg-Ca 0,71 36
Mg-sulphate 0,86 36
Ca-sulphate 0,84 | 36
Bicarbonate-sulphate -0,72 36
TSS-Pb 0,70 24
Na-C1° 0,94 36
Te-Ci 0,79 31
Na-Se 0,71 36
Na-Te 0,74 33
Zn-Cd 0,98 27
Li-Level -0,71 36

" Li-picarbonate -0,74 36
Li-F 0,77 36
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It was shown in subsection (B) above that the distributions of trace

~elements were not generally related to the principal types.of mine waters.
An alternative possibility is that the trace element anomalies occur in
only those samples, of whatever type, that had been in contact with large
 masses of weathered ore shortly before being collected. This hypothesis
was tested by constructing a table (Table 4.6D) showing.how the five highest
values for each important trace element (plus sulphate) are distributed o
amongst the thirty six orientation samples. The six samples that were
collectéd from oreboxes (Appendix A) are specfally‘marked in the table.
lf;the hypothesis is correct then the samples from the oreboxes -i.e.
those waters that had definitely been exposed to some significant degree'to'
broken ore - ought to be well represented amongst the anomalous samples
identified in this table. The correlations in the table can be regarded
from the point of view of either "rows'" or 'columns'':

(i) Column correlations show the tendency of individual elements to
‘concentrate in orebox waters rather than in waters from other sources. At
the bottom of Table 4.6D is a row of totals that show how many of the peak
- values for each element were recorded from orebox waters. Thus two of the
five samples most anomalous in molybdenum came from this type of source.
On the basis of pure chance these totals should each have a value ofvoﬁe.j
. It appears therefore that Mn, Co, Ni, Hg, Se , Te and Pb are not being
freely liberated from the broken ore. (The values for iron and antimony

are indeterminate since neither of these metals was present in amounts that
‘could be termed anomalous in more than one or two samples; see'Chapter 3).
- A value of 2 for the total can be regarded as poésibly significant but>:
could also be due to coincidence in a high proportion of cases. Molybdenuh,
copber,vgermanium and arsenic fall into this group. Zinc and cadmium, with
values of 4 or 5, are almost certainly being released in relatively large
“amounts from the ore. This observation is genefally in keeping with the
findings of the foregoing subsections and with .the known hydrogeochemical
properties of these metals /55,802/. _ : ,. "

" Sulphate has a value of three and‘it, tbo; is certainly being _
released by the ore (cf. subsection 4.3, where it was shown that recirculation
cannot account for all of the sulphate present in the:majority of orebox or
stope waters). ' ' '
(ii) Row correlations show the tendency of individual orebox samples to be
rich in several trace elements. On the right hand side of Table 5.6D is
given the total number of anomalous values associated with each sample of
mine water. Also given is the corresponding subtotal for those species - Ge,
As, Se, Te ahd S - that tend to form anionic complexes. The data for Fe and

Sb are included in these totals. It can be seen from a comparison of this
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TABLE 4.6D.

The distribution of the five most anomalous values for each of several

elements determined in the orientation samples of Tsumeb Mine waters

Simple number ~ TOTALS

v Mo Mn Fe Co Ni Cu Zn Cd Hg Ge As Sb Se Te Pb S all anion
v '

131 L 0 0
132 x x X X X X X X. 8 4
133 S . , - . 0 0
134 X X x x . _ X 5 0
135 X I 2 0
136 X x x X L 1
137 R / X X ' X x b 3
138 e X 1 0
139 0 0
b0 x X _ x X L 1
141 X X 2 1
142 X ' X 2 1
143 0 c
144 . 0 0
145%  x e X -3 1
146 0 0
147 ; - 0 0
148 , . : 4 x 1 1
149 : X 1 0
150 . X X . 2 0
151 : 0 0
152  x X 2 1
153 ‘ 0 0
154% X X _ 2 0
155% X X ‘ x x & 1
156 ' 0 0
157 X x ‘ - x 3 1
158 X x X 3 2
159 . X 1 1
160% X X X X X x 6 3
161*  x . X X X 4 0
162 0 0
163 _ , 0 0
164 _ : X 1 0
165 X X ' X 3 1
166% x : . XX x X 6 3
-+ 2 1 (1) o0 1 2 4 5 0 2 2 (0) 1 0 1 3

4
+ < « Totals for oreboxes. * indicates samples from oreboxes.
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TABLE 4.6€

A comparison of the concentrations of various elements in the Tsumeb orebody

and in the waters of the mine ([E]r/[E]w)

)1 2 3 .
qET, (%) [E]w (ug/1) [E]r/[E]w | NOTES
Cu i <10 >=1
Pb - ' 12 10 0
Zn 3 © 10 -1
Ag 0,000001 <10 >=7 oM
Au 0,000001 <100 >-8 oM
cd 0,04 1 -2
Ge 0,005 10 . -4
As 1 » 10 -1
Sb 0,015 <10 . >=3
Hg 0,01 0,1 -1
Se 0,005 100 -5
Te 0,002 10 -4
TI ' 0,0005 ) <1 . >-h TY* |
v 0,007 - <10 S A OM SE
Cr 0,001 1 -3 OM SE
Mo 0,05 <10 | >-3 '
Mn 0,01 <10 >=3 0M SE
Re _ <0,0001 ND oM TY
Co 0,0005 <1 ' >=4 SE .
Ni 0,002 <1 >-3
Ga <0,0001 ND oM TY
in <0,0001 ND . oM TY
Sn 0,001 ND OM SE
p 0,001 10 -4 OM SE
Bi 0,0001 <10 >-5 oM
" F 0,005 100 -5
cl 0,05 100000 =7
Br <0,0001 ND : OM TY
Fe 1,5 <10 _ >=14
Si 9 1000 -2
Ca 14 100000 -4
Mg 5 10000 -4
Al . 0,5 <10 >=2
S _ L ' ' 100000 -5
co., 20 _ 100000 -
K 3 U 10000 |
Na U 100000
Li U 10
Rb U <10
Cs U <10
Sr u 100

(1) Most [E]lr values are from run-of-the-mill ore between 1964 and 1974 /52,
30/. (2) A1l [Elw values are order of magnitude. (3) The ratio is expressed as
a power of ten. Codes: U = unknown; ND = not determined; the following apply
to [E]r only: OM = order of magnitude; TY = concentration in baghouse dust over
ten year pericd; Se = spectral estimate; * = may be higher than estimated.
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rtab]eYWEth Table 4.2, and also from the variants of Figure 1, that samples
that are highly anomalous with respect to several individual elements cccur
widely in the groups of mine waters that were designated A, |lA, liB and
11C (subsection 4.2). Howéver, the anomalies are not evenly distributed
amongst these waters and a few samples are very "multi-anomalous' compared
to the other samples of TMW. This is true for both the total trace element
patterns and for the nonmetallic ("anionic'') microcomponents. Some of the
orebox»watersvare multi-anomalous, but many of the most multi-anomalous
waters did not come from oreboxes. Only 28 out of a total of 74 (38%)
individual anomalous entries (marked with an x) in the table are associated
with the orebox waters. The success rate for the anionic species (9 out of
30 = 30%) is somewhat poorer. |

One must conclude that there does not appear to be much chance of
producing a useful multi-element index of anomalousness for Tsumeb Mine
waters, such as those proposéd for certain North American aﬁd Soviet base

metal deposits /1097,1030/.

(F) COMPARISON OF THE RELATIVE ABUNDANCES AND MUBILITIES OF THE DISSOLVED
ELEMENTS IN TSUMEB MINE WATER

‘Another feasible method of attempting to pinpoint potential
pathfinder ‘elements is to examine the relative mobilities of various
microcomponents in waters closely associated with the orebody being studied
/50/. A comparison was made of the average concentration of each element in
the TMW's ([E]Jw) with the corresponding average concentration in the orebody
([Elr). Table L.6E gives the approximate average concentrations of various
elements in Tsumeb ore /30,52/ and in the mine water. In most cases this
is given on an ''order of magnitude' basis. The ratio ore/water is given as
%/ug/1, the units being relative and unimportant. A high Va]ue for this
ratio characterizes those elements that are poorly represented in the water
- compared to their concentrations in the ore; the smaller the value of the
ratio, the greater the relative hydrogeochemical mobility of the element
concerned. The ratios recorded in the table vary from 109 to 10—7, which
is an extremely wide range. Some values for the ratio can be given only
as inequalities because either the numerator or the denominator has a
concentration less than the detection limit. The data in the table can be

summarized as follows in terms of the ratio [E]r/[Elw (power of ten):

-7 €1 (Au) - -3 ¢r (T1) (v) (co) (Fe) |
-6 (Ag) , ’ -2 Cd Si (Sb) (Mo) (Mn) (Ni)
-5 S F Se (8i) -1 Cu Zn As Hg (A1)

-4 Ge Te P Ca Mg C as HCO_ 0 Pb

3
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The elements given in parentheses are those for which the values of the
ratio are inequalities. They are placed in the lowest possible category
in which they may occur. for example, the real position for bismuth may
be in the 10°" ciass or in a higher class, but it is definitely not in the
'10"? class.

The distribution of the elements analyzed amongst these groups is a
fair reflection of their general periodic properties. The non-metallic
elements show lower ratios and the metallic elements higher ones. The
heavy metals are, without exception, concentrated towards the upper end
of the range and not one of them is singled out as particularly and
relatfvely abundant. On the contrary, the list may perhaps be regarded as
an indication that anionic species such as S, Se, Te and F are potentially
the most useful bathfinders in TMW. _

- These results are only partly consistent with the conclusions reached
in the foregoing subsections. However, it is probably not reasonable to
make a direct comparison between the pathfinders "identified' by these
radically different approaches; the one using the plotted data tests for
individual anomalies well above the threshold value, while the one using
rock/water concentration ratios is concerned with average mobilities in
all samples. Nevertheless, the latter approach supports the writer's
belief that no unexpectedly mobile element has been accidentally overlooked

or underemphasized during the search for pathfinders.

L.7 Conclusion of Section Il. Evaluation of the Tsumeb Mine as a site for

hydrogeochemical orientation surveys
(A) Swmmary discussion

The reader will recall that in Section 1 of this work we examined the
‘possibility of and procedures for locating buried orebodies similar to the
Tsumeb deposit. |t was decided that it would be desirable to do some initial
orientation work on waters closely associated with this type of ore and the
obvious place for this was at the Tsumeb mine. This approach is theoretically’
sound /53/ and has been used successfully by several workers /113,115-6,511,
121/. . : '

The study of the Tsumeb Mine waters has nevertheless shown that one
cannot confidently establish well-defined hydrogeochemical exploration
criteria for an ore deposit like the Tsumeb body. from a study of the waters
that presently circulate through that body. The reasons for this are readily
apparent. In hvdrogeochemical exploration one rarely finds a situation where

the relationship betweer ore and the distribution of dissolved trace elements
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is not affected by independent factors such as hydrology, geology and major
element hydrogeochemistry. I|f these variable extraneous factors become
powerful, then the interpretation of the relationship between the distribution
of dissolved trace elements and the location of ore becomes corfespondingly
more difficult. In the preceding subsections it has been demonstrated that
the hydrogecchemical situation in the Tsumeb mine is a particularly complex
6ne, strongly influenced by the existence of dynamic, separate bodies of
water, recycling, accumulation of ions and variations in geological setting.
The hyafological regime can be outlined only in a rather general manner and
the effects of these individua\ inTfluences cannot be properly resolved in
‘most cases. Ny

It is therefore not surprising to find that important difficulties
are encountered in trying to construct a rational picture of the behaviour
of trace elements in TMW's, or in attempting to identify any indicator
elements dissolved in them. Several workers have run into similar problems
while attempting to use mine waters for orientation purposes /800,512,541/,
Suetin /1150/, in particular, warned that orientat}on studies of the waters
of orebodies should preferably be completed before mining commentes, since
the mining operations may cause serious changes in the composition of the
groundwater associated with the ore. v _

Nonetheless, the study of the waters of the Tsumeb mine has provided
a short list of elements and ions that should be carefully re-examined in
a second orientation exercise and has given some indication of what
analytical methods to use and what levels of concentration may be expected
for the various dissolved components. The list of '""most probable' candidate
pathfinders comprises the base metals copper, lead, mercury, zinc and
cadmium, of which the last two are particularly favoured, and sulphate,
lithium, selenium and tellurium. The "'less probable' candidates are

molybdenum, germanium, arsenic, sodium and chloride ion.
(B) Summary conclusions and recommendations

The study of the Tsumeb orebody and its waters has not provided a
shortcut to the development of a hydrogeochemical prospecting method for
Jocating sulphide ore in the Otavi dolomites. The alternative available at the
termination of the study of the mine waters was to attempt a new orientation
project using waters from surface boreholes situated in the vicinity of known
ore deposits. The nature of such an orientation survey makes it mdch less
susceptible to the kinds of problems encountered in the study of the mine
waters. (Some complications due to recycling were encountered in the second .
study, but proved to be of only minor significance). The second orientation

survey is described in Section 3, following.
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SECTION 3. ORIENTATION STUDIES USING NORMAL SHALLOW GROUNDWATERS AND THE
APPLICATION OF THIS INFORMAT!ION TO THE SEARCH FOR ORE IN THE
' KALAHART AREAS

Chapter 6. Orientation studies of the hydrogeochemistry of groundwaters from
borehcles and other subsurface sources in the vicinity of the |

Tsumeb and Kombat mines

5.1 Introduction

' This portion of the thesis is constructed similarly to the
preceding one (mine water orientation) but is considerably shorter; because
many points and principles covered in the foregoing chapters, and in the
Appendices, are also relevant to this chapter and need not be repeated.

The reader should note especially that a great deal of anciilary
experimental data, which are germane to this section, have been removed
from the text and placed in Appendix J. This appendix includes the results
of pumping tests on and contamination studies of boreholes, contamination
tests on the sample containers, tests to monitor the stability of water
samples and studies of seasonal changes in the compositions of borehole
waters. The principle results of these experiments are included in the
summary given at the end of this chapter.

There are cogent prima facie reasons /k9/ for expecting to find
significant changes in the compositions of ordinary groundwaters that
" have been influenced by either weathered sulphidic ore or the lithogeochemical
anomalies associated with deposits of these ores. This is especially true of
the Tsumeb and Kombat orebodies, which are well-oxidized and have been -at
least until recently - abundantly supplied with groundwaters from the host
dolomites during the process of weathering. Sohnge /67/ noted that the
weathering and oxidation of the upper part of the Tsumeb orebody caused
metal-rich waters to be fed both down into the hypogene portions of the lode
and away from the pipe into the country rock.

To test the relationship between known, shallow orebodies of the Damara
dolomites and the chemistry of adjacent groundwaters (as sampled from the
surface), some 80 sources of groundwaters in the Otavi Mountainland were
selected for study. Most of these were boreholes marked on TCL maps, or
perennial springs. Boreholes and springs are fairly common in this region
and there was little limitation on the geographical distribution of selected
" sources. Many of tHe'water sources originally selected could not be used,
however, usually because of collapses in the boreholes or inoperative

pumping equipment. In all 54 sources were eventually sampled. This gave good
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coverage of two large crebodies (Tsumeb and Kombat), as well as coverage of
several independent areas with no known major mineralization, whfch were
taken to be background zones. Three points should be made clear at the outset:
(1) It was a foregone conclusion that the orientation work was going to be
somewhat inadequate {cf. discussion in Section 1). The two orientation targets
- the orebodies at Tsumeb and Kombat - are emplaced in dolomite, exposed at
the surface, and heavily dewatered. Our would-be target orebody will be
thickly covered by overburden permeated by formational waters that possess
hydrogeochemical characteristics unlike dolomitic waters, and will not have
been strongly dewatered or affected by recirculation. There is nothing that
'can'be done about this, for we do not have a known orebody conveniently
buried under 20 metres of calcrete and sand. We can but study the hydrogeo-
chemical halo of the ore in the dolomite, and observe the chemical patterns
in the waters of the Kalahari areas, and then make hopefully intelligent
guesses about how the former should look were it superimposed upon the Iatter
This is dangerous, but everyone'lnvolved in an exploration project of this
type has to come to terms with the fact that we are geochemists and not
magicians. | | |
(2) The type of pumping equipment installed on the various water points that
were sampled varies greatly. They are pbwered by hand, wind, electricity
or internal combustion engines running on a variety of fuels. Only a few
sources, e.g. springs, did not have any kind of pumping hardware nearby. A
danger of contamination therefore exists in most cases (Appendix J). Any
attempt to minimize metallic contamination by dfsmantling the pumping
equipment and using a down-hole sampler was out of the question for several
reasons: N |
(i) 1t is often highly impractical and in some cases almost impossible to
dfsmantle these installations. Plate 2 gives some idea of what is involved.
(ii) Many borehcies are cased to unknown depths or have submersible pump
casings which cannot be removed. _

(iii) Most farmers will in any case not permit the dismantling of pumping
equipment, because to do so would endanger their water supply and hence their
livelihood. Nor will they permit one to lower a sampler for fear of it
jamming and blocking the borehole.
(iv) Boreholes that had not been pumped for some time prior to sampling
(described as “standing holes'') needed to be pumped for a while before
- sampling, in order to clear stagnant water, rust, organic matter etc. from
the hole. '

Thus it was necessary to use the borehole installations as one found
them, and to make the most of the.data obtained from them in this manner.

(3) The hydrology of this part of Namibia is not well known /270/ and a bare
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minimum of hydrogeochemical and hydrological data and information from bore-
hole lbgs was available to the writer. Much of this limited collection of
data was provided by the Administration of the Territory on the clear
understanding that it was not to be reproduced in detail here or elsewhere;
it is permissible only to make very general comments about the implications
of these records. Nevertheless, this information proved to be very useful
and has had an important infiuence on many of the general deductions that
the writer has based on the chemical data compiled in this fhesis.

There was no question of being able to supplement the small store
of unpublished hydrological records with additional studies of this kind.
Neither the time not the equipment was available for an undertaking of this
nature. This is a fairly average state of affairs in pfactical hydrogeochem-
ical exploration projects. Although the importance of hydrology in these
undertakings is widely recognized /55,1080,1007,992/, most workers have
found that it is seldom feasible to combine large-scale hydrological and

chemical studies of groundwaters during prospecting ventures.
5.2 Sampling

The general procedures followed during sampling were similar to those
described in Chapter 3. It was decided to modify the method by acidifying
one aliquot of each sample with nitric acid at the collection point. ( Note,
however, that it is undesirable to add an oxidizing acid to water samples
that are to be analyzed for metalloids such as Se and Te by the hydride
reduction procedure /171-3/; see Appendix B4 for details. Hydrochloric acid
may be used for these samples). The samples were acidified for the following
reasons:

(1) Many of the samples had to be transported for long distances over poor
roads and up to 14 hours elapsed between sampling and freezing. The samples
from the mine were always frozen within six hours. (Appendix J3 shows that

the major components in the samples collected during the second orientation
study were not affected by the extra-delay before analysis). _

(2) Many of the borehole waters are rich in micro-organisms. When exposed
.to sunlight, these can effect radical changes in the concentrations of some
elements within minutes /1187/. These organisms are indisposed at low pH values.
(3) Many of the waters are very hard and saturated with respect to compounds
such és calcite, iron hydroxides, phosphates etc. Undesirable precipitation
and co?precipitation effects are prevented by acidification.

(4) Acidification, in addition to freezing, reinforces the immobilijzation

of trace elements that are stored for some time prior to analysis /55,49,1002,
1004,158/ ' '
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(5) The orientation study of the mine waters had shown'that many of the
elements of interest in dolomitic waters may be partly in suspension and
partly in solution. Most of this suépended matter is soluble indilute
acid and addition of the acid is therefore desirable in order to achieve a
determination of the total concentration (suspended conc. plus dissolved
conc.) of the analyte in the sample. |

The effect of the addition of nitric acid on the pH of local waters is
shown in Table 5.2. The addition of even 10 ml 6f acid lowers the pH to Iess.
than 2. . | ’ o

At each‘éémpl?ng point six one?iitre'HDPE Bottlés'with press‘f}t;"
plastic closures were filled as follows:
(a) two, unacidified, for wet chemical analyses immediately_ubon return to
the laboratory. o u.
(b) four, filled to a previously-marked 800 ml reference line, with 20 ml
of Analar grade nitric acid (Merck) added immediately from an auto-dispenser.
These samples were placed in a freezer immediately after returing to Tsumeb,
and kept at -200C until required. ' ) ' |

Samples were collected as near to the source as possible and in some
cases this entailed the dismantling of piping; Pumps that had been idle for
‘more than a couple of days were allowed to run for at least ten minutes ~
before a sample was collected (see Appendix J for details); A record was made
of the type of source and pumping equipmenf and of the pH and temperature of

the water. Any available hydrological data was noted.. Sampling was completed -

during March 1974.
5.3 Summarized analytical data and results

Details of the analytical methods used will be found in Appendix B.
Most of the methods used have already been encountered in the examination of
the analytical data collected during the study of the mine waters (Chapter 3
and the corresponding subsection B3 of Appendix B). New or modified methods =
used for the first time in the second orientation study are compiled in .
‘subsection Bk of that appendix, which also contains details of checks on
precision etc. - | ’ '
' Because of doubts aboﬁt the the ultimate reliablity and usefulness of
the hydrogeochemical exploration criteria established in the first orientation
study of the disturbed and recycled Tsumeb Mine waters, it was decided to re-
-examine in the second study all of the species that had been determined in
the first one. Particular attention was, of course, paid to the determination
of the “candidate“'pathfinders identified in the mine waters. The only

observations made during the first orientation and not repeated during the
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TABLE 5;2

Effect of nitric acid, added as a preservative, on the pH of local waters

Sample Original pH +10 mi HNO +20 ml HNO

3 3
Tsumeb tap water!l 7,0 1,x ’ 0,x
0tjikoto Lake? 7,0 1,2 0,8
Otjikoto Lake? 8,7 1,2 0,7
Borehoie 1 | ’ 6,8 » - 0,5
Borehole 2 6,8 - 0,2

Borehole 3 6,1 v _0,6 -

(1) Mean values for several samples.
(2) The pH varies in different parts of the lake.

The original volume of all aliquots tested was 400 ml.
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second ‘were air temperature and rate'of flow of the source of the water. The-
'followingiobservations and determinations remained essentially unchanged,
except for some minor variations in the volumes of reagents used, or in the -
blank procedure, which may have resulted in slightly different detection |
llmlts or precision figures; in all appropriate instances blank corrections
were made for the acid added to the samples in the field:

description of the type of source, water temperature, pH, TSS colour,
-TSS mass, TDS, Mg, Ca, hydroxide ion, carbonate, bicarbonate, chloride,
:fluorlde, sulphate, phosphate, Na, K Li, Rb Cs, Sr, V, Mo, TI, Sl, Sb and Bl.
New or highly modified AAS technuques were used for the followung groups
of elements; in all cases these new technlques were adopted to reduce
1nterferencesand lmprovelnmnts of detection: '
(i) H |
(i) Cr Mn Fe Co Ni CuAu Zn Cd Pb
(iii) Ag Al
(iv) As Se Te Ge

The precision data for these sets of data_are generally not very different

from those compiled in Chapter 3 but any changes were always improvements.

For certain eienents such as Au, Se and Te the improvements were marked.

~~ Many of the results obtained during multiple analysis of real check samples

- are compiled in Appendix B4. The quality of the analysis was consistently '

good. All total analyses were checked by the method of ionic balances.

(B3 in Appendix B). Any assay in which the percentage difference

- (100(C-A)/(C + A), where C = total cations (meq) and A = total anions (meq) , -

exceeded 4% was rejected and the sample was're-analyzed. ' ’ v
The principal data collected during the analysis of the sampfes of the

second orientation survey are compiled in Tables 5.3(1) to 5.3(9).
5.4 Interpretation of the orientation results -
‘ (A) INTRODUCTION'

An examination of Table 5.3(n) shows that many of the species listed
are clearly useless as pathfinders in this study because they show too small -
'avrange in concentration or because they could not be detected in a large '
proportion of the samples analysed. Hydroxide, carbonate, Li, Rb, Cs, V, Cr,
Mo, Ag, Au, Cd, Hg, Tl, Ge, As, Sb, Bi, Se and Te must all be immediately
dismissed on these grounds. ' ' ' ) i
Note that this eliminates many of the ''candidate" pathfinders thatvwere'f

.identified in the study of the mine waters in section !l. It is apparent that



TABLE 5.3(1) MEASUREMENTS MADE IN SITU ) 121

Sample Name - : -Source Water pH
number ‘ code temp.
271 Kommando Skietbaan BD 25,5 7,35
272 New Lucerne _ BE 22,9 7,6
- 273 Kiln Tsumeb BE 27,0 7,7
274 Kiln 0tjikoto BE 27,5 6,7
275 Paviaansdam Tsumeb ' BD 26,0 5,9
276 Dairy Post V BD. . 25,0 6,7
277 Dampos : BD 27,0 7,4
278 Alte Bobos ' BD ' 28,0 7,6
279 - Stephanus Post 4 BD 26,8 6,2
280 . Welcome Post BD 26,2 7,2
281 Stasiepos BD 25,8 6,6
282 Petruspos . - BD 27,2 6,85
283 Tsumeb West . BD 26,0 7,2
284 Abo gD 27,2 7,0
285 Cook's House BD 24,8 6,8
286 Smiths 480/18 8G 25,8 6,8
287 Vegetable Garden West BE 26,0 6,8
288 . Vegetable Garden East-Central BE 26,0 6,7
289 Westerwald HQ . S 23,4 7,15
230 Westerwald Hill S 24,0 7.7
291 Pfafferot HQ ‘ S 22.8 7,7
292 Pfafferot MQ ' S 23,2 7.3
293 Pfafferot Cattle Post 4 WH 19,0 7,05
294 Olifantsfontein : S 24,8 6,2
295 Acra BD 25,0 7,15
296 Cooktown BD 25,8 7,40
297 " Cork ' BD - 25,8 8,3-8,4*
298 New Colombo BD 26,0 7,10
299 01d Colombo BD 27,0 6,90
300 Alborg , BD 25,0 6,90
301 Van Biljon Skietbaan BD 22,2 7,65
302 Van Biljon Huis BD 22,3 7,58
303 Kombat Store BA 19,5 7,08
304 Avondrust o BG 22,2 7,4
305 Rogerberg ~BD 23,2 6,9
306 Rietfontein } S 28,5 7,6
307 Asis West BD 19,0 7,2
308 Station Arkose BP 18,0 7,20
309 Kranzberg East ' BD 18,8 7,2
310 Kranzberg West - BD 22,5 6,7
311 Gross Qtavi : BA 20,8 6,2
312 - Karlsruh : BA 21,2 6,3
313 Sinkhole Harasib ' ' BD 23,8 6,40
314 Uitsab : A - BD 22,8 6,70
315 Lucas Post . BD 21,8 7,48
316 0tjikoto : L 27,0 8,40
317 Bergpomp BE 22,0 6,9
318 Vegetable Garden Far East BE - 26,5 6,55-6,65%
319 Otavifontein N S 24,5 7,60
320 Kupferberg , BA 18,6 8,4
321 - Kwb622 U 24,0 7,40
322 KCh473 ' ' u 23,8 6,90
7323 KW739 : v 22,0 7,08
324 Felsenque!ll S 18,3 7,05

Source codes and other abbreviations used: A = wind pump. B = borehole
D

H = hand pump. S
U = shallow underground borehole. HQ = Hausquelle. M) = mineralqueile. * = varies.

Diesel pump. E = electrical pump. G = petrol pump. P = paraffin pump.

perennial spring. L = sinkhole lake. W = open well.



TABLE 5.3(2) HARDNESS; SUSPENDED AND DISSOLVED SOLiDS 122

TSS TDS Hardness mg/1
Sample Colour of TSS (Munsell /1191/) g/l g/1 Mg Ca
271 pale yellow 2.5Y8/6 0,0006 0,598 64 108
272 - reddish yeliow 7.5Y6/6 0,0320 8,979 96 58
273 brown * 0,0022 0,469 56 92
274 emee- xk 0,0000 0,466 55 90
275 vyellow'& black a2.5Y8/6%%% 0,0016 0,450 57 96
276 reddish yellow 7.5YR7/8 0,0050 0,802 Lg 140
277 pale yellow * 0,0012 0,481 53 108
278 pale yellow * 0,0006 0,488 32 152
279 ==--- o % 0,0000 0,489 27 172
280 pink 5YR7/3 0,0612 0,461 50 108
- 281 mottled yellow a2.5Y8/ k% 0,0010 0,475 29 148
282 ----- ’ *k 0,0000 0,498 24 168
283  reddish yellow 7.5YR6/8 0,0042 0,461 27 152
284  pale yellow & grey * 0,0000 0,511 27 164
285 reddish yellow 7.5YR7/8 0,0078 0,695 80 104
286 pale yellow & grey * 0,0012 0,530 L6 136
287  grey % 0,0006 0,466 51 116
288 grey * 0,0006 0,971 91 129
289  grey % 0,6004 0,449 34 148
290 grey - * , 0,0000 0,475 56 116
291 grey & green * / 0,0006 0,479 kg . 112
292 grey : * ‘ 0,000 0,511 56 128
293 pale yellow * 0,0002 0,525 51 148
294 grey . % 0,0010 0,412 10 16k
295 . reddish yeliow - 7.5YR7/8 0,0058 0,470 24 176
296 pale yellow * ' 0,0000 0,615 53 176
297 very pale brown 10YR7/4 0,080 0,678 93 114
298 reddish yeliow 7.5YR7/8 0,0070 0,508 38 172
299 pale yellow % v 0,0082 1,491 147 198
300 grey * 0,0010 0,520 51 152
301 yellow 2.5Y8/6 0,0028 0,386 35 51
302 reddish yellow 7.5YR6/8 0,0072 0,289 23 64
303 yel low 5Y8/6 0,0000 0,722 90 72
304 pale yellow 2.5Y8/% 0,0108 0,524 105 32

305 brown & yellow a2.5Y8/6%%*  0,0028 0,463 50 8L

306 grey 0,0004 0,407 48 82
307 black & brown al0YR6/6*%*  0,0116 3,658 53 373
308 1. yellowish brown 10YRG/4 0,1152 0,400 51 76
309 dark grey 10YR4/1  0,1344 0,400 83 52
310 strong brown 7.5YR5/6 0,0276 0,498 4bg 160
311 yellow -+ 10YR8/8 0,0016 0,720 80 76
312 vyellow ‘ 2.5Y8/6 0,0018 0,310 29 52
313  pale yellow * 0,0002 0,410 66 88
314 pale yellow 2.5Y8/4 0,0008 0,290 61 60
315 paie yellow 5Y8/4 0,0014 0,389 78 Lo
316 yel low 5Y8/6 - 0,0086 0,259 51 32
317 very pale brown 10YR8/4 0,0408 0,489 85 56
318 pale yellow a2.5Y8/4% 0,0162 0,914 114 84
319 ~=--- w 0,0002 0,300 50 90
320 vyellow 2.5Y8/6 0,0046 0,430 Le 116
321 ----- A% 0,0000 0,360 50 90
322 white 2.5Y8/2 0,0738 ©,350 39 116
323  light grey 2.5Y7/2 0,1274 0,360 53 104
324 —e-e- *k 0,0024 0,370 56 88
1 = light. o = approximate. * = insufficient material to make a good
judgement of the colour. ** = no discernable colour., ***% = mixture of

particles of two colours. Subjective attempt made to grade the overall

colour.



TABLE 5.3(3) ANIONS (A1l in mg/1)

Sample OH €O HCO Cl F

SO

PO

324

3 3 u 4
271 0 0 669 58 0,16 42 0,07
272 0 0 581 127 0,25 315 0,17
273 0 0 584 15 0,15 13 0,07
274 0 0 5a8 15 0,28 11 0,06
275 0 0 598 10 0,11 6 0,26
276 0 0 - 558 17 0,20 208 0,38
277 0 0 732 12 0,22 14 0,33
278 0 0 611 3 0,32 27 C,i4
279 0 0 599 3 0,21 L7 0,22
280 0 0 904 11 0,18 14 0,17
281 0 0 571 3 0,23 21 0,23
282 0 0 621 3 0,32 30 0,11
283 0 0 592 24 0,14 3 0,22
284 0 0 611 36 0,47 7. 0,06
285 0 0 683 30 0,12 52 0,17
286 0 0 586 18 0,24 11 0,12
287 0 0 592 18 0,18 15 0,21
288 0 0 567 127 0,17 166 0,05
289 0 0 622 12 - <0,04 3 0,05
290 0 .0 577 24 0,04 1 0,08
291 0 0 577 12 0,05 1 0,30
292 0 0 620 18 0,05 3 0,29
293 0 0 - 645 18 0,05 4 0,11
294 0 0 531 18 - 0,0k <0,4 0,14
295 0 0 636 24 0,11 - 18 0,21
296 0 0 706 73 0,18 0,4 0,12
297 0 0 738 30 0,21 7 0,07
298 0 0 695 36 0,21 2 0,04
© 299 0 0 742 370 0,29 60 0,30
300 0 0 688 24 0,31 13 <0,01
301 0 0 Lho 1 0,18 20 0,24
302 0 0 316 15 0,20 6 0,04
303 0 0 683 - 85 0,06 27 0,11
304 0 0 608 24 0,06 <0,4 0,05
305 0 0 516 21 0,10 6 0,25
306 0 0 514 24 0,07 -6 0,37
307 0 0 780 = 1814 0,04 77 0,12
308 0 0 L84 24 0,06 <0, 4 0,20
309 0 0 556 18 0,05 <0, 4 0,38
310 0 0 689 L8 <0,04 <0,k 0,19
311 0 0 539 36 0,13 180 0,14
312 0 0 386 24 0,12 <0,4 6,06
313 0 0 595 18 <0, 04 6 <0,01
314 0. 0 489 12 <0, 04 2 <0,01
315 0 0 478 36 0,04 0,8 <0,01
316 0. 15,6 321 - 24 0,10 9 <0,01
317 0 0 582 30 0,08 <0,h <0,01
318 0 0 577 146 0,08 193 <0,01
319 0 0 528 15 0,22 7 <0,01
320 0 0 Lol 60 . 0,04 1 0,05
321 0 0 542 24 0,17 4 <0,01
322 0 0 529 24 . 0,04 <0,4 <0,01
323 0 0 543 - . 30 0,09 <0,4 0,13
0 0 5L2 30 0,07 2 <0,01
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TABLE 5.2(k) ELEMENTS OF GROUPS 1A AND IIA

Na K ‘ Li Rb Cs Sr

Sample mg/1 mg/ 1 ug/1 ug/1 © ug/1 ua/1l
271 11,3 0,9 <7 <15 <15 282
272 179 0,9 <7 <15 <15 336
273 5,1 0,8 <7 <15 <15 318
274 5,0 0,8 <7 <15 <15 345
275 4,1 0,9 <7 <15 <15 300
276 33,0 . 0,8 <7 <15 <15 418
277 6,2 0,9 <7 <15 <15 782
278 5,4 1,1 <7 <15 <15 745
279 6,0 1,3 <7 <15 <15 773
280 3,3 0,9 <7 <15 <15 564
281 4,0 1,1 <7 _ <15 <15 627
282 7,7 0,8 <7 <15 <15 664
283 8,4 1,5 7 <15 <15 Lé4
284 6,3 0,5 21 <1§ <15 218
285 20,8 1,2 <7 <15 <15 427
286 5.1 0,8 <7 <15 <15 273
287 6,8 0,7 <7 - <15 <15 327
288 63,0 1,0 <7 <15‘ . <15 E5s5
289 2,5 1,8 <7 <15 <15 %18
290 5,7 2,0 <7 <15 <15 327
- 291 2,8 0,5 <7 <i5 <15 355
292 3,3 0,1 <7 - <15 <15 : Log
293 3,2 1,9 <7 <15 <15 545
294 2,0 0,5 <7 <15 <15 100
295 10,7 0,9 7 <15 <15 Loo .
296 13,0 0,9 11 <15 <15 - 427
- 297 16,2 0,9 <7 <15 "~ <15 ’ 536
298 9,5 0,2 <7 <15 <15 Lis
299 85 0,5 32 <15 <15 1073
300 1,8 0,6 25 <15 <15 255
301 45,1 0,5 14 <15 <15 255
302 4,5 0,2 <7 <15 <15 73
303 61,0 <0,1 - <7 <15 <15 118
304 5,6 0,9 <7 <15 <15 127
305 0,9 0,3 <7 <15 <15 Ls
306 i,0 0,5 <7 <15 <15 _ 45
307 977 0,6 <7 <15 <15 191
308 2,1 0,5 <7 <15 <15 64
309 1,0 0,5 <7 <15 <15 64
310 1,5 0,4 <7 <15 <15 - 6k
311 78,9 0,8 64 <15 . <i5 282
312 Lo,s5 0,7 <7 <15 <15 100
313 1,8 0,6 <7 <15 <15 209
© 314 0,7 0,3 <7 © <15 - <15 4s
315 6,8 i,4 <7 <15 <15 91
316 8,0 2,1 <7 <15 <15 700
317 4,8 0,7 <7 <15 : <15 318
318 75,8 1,1 <7 <15 <15 455
319 2,2 0,7 <7 <15 <15 91
320 9,7 0,6 <7 <15 <15 55
321 2,3 0,3 <7. <15 <15 .55
322 2,8 . 0,4 <7 <15 <15 109
323 2,5 0,8 <7 <15 <15 91
324 1,8 0,1 <7 <15 <15 73
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TABLE 5.3(5) ELEMENTS OF GROUPS 1118 TO Vi1l (A1l in pg/l)

Sample V Cr - Mo Mn Fe Co Ni
271 <10 <0,1 <10 6,0 220 0,1 0,5
272 <10 0,1 <10 8,0 123 0,6 1,3
273 <10 <0,1 <10 0,5 10,3 <0,1 0,8
274 <10 <0,1 <10 0,2 6,5 <0,1 1,1
275 <10 <0,1 <10 9,7 528 <0,1 1,2
276 <10 <0,1 <10 L 3000 0,3 1,8
277.. <10 0,2 <i0 1,7 110 <0, 1 0,7
278 <10 0,3 <10 2,1 28 <0,1 0,5
279 <10 - 0,2 <10 0,6 18 <0,1 0,8
280 <10 <0,1 <i0 7,0 268 0,2 1,5
281 <10 <0,1 <10 9,6 250 0,1 1,2
282 <10 <0,1 <10 0,2 4,6 <0,1 0,5
283 <10 0,1 <10 22 3400 0,3 2,k
284 <10 <0,1 <10 0,8 30 0,1 0,9
285 <10 0,2 <10 8,0 612 0,3 2,3
286 <10 <0, 1 <10 0,7 Ly 0,1 0,9
287 <10 0,1 <10 1,2 106 0,2 0,8
288 <10 <0, 1 <10 | <0,1 7,3 0,1 1,0
289 <10 0,1 <10’ 0,5 8,3 <0,1 0,8
290 <10 <0,1 <10 0,6 7,8 0,1 0,9
291 <10 <0,1 <10 0,8 10,0 0,1 c,8
292 <10 <0,1 <10 1,2 8,2 0,1 0,7
293 <10 <0,1 <10 1,0 66 0,1 0,7
294 <10 <0,1 <10 0,3 5,0 0,1 1,0
295 <10 <0,1 <19 60 1300 1,1 2,0
296 . <10 <0, 1 <10 9,0 68 0,3 1,1
297 <10 <0,1 <10 32 1720 0,5 0,9
298 <10 <0,1 <10 10 S00 0,2 1,6
299 25 <0,1 <10 51 246 1,2 2,3
300 <10 <0,1 <10 2,1 86 0,3 1,2
301 <190 <0,1 <10 200 750 0,3 1,4
302 <10 <0,1 <10 15 2700 0,3 1,3
303 <10 <0,1 - <10 4,6 350 0,1 0,3
304 <10 - <0,1 <10 4,6 420 0,4 0,8
305 <10 <0,1 <10 1,9 240 0,2 0,7
306 <10 <0,1 . <10 0,7 9,5 <0,1 0,3
307 <10 0,4 <10 434 7400 3,7 18,9
308 <10 <0,1 <10 Le 1950 1,2 2,1
309 <10 <0,1 <10 5,1 5800 0,2 0,4
310 . <10 0,1 <10 - 64 4400 0,3 1,0
311 <10 <0,1 <10 9,0 850 <0,1 0,4
312 <10 <0,1 <10 10 588 <0,1 0,2
313 <10 <0,1 <10 0,2 9,1 <0,1 0,7
314 <10 <0,1 <10 L,y 100 <0,1 0,5
315 <10 0,4 <10 16 480 0,2 0,9
316 . <10 <0,1 . <10 3,1 10,0 <0,1 0,2
317 <10 <0,1 <10 4,3 350 0,4 1,0
318 <10 <0,1 <10 3,9 86 <0,1 0,5
319 <10 <0,1 <10 0,8 200 <0,1 0,4
320 <10 <0,1 <10 9,8 320 0,2 0,4
321 <10 - <0,1 <10 0,9 14 <0,1 -0,2
322 <10 <0,1 <10 36 132 <0,1 0,1
323 <10 <0,1 <10 108 288 0,5 - 0,3
324 <10 <0,1 <10 0,5 6,8 <0,1 0,1




TABLE 5.3(6) ELEMENTS OF GROUPS 1B AND 11B (All in ug/1)

Sample Cu Ag Au Zno Cd Hg
271 0,6 <0,1 0,7 8,2 <0,1 <0,01
272 24 0,3 0,5 3,8 23 <0,01
273 9,9 <0,1- 0,3 2,2 <0,1 <0,01 -
274 7.6 0,1 0,4 3,2 <0,1 <0,01
275 4,6 0,1 0,2 230 <0,1 <0, 01
276 2,5 <0,1 0,3 1900 0,1 <0,01
277 5,4 <0,1 <0,1 695 <0,1 <0,01
278 1,3 <0,1 <0,1 1400 <0,1 <0,01
279 4,0 <0,1 <0,1 915 <0,1 <0,01
280 1,6 <0,1 0,1 4eso 0,2 <0,01
281 0,9 0,1 <0,1 95 <0,1 <0,01
282 6,5 0,1 <0,1 20 <0,1 <0,01
283 4,0 <0,1 0,2 10 <0,1 <0,01
284 0,6 <0,1 0,2 38 <0,1 <0, 01
285 12 <0,1 <0,1 765 0,2 <0, 01
286 1,5 <0,1 <0,1 28 <0,1 <0,01
287 9,0 <0,1 <0,1- L2 <0,1 <0, 01
288 b1 0,1  <0,1 28 <0, 1 6,01
289 1,3 0,1 0,2 42 <0,1 <0,01
290 1,5 <0,1 <0,1 10 <0,1 <0,01
291 1,5 <Q,1 0,1 15 0,1 <0, 01
292 3,3 0,1 <0,1 60 <0,1 <0,01
293 3,8 0,1 0,1 100 - «0,1 <0,01
29L 2,0 <0,1 0,1 15 <0,1 <0, 01
295 2,0 0,1 <0,1 710 <0,1 <0, 01
296 1,0 0,1 <0,1 - 32 , <0,1 <0,01
297 2,4 <0,1 0,1 10 200 <0,1 <0,01
298 0,9 <0,1 0,1 15 - - <0,1 <0,01
299 4.8 0,2 0,1 300 <g,1 <0,01
300 1,1 <0,1 <0,1 42 <0,1 <0,01
301 _3,8 0,1 <0,1 162 <0,1 <0,01
302 14 <0,1 <0,1 360 <0,1 <0,01
303 L,9 0,1 <0, v L5 <0,1 <0,01
304 54 0,1 <0,1 102 <0,1 <0,01
305 13 0,1 <0,1 1680 0,4 <0,01
306 5,6 <0,1 <0,1 45 <0,1 <0,01
307 116 0,5 <C,1 6100 0,7 <0,01
308 10,1 <0,1 <0,1" 1450 <0,1 <0,01
309 636 <0,1 <0,1 61 000 2,3 <0,01
310 - 25 0,1 <0,1 . 9480 : 2,0 0,01
311 1,7 0,1 <0,1 ~ 295 <0,1 <0,01
‘312 3,6 <0,1 <0,1 150 <0,1 <0,01
313 1,8 <0,1 <0,1 38 <9,1 <0,01
314 0,9 <0,1 - <0,1 L8 <0,1  <0,01
315 2,1 <0,1 <0,1 190 <0,1 0,01
316 3,0 0,1 <g,1 10 <0,1 <0,01
317 10,0 0,1 <0,1 70 <0,1 0,01
318 22 0,2 0,1 H <0,1 0,025
319 7,8 0,1 <0, 1 28 <0,1 <9, 01
320 13 <0,1 <0,1 350 <Q,1 <0,01
321 6,4 <0,1 <0,1 10 <0,1 <Q0,01
322 8,8 0,1 <0,1 7,4 0,1 0,01
323 58 <0,1 <Q,1 24 <0,1 0,10
324 0,7 <0,1 <0,1 ' 1,1 ' <0,1 <0,01




TABLE 5.3(7) ELEMENTS OF GROUPS 111A TO VIA (Si in mg/1, others in ug/1)

Sample Al

As

T1 Si Ge Sb Bi Se Te Pb
271 Lo <10 5,0 <6 <0,6 <250 <25 <0,8 <0,9 3,0
272 873 <10 9,6 <6 1,2 <250 <25 <0,8 <0,9 10,0
273 2 <10 2.9 <6 <0,6 <250 <25 <0,8 <0,9 3,0
274 18 <10 3,2 <6 <0,6 <250 <25 <0,8 <0,9 0,5
275 7 <10 8,6 <6 <0,6 <250 <25 <0,8 <0,9 2,0
276 11 <10 14,6 <6 <0,6 <250 <25 <0,8 <0,9 0,9
277 22 <10 9,6 <6 <0,6 <250 <25 <0,8 <0,9 1,8
278 31 <10 6,1 <6 <0,6 <250 <25 <0,8 <0,9 1,5
279 <2 <10 7,9 <6 <0,6 <250 <25 <0,8 <0,9 1,1
280 2851 <10 7,1 <6 <0,6 <250 <25 <0,8 <0,9 9,5
281 59 <10 7,9 <6 <0,6 <250 <25 <0,8 <0,9 0,5
282 7 <10 8,6 <6 <0,6 <250 <25 <0,8 <0,9 0,2
283 26 <10 - 7,5 <6 <0,6 <250 <25 <0,8 <0,9 2,5
284 37 <10 14,3 <6 <0,6 <250 <25 <0,8 <0,9 0,4
285 42 <10 8,9 <6 <0,6 <250 <25 <0,8 <0,9 7,6
286 57 <5 9,3 <6 <0,6 <100 <25 <0,8 <0.9 0,9
287 57 <5 8,9 <6 <0,6 <100 <25 <0,8 <0,9 4,8
288 11 <5 6,4 <6 - <0,6 <100 <25 <0,8 <0,9 0,5
- 289 9 <5 7,5 <6 <0,6 <100 <25 <0,8 <0,9 0,8
290 2 <5 6,1 <6 <0,6 <100 <25 <0,8 <0,9 1,0
291 9 <5 6,8 <6 <0,6 <100 <25 <0,8 <0,9 4,8
292 15 <5 7,5 <6 <0,6 <100 <25 <0,8 <0,9 10,0
293 7 <5 2,1 <6 «<0,6 <100 <25 <0,8 <0,9 1,5
294 4 <5 1,8 <6 <0,6 <100 <25 <0,8 <0,9 2,9
295 13 <5 9,6 <6 <0,6 <100 <25 <0,8 <0,9 10,2
296 9 <5 11,1 <6 <0,6 <100 <25 <0,8 <0,9 2,7
297 3296 <5 16,8 <6 <0,6 <100 <25 <0,8 <0,9 11,7
298 117 <5 19,6 <6 <0,6 <i00 <25 <0,8 <0,9 1,2
299 253 <5 20,7 <6 <0,6 <100 <25 <0,8 <0,9 2,4
300 b <5 11,1 <6 <0,6 <100 <25 -<0,8 <0,9 2,5
301 106 <2 6,1 <6 <0,6 <25 <20 <0,8 <0,9 3,4
302 196 <2 3,6 <6 <0,6 <25 <20 <0,8 <0,9 20
303 64 <2 8,9 <6 <0,6 <25 <20 <0,8 <0,9 0,9
304 1732 <2 11,1 <6 <0,6 <25 <20 <0,8 <0,9 11,9
305 79 <2 3,9 <6 <0,%6 <25 <20 <0,8 <0,9 6,0
306 24 <2 4,3 <6 <0,6 <25 <20 <0,8 <0,9 3,9
307 2706 <2 3,6 <6 <0,6 <25 <20 <0,8 <0,9 11,0
308 4279 <2 6,1 <6 <0,6 <25 <20 <0,8 <0,9 6,0
309 818 <2 5.4 <6 <0,6 <25 <2Q <0,8 <0,9 788
310 35 <2 3,2 <6 <0,6 <25 <20 <0,8 <0,9 22
311 <2 22,2 12,9 <6 <0,6 <25 <20 <0,8 <0,9 0,8
- 31z <2 2,0 8,9 <6 <0,6 <25 <20 <0,8 <0,9 0,8
313 4 <2 6,1 <6 <0,6 <25 <20 <0,8 <0,9 0,8
31k 18 <2 1,4 <6 <0,6 <25 <20 <0,8 <0,9 1,8
315 2 <2 0,4 <6 <0,6 <25 <29 <0,8 = <0,9 3,8
. 316 29 <2 5,3 <6 <0,6 <20 <20 <0,8 <0,9 0,7
317 1520 <2’ 9,6 <6 <0,6 <20 <20 <0,8 <0,9 L 2
- 318 574 <2 10,4 <6 <0,6 <20 <20 <0,8 <0,9 L. 9
319 110 <2 5,0 <6 <0,6 <20 - <20 <0,8 <0,9 4,7
320 99 <2 10,0 <6 <0,6 <20 <290 <0,8 <0,9 3,7
321 -1 <2 0,4 <6 <0,6 <29 <20 <0,8 <0,9 L 1
322 554 <2 3,6 <6 <0,6 <20 <20 <0,8 <0,9 5,6
323 361 <2 2,9 <6 7,0 <20 <20 <0,8 <0,9 i10
324 <2 <2 8,2 <6 <0,6 <29 <20 <0,8 <0, 0,2




TABLE 5.3(8) SEMI-QUANTITATIVE ANALYSES OF TSS RESIDUES

.

Al%

Sample  Mg% -Si% P%
271 0,066 0,039 0,250 0,014
272 1,768 5,655 17,635 0,049
273 0,147 0,25k 1,036 0,007
274 0,000 0,015 0,072 0,002
275 0,100 0,031 0,486 0,04k
276 0,121 0,108 1,939 0,100
277 0,034 0,027 0,138 0,01%
278 0,035 0,037 0,152 0,011
279 0,025 0,011 0,036 0,005
280 9,455 L,6k47 12,032 0,093
281 0,061 0,067 0,241 0,021
282 0,073 0,017 0,086 0,003
283 0,111 0,170 0,686 0,074
284 0,031 0,163 0,047 0,003
285 2,140 0,347 1,800 0,022
286 0,467 0,485 1,453 0,007
287 0,159 0,136 0,471 0,007
288 0,050 0,015 0,059 0,003
289 0,018 0,036 0,101 0,008
290 0,008 0,036 6,081 0,007
291 0,027 0,034 0,139 0,019
292 0,001 0,003 0,604 0,001
293 0,041 0,026 0,100 0,017
294 0,017 0,017 0,083 0,005
295 0,153 0,308 2,164 0,056
296 0,027 0,026 0,164 0,015
297 1,251 3,590 15,197 0,062 .
298 0,163 0,294 2,211 0,029
299 1,047 0,387 2,591 0,066
300 0,084 0,041 0,071 0,014
301 0,268 1,202 2,929 0,074
302 0,213 1,071 3,088 0,056
303 ¢,095 0,049 C,214 0,029
304 2,041 3,428 8,308 0,017
305 0,269 0,158 0,767 0,110
306 0,062 0,046 0,183 0,028
307 0,124 0,197 1,062 0,057
308 0,989 6,853 21,169 0,224
309 0,562 0,656 3,345 0,070
310 0,146 0,870 2,745 0,146
311 0,112 0,063 0,818 0,005
312 0,091 0,077 1,486 0,051
313 0,016 0,051 0,120 C,017
314 0,02k 0,015 0,105 0,031
315 0,131 0,040 0,233 0,047
316 0,145 0,117 1,159 0,157
317 4,296 2,838 10,167 0,122
318 0,759 1,424 5,578 ¢,021
319 0,015 0,065 0,203 0,007
320 0,366 1,661 k,713 0,043
321 0,000 . . 0,014 0,059 0,014
322 7,401 0,435 8,440 0,168
323 L, 141 1,012 4,630 0,104
324 0,271 0,041 0,223 0,022

The data are purely nominal conversions

of XRFS counts per second

28
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TABLE 5.3(9) SEMI-QUANTITATIVE AHALYSESVOF TSS RESIDUES

Arbitrary units of pezk height

Other
elements

Ca

Ti

Mn
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'no discernible peak.

to the nearest quarter block on the graph paper.
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either (a) the“writer was correct in suspecting that the distribution of
the elements in the mine waters had been seriously disturbed by the activities
of man, or (b) certain elements ( notably cadmium, mercury and those with
non-metallic tendencies ), although present in the mine waters in pondérab]e
amounts, are actually not very mobile in dolomitic formational waters and
do not survive long enough in solution to migrate any appreciable distance
beyond the immediate environment of the orebody. This phenomenon - which
amounts to a very rapid decay of the aureole of secondary dispersion for
certain species - is very well documented /53,55,1007,1080,91,93,115,121,
782/. Perel'man and Sharkov /344/ and Brodskii /345/, in particular, have
recorded many examples were elements that are readily detectable in mine
waters are not found in the normalrgroundwaters surrotnding the orebody.

A detailed comparison of the data and conclusions of the first and
second orientation surveys will not be included here, because such a
.compar ison can contribute nothing of value to the second survey and thus will
not further the aims of the preoject as a whole. Nevertheless, cognizance
was taken of the results of the study of the mine waters and particular
attention was paid in the second orientation survey to those (detectable)
elements that the examination of the mine waters had shown to be ‘‘candidate"
pathfinders. .

The data for the interesting eiements and tons were plotted by a
computer and are'presented as Maps bc,bd... bz, haa,bab... etc. The ccmputer
program is listed in Appendix K. These computer-generated diagrams comprise
plots of the raw data, ratios -such as Zn/TDS- and so on. The diagrams,
together with various statistical information derived for the data with
the BMDP76 statistical package /281/ formed the basis for the interpretation
of the orientation information.

A great deal has been written about the definition and recognition of
anomalies /51,803,1045,1073/ and it is accepted that powerful intuitive and
subjective factors are involved. After two weeks of examining the orientation
maps and BMDP printouts, and trying several "mathematical' or ''geometiicatl"
schemes for defining various anomalies and rating their importances, the
writer came to the conclusion that the standard method of subjective visual
assessment of anomalies could not be iﬁproved upon in this case. (This
procedure is often informally termed ''picking out the eyes', which is a
rather good description of what is involved). it was anticipated that boih
positive (e.g. high [Zn]) and negative {e.g. low pH) anomalies might be
encountered and the "most anomalous' values were therefore classified into
four grades (i,1!, -1 and -1}, with respective thresholids set as near as
possible at >90%, >80%, <10% and <20% of the cumulative frequency distribution
for a particular element. For example, in a pepulationof 100 pH data the ten

highest values would be assigned to Grade | and the next ten highest values
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to Grade !l. The ten lowest values would constitute the Grade -| class and
the following Towest ten sémp!es would be Grade'~ll..The remafning 60 values
would be considered to represent the '"normal'' or "background' range of pH
values and would be ignored. Threshold data for the various chemical species
are compiled in Table 5.4. The orientation maps were examined to establish
whether any meaningful patterns were created by the distributions of
background values and samples of various anomalous grades. Several élements
produced patterns that may be interpreted as regional anomalies.

Hydrogeochemistry is intrinsically a tool for identifying regional
rather than local anomalies. It is sometimes possible to "zero in' very
closely on a hidden orebody by taking closely sbaced samples (e.g. /819,
822,865/) but these cases are exceptions. In this orientation study, where
samples were necessarily widely spaced and where the shallow bodies of
groundwater right at the ore deposits are highly disturbed ( or, as at
Tsumeb, practically annihilated ), there could be no question of pinpointing
the ''eye'' of any regional anomaiy. The principle'objective was simply to
reduce the target zone to as small an area as possible.

Whether the regional anomalies in the Otavi Mountainlénd represent
old and diffuse secondary dispersions from central orebodies, or whether
they are independent expressions-of primary dispersicn aureoles or local
"metallogenic provinces' /880/ that are host to the central orebodies, is
academic; there is no way at this stage of the project of telling the
difference. There has certainly been a great deal of natural and anthropo-
genic secondary dispersicn about the two mines, but both centres also have
many of the hallmarks of an accompanying metallogenic province. There is
important mineralization at Asis Ost and Asis West, quite close to Kombat,
and numerous other small showings can be seen within a radius of a few
kilometres of the mine. A similar situation prevails at Tsumeb, where the
mineralization at Tsumeb West and Friezenberg and, somewhat further afield,
at Uris and. Karavatu, can be cited a; examples.

What Zs important is deciding whether an apparent regional anomaly is
a genuine reflection of an ore-bearing zone, or whether it is a spurious
or fortuitous occurrence. Spurious anomalies can be either anthropogenic or
hatural /856/. An exahple of just how important manmade influences can be
is found in the oilfields of Kentucky, where artifical dispersion trains
for chloride that are over 100 km long have developed within the regional
~groundwater system as a result of the recirculation of briny wastes. The
occurrence of waters containing chromium in the upper levels of the Tsumeb
mine provides a probable example of a natural false anomaly. The chromium
apparentl!y comes from the kersantite dykes nearby and would still be

present even were there no orecbody. Thus the association of chromium with
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TABLE 5.k THRESHOLD DATA FOR VARIGUS GRADES OF ARQMALOUS ORTENTATION SAMPLES

Grade -t

Grade il

Data Map Grade -JI  Grade |
' =103 CF* =20% CF ~90% CF  =80% CF

PO4, ug/1 Ly 4o 4o 300 220
POL/TDS " 4BC 0,0328 0,0328 0,5778 0,4738
Sus P Lag 0,005 - 0,007 0,11 0,07
Sus P/TSS 4BN 0,0005 0,0013 ~ 0,35 0,233
F, ng/i 4x 4o 50 280 216
F/TDS 4BB 0,0777 0,0978 0,6009 0,4528
Si, mg/l Ly 2,9 3,6 12,9 9,6

- $i/TDS 4az 0,0048 0,0084 0,0222 0,020
Sus Si 4al 0,071 0,101 8,44 3,083
Sus Si/TSS LBH 0,0t00 . 0,071 0,785 0,4799
Al ug/l Ly 2 7 1520 253
A1/TDS bAy 0,0043 0,0133 2,045 0,6280
Sus Al LAH ¢,017 0,031 72,838 - 0,870
Sus A1/TSS 4L 0,0049 0,0079 0,2550 0,115
Sus Ti . LAE 0,2 - 0,2 1,3 c,3
Sus Ti/TSS 4B 0,0034 0,003k 6,613 0,0091
Ni, ug/1 4T 0,3 0,5 2 1,3
Wi/T0s Lay 0,0006 0,0009 0,0036 0,0024
Co, wug/1 4s 0,1 0,1 0,5 0,3
Co/TDS LAy 0,0001 0,0001 0,0008 0,0006
Fe, ug/} 4R 7,8 10 2700 750
Fe/TDS -~ 4AT 0,0164 --0,0222 3,7406 1,777

~ Sus Fe 4Aac 3,2 4 200 105,2
Sus Fe/TSS 4BG 0,260 1,670 37,98 26,04
Mn, wng/1 L10] 0,5 0,7 - 51 16
Mn/TDS 4as 0,0011 0,0016 0,1150 0,0h11
Sus Mn LaD 0,2 0,2 1,0 0,5.
Sus Mn/TSS 4BH 06,0116 0,0116 0,0893 0,0431
Sr, ug/i L4p 61 91 664 L6y
$r/TDS Lac 0,1528 0,2339 1,32 0,851
K, me/} 40 0,3 0,5 1,4 1,0
K/TDS ) LaQ G, 0004 0,001 0,0033 0,0022
HCO3, mg/1 L 484 529 706 645
HCO3/TDS ham 0,6958 1,1057 1,5083 1,3835
Na, mg/1 Lk 1,8 2,3 63 16,2
Na/TDS Lap 0,0035 0,0058 0,0829 0,0299
Mg, mg/1 4G 27 - 35 91 78
Mg/TDS 4aK 0,0552 0,0768 0,1738 0,1372
Sus Mg 4AG 0,016 0,027 2,041 0,562
Sus Mg/TSS 4BK 0,0025 0,0086 ¢,1550 0,1003
ca, mg/1 iH 52 76 172 152
Ca/TDS 4L 0,1028 0,1328 0,3314 0,3115

" Sus Ca LAF 0,8 1,3 22,5 9,0
Sus Ca/TSS 4BJ 0,0690 0,2680 4,167 2,50
cl, mg/1 LE 11 15 85 36
C1/TDS kAN 0,0222 0,0320 0,1297 0,092%
S04, mg/] kp 0.4 1,0 60 27
SoL/TDS 4p0 0,0007 0,0021 0,0748 0,0402
sok/Cl 4B0 0,0055 0,0222 5,0 1,1667
Zn, ug/1 4y 8,2 15 1900 710
Zn/TDS LAx 0,0137 0,0295 3,625 1, 4449
Sus Zn 4aB 0,2 0,2 14,5 3,0
Sus Zn/TSS LBF 0,0068 0,0068 2,069 1,0714

. Pb, ug/} Im 0,7 0,9 11,7 7,6

" Pb/TDS LBA 0,0011 0,0018 0,0217 0,0150
Sus Pb 4z 0,2 0,2 1,3 1,0
Sus Pb/TSS 4BD 0,0415 0,0415 0,7813 0,4545
Cu, ug/1 4L 1,0 1,5 24 10,1
Cu/TDS Law 0,0019 0,0031 0,0317 0,0245
Sus Cu. haa 0,2 0,2 5,0 0,8
Sus Cu/TSS 4BE 0,0061 0,0061 0,625 0,3879
Cu + Pb, g/l LBp 2,4 3,4 34 16,1
Temperature 0C 4N 19 22 . 27 26,2

- pH LF 6,4 6,7 7,65 7,58
TDS, mg/1 4c 350 4oo 80z 598 -
TSS, mg/1 by 0,2 0,4 61,2 10,8

Sus. = suspended, i.e. data from XRFS analysis of TSS residues.

CF = cumulative frequency value taken as a criterion of threshold.
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Cu-Pb-Zn ore is meaningless except in the improbable event that all such
deposits in the Tsumeb area are cut by kersantite dykes. The literature
contains -many reports of natural false anomalies /140-1,888,992,998,1143/.

In subsection B of this chapter the characteristics of each of the
orientation maps will be discussed in detail. The reader should note the
following-features of these maps: - v '
(1) There are typically two maps per element - one showing the raw data
for '"dissolved EY énd one‘showing the ratio dissolved E/TDS. In most cases
this dissolved E is actually an approximation of total (i.e. suspended‘and
dfssolved) E, since the sample aliquot was acidified on site without
filtration. For certain elements there are four maps - dissolved E,
dissolved E/TDS, suspended E (SusE) and SusE/TSS. Noteparticularly that it
does not follow that dissolved E minus SusE equals the amount of E in ‘
true solution. The XRFS method for the determination of the composition of
| the suspended solids was semi-quantitative and there are a number of other
legitimate complications that.have been discussed at length in Appendixes
B and J. _ ‘ ' _ _
(2) Multiplication factors have been applied to some of the data in order
to avoid the unnecessary irritation of coping with strings of zeros in the
values plottéd on the maps. For example, absolute values for Ni/TDS
_ typically lie around n x 107° and would normally be plotted as 0,000n. The
whole set of values for nickel has,therefére been multiplied by_105,to o
given plotted values of between 0,n and 1,n. Obviously, where multiplication
has been applied, the threshold values have also been multiplied. However,
it must be noted that the element/TDS ratios calculated from the orientation
data are not regarded as being unitless ratios; instead they are held to
retain the units of the original measurements cdnstituting the numerator and
denominator of the ratio. Thus the sulphate/TDS ratio is in mg/mg but the
Ni/TDS ratio is in ug/mg. The multiplication factor for Ni/TDS is therefore
shown on the map as 102 and not 10°, since there is an implied multiplication
of 1000 within the Ni/TDS data already. _
(3) Anomalous values are shown in colour on the maps. Positive anomalies are
indicated by symbols in red, negative anomalies by symbols in green and
background values by symbols in black. Also, rounding has been applied to
the data. Thus in some maps a value that was read by the computer as 1,4
mg/1, for example, will be plotted as '1', whereas a value read as 1,6 mg/l1
will be plotted as ''2"'. But the program selects anomalies befbré rounding
and this produces occasional apparent inconsistencies in the data on the
maps. Take for example a situation where, for a given element, the background/ -
positive threshold value calculated by the BMDP program is 8,7 ug/l and two
analytical values of 8,6 and 8,8 ug/1 are read by the plotting program. The



program will flag the first value as "background'' and the éecond value as
"positive anomaly', but will then round them both to "'9'"" before plotting
them. A ''black' 9 and a 'red" 9 May theréfofe'appear side by side. In a few
cases - for example suspended manganese - there are so many values of zero
that the concept of a 'negative anomaly'' becomes meaningless. This, of
course, will in no way deter the compUter from attempting to create one. In
these cases, which are always quite obvious and self-explanatory, the rash
of green values should simply be regarded as the 'bottom end' of the range
of values in the background distribution.
(4) Inequalities cannot be shown on the maps. Values read as <n are plotted
as zero. Values read as >n are plotted as n, but these are very uncommon
and restricted to the XRFS data.
(5) The computer will not tolerate attempts to perform certain arithmetic
operations with zeros. Thus any calculated ratio of the form n/zero
(overflow error) or zero/n (underflow error) will be plotted as zero. Zeros
resulting from underflow are common but zeros resulting from overflow are
extremely uncommon or absent in these maps.
(6) The plotter cannot draw the symbol u and this is therefore represented
by u. , B :
(7) The data from the application study (CHapter_6) that followed the
orfentation work discussed here are also shown,.where available, on these
maps, because it is handy to have all the analytical .information on one

diagram. Neverthéless, the application data obviously did not exist when
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the orientation was performed and will therefore be ignored for the present.

(B) SYSTEMATIC EXAMINATION OF THE ORIENTATION MAPS
(1) TDS and TSS (Maps 4C and 4W)

The concentration of TDS in the waters of the orientation area varies
through an order of magnitude but there does not appear to be much of a
correlation between dissolved solids and the lithology of the bedrock. Most
of the peak values occur near to either Tsumeb or Kombat. High levéls of
TDS have previously been noted in the vicinity of weathered orebodies /782,
873/ but there have been few if any proposals to use TDS per se as a

prospecting criterion, because there are too many other possible causes for

changes in the mass of TDS. The importance of this parameter lies rather in

‘the fact that the concentrations of several elements often exhibit a high

~degree of correlation with-TDS /904/. In other words a TDS anomaly, whatever

its cause, will tend automatically to generate sympathetically anomalous

- concentrations of certain othzr elements or jons; sodium, chloride, magnesi

um,
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vanadium and uranium are well-known examples. The data of Section Il of this
—thesis give us reason to believe that the TDS anomalies at.Tsumeb and Kombat
may be partly anthropogenic and it follows that any anomalies defined by
elements that are strohgly associated with relatively brackish waters may .
also be partially ""manmade''. At the very least we may expect to find that
some anomalies haVe been exaggerated by man's disturbance of the natural
" groundwater regime /512,541/. it will therefore be neceséary to consider
very carefully both the raw data and element/TDS ratios before deciding
upon the potential usefulness as pathfinders of the various chemical species
‘that have been studied in the waters of the Otavi Mountainland.

Much of what holds for TDS can be applied, mutatis mutandis, to TSS
(Map 4V). There is a weak TSS anomaly at Tsumeb, while at Kombat there is
a strong one, which extends somewhat to the northwest of the mine. It is
notable that the size, shape and locus of this anomaly are very similar to
those of several of the trace elements that are described below. The
suspended matter in groundwater has not really been given the attention it
deserves by exploration geochemists /527,819,997/. It is, however, generaily
agreed that é.significant proportion of many of the microcomponents of
~groundwaters are not in true solution /902/ and the potential importance of
suspended meta1§ has been pointed out by many authors - including Agricoia
in 1546 /689/. There is a prima facie case for expecting that certain TDS
~anomalies around ore deposits will be accompanied by high TSS values. The
accelerated dissolutioh and subsequent hydrolysis or precipitation of
elements such as iron, manganese and -calcium would tend to enhance the
concentrations of suspended materials in these waters. These elements,
together with trace elements such as ccpper, lead, cobalt etc. that are
normally co-precipitated with them /997/, will tend to be concentrated
wherever TSS levels are higher than average. It is for this reason that
each of the maps showing the concentrations of various elements in
suspension (SusE) is matched by a corresponding map showing the values of
SusE/TSS.

(2) Silicon (Maps 4V, 4AZ, 4AT ond 4BM)

Silicon is probably(too ubiquitous to be a pathfinder but, Zpso facto,
its distribution can often reveal features of the overall hydrogeochemical
| pattern that will not be brought out by the trace element data. This it
does in the oriehtation area presently under conéideration, where there are
two ''total' silicon "anomalies" (overlay Map 4V on Map 4). In the south the
Otavi phyllite is marked by a line of three highvvalues. In the north the

Grade | and Grade il values are associated with the large patches of Mulden
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quartzite that lie to the northeast of Tsumeb, and several of the remaining
high values in the north occur in waters that lie fairly near to other
outcrops of these arenites. (An exception is a pair of Grade [ valués in
the dolomitic region immediately north of Tsumeb. The possible significance
of these will become more apparent when the data for SusSi are discussed in
due course). It appears that the concéntration of dissolved silicon is
directly related to the lithology of the host rocks and that the Otavi
doiomites, like most carbonate aquifers (Siever, in /35/), contain waters
that are comparatively poor in the element. The differential accumulation
of si]icon in carbonate and non-carbunate formations is of course a specific
example of a genefal principle that is widely recognized in all branches of
~ groundwater hydrogeochemistry - that adjacent rock units of contrasting |
lithologies generally contain waters of contrasting compositions /544,783/.
If this phenomenon is the chief cause of the pattern of distribution of
dissolved silicon in the Otavi Mountainland, then two interesting consequences
follow : ;o |
(i) There appears to be little active exchange of groundwater in the area.
i.e., the siliceous hodies of groundwater are more or less co-extensive with
the outcrops of siliceous rocks. There 1is no massive lateral displacement
of identifiable bodies of water and insufficient strong movement and
mixing to blur the distinctions between 'dolomitic'' and 'Yarenaceous'' waters.
This is in keeping with what is known about the general hydrology of the
region and with the data collected during the study of seasonal fluctuations
in the compositions of the local waters (Appendix J). A sluggish water-
-exchange tends to favour the development of small'regional anomalies and
reduces the degree of lateral displacement in them /782,645,717,783/. This
is naturally not always desirable in exploration programs, but under the
circumstances prevailing in this particular study small anomalies are to be
regarded as highly favourable attribﬁtes.

(ii) 1t will be necessary to watch very carefu]ly for abnormalities in the
distributions of those elements that could be influenced SEQnificantly by
¢hanges in lithology. For instance, it is conceivable that a hypothetical
(say) rubidium anomaly at Kombat could have been caused by active fluids
from the ore reacting with rubidium-bearing minerals in the Mulden phyllife,
and not by a release of the element from within the orebody. Furthermore,
it will be necessary to watch for changes in background concentrations,
caused by changes in lithology, that could disguise anomalies by altering
the contrast ratio between local peak values and the local background.

The Si/TDS map shows a distribution very similar to that of the
unratioed data. ' '

The SusSi map provides a good example of the aforementioned influence
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" that TSS may have on the distributions of certain elements. Note that the
pattern of anomalies for SusSi is practically a duplicate of the anomalies
~on the TSS map, with clearly~defined groupings at Tsumeb and at Kombat.
Interestingly, these two oval, ”TSS-weighted“ anomalies are transformed upon
division by TSS (4BM) into two remarkébly linear anomalies at more or less

the same sites. The one in the south is, like the one for "'dissolved silicon,’
apparently related to the trend of the.outcrop of the Mulden phyllite. The
one in the north is suspiciously parallel to the major faults in the region. |
Many of the boreholes in the area immediately.north of Tsumeb are drilled
along northeasterly structural features. These features are generally prolifin
yielders ofwater and are, in places, occupied by subcropping kersantite dykes
of Karoo age /52/. It must be considered possible that this northeasterly
trend in the distribution of the SusSi/TSS peaks is due to the presence of
these dykes.and/or faults; this possibility would account for the singular
 but otherwise unexplained occurrence in the dolomitic terrane north of

Tsumeb of the group of three samples with high levels of "total' silicon

. (vide supra). The evidence is circumstantial and tenuous but cannot safely

be ignored. It will be necessary to bear in mind that any trace element
énoma]y that appears just to the north or'northeést of Tsumeb could be a

false anomaly caused by the.kersantite rather than by the ore or its

associated regional dispersion aureole.
(3) Physical data (Maps 4N and 4F)

Trost and Trautwéin /1080/ have shown that some sulphidic deposits are
surrounded by groundwaters that are slightly warmer than the background
- value. At Kombat there is no evidence of a similar phenomenon. Anomalously
~ warm waters do occur at Tsumeb, but they are not dlstlngu:shable from a
broad band of warm waters that stretches over a very wide area from Tschudl
in the west to Colombo in the northeast. o _

The depression of pH values in the vicinity of some types of ‘ores is
very well-documented /49/ but it is also well known that such anomalies may
be neutralized in carbonate terranes. Two low pH values occur well to the
west of the Kombat mine and may be related to local conditions within the
carbonate-poor phyllite. The other ~I values are scattered Widély. There is
no reason to anticipate a great concentration of Grade | values in any
particular location and none is observed. | - v |

It is concluded that temperature and pH are not successful indicators

of mineralization in the Otavi Mountaintand.

(4) Phosphate (Maps 4Y, 4BC, 4AJ and 4BN)
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The use of phosphate as a pathfinder is practically unknown. There
are'many"reasdns for this, including the fact that the cohcentration of
phosphorus, even in groundwaters; can be radically influenced by biologicél
factors /1187/. The distributions of the values for both “total' phosphate
and phosphate/TDS are practically random and no unique anomalies can be
identified at either mine. The SUSP‘mapYShOWS a strong anomaly at Kombat
only. This provides a further illustration of the bias introduced by the
'scavenging'' effect mentioned in>foregoing subsections. Noté that the
SusP and TSS (4W) anomalies are practically co-extensive and that the strong.
positive anomaly at Kombat is converted into a. rather weak, ‘negative one
when the raw SusP data are divided by TSS (4BN). This negatnve anomaly
cannot be regarded as significant because it is not repeated.at Tsumeb and .
is offset by a wide scattering of grade -1 values in background areas. It |
~ does not appear that this element could be a useful pathfinder in the Otavf

Mountainland.
(5) Fluorine (Maps 4K and 4BB)

-Fluorine is a fairly useful pathfinder for deposits of several types,
including some kihds of base metal deposits /1099/. Dissolved fluorine shows
a strongly regional distribution in the orientation area, with high values
in the north and low values in the south. The cause of this pattern is not
known. The clustering of negative values at Kombat and positive values at
Tsumeb must be seen as part of the respective sub-regional trends and are
therefore probably not significant. If one considers the horthern and -
southern zones separately,’and examines‘the_distribution of values in terms
~of (local peak/local batkground), then there is a fair anomaly at Kombat

but none at Tsumeb, where even the best values nearest.to the mine are not
amongst the highest in the northern sub-regién..The F-/IDS ratios also reflect
the existence of the two sub-regions, but less cléarly. There is a small
anomaly, including one rather high value, at Kombat but this is not
convincing, especially in view of the fact that a similar value occurs at-
‘ 0tavnfonte|n, an unmineralized spring many kilometres to the west.
Fluoride ion is probably not a pathfinder for the type of mineralization

occurring at Tsumeb and Kombat.
(6) Nickel (Maps 4T and 4AV)

Nickel is not a popular pathfinder for Cu-Pb-Zn mineralization because
its Ytrack record'" has been poor /345/. It does sometimes concentrate to a

degree in mineralized zones /344/, but according to Shvartsev et al. /1102/
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its contrast ratio tends to be poor'énd coﬁparable_to those of-slighfly-
mobile elements 'such as barium, tin and zirconium. There is a small but
well-defined ""dissolved" nickel aﬁomaly at Kombat that includes an extreme
value at Asis West. Most of the exceptional nickel values occur in the
north, but there is no particular clustering at Tsumeb and if the pattern
of peak values does indeed represent a regional anomaly then it is so
extensive and vapid that it is practically useless. The Ni/TDS ratio does
 not change this picture greatly.

A In summary, it appears that nickel has performed inconsistently in
this orientation. The "fingerprint' at Kombat is very intéresting but the
lack of any focus at Tsumeb, the poor historical record of the element and
the real problems involved in achieving precise, routine determinations at
such low levels (70% of the observed concentrations are below 1 ug/1) tip
the scales against using this metal routinely as a pathfinder in the

Mountainland.
(7) Strontiwm (Maps 4P and 44R)

Strontium is a pathfinder for its own ores /954/ but has little
other épplication in hydrogeochemical exploration. There is a remarkable
concentration of dissolved strontium in thg Tschudi-Bobos area, well to
the west of Tsumeb, but the cause of this anomaly is not apparent. lLow
strontium values are scattered widely in the southern part of the orientation
area. In the Sr/TDS map the Tschudi-Bobos anomaly is even stronger and the
Grade -1 valueé are dotted along the Otavi valley on both sides of Kombat.
The (local peak/local background) contrast at Kombat is not remarkable.
There has been no indication whatsoever in this study that the distribution
of strontium is associated in a rational manner with the presence of

mineralization.
(8) Potassium (Maps 40 and 4AQ)

The use.oflpotassium as a pathfinder is virtually unknown. There is
no positive potassium anomaly at either Tsumeb. or Kombat‘and little else
about the distribution of this metal is remarkable. Like Strontium,
potassium is more abundant in the northern part of the orientation area.
Four of the grade | values occur in groundwateré exposed to the atmosphere
- i.e. springs, lakes or pits - and this suggests that some biological |
- controls may have been operative. On the other hand, three of the peak
values (near Olifantsfontein) are amohgst the few samples that were

collected from lecalities reasonably close to outcrops of the Abbabis

[N
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granite. It is conceivable - but in the writer's opinion :mprobable ~ that

these samples havn been nnflLenced by potassium from these leucocratlc
rocks.
The K/TDS map is very similar to the potaésium map; It is concluded

that this metal will definitely not be an aid in this exploration program,
(9) Aluminium (Mops 4U, 4AY, 44H and 4BL)

' No one uses alum:nlum as a pathfinder because it is too ‘ubiquitous
and too readily hydrolyzed /415/;the distribution of this element, 1ike
the letrlbUthn;Of silicon, is of potential interest only because it may
reveal important regional hydrogeochemical features. Note that (i) All
four aluminium maps suggest the existence of "anomalies' of some kind at
both Tsumeb and Kombat. These are generally quite well marked. (ii) A
comparison of the 'total' aluminium and SusAl maps suggests that most of
the aluminium is present in these samples in suspension. This is quite in-
keeping with the hydrogeochemical properties of this element (Hem, in /35/).
The relationship between the dissolved; colloidal and suspended fractions
of aluminium in natural waters is very complicated, but it is clear that
the concentration of the metal ih true solution is likely to be less than
one microgram per litre at moderate pH values. It is almost impossible to
determine what is truly  dissolved because not all of the light colloidal
fraction can be removed by filtration. The "total' aluminium peaks are so
pronounced that they are scarcely modified by division of the raw data by
TDS. (iii) There are marked similarities between the respective relevant
maps for aluminium, silicon and TSS. This suggests that the '‘anomalies'
indicated by these parameters may be congeneric. Again, this is hardly
amazing, since aluminium silicates are one of the commonest components of
- natural suspensions. |

It therefore seems likely that the distribution of aluminium, like
that of silicon, is strongly influenced by lithological factors. Many of
the peaks in the south can perhaps be attributed to aluminium silicates
from the phyllite and some of thcse in the north to similar materials
from the kersantite. This possibility is underscored particularly by the
SusAl/TSS map, which suggest - albeit not so clearly - the same development
of linear anomalies at Tsumeb and Kombat that were apparent. from the
SusSi/Tss map. ' |

The distribution of aluminium therefore tends to support the hypothesis

that changes in lithology, rather than the presence of ore per se, may be
responsible in a large measure for the '""anomalies' at Tsumeb or Kombat.
Even if this theory is incorrect, it remains true that the distribution of

aluminium is closely correlated with TSS and the metal is suspect as a
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- pathfinder unless a convincing connection can be shown to exist between the
concentration of total suspended solids and the natural influences of the

orebodies at Tsumeb and Kombat.
(10) Titanium (Maps 4AE and 4BI)

" There are many similarfties between thé distributions of titanium‘

and aluminium in the oriéntation samples. Titanium is also readily h
hydrolyzed and the'conteht of dissolved Ti in natural waters is of the
order of 1 ug/1 (Correns, in /35/). The détérﬁination‘by‘AAS ofvsuCh
minuscule amounts of this element is impracticable and therefore XRFS

data only have been presented. The SusTi map shows anomalies at both Tsumeb
and Kombat that are almost identical to the TSS anomalies that occur there.
The SusTi/TSS anomalies-are esséntial]y similar to the anomalies produced.
by the raw data; there is but a weak tendency to transform into the
strike-orientated linear anomalies that are to be seen in the correspondlng
maps for aluminium and silicon. It is concluded that titanium is too

closely correlated with TSS to be of real use in this project.
(11) Iron (Maps 4R, 4AT, 4AC, 4BG)

Many of the féctors that need to be considered in an examination of
the distribution of iron in the orientation area have already been discussed -
(cf. paragraphs dealing with aluminium and 5ilicon).‘lron is exceedingly
inSolublevin the presence of free oxygén at pH‘>2 (Berner, in /35/) and
‘most of what is termed ‘'dissolved iron' in the literature is really very
finely colloidal iron. "Suspended ' iron ( >0,5 um) is very common in fresh
water. Like many other elements, iron tends to be concentrated in waters
around sulphidic orebodies but is never regarded as a pathfinder ~ the most
obvious problem in a borehole sampllng program benng the mass of steel in
contact with every sample.
" The distribution of "total" iron.in tHe orientation area shows no
startling featurés. There is the expected anomaly at Kombat, which reflects
the influence of the TSS anomaly and/or the presehce of the iron-rich L
phyllites. There are two ferruginous samples at Tsumeb but they lie well
. south of the TSS peaks that occur north of the mine. A weak anomaly occurs
in the Accra-Colombo area well to the east of the town. The cause of this
is not apparent; if is difficult to imagine that it is related to the
underlying lithology. The Fe/TDS map shows patterns essentlally identical
to those just described. ' ; - S
As expected, the SusFe map also shows this basic pattern of distribution

e
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of peak values, but with a tendency to form,a weak, symmetrical, regional
anomaly around Tsumeb. The SusFe/TSS ﬁép is rather intéresting; the famijiar
linear '"'phyllitic" anomaly appears once more along the Otavi valley (cf.

Si and Al), the ancmaly at Accra-Colombo disappears and Tsumeb is ringed by
four widely- spaced peak values. Isolated peak values appear in the central,
background reg:ons '

From the foregoing it appears that the determlnataon of iron is of
little interest. to the hydrogeochemical prospector and that the study'of the
.d!strlbutlon of the metal has added practlcallv nothlng to our knowledge of

the groundwater regime in the Otavi Mountainland.
(12) Manganese (Maps 4Q, 4AS, 4AD and 4BH)

There are very few examples of the use of manganese as an indicator
of mineralization; the oxides and hydroxides of this metal .are not very
soluble in oxidizing waters (Wedepohl, in /35/). Nevertheless Shima 7127/
gives examples of the use of manganese in hydrogeochemical prOSpectfng for
ores containing the metal as a major component. '

~Like iron, manganese is more likely to occur in naturél waters in
suspension than in solution. It is a major componént of the suspended
fraction of fresh waters. Furthermore manganese is, like iron, an important
component of steel /41/. 1t is therefore not surprising to note strong
similarities between the ''total' manganese and ''total' iron maps, viz.
the strong ancmaly at Kombat, the two high values on either side of Tsumeb
and the small cluster of peak values at Accra-Cclombo. The Mn/TDS and
Fe/TDS maps are also similariy matched, except that the Accra-Colombo
manganese anomaly ishnot as clearly demonstrated.

The SusMn and SusFe maps are not quite so alike. The iron anomaly in
the south is repeated in the SusMn values in the central Otavi valley but
the regional anomaly at Accra-Colombo is considerably smaller. None of these
contrasts seems to have any important significance. Predictably, the
SusMn/TSS map is almost a cepy of the corresponding map for iron..

Manganese and iron apparently follow each other very closely in the
orientation samples and it is concluded that manganese is therefore of no

further. interest to us in this exploration project.
(13) Cobalt (Maps 4S5 and 4AU)
Cobalt is a rare element in natural waters and is not regarded as a

useful pathfinder /345,1102,55/. Udodov and Parilov /752/ considered cobalt

to be approximately as immobile as Be, Ti, Sn, Zr and tungsten. Cobalt is
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very readily absorbed onto clay particles and manganese and iron precipitates.
For example, cobalt correlates well with iron in most soil profiles (Turekian,
in /35/). There isa strong''total" cobalt anomaly at Kombat and a weak one at
Tsumeb. They correspond partially with, but not exactly to, the TSS and SusFe
anomalies at these two mines. A diffuse but important cobalt anomaly occurs

to the east of Tsumeb in the Accra-Colombo arca (cf. iron and manganese).

This anomaly, again, corresponds only partially to the SusFe anomaly that
occurs in this eastern region. The Accra-Colombo cobalt anomaly is practically
co-extensive with the large outcrop of quartzite in this area but this must '
be taken to be fortuitous as there is no other evidence of any correlation
between high concéntrations of dissolved cobalt and the outcrops of this
arenite; The Co/TDS map shows rather similar features.

There is not enough evidence in these maps to convincé'the writer that
the TSS and cobalt anomalies are congeneric. There appears-to be a fair
possibility that the cobalt anomalies - and especially the Co/TDS anomalies -
at Tsumeb and Kombat are real, independent features, perhaps related to the
metallogenic aureoles of the two ore deposits. This is by no means certain,
however, and there are several! other factors that militate ajainst the use
of cobalt as a pathfinder: the fact that the metal occurs in some steels
/41/, its poor historical record, the extremely low threshold values (90%
of the observed concentrations are below 0,5 ug/1) and, most especially,
the large anomaly at Accra-Colombo that appearé to be totally spurious.

Cobalt is therefore relegated to the ranks of the ''second class' pathfinders
in this project. One would reconsider the possible usefulness of the metal
only if the more conventional pathfinders (vide infra) failed to perform

satisfactorily.
(14) Bicarbonate (Maps 41 and 4AM)

Bicarbonate is a very important ion in uranium hydrogeochemistry /S04/
but not as far as exploration for base metals is concerned. Negative :
bicarbonate anomalies are sometimes noted near sulphide ores /1034/. In the
orientation area the distribution of the bicarbonate ion appears to be
related partly to lithology. Several peak values occur in the northeast, on
the border of the sand-ccvered aréas, whereas bicarbonate-poor waters aré
most common along the edge of the phyllite in the Otavi valley. The HCO;/TDS
map is rather ambiguous. There is a regional negative anomaly at Tsumeb but
at Kombat both high and low values cfuster together} The low bicarbonate/TDS
values can in ény.case not be regarded as independent indicators of the

"existence of a regional anomaly, since bicarbonate is a major component of

TDS and bicarbonate/TDS values will be depressed wherever ions other than
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HCO3 have accumulated. Note that the bicarbonate/TDS "lows' (Grade -1)
form virtually a 'negative print'' of the positive (Grade 1) TDS peaks.

The same .logic explains why most of the bicarbonate/TDS "lows' correspond-
exactly with the highest sodium values (vide infra). Bicarbonate analyses

are therefore of little direct interest in this orientation study.
(15) Sodium (Maps 4K and 4AP)

‘Sodium is one of the most mobile elements and is scarcely removed
from natural waters by any process other than evaporation /1048-50/.'The'
metal will often show some tendency to accumulate around an orebon and
~such an anomaly will most readily be seen if the country rock is a carbonate.
or some other sodium-poor formation. However, it was shown earlier in this
thesis that sodium may be accumulating at Tsumeb and Kombét because of
anthropogenic interference with the groundwater rather than as a result of
natural processes of dispersion. Moreover, the sodium and Na/TDS anomalies
at Kombat show clear signs of being related to the Mulden phyllite. Another
unwel come Sign‘is the occurrence of high sodium values on the border of the
sand-covered areas; any buildup of the metal. in the flat areas as a result‘.
of "metamorphism'' of the groundwater /1048/ will make it almost impossible
. to recognize genuine sodium anomalies. For these reasons it is necessary to
be extremely cikcumspecf about attaching any great significance to the

sodium anomalies at the two mines.
(16) Magnesium (Maps 4G, 4AK, 4AG and 4BK)

Magnesium-is a major component of the cérbonate rocks of the Otavi
Highland and the distribution of the metal can be expected‘fo reveal, if
anything, only major trends within the groundwaters:of-the orientation
~area., Thus we find that there is a good correpondenée‘between magnesium
peaks and TDS peaks, giving "anomalies' at both mines, but when the bias
is modulated by plotting Mg/TDS the peak values appear as a rather more
- random sprinkling of points. The correspondingsets of lowest values for
magnes ium form no interes;ing'patterns; ' . _

Similarly, one notes a fair correlation betWeen high values of SusMg '
and TSS peaks. However, the ratioed data do not randomize the pattern of
peaks as strongly as Mg/TDS did for the ''dissolved' magnesium values. Only
a small anomaly remains at Kombat, but in the north there appears to be an
alignment of peaks running past Tsumeb and parallel to the strike of the
major lineaments in the area (cf. silicon). The cause of this pattern is

not apparent. There is no known reason why an abundance of magnesium should
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be related to the fault line»vThe only perceivable factor that‘may'tend to . |
produce elevated concentratlons of magnesuum near enther mine is a possnb]e
acceleration of the rate of corrosion of dolomlte owing to lncreased

recycling of groundwater /23/, or the release of sulphuric acid from

decomposing'sulphide minerals. (cf. Section 1I). Nevertheless it is not clear
how this could affect suspended magnesium without being reflected in the V

values for dissolved magnesium.
(17) Calcium (Maps 4H, 4AL, 4AF and 4BJ) -

~ Calcium, like magnesium, is not expected to show any important local
features. There is some clustering of calcium-poor waters in the Otavi
‘valley and a group of calcium-rich waters occurs on the edge of the sand-
-covered tracts northeast of Tsumeb. The calcium/TDS values produce
interesting negative values both at Tsumeb and at Kombat and there is a
good correlation between Ca/TDS and TDS. This provides a good example of a
‘negative anomaly due to mathematical closure /1192/. The concentration of
calcium is fixed by the carbonic system and, as the concentrations of other
ions such as sodium and magnesium build up, so calcium becomes a proportion-
ately less dominant component of the TDS. The high-TDS waters around the.
mines therefore appear on the Ca/TDS map as ''lows''.
The picture presented by the SusCa data is confused, with high and
low values occurring side-by-side at both mines. There iS; as one would
expect, a fairly'good correlation between the SusCa peaks and the TSS peaks.
The distribution of the SusCa/TSS peaks is essentially random, except for a
weak negative anomaly in the central Otavi valley. | .
In Chapter 5 it was mentioned that there was, in theory, é slight
"possibility of using very high Mg/Ca ratios as a prospecting criterion for
sulphidic ores emplaced in dolomite. A comparison of the data in Table
5.3(ii) with Map 4A shows that there is some tendency for samples with very
high Mg/Ca ratios to occur at either Tsumeb or Kombat. However, very high
values also occur in background areas, for instance at Lake Otjikoto and at
Lucas Post. Furthermore, it was shown in Chapter 4 that high Mg/Ca ratios '
~will also result from active recirculation of groundwater and of course it
is near the two mines that this kind of recycling is most active. Moreover;
‘the Mg/Ca ratio, if it is to have any use at all, must be utilized in a
dolomitic terrane, because it is a prospecting sign related not to the
products of the orebody per se, but to the chemical interaction of these
products with these specific host rocks. The Kalahari beds are not dolomituc
~ {Chapter 6) and have variable concentrations of magnesium. lt therefore

seems highly improbable that an orebody emplaced in buried dolomite could
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have any meaningful influence on the Mg/Ca ratio of the formational waters

in the overlying superficial materials.
- (18) Chloride (Maps 4E and 4AN)

Chloride.is_not a ‘popular pathfinder but it is released during the.
weathering of sulphidic ores /1072/. It is a mobile element that can be
expected to follow sodium (vide supra) closely in the orientation sampleé.
This it does, and the sngntflcance of the chlor:de “anomalles at the two

mines istherefore as much suspect as the “anomalles produced by sodium.’
(19) Sﬁthate‘CMups 4D and 4A0)

Sulphate and the sulphate/chloride ratio are amongst the host important
pathfinders for base metal mineralization /351,495,1100,873,1037/, There is
a small but sharp sulphate anomaly in the centralvOtévi valley and a strong
but unfortunately rather wide anomaly at Tsumeb. If one includes all the
Grade Il sulphate values then this northern anomaly broadens out :into a
‘very wide regional feature stretching from Tschudi fn the west to Aarhus in
the east. The substitution of sulphate/TDS values results in é convincing
although still rather broad reglonal anomaly around Tsumeb, but in the
south.the smaller anomaly is considerably weakened. The sulphate/chlorsde
ratio does not offer any improvement; the Kombat anomaly remains weak and.
the broad anomaly at Tsumeb persists, but with the main concentration of
Grade | values displaced strongly to the southeast. ( It is some consolation
‘to know that others have had problems with this much-celebrated ratio.
Belyakova /783/ was particularly iconoclastic about it and cited instances
where the ratio dropped significantly as one approached the orebody!).

-~ Sulphate has not performed outstandingly weli in this orientation
stUdy Nevertheless it is clearly the most importanf anion that has been
examined in either of the two orientation surveys and will undoubted]y be

~ of some value in hydrogeochemical exploration in this region.
(20) Zinc (Maps 4J, 4AX, 4AB and 4BF)

Zinc is undoubted1y the mdst imbortant hydrogeochemical pathfinder

- for Cu-Pb-Zn deposits /356,537,782,345,55,527,819,1119,1030,1035,45,48,970/.
It can also have high and erratic background concentrations in carbonate
formational waters /45,48/. It is a common contaminant of samples taken
from boreholes with galvanized casings /49,99,1101/; this chronic problem~

has been discussed at length in Appendix J. There is essentially no sure
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way of telling whether the peak values observed in the orientation samples
are more-or-less genuine features or whether they'are merely the result of
contamination, but there is some evidence that certain of the waters (e.g.
at Kranzberg East) are heavily laced with zinc derived from the borehole
hardware. Isolated extreme values, such as those at Welcome Post and Cork,
must therefore be regarded with suépicion at this stage. Zinc is very
mobile and it is of course just possible that these extreme values
represent real examples of secondary dispersion from undiscovered mineral-
ization within the vicinity of these anomalous boreholes. However, this
cannot be assumed in assessing the results of an orientation study andee
will delay further consideration of this point unfil the following sub-
-section of this Chapter, ‘

Even allowing that the Kranzberg East sample may be contaminated,
there is at Kombat a good "tctal'' zinc anomaly, which is disp]acéd scmewhat
to the west of the mine. Unfortunately there is no indication whatsoever
of ‘a zinc anomaly at 1sumeb. The Kombat anomaly appears again in a somewhat
weakened form in the Zn/TDS map, which also reveals a small cluster of zinc
peaks well to the west of Tsumeb. | _

~The SusZn map is practically a duplicate of the total zinc map, which
makes one suspect that the anomaly at Kombat may have been enhanced by the
partial correiation of zinc with TSS. This doubt is reinforced by the
waning of the Kdmbat anomaly whan the SusZn/TSS ratios are substituted for
the raw data. .

The performance of zinc in this orientation study has been below
expectation. However, it has produced anomalfes of some form at Kombat,
has an outstanding historical reputation and is easy to determine, and for

these reasons ought to be retained as a possible pathfinder.
(21) Copper (Maps 4L, 4AW, 4AA and 4BE)

Copper is, after zinc, the most popular metallic pathfinder for
deposits of base metals /99,106,140-1,185,344/. It is not as mobile as zinc
/121,782,345,537/ but on the other hand contamihation from hardware affects
copper to a far lesser degree than it does zinc /53/. There is a strong
""total'' copper anomaly at Kombat andAa smaller but important one at Tsumeb.

A very important aspect of this map is that all of the Grade | values and
most of the Grade ll's are confined to these two anomalies; there are no
important copper peaks in background areas. V

A different pattern is shown by the data for Cu/TDS: the Tsumeb anomaly

is significantly weakened, while the Kombat anomaly becomes very strong

indeed and covers most of the central Otavi valley. On the debit side, one
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must note a fair correlation between the values for ''total'' copper and TSS
and also that the anomaly at Tsumeb is located in the vicinity of the
kersantite dykes to the northwest of the mine. Nevertheless, copper is
apparently not in suspension in the anomalous samples in the north, since
there is no more than one Grade il SusCu peak in the area. Furthermore,
the SusCu anomaly at Kombat is very powerful and is displaced but not
destroyéd by rétioing the raw data against TSS. The correction does, however,
produce spurious anomalies in background areas.

On balance, copper seems to have performed rather well in this study.
It certainly appears to be a more promising pathfinder than zinc in the
Otavi Mountainland. The reason for this state of affairs is at this juncture
a matter of speculation. It may be due to the combined effects on the
distribution of zinc of contamination and an unstable background value.
Because zinc is very mobile it will be more susceptible to these influences.

than copper will be.
(22) Lead (Maps 4M, 4BA, 4Z and 4BD)

Lead is a rather immobile element and is not given to forming broad
anomalies /49/. Many workers (e.g. /792,782,1094,1033/) have nevertheless
noted that the element can be a very useful ''short range' pathfinder for
base metal sulphides. |f lead values arec very high then the chances are that
the deposit is close at hand. Under most circumstances the metal is
relatively unaffected by contamination.

UTotal' lead and Pb/TD5, like the corresponding data for zinc, reveal
good anomalies at Kombat (with an extreme value at Kranzberg East) but

no sensible clustering of peak values at Tsumeb. There is, once again, a
| fair correlation between these lead anomalies and areas of high 7SS, so it
is not surprising to find a strong SusPb anomaly at Kombat. There is only
one peak value near Tsumeb. | '-

The SusPb/TSS map creates a very different picture. Here the Kombat
anohaly is greatly weakened and displaced but an important anomaly appears
at Tsumeb. Unfortunately a number of peak values also crop up in background
areas and they detract rather heavily from the significance of the new
anomaly at the northern mine. |

Lead has proved to be not nearly as useful as copper in this study
but there are enough encouraging signs to justify its inc]usion; with zinc,

as a supplementary pathfinder for mineraliztion in the Otavi dolomites.

(23) Copper plus lead (Map 4BP) and Copper plus lead plus zinc (Map 4BQ)
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Many writers, particularly in the USSR, have emphasized that a wide
range of efements is commonly encountered at somewhat elevated concentrations
within hydrogeochemical diépersion haloes in groundwaters /1102,1133/. This
is obviously true at Tsumeb and especially at Kombat (cf. data for the mine
waters in Chapter k). it does not follow that each of these species will be .
a useful pathfinder. Some have iimited mobility, others are foo prone to
contamination or to fluctuations due to lithological changes, and so on.
Never@hé]ess, many authors have pointed to the possibility of using the
sums of concentrations of metals to reveal gross features that are not
emphésized by the patterns of distribution of the individual elements /792/.
Some of these propcsed ''summed indices'' are quite straightforward, e.g.

(Zn + Cu + Pb) /1097/. Others are quite bizarre, e.g.

((Fe+Pb+Ag+Zn+Mn+Ba) /TDS) /1030/.

There is obviously no point:in including metals like iron and
manganese in any potential summed index for the Otavi Mountainland. Zinc
must also be excluded because it is usually relatively abundant and therefore
tends to swamp the index (Map 4BQ). Cobalt and nickel, on the other hand, are
present in such small amounts that they effect no sensible '"leverage' on the
index. The onlyrpotential}y interesting index for this orientation project
appears to be (''total'' copper plus‘''total' lead); the distribution of these
values is shown in Map 4BP. It reveals a massive anomaly at Kombat but oniy
a very half-hearted one at Tsumeb. {f one recalls the very poor development
of anomalies for individual base metals at Tsumeb, then it is logical to

deduce that the process of summation is unlikely to improve matters much.
(C) SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

(1) The data of Appendix J show that the problem of contamination -from
"borehole hardware is. generally not serious in the orientation area. Zinc
is the cnly metal that may be seriously affected in some samples, but the
4 orientétion results show that it is nevertheless possible;to identify some
real zinc ancmalies (cf. points 10 and 14 below). '
(2) Appendix J also shows that contamination of samples by the high"density
polyethyiene containers that they were stored in was minimal. It was also
shown that the samples were quite staBle when thus stored.

(3) 1t was further shown in Appendix J that seasonal variations in the
compositions of the groundwaters in the Otavi Mcuntainland are slight.
Specific sampling programs, such as the second orientation study and the

Application phase {Chapter 6), were completed rapidly and seasonal drift
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could therefore be ignored.

(4) Analytical data were collected for pH, temperature and some fofty
chemical species. The following species showed so little variation in
concentration or were generally present in such small amounts that no
meaningful assessment could be made of their distributions: Li, Rb, Cs, V,
Cr, Mo, Ag, Au, Cd, Hg, Tl, Ge, As, Sb, Bi, Se and Te.

(5) The distributions of the remaining species were studied with the aid

of maps and basic statistical calculations, both of which were produced by
computer. Maps drawn by the computer are very useful and time-saving.

(6) The geographical distribution of the sampling points makes contouring

of the data impossible. Various formal mathematical and geometric methods
were applied to the data but failed to yield good results. The location and |
éignificance of anomalies were therefore judged subjectively ''by eye''.

(7) For each element (X) one or more of the following distributions were
studied: ' |

(a) Total X; i.e., dissolved X plus acid-soluble suspended X.

(b) Total X/TDS

(c) Suspended X

(d) Suspended X/TSS

(8) The following factors had to be taken into account in order to explain
the observed patterns of distribution of values, to decide which of them
constituted anomalies and to assess the importance of those anomalies:

(a) the individual characteristics of the different chemical species

(b) contrast values and the detection limit of analysis -

(c) variationsiin the local value of the background concentration

(d) the influence of lithology of the host rocks

(e) the correlations between TDS, TSS and the concentrations of certain
species

(f) the postulated '"metallogenic zones'.I or "aureoles of dispersion'' at
Tsumeb and Kombat _ | _

(g) disturbances of the groundwater systems at the two mines by the activities
of man.

(9) It was found that meaningful anomalies could be recognized and that
pathfinders could be identified Qifh some confidence. This result stahds in
contrast to those of the first orientation study of the waters of the Tsumeb
mine, in which it was found that the effects of recycling of groundwater
made it practically impossible to achieve these goals with any confidence.
Accordingly it is recommended that the second oriéntation survey should be
followed up by an attempt to appTy the hydrogeochemical technique in

exploration in a selected area of Kalahari terrane (Chapter 6 following).



P e e s e wa e s e o e e ot < e S st bt

A ._ 151
Despite this positive result, it must be noted that the anomalies at fsuméb
are much poorer than those at Kombat. This may be due to dewatering or other
local effects but ‘it is not possible to identify any definite'cause; It is
also impossible to say to what extent these observations will affect the
relative probability of detecting a buriéd orebody of the "Kombat'! type
as opposed to one of the '"Tsumeb'' type. The original patterns of dispersion
around these two deposits may have beer the same, or theyvmay.have been »
quite different. We have no way of knowing, because we simply cannot te]f
to what extent those original patterns have been altered by the process of
exploitation of the ore. | _ . '
(10) 1t is obviously highly desirable to limit the number of pafhfinders
that are to be determined in a hydrogeochemical survey involving large.
numbers of samples. It is therefore recommended that only the four most
promising species - copper, lead, zinc and sulphate, ih;ludingvthe sulphate/
chloride ratio and species/TDS ratios - be adopted as potential pathfinders
for the application.phase of this project. The remaining species or '
measurements were not shown to be prime candidates for admission to the '
class of potential pathfinders and, with the exception of those elements
and ions required for purposes set out in paragraph (13), should be
disregarded. ’ |
(11) A considerable proportion of the.total mass of copper, lead and zinc
'in the orientation samples is in suspension; There is, however, no decisive
advantage in filtering out and separately analyzing the suspended material;
indeed, it would probably be disadvantageous to do so. This procedure would
.in any case be extremely tedious in the application phase of the préject
and might increase the probability of contéhination of the .samples during
collection. It appears that the method of determining ''total' metal after
acidification of the sample is both efficient and efficaceous, and is
accordingly recommended. ) ' ’
(12) The abovementioned four pathfinders produce very different anomalies.
~at the Kombat and Tsumeb mines. There can therefore be no question at this
stage of setting any realistic orientation parameters such as threshold
values, sampTing densities or anticipated diametefs.bf anomalies.
Nevertheless, it seems certain that the anomalies will be regional rather
than .local ones. One may anticipate that these regional anomalies will be
quite small under most circumstances. Although most of the anomalies
observed during orientation consisted of clusters of peak values within a
few kilometres of one another, the‘possibility of encountering "singlé
~point't anomalies during the application phase must be borne in mind.
(13) The statement in (10) above notwithstanding, there are many obvious
advantages in being able to examine the relationship between the concentrations

of the selected pathfinders and the major element chémistry of the samples.



_ 152
This is especially important in view of the fact that one may expect that
the groundwaters of the Kalahari areas will not have the same bulk chemistry
as the dolomitic waters (Section |). For this reason it is recommended that
the following supplementary measurements and determinations be made during
the application study : pH, bicarbonate, calcium, magnesium and sodium.'
(14) Several samples collected during the orientation study proved to have
extremely high concentrations of zinc and, in one case, lead. Kranzberg |
East and Welcome Post are examples of boreholes that yielded exceptionally
metalliferous waters. !t seems probable that contamination from borehole
hardware is the cause of some of these high values but it remains possible
that one or more of these holes may have intersected a real anomaly
associated with unknown mineralization at depth. [t is suggested that this
ohservation may provide a starting point for further profitable research
work, but it must also be stressed that such an undertaking has definitely

never been included in the terms of reference of this thesis.
Chapter 6. Application experiment in the Withdrawal Area northeast of Tsumeb

6.1 Introduction

_ - The results of the second orientation study were encouraging
enough to justify applying the hydrogeochemical technique in a selected area
on the pediplain northeast of Tsumeb. The block of farms chosen for this
purpose has been described in Section I|-and was withdrawn from peqging by
the Administration in favour of Tsumeb Corporation Limited (VCL) in April
1974 (Withdrawal Order numbers 261, 262 and 263). This '"Withdrawal Area''
is shown overleaf (Fig. 6.1) and on most of the versions of Map 4 in Vol.
i1, and covers about 200 000 ha.

The Withdrawal Area consisted of a few dozen cattle farims, with a total
of perhaps 200 boreholes or other potential sources of water sémples,~hot all
of which were operational or accessible at any given time. During May to July
1974 all the usable sources (170-odd) of grdundwater in this area were sampled
and analyied for pathfinders and major components. The collection and analysis
of these éamples was very kindly undertaken on behalf of and under the v

direction of the writer by Tsumeb Corporation Limited.
6.2 Sampling, analysis and results

The sampling prccedures used were essentially the same as those described
in Chapter 5. Appendix L is a copy of the typed instructions followed by the
field personnel responsibie for the collection of the samples. The footnotes

to this appendix list the small changes made during the sampling program
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as a result of practical experience. The most notable was the substitution
of perchloric acid for nitric acid as the preserving acid. Perchloric acid
has the advantage of improving the precision of MIBK/APCD extraction of
trace metals ( KoirtYohann and_Wen, 1973 /34/), a fact we were unaware of
at the time of the orientation sampling. There was no reason to suppose that
~ the substitution of perchloric acid would have any adverse effects and indeed
none were noted at any stage of the program. |

_The following analyses and measurements were undertakem: pH, methyl
alkalinity, phenolphthalein alkalinity (allowing the calculation of the
concentration of bicarbonate), total hardness, calcium hardness (allowing
the calculation of the concentrations of magnesium and calcium jons),
sulphate, chloride, copper, lead, zinc and sodium. The methods and all
associated tests of precision are described in Appendix B5. The analytical
results are compiled in Table 6.2, following. (Thé data afe given in the
units in which they were reported by the TCL laboratories. The calculations
necessary to conveit these numbers into the same units as those used for
the representation of the orientation data were performed automatically by

the computer that plotted the data on the hydrogeochemical maps in Vol. 1),
6.3 Initial interpretation
(A) INTRODUCTION

The interpretation of the data followed lines broadly similar to
those of the second orientation study. The data are plotted on the same
maps 4C, 4D ... etc. describedvin Chapter 5, and the threshold values used
(computed by the BMDP routines referredto in that chapter /281/) are compiled
in Table 6.3A. In addition, it was possible to construct compufer-generated
contour maps and ''three dimensional'! perspective projection diagrams of the
chemical data from the Withdrawal Area. (This had not been feasible for the
unequally and thinly distributed orientation data). The "'3D' diagrams are
labelled 6a, 6b, 6c, 6d ... etc. and the corresponding contour maps are
labelled 6ac, 6bc, 6¢cc, 6dc ... etc. Note the following features of these
‘maps and perspective projections and the programs that produced them:

(i) The computer programs responsible for these illustrations are contained
in the SACLANT graphics package at UCT /1197/. The bulk of the programming
‘is in ALGOL and is so transparent to the user that it would be pointless :
to reproduce in this thesis the control cards selected to construct the
particular figures shown.

* {(ii) The contour map is orientated in the conventional manner, with north

towards the top of the diagram. The 3D projections are always viewed from a



TABLE 6.2 RESULTS OF ANALYSES OF BOREHOLE WATERS FROM THE WITHDRAWAL AREA

pH soh CaH MgH TH TDS C1 PA MA  Cu Pb Zn Na
1 6,8 5 240 314 560 584 49 nil 565 <1 3 748 7
2 6,8 4L 200 356 556 604 36 nil 555 <t 3 7. 5
3 6,8 7 68 508 576 648 36 nil 590 <1 3 14 6
.4 o7,0 9 88 L4ho 528 604 36 nil 500 <1 2 27 7
5 6,9 9 112 380 492 560 36 nil 490 301 €2 2
6 6,8 11t 108 444 548 776 24 nil 455 L <1 712 30
7 6,8 20 336 344 68¢ 620 109 nil 495 <1 <1 24 10
8 6,7 31 340 330 670 556 74 nil 540 1 4 22 9
-9 6,8 6 276 314 590 Lok 32 nil 570 <i & 10 9
10 6,8 37 464 556 1030 1292 306 nil 605 3 <1 184 130
11 6,7 9 288 392 680 544 34 nil 590 <t 16 2600 18
12 6,9 15 276 374 650 492 30 nil 615 <t 6 k3 13
13 6,8 2 384 436 8z0 672 130 nil 525 <1 4 15 11
1L 7,0 2 312 338 650 480 72 nil 570 2 <1 at. 15
15 6,90 3 304 136  Lh4o 476 6 nil 460 5 2 378 17 -
16 6,85 23 244 316 560 584 6 nil 555 <1 9 7820 6
17 7,10 . 5 208 152 360 428 7 nil 370 L 5 94 5
18 6,90 6 252 238 490 508 7 nil 520 <1 2 220 5
19 6,90 10 252 268 520 516 6 nil 540 L <1 k1o 5
20 6,85 6 252 268 5206 540 7 nil 545 7 2 75 5
21 6,85 6 25z 288 54o 5k 8 nil 570 2 2 20 6
22 7,00 3 228 162  39C L4ho 8 nil Lok 3 4 43 6
23 6,90 5 244 196 L0 460 19 nil 415 50 2 200 3
24 6,9 5 272 358 630 512 21 nil 605 3 L 12 7
25 6,7 2 276 324 600 436 17 nil 595 3 <t 128 5
26 6,8 18 312 348 660 800 41 nil 610 2 5 25 19
7 6,8 8 252 398 650 568 46 nil 600 24 <1 200 9
28 6,9 64 554 1336 1900 2524 854 nil 500 18 <1 514 220
29 6,9 24 252 298 550 L4k 33 nil 475 2 3 80 16
30 6,9 6 232 348 580 456 7 nil 585 14 3 360 7
31 7,1 43 284 556 840 1512 318 nil 590 5 6 34 220
32 6,9 10 272 338 610 612 53 nil 590 2 16 23 34
33 7,0 5 260 k00 660 744 73 nil 550 3 <1 340 14
34 6,9 32 324 266 . 590 640 Lo nil 4785 7 2 266 2%
35 7,0 7 276 334 610 624 42 nil 605 5 <1 218 30
36 6,9 5 304 256 560 564 39 nil 550 L <1 139 13 -
37 6,9 3 276 304 580 528 30 nil 575 5 <1 L2 13
38 7,0 6 276 334 610 528 76 nil 500 <1 <1 71 11
39 6,9 202 352 1058 1410 2444 685 nil 475 L <1 291 280
Lo 7,0 181 260 450 710 816 £3 nil 525 2 <i 67 ko
41 7,3 15. 280 420 700 880 99 nil 570 9 <1 8L 30
L2 7,2 9 292 428 720 844 102 nil 530 1 <1 102 19
43 7,2 2 <1 100 10

3 252 528 780 856 102 nil 590

Values for sulphate, total dissolved solids , chloride and sodium in mg/l.
Values for copper, lead and zinc in micrograms per litre.
Values for calcium hardness, magnesium hardness, total hardness, methyl

alkalinity and phenciphthaiein alkalinity in ppm calcium carbonate.
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TABLE 6.2 RESULTS OF ANALYSES OF BOREHOLE WATERS FROM THE WITHDRAWAL AREA

" (continued)

Pb  Zn Na

o
<

pH SO, CaH MgH TH  TDS Cl1” PA  MA
Ly 7,8 3 228 372 600 . 656 15 nil 605 L <1 101 5
ks 7.1 80 452 628 1080 1692 331 nil 545 9 <1 58 120
L6 7,4 27 316° 894 1210 1520 349 nil 480 L < 78 50
47 7,6 24 252 308 560 840 69 nil 460 <1 <1 9 60
48 7,3 L 240 310 550 628 15 nil 545 8 <1 L7 9
L9 7,8 22 2372 198 430 436 21 nil 420 -1 <« 53 15
50 7,4 22 280 270 550 608 74 nil 500 <1 <1 23 30
51 7,5 21 164 366 530 612 4o nil 560 1 16 17 60
52 - 7,5 10 216 234 450 560 55 nil 395 <1 7 12 Lo
53 7,5 9 212 228 440 444 24 nil k55 3 14 27 2C
54 7,5 L8 272 568 840 1008 125 nil 555 10 12 17 60
55 7.4 9 68 422 490 524 33 nil 485 L L . 90 20
56 7,3 316 844 1376 2220 L4176 864 nil 545 24 <1 L 4oo
57 7,4 5 224 266 490 464 28 nil 480 3 1 101 13
58 7,3 14 140 460 600 600 41 nil 580 <1 6 30 20
- 59 7,9 185 304 816 1120 L406Lh 770 'nil 455 7 <1 59 400
60 ND ND ND ND ND ND ND ND ND ND ND ND ND
61 7,7 55 192 338 530 724 33 nil 525 8 <1 56 20
62 7,9 48 192 318 510 964 85 nil 5&hs L <1 26 - 60
63 7,8 28 100 500 600 952 121 nil 605 5 1 18 60
64 8,2 46 108 442 550 800 89 nil 515 29 36 2790 60
65 7,9 38 124 386 510 728 33 nil 555 31 <1 60 40
66 7,6 36 76 454 530 784 48 nil 545 2 <1 124 4o
67 7,4 275 668 932 1600 L4904 1431 nil 570 25 <1 140 700
68 - 8,1 137 263 332 600 1184 148 nil 530 25 <1 420 120G
69 7,4 184 260 380 640 1388 173 nil 440 2 <1 48 160
70 7,3 332 136 954 1090 2436 311 'nil 460 13 5 53 280
71 7,4 37 56 514 570 748 89 nil 460 5 <1 32 20
72 7,2 107 104 1376 1480 3572 885 nil 490 3 <1 880 600
73 7,3 4 52 398 450 424 14 nil 460 7 <1 124 6
74 7,5 617 56 684 740 1868 207 nil 645 . 1 <1 110 340
75 7.4 8 172 458 630 432 17 nil 640 ND ND ND ND
76 7,1 205 160 2410 2570 4512 1185 nil 450 13 1 560 400
77 7,5 213 56 434 490 1024 101 nil 475 300 2 230 140
78 7,4 L2 216 L64 680 792 52 nil 685 3 2 32 60
79 7,3 29 240 240 480 556 24 nil 480 17 <1 12 14
80 7,2 20 235 354 590 728 46 nil 650 23 <1 120 Lo~
81 7,4 37 196 394 550 788 72 nil 545 8 «i 10 4o
82 7,3 30 216 324 54D 636 30 nil 595 5 <i 182 40
83 7,2 Ls 268 252 520 608 30 nil 505 24 <1 32 42
84 7,3 119 384 836 1220 2016 295 nil 530 300 7 163 220
85 7,3 136 388 832 1220 2040 323 nil 530 6 <1 50 220
86 7,3

24 200 250 450  h96 20 nil L70 9 <1 43 13

ND = not determined
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"TABLE 6.2 RESULTS OF ANALYSES OF BOREHOLE WATERS FROM THE WITHDRAWAL AREA

(continued)

SOQ CaH MgH TH TDS Cl PA MA

pi Cu Pb Zn Na
87 7.,k 16 164 236 400 504 24 nil 445 5 <1 86 4o
88 7,3 - h5 168 322 490 696 107 nil 440 3 < k2 Lo
89 7,2 35 280 330 610 1028 145 nil 430 3 <1 255 100
90 7,5 113 140 250 390 760 67 nil 525 9 < 60 100
91 7,9 10 44 76 120 552 18 nil 410 20 <1 667 140
92 7,4 103 272 588 860 1472 319 nil k55 12 <1 126 100
93 7,6 27 224 276 500 560 4o nil 485 7 <1 9 15
gh 7,4 31 160  L4L10 570 684 67 nil 580 17 <1 51 60
95 7,4 7 172 308 480 500 24 nil 500 1 <1 25 10
96 7,5 5 224 226 450 476 18 nil 470 3 <1 87 8
97 7,3 35 92  L4L08 5060 568 30 nil! 515 1 < 90 30
98 7,4 27 104 396 500 512 22 nil 490 L <1 Ly 16
99 7,8 38 164 326 490 588 65 nil #80 .2 «<i 8 30
100 7,3 182 124 336 460 1060 188 nil 4gs 9 <1 k15 220
101 7,2 9 164 256 420 532 32 nil 470 14 <1 268 30
102 - 7,3 9i 86 174 270 720 52 nil 500 - 9 <1 1300 120
103 7,2 9 188 262 450 652 46 nil 445 1 <1 83 30
104 7,2 5 160 170 330 360 11 nil 360 140 10 & 5
105 7,3 131 140 270 410 1244 284 nil 615 <1 <1 629 320
106 7,2 Lo9 148 412 560 1708 312 nil 640 14 <1 601 340
107 7,4 96 76 144 220 828 80 nil 535 15 <1 171 220
108 7,3 16 124 276 40O 472 24 nil 420 9 <1 50 20
109 7,5 95 84 186 270 828 116 nil L470 27 <1 66 120
119 7,4 1697 60 6310 670 5052 L4k1 nil 1730 32 <1 190 1500
111 6,9 12 296 314 610 886 160 nil 455 9 <1 96 50
112 7,1 115 304 736 1040 2644 470 nil 435 14 <1 87 249
113 7,3 122 144 706 850 1936 506 nil 595 53 <1 112 280
114 7,1 197 208 352 560 696 19 nil 415 <1 <1 27 20
115 7,2 247 204 616 820 1308 160 nil 490 g <1 12 140
116 6,9 181 612 1758 2370 L4148 1320 nil 430 5 <1 550 400
17 7,3 48 152 228 380 548 31 nil 450 2 <1 220 60
118 7,3 - 60 328 752 1080 1560 258 nil 550 11 <1 142 120
119 7,1 59 316 744 1060 1464 253 nil 550 17 <1 85 120
i20 7,0 24 280 370 650 792 158 nil 515 3 <1 65 50
121. 7,0 141 336 394 730 1368 317 nil L85 5 <1 - 48 87
122 7,1 134 616 894 1510 3088 475 nil 370 8 <1 70 2060
123 7,2 187 600 1230 1830 3708 561 nil 355 15 <I 42 300
124 7,1 L6 312 358 670 856 111 nil 415 36 <1 175 50
125 7,3 63 160 260 420 644 83 nil 400 5 <1 105 4o
126 7,2 174 30k 486 790 20600 351 .nil 555 = 25 <1 6 220
127 7,1 116 260 470 730 1364 227 nil 485 7 <1 172 120
128 7,2 6 148 352 500 612 43 nil 475 L < 88 30
129 7,2

27 140 230 430 624 53 nil L4395 <1 <1 6 70




TABLE 6.2 RESULTS OF ANALYSES OF BOREHOLE WATERS FROM THE WITHDRAWAL AREA

“" (continued)

172 10 244 326 570  Shh 24 nil

pH S0, CaH MgH TH TDS C1  PA MA  Cu Pb Zn Na
130 7,2 20 23 224 k60 628 Ly nil  h25 3 <1 98 20
131 7,3 14 172 348 520 68% 47 nil 525 9 <1 112 4o
132 7,3 8 164 Li6 530 616 31 nil 590 67 <1 132 19
133 7,0 12 292 228 520 748 41 nil 510 2 <1 22 18
134 6,9 5 316 174 490 572 14 nil 510 1 <1 100 4
135 6,9 8 280 260 540 680 25 nil 450 L <« 67 18
136 7,6 13 124 306 430 560 29 nil 455 2 <1 6 17
137 7,4 17 196 14k 340  5hy 30 nil k15 102 1 204 4O
138 7,4 ‘9 200 270 470 600 20 nil 530 1 <t 2 20
139 7,1 31 296 334 630 1132 218 nil 495 1 < 37 120
140 7,3 101 264 636 S00 1628 229 nil 565 7 <1 6 100
141 7,1 10 220 410 630 884 14¢ nil 500 L <1 22 100
142 7,3 8 208 332 540 664 18 nil 585 46 <1 28 14
43 7,1 13. 224 436 660 908 124 nil 515 9 «I 5 30
14y 7,2 23 176 314 k9o 680" 48 nil 490 3 <1 14 ko
145 7,2 29 188 392 530 648 25 nil 625 5 <1 64 20
146 7,1 19 192 348 540 576 19 nil 585 12 <1 g 16
147 7,1 53 412 708 1120 1600 4783 nil 48G 11 <1 132 180
148 7,0 10 292 278 570 692 100 nil 495 14 <1 12 .30
1h9 7,3 o 284 376 660 928 105 =il 575 28 6 24 50
150 7,1 17 260 330 590 688 L3 nil 555 31 <i 48 20
151 7,0 3 248 252 500 496 15 nil. 510 28 <1 77 7
152 7,0 20 324 526 850 940 163 nil 520 5 <1 26 20
153 7,0 5 312 158 470 512 18 nil 505 5 6 65k 6
154 6,9 5 324 166 430 560 13 nil 520 14 <1 458 5
155 6,9 Lo 236 194 430 704 50 nil 555 9 <1 256 80
156 6,9 5 264 216 480 566 18 nil 515 31 «<I 70 12
157 7,1 6 228 222 450 - 528 26 nil L4521 <1 48 8
158 6,9 3 256 214 470 524 19 nil 475 12 <1 48 5
159 6,8 37 496 i34 630 988 145 nil 420 10 <1 81 4o
160 6,9 8. 208 342 550 596 41 nil 510 20 <1 170 10
161 7,0 6 196 414 610 688 21 nil 630 12 <1 1kk 20
162 7,0 28 476 244 720 940 140 nil 4BO 28 <1 10 30
163 6,8 5 288 222 510 548 19 nil 545 16 <1 84
164 6,9 22 280 320 600 760 63 nil 530 23 <1 131 30
165 7,0 91. 432 438 870 1756 242 nil L4200 28 <1 5 100
166 7,0 91 320 500 820 1576 218 nil 525 28 <1 165 160
167 7,2 66 204 276 480 578 29 nil 480 L <1 22 30
168 7,1 13 228 282 510 592 53 nil 500 L <1 38 12
169 7,2 L 280 170 L50 468 14 nil 4os L <1 5 6
170 7,0 L 300 166 460 480 23 'nil 495 Lo <1 48 9
171 7,0 23 328 582 910 1084 175 nil 590 9 <1 172 50
7,1 560 <1 <1 156

10

158
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- TABLE 6.3A THRESHOLD DATA FOR.VARIOUS GRADES OF ANOMALOUS APPLICATION SAMPLES

Pata - Map Grade -1 Grade -1l  Grade I  Grade !1
=10% CF*  =20% CF  =90% CF  =~80% CF
"~ pH | LF 6,9 7,0 7,5 7,4
™S, mg/1 ke 480 532 1936 1308
soz, mg/1 4D 5 6 - 181 95
50,/TDS R 4bAO 0,008 0,014 0,1053 0,0599
S0,/C1 4BO  0,1227 0,1835 1,2083 0,819
Cl ™, mg/1 LE 15 21 : 331 207
¢1 /TS LAN  0,0302 0,041  ¢,1955  0,1538
Mg, mg/1 e 48 61 179 121
Mg/TDS Lak.  0,0677  0,0806 0,1534 10,1393
Ca, mg/| Wb 45 6k 141 122
Ca/TDS LAL  0,0461 0,074 0,2102 0,1873
Hco;, mg/ ] Ly 518 555 - 725 695
HCO,/TDS LAM  0,3656 0,4755 1,25 1,1672
Zn, ug/! 4 12 23 360 179
Zn/TDS LAX 0,0156 0,0249 0,3915 0,2196
Cu, ug/l h 1 2 28 17
Cu/TDS LAYV 0,0005 0,0025 0,0362  0,0211
Pb, ug/1 LM 1 1 5 1 _
Pb/TDS 4LBA  0,0002 0,0002 10,0068  0,0021
Cu + Pb, ug/l heP 2 3 28 20
Na, mg/1 WK .6 10 220 120

Na/TDS Lap 0,0128 0,0187 0,1149 0,0973

.CF = cumulative frequency value taken as a criterion of threshold.
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virtual position bearing_S 200 E at an elevation of 400 above the horizontal.
(iii) The SACLANT program performs some interpolation and extrapolation with
the raw data before plotting. Therefore (a) the boundaries of the contour
map and the perspective "plock' correspond only approximately to .the
boundaries of the Withdrawal Area shown in Fig. 6.1 (p. 153). (b) the virtual
3D surface created for either diagram is a smoothed version of the true
surface defined by X and Y (geographical location of the sampling point)
and Z (concentration of dissolved component in that sample).

Although the data were examined with the aid of fairly sophisticated,
computer-executed statistical procedures /281/, the analysis did not reveal
any important information that was not apparent from ''eyeballing' the
hydrogeochemical maps. There appeared to be no meaningful, objective basis
for grouping the samples for discriminant function analysis. Principal
component analysis failed to produce any clear separation of the data into
natural groupings. Cluster analysis confirmed the highly individualistic
nature of the compositions of most samples. The analysis failed to produce
clean, readily identifiable groupings of samples. The only clear implication
of the analysis was that the waters in the southern portion of the Withdrawal
Area (WA) tend to be different from those in the northern part - a fact that

is quite evident frem even a cursory examination of the hydrogeochemical maps.
(B) AN INITIAL EXAMINATION OF THE INDIVIDUAL HYDROGEOCHEMICAL MAPS
(1) Total dissolved solids (Map 4C; Figs. 6a,6ac)

The distribution of the positive and negative anomalies in TDS
follows a complex pattern. There are two principal groupings of dilute
samples, one in the southwest where the WA abuts on the dolomites and
another in the north-central part of the area.The most saline waters occur
in a numbér of separate patches. An important cne lies just north of the
dilute waters in the southwest, while most of the others are located just
within the northern, eastern or southwestern borders of the WA. This
distrfbution is illustrated very clearly in the 3D diagram, in which the
saline waters appear as “'hills' in the west and “mountains'' in the east and
northeast. The reasons for the existence of these patterns is generally
unclear. The southwestern grouping of low-TDS samples obviously represents
a slight extension of the dilute dolomitic waters of the Mountainland into
the Kalahari terrane. The western zone of high-TDS waters lies mainly on
the projected extension of the Mulden beds that are exposed somewhat to the
south, but there is no evidence from the orientation survey that these

quartzites are associated with formational waters more saline than those of

L4



the dolomites. There is a vague association between the eastern high-TDS
~anomalies and the sheet of subcropping Kaoko basalt thought to exist in
that area (/30/; Map 4b), but none of the other anomalies, whether positive
or negative, appears to be related to anything in particular.

The waters of the WA are generally much more saline than those of the
Mountainland. The mean concentration of TDS is the orientation samples
(xTDSm) is 577 mg/1, whereas the corresponding value for the application
data KiTDSd) is 1020 mg/1 and the ratio of the two means is 1,77. Grade -l\
values in the Mountainland are typically less than 300 mg/1 but in the WA
they are typically more than L00 mg/1. The corresponding values for the
Grade | anomalies are <1000 and >2000 mg/1. Only one Mountainland sample
has more than a thousand milligrams of solids per litre but about 25% of
the samples from the WA are more saline than this. It must be apprehended
that the complex distribution of TDS in the WA and the generally high
values thereof will complicate the inferpretation of the trace element

~data collected during the application study.
(2) pH (Map 4F; Figs. 6d,de)

Anomalous acidic waters are practically confined to the southern
edge of the WA and are associated principally with areas apparently
underlain by the dolomites or the Abbabis granite. It is likely that this
reflects the influence of the relatively acidic Mountainland waters to the
south. As expected, many of the acidic waters of the southwest are aiso low-
-TDS waters but generally speaking the pH and TDS anomalies are not closeiy
related; the correlation coefficient (cc) for pH and DS is 0,09. (Ail cc's
quoted in this subsection are calculated for all the application data
together). There are in the WA only eight pH values below 6,85 and none
lower than 6,70 and it therefore seems improbable that depression of the pH
could serve as a useful indeg for prospecting in this area.

The anomalously alkaline waters of the WA occur mainly in the central

parts and appear to have no significant lithological associations.
(3) Bicarbonate (Maps 4I, 44M; Figs. 6g,é€gc,6n,bnec)

Bicarbonate-poor waters occur in .two anomalies: a small one on the
southwestern border of the WA and a larger, linear one running right across
the WA from north to south a few kilometres from its eastern boundary. The
most extensive positive anomaly occupies the west-central part of the area
and two others occur just a little to the west of the eastern negative

anomaly. Most of these features are rather muted on the 3D diagram owing to
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the occurrence of a pronounced peak in the northeast. There is very little
apparent geological control over the concentration of the bicarbonate jon.
Furthermore, there appears to be very little association between bicarbonate
anomalies and either TDS (cc = 0,25) or pH (cc = 0,01) anomalies. This is
not surprising, since the concentration of bicarbonate is contolled mainly

by the carbonic system (Appendix 1). This fact also explains why the waters
of the WA are not much richer in bicarbonate ion than those of the
Mountainland (;HCO;m = 587 mg/1; iHCOEd = 632 mg/1; ratio of the means =

. 1,08; cf. TDS/TDS ratio = 1,77).

There is no obvious relationship between the ratio HCO;/TDS and the
known lithology. Positive anomalies occur exclusively in the west and
central parts of the WA and negative anomalies in the east. This simply
reflects the effect of closure related to the build~-up of other salts in
the east; i.e. where sodium, chlbride and sulphate form a bigger proportion

of the total mass of dissolved salts. Thus there is a good correspondence

3

Several similar relationships can inevitably be demonstrated amongst the

between negative HCO_/TDS anomaiies and sodium anomalies (cc = -0,60).
fon/TDS ratios for the major components and they do not appear to have any
particular significance from the point of view of exploration.

The bicarbonate/TDS ratjo is not governed by pH (cc = -0,19).
{(4) Calcium (Maps 4H and 4AL; Figs. 6f,6fc,6m,6me)

The distribution of calcium appears to be independent of the known
- geological factors. Most of the calcium-rich waters occur in a band running
diagonally across the western third of the WA, while most of the negative
values are crowded along the northern and northeastern bdrders. The
concentration of calcium, like that of bicarbonate, is heavily modulated by
the carbonic system and we therefore find that calcium, too, is scarcely
more abundant ‘in the Kalahari waters than in the more dilute dolomitic
waters (x Cam = 99 mg/1; xCad = 115 mg/1; ratio = 1,16; c¢f. bicarbonate/
bicarbonate ratio = 1,08 and TRS/TDS = 1,77). Thus one finds also that there
is very little association between the locations of calcium anomalies and
those of TDS anomalies. The cc for Ca:TDS is 0,45, but calcium and the other
major components of the dissolved salts must inevitably correlate well with
~ TDS. Neither do calcium ancmalies show much tendency to correlate directly
with those of pH (cc = -0,37) or bicarbonate (cc = -0,14), which reaffirms
that the relationship between these three parameters, although mathematically-
definite (Appendix 1), is rather subtle. A -
Calcium/TLS anomalies, like bicarbonate/TDS anomalies, tend to be

positive in the western and central areas and negative in the northeast but
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the match between the anomalies produced by these two ratios is, at best,

only moderately good.
(5) Magnesium (Maps 4G and 4AK; Figs. 6e,6ec,6l,61lc)

The distribution of magnésium anomalies is very patchy, but with
most of the negative anomalies south or west of the positive ones. One
negative anomaly seems to correlate well with the postulated northeasterly
extension of the Abbabis granfte but there is no obvious lithological
control over any of the others.

The abundance of dissolved magnesium, unlike those of calcium and.
bicarbonate, ié not tightly controlled by the cafbonic system and the
former ion can therefore be expected to show features in its distribution
~dissimilar to those exhibited by the latter two. Thus one finds that
magnesium is appreciably more abundant in the Kalahari terrane than in the
orientation area; compare the following figures: xMgm = 56 mg/1; xigd =

102 mg/1; ratio = 1,82; cf. TDS/TDS =.1,77, Ca/Ca = 1,16 and bicarbonate/
bicarbonate = 1,08. Furthermore, the magnesium and TDS anomalies coincide
rather more closely than the anomalies of any pair of-parameters thus far
.examined (cc = 0,83). Nevertheless the fit between the areas of Mg and TDS "
anomalies is not outstanding.

The correspondence between the magnesium anomalies and those of
either pH (cc = 0,01), bicarbonate (cc = 0,04) or calcium (cc = 0,38) is
poor. The Mg/TDS anomalies follow the patterns established for the Ca/TD$
and bicarbonate/TDS ratios, in that most of the positive anomalies lie west

"of the negative ones. The anomalous Mg/TDS ratios correspond only weakly
or moderately with those of Ca/TbBS (cc = 0,20) and bicarbonate/TDS (cc =
0,56).

(6) Sodium and chloride (Maps 4K, 4E, 4Ap and 44N; Figs. 61,6Ze,6ec,6ce, 6V,
8ve, 6o, 6oc) '

The distributions in the WA of these two ions are quite closely
related (cc = 0,60) and the respective positive and negative anomalies match
fairly well. Negative anomalies tend to occur near the dolomite in the
southwest and positive values in the east and north, but there is no clear-
-cut correlation between the positive anomalies and the putative location
of the subcropping basalts. Sodium and chloride appear to accumulate Eapidly
in formationa! waters moving outwards from the Mountainland. The NaCl
content of the WA is, on average, more than double that of the orientation

samples:
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xNam = 35 mg/1; xNad = 86 mg/1; ratio = 2,46
xClm = 70 mg/1; xC1d = 144 mg/1; ratio = 2,06

cf. TDS/TDS = 1,77; Ca/Ca = 1,16 and Mg/Mg = 1,82.

It is therefore logical to find that a fair correlafion exists between
~ sodium and chloride anomalies, on the one hand, and TDS anomalies on the
other (respective cc's = 0,85 and 0,92). It is also logical to find that

the Na/TDS and C1™/TDS maps ""compliment'' the Mg/TDS, Ca/TDS and“bicarbonete/
-TDS maps (Table 6.3B). Whercas the latter three show ratios thaf decrease
towards the northeast, the former two have values that increase towards the
northeast. This is not highly significant; it is clearly impossible for them

all to increase in the same direction.

(7) Sulphate and sulphate/chloride ratio (Maps 4D, 4A0, 4BO; Figs. 6b,6bc,
6p, 6pe, 6t, 6tc) '

Sulphate is a potential pathfinder in this operation and only positive
anomalies are of any real interest. It is clear that the distribution and
significance of sulphate in samples from the WA are not at all the same as
they are in the waters of the Mountainland. !n the orientation survey
sulphate was encountered in appreciable amounts only in anomalous waters
but in the Kalahari terrane the ion appears commonly to be a significant
‘component of typical background waters. Compare the following figures:
xs0,m = 25 mg/1; xS0,d = 65 mg/1; ratio = 2,65 cf. TDS/TDS = 1,77.
Furthermore, the two major sulphate anomalies are packed quite neatly into
the northern and northeastern parts of the WA. They are not really co-
-extensive with the supposed field of subcropping basalt but the association
is close enough to raise suspicion, since those parts of the anomalies that
are underlain by the basalt can certainly not be related tc mineralization.
Moreover, there is a moderate to gooé correspondence between these anomalies
and the fields of high TDS (cc = 0,63) and this makes the significance of
them even more dubious /1048-50/.

The general features of the sulphate/TDS map are the same as those of the
sulphate map, reaffirming that the amount of su!phéte, like those of sodium
and chloride, rises proportionately faster than the concentratfon of TDS

- does as the groundwater moves towards the northeast. .

The sulphate/chloride ratio does not appear to be very helpful. It
did not perform well in the orientation survey and shows some discouraging
characteristics in the WA. The anomalies in the southwest are in dilute
waters and are associated with small absolute concentrations of sulphate ion,

which are no gieater that the background values in some of the orientation
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TABLE 6.3B SELECTED CCRRELATICN COEFFICIENTS

Mg/TDS Ca/TDS Hco;/'ros
Na/TDS ~0,55 -0,68 -0,57
C1 /DS -0,27 -0,47 -0,79
“Zn - Na | Ci '50[i

Cu -0,01 0,10 0,04 0,10
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samples from dolomitic formations. Some of the sulphate/chloride anomalies |
in the northeast lie ﬁartia]]y or éntirely on the supposed subcropping
basalt, making most of the peak'va!ues here suspect. The significance of
the sulphate/chloride anomaly in the centre of the WA is unknown. There is

‘an interesting, isolated anomalous sample in the northwest, near the buried

magnetic anomaly shown on Map 4B.
(8) Zine (Maps 4J and 4AX; Figs. 6m,6me,6r,6re)

On average, zinc is ten times more common in the dolomitic groundwateré
of the Mountainland than in those of the WA (;an = 1924 ug/1; xZnd= 192
ug/1). This is not unexpected, since dolomitic provinces are quite often
permeated by zinc-rich formational waters /45,48/. Nevertheless, the average
concentrations quoted above are actually not very meaningful, because the
range of zinc values in both sets of data is extreme and the mean value for
the orientation samples is heavily weighted by the massive 61 mg/l anomaly
at Kranzberg East. {The coefficient of variation for zinc in the orientation
data was 4,39 and for the application data 3,45. The corresponding values
for TDS were only 0,82 and 0,88).
The zinc anomalies depicted in Map 4J can be grouped into four
important categories: _
(a) Southwestern: These are in dolomitic waters and with one outstanding
exception - a sample from the farm Amoy 664 - they are not very zinc-rich
when contrasted with even the Grade |l anomalies of the orientation area.
(b) Southeastefn: This is a weak, probably spurious aromaly almost certainly
lying on subcropping granite. )
(c) Northeastern: Most of the anomalous zinc samples lie in this area and
half of them come from areas that are probably underlain by basalt. Seveh.
of the ten Grade | samples found here are in waters with TDS values in
excess of 1000 mg/1. , '
(d) Northwestern: This is a scattered anomaly, probably underlain in part
by an appreciable thickness of Mulden quartzite. Several of the anomalous
sampling points are also the sites of positive TDS anomalies.
Of the eleven Grade | zinc anomalies in the northwestern and
northeastern groupings, eight are associated with sodium (cc = 0,04) and/or
chloride (cc = 0,03) anomalies and eight with Grade | sulphate anomalies
(cc = 0,01). It may well be that corrosion and contamination, accelerated
by the high concentrations of these salts, is responsible for many of the
apparent zinc ancmalies. | |
The Zn/TDS anomalies are practically co—extensfve_with the absolute

zinc ancmalies.
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(9) - Copper (Maps 4L and 4AW; Figs. 64,6jc,6q,6qc) '

Copper is nearly as abundant in the waters of the WA as it is in those
of the orientation area (xCum = 21 pg/1; xCud = 15 pg/1). The copper-rich
.samplés are fairly scattered and many "single point' anomalies occur
throughout most of the area. The 3D diagram is dominated by a single extreme
value in the far north. The few coherent groups of anomalous samples that
are present are confined to the central and southeastern.parts. About one
third of the ancmalous samples - mainly in the south and east - lie on
unfavourable lithologies, especially basait. About one third are associated
with TDS anomalies (cc = 0,09). The correspondence between copper and either
zinc, sulphate, sodium or chloride aromalies is generally fairly poor to very
poor (Table 6.3B). The distribution of Cu/TDS values is very similar to that

of the absolute copper data.
(10) Lead (Maps 4M and 4BA; Figs. 6k, 6ke,6s,6sc)

"~ The mean concentration of lead in the orientation samples was 21 ug/1
but in the application samples it was only 1,4 ng/l. There is thus a gereral
suppression of lead values in the Kalahari terrane, with only about 3% of
the observed values rising above 10 ug/1 and none of them approaching
anything like the extreme concentrations of lead seen at Kombat and Kranzberg
East. It is therefore not surprising to find most of the lead aromalies
crowded into the southwestern corner of the WA, where the northward-moving
dolomitic waters stili retain some of their Mountainland-like characteristics
(compare their TDS values and pH). The other lead ancmalies, which are mainly
single points, are scattered in the central and north-central portions of the
WA but are practically absent;from the areas above or adjacent to the granite
and the basalt. There is, of course, some association betweeh'lead-rich.and
salt-free waters in the southwest but elsewhere the lead anomalies appear to
be located with indifference to the concentration of TDS (cc = -0,11).

There is a slight association between lead anomalies and zinc anomalies
in the southwest, but elsewhere the relationship is poor {cc = 0,3L). Copper
anomalies are not associated with lead-rich waters anywhere (cc = 0,12). Lead
is associated with sodium- and chloride-pbor waters in the southwest but
elsewhere no strong relationships are apparent (cc = -0,08 and -0,10
respectively).

Lead sulphate is very insoluble and it is therefore natural to find
.that almost no lead anomalies occur in the areas occupied by sulphate-rich

~waters (cc = -0,08). The lecad/TDS and lead maps are very similar.
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(11) Sum of copper plus lead. Sum of copper plus lead plus zinc. (Maps 4BP
and 4BQ; Figs. 6u,6uc)

The (Cu + Pb) map did not prove to be very useful. Copper is, on
average, eleven times more abundant. in the waters of the WA than lead and
swamps the summed index, so that the (Cu + Pb) map is practically a duplicate

of the copper map. Similarly, the Cu + Pb + Zn index is swamped by zinc.
(C) INTERIM SUMMARY, CONCLUSION AND RECOMMENDATIONS

It was shown earlier in this work that the interpretation of the data
from the WA would have to rely heavily on extrapolation of the exploration
criteria estabiished during the orientation study of the dolomitic groundwaters
of the Otavi Mountainland. The foregoing examination of the application data
was sufficient to cast grave doubts upon the reasonableness of this proposal.
The reader may note;. in particulér, the following features of the appropriate
variants of Map 4: ‘

(1) The generally high values of TDS and the marked contrasts between the
salinities of groundwaters in various parts of the WA.

(2) The relatively very high background values for sulphate and the
correlation between high sulphate and high TDS, or between positive sulphate
anomalies and areas thought to be underlain by basalt.

(3) The general suppres