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ABSTRACT

In north-west Zambia, Kalahari Sand of aeolian origin
forms a cover of varying thickness on residual latosols.
Sedimentological and mineralogical charactcristics indicate
that the Sand is similar to Kalahari Sand occurring elsewhere
in southern Africa, and to aeolian sands in general.

Geochemical sampling at 9 inch depth on residual soil
defines Cu anomalies overlying Cu mineralisation in bedrock.

At two localities, the surface Cu anomalies have becen
extended into Kalaghari Sand overburden by thc use of the silt
fraction for analyses. 1In both arcas, Cu anomalous Sand
overlies poorly mineralised bedrock. The Cu, Fe, Mn and 7Zn
content of Kalshari Sand is considerably lower than in soil.
lietal patterns in the Sand appear to be epigenetic and reflect
variation in bedrock content.

Lateritic horizons are widely developed in the residual
spollsy, Kalahari Sand and dambo sediment, and result in
concecntrations of Fe, Cu, lin, Zn and other tracc clements.

In the absence of laterite development, the distribution of
metals in Kalahari Sand and some soil profiles displays an
upward increase in content. This, together with the
epigenetic anomalous patterns, is belicved to result from
seasonal upward migration of metal-bearing moisture during the
dry scason.

Analyses of grain size fractions of residual soil,
Kalahari Sand and dambo sediment indicatc that metal content
increases with decreasing grain size, Naximum Cu contrast

oceurs in the silt fraction., Mebtal values in humus are
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generally similar to overburden values but greater than the
vegetation content, Metal values of termitaria are similar
to A horizon values of the overburden,

A geobotanical survey reveals no significant variation
in trece frequency relatcd to Cu anomalous overburden,
Randomly seclccted common tree species rceveal a Cu correlation
with surrounding Kalahari Sand values, with maximum content

and contrast in bark,



CONTENTS

ABSTRACT

LIST OF TABLES
LIST OF FIGURES
LIST OF PLATES
ACKNOWLEDGEMENTS
INTRODUCTION

CHAPTER T, DESCRTIPTION OF AREA

1. LOCATIOKN
2. GEOLOGY

(a) Introduction

(b) Gecneral geology

¢) North-west Zambia

d) Local Successions

¢) Geology of the Study area
(f) lincralisation

3. PHYSIOGRAPHY

(a) Climatc

b) Gcomorphology
Ec Overburden

d) Vegetation

CHAPTER TI. XALAHART SAND AND ASSCCTIATED SEDIKENTS

SECTION 1. KALAHARI SYSTHL (Prcvious work)

1. INTRODUCTION

2. STRATIGRAPHY

%a Congo type succession
b) Zambian type succession
(¢) Kalahari Beds
(1) High Levcl Gravels
éii) Chalcedony
iii) Pipe Sandstone
(iv)  Older Gravels

(d) Kalahari Sand

i) Introduction
ii)  Succcssions
iii) Age

iv) Origin



SECTION 2 SEDIKMENTARY ANALYSH

1.

Method of Study

b) Microscopy
c) Heavy Minersals

%a Granulome try
(d) X-ray diffraction asnalyses

Rcsults of analyses

(a) Kalshari Sand

éi) Granulomectry
ii) Korphology
(1) Ccolour

éz Rounding and sphericity
3) Frosting

Eiii) Light fraction composition

iv)  Heavy Mincral analyscs

(v) X-ray diffraction analyscs

(b) Residual Soil

gi) Granulometry

ii)  HKorphology
1) Colour
2) Rounding and sphericity
3) Frosting

iii) Light fraction composition
iv Heavy Minersl analyses
v) X-ray diffraction analyses

(c) Dambo alluvium

éi) Granulometry
ii) Morphology
1) Colour
2) Rounding and sphericity
3) Prosting
(iii) Light fraction composition
(iv)  Heavy HMineral analyses
(v) X-ray diffraction analyses

DISCUSSION

page



CHAPTER

III, OBSERVED TRACE ELEMENT SECONDARY

1

Se

Llu

5

DISPERSION

MUFUNBWE AREBA

(ag Prcvious Work
(b) Residual and Contact Soil
21) Surfacc dispcrsion
ii) Vertical dispersion
(c) Kalahari Sand
i)  Surfacc dispcrsion
ii) Vertical dispersion
(d) Dambo Sediments
(1) Background arca
Eii) Anomalous ares
iii) Mufumbwe Dambo

LOWER KAMWEDGI AREA

(ag Previous Work
(b) Geology and Residual Soil
(i)  surfacc dispersion
(ii) Vertical dispersion
(¢} Kalahari Sand
i)  Surfacc dispersion
ii) Vertical dispersion
(d) Dambo Secdiments
éi) Food plain alluvium
ii) Strecam sediment

MIDDIE KANWEDGI AREA

(a; Previous Work
(b) Kalahari Sand
i)  Surface dispcrsion
ii) Vertical dispcrsion
(¢) Strcam sediment

JIJOMBO ARTEA

§ag Previous Work
Contact-Residual Soil
(i) Vertical dispersion
(¢) Kalahari Sand

(i) Vertical dispersion
(d) Strecam Sediment
(i) Vertical dispersion

CONCLUSIONS

5.
page

— UL WL R VL S S S
— RS S WL SR WL S, M
~J (02107 56 3 I gl ngll gl QY



CHAPTER IV, DISCUSSION OF THE FACTORS CONTROLLING

1.

2.

THT: SECONDARY NISPERSION OF COPPER
AND ASSOCIATED BLEMBENTS

PRIMARY liELAL DISPERSION
NATURE OF THE OVERBURDEN

a) Residusl Soil
b) Kalahari Sand
c) Dambo Sediment

HYDROGEN ION POTENTIAL
IMECHANICAL COMPOSITION

(a) Grain size fraction metallic content
i) Residual Soil
ii) Xalahari Sand
iii) Dambo Sediment
%b; Differential kctal Extraction
c) lectal associations per size fraction
i) Cu~Fe
ii)  Cu-Mn
(da) Contrast
i) Residual Soil
ii)  Xalahari Sand
(iii) Dambo Scdiment

INFLUENCE O ORGANIC MATERIAL

(a) Humus fractionation
%b Ao horizon mectal content
c

lilddle Kamwedgl anomaly
BIOGENIC FACTORS

(a) Termitaria
(1) Introduction
gii) Residual Soil
jii) Xelahari Sand

CHAPTER V. BIOCHEMICAL PROSPECTING

1.
2.
3e
b

INTRODUCTION

PREVIOUS WORK IN CENTRAL AFRICA

GBEOBOTANY

BIOGEQCHEMISTRY

a) Introduction

b) Obscrved trace element distribution
i)  Residual Soil

ii) Xalshari Sand
(c) Discussion

page

122
122

125

125
133
140

145
147

L7
148
149
150
154
155
155
155
156
156
159
160

160
163
165
166
166
166

167
168

173
173
177
179
159

190
182

192

195
199



CHAPTER VI. SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

2. RECOHMIENDATIONS FOR FUTURE RESIEARCH

BIBLIOGRAPHY
APPENDIX I,

APPETDIX II.

VEGETATION BOTANICAL AND VERNACULAR

NOMENCLATURE

SAMPLING AND ANALYTICAL TECHNIQUES

1. SAMPLE COLLICTION

Surface spil and Sand
Profiles in soil and Sand
Dambo sediment
Rock
Termitaria
Vegetation

i Survey

ii) Sampling

2. SAMPLE PREPARATION

(g

Drying

Dry Sieving

Wet Sicving

Wet dispersion

81ilt extraction

Heavy lineral Separation
Vegetation

3. ANALYTICAL TECHNIQUES

(a) Attack

i) Citrate extraction

ii) Ammonium acetate extraction

iii)Hydrochloric Acid extraction

iv) Potassium Bisulphate fusion

v) Nitric-Perchloric Acid
cxtraction

(vi) Nitric-Perchloric-Sulphuric
Acid extraction

(b) Estimation of elemcnts

B0 HO R

(i) Color{metric |
1) Dithizone

223 Biquinolyl

o analysis

Hg analysis

Organic Carbon analysis

pH analysis

Atomic Absorption

Optical Spcctrometer analysis
X-ray diffraction analysis

L. PRECISION
APPENMDIX III. ANALYTICAL DATA OF OVERBURDEN AND

VEGETATION

L

Dage
206
206
215
218

252
237
237

237
237
238
258
239
239
239
239

240

240
2L0
240
241
242
2L 2
242

2Ly,
2Ll



14,

15.
16.

17.

21.
22.
25,

LIST OF TABLES

Geological subdivisions of northern Zambia
Gecological time-scale

Corrclation of the climatic, geological and
archaeological cvents of the Kalahari System of
southern Africa

Kalahari System succession of the Victoria Falls
arca

Sieve mesh sizc (mm)

Wentworth's scale - Phi unit scale corrclation
Granulometric statistics of Kalahari Sand
Heavy mincral frequency in Xalshari Sand
Granulometric statistics of recsidual soil

Heavy mineral frequency of rcsidual soil

.Granulomctric statistics of dambo secdimont

Heavy wmineral frequency of dambo scdiment

Tracc clement content of contact residual soil
(9in. ) (Block 250) ,Atomic Absorption

Tracc _elcment content of contact residual soil
(Sin, ) (Block 250) ,0optical spectrometry

Trace clcment concentration in laterite nodules

Trace element variastion in relstion to spil-Sand
change

Trace clement content range in Kalahari Sand,
10 ml north-west of Hufumbwe

Trace clement content of bedrock, Lower Kamwedgi

Trace element content reclative to organic carbon
content, Middle Kamwedgi dambo profile

Tracc clcment composition of buried humic
horizon, Middlc Kamwcdgil

Trace elcment content of bedrock, Jijombo area
Trace element ranges in bedrock

Trace clement ranges in rosidual ‘and contact-
résidual soil at 9in.

22

30

L6

L7
53

53
56
61

68
70
72

85

86
87

88

90

111

112
116
117

118



52,
33,

3Ll-o

35,
36,
37

L2,

L3.
Ul
U5.

L 6.

Ll-?-

L8,

Tracc elcment variation with depth in rosidual
and contact~residunl soil

Tracc celcment variation in Kalahari Sand at 9in.
Trace clement variation with depth in Xalahari Sand
Tracc elcment rangces in dambo scediment

Trace c¢lement variation with depth in dambo scdiment
Average metal content of rock types

Metal content of bedrock from thc study area

Tracc clement content of bedrock (optical
spce trome try)

Tracc clcment content of bedrock (atomic absorption)

Tracc clement content of Kalahari Sand (optical
spec trometry)

Trace clcment content of dambo sediment (optical
spcetrome try)

pH valucs in soil, Sand and scdiment profiles

pH of hydrolyses of metals

Comparison of dry and wect sicvcd fraction Cu analyscs
Cx/total Cuys in overburden pcr size fraction
HC1/total Cub in overburden per sizc fraction

Cu contrast values in overburden per size fraction

Fe contrast valucs in rcsidusl soil and Kalzhari
Sand per sizc fraction

Mn contrast valucs in rcsidual soil and Kalahari
Sand per sizc fraction

Humus fractionation trace element content
Humus horizon trace element cnrichment

Trace clement content relative to carbon content,
l4iddle Kamwedgi

Mechanical analyses of termitaria and adjacent
overburden

Comparison of termitaria and overburden profile
metal content

Comparison of averagc mctal contents (ppwm) in
plants and substratum

page

119
119
120
121
121
122
123

126
127

137

143
145
147
148
152
150
157

158

158
161
164

165

16

171

177



50.
5.
5e.
53.

Sl
55.

560
57.

58.
59.

60,

6.

62,

63.
6l
65.
66,
67,
68,

69,

70.

Trce speclies freguency per quadrate, Lower
Kamwedgi, linc C

Treec specics freauency per quadraté, Lower
RKamwedgl, linc DN

Trce specics frequency per guadratc, Lower
Kamwedgl, line KN

Trec specics frcgucncy per quadraié, Lower
Kamwedgi, linc PN

Tree spcceciecs frequency per quadrabc, Lower
Kamwedgi, line VN

Vegetation spccies selected for sampling

Comparison of wet chemical and ashing tcchniques
in Brachystegia longifolia

Trace element content in vegetation on rcsidual
solls, Lowcr Kamwedgi

Average metal veslues per specles per block,
Kalahari Sand

Average mctal values per part por trce

Comparison of vegctation and Xalahari Sand
Cu contrast valucs

Relative metal uptakc per trce part

Metal rangc per trcc part

Cu/7Zn ratio of tree parts

Operating conditions of Atomic Absorption apparatus
Opcrating conditions of Cptical Spcctroneter
Opcrating conditions of X-ray diffraction apparatus
D spacing of minerals

lican % Precision at the 954 confidence level

Cu, Fe, Mn content of residual soil per size
fraction for various cxtractants

Cu, Fe¢, Mn content of Kalaharl Sand pcr size
fraction for various cxtractants

Cu, Fc, Mn contcent of Kalshari Sand per sizc
fraction for various c¢xtractants

10.

page

181

182

183

184

185
190

193

266



.
72.

(3
4.
75,
76.
7.
78.
79,
80.

81.

82,

8L..
85.
86.

87.

Cu, Fe, Mn content of dambo sedimont per size
fraction for various c¢xtractants

Cu, Fe, in contont of dawmbo scdiment per sigzc
Traction for various extractants

Cu content of rcsidual soils per sizc fraction
Fc content of rcsidual soils per sigc fraction
in content of rcsidual soils per sizc fraction
Cu content of Xalahari Sands pcr size fraction
Fc contcnt of Kalahari Sands per size fraction
Iin content of Kalahari Sands pcr sizc fraction

Total-HC1l solublc trace clcment  ratios

Comparison of Cu content of unpowdcrcd, powdcred

ash analyses of Brachystcgia longifoliag

Comparison of Fe content of unpowdcred, powdered

-ash analyscs of Brachystcgia longifolia

Comparison of lin content of unpowdcrcd, powdcred
ash analyscs of Brachystegia longifolia

Comparison of Zn contcnt of unpowdcred, powdercd
ash analyscs of Brachystcgia longifolia

Cu content of vegectation on transcct PN, Lower
Kamwedgi

Fe content of vegetation on transect PN, Lower
Kamwecdgi

¥n content of vegetation on transcect PN, Lowcr
Kamwcdgi

Zn content of vegetation on transect PN, Lower
Kamwcdgi

and

and

and

and

280

281

282

283



12,

LIST OF FIGURES

Title
No. £ollowing res
1. Location of Zambia and study area 21
2. Location of study arca 21
3. Geology of thc study arca 25
Ly, Tempcrature-rainfall data for Mwinilunga 28
5. Geomorphological surfacecs in north-west Zambia 30
6. Overburden of the study area 32
7. Distribution of the Kalahari System L3
8, Millimetre-phi unit conversion chart 52

S. Quartilc deviation-sorting coefficient conversion chart 54
10, Grain size cumulative curves for Kalshari Sand 55
11. Heavy Mincral perccntagc frequency of Xalahari Sand 60
12, Grain sizc cumulative curves for residusl soil 63
13..Heavy ineral pcrcentage frequency of residual soil o7
14, Grain size cumulstive curves for dambo scdimcents 69
15, Cu anomaly at the iufumbwe arca 83

16. Tracc element content of contact soil pit profiles,
Blocks 228 and 229, lufumbwe 85

17. Tracc element content of contact Sand and Sand pit profilcs,
Block 228, Hufumbwe 89

18, Tracc elcecment content of background dambo pit profiles,
Mufumbwe AN

19. Tracc clement content of anomalous dambo pit profiles,
dambo B, Mufumbwe 93

20, Trace clcment contcent of anomalous dambo pit profiles,
dambo A, Mufumbwe A 95

21. Tracc elcment content of Mufumbwc dambo pit profiles 96
22, Geology and soil of the Lower Kamwedgili arca o7

23, Cu dispcrsion at 9in., Lower Kamwedgl area 99



2L.
25.
26.
27.
28.

29.
30.
.
324

33"

3L

35,
36.

37

38.

L0,

L,
L2,

L3,

Ll

L5

1 3

following pagc

Fe dispersion at 9in., Lower Kamwedgl areca 100
Mn dispersion at $in., Lower Kamwedgi areca 101.
Zn dispersion at 9in. , Lower Xamwedgl arca 101

Tracc elcment dispersion in pit profilces, Lower Xamwedgl 102

Trace elcement dispcersion in wagon-drill profiles, Lower

Kamwedgil 106
Cu anomaly at liiddle Kamwedgi 108
Trace clcment dispcrsion in pit profiles at Middle Kamwedgil
109
Cu anomaly at Jdijombo arca 113
Tracc e¢lcment dispersion in contact residual soil pit
profiles, Jijombo 114
Trace elcment dispersion in Kalahari Sand pit profiles,
Jijombo 114

Trace element dispersion in dambo scdiment pit profiles,
Jijombo 115

Diagramatic scasonal moisturc movement in soil and Sand 131

Distribution of Cu, Fc¢ and Mn betwecn size fractions,
rcsidual soil 148

Distribution of Cu, Fe and Mn betwcen size fractions,
Kalahari Sand 142

Distribution of Cu, Fc¢c and Iin bctwecn size fractions,
dambo scdiment 150

Cu/Fei ratio per grain size fraction in residual soil
and Sand 155

Cu/Mn ratio per grain size fraction in rcsidual soil
and Sand 155

Termitaria snd residual soil Cu content, Mufumbwe (—807¥%6

Termitaria and residual soil Cu,; Fe, Mn, Zn and Co contenp
Mufumbwe (silt) 16

Termitaria snd Kalahari Sand Cu, Fe, Mn, Zn and Co content,
Jijombo (-807 and silt) 168

Variation of Cu content in leaves, twigs and bark relative
to Kalahari Sand Cu contcnt 195

Variation of Fe content in lcaves, twigs and bark rclative
to Kalahari Sand Fe content 199



14.
following page

L6, Variation of Mn content in leaves, twigs and bark relativc
to Kalahari Sand Mn contcnt 199

L47. Variation of Zn contcnt in leaves, twigs and bark rclativce
to Kalahari Sand Zn content 199



10.
11.
12.
13.
14,
15.
16.
17.

LIST OF PLATES

15.

following Dpage
Residual soll vegetation Lo
Kalahari Sand vcgetation 1L.O
Dambo in miombo woodland éaVanna 144
Lateritc clcaring L2
Cu clearing, Hufumbwc liain Clearing L2
Kalghari Sand grains (Lower Kamwedgi) (x90) 56
Contact soil grains (lufumbwe) (x60) 66
Residual soil grains,{(Lower Kamwedgi) (x60) 66
‘Copper flower'in Mufumbwe Main Clearing 188
Flowcr of "copper flowcr! 188
"Pseudo copper flowerd 188
Brachystcgia longifolis 190
Julbernardia paniculata 190
Brachystegia spiciformis 190
Diplorhynchus condylocarpon 190
Pgseudolachnostylis sp. 190
Landolphia kirki 190



16,

Acknowledgements

The present work is part of the general programme of the
Applied Geochemistry Rescarch Group at Imperial College, under
the direction of Professor J.S. Webb, The author wishes to

thank the staff of the group for gencrous help and advice

and for optical spectrometry and some atomic
absorption data.

The writer is particularly indebted to Dr J.S. Tooms,

throughout the study/’

who supervised the entire project, for valuable guldance and
criticiem at all stages.

Sincere appreciation is expressed to Roan Selection
Trust (R.S.T.) of Zambia, who produced the initial problem
and financed the project, including a research bursary.
During seven months of field work, the author Worked under
the R.S.T. Research Unit and was given the use of field
equipment, a Land Rover and office facilities. Much of the
field work was carried out in conjunction with the R.S8.T.
Prospecting Unit; this Unit supplied the use of data, field
camps, labour, and certain laboratory facilities. The author
wishes to thank in particular Dr liendelsohn, chief geologist
of the Research Unit, lMr. Ellis, chief exploration geologist
and also the various members of the field staff, for generous

aid and for helpful discussions during field work,



17.

INTRODUCT ION

| The carly primitive metal workcrs probably arrived in
Zambia before 500 A.D. and produced copper on a very limited
scale until the sixteenth century when incrcased trading with
thc coastal arcas stimulatcd production. This early copper
was dug from pits, smelted in small clay kilns in the forests
using the local charcoal as a fuel, and the purificd metal was
worked into ornaments and wirc (Clark, 1957; Dart, 1967).

Turopcan prospectors cntered Zambia in 1895 and pegged
the initial copper claims at Roan Antclope and Bwana Mkubwa
in 1902, In 1923 Rhodesia Congo Border Concessions Limi ted
was registercd to explorc the area along the Congo border as
far west as Angola (Mendelsohn, 1961), and as a rcsult of this
work thc coppcer occurrcnccecs gt Lower Kamwedgi (M.0.4150) and
at Mufumbwe (I, 0,21 and M.O.152)X were noted, In the latter
arca shafts and trenchcs were excavatced but werc later
abandoned during the depression of the early thirties.
Intefest in the area by Roan Selection Trust (formerly
Rhodesian Sclcection Trust) began in 1954 with extcnsion of
the pitting at Mufumbwe,

Mincral exploration by geochcmical methods has been
pioneered in Zambila by Roan Sclection Trust since the sarly
fiftiecss Detailecd research, with subsequent improvement of
the techniques cmployed, was carried out on coppcr dispersion
in soils and stream sediments by the Applied Geochemical
Research Centre of Imperial College, and in particular by

Tooms (41955) and Govett (1958). Subsequently extensive

E 3
Rhodcsia Congo Border Concessions llineral Qccurrcnce number,

*
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arcas of Zambia covered by residual soils have been
successfully investigated by several prospecting companies.

In 1960 Roan Sclcction Trust began stream scdiment and soil
sampling in the Mufumbwe arca, extcnding westwards bcyond the
Kamwecdgl dambo. lLarge trgcts covcecred by Kalahsri Sand over-
burden were cncountercd and these arceas did not respond to

the standard geochemical nor geophysical techniques. Although
occasional Cu anomalies werc located in strcam sediments,
gcochemical soil sampling failed to reveal any extensions of
thesc anomalies in Kalsghari Sand terrain.

The Applicd Geochemistry Research Group was invited to
investigatc the problem of prospecting through a transportcd
acolian overburden in arcas of low drainage density. Although
the problecm has a world wide application, it has previously
been neglected, and to-date little documented work cxists on
geochemical prospecting in aeolian sand,

At the commencement of this study, mincralisation
beneath Kalahari Sand was unknown. The coppcr mineralisation
at Mufumbwe and oat' Lower Xamwedgi occurs in areas of
rcsidual soil and sre some distance from the Kalahari Sand
cover. Anomalous Cu values of unknown origin in dambo
sediment werc known gt Jijombo and at Middle Kamwedgi, draining
arcas of Kalahari Sand.:

The initial work of this project attempted, by field
analyses, to tracc the Cu so0il anomaly at Mufumbwe into
Kalahari Sand. ‘During this phase¢, 1550 analyses for total
Cu werc carried out under field conditions and although

traced for a distance of over 5000 fect, the anomaly swung
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away from the Sand contact. At Jijombo subsequent to the
promising results of the initial cxploratory sampling
programme of the first field season, power-auger drilling
by Roan Selection Trust intcrsccted mineralised bedrock
beneath anomalous dambo sediment; this anomaly cextends
lateraily for 300 fect undcr Kalahari Sand on the west bank
of the dambo.

During the following field scasony, at Lower .

Kemwodgl ncar-surface sampling was successful in tracing the Cu
anomaly from rcoidual seil into a Kalahari Sand cover.

At Middle Kamwedgi, use was made of RST pits which were
sampled in an area of dambq sediment in Xalahari Sand with
a Cu anomaly of unknown origin.

The presentation of the thesis is as follows.

Following the introductory chaptcr, the second chapter
considers the various aspects of the Xalahari Systcm. In
particular, the physical characteristics of the Kalahari Sand
and of associated soils and sediments of the arca arc
investigated with a view to cstablishing diagnostic differences.

The third chapter is purely descriptive and contains the
various results of the goochemical studies forVCu, Fey, Mn and
Zn in residual soil, Kalahari S8and and dambo sediment at the
various study locslities,

The fourth chaptcr is a discussion of the various
factors influencing the dispersion of the four elcments
studied in the various environments of the area. The problem
of the inadequacy of thc standard tcchniques in obtaining a

reasonable detection of Cu in Kalghari Sand samples is
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studied by the application of various sample attacks and
different types of determination technigues; also by the
cffecctiveness of the attacks on the various size fractions

of the samples. In addition, thc detcction of mineralisation
depends on deriving a suitablc contrast between the anomaly
valuc and thc upper limit of background fluctuation (threshold).
Thus the maxXimum contrast is discussed in rclation to the typec
of extraction of Cu, thc size fraction analyscd and the soil
horizon samplcd. The possible usce of associated trace-
elecments and mctal ratios as a guide to mineralisation is
discussed.

The fifth chapter investigates the effect of Cu
mincralisation on the vegetation of the arca. This involvcs
both the distribution of vegetation and also the uptake of
Cu, Fe, I'n and %n by common species in rclstion to underlying.
overburden content. |

The study covers I arcas which lie apprqximatoly in a
south-west line:

(1) ilufumbwe area where chalcopyrite-pyrite
mineralisation occurs in shales and quartzitcs overlain
by residuum, 8 miles north-east of the Kalghari Sand contact

(2) Jijombo arca wherc Cu mineralised bedrock underlics
dambo sediment and Kalshari Sand, and is separated from (1)
by 12 miles of residuum and Kalshari Sand overburden

(3) Middle Kamwedgi dambo where a Cu anomaly is located
in a tributary dambo draining Kalahari Sand and is separated
from (2) by 14 miles of Kalahari Sand

‘(h) Lower Kamwedgi Prospect arca where malachite-
impregnated quartzite outcrops through residuum 2200 ft. south
of the Kalahari Sand boundary,and is scparated from (3) by 9

milies of Kalahari Sand and residuum.
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CHAPTER I DESCRIPTION OF THE AREA

1+  LOCATION

The field arca is in the North Western Province of
Zambia (13°30-48' South; 24017-48' iast), (Fig,), 300 miles
west of Kitwe on thc Zambian Copperbelt; it lies astride the
boundary between the Kabompo and Kasempa Administrative
districts, A fair-weather track links Hufumbwe Camp with
the townships of Kabompo, 75 miles to the west, and Chizela,
50 miles to the north-north-east. Dry scason tracks within
the field area link Lufumbwe with Jijombo, Middle Kamwedgi
and Lower Kamwedgi, and also with Kalengwa Minc Camp, 30
miles to the north-cast (Fig, 2).

Access in the dry season can also be gained to Mufumbwe
by light plane from the Copperbelt, whilst the minor camps
arc servicegble throughout the year by field helicopter,

2. GEOLOGY

(a) Introduction

The geology of the North Western Province of Zambia
is imperfectly known and little has been added to the regional
maps produced by Rhodesia Congo Border Concessiors Ltde in the
early nineteen fifties. Other maps produced in the past show
considerable variation, Thus the Cartc Geologique et Hiniére
of Southern Equitorial Africa (1931) depicts the Mufumbwe
area as underlain by mixed rocks of the Archaen and Muva-
Ankole Systems while continentalCadnozoic rocks extend south-
westwards into Barotseland, The 1:1,000,;000 geological map
of Zambia (Reeve, 1963) indicates clippes of Lowcr Kundulungu
limestone, dolomite and shale appearing ab Mufumbwe, Jijombo
and Lower Kamwedgi through a cover of both Xarroo and

Kalahari sediments,
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(b) General geology

224

The generalisecd geology succession of northern

Zambla is given in Tablc 1.

Table 1 Geological subdivisions of northcrn Zambia
Thickness(ft) Stratigraphic Unit Rock—type
? Kalahari System sand

Upper Xarroo sands tone
<13,000 Karroo Systcm

3,000-20,000

500-2,000

1,500-2,000
0-3,000

3,600-1 3,000

Basemcnt )
CompleXx Z

*Lower Xarroo

jKundul angu
Katanga System
i

diine Beries ?U.Roan Gp.

- Muva Systan (1200-4.00m.y)

Lufuba System (2650q. )

0lad Granite

Upper
{ Middle

N Lower

tiwashia Gpd

|

. L. Roan Gp.

muds tone

shale

sands tone

limestone, |
dolomite,
shaley,
tillite

carbonaccous
shalec, !
sands tonc.
dolomite,
argillite,
quartzite,
conglomerate
argillite.
guartzite,
schist,
conglonerate

schist,
gneiss

granite
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The geology of the north-west region is normally
corrclated with the type succcssions of the Copperbelt and
conscquently a brief revicw of the Copperbelt is presented
(after licndclsohn, 1961).

The Lufubu System is the oldest recognisable formation
and comprises mica schists, micaccous quartzites, and gneisscs.,
These arce widely intruded by a number of granitic masses which
arc grouped together as the 01ld Granite, and although varying
in content, arc regardcd as compositional phases of a granitc
of both granitisation and magmatic origin; these masscs
include grey granitc of alkali to tonslitec composition, red
microclince granite and the iMuliashi adamcllite granite gneciss.

Thé Muva System unconformably overlics the Lufubu Systcem
and comprises a lower rudaccous group of conglomerates and
mica schists, a middle arcnaccous group of micacecous to
glassy quartzites, and an uppcr argillaccous group of schists.

The Katanga Systcm is associatcd with the ore deposits
of the Coppcrbeit and is wcll documcnted. The Lower Roan
Group of the liinc Serics is a feldspathic conglomeratic to
arcnaccous unit and is the main orc¢ horizon. The Upper Roan
compriscs a dolomite—argillacébus sequence with intercalated
quartzites. The Mwashia Group is dominantly argillaccous
with typical carbonaceous shale, conglomeratic and limestone
horizons.

The basc of the Kundulungu Series is a tillite, overlain
by the Kakontwe limecstonc (1500 ft.) and shales, The Hiddle
and Upper Groups do not show the division of the type
succcssion of the Congo and comprise a thick shalc scguence

with minor quartzites,
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The Xamwoo System of Zambla is virtually absent from the
central platcau arca of Zambiag and only occurs in depressions
and rift valleys where it has becn proteccted from erosion,

The Lower Farreo is a dominantly argillaccous sequencc whilst
the Uppecr Karroo is arcnaccous. Similarly, the Kalshari
System of loose sand and consolidatcd sandstone only appears
in the west of Zambia.

(¢) North-west Zambia

Although the rcgional trend of the Katanga sediments
appcars to continue westwards from the Coppcrbelt to the
Angolan bordcr, rapid changes of facies and the incrcase
in grade of mctamorphism westwards, rcnders the identification
of equivalent formations in the west difficult (de Swart ct
aly 196L4; Reeve, 1963), The major subdivisions of the
Coppaebelt have been récognised between the Solwezi and
Mwombeéhi Bascment domes (Garlick, 1939) and appcar tp extend
into the Mwinilunga area {licGregor, 1960).

The Kundulungu Serics on the Coppefbelt is dominantly
argillacecous but westwards bccomecs morc calbarcous (Reeve,
1963) or arenaceous (Brock, in de Swardt, 1964). The
persistent Kakontwe limestone of the Copperbeltlcannot be
identified, slthough at Solwezi the Chafupgoma carbonatec is
equatcd with the limestone (Hatfield, in Reeve, 1963).
Generally the basal Kundulungu is represcntcd by conglomerates
with interbedded grcy shales and sandstones, and is overlain

by arkoses and ssndstones which form hill features (de Swardt,

196L),
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(d) Local Successions.

Between the Dongwe and Lulafuta rivers g local Katanga
succession has been identificd (Taylor, Lyall and Ostcn, 1962):
Sands tonc
Shale~siltstone
liotoma basalt
Limecstone~dolomite
At the Xalengwa lilne, 20 miles north-cast of Hufumbwe,

the succession in 900 ft. of Katanga rocks is:

Reccnt or Tertiary sandy clay and rubble
Sandstonc with shale bands (425 ft.)

8ilty dolomite

Calcarcous dolomite

Albite-chlorite intrusive,
The similarity with the Kundulungu Serics, and the lack of
fegional me tamorphism suggests that thesc horizons at
Xalengwa arc younger than the Lower Katanga copper-bearing
strata of the Copperbelt. The structure at the Kalengwa bMine
indicates a north-east strike parallel to the reglonal trend,
with a 50-70° dip to the north-west. Although major folds
arc not identificd, the minor fold axial planes are horizontal
(B1lis and McGregor, 1967) and suggest intense deformation,

(e) Geology of thc study areca (Fig,3)

The area has been geologically mapped by geologists of

the Rhodesia Congo Border Concessions Ltde who indicate an 8
mile wide band of Kundulungu quartzites striking generally
southwestwards and dipping subvertically, occurring betwecn
Kalcngwa Mine and Liufumbwe., This band extends a further 1%
miles south-west of the Mufumbwe camp beyond which the bedrock
type is inferred from surfacc float material.

Gecological mapping during the present survey of the

sparse outcrop, trench, pit and drillholc cuts, reveals that
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the lithology at Mufumbwe is interbedded metamorphoscd
quartzites and shales. The cuartzites are pink to colourless,
contain gritﬁy horizons and freguently display current bedding
and specularite banding. Thcey form ridgc featurcs and are
normally thc only outcropping rocks, Interbanded shales are
green, with pyritic rclics when unweathcered, but near surface
pxidation produccs a red colouration, The assemblagc is
tentatively correlated with the Kundulungu Scrics on a
lithological basis.

Study of acerial photographs reveal large—-scale isoclinal
folding betwecen lufumbwe and Kalengwa. At Mufumbwe two arcas
of better exposure were studied in detaill in the field and
intensc small-scale folding is apparent. The quartzites
appcar to have scted as competent horizons while the shales
have intensely deformed producing isoclinal and disharmonic
folding. Axial planc cleavage can be pervasive, often co-
planar with bcdding, and may replace bedding in sheared out
folds. The fold axes indicate a constant north-cast trend.
with axial plungc both to the north-east and south-west.

At Jijombo both quartzites and limcstoncs of Kundulungu
agc are noted by the RCBC geologists. Within the study area
a single outcrop of pink-brown quartzite occurs to the north
on the dambo margin. The gquartzite contans quartz-specularite
veining and current bedding which are similar to . structures
found in the Mufumbwe guartzites. The rock strike is 3550
north-west with a 20° casterly dip.

No outcrop appears at Middle Kamwedgl, but Karroo
sandstone and limestone have becen noted one mile to the
north-west, whilc Kundulungu quartzitcs appcar agailn two

mlles south,
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The Lower Xamwcdgi areca lies in a band of interbedded
quartzites and shales of probable Xundulungu age whcre the
riverbed is eroded into the sub-Kalahari floor. The lithology
is similar to hufumbwc. Although the regional trend is north
castwards, thc local strike is northerly and the dip sub-
vertical.

Karroo rocks have beccen noted in patches along the Dongwe
and Kamwedgl rivers but no outcrops of this System appear in
the study arcas,

The Kalahari System is extcensively discusscd in Chapter
II. |

(£) Mineralisation

On the Copperbelt no major coppel orcé occurrcnces
appear in the prc-Katanga rocks. The ore horizon is limited
to the argillitc of the Lowcr Roan where disseminatcd copper
appears predominantly as chalcopyrite but also as bornite and
chalcocite (Mendelsohn, 1561). Oxidation occurs down to a
depth of 300-400 ft,

The copper dcposit at Kalengwa is believed to lie in a
belt of strata-bound, northwcstwards trending, disscminated
copper sulphides which extend from the Ksfue Hook. Primary
mincralisation occurs mainly in calcarecous conglomerate often
concentrated in scour holes, and suggests a syngenctic origin.
The overlying sandstones arc poorly mineralised. Primary
minerals are bornite, chalcopyrite, pyrite and chalcocite,
Decomposition of bedrock has led to extensive supergene
enrichment with replacement of the carbonatc matrix by
malachitc and chalcocite with additional digenite, cupritc,

melaconite, native Cu; covellite; chrysocolla, libethenite
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and cornctite., Some 300,000 tons of ore containing 2% Cu
has bcen outlined (Ellis and McGregor, 1967).

At Mufumbwe, malachitc stailned shales outcrop and the
oxidised mincralisation follows bedding, joints and axial
planc clcavage. Results from initial drillholes indicatc
rclatively high gradc Cu mineralisation with wainly primary
chalcopyritc and pyrite. The sulphides occur at 200-400 ft.
above the quartzite contact in shales. Oxidation of the
sulphides occurs down to 100 ft. depth.

At the Lowcr Kamwedgi Prospect, malachite staining
appears on mixed shalc and gquartzite outcrops. Initial drill-
hole rcsults indicate good chalcocite mincralisation.

5« PHYSIOGRAPHY

(a) Climatc
The North Western Province cnjoys the subtropical

climatc typical of the platcau country of Zambia, with the
vear divisiblc into three distinct seasons. A cool, dry
wintcr extends from April to August with a mean temperaturc
maximum of 77-81°F and an casterly airstream of L1-13 knots
prevails., A short, dry, hot scason follows with tempcraturcs
rapidly increasing to 90-95°F, The wct season is longer than
in the rest of Zambia and exteonds from late September until
March; the daily mean tempcraturc is over 80°F and LO-50 ins,
of rain fTall, mostly as violent rainstorms. A light wind of
L-8 knots blows from the north-wcst during this scason.

Monthly rainfall-temperature data for Mwinilunga,

130 miles north of Mufumbwe are prescnted in Fig, L.
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(b) Geomorphology

iuch has been writtcen on Central African
gcomorphology mainly by Dixcy (1938, 'L2, L3, 'Lu, 'L5,),
King (1949, '50, '51), Cahcn and Iepersonne (1952, '54),
Mabbutt (1957), Flint (1959) and Bond (41963).

Although opinions conflict on the significance and
origin of ccrtain geomorphological featurcs, there is a
gcneral agreement on the overall physiographic surfaces.,

The Zambian plateau is a composite feature and may locally
contain any of the following erosional surfaces:
1. Bub Platcau Surfacc
2. Sub Karroo Surfacc
3. Late Jurassié Peneplain (7,000—7,500 ft.xeleVation)
L. Barly Cretaceous Cycle
5. Latec Cretaccous, Vipya br Gondwanaland peneplain
(5,200-5,500 rt.)
6. kiid Tertiary or kioconc or African Surface (lL.,200-L,800ft,)
7. End Tertiary Cyclc (3,000-L4,400 ft.)
8. Barly Plecistocenc or Victoria Falls Cycle (1,200-3,000 ft.)
9. Mid to Upper Pleistoccene Cycle.
The development of the prcesent landscape began at the close
of the Karroo epoch (end-Triassic) (Table 2) with widespread
erosion which reduced southcrn Africa to a vast near-level
surface (Dixey, 1945); concomitant isostatic uplift formed a
basin of the interior of thc continent and allowed
depositional phascs to occur (Mebbutt, 1957). In north-west
Zambia post-Karroo warping developed the Congo-Zambezl

watcrshed along an upfold, and thc earliest recognisablc
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Table 2 GEOLOGICAL TIME~SCALE
GEOLOGICAL DIVISION AGTH DURATION
QUATERNARY
HOLOCENE 10,000 10,000 yrs.
PLEISTOCENE 1me=10,000 1 million yrs.
TERTIARY ’
PLIOCENE 11 Mei=1 m, ] 410m, yrs.
MIOCENE ) 2b5m, -11m. 1hLhm, yrs.
CLIGOCENE 11Om, =251, 15m, yrs.
EOCENE 70m, =44,0m, 30m, yrs.
CRETACEOUS 4 35m, ~70m, 65m, yrs.
JURASSICX 180m, =1 35m, | L5m. yrs.
\KARROO SYSTHEM
TRIASSIC ./ 225n, -1 80, L5m. yrs.

surface is the Vipya or Gondwanaland Surface: this occurse
along the Congo~Zambia border as flat toppced, stecp sided
monadnocks of 5,200-5,300 ft. clevation, 800-1,000 ft. above
thce younger Miocenc Surfacc (Fig, 5).

The mid;Tertiary, iiocene, or African Surfacc is very
extensive in Zambia and is equivalent to the Tanganyika
plateau and to the high veld of Rhodosia (Dixcy, 1SL5; King,
1951). This surface lies at 4,200-4,800 f£t. and in the north-
west of Zambia slopcs southwards off the Congo-Zambesi
watershed., This is in thce direction of liiocenc drainage
which included the Zambesi River.

The cnd-Tertiary Surface was eroded into the kilocenc
Surface according to thc resistance of the undcrlying
formations, It is typifiecd by broad shallow crosion basins

of which the Barotsc Kalahari Sand Basin is an examplee.
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Since the end of the Tertisry Pcecriod; north-west
Zamblia has been 1little deformed but subjected to both erosion
and dcposition., However, as the surfaces were generally flat
and gradients low, little cerosion is considecred to have taken
placc (Flint, 195%), although Bond (1963) has calculatcd that
the main rivers have cut down 15C ft. since the Pleistocenc.
Threec main Quaternary climatic cyclecs have resultcd in thrcee
pluvial periods followed by threc drier interpluvials; the
formcr have led to river erosion and river gravel terrace
dcposits, while the latter have given rise to ferricrcte
formation followed by deposition or redecposition of acolian
sand (Clark 1957). Away from the main river channels the
eroded, level Jand surfacc has given risc to sluggish
scasonally swampy drainage. This is known in Zambia as
dambo Grainagc. Latcr gradual uplift or warping has re-—
juvenatcd the drainage system causing rivers to cut back
towards thc hcad water dambos.

Within the study arca, thc topography is fairly level
with a gentlc slopc to thce south-west. The three main rivers,
the Mufumbwc, Jijombo and Kamwcdgli arc conseguent on this
slopc. Towards thc cast the river system is incised and of
a dendritic pattern but within the arca it is diffuse and
streams arc less frequent, This cffect becomes wmore markcd
west of the area because of the increased cover of Kalahari
Sand. The rivers have large tracts of dambo development of
both headwater and river dambo types; the latter are
parallel to the riverbed. IMinor tributarics may be entirely

dambo-typc drainage. Thesc dambos arc widc, shallow,
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grass-covercd, trceless valleys with sublcvel floors and
poorly defined axial water courscs., They result from poor
drainagec and excess sedimentation on pcneplained surfaces.,

(¢) Overburden

Thc study arca lies on the fringe of an castern
extension of thec Kelahari Sand of thc Barotse Basin. Hast
of the Hufumbwe River :Fig.6) the soils are predominantly
Plateau Soils (Trapncll ¢t al., 1957). Apert from a lobe of
Platecau Soil which extends for 9 miles south-west of Iufumbwe
towards the Jijombo River, the areca west of iufumbwe is
extcnsively covered by Kalshari Sand. Only locally along
the uppcr Jijombo and the lower river courses is the Sand
thin and gives way to Plateau Soil. The exposure of the
residual soil in these river valleys is in part due to thc
wetter conditions since the Kalahari epoch, with incrcased
river digscction of the overburden., ReJuvenstion of the
river hes added to the river crosion.

The soils of the arca have been studied by Trapnell
et al. (1957) and the following soil descriptions are a
result of their findings (Fig.6).

(1) Plateau Soils, cquivalent to Ferruginous Lateritc
Soils of the Transvaal (van der ierwe, 1941), to the
Platecau Soils of Bast Africa (Anon, 1936), and to the
ferralitic soils of the Copperbelt (Tooms, 1S55), are
described gs coarser to finer grained, sandy to sandy
clay eluvial solls formed by long periods of secasonal leaching
on maturely eroded topography. These are the residual solls
referred to in this thesis. According to Trapnell et al.

(1957) the normal soil profile comprises a brown-grey
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organic top-soil, grading down to a raw ochrous subsocoil,
granular in structurc and plastic when wet., Pronounced
nodular latcritic conccntrations occur -in the lower subsoil
which gradcs into thc underlying rotted rock. These lateritic
formations may bc duc to impeded drainage caused by low relief
and scasonal downpours. The soil is acid (pH 5.0-5.5), low

in soluble wminerals, and has a low cation exchangc capacity
(2-10 meq/100 gm; Hawkecs and Wcbb, 1965) and arc very low in
cxchangcablc bases, The soil is also low in nitrogen,
phosphate and organic matter and has a low primary mineral
content.

liuch literature has bcen published describing laterite
and lateritic soils and will be considered later in this
section.

(2) Kalshari Sands comprise pure quartz grains which
are markedly rounded and frosted. The colour is normally
white, while grey varieties are due to organic colouring.

Fe stailning causcs a red to gold colouration. Profiles are
seldom developed, The Sand tends to be acid (pH L. 5-5.5),
with a low clay content; the clay contont incrcecases with
depth.,

(3) Transitional or Contact Kalahari Sands arc a mixturc
of the previous two types. They are gencrally grey or brown
with LO-70% coarsc sand and 1-3% clay. The acidity is
lower than in Kalshari Sand (pH 5.3-6.3).

(4) River valleys tend to be filled with younger
regraded soils which may be seasonally wet varicties of the
former types., Two diagnostic flood plain soll typcs are

formed:
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(i) Grey Clays, equivalent to the grey non-calcareous
clays of Hast Africa, and to glel and glei podsols, have a
brown-grey sqperfiéial layer over a mottlcd elay sand. Thay
tend to be sandier and wmore acid than Black Clay. They are
inert and non-cracking with a lower zone of rusty or glei
limonitic concretions and wmottlcs. The cation exchange
capacity of 15-25 meq/100 gm (Hawkes and Webb, 1965), is
rclatively low.

(ii) Biack Clays, equivelent to the Subtropical
Black Soils of the Transvaal and to the Black Calcareous
Clays of Zast Africa, are black to brown in colour, near
neutral to basic (pH 6,2—9.0), deegp—cracking, siliceous and
may locally contain calcareous nodules, Thesec clays are
markedly base-rich with Ca, Mg and Na salts and arc organic
poor (1-3%). When dry the clay tends to be hard and
impervious when wet. Thesc properties arc duc to excess
silica and bases reccived in solution from surrounding arcas.
The upper horizons tend to be morc acid due to leaching. The
upper reaches of dambos are more acidic due to the proximity
of residual soils.

Black dambo_soils have been variously described as
pedocals; black carths, vliei clay, cotton soil, regur,
grumosol, tirs, rendzina and badob (Hessayon and Hutton, 1954;
Oakes and Thorp, 1950), The black colouration has been
ascribed to montmorillonite plus carbon material (Lozet,
1955), clay-organic complexes (Singh, 1956) or anaerobic
bacteria in wontmorillonitc clay (Hessayon ct al.; 1964)
while liohr and van Baren state that the colour is due to the
Ca and kMg of the montmorillonite (1954). The high exchange
capacity of the scdiment has been ascribed gither to the

montmorillonite or to the carbon content. With continued
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lecaching and wore acid conditions the montmorillonite can be
convertcd to kaolinitc and the soil can become lateritic
(Lozet, 1955; #Mohr and van Baren, 1954). Ko montmorillonite
was found during the prescnt survey in dambo sediment.

The rcsidunl (Plotcau) soils of the study arca arc
latcoritic soils., In addition, the Kalahari Sand fregquently
has latcritc horizons; and would with timc and a continuntion
of the prcsent climate deveclop certnin characteristics of
latecritic soils, A grcet anount of literature has been written
on lnatorite horizons and latcritic soils. The term 'laterite!
has becen used in the past to describe material of a widcly
diverse chemical composition and origin. The term has becn
applied to material from diffcerent climntos, geology,
geomorphology, drainage and vegetation conditions and thus
virtually all aspcects of latcritec development and composition
are disputed. A comprechensive resumc of the subject is
presented by Maignicn (1966) and the following conclusions,
on the Fe-rich variety of latecritcs and lateritic soils arc
mainly drawn from his work.

The soill formed during the process of lateritisation has
been termed latosol, kaolisol or ferrallitic soil. These
soils are normally red in colour, dependent on the hydration
of the Fe oxides, while }Mn imparts a purple colour. They are
deep (up to 20 m), and apart from the concretionary zone, show
little horizon differentistion; they may not have a true
textural B horizon. These soils are intensely altered so
that little residual material is recognissble., The extensive
alteration causes loss of bases (K2O,Na2090a0) and also of

Mg*t and Kt with marked accumulation of Fe sesquioxides.



The exchange capacity of the laterite profile is low, as
exchangeable and total cations are low; absorbing complexes
of the profile are extremely unsaturated. The pH of the
profile is acidic (pH L.5-5.5) but increases in alkalinity in

the C horizon, and also at surface where vegetation may
increase the pH to 7. The surface content of organic material
(2%), nitrogen and clay are low, and the humic matter does not
extend below 20 cms.

Commonly a concretionary, Fe-rich (Fe<10-805), Al-poor,
Si-poor (¢20%) horizon of variable thickness and depth 1is
developed. It may have the form of isclated pisplitic
concretions, densely-packed, hardened concretions, or, a
massive indurate zone, This zone is now generally described
by the term 'laterite', The zone may be illuvial, the
accumulation of Fe resulting from leaching frowm above pr from
lateral migration from outside the profile. Alternatively the
laterite may be a remnant formation in situ, and results from
the leaching out of other minerals.

The laterite horizon, may be indurate at depth, or may
harden and darken on exposure, partly through oxidation and
dehydration of the ferruginous material. The difference
between the soft and crust types of laterite appears to
depend not on the absolute content of Fe but on the
crystallinity of the Pe oxides.

The laterite horizon comprises mainly the Fe sesqguloxides
goethite (*Fey0(0H)) and hematite (Fey0z) with kaolinite
((OHu)A1231203), Mn oxides and the rarer Al sesquioxides,

gibbsite (yAl(OH)B) snd boehemite (yAlO(OH)). Cryptocrystallie
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goethite retains variable water and gives rise to amorphous
limonite. Clays may also include illite. In addition
residual and détrital material sppear. Silica may occur

as residual quartz, or secondary chalcedony, opal or
colloidal silica.

The migration of Fe in the laterite profile is
conjectural. Although ferric Fe is almost lnsoluble in
tropical pH conditions; the ferrous ion is appreciably
soluble. “ilectropositive ferric Fe in the profile may
attach itself to clay and be leached out with the clay:
or ferric and ferrous ions mgy form electronegative
complex.ipns with substances in the soil and be leached
put. TFerric Fe may also be converted to ferrous Fe by
bacteria or organic matter. The soluble Fe then migrates
in ioniec, complex or chelate form depending on the conditions
in the environment. lovement of Fe and other elements,
within the profile may be in part capillary for s height
of 2=2.5m in the zone of temporary saturation at the
fringe of the water-table. HMovement is probably mainly
related to the fluctuation of the water-table between wet
and dry seasons. As the water-table recedes in the dry
season, the ferrous Fe which was in solution in the zone
of saturation, is converted to insoluble ferric Fe through

oxidation by aecration; this process is aided by coarse



material which allows more rapid oxidation. The depth

of penetration of oxygen in the profile limits the downward
development of Fe accumulstion even after the water-table
has fallen below this level, 1In the permanently waterlogged
horizons, the reducing conditions produce glei horizons with
Pe mottles, rather than laterite, If the base level of thec
water-table permanently rccedes, these mottles give rise to
concretions,

Within the study area, the residual soils agre lateritic,
and coinmonly have g concretionary horizon occurring at a
variagble depth, This normally rests immediately over
bedrock or decomposed bedrock. Since the Tertiary Period,
the rejuvenated drainage system has lowered the landscape
and locally exposed the lateritic B horizons. These exposed
cemented horizons are impervious and cause seasonal water-
logging. Such surface pavements (equivalent to the iurram
of #Bast Africa) are often marked by substantial clearings in
the otherwise evenly canopied woodland.

Within the Xalshari Sand profiles, lateritic horizons
are sporadically developed., The horizons way be more
freguent but have not been intersected in the relatively
shallow pits. Theymay-beloose,concretionary Fe nodules
or indurate, compact horizons. The cementing .Fe:  normally
contains a matrix of Sand grains. In time, lateritic
development might become more pervasive, and the Sand would

develop lateritic soil characteristics.
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(a) Vegctation.

The vegetation cover of Zambla is controlled by climate,
soll types and dcpﬁh, drainage and seasonal fires. The close
correlation betwecn soll and vegetation has long been
rccogniscd in Zambia and has been used extensively in the
interprectation of geology of the Copperbelt on the ground
and from aecrial photographs (Mcndelsohn, 1961).

Trapnell et al. (1957) described the vegetation of the
study arca during a country wide survey. They notc that the
plateau soils east of the Mufumbwe River carry a mixture of
Northern and Central Brachystegla—Jdulbcrnardia paniculataif
"miombo" woodlands. The Northern type is typified by medium

to tall woodlands with Julbernardia panicuiata,ﬁ Brachystegila

longifolia, Brachystegia floribunda, Isobgrlinia angolensisf£

x

Brachystegia boechmii®™ and Brachystegia hockil merging into

poor scrublands of Brachystegia boehmii or Julbcrnardla

paniculata and Uapaca spp. on shallower soils overlylng

laterite shects. The €Gentral type compriscs medium woodlands

of simpler composition, with predominantly Julbernardia

paniculata and also Brachystegia longifolia, Brachystegia

boehmii and Uapaca spp. This type can tolerate Kalghari

3
marked spccies have been altered from the original

nomenclature of Trapnell, with refercnce to reclassification

of the vegetational species by Fanshawe (41965)



L0.

Sand but on shallow lateritic soils tcnds to give way to

scrublands with Parinari and Diplorhynchus,

A botanical survey was carried out during the prcsent
project.s The vegctation on the recsidual soils in the study
arca forms a tall woodland with trecs of LO-60 ft, and a
limited understorey. In the Mufumbwe vicinity thc vegetation

compriscs Julbernardia paniculata, Brachystegia bochmii

and Brachystegia longifolia, with Isobcoriini~ mngdlconsis,

Ochna pulchra, Faurca sp., Pscudolachnostylis maprouneifolis

and Parinari cxcclsa (Plate 1),

At Lower Kamwedgi, the assemblage on residual soil

includes Julbernardia paniculata, Brachystegia boehmii and

Brachystegia longifolia with less abundant Brachystegia

spiciformis. In addition Cryptoscpalum pscudotaxus and

Isoberlinia angolcnsis appear. The middle,.storey vegetation

comprises Diplorhynchus condylocarpon, Ochthocosmus

lemaircanus and lonotcs Sp. ‘

On the Contact Soils, Trapncll notes Julbernardia and

Brachys teria with additional Brythrophlcum africanum,

Pterocarpus angolensis, Diplorhyncus and Diospyros batocana.

This vcgetation type is gradational into areas of deeper

Kalahari Sand where denscr forest cover of Cryptosepalum
and Baikiaca predominatc, together with an understorey of

Baphia, Bauhimia, Paropsia and ground shrubs.

During the present study, it was noted that the
transgression to Kalshari Sand is frequently marked by a
thinning and stunting of the vegectation (Plate 2).

West of Mufumbwe, the common spccics om Kalahari Sand
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arc Afrormosia angolensis, Brachystcgia spiciformis and

Isobcrlinia angolensis with an understorey of

Pscudolachnostylis sp., lionotes sp., Afzelia quanzensgis,

Swartzla wadagascarcnsis and Lannes discolor,

At Jijombo the upper storey ftreces on Kalshari Sand

include Julbernardia panlculata, Cryptosepalum pseudotaxus,

Brachystegia longifolia, Isoberlinia angolensis, Ochna

pulchra, Combretum molle, kicnodes sp, and Ochthocosmus

lemaircanus; the lower storey vegetation includes

Diplorhynchus condylocarpon and Pscudolachnostylis spp.

At lilddle Kamwedgl a similar assemblsge is found with addition-

al Ptcrocarpus angoleénsis and Diospyros batocana,

Cryptosepalum pscudotaxus is only common towards the dambo

margin.
At Lower Xamwedgl on Kalahari Sand, thce upper storcy

comprises Julbernardia paniculata, Brachystegia longifolia

and Erythrophlcum africanum. Thc lower storcy includes

Diplorhynchus condylocarpon, I'scudolachnostylis spp. and

Combrctum molle while the ground plant Landolphia kirki

is common.

Thus the typical Cryptoscpalum-Balkiaca forest of the

Kalahari regions to thc west in Barotseland do not encroach
into the study arcae.

Dambo floors arc ususglly devoid of trecs and carry
only a grass covcrage (Plate 3). This feature has been
attributed to a lack of nitrogen in the dambo clay
(Duvigncaud, 1958) or to the lack of oXygen in the ground

watcr (Tooms, 1955) but may be duec to the seasonal
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waterlogging. Trapnell notes that she black dambo clays

support the tall grass Hyparrhenia rufa and the tussocky

Sctaria phrapgmistoidcs and Sctaria ciliolata; the sandicre

dambos of the Xalahari tend to contain Trichopteryx

Hitchcockii and Thcmada trianda. Most dambos are fringed

by ‘‘migshitu' evergreen thickets.,

A marked pecularity of the normal vegctation cover is
the occurrence of natural clearings occurring in the woodland
covers. Thesc clearings arc due to two causes. The most
freguent type of clearing is under-floored by hardpan
laterite which occurs cither immediately below the thin
soil cover, or outcrops as a barren indurate pavement (Platc

). The abscnce of treces is probably due to the inabllity
off the roots to penetrate the laterite carapacc. The second
type of clecaring is the "copper clecaring" overlying coppcr
mineralisation (Plate 5); here the absence of trecces has
been ascribed to the pdsoning of seeds by the high copper
content of the soil (kiendelsohn, 1961) or to the abscncc of
nitrogen as a rcsult of cxcess copper (Duvigneaud, 1558).

Occurring in the NMufumbwc copper clcering is thc small

ground shrub Becium obovatun®, known in Zambia as the

"copper flower'., This was first studied in Zambia by

Woodwsrd in 1949 when its association with copper deposits

was noted, and has since been described as a widespread

geobotanical indicator of copper deposits in Zambia

(Horizon liagazine , 1959; lendelsohn, 1961; Cornwall;1969).
A complete list of the species located in the study arca

is noted in Appendix I,

previously known as Becium homblel de Wild.
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CHAPTER IT KALAHART SYSTELI AND ASSOCIATED SEDIMENTS

SECTION I KATAHARI SYSTEI (P;ﬂVIOUS WORK)

1. INTRODUCTION

Under existing climatic conditions, the prescnt
Kalshari Descrt is limited to Botswana and South West Africa,
but in the past, during morc arid cpochs, Kalahari dcposits
have extendcd from 30° South to 1° North: these deposits are
found in South Africa, Rhodesia, Angola, Zambia and the
congo (Fig.7).

The overall correlation of the Kalahari System of
southern Africa is extremely tcntative., Two schools of study
have emerged with diverging conclusions, thc Belgian and
French in thce Congo and the English spcaking scientists of
southern Africa. Most of the work in the Congo has been
done by kaufe (1929), Polinard (1932), Veatch (1935) 5
Jamotte (19L0), Lepersonne (1945) , Cahen and Lepersonne
(1948, '52, '56), de Plocy (1963) and de Ploey, Lepersonne
and Stoops (1968). The various arcas south of the Congo
have becn studicd dominantly by Passarge (190L4), Maufe (1929),
du Toit (1954), McGregor (1947), Clark (1950, "55) Cookg
(1952, '57), Dixcy (1945) and Bond (1946, 'L8, '57, '63)«

luch of the previous work has attempted to corrclate
local successions with the type scctions of either the
Congo or of southern Africa, which are not similar nor
necessarily contemporancous: The terminology, including
UKalshari Sands® and "Kalahari Beds', is often loose and
as it is variously dcependant on lithological, pedological,

palacoclimatical, gcomorphological or archacological
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interprectation, correlation is cxtrcmely complicated,
Corrclation of the diffcrent scdimentary facies depcnds on
dating river gravcl dcposits, crosion surfaces, acolian
sands, latcritc horizons, fossile, human artcfacts and
cultural horizons. Difficultics arisc in the idcntification
of erosion surfaccs, in relating lateritc horizons, by the
reworking of acolian sand and river dcposits, and by
restricted occurrences of fessil or human evidence which is
limited to river or lacustrine deposits, The acolian sand
rarcly contains fossils as a result of either the inhospitable
climate during the dcposition of the sand, or of the
subscguent poor prescrvation through initial oxidation and
later decay in the acidic environment of the sand,

24 STRATIGRAPHY

Two scparatc typc successions are uscd for the
Kalahari System, onc from the Congo and the other from the
Upper Zambegl Valley; the equivalencc of the two is still
in doubt (de Plocy, Lepersonnc and Stoops, 1568).

(a) Congo Type Succcssion.

In the Congo, the succession is divided into 3 series

(Cahen and Lepersonnc, 1956):

Name Sediment Typc Depth(ft) Agc
1.Upper Series. ochre sand <330 Miocene or carly
Pliocenc

mid-Tertiary(African)Surfacc

2.Middle Scries.pale sand,silicificd eayly
sandstonc and limestonc <500 Tertiary

Upper Cretaccous{Gondwanaland)Surface
%, Lowcr or sands, sandstone <33 carly

Kamina Scries. and gravels Cretaceous
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The Lower Series is peculiar to the Congo.

The Middle Scrics has becen variously cquated with the
#orgs polymorphes' of thé Congos the Silicrete, Botletlc
Beds (Passarge, 1904) or Kalahari Bcds of Southern Africa;
or the Xaj sandstonc of Angola (Stanton, 1563). South of
the Congo the agc is gencrally regarded as Plioccne to lower
Pleistocenc and thée deposits arc not related to the
Gondwanaland crosion Surface., (Clark, 1950).

The Upper Seriesg has been called the Kalsghari Sands,
the "sablec ocre' or Platecau Sands of the Congo, or the Kap of
Angola. South of the Congo, the Series is rcgarded as liiddle
Pleistocene to Holocene and postdates the cnd-Tertiary
surfacec.,

(b) Zambian type succession

As the deposits of the Cainozoic indicate varying
climatic conditions, the beds of the Kalahari Systcm are
equated to climatic episodcs, Thrce major cycles of wetter
pluvials and dricr interpluvials with two subsequcnt short
pluvials have been postulated for southcrn Africa since the
Tertiary (Table 3). The succession for the Upper Zambezi
Valley (Victoria Falls arca) is summarised in Table L4; this
succession has datablce river gravel deposits with limited

interbedded aecolisn sand.
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' Aeolian sand

Grits, ssnds
and
clays

| Erosion
Red seplian sand

Calcified sand

Youngest Gravel
Erosion

Kalghari Sand
Calcification

Kalshari Sand é

Table 3. ~orrelation of the climstic, geological and archaeological events of the
e Kalghari Systca of southern Africa, _ e R
{ e ,
vrs 5.p, 27130 | CLIMATE zupeT vauaY.  ["Cging’ owmms | oo memy
?2nd LFost - Erosion to preoeat contours and . Upper Northern Downcutting to
0-6800 Tluvial Semi arid formation of low sand islandse. ‘Rhodesian Wilton present contours
i | "Formation of low level degradation !
| ' terraces & abandoned channels,
! ) o (Black slluvium, Zrosiop. = . . . . ; B ] _—
11,200 1 - arid “Accumulation of dirty wind-blown ’
AjS ndeormation of calc-tufee. ‘o o
4.t poat | semi arid Aggregation of sandy calcareous Lower Northern
112,970  [Pluvial wet ralluvium forming 15-10ft. terrace. Rhodesian Wilton Sands
@ phase . wet . Minor erosion of KslshariSystem.
! | forming scarps.
ﬁ | Brosion of Older and Younger Gravels._; S S
A S arid "Redeposition of Nalahari Sand II by Rhodesian | IaCDQ1an‘
‘ ' 1 | wind. . B N .
‘____‘M_wmf__mﬁw“m_»,téeﬂi.apld Calcretll’ Tof Youngenr unkar fo  rma tion. Rhodesian Stlllbay;
: 'Gravels and sands Formation of ‘
! ; Younger Gravel |
: ! III and ,
: ’ i Alluvium III. :
30,500 ! wet ' Trosion Trosion. Rhodesian proto- |
: we t Lrosion Kunkar formation. Stillbay . gravels and sands
| semi arid Temporary living Aggragation of . of lower terraces
' } 'sites on eroded sands and t of the Kasai,
’ ; ' 8and slopes Younger
; : Gravels II and
1 ; . Alluvium IT.
- 5rd twet Zrosion Iirposion Zrosion
- Pluvial seml arid Redistribution of Kunkar formation. Red Sands
" (3arylicn) ‘Kalahari Ssnd on Aggragation of |
; scarp slopes and earlier Younger !Upper Rhodesian | Sandy Clays
! ,nodules of Ferricrete, Gravels over 15-; Sangoan gravels
; 'Temporary living 20ft, terrace |
i sites. Younger Gravels | |
; , (I and Alluvium I. !
11,000 wet 'Trosion Erosion iLoweP Rhodesian © erosion and formation
i semi arid Formation of Formation of Sangoan i of the high-level
i ferruginised ferricrete, l . terrace of Kasai.
| ! !scarp rubble. ! Ferruginisation
| | | ‘Commencement of |
! ? removal of '
N B I Kaknari Sand I el S
dinter- very arid Land rubble.Deposition of Kalahari
57,000 tpluvial I under desert conditions of long Kalahari Sand
é | duration;small tributaries dry up.
? ! ? ferricrete formation. e
i | rarid Formation of calc-tufa and Kunkar. ‘Late Rhodesian Sand and clays
| 5 1 Acheulian
! semi erid{Deposition of 0lder Gravels II on Midéle Rhodesian
! | 15-201f't. terrace. Acheulian
| ‘wet Zrosion
2nd seml arid|Ferruginisation of Older Gravels Hope Fountain
T1luvial very wet Deposition of Clder Gravel I on |
(Kamesian) 'L5ft, terrace
? iErosion of Pipe Sandstone,Chalcedony. Early Rhodesian
| i Acheulian _
? semi arldflnduratlun of Pipe Sandstone and Rhodes1an Chellean High level Kamoa
lformatlon of siliceous ferricrete on : ‘ gravels
R R ‘upper surfaces .
\very arid[Silicification of Pipé Sandstone I _” ST T T ey
; 39 Gentle wsrping ? I
wet ‘Deposition of freshwater limestone, ;
RPN - I and later Sand j
! lvery arldr51llclilcwtlon of limestone snd 1 - I
| | associ=ated sandstones, by conversion Kalghari Sand -
; i ___|bo chalcedony. , i Earth mowemsnt
fst Prdvial [semi arid|Deposition of freshwater limestons “‘j‘”””“”““”_“* co T T e
'(Xe~eran) and sands. No Culture ‘Plateau Gravels
§ Deposition of scattcred pebbles.
| very wet [Trosion and formation of the end-
- ! - __JTertiary surface pencplain, | ;

modified from Clarke (

1950).

Older gravels
Basal Older Gravels |
Peneplanatlon
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Table L. XKalahari System succcssion of the Victoria Falls
area

18t post~Pluvial |windblown sands with calc-tufa}

sandy calcarcous alluvium j RECENT
Ralahari Sand II
. 2 UPPER
3rd Pluvial Younger Gravels and sands J
\
Kalahari Sand I PIEISTOCENE
1 MIDDLE
2nd Pluvial Older Gravels and sands <

Pipe Sands tone

1st Pluvial Chalcedony(silicified
limestone)
High Lecvel Gravels

LOWER _,
PLIOCENE

Nt

(after Clark, 1950)

(c) Kalahari Beds

The Kalahari Beds comprise the High Level Gravels,
the Chalcedony, Pipe Sandstone and the 0lder Gravels. In
Zambia these are preserved in depressions in the Upper
Cretaceous and mid-Tertiary erosion surfaces (Cahen and
Lepersonne, 1956),

(i) High Level Gravels

Following thc pencplangfion forming the end-
Tertiary surface, the deposition of the Gravels suggest the
webtter conditions of the 1st Pluvial period. Similar
decposits are reported in the Congo (Plateau Gravels,, Angola
and South Afrieca (0lder Gravels). l

(ii) Chalcedony

Freshwater sandy limestone, varying from O to

5 ft. in thickness and deposited in the late Tertiary or
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carly Pleistoccne were silicificd soon after deposition.

They occasionally contain the fossil gastropods Viviparus

Sp. s Limnea sp., Planorbis sp., apd Isodora, and sceds of the
agquatic plant Chara, Similar dcposits arc noted in the Congo,
Botswana, Rhodcsia, South Africa, Angola and Mozambique.

(iii) Pipe Sandstone

This formation is uniform and widespread in
Zambia (Clark, 195Q). It comprises a white sandstonc wi th
an opaline cement, 0-12 ft, thick. Fossils rccorded includc
Limnea sp.; Cypris sp., Planorbis sp. and Chara sp. The
vertical pipes arc believed to be rcemnant receds., Similar
rocks arc found in the Congo, Rhodesia and Mozambique.

(iv) Older Gravcls

A gravel terrace, 1 to 2 ft. thick, locally
overlies the Pipe Sandstone and indicatcs the wetter
conditions of thc 2nd Pluvial pcriod.

(d) Kalahari Sand

(i) Introduction

The acolian sands arc thc most widespread unit of the
Kalahari System. They underlie 60,000 square miles of
western Zambia to a depth of 200 ft.; they also cover 124 of
Rhodesia up to a depth of 200 ft., 8%, of Botswana (Clark
1957) and areas of the Congo, Angola (Stanton, 1963: Janmart,
1953; Leakey, 1949), llozambique (Bosazza, 1957), South West
Africa and South Africa (Pig,7). As prcviously stated,
corrclation of the Sand™ horigzons is difficult and has only

been achieved near river channels,

¥ wgand" is used throughout this thesis for Kalshari Sand.
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(ii) Succcssions

Three major accumulations have been proposcd for
Zambia (Clark 1¢50)¢

(1) Kalahari Sand I

During the arid phasc following thc 2nd Pluvial,
fhe major windblown dcposits formed., Although only 10 ft.
thick at the Victoria Falls, clscwherc this unit is up to
200 ft. Caﬁen and Lepersonnc reinterprct these Sands as

.prc—dating the cnd-Tertiary surface (1956).

(2) Kalshari Sand II

After the river terrace gravels of the 3rd Pluvial,
a further arid phase resulted in a second dcposit of
Kalshari Sand, At the Victoria Falls this Sand section is
only 4O ft. thick,

(3) Reworked Sand

During the post 3rd Pluvial pcriod, Sands
deposited during the earlier phascs werc redepositcd.
(iii) Agze

The age of the Sand is disputecd. Janmart (1953)
states that the age of the Sand should be the age of the
last movement,; whilst other investigators date the Sand as
the age of thc origin of the Sand. As the earliest deposits
of Kalahafi Sand have never becn lithified, therc has been
considerable redistribution without detectable change, often
on to lower topographic benches,

Several authors suggest a Tertiary age. Hence
Habbutt (1957) considers the age of the original Sand as

Upper Tertiary. Cooke (1957) regards the Sand of South



Africa as Pliocene while the lowest Sand of the Congo
prececds the end-Tertiary surface (Cahen and Lepcrsonne,
1952). Savory (1965) indicates that the Sand of the
Scsheke area of Zambia originated in the Pliocenc,

pther authors suggest a Quaternary age. Wayland (41953)
considers the Sands in Botswana to be Quaternary, while
Clark (1957) regards the Sands of southern Zambia as post-
end Tertiary, similar to thc age of the Upper Series Sand of
the Congo (Cahen and Lepersonnc (1952). In Angola, a
Pleistocene age is postulated for the XKa, Sands (Stanton,
1963), while a middle Plcistocene age is sugpestcd for the
lowest Sand horizon (Leakey, 1949; Janmart, 1953); a
similar middle Plcistocenc age is proposed for the first
Sand in the Zambesi Valley (Clark, 1950; Bond, 1957) and for
Rhodesia (Bond, 1946).

(iv) Origin

The Sand is generally belicved to be acolian and
derived by long aerial erosion in an arid cnvironment with
1little removal of the detritus by river action.

teGrepor (1947) arcucs that the vast gquantity of Sand
Was derivgd from the exposed sea floor during the Pleistocene
Ice Ape and that the Sand was transported on to land by
casterly winds. Bond (1948) indicates by a heavy mineral
study that the Ssnd of Rhodesia is of local origin, eroded
from pre~Karroo rocks near the Zambesgi Valley. Du Toit
(1954) suggcests South West Africa as the general area of
origin while Flint (1959) favours local dcrivation from
underlying Kalahari Beds. Savory (1965 ) suggests that

the Sand of thc Sesheke arca of Zambia is of local origin
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from the underlying Upper Karroo Sandstone,

The "sable ocrc’' of the Congo, ccuated with the
Kalghari S8and, was prcviously regarded as acolian (Cahen
1954). Recent work tentatively suggests that the Sand may
be fluviatile in origin (de Ploey, Lepcrsonnc and Stoops,
1968), while the undcrlying "grds polymorphes* has mixed

aeolian and lacustrine horizons.
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SECTION 2 SEDIMENTARY ANALYSES

(1) Method of Stud
(a) Granulometry

After disaggregation of the sample using 1% Calgon and
ultrasonic vibrations, the —200%% material (Table 5) was
geparated into silt and clay fractions by sedimentation, and
the weight of each calculated by the Bouyoucos hydrometer
method. The +200% material was subdivided into fractions by
wet sieving and each separated fraction weighed.

Several different classifications of soil particle size
exist, and many ways of recording the results are employed.
The system adopted is based on Wentworth's scale using the
phi scale adaption of Krumbein (1638) (Fig.8 and Table 6),
This produces equal log size class intervals which alds data
plotting.

The phi unit is defined as -~ logp of the particle
diameter size in millimetres,

Using the size frequency data, cumulative freguency
curves are constructed and the following four parameters,
which measure the symmetry of the curve, are deduced:

1, Phi Median diameter (Mdg)
2, Phi Quartile Deviation (QD‘d) where

QDg = 1% quartéle ~ 290 quartile

this measures the average spread of the curve
and for zero deviation,QDy = o)
3. Sorting Coefficient (So)

E 3
# ig used throughout this thesis for "sieve mesh size'.

A minus sign iwmplies ‘“sizc less than® while a positive

sign indicates "size greater than".
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Table 5, g8icve Mesh size (mm)
Mesh sizeﬁ*(B.S.S.) Diameter (mm) Sediment
2 2.0
38 0, 49l coarse sand
60 0:257 medium sand
80 0.195 fine sand
125 04107
200 0, 05l very fine sand
Sedimentation 0.054~-0,002 silt
<0, 002 clay
Table 6. Wentworth's scale-phi unit correlation
Phi Unit (#) Wentworth's scale . Sieve mee.l'p?‘l"’él
diameter diam. (mm) Sediment (gpprox, )
0-1 1—%(1-0—0$5), coarse sand ~20+38
1-2 1-1(0,5-0, 25) medium sand  -38+60
2-3 1-3(0,25-0.125) fine sand —60+125
3., $=12(0,125-0, 063) v. fine sand ~125+200
-8 1- _1_(0,063-0.00 11t -200
>8 < (<0, 00L) clay
256
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where 80 = antilongDﬁ, and for convenience is derived from
a conversion chart (Pig.9). The sorting classification is

based on Trask with a range of values from:-

122 = 1.7 well sorted
1e7 = 2.0 moderate sorting
2.0 - 3,0 poor sorting

3.0 very poor sorting

Lo Phi Quartile Skewness (8Kqg), where

255 quartile + 78% quartile _ Hd
2

SKay =

This measures the asymmetry of the curve, so that with
zero skew, Squ = 0; g positive value is an overabundance of
fine material and a megative value a high coarse material
content,

(b) Microscopy

The various size fractions of the disaggregated
samples were studied using a binocular microscope under low
power to determine morphological grain features such as
coloury, rounding, sphericity, durface texture, inclusions
and bulk composition, Thin sections were examined of a
limited number of samples for evidence of regrowth and other
internal features,

(c) Heavy Minerals

Heavy wmineral separation was effectcd by tetrabromo-
ethane (S.G.2.8) with subsequent examination of the heavy
mineral suites, The heavy minerals were counted by
microscopic traverses of thekmounted sections, and the
frequency of the grains was noted.

(d) X-ray diffraction analyses

Samples of the sand, silt and clay sized material

were separated by sedimentation and mounted for scanning
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with a Phillips X-ray diffractometer., Additional heating
and glycerol techniques were applied to differentiate the
clay minerals,

(2) Results of Analyses

(a) Kalahari Sand

(1) Grapulometry

Samples selected from widely scattered areas of
Kalshari Sand are moderately representative (Fig.,10 and
Table 7). Samples indicate:

Near surface (9 in, depth) from west of Mufumbwe(samples 1-3)

phi median diamcter (qu) 1468 to 1,99 (0.313-0, 253mm)
phi quartile deviation (QDg) 0.70 to 0.95
sorting coefficient (So) 1.62 to 1;96
phi quartile skewness (SKqg) 0,12 to 0.19
Sand at_depth, west of Mufumbwe (samples 4-5):

MDg 2,30 (O.203mm)
Qg 0.88 to 0,97
8o 1.8L4 to 1;96
SKqg 0,08 to 0.12

Near surface Sand, Jijombo area (samples 6-8):

MDg  1.95 to 2.28 (0.257 to O, 205mm)
g 0.7 to 1.25
So 1.63 to 2,36
SKqg 0.21 to 0.50

Near surface Sand, Lower Kamwedgi (samples 9-1L):

MDg4 2.15 to 2,36 (0.225 to O0.196mm)
QDg  0.65 to 0. 71
So 1,57 to 1.64
SKqg =0.01 to 0.06
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Table 7. Granuloemetric Statistics of Kalaghari Sand
% wt.
20 | =38 | -38|a=80 |oroh
SAMPIE | LOGATION COLOUR  [+2077+387/|+6077|+8071 #1257€0077|s11t clay|MDg Q46 Q34 QD So SKgg
MUFUMBWE

1.(0707)(228/W7/57/9in. ) orange brown|O.4 (28,4 | - W15 = [13.5[2.6 13.,1{1.68 0.85 2.74 0.95 1,93 0,12 !

2. (1389)(228/26/15/91n. ) buff orange {0s1 [10.339.1| =~ |30.813.7| 5,7 1097 1435 2,94 0.80 1.74 0,18

3, (1869)|(Namsimba RA/10/2=3ft) buff 1.8 | 7.0 40,11 - [32.4112.8 5.9, 1099 148 2.88 0.70 4,62 0449

Lo (1805){(Chizera Rd/16~20ft. ) |orange brown|0.9 | 7.7(32.5| = |31.9[19.2| 8,0 .|2.30 1.50 3.25 0,88 1,84 0,08

5. (21E)|(228/2€/6/14171=-3") orange brown|41.6 | 7.2|33.5| =~ |28.4{19.5 9.7 |230:1.45 3,38 0.97 1.96 0,12

JIJOKBO ’ v

6. (2064)i(A/9in, ) buff 0,9 | 8,5{39.9| = |32.6{16.0 3.8 3{1¢95 1,145 2,86 0.71 1.63 0.21

7. (2012)(A/ 4y Sin. ) buff Oult 5.7} =~ |h2.4f = 21,0169 13.5[1.95-1.20 3,70 1.25 2,36 0.50

8o (1304)j(1/5ml NE/9in.) buff Ot [1.6] - [39.6] = [25.7[5.5 17.4]2.28 1.1 2.92 1.25 2,36 0439

TOWER KANWEDGT '

9. (480U )(RI/~5/9in., ) orange brown{0.15| 8.6) =~ |47.5{23.8| 8.5 (6.1 5¢ 312151450 2,91 0. 71 1.63 0,06
10. (L4BO6)(RY,/~6/91n. ) orange brown|0,05| 7.4 | ~ |43.8{26.5| 9.9 5.8 6.5]2.36 1.68 3.05 0.69 1.62 0,02
11 (419L)[(RN/L/9in, ) orange brown|{0,05| 6,7 { - [45.2{27.9 10,7 sk 14.9[2.28 1.60 3.01 0.7 1.63 0.03
12. (4193, RY/5/9in, ) orange brown|[0.2 | 8,2 | = [47.7/26e8| elt 2e9 LaT7|218 1.52 2,82 0,65 1,57 0401
13 (LT78)\KN/~5/9in, ) orange brown{0,1 | 645 = [51.8{2147] 6.8 o1  8.0/2419 1.58 2,89 0,66 1.58 0,05
e (4780)(N/~L/9in, ) orange brown|0,1 | 6.3 | - (48.3125.2| 8,8 8 5.L4{2.25 1.56 2,99 0,72 1.6h 0.03
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The results show that Sand at 9 in., depth west of Hufumbwe,
has the coarsest median size (medium sand), moderate
deviation, moderate to good sorting, and a slight skew
towards the fine material.

The Sand at depth from the same area is slightly finer
(fine sand), has more deviation and a moderate sorting, with
a very slight skew to the fine grades.

The Sand from Jijombo is similar In grain size to the
former group (fine sand), with less sorting and a higher
‘skew to the fine grades,

The Sand from Lower Kamwedgl displays consistent
parameters, The grain size range is narrow (fine sand)
sorting is good and the ckewness is minimal.

In all samples, less than 2t of the Sand is greater
than 207 (1.040 mm ), and the largest individual grain
measured was 3.5 x 1 mm. The dominant grain size is the
1-24 (0,25-0.5 mm) class.

In these Sand samples, clay is more sbundant than
silt, but the percentages of both vary considerably.
Generally the combined value is below 20, of the to tal
sample,

(ii) Morphology
(1) Colour

The individual Sand quartz grains are clear or
milky in colour but are generally coated with a red clay,
Fe~-rich pellicle. The intensity of colouration of the
pellicle results in the variation of colouration of the

Kalahari Sand in the different areas, and in depth.
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(2) Rounding and sphericity (Plate 6).

The +20# (>1,04L0 mm) fraction of samples comprises
rounded quartz grains of irregular to subspherical shape;
the roundness corresponds to the "rounded® classification of
sedimentary particles (Powers,1953). The grains of the
~-20+38% fegction (1.040-0,4S4 mm) are all rounded and
sphericity is generally oval to sphericals The -38+80%
material contains over 805 well-roﬁnded, millet—-seed type
gquartz grains which classify as "low to highly rounded’
(Powers, ibid.); the remainder of this fraction is poorly
rounded while sphericity is similar to the previous fraction.
The -80+125% material has only 60-70% rounded grains while
the remainder are subangular; sphericity is less well
developed. In the ~125+200% f£Paction both rounding and
sphericity of the quartz are poor and asngular grains are
common. Grains are wmarkedly angular in the -2007 fraction.

(3) Frosting,.

Minute pitting and curved scarring of the grain
surface,; commonly rcferred to as frosting, is found on all
grains greater than 0,494 mm dismeter, This frosting also
appcars in fracture clefts in the greins. Between the
O.4%h mm and C.107 mm grain sizes, the frosting is
progressively less developed and many grains are highly
polished. Few grains in the 0.107-0,054 mm class are
frosted, while all grains less than 0,054 mm diameter have
polished surfaces.

Thin section microscopy indicates that the frosted
grains show no evidence of surface growth, while marginal

fracturing is a common fcature,
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(1ii) Light fraction composition

The light fraction (S.G <2,8) of all fractions is
predominantly quartz of clear and opaque varieties. In
-1 257 material, opague kavlinite aggregates are prominent.
lMineral intergrowth aggregates are rare but occasional quartz-
specularite, or quartiz-felspar aggregates are noted,

(iv) Heavy Mineral Analyses

Brief descriptions of the heavy minerals identified
follows:
Apatite: euhedral, hexagonal, colourless to green.
Augite: irregular, anhedral, non-pleochroic, green,
Epidote: irregular, subrounded, pale lime grecn to brown.
Garnet: irregular, pale to clear yellow, isotropic
(grossularite).

Hornblende: anhedral, rounded to spherical, green to brown,

pleochroic; occasional subhedral laths.

Kyanite: irregular, rounded or prismatic laths with stepped
cleavage, clear to blue-tinted; abundant
inclusions; occaslional euhedral prisms,

Monazite: irregular to squat rounded, yellow with brown
discolouration, weakly plceochroic.

Riebeckite: subrounded, oval to spherical, deep blue,

pleochroic.

Rutile: irregular to elongate, well rounded, yellow to
red; occasionally euhedral, prismatic with
geniculate twinning,

Staurclite: oval, well rounded. pale yellow-pink-brown,

pleochroic; occasional euhedral laths.
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Tourmaline: anhedral, rounded, bluc green to pink plcochrdc;

frequent inclusions; occasional euhedral laths.
Zircon; oval, well rounded, clcar; also prismatic

pyramidal grains with inclusions: rarely

purple,

Opague minerals: mainly red-brown hematite, brown-black

ilmenite and bluec-black magnetite. These
minerals are not eagily differentiated and
consequently are grouped together.

The heavy mineral fractions cexamined from the five
samples (Table 8) were in the following size ranges:

(1) = 60 + 12507
(2) -125 + 20077
(3) -~200%

The -125 +200% is the optimum size for examination. In
the coarser fraction, the grains are generally opaque and
aifficult to identify, and heavy minerals arc less abundant.
| The frequency of the heavy minerals occurring in the .
samples is presecnted in Table 8; the numbcr of both anhcdral
~and euhedral crains sre glven. .Tho‘frequency of minerals,
as a percentage of the total mincrals counted per sample, is
plotted in Fig 11.

The heavy mineral fraction forms less than 1%, and often
less than O.5¢ weight of the sample in each grain size.
Opaque minerals are predominant, énd are mainly hematite and
ilmenite with accessory magnetite. The dominant non-opaque
heavy minerals are kyanite, rutile and zircon; hornblende,

staurolite and tourmaline are intermediate in fregquency
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Table 8. : Freguency counts of heavy minerals in fractions of Kalshari Sand

g ., 2 . 5 2 5% 4 2 03 5 8§

SAMPIE 2052 § f§ % & 8 & > 5 S e &

No, | SIZE FRACTION| & % 5 & 5 § o 3 3 o R - %

£ x . 5 e & = ™ a5 0 & &y o o

A{(-20077) 0 O011-0 0 ¥7-0 20-0 0 2-0 166~10 18-1 20-1 111-19 190 - O

2125 | B(=~125 +2007) 0 O 8-0 0 35-0 S0-9 O 41-0 67-5 7-0 33-1 61-5 205 o]

c(~60 +1 25#) 0O 0 0 O 10-0 78-4 0 2~0 231 9-0 13~1 271 459 0

B A 0 O 7-0 0 6~0 36~3 0 2-0 881 415-0 10-0 91-17 166 0

1805 | B O O 80 O 25-1 U486 0 O 71-1 5-1 24-0 55-2 180 ¢

C 0 0 41-0 0 4L-0 57-2 © 1-0 10-0 12-0 15-0 32-0 81 0

A ¢c O 9-2 0 230 78-41 O L~ 165-13 10-0 31=L4 79-9 135 0

1869 |B 0 O 9-01-0 34~0 4132-44 O 41-0 81-3 22-0 16-1 70-3 456 0

C 0O 0 0 0 44-0161=-30 0 O L[2-0 22=-1 19~0 28-1 1BO 1

A ¢ O 9-0 0 12-0 47~3 41 O 4121-0 45-0 27-4 147-0 283 1

206L |B 0. 0 2-0 0 26-0 32-0 0 3-0 20-0 24-0 34-3 32-0 155 1
C -0 0 0 O 7-01417-1 O 1-0 5-0 24-0 17-0 9-0 96 1

A 0 1-0%2-0 0 19-1926-23 3-0 L~0 68~L 15-0 Ll-16 70-8 225 1

1389 |B 1-0 0 7-0 0 4j6-1 55-24 0 6-0 34~-2 L2-2 LO-8 423-7 32 ¢

“ O 0 O 0 16-097-0 0 5-0 5-0 L4=0 L=2 46-1 LD 0

gggglésfrigggggg% = = 1.3 = 6.616.5 - 04 11.2 3.8 6.5 13,2  L0.2 -
Vsaggfeg gggcgggge}s}n - —064.9 0.2 6079 27-309 = 0,2-09 Uu5=1U7 1359 3.0-M2 9.74%6 26,7-172

first figure - irregular grains second figure ~ euhedral grains



62.

while epidote and riebeckite, thoush widespread,; are uncommon,
Augite, apatite, garnet, monazite and anatase are rare
accessories. The grains are predominantly rounded; although
kyanite, rutile and zircon often occur as cuhedral laths.
There is a differcnce in the distribution of the minerals
per grain size, Epidote, rutile and zircon are most abundant
in the finest fraction; kyanite, staurolitc and thec opaque
mincrals are more common in the coarser grades, while
tourmaline is evenly distributed between each size fraction.
In the samples examined, the heavy minerals are similar
in type and abundance. In the =125 +200ﬁ£size fraction, the
following heavy mineral freguency ranges occur:
Epidote Q4 6~14 T
Hornblende 6e 0—74 G
Kyanite 9. 7-30, T
Riebeckite 0-0, 9%
Rutile Le5-1he 75
Staurolite 16 364 35
Tourmaline 30 0=11, 2%

Zircon Qe T=17. 65
Opaques 26. 7-47. 25

(v) X—-ray diffraction analyses

The silt fractions of 15 sawmples of Sand from Mufumbwe,
Jijombo, Upper and Lower Kamwedgl have been analysed by
x-ray diffraction to determine their mineral content. Quartz
andkolinite are abundant, with accessory illite, and a
little chlorite. Crystalline iron is in the form of goethite

and hematite, Trace feldspar appcars.
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Sand occurring near the Kalshari Sand-residusl soil
contact contains an increase of illite,

Analyses of different grain size fractions of the same
sample, indicate that the coarser fractions are almost
monomineralic guartz, With decrease towards the 0,05 mm size
class, 1llite, goethite and hematite slightly increase. The
sllt fraction comprises abundant quartz, little kaolinite and
chlorite, while the clay fraction contains abundant kaolinite
with amorphous Fe, sparse illite and little quartz.

(b) Residual Soil

(i) Granulometry

Four of the samples selected(Fig,412 and Table 9) are
C horizon soils, containing decomposed bedrock detritus
(samples 1-4) collected at depths of 1-20 ft., below surface
from Mufumbwe, ahd west of Nufumbwe. The remainder are A
horizon soils at 9 in., depth collected from west of Mufumbwe
and Lower Kamwedgi (samples 5-11).

A horizon soil (9 in., depth) from Mufumbwe (sample 5):

MDy 3465 (0,08 mm)
QD,d >150
So » 24 8
Squ »~0.,15
C horizon soil from Mufumbwe (samples 1-l):
MDy <0 to 2.25(»1.00-0,21 mm)
QD4 1.563 to »1.79
So »2.8 to »3.43

8Kgg  -=0.28 to <O.L49
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Table S, Granulometric Statistics of Residual Soil,

’ =20 =38 %-”Vjvég. - ~-00 or
SAMPLE | LOCATION COLOUR | +207 +38#+6o#te3qi‘f__,$ﬁ%%}@Qfﬁ@;qlg;ay M3 9.4 Qx4 QDA 3o Skqd
1. (01 29)%gj;%lliﬁnch}/1~2ft, brown 5¢.8 1.8 L.,5 - 11.5 10.0 12.4 <0 <0  2.95 A.50 »2.80 -
2. (16416)|(229/41/4° /=1 LiTt. | red 53,7 3.8 L.2 = S.1 12.4 16.8 <0 <0 3.48 A,7h 3,32 -
3. (1797)(229/54,19/12-16€t.] maroon 39.3 9.3 6.6 - 11.8 23,2 9.7 }1.3 <0 3,58 .79 3.43 <0.49
L. (1898)(250/20/27/16-20t.| red brown {23.5 5.2 16,4 =~ 22.0 23.3 11,4 |2.25 0.4l 3.50 1.53 2,89 -0.28
5. (0247)(229/34/23/94in, ) red brown 1.4 7.9 -~ 22,4 - 26,8 b1.8 3.65 2.00 %.00 .50 »2.80*0,15
LOWER KAAEDGI - '
6. (4139)(¥N/3/91in. ) red brown 0.2 2.7 - 32.8 33.1 12.3 141.2 7.6{2.63 2.06 3.44 0.69 1.6 0.12
7. (L1L0OY(K/L/%in. ) orange brown, 0.2 3.3 - 29,6 35.0 4L4.2 11.6 6.0|2,78 2.11 3.4L7  0.68 1.59 0.01
8. (4542) (¢/-L/91n, ) brown 0.5 3.2 = 21.326,2 11.3 21.7 15.8{3.18 2.35 5.00 1.33 2.48 0.50
9. (LouL )Y (c/=~5/Cin. !} orange brown| 0.1 L.1 - 24.5 22,9 9.5 15.8 23.0[3.12 2.20 35.00 .40 »2.62 0.48
0. (Lo02}(C/2/91n.; red brown | 0.3 1.L - 18.3 38.2 16.8 16,1 8.9/3.51 2.66 U410 0.72 4.6L -0.13
1. (LOOL) (C/L/91in. ) yellow brown| C.L 1.0 ~ 14.0 39.9 49.L 16.4 9.0{3.08 2.64 3,85 0.61 41.52 -0.33

‘19
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A horizon soil (9 in, depth) from the Lower Kamwedpi
samples 6-11) ,

MDg 2,63 to 3.51 (0.163-0.089 mm)
QDg 0.61 to 31440
So 1459 to >2;62
SKqﬁ -0.33 to 0,50

The A horizon residual soil at 9 in, depth from
Mufumbwe exhibits a very fine sand median size, a large
deviation and very poor sorting. The C horizon material
from the same area has a variable coarse to finc sand
median size, a large deviation, very poor sorting and a
probable coarse skew.

The residual seoll at § in. depth at Lower Kamwedgi
has a fine to very fine median sand size, little déviation
and moderate to very poor sorting. The skew is variable
towards both fine and coarse material.

The +20ﬁ¢ fraction of the A horizon soil examined, forms
less than 2 of the total sample. In C horizon soil, this
fraction may be at least 60kt of the total sample. In A
horizon soil, the silt content is greater than clay and the
combined silt and clay content forms 18-L44% of the total

sample,
(1i) JMorphology

(1) Colour
The colour of the individual grains or fragments in

residual soil is more varied than in Kalahari Sand. Rock
fragments reflect the colour of the bedrock, while the quartz
is frequently coloured due to inclusions. The colour of the
residual soil is a result of the Fe oxide content, and
variations in amount and oxidation of the Fe affect the soil

colour,
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(2) Rounding and sphericity (Plates 7 and 8)

The quartz grains are predominantly angular, while
rounded, subspherical millet-seed; quartz grains occur
sporadically in all coarser size fractions. These latter
grains are more abundant in samples of contact residual soil.
Below the 125% fraction, all quartz grains are angular.

Similar millet seed quartz grains are located in under—
lying decomposed bedroek, but not in fresh bedrock.

(3) Frosting

Frosting is restricted to the millet seed grains of
roﬁnded, subspherical guartz. The frosting of these grains
decreases in the —125ﬁé ffactions and is not apparent in
grains of -2007 fraction.

(iii) Licht fraction composition

The light fraction is variable in composition. The
coarser material may contain abundant fragments of the bedrock
togethér wilth coarse angular quartz and laterite material
(Plate 8), The finer size fractions have a preponderance
of quartz with occésional rock fragments and lateritic
fragments, and sparsec but widespread mica. The finest
fractions comprise entirely quartz, with occasional wica
flakes,

(iv) Heavy Mineral Analyses

The heavy minerals, althoush derived from soils
developed on bedrock_Varying from shale to quartzite, belong
to a similar heavy mineral suite, (Table 10, Fig.13). Opaque
minerals are common, The domirant non-opague minerals are
kyanite, zircon and rutile, with additignal hornblende,

staurolite, tourmasline and rare apatite, riebeckite,
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andalusite and acmite., There is a variation in the frequency
range of the heavy minerals between the individual samples,
but the overall percentage distribution is similar(Fig,13).
Zircon, epidote and rutile tend to be more common in the fine
grades, while kyanite is more abundant in coarser fractions.

Most of the heavy minerals are rounded to some extent
and only zircon is commonly euhedral.

(v) X=ray diffraction_analyses

Analyses of the slilt fraction of a variety of soils
reveals that quartz is dominant, with accessory kaolinite and
illite. Goethite, hematite and feldspar are present together
with trace chlorite. Boechmite and gibbsite were not observed,

Samples from near the Kalahari Sand contact show a
reduced illite content and an increase in kaolinite,

Different grain size fractions of the same sample
comprise predominantly quartz in the coarser grades, while
kaplinite, illite and chlorite incfease in content with
decrease of grain size, The clay fraction is walnly kaolinite
with accessory illite, hematite, goethite, chlorite and
amorphous silica; the guartz content is low,

(¢) Dambo alluvium,.

Only four samples have been analysed and cannot be
regarded as representative of the wide range of sediment
obtainable. The following properties indicafe some of the

varia tion which occurs:



Table 40.

Prequency zouants of heavy minerals in fractions of residual soil

Q 1))
3 L Q [¢h]
o O ot + =
8 © .8 43 ,9—){ g :l:; % Q ;—rji ‘r‘ji 72
Size Fraction S sl = ¥ Q Q 9 4 2 2 - 5 g g 3 5
No. |5 & 3 g £ § & 0 3 = = e 3 p
jon g{J o)) © o 5? g ol =} g g f_: g ﬁ
o= A © = S - N = 5 S o
| A(~2007) 0 0 15-2 0 5 10-0 0 0  51-3 0 18-1 L4621 13-0 o
i B(~125+200%) [ 0128 .0 2 2-0 € 18-0 180 0 0 50 2-0 A1 16-2 28-0 ]
i
| C(-60+1257) ‘0 U0 0 1-0 0 0 0 0 0 o 0 0 o
) A 'C 0 7-0 C 19-0 4172150 1-0 64-0  15-0  22-2  59-5 60-0 1
B 1898 ;o 0O -0 0 412-0 122-5 0 4-0 113-0 12-0 L-0 g92-12 180~ 0
c L0 0 6-0 G 11-0 109-2 0 O 1,0~0 9-0  14-0 17-0 8l4-0 o
A go 0 7-0 C 5-2 -2 0 O 112-9 2-0 L-5 54 =20 82-0 1
B 1797 go 0 2-0 0 8-0 28-1 0 0 11-0 2-0 9-0 29-2 510 0
C B 'o 0 0O O 0 100 0 0 0 0o 1= 1-0 7-0 0
A Y-0 © 5-0 0 0 50 0 0 25=2 0 1-1 8L~37 7-0 1
] .
B 1&6‘c 0 0O 0 280 16-3 0 1-0 234 7-0 37-3 14-3 33-0 0
c 10 0 0O 0 o) 0o 0o o 0 0 0 0 0 0
Mean % freouency 1n* - - r‘ [ l | -
% freguency range In _ _ A MF _ ‘ _ - - - _
eamplos(Traction 5)| (PRI D, 4 10.» 1.0 211““E o ?“??m? €9 o gﬂ§.1o . 7-23.29.8-21, .7l 1?:%_3?_?" -

" first figure - irregular grains
second figure - euhedral grains
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(1) Granulometry (Fig.1l, Table 11)

Clay~rich secdiment (sample 2):
MDy 4o 5(0, 043 mm)

QDg ol
So > 24 62
SKqy >~0,9
Clay-sandy horizon (samples 1,3):
MDg 2489 to 3.68(04135-0,079 mm)
@Dﬁ 0.89 to ».19
So 1.85 to »2,28

SKQﬁ -0,12 to ?001’.‘.

Pebbly zone (sample N):

MD <Q(>1.o mm)
QDﬁf »1.18
So ¥2.25

The clay-rich horizon has a silt median grain size
with poor sorting and little skew. The clay-sand horizon
has a fine to very fine sand median size, modecrate to very
poor sorting and a variable skew, The pebble zone has a
very cosrse sand median grain size, and poor sorting.

The amount of material greater than 20% is extremely
variable. Further, the combined silt and clay content can
have a wide range and in the samples examined, it formed up
to 5% of the total sample,

(i1) Morphology

(1) colour

The individual quartz grains display a wide colour range.
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Table 11.

Granulometric Statistics of Dambo Sand

70,

% whe

-20 -38 =38 ~60 or -80 -80 or -125
+387 +6077 +807F 41257

Sample iL‘o?ativn Colour _Bilt clay| Mdg Q¢ Qzd QD4 So SKgyg
1.(0123){(B,1/3/0-37t. ) | white 33 = A15.3 12,9 26,013,68 2.63 >5 #M.19 »2.,28 >0.1L
2. (1486)|(82/DH/1 ,_ Zé’iin yellow 2,6 - 239 19.0 38.01L.5 2,20 24 62>=0,9
3. (2112))(Mb/2/1-286,) | erey 4.5 19.9 - 32,2 2.89 1.88 3.66 0.89 1.85 0,12

7 T OMBO |
L. (1166)|(®/9,6=7Ft, ) grey 4e3 9.4 - 10,9 0 2.351.18 »2.25 -
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(2) Rounding and sphericity

In coarser fractions, quartz grains of both rounded
and angular form occur. In thc Jijombo and Middle Kamwedg i
dambos, which drain areas of Kalahari Sand, millet seed
rounded grains are common. Below 125%¢,a11 guartz grains are
angular,

(3) Frosting

This characteristic is recstricted to millet seed, rounded
guartz grains belonging to .the +1257%. In the Mufumbwe dauwbo,
the frosting on similar prains is preatly reduced.

(iii) ZLicht fraction composition.

In addition to quartz grains, rock fragments are common.
In arcas of Kalshari Sand, dambo sediment may contain

precdominantly quartz grains. Mica occasionally occurs.

(iv)  Heavy Mineral analyses
Only two samples have bcen analysed and the results are
shown in Table 12, Opaque-minerals are abundant. The non-
opague minerals arc mainly zircon and rutile with accessory
hornblende, kyanite, staurclite and tourmalinc. The grains
arc dominantly rounded.

(v) X-ray diffraction analyses

Silt samples from daubos éraining areass of residual
801l and Kalahari 5and contain mainly quartz, with
kaolinite, illite, and poorly developed chlorite, goethite
and hcematibe, In the clay fraction kaolinite and illite
predominate, while quartz is scarce. Hontmorillonite was

not identified in any of the samples.



Table 1Q.

Prequency counts of heavy minerals in fractions of dambo sediment

(&) @) 6] Q

w] + +© a
. o o} ol ot o
! 1 Sanmle -8 0] -IC—”) L 3 -8 4:1 "g Q rg ré o] CmJ g
!Size Fraction N;? - ;ﬁ 8 8 ﬁ -g g g fj ; § g §’ g
! 8 2 2 & 5 5 £ A = 3 3 5 g 5
b R A E Mo o=B m| Mmoo e U F =
| A(~2007 ) L-4 0 0 0 41-2  12-0 2-0 2-0 58-4  6~3  3=10 L46-8  3=i3  1-0
|B(~125+200%%) | 2112 |2-0 0 1-0 0 19-6 30-0 3-0 3-0 16-1 6-0 30-15  41L4-3 21-28 2-0
C(-60+1257) 0 0 2-00 9-0 56-0 41-0 L-0 16-0 16-0 19-3 8-0 86-27 0
A 2 0500 3=0 11-0 0 0 51-6 5-0 4-0  127-16  52-0 1=0
B 1166 | 0 0 2-0 0 16-0 L2-0 0 0 418-0  38-0 12-0 88=2  160-0 1-0
C 0O 0 0 0 17-0 3%-0 0 0 8-0 17-0 9~0 19-0  150-0 1-0 |
Mean % freguency in o ! : : P P
samples(fraction B) 0. 3} - 8.3 13.2 0.5 0.% 9.6 6.5 12,8 1641 3h.8 -

% freguency range in
samples(Eraction B)

"iL‘-o 2_4 2.“-1'101—1)4-09

l

—

- 1. 8-8. 143, 0-10, 03, 2-22. 38, =23, 82ls. 3=145. 3
L
|

first figure - irregular grains
second figure = euhedral grains
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3 DISCUSSION

Differentiation of highly weathered quartz-rich residual
soils from Kalahari Sand, when both are subjected to a sub-
tropical climate, can be difficult in the field. Consequently
the diagnostic properties of the Sand must be defincd. In
addition, the origin of the Sand has a critical bearing on

any geochemical dispersion patterns developed and must be
¢stablished,

Thus the following section discusses;

(i) rccognition of diagnostic sediment type properties, and
(ii) suggested origin of the Xalahari Sand of the study area,

The grain size of the local Sand has an averare median
diameter of 0,228 mm with a narrow range of 0e196-0,313 wmm.
The median diameter of the residual material has a wide
range from 0,08 to »>1 mm, and is dcpendant on the degree of
weathering, Dambo sediment also has a wide range of at least
0.043 to >1 mm.

The median diameter of the Sand compares with the Values
of 0,2-0.4 mm suggested for the Kalahari Sand of north-cast :
Angola (Stanton, 1963) and in South Africa of 0.15-0O.k4 mm
(du Toit, 1954) and 0.215 mm (2.24; Goudie, 1969)., The values
compare with aeplian sand in general, as a median diameter for
the latter.is quoted as O.4ly mm (Bagnold, 1965), 0.15-0,30 mm
(Hills, 1966), 0.15~0,35 mm (Seppala, 1969), and 0.2 mm
(Philip et als, 1968).

The combined clay and silt fraction of Kalahari Sand
shows considerable variation. The local valucs are
3.,8~22.96, while in Zambia, in general a silt-clay content

of 2-9% is quoted (Trapnell, 1947), at Scsheke L.5-10%
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(Savory, 1965), in Rhodesia L-1l6 (Bond, 1968) and 1-12%
(Flint and Bond, 1968), in South Africa 5-4L3 (Bossaza, 1957)
while in the Congo the "sable ocre' contains 13-705 and the
"grés polymorphes” have 8-4%: (de Ploey, Lepersonne and
Stoopes, 1968).

The residuasl soils of the study arca contain a higher
proportion of silt and clay than Kalahari Sand with be tween
O 7-41. 86, of which 6-23; is clay. This compares with
23-1.0% clay in the ferralie soils of the Coppe rbelt (Toous,
1955), 20-30% clay in the Platcau soils of Tanganyika (Muir
et al., 19~) and L45-68% clay in the latosoils of the Congo
(Kellop et al., 19L9).

The Sorting coefficient of the local Sand ranses from
1.57 to 1.96 with a single sample of 2,35, This indicates a
moderate to good sorting. The coefficient for the residual
soil varies from 0,52 to >3.43 and has thus a wider range and
a generally poor sorting. Similarly the dambo sediments
reveal a large range of sorting, depending on the nature of
the sediment, and may vary between 1.85 to >2,62. Savory
(1965) sugpests a sorting coefficient of 1.7 for the Sands
at Sesheke in Zambia while values for aeolian sand in general
are 1.22 (Bagnold, 1965), 1,20~1.30 (Sindowski, 1961) and
1.24-1.55 (Seppala, 1969)., The slightly poorer sorting of
the Kalahari Sand of the study arca compared with other
aeolian sand may be in part due to deep, post=depositional,
sub tropical weathering with introduction of clays.

The skewness of the Sands is almost symmetrical
(-0.01 to 0.39) with a slight tail towards the fine material.

The skew range of the residuum is greater and varies from
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coarse to fine, depending on the stage of wecathering

(~0.33 to 0,50)s Dambo sediment has s wide skew range and
values vary with the type of sediment from coarse in the
pebble horizqns, to fine in the clay-rich zones. The value
of the skew of Kalashari Sand may be affected by post-
depositional diagenises with introduction of clay, thus
broducing a bias towards the fine material,

Rounding and sphericity of the individual grains are
a marked feature of the Sand. Rounding of all grains occurs
from the coarsest down to the 0.1 mm size but below this the
rounding decrcasces with decreasing size; below 0,05 mm
diameter the grains are angular; Sphericity is poor in the
coarse material but reaches maximum development at the
0.25-0,50 mm size class: Above this size the grains are
inereasingly irregular to elongate.

The rounding and sphericity in grains of residuum arec
only applicable to grains of clear or opague guartz which,
in coarser fractions, show frosting, These grains comprise
a small proportion of residual material and show identical
morphological variation relative to grain size as the
Kalahari grains., The majority of quartz grains in residual
80lls are angular and elongate, It is sugrested that the
frosted millet seed grains in residuum are admixed Kalahari
Sand grains, derived from a former pre-existing Send cover.
They have been mixed into g1l levels of the residuum,
including locally decomposed bedrock, partly by burrowing
fauna, such as termites and worms. In addition, the rounded,
subspherical shape of the grains will aid downward movement

through the soil profile. It is noted that the residual sail
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nearest to the Kalahari Saznd contact comprises a greater
proportion of rounded and spherical grains., Dambo sediments
in residual soil areas comprise mainly angular and unspherical
guartz grains but in Sand arcas contain & high proportion of
rounded grains; this proportion is dependent on the type of
terrain crossed by the dambo.

A similar decrease in rounding of grains with decreasing
grain size is noted in thec Kalahari Sands at Sesheke (Savory,
1965), in Rhodesia (Bond, 1948), Botswana (Poldervaart, 1955)
and South Africa (Bosazza, 1957).

A higher degrece of rounding is regarded as distinguish-
ing windblown from river and glacial sands (King, 1951).
Pettijohn (1957) notes that rounding is a feature of
prolonged transport and multicycle sands. Xuenen (1959)
has shown by experimentation that river action produces
negligible chemical or mechanical rounding, while aeolian
transport over a few hundred kilometres produces well rounded
coarse sand and subrounded fine sand with a lower abrasion
limit of 0,05 mm. Rounding and sphericity have been
attributed to solution (XKuenen, 1959) but such a process would
tend to round grains of all sizes and possibiy to produce
complex grains with solution cavities. Bond (1954), and
Ingerson and Ramisch (1942) suggest that sphericity in
quartz grains is inherited, dependent on the form of fthe
quartz in the parent rock and that quartz sphericity is
alded by fracturing parallel to rhombohedral faces.

Frosting of the quartz grains is evident in the local
Sand on grains from the coarsest to the 0,05 mm size.

Between 0,5 and 0,05 wm the grains are progressively less



1

frosted with decreasing grain size and below 0,05 mm the
grains have a polished, unfrostéd surface, Similar frosting
in residual soils is only found on the rounded, spherical
quartz grains of >0,05 mm size, while in the dambo sediments,
frosting is restricted to similsr millet seed quartz grains,
and only in samples derived from the smaller dambos crossing
Kalahari SandMillet sced . grains in the major Hufumbwe dambo
sediments are only slightly frosted, The frosted grains in
residual soils and dambo sediments are regarded as originating
- from the Kalahari Sand.. '

Frosting is a widely noted feature of:the Kalghari Sand
of southern Africa, and decreasing frosting with decreased
grain size has been noted (Savory, 41965; Poldervaart, 1955).
Bond (1954) notes that aecolian grains are polished bel ow
Oe3~0,4 min size while sand grains under a river regime polish
below O.4~0.7 mm size. Kuenen (1959) notes that aeolian sands
are frosted while river sands are polished; he has found
that in test conditions abrasion produces polishing. Bond
(ibid) notes that frosted grains in a river regime become
smooth and polished.

Frosting has been attributed to aeolian sbrasion
(Walker, 1957), to differential solution of sand grains by
percolating waters (Pettijohn, 1957; Walker, 1957), incipient
secondary quartz overgrowths (Roth, 1932; Walker, 1957;
de Ploey et al., 1968) or to carbonate replacement of quartz
along grain boundaries (Walker, 1957). As frosting does not
occur below O.15 mm, frosted and unfrosted grains in the
same sample have been attributed to two different regimes

(Keunen, 1959).
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The frosted grains in the present area show no marginal
growth in thin section, and reveal frosting in fracture and
gonelioidal surfaces. In addition they appear to be restricted
to Kalashari Sand., It is supgested that the frosting is
typical of the aeolian sand but is due to surface chemical
action in the desert regime, Keurma (1959) also invokes the
action of dew to explain frosting. Transport of the Sand
grains in the larger damwbos appears to remove the frosting.

The light fraction composition of the Sands of the study
area is almost monomineralic and comprises clear quartz
grains; opaque and colourless to rose goloured varieties of
quartz also occur, Rare fragments of intergrown quartz—
specularite, quartz-felspar, or lateritic fragments may be of
local origin. The kaolinite content is probably post-
depositional in formationi Mica is notably absent (ef Bond,
1948)., The residual soils of the C horizon contain abundant
rock fragments while the highly weathered A horizon soil has
abundant sngular guarts with only occasional detrital
fragments; feldspar, mica, and laterite fragments are
comnon to both soil hofizons, Dambo material comprises
mainly angular or rounded quartz. Rock fragments and pebbles
are variable in frequency and content and depend on the type
ﬁf bedrock traversed by the dambo, or to sediment sorting
action of the water,

The heavy mineral fraction of the local Sand forms
0e5=15 weight of the finer fréactions and comprises mainly
kyanite, rutilc, zircon and opegue minerals with accessory
hornblende, staurolite and tourmaline, Garnet is virtually

abgent, There is a variation in frequency in some mincrals
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betwcen size fractions, but the overall range of percentage
frequency for a mineral is relatively constant in the samples
studieds The heavy mineral suite of residual soil is
analogous to that of the Sand, Variations occur in mineral
frequeney per size fraction, but the variation is similar to
the Sand. The soils appear to have a greater proportion of
hornblendc and tourmaline while opaque minerals are more
common in the 8and, The degree of anhedrality is similar in
the soil and Sand. The heavy mineral sulte of the dambo
sediment shows no marked differences, as the sediment is
mainly derived from the local soll and Sard,

At Sesheke, Savory (1965) notes that heavy minerals
form O.14~1.30%tweight of the Sand and comprise mainly
magnetite, zircon, rutile,sphene and kyanite; he sugeests
a local Upper Karroo Sandstone derivation for the Sand. 1In
Rhodesia, heavy minerals form <0, 5 weight of the Sand (Bond,
1948); zircon, tourmaline, rutile, staurolite, kyanite are
dominant with additional epidote, brookite, apatite and
sphene, Garnet is absent. Bond suggests that kyanite and
staurplite indicate a short 200 mile transport, and @efines a
local pre-Karroo schist derivation. In Botswana, Poldervaart
(1955) notes a non-opague residue of mminly zircon,
tourmaline, staurolite, kyanite and rutile. The heavy
minerals form 0.1-0,3% weight of the sample. In the Congo,
the dominant heavy minerals of the "sable ocre" and the
"grés polymorphes® are opague minerals, zircon, tourmaline,
rutile, staurolite and kyanite (de Ploey et al.,, 1968).

The heavy mineral sulite of the Kalshari Sand of the

study area is thus similar to that of Rhodesia, Botswana
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end possibly the Congo. The minerals are indicative of a
metamorphic provenance supplying abundant kyaﬁite and
staurolite but lacking garnets, The marked rounding of

the heavy mineral grains may not be the result of aeolian
transport as the heavy minerals of the residual material arec
also markeily rounded. The effect may be due to post-
depositional solutioni The similarity of the heavy mineral
suite of the Kalshari Sand, with that of residual soil
sugegests a similar obigin. The Sand may be derived from a
bedrock facies similar to the Kunduluncu rocks of the area.
Alternatively the Sand could be derived from a younger
formation such as Karroo Sandstone, in turn derived from
underlying Kundulungu rocks. However as a Kundulungu-type
lithology appears to cover much of western Zambia at least,
the source of the Sand need not be local.

Clay fractions are similar in content in both the
Kalahari Sand and residual soils, and comprise dominantly
kaolinite and illite, with goethite and hematite., In
residual soil the clay wminerals are the result of extreme
weathering in situ in a subtrop?cal climate with acidic soil
condi tions, The occurrence of similaf clay minerals in the
Kalghari Sand of dominantly qguartz composition, is probably
the result of post-depositional diarenesis with introduction
oT the clay minerals derived from decp weathering action on
underlying soil or rock formations., In the Congo, the Ysable
. pere" is reported to contain kanlinite, goethite, hematite
and trace spasmodic gibbsite and halloysite, while the
underlying "greés polymorphes” has kaolinite, goethite and
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hematite. Therec, the clays,; toscther with the Fe pellicles
of the quartz grains, are suggested as post—depositional
fcatures (de Ploey, Lepersonnc and Stoopes, 1968).

The age of the Kalahari Sand is difficult to determine.
No fossils nor human artefacts wcre located in the Kaléhari
Sand. Lateritc horizons in the Sand sppear to be related to
the present subtropical climatic drainage conditions, and
locally arc currcntly formine. In addition no definite
crosion surfacec underlying the Sand was identifisblec.
Consequently no estimation of the agc of the deposits is
proposcd, |

In conclusion, the Kalahari Sand of the srea is similar
to the Kalshari Sand describcd elsewherc in southern Africa,
It can be differcntiated from local residuum and fluviatile
sediment, and regarded as acolian in oricin on the following

features:
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. Residual Dambo
Xalshari Sand Soil Sediment
1. Median  1gongistent(0.228mm) Variable Variable
grain size (0. 08->1.0mm){( O, Ol=>1mm)
. lioderatc to good Poor Poor

2. rtin 0 -

Sorting | "(4 5-2,0) (0.5 =>3.L) {(1.8 =>2.6)
Small skew to .

3. Skew fine grades Varlable Very
(-0.01 to 0.39) (0.3 to 0.5) | Variable
Good,deccreasing with

Ly, Rounding |dccreasing grain Nil Variable

size
Good,;maximum in Dependant

5. S8phericity) 0.2-0,5mm size, on host Variable
deccreases with rock
decreasing grain size
Prevalent,decreasing

6., Frosting |with decreasing Nil Nil

grain sizc
Mono-mineralic gquartz,| Variable, Variable,
7. Bulk rarc rock frasments, Abundant Abundant
composit- 1o mica rock fragment | rock frapg-
ion mica, ments,mica
Structurelcss. Pebble,
8., Profiles Occasional lateritc A,B.C clay, or
in Zone, horizons laterite
overburden bands,

Recently reworked Kalahari Sand may occur as present

dambo sediment. This reworked Sand can be recognised as

the dambo drainage channels obvious from the

are-

prescnt day topography.



(a) Erevious Work

Following tho abandonment of the diggings in the carly
nineteen thirtics, R.S.T. renewed intcrest in the areg in
1954 with an exploration programmc which included geochemical
soil sampling, Results indicated a soil Cu anomaly of over
60 ppm (-8077D, colorimetric )K extending southwestwards,
from the Mufumbwe Bast Trenches area to the western margin
of Prospect Block 229 (Fig. 15). The anomaly attains a peak
value of 250 ppm Cu in the vicinity of the Main Clearing and
decreases westwards, At the western edge of Block 229, the
anomaly is broad and diffuse, with sporadic values of up to
180 ppm, This loss of definition of the anomaly westwards
was partly attributed by R.S.T. geologists to soil dilution
by Kalahari Sand.

Follow—-up power auger drilling located Cu anomalous
bedrock values of over 1000 ppm underlying the soil anomaly.
Peak values occur at the East Trenches and at the Main
Clearing. This bedrock anomaly becomcs weaker and very
erratic west of the Main Clearing. Subsequently, a diamond
drill programmec has revealed relatively high grade
mineralisation at the @ast Trenches and at the Main Clearing
in steeply dipping shales in a dominantly shale-quartzite
succession of possible Kundulungu age (Company data)e

(b) Residual and Contact Soil |

West of Block 229 no bedrock is exposcd and no previous
exploration work had been carried out prior to the present

survey. The topography is flat, and drainage ncegligible

3
D signifies dry siecved.
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with a few isolatcd waterholes.

Although the overburden in the cast of Block 228 is a
uniform, ochre rcd, clay-rich freely-drained soil, there is
a considcrable proportion of Sand in the¢ upper zones and
this amount incrcascs westwards,

(i) Surfacc dispersion

The extension of the Hufumbwe soil Cu anomaly was
initially traced in the ficld using a —-8077 dry sieved soil
fraction and a potassium bisulphate fusion attack,™

From the west margin of Block 229, a northern branch of
the anomalylextends only LOOO ft, westwards whcre values
decrecase to background (30 ppm, =807 D), A southecrn branch
extends for 11,300 ft. southwestwards in contact soil, wherec
the anomaly pecak is 110 ppm Cu with a background threshold
of 30 ppm (-807D).

Rcec-analyses of thc zamples using thc silt fraction and a
nitric-perchloric acid attack with atomic absorption elcment
determination, produccs a higher averagc extraction (+655)
due to the finer sizc fraction.

The content of Fe in near surfacc samples in Blocks
228 and 250 has an overall rangc of 2.5-6.66 with no
enhancement in the Cu anomalous zonc. The lin content ranges
from 200~-500 ppm and shows a slight corrclation with Cu,
zZn (15-40 ppm), Co (6-20 ppm), Ni (25-60 ppm) and Pb (20-L4Oppm)
are consistent in level and show no secondary dispcrsion

pattern which correlates with du (Tables 13 and 1h4).

unless otherwise stated, all analyscs of overburden have
been carried out on the silt fraction, using a nitric-

perchloric acid ecxXtraction and atomic absorption mctal

determination.
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Tablc 13, Trace element content in contact residual soil
(9 in. depth)(Block 250),(silt fraction,
nitric-pcrchloric attack).

Background Cu Zn Co Ni Pb Feh in
Rangc(ppm)
(16 samples) {31-62 23-37 6-13 36-59 20-37 3,7-6.L 290-500
Anomaly
Rangc(ppmg
L, samplcs

65-150 24-32 6-7 3h4-43 24~-30 6.1=6.6 450-560

(ii) Vertical dispcrsion

Three soil pit profiles in the anomaly zone (Block 228,
linc O, pcgs 19NW, 19, 19SE) (Figs. 15 and 16) indicatc that
the bedrock of interbecdded grcey quartzite and maroon shalc,
which occurs at 5-12 ft. depth, is similar to the lithology
found eclscewherc at Lufumbwe. It is overlain by 2~5 ft. of
C horizon soil containing decomposcd bedrock fragments.,
Lateritic nodules, or a lateritc zonc occur in the B horizon,
and arc succceded by a homogcneous, structureless,; ochre redé
brown, A horizon soil. The humic Ao zone is thin, Cu values
incrcasc down-profilc into the latcritiscd rubblec and
underlying bedrock, wherc the pecak value is 920 ppm (pit Q/19).
Fe, ¥n and Zn show concentrations in the Ap and latcrite
zones,‘while bedrock may be further cenriched in Fe and Mn
(.. pit 0/19).

Pits located 6500 ft. to the south-west (Block 228,
line 8, pegs ONW, O, OSE) contain bedrock guartzite at
9-17 £t. depth, overlain by 1%4-6 f£t. of indurate laterite,
followed by red-brown, homogencous contect residual soil

(Fig. 16). Cu values increase below the Ao horizon and
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Table 1k, Trace element content of contact residual soil (9 in. depth)
Mufumbwe, Block 250, (optical spectrometry).
Sanplec Element
No. Pob En Ga Bi V Mo Cu 2Zn Ti Ag Ni Co Mn Cr Fey04%
880 i3 5 30 5 130 2 60 50 8500 0.2 LO 13 LOO 5”0 8
88l  background| 8 516 5160 241 50 8500 0,2 30 413 LOO &0 14
889 8 E20 5200 252 50 8500 0,2 30 13 40O 160 15
898 ) 10 £16 5200 290 50 8500 0.2 16 13 EOO 60 17
anomalous
839 10 516 5 200 2 90 50 8500 0.2 20 10 LOO 60 18

86,
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concentrate in the laterite. A peak value of 230 ppm Cu
occurs in bedrock quartzite (pit 8/0SE). Fe values decrease
down to 5 ft, but then increase towards thc laterite zone.
¥n and Z2n values are lower with depth but are enriched in the
laterite zone,

Fe;, Mn and Co, and to a lesser extent Cu, are concentrated
in B horizon lateritic nodules (Table 15).

Table 15, Trace clement conzentgation in lateritic nodules.
ppm).

cu Pegb Mn Z2n Ni Co
Contact Soil(anomalous) 150 6.5 L4BO 2, 43 7

average of approximately _
20-30 nodules from soil 160 52,7 1800 L6 34

Contact Soil (background) 43 3.7 290 3 53 9

average of approximately

20-30 nodules from soil |20 U46.2 1800 39 160 66

Pits located at line 16 (Block 228, pegs 22-27) near the
Kalshari Sand bouhdary (Figs., 15 and 16) have profiles of
homogeneous, orange-brown, Sand-rich, contact soil,
Lateritisation occurs at 12-15 £t, depth. Cu values tend to
decrease down-profile and show a slight concentration in the
lateritised contact soil. TFe, Mn and Zn values are enriched
at surface., In depth Fe is variable but shows enrichment in
the lateritiscd zone. Mn and Zn values decrease down-profile
but increase in the laterite horizon.

(¢) Kalahari Sand

(1) Surface dispersion

Westwards from Block 229, a gradual physical change

occurs in the overburden over a distance of 16,000 ft, due



to an increasing Sand content.

88.

Approximately 7000 f£t., west of

Block 229, the overburden alters to an orange-brown contact

Kalahari Sand.

A further 3,000 ft. southwestwards (1line 20)

the overburden is a loose~textured, buff-orange Kalahari Sand.

A regular trace element variation is found rcla tive to

the overburden change (Table 16).

Table 16. Trace clement content in relation to soil-Sand

variation (ppm) Block 228 (silt fraction)

Line 0 5 10 14 16 20 26 30
pverburden . - .
type contgct residual soil Kglgharl Sand
red = red red

Soil coloup

orahge orange

yellow buff buff

brown brown brown brown brown | brown orange orango
Cu peak 135 L6 37 56 35 38 19 18
background LO LO 30 301 30 30 15 15
Feb peak 5.6 5.0 3.9 2.4 2.7 1.9 Tell 1.3
background (3.0 4.3 3.1 2.5 1.8 (1.2 1.2 1.2
¥n peak L20 160 600 520 L50 330 360 L20
background |240 250 300 290 200 200 200 200
Zn peak 60 38 30 Lo 35 32 26 25
background 30 30 30 30 30 30 2b 25
Co peak 18 27 26 22 24 22 14 12
background | 17 18 20 15 15 15 15 10
N1 peak - 37 38 Ll 35 - - -
background - 35 55 35 25 - - -

From line 8 (Block 228) westwards, no Cu anomaly is

apparent and the background values gradually decrease from

LO to 15 ppm over a distance of 15,000 ft,

Fe, Zn, Co and

Ni values reveal a similar impoverishment into the Kalahari
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Sand. This is a direct result of the original low me tal
content of thc Sand., The kMn content remains relatively high
in near surface Kalaharl Sand. This is bellicved to be duec to
a correlation betwecen Mn and organic debris. A variable
organic content in near surface samplcs thus produces
fluctuations in Mn values,

(ii) Vertical dispersion

At line 26, peg 6 (Block 228) (Fig. 17) the overburden
profile comprises structureless, orange-brown Sand with
indurate, lateritiscd Sand at 9 to 11 Tt. Bcencath the
laterite zonc, contact Soil and residual soil containing Fec
pisolites extend to 24 ft. The metal content generally
incrcases downwards duc to enrichment in the laterite zone.
In the underlying contact residual soil the Cu, Fc, kn and
Zn values are higher than in the ovcrlying Sand.

Profilcs 2,000 ft. westwards (Block 228, line 30, pegs
0, 2, 4) (Pig. 17) comprise orange-buff Kalshari Sand,
bleached at depth, with a hard, lateritised horizon at
17-19 ft. The blecaching probably results from seasonal
reduction of Fe by water—-table fluctuations, Cu values are
at maximum at the surface and show little variation in depth.
Enrichment of Cu occurs in the laterite zone (e.g. pit 30/L4).
Fe, Mn and Zn gererally dccrease down-profile, but tend to
have concentrations in the lateritised Sand. (e.g. pit 30/L).

Two profiles in Kalahari Sand, in randomly selected
background arcas, arc located 2,4 and 4.5 miles north-west
of Block 229 (Fig. 17). Little pedologlcal differcntiation
occurs and the overburden comprises orangc-brown and buff

Kalahari Sand with cream coloured, blecached patches bclow
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20 ft. TLaterite concretions only appcar below 33 £t. in onec
profile, but are spasmodically developed in the second from
12 to 33 ft. depth. Local intensce lateritisstion has
resulted in coarse nodules of Fe cemented Sand, several
inches in diameter. Cu &alues in the profiles decrease
downwards to 10 ft. Below this depth, the Cu content
appears to fluctuate in Pc stained or Pe pisolitic Sand.
The Fe, kin and Zn trends are similar to the Cu, although
Mn and Zn are markedly concentrated in the Ao horizon.
A termitaria passageway at 2% ft. dopth in one pit contains
significant enrichment of cach elemcnt.

Ten randomly selected sections throush Kalahari Sand
at 1 mile intervals on the Chizera Road, 10 miles north-
west of Mufumbwe, display consistent ranpes of trace elcment
contecnt with depth, over a wide area (Table 17).

Table 17, Trace clement content range in Kalahari Sand,
10 miles N.W., of lMufumbwe. (ppil).

Depth Cu Feb lin Zn Co

Sinse-1ft. 4-12 0.31.0 17-170 7-25 5-11

1-2ft.  4=-15 0.31.2 11-180 5-19 3-10
2-3f't, 5-13 0,3=1.0 11-210 8-19 L=<
B—Ll-f t. '5"'1 3 Oo 3—4 . 2 1 1 _J‘ 30 7—23 14-_8

The Sand profilcs arc similar in structure. A 0-3 in.
dark, humic Ao horizon, is underlain by a 9 in, transition
gone and 3 ft. of loose, buff Kalshari Sand. Fe staining is

virtually absent. The mctal content level in each profile



is similar, and a consistent decreasing downward trend for
sach element occurs. Mn, and to a lesser degree Cu and Zn,
are enriched in the Ao horizon.

(d) Dambo _Sedimcnts

(i) Backoround area

Three separate tributary dambos of the Mufumbwe River,
occur U, 12 and 14 miles north and upstream of the Hufumbwe
area respectively, (dambos 82/DH,82/DI and 81/DA) and drain
areas of residual soil, Previous Company streain sampling
data indicate that these dambos contain background Cu values.
Overburden profile pits were aligned across the dambo axis,
ﬁ-% mile upstream of the dambo confluence with the Mufumbwe
River to eliminate possible contamination by flooding of fhe
main river. One pit was sited in the water course (Fig. 18,
pit 3), onc at the brcak of slope on eithcr bank of the dambo
(Fig, 18, pits 2 and L), and one beyond each dambo margin
(Fig. 18, pits 4 and 5), '

The profiles exhibit a catena from partly residual
material beyond the dambo margin, throush partially drained
exotic material on the dawmbo fringe, to the normally water-
logeged glei profiles of the dambo channel., Profiles beyond
the dambo margin (pits 1 and 5) have a brown to black, humic
topsoil overlying orance-brown to grey sandy clay. This is
underlain by a grey-brown clay horizon with occasional
yellow Fe mottle and lateritic development, and may overlie
bedrock rubble and bedrock horizons. Cu profiles are
variable (4-26 ppm) but values generally increase downwards
with higher values in the lateritic zones. The Fe

dispersion is similar to the Cu with up to 5% Fe in the
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lateritic clay zone, Mn values decreasc with depth but are
locally enhanced in the lateritic zoncs (c.g. pit DH5). The
Zn content generally increases with depth.

Profiles on the dawmbo margin (pits 2 and L) contain a
grey-black to brown, humic Ao zone overlying a grey, clay-
rich, glel horizon with abundant orange Fe mottles and
occasional soft lateritic pisolites. These pisolites harden
on exposure. The Cu content in the profiles is again
variable (4-25 ppm) but concentration occurs in the lateritic
zones. Fe consistently increases down-profile, while lin
values fluctuate with concentrations in the Ao and laterite
zones (c.g. pit DI/2). The Zn profile is variable.

In the dambo channel (pit 3), a thick, black-=brown,
humic horizon overlies a well developed glei zone containing
grey cley with yellow Fe mottles and black Fe pisolites.

The Cu content in profile (7-23 ppm) is cnhanced in the Fe
mottle zones. Fe increases downwards, while Iin is loecally
strongly concentrated in the lsteritic zones (e.g. pit DI/3).
The Zn content tends to increase with depth.

In conclusion, in each dambo profile, similar tracc
element profiles appcar. The Cu content varies from L to 26
ppm and 1is generally low in the Ao horizon and enhanced in
lateritic zones. Fe ranges from 0.3 to 5.3%: and increases
down-profile. The Mn content is variable (25-1400 ppm).
High values occur in the Ao and lateritic zones while there
is a weak tendency for values to decrease in depth. Zn
(5-22 ppm) generally increases with depth.

(ii) Anomalous area

Two tributary dawmbos (Fig. 15, dambos A and B) drain

thc predominantly residual soil cover of the HMufumbwe
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mineralisation. Dambo B is locatcd to the south, and dambo

A to the north., The main drainage from the wmineralisation is
southwards, and conscguently thc stronger drainase anomaly
appears in dambo B,

In dambo B, thc pit profiles of line 2 (Fip, 15), are
sited upstream of the mineralised surface water seepage
channel (Fiz, 19,1line 2, pits 1-5). An Pe mottled sandy-
clay and clay A horizon overlies a zone of pallid clay, or
alternatively a rubble zone containing rounded and angular
quartzite and vein qguartz material. The rubble zone nommally
contains ¥e pisolitic development. Decomposed bedrock shalc
occurs at 8 ft. depth iﬁ the dambo centre., The Cu content
varies from 410-89 ppim and is concentratcd where Fe mottle,

Fe pisolitic and pebble horizons occur (e.,p. pit 2/3).

Values gecnerally increase down-profile while bedrock values
are low (35 ppm). These valucs, together with the values in
background dambos, sugpgest a local Cu threshold of 50 ppm in
clay-sand, but may be 505 greater in. lateritic zones. The
Fe content incrceases with depth although it is low in pallid
zonGs, Mn varies in distribution but is hipher in rubble and
pisolitic zones (e.g. pit 2/2). Zn tends to increase in
content down-profile.

A line of pits (Fig. 419, line 1, pits 1-7) sited
opposite a drainage channel from the kain Clecaring have
sandy-clay profiles with locally intense lateritic development
at 3-5 ft. depth. Pebble horizons containing rounded, watcr-
worn pebbles of up to 4 ins, diameter occur between 5 and
10 ft., depth. Bedrock quartzite is found at 10 ft. depth

under both banks. The Cu content is hichest in lateritic
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and pebble horizons, and generally increascs with depth.

On the northern side of the dambo, nearcst to the draginage
channel (pits 4-4), values are generally anomalous throughout
the profile, with pcak values of 110-120 ppm in Fe mottled
and Fe pisolitic zones (pit 1/2). The Ao horizon is Cu
enriched only in thc dambo centre, which may be due to
deposition of Cu where Cu bearing groundwater reaches .’
surface. Te values tend to increase slipghtly with depth,
while Mn and Zn arc variable in depth with local Mn
enrichment in Fe pisolitic zones (c.g. pit 1/2).

Opposite the main drainage from the mineralisation
(Fig. 19, line 3, pits 1-5), the sediment profiles are
basically similar to those occurring upstream, Several
zones of coarse, rounded pcbblcs of up to 6 in.-1ft.
diameter occur with attendant lateritisation and overlie
decomposed quartzite at 9-15 ft. This quartzitc locally
decomposcs to a grey clay. Cu values on the south side of
the dambo (pits L and 5) are low, variable (8-65 ppm) and
within the backrsround range, but from the dambo channelway
to the north bank, values are generally anomalous (22-330
ppm). liarked concentrations of Cu occur in the pebble and
lateritised pcbblec zones (e.g. pit 3/2). Ao horizon Cu
values are only enriched at the dambo channelway., Fe
generally increases in contené with depth with high
concentrations in the pebble zones. iin and Zn have a
similar tendency to concentrate in the pebble zones
(e.gs Pit 3/1).

Pits sited 4600 ft. further downstream (Fir. 15, line L,

pegs 1-5) show similar sedimentological® festures with clay
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sand passing downwards to wottled and lateritised clay.
Zones of finc to coarse grained pebbles appear in the lower
part of thc profiles. Cu values are varisble (9-260 ppm),
but are gencrally anomalous with a slicht tendency to
incrcase with depth. lLiaximum values appear in the pebble
(e.o. pit L/3) and lateritic zones (c.g. pit L/5) while
surface values are low exccpt in the dambo channclway.

The Fe, kn and Zn values are high in the peoble and lateritic
zones, while ¥n is locally concentrated in the Ao horizon,
Zn is slightly enriched in the Ao horizon of the dambo
channelway.,

Minor drainase from the Mufumbwe mineralisation enters
dambo A. Profiles in the dambo (Fig. 15, line 1; Fis. 20)
comprise grey-oranre sandy clay with pisolitic and pebble
bands overlying decomposcd quartzitec at 16 ft. Below the
Ao horizon, the Cu content is anomalous (11-2¢0 ppm) and
maximum valuecs are associantcd with the laterite and pebble
zones, especially in midchannel (e.g. pit 1/3). Ao horizon
values are low with maxiwmum valucs in the channclway. The
Fe distribution appears erratic with concentrations in
laterite and pebble zones (e.g. pit 1/3). Therc is a slight
tendency for Fe to increasc with depth, Mn, Zn and Co values
are high in the pebble and pisolite zones. There is a
marked correspondence between the Co and Mn dispcrsions
(esge it /L),

Thus in dambos A and B, the Cu distribution is dependent
on the type of sediment in the profile and is frequently
enriched in the pebble, Fe mottled and lateritic zones.

Pebble zones appear to be conducive to the development of
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laterite pisolitcs,possibly due to incrcased aeration and
oxidation. The Cu content of the profilcs is gcnerally
anomalous (>50 ppm), irrespcctive of the sediment type,
althoush in the Ao horizon, values are low and below the
threshold value. Only in the dambo channelway arc Ao values
slightly enriched, but are still below threshold value of
the rcmainder of the profile.

(11ii) Mufumbwe Dambo

At ¥Mufumbwe, the Mufumbwe dambo should receive anomalous
amounts of Cu from the probable eastward extension of the Cu
mineralisation beneath the dambo, from the anomalous scdiment
of the tributary dambos A and B, and from groundwater
emana ting from the mincralised residual soil betwecn dambos
A and B (Fig. 15).

Pits sited across the wide flood-plain, 1400 ft.
upstream of the tributary dambo A (Fiq; 21, line 1, pits
1-5) reveal short glei profiles above the necar—-surface dry
scason watertable., The profiles comprise a dark, organic
Ao horizon, over grey-brown clay with orance Fe mottle and
occasional Fe pisolite development. Cu values rangc from
16~-63 ppm and are occasionally at the upper limit of
threshold., The hisher values arec assoclated with a high
Fe content (c.p. pit 1/5). PFe and 4n values increase down-
profile while Mn values are high in the Ao horizon.

Below the confluence of tributary A (Fig. 21, line 2,plts

4-5) Cu values are low (11-50 ppm). Fe and Zn incrcase
with depth while Mn is more erratic,

Although snomalous Cu probably enters the Mufumbwe

dambo in groundwater from the residual soil of the western
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bank between dambos A and B, no detectable Cu enrichment
(3-62 pﬁm) ié located in the sediment (line 3), The highest
Cu value occurs in a lateritic pebble zone.

Similarly, dambo sediment from 600 ft. downstrcam of
the confluence of tributary dambo B (¥Fig. 15, line L) contains
no anomalous Cu content (5-2S% ppm).

Thus barren material, transported down the main lMufumbwe
dawmbo, appears to dilute or swamp any anomalous Cu introduced
from both tributary dambos or from anomalous groundwater

entering from the anomalous soils.

2. LOWER KAMWEDGI ARTEA

(a) Previous Work (Fig. 22)

Following the discovery of outcropping Cu mineralisation
between 1920-25, pits and trenchcs were dug by R.S.T. in the
Prospect Block during 1959, and several bands of Cu
mineralisation were intersected in an interbedded guartzite
and shale succession. The Prospect Block was spil sampled
in 1968, when a north-south trending anomaly was outlined
for 1200 ft., extending from the trenches southwards to the
Kamwedgi River. A peak value of 160 ppm Cu (—SOﬁéD)was
located at peg C3, downslope of the sub-outcropping
mineralisation. A local soil threshold of 50 ppm was
indicated {company data).

Follow-up power auger drilling within the Prospect Block
in 1968, revealed anomalous Cu values of 2500 ppm in bedrock
at a depth of 22-27 ft. at peg C3. Further power auger
holes were sited to the north of the Prospect Block, on the
northward extrapolation of the anomaly. Shales with 300 ppm
Cu were intersected at peg HN4 at 17-22 ft, depth under a

surface soil value of 140 ppm. Northwards at peg KMu, shale
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at 67-72.ft. depth contains 310 ppm Cu under a surface
contact-soil value of 60 ppm. TNo further northwards
extension of the anomaly could be traced.

Subsequcnt diamond drilling in 1968 within the Prospect
area at pep C3, proved rclatively high grade Cu mineralisation
at a depth of 130 ft. This wineralisation is mainly in the
form of disseminated chalcocite in subvertical quartzite in
a quartzite-shalc succession. Bornite, chalcopyrite,
malachite and chrysocolla arec slso noted, and mineralisabtion
is sporadic.

In the primary trace clecment distribution in bedrock,
only Co indicates a slight correlation with Cu mineralisation
(Table 18).

Teble 18. Trace clement content of bedrock (ppm),

Lower Kamwedgi, peg C 3. (hydrochloric-
_pcrchloric attack - gompany data).

%Depth(ft.) Lithology Cu Co ¥i Zn Fes Pb
g 0-2 residual soil’ {éb - Zdw <20 1,0 -
é 2=7 quartzite 140 - 20 <20 1.0 -~
%7-12 J 150 20 20 <20 1.5 -
1217 o 40O - 20 @0 1,5 =
% 417-22 E i 1 610 28 16 5 1.5 12
| 20-07 f it 3,500 4O 20 24 2,0 32
27=32 l i 2,450 56 24 14 2.0 32
27-32(Bit sample)! " 2,850 4,8 22 12 2.5 32
Background
gggg;;ﬁ §§2T1 20-50 404010-L0 20-301055 -
hples.




(b) Geology =nd residual soil (Fip. 22)

The most reprecentative exposures of bedrock in the
area arc found in the Kamwedgi River and comprise inter-
bedded, current-bedded quartzite and shale horizons probably
of Kundulunmu acse. The rocks have a consistent northerly
strike and a subvertical dip., Beyond the river, quartzite
is intermittently exposed ag far north zs line KN, where the
strike remsins northerly., Beyond line KN there is no outcrop.

Residual soils occur on beoth banks of thce Xamwedgi
River and extend northwards to the Kalahari Sand boundary
which occurs between pegs FN-6 and TN 16, The soil is a
brown-buff colour and contains a proportion of admixcd
Xalahari grains which becomcs more prcvalent northwards..

It is probable that formerly the Kalaheri Sand and residual
soil overburden were morc exXtensive, but have been partly |
removed by the drailnage system of the Xamwedgl River., The

depth of residual soil varies betwcen O and 15 ft., partly

due to thce uncven, underlying bedrock surface,.

The present land surface is relatively even and the
slope within the Prospect is wmodcrate (30) but northwards
the pradient is low (¢1°)., Drainage is south-southeasterly
towards the Kamwedgi River.

(1) Surfacc dispcrsion

A broad zone with higher Cu values (50-100 ppm) extends
in a north-cast direction through the Prospect Block, and is
believed to reflect the hisher metal content of the
relatively shallow contact-residual soils (Fir. 23).
Supecrimposed on this zone, a north-south trending anomaly

extends northwards from the Prospect Block and develops
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northern and north—easterly branches 1,400 ft, north of the
Prospect boundary. The anomaly peak occurs in the Prospect
Block between lines B - G, pegs 25-3% (350-L50 ppm), and lies
to the soubh of the outcroppins mineralisation. Power augcr
and diamond drill results indicate the stroncest mineralisation
in bedrock at peg C3, to the north of the spil veak,
Conseguently thc displaced surface enrichment may be the
result of a combination of a downslope clastic soil wash and
saline dispersion. A further soil peak (240 ppm) at peg

HN 3 overlies indicated minor bedrock mineralisation (250 ppm)
at 12-17 ft. depth. It is possible that higher srade
mineralisation occurs at a greater depth.

The anomaly branch in the north-ecast has a pesak value
of 200 ppm Cu at peg MN 9, overlying Cu cnriched bedrock
(900 ppm; Fip. 28).

The Fe distribution in soil (Pic. 24) displays a zone
of over 3. Fe to the north of the Prospcct Block, with two
broad arcas of over i\, Haximum enrichment in soil occurs
in the cast where Fe-rich bedrock (40-20% Fe) is near surface,
A wmarked decresse of Fe content is observed along the surface
residuum~Kalohari Sand boundary.

A furthcr zone of hish valucs (3L%) occurs in the south-
east of the Prospcct Block, in thin residual soll overlying
lateritc-capped bedrock., This may be a continuation of the
Fec-rich bedrock directly north of the river. The peak value
of this zonec (5%5) is located in colluvium immediately bclow
a loteritic scarp. The soil of the Prospect Block contains
low Fe values (2-35), which extends to the south-west, This

zone cross-cuts the rock strike snd may be related to
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increased leaching of the surface soils due to stronger
drainare conditions on the incrcased ground slope.

The general northerly trend of theFe zones possibly
reflects bedrock strike,

The HMn distribution (Fig. 25) has a wide zone of higher
values (>200 ppm) to the north of the Prospect Block. Values
increase eastwards and attain a pcak of over 600 ppm in the
north-east, near the -~ sarnd - boundarywith the rcsidual soil.
This area overlics Mn rich bedrock (8800 ppm; Fig. 28).

In the south~cast of the Prospect Block, a zone of lin
enrichment coincides with the zone of high Fe valuces., The
peak value occurs in colluvium below the lateritic outcrop.
The soil of the Prospect Block is generally low in ln

( <200 ppm).

Zn distribution in thc soil (Fig. 26) indicatcs a bread
anomaly to the south-east of thce Prospect Block on thin soil
on the exposed laterite-capped bedrock. The highest
concentration (280 ppm) is again in the ceolluvium below the
laterite outecrop. A northerly trending cnriched zone occurs
north-casst of the Block, and is pocssibly the extension of the
previous zone., Bedrock contains up to 540 ppm Zn at pit
MO (Fim. 28).

Thus in the residual and contact residual soil, the
following surface dispersion zones can be differcntiated:

(1) a north trending Cu anomaly with poor Mn-Zn
association, related to bedrock mineralisation.

(2) marked Fe-Mn-Cu-Zn enrichment at pegs HN-KN/9-11

associated with bedrock enriched in these metals.
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(3) a zone of high Zn-lin-Fe values, south—east of thec
Prospect Block, in thin soil on outcropping lateritic~capped
quartzitic bedrock and may be a continuation of zonec (ii).
The pcak value of each elomenﬁ pceurs in colluvial soil below
the laterite and may result from hydromorphic conccntration.
The extension of the Zn anowmaly on to the flood-plain probably
reflects the high mobility of Zn in saline dispersion.

(4) low Mn and Fe content of the spil of the Prospect
Block and to the south-west of the Block, possibly duc to
incrcased leaching through stronger drainapge associated with
the increased slope anple.

(ii) Vertical dispersion

Soil profiles in residuum vary in thickness from O to
17 ft. The profile (Fis. 27) normally compriscs a 2 in.
surface Ao horizon, undcrlain by a 3-6 in. transition zone
with 2 downward decrcasing humic content. This overlies both
A and B horizons which comprise up to 10 ft. of red-brown,
homoreneous soil containing predominantly fine-grained,
angular guartz with associated kaolinite clay. The C horizon
is up to 5 ft. thick, and contains abundant fragments of the
underlying decomposed bedrock. Weathering of thé bedrock is
extensive, and shales are frequently reduced to a red clay
with relic structures while guartzite can become extensively
friable., Laterite is frequently developed, in the basc of the
B horizon, forming an indurate or loose layer of Fe.
pisolites in various stages of development. This zone
frequently extends into the C horizon where the heterogeneous
matrix aids oxidation and deposition of Fe. Silicification

may occur with the lateritisation.
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The Cu content of the Ao horizon is erratically higher
or lower than in the underlying soil. Cu values tend to
decrease down-—-profile in the thin A horizon. Concentration
of Cu frequently appears in the lateritic and C horizons, and
bedrock may be further enriched (e.g. pit DN 3%). In back-
ground areas, profile values range from 29-100 ppm while in
the anomalous zone the range is 67-1400 ppm. The pecak value
(1400 ppm) occurs at pit C3 in C horizon rubble, directly
overlying bedrock containing 1200 ppm Cu. The threshold 1is
100 ppm in the A horizon but is slightly grcater at depth,
and may be 50, higher in lateritec zones. Although the Cu
content varies in depth, the Cu contrast of eguiValent depth
horizons shows 1little wariation. As the Cu content of thc Ao,
lateritic and rubble zones can be more vadable, the Cu contrast
in A horizon material is the most consistent.

Fe values are variable in trend in the A horizon below
sporadic Ao cnrichment., Iiarked concentration of Fe occurs in
the C horizon and pisolitic zoncs (e.g. pit KN4). The Nn
content decreases markedly below the Ao horizon, while the
content in the C horizon tends to reflect the bedrock content.
The Zn distribution is similar to Mn.

The organic carbon content of soil profiles varies from
0. 8155 at the surface to 0.3, at 10 ft. depth, irrespective
of lateritic development,

(¢) Xalahari Sand

(i) Surface dispersion (Fig. 22)

The Kalshari Sand is orange-brown in colour and increases
rapidly in thickness northwards from the contact residual
soil boundary; 1t is over 30 ft. daep at pcg PNL4 and 55 ft.

deep at peg PN-~L.
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The Cu distribution (Fig. 23) reveals a broad, enriched
zone extending along the 8and-soil boundary with a super—
lmposcd north-trending anomaly, Iocal background values
decrecasc northwards from 50 to 25 ppm, while the anomaly
peak decreases from 185 to 52 ppm. Below the Sand anomaly
at peg PN5, and beneath an overburden of 30 ft. of Xalshari
Sand,; the bedrock contains LOO ppm Cu at 4110 £t. depth
(Fig. 28).

The Cu contrast in the Sand is consistently 2 to 3 if
calculated by comparing anomalous values to the immediate
local background values., If a -200% dry sieved fraction is
employed, the anomaly is not defined northwards beyond linc
RN as the Cu contrast of this fraction is lower than the silt
contrast.

The Fe distribution (Pig. 24) exhibits two broad zones
of enrichment. 1In the east, a zone‘of {5 Fe extends
northwards from pegs RN 12-14., A second wcaker zone with
values of >3 follows the Cu anomaly. The general rangc of
Fe in the Xalahari Sand is 2.5-3.5%.

The n content of the Sand decreases westwards, from
40O to <200 ppm (Fig. 25). A broad bsnd of higher values
{( > 300 ppm) extends northwards from pegs RI/12-14.

7zn values (Fig. 26) show a similar pattern to thc in,
and valucs in the Sand tend to be below 20 ppm,

Thugs in the Kalahari Sand, two zones of tracc elcment
cnrichment appear:

(1) a central Cu-Fe zone extending northwards and
overlying Cu enriched bedrock at peg PNb.

(2) » Fe-Mn-%Zn zone in the east, extending northwards,
and may be a northerly exteusion of the bedrock enriched in

thcse metals at pegs ¥N9-10.
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(ii) Vertical dispcrsion

Profiles of Kalshari Sand (Fig. 27) typically display
30 ft, of homogeneous, orange-brown, loose-textured Sand.
This Send compriscs abundant rounded, frosted, quartz grains
with a2 kaolinite, Fc hydroxide—-rich matrix. Towards the
contact-residuasl soil boundary, the Ssnd contains Fe
pisolites and is occasionally silicified at depth., The
silicification results in loosdy cemented nodules, several
inches in dismeter, or indurate silicification with chert
development. At peg ilN4, the Sand cover is less than 10 ft.
in depth, but thickens to over 55 ft. at peg PN-L4.

The distribution of Cu in profile (Fig. 27) is
consistent in all pits. In background localities, wmaximum
values occur in the Ao horigon (21-28 ppm) with a regular
decreasc with depth to 10-13 ppm at 30 ft. In amomalous
zones, the corresponding values are 57-100 ppm and 27-69 ppm
rcaspectively. In both cases, the higher values appcar
southwards towards the contact-residual soil boundary.
Pisolitic zoncs show slight Cu concentrations (e.g. pit
PN4). The Cu contrast between corrcsponding hofizons is
approximately 3, although the value in the Ao horizon tends
to be more variablc. The Fe distribution is relatively
consistent in all sectioﬁs. Maximuam values may oceur in
the Ao horizon (1.5-3.50) and decrcase to 1.0-2.05 at 30 ft,
depth., Near the residual soil boundary, values near ﬁhe base
of the profile are over Zb, and indicate admixed rcoiduum or
lateritigation (e.g. pit PN4). The kn content reveals an
abrupt 4~10 fold dcerease from the Ao horizon to 5 ft, depth,
where the range is 34~69 ppm, At 30 f£t. depth, the valucs

range from 20 to 4O ppm.
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The Zn dispersion is similar to Mn, with a marked
enhancement in the Ao horizon (20-37 ppm). Values rapidly
decresse to 7-10 ppm at 30 ft. depth,

In ordcr to ectablish the cause of the surface anomalics
in the Kalahari SandgpowerAauger drill holes were subsequently
sited at 3 localities (Fig., 28):

(1) Contact-residual soil Cu-Fe-Mn-Zn anomaly (pegs
MNO and MN10O)

(2) Kalahari Sand Cu anomaly (pegs PN 3, L and 5)

(3) Kalahari Sand background (pegs PN-4 and -5)

(1) Contact residual and residual soil extends for
10 to 25 ft. down to quartzite bedrock., The bedrock is
enriched in Cu (920 ppm), Fe (205), Mr (8800 ppm) and Zn
(5L0 ppm), which account for the high soil and Sand Vvalues
of this area.

(2) The overburden consiste of 5-45 f£t. of Kalashari
Sand with silicification zones, 5-55 ft. of €ontact Kalahari
Sand overlying quartzite at 30 £t. at peg PN5 and 60 ft. at
peg PN3. Cu values gme.high in bedrock with 255 ppm at peg
PN3 and L30 ppm at peg PN5., Iun the overlying overburden
high - Cu values occur in the silicification and latcrite
bands., Bedrock cnrichment is thus reflected in the overlying
Sand values, Mn is also high in bedrock (22C0ppm at peg
PN3) and correspondingly enriched at surface, although surface
valucs of the drill samples arc considcrably higher than ncar-
surface sampling values. This is partly explained by the fact
that the surface 5 ft. sample of the power auger drill
includes the Ao horizon material.

(3) Kalshari Sand is over 55 ft. thick and is

lateritised at depth. Cu values throughout the profilc are
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low and fluctuate slightly with depth (20-27 ppm at peg
PN-5). At peg PN-L, the Cu values at surface are slightly
higher, probably due to the associated higher Fe contcnt.

The organic carbon contcecnt of Kalahari Sand is greater
than in residual soil. The value at surfacc is 1.2-1.65 and
drops to <0.2% at 10 ft. depth. The value thus dccreases
more rapidly with depth in Kalahari Sand than in soil., This
may be the rcsult of decrecased biological activity in the
Sand and in particular to termite activity., Termitaria are
not apparent in Kalghari Sand areas while they are abundant
in residual soil., Consequently reworking of the soil by
termites may carry carbonaceous material down-profile,
decreasing thc content at - surface - and increasing the
content at depth.

(4) Dambo Scdimcnt

(i) Flood-plain alluvium.

The sgdiment of the Kamwedgi River flood-plain is a
humic, black to brown, silt or silty sand, Cu values in the
sediment (Fig. 23) reflect the valucs of the surrounding
residual soil. The extension of the Cu anomaly into flood-

. plain alluvium may bec due to saline dispersion. The Fe (<27%)
and Mn (<100 ppm) contents of the alluvial plain are low (Fig.
2L and Fig. 25). The %Zn content (Fig. 26) varies from 16-27
ppm, and values tend to reflect the residual soil distribution.

The river alluvium is unlikely to be of local origin.

The river cxtends for LO imilcs upstream and consequently
during the Rains, the entire floodrplaiﬁ iz covered by severgl
feet of fast flowing water, and considecrable reworking of the
sediment is likely to occur, In addition, the river flood-
plain represents an area of rcdeposition by a meandering river,

The lowcr contcnts of Fe gnd Mn in the sediment may reflect
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the lower average composition of the exotic alluvium, whilec
the continuation on to the sediment of the local soil Cu and
Zn patterns, may be a result of the salince dispersion of these
relatively mobile clements.

(ii) Stream scdiment

Samples of fine river sand, collected from the active
strcam bed, have a Cu dispcrsion similar to that of the flood-
plain slluvium and residual soil. Upstream of the anomaly,
the Cu content is (50 ppm but immediately opposite the soil
anomaly, the river sand value incrcases to 170-290 ppm. For
a further 2200 ft. downstream of the anomaly the content of
the sand is below 60 ppm. The Fe values of the river sand arc
variable from 1.7 to 6.35, and do not correlate with the
alluvium or spill Fe valuecs. Mn in the river sand is generally
<100 ppm, and similar in contcnt to the alluvium values. The
Zn content in the sand is below 50 ppm.

The river sand is partly of local origin, and 1is derived
from thc sporadic outcrop in the river bed. Consequently‘
metal values in the Sand will tend to be erratic, Cu
mineralised bedrock is well exposed in thc river bed, and
gives risec to a clastic dispersion of limited cxtent in the

Band,

3. MIDDLE KAMWEDGI AREA

(a) Previous Work

The arca is covered by a considerable thickness of
Kalahari Sand which is locally over 80 ft. deep. Bedrock and
residual soill have not been intersecteds A minor westward
flowing dambo drains into the main Kamwedgi dambo (Fig. 29).

During a regional stream scdiment sampling programmé in 1957
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bY R.S.T., a Cu snomaly of 450 ppm (-807D, dithizonc) wes
detected in the Kamwedgi dambo immediately downs tream of the
tributary. Later soil sampling in thc vicinity of the
tributary in the same year, outlincd the probable source of
Cu as the Middle Kamwedgi anomaly (150 ppm), occurring 2000 ft.
east of the Kamwedgi River margin. A follow-up hand auger and
pitting programme in 1968 in the minor dambo indicated a
maximum pcak of 800 ppm Cu {(chromatography) with a background
of 50 ppm.(company data).

(b) Kalaghari Sand

(i) Surface dispersion

The head of the tributary lies 6000 ft. south—east of thz
Kamwedgi River, and cuts a small depression in the widespread;
buff coloured Kalshari Sand overburden., Similar Sand flanks
both banks of the lower dambo zone of the tributary. The Cu
anomaly occuplies a zone on the sputhern fringe of the dambo
and extends into the Kalahari Sand beyond the south bank with
a peak valuc of 800 ppwm (chromatography) at peg F13. Upstream,
and within the drainage basin, values are consistently below
50 ppm.

(1i) Vertical dispersion (Fig. 30)

The Sand overburden is locally over 80 ft. thick, and
compriscs a homogeneous, structureless, cream to buff Sand
which becomes pallid at depth., Fe forms occasional ﬁrange
mottling in profiles upstream of the dambo, while lateritic
zones occur in the Sand profiles on cither bank of the dambo
where the wateptable is rclatively shallow. Silicification
zones, up to b ft. thick, comprise nodules of silica~cemented

Sand grains, in a Sand matrix . r:d harden on eXxposurec.
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The Cu content of profiles upstrcam of the dambo shows
regulér decreasing content with depth. (Fig. 30, line q).

The content range decrecascs from 14-62 ppm in the Ao horizon
to 8-36 ppm at 5 ft., and L4=12 ppm at 30 £t, depth. Near the
dambo, enrichment of Cu is associated with e mottled and
lateritic horizons (e.g. pits F11 and 3:3): in the latter,
values of up to 230 ppm Cu are noted in the crushed laterite
material,

The Fe content is low with a regular variation of O, 28-
0.765 in thc Ao horizon to 0.15-0.55% at 30 ft. Fe enrichment
is associated with Fe pisolitic zones (e.g. pits F12, G13) and
to a lesser extent with silicifi cation (e.g. pit F12).

Mn may cxceed 230 ppm in the Ao horizon, but drops
abruptly to 30 ppm at 5 ft. and to 3-13 ppm at 30 ft. depth.
Higher values are associated with the pisolitic (e.g. pit F11)
and silicification zones (c.g. PiBG13, G17).

The Zn dispersion is similar to Mn with a range of 41-33
rpm in the Ao horizon, decreasing to 5-8 ppm at 10.ft., end
L-6 ppm at 30 ft. depth. 2Zn is similarly enriched in the
silicification (pitsPR,f13) and lateritic zones (pits ™41,013).

The drganic carbon content in Kalahari Sand decreases
from 1.11-1.385 in the Ao horizon to below O.1, at 10 ft.
dep th.

(c) Stream scdiment

In the upper reaches of the tributary, the profile
contains poésibly reworked, buff Kalshari Sand, which extendsin
dqpﬁlto 82 ft, In the area of the prcsent-day dambo, and
extending beneath both banks, the dambo scdiment profile is

mainly a buff Kalahari Sand redeposited as a stream sediment
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with ocecasional detrital pebbles. Pecbble zones occur
spasmodically throughout the profile and quartz pebbles of up
to 6 in. diametcr indicatec former active stream conditions.
Fe mottle and pisolitic horizons occur,

A marked featurc of the profilcs is a 6 in. to 2 ft.
thick, black to brown, humic, silty band occurring at 2-5 ft.
depth below the present surface., This zone cxtcnds laterally
below both banks.

The vertical Cu dispersion in the upper reaches of the
tributary illustrates a decrease with depth from 23-29 ppm at
surface to 11-12 ppm at 25 ft., and erratic variation (11-27
ppm) to a depth of 82 ft. In profiles in the lower dambo, the
Cu dispersion is dominated by thc subsurface humic zone, in
which valucs of up to 2,600 ppm occur, The concentration of
Cu in this humic horizon shows a direct rclatlonship to the
organic carbon content (Table 19, Fig, 30). Where the humic
zone merges upwards and dovnwards into buff sand, the Cu
values decrease to background lecvels (Table 20). In general
the dambo profilc values decrease'with dcpth, but mottle,
pebble and pisolitic zones causc local concentrations.

Tablc 19. Trace clement content (ppm) relative to organic
carbon content (%) Middle Kamwcdgil dambo profile,

Dep th Deseription |Cu F¢h Mn Zn  Ch pH
O-2" Ao horiéon 560 2,8 120 21 1.39 5.47 ]
it ! on | transition zone 920 3,0 25 16 1.36 5;0&
1ron-2'6% | mottled sand 270 2.3 29 6 0,08 5.68
2'6"-3'6" | humic zone 1300 1.6 12 19 1.26 5.24
3' 6 -l ' 6" | humic zone 1600 0.5 12 19 1.37 5.10
L' 6"~5'6% | palc purple sand| 87 0.2 16 L4 O.14 5.61
5'6%-9" buff sand 34 0.2 12 6 ¢0.01 L.87
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Table 20, Trace clement composition of buried humic
horizon, Middle Kamwedgi (ppm).
(=807~ dry sieved, atomic sbsorption - company data. )

Pit Depth(ft.) Cu Co Ni Zn Fo
™ML 0-2 100 - 10 20 0.5

2= 300 - 10 <20 0.5
fexli> o-L 200 - 10 <20 0.1
H15 li-6 320 - 10 <20 0.1

6-8 350 = 10 <20 0.4

Scdiment background 10-20 30 10-3C 20-60 0.,1-1.0
range

Similar tributary dambos, occurring 3 miles north and 2

miles south, drain similar Kalahari Sand environments, and
display analogous Cu trends. Enrichment to 230 ppm Cu is
found in subsurfacc humic zones, while values in undcrlying

buff sand arc lcss than 30 ppm.

At Middle Xamwedgi, in the upper tributary, Fe values in

the profile tcnd to decrease with depth. In the lower dambo

the values are variable, but are generally below 7.
Concentration of Fe occurs in pebble and pisolitic zones,
The Fe content of the humic zone 1s low.

The ¥n content in profilcs in the upper tributary
decrcases initially with depth but shows a slight tendency
to increase below 30 ft, In the lower dambo, values are
variable but are generally less than 25 ppm beneath the Ao
horizon. The subsurfacc humic zone is not enriched and
contains 6-13 ppm Mn.

In profilc, Zn shows a weak tendency to decrease with

depth end values are 5-10 ppm below the Ao horizon. Valucs
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in the humic zone indicate a slight concentration with up to
19 ppm. In the strcam scdiment, the organic carbon is
genersally enriched at surface (1.00~1.7&2) and decrcascs with
depth. The subsurface humic zonc contains a maximum of 1,485
organic carbon, and values dcpend on the gradation with
surrounding scdiment. Above and bclow the humic zone, values
in buff sand are less than 0.054C.

The Cu anomaly is thus coincident wi th a subsurface humic
horizon in the dambo profile. The high organic content of the
zone suggests that it is a former, swampy, dambo meander,
slightly offset from the present dambo course., This zone has
acted as a trap for Cu transported downstream. Similar dambos,
occurring to the north and south, with similar Cu-enriched,
humic zonecs, suggest the origin of the Cu may be from a source
located within the watersheds of thc three dambos.

L., JIJOMBO AREA

(a) Previous Work (Fig. 31)

In the study area, rcgional stream sediment sampling by
R.S5.T. in 1957 detected a Cu anomaly of 60-250 ppm (chromato-
graphy) on the western sidec of the Jijombo dambo. The back-
ground threshold is 50 ppm. Subsequent soil sampling detailed
an area in the dambo sediment with up to 230 ppm Cu
(chromatography). Cu values of 10-20 ppm were located beyond
the west bank, and 10-30 ppm beyond the east bank. Later
hand-auger sampling outlined the anomaly between lines C and
D in the dambo sediment but failed to locate any extcnsion of
the anomaly beyond the dambo margin, In 1968 during the
present study, after positive indications of anomalous Cu in

termitaria samples from west bank Kalaharl Sand, power auger
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drilliné outlined Cu cnrichment in the bedrock, Up to 350 ppm
Cu (hydrochloric-perchloric acid extraction) occurs at peg
C%9 in mudstone below dambo sediment, with an cxtension
bencath the west bank Kalahari Sand at 37 ft. depth in mud-
stone (Pig. 31, peg C10; Pig. 32 -~ company data).

(b) Contact-residual Soil

Power auger drilling has rcvcealed that bedrock is on
average less than 10 ft., below the surface beyond the east
bank and the overvurden is a yellow to oranre-brown contact-
residual soil overlying residual soil. The C horizon contains
bedrock fragments and is lateritised.

(i) Vertical dispersion (Fig. 32).

In background areas,; the Cu values in the A horizon
range from 14-22 ppm and incrcase in the lateritic zones with
values up to 50 ppm (e.g. pit F8). In bedrock, the Cu range
is 15 to 30 ppm with 160 ppm in anomalous areas (e.g. pit
E-l).

The Fe¢ dispersion in the A and B horizons ranges from
O.4-3.65 with enrichment in the Fe pisolitic zones. Values in
bedrock vary from 3.4 to 13.. TFe.

Mn displays a marked enrichment in the Ao horizon (170-
610 ppm) but thc content decreasses rapidly in the A horizon,
Values in bedrock vary from 240-950 ppm.

Sparse data on the Zn dispersion indicates values of 14~
17 ppm in the C horizon while bedrock contains 32-7%pm. SalCo
values arc low (6~15 ppm), with enrichment in Fe pisolitic
zones (e.g. pit F8),

(¢) Kalahari Sand (Fig. 33).

On the west bank of the dambo, the overburden is a grey-

white Kalahari Sand, which increascs in depth from 27 ft. on
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the dambo margin to over 170 ft. westwards (peg D13). 'The
Sand overlices bedrock guartzite and shale.

The near-surface Cu dispersion exhibits a background
range of 20-30 ppm with an anomalous peak of 70 ppm ncar peg
C10. This anomaly is not indicated on snalysis of the —807D
Sand fraction,

(1) Vertical dispcrsion

In depth, the Sand profile is structureless and comprises
white to buff Sand containing sporadic Fe mottle and pisolitic
development (Fig. 33). The vertical Cu dispersion is variable
but tends to decrease with depth. In background locslities,
the value range is 7-49 ppm. In snomalous areas (eeg. Dits

‘B9 , CF11) the rance in profile is 28-73 ppm, whilc the
bedrock contains up to 380 ppm.

The necar-surfocc Fe dispersion ranges from 0,3 to O. &.. 1In
depth, F¢ values tend to inerease in the upper 20 £t, with
concentrations in Fec pisolitic zones. Bedrock has over 3%b
Fe. Mn is hipgh in the Ao horizon (130-610 ppm) and decreascs
with depth. Bedrock contains over 70 ppm in.

The near-surface Zn content is 10-20 ppm, In vertical
profiles, values are less than'16 ppm, with up to 20 ppm in
bedrock. The Co content in profiles is low (L=12 ppm). |

(d) Stream Sediment (Fig., 34)

The sediment of the Jijombo dambo in the study arca 1s
mainly redeposited Kalahari Sand with occasional pebbles or
rock fragments. The scediment profile comprises a dark brown
to black Ao horizon, overlying a cream or grey clay or sand
zone, with sporadic brown Fe mottle. A pale grey glei clay

or sand horizon occurs immediately above the watertable.
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(1) Vertical dispersion

In background areas, upstrcam of thc anomely (Figs. 31 and
3L, line B, the vertical dispersion of Cu has a range of
18-32 ppm, and the content decreases with depth. At, and
downstrcam of the anomaly, Cu values increcase to 600 ppm at
surface (pit C32). Values deccrease with dcpth, while in
bedrock, values are high. There is no apparcnt association of
Co, Ni nor Zn with the Cu mineralisation in bedrock (Table 21).
Table 21. Trace clement content of bedrock (ppm). Jijombo area

(peg D/10) (-B0# dry sieved, hydrochloric-perchloric
attack, company data.)

Depth(ft.)|Description Cu Co Ni Zn Pdh
0-2 Dambo sand 250 - 30 <20 0.5
o=7 i " 180 - 30 <20 0.5

712 " i 160 - 30 <20 0.5
12-17 Bedrock 200 - 30 <20 0.5
17-22 i 230 - 30 ¢20 0.5
2027 i 130 10 30 <20 0.5
22-27(bit it , :
samplo) LOO 10 30 <20 045

Background _

bedrs ek 10-50 10-30 40-60 <20-50 0,5-10.0

The Fe distribution varies (0.3-1.8%) and concentration
appears in Fe mottle zones. Bedrock contains over 2t Fe,

The In content is enriched in the Ao horigon but is
variable with depth (10-170 ppm). Bedrock contdns up to
100ppm. Zn (6-1L ppm) and Co (7-32 ppm) are variable inu
profile, while bedrock values of 7-32 ppm Zn and 8-12 ppm Co

respectively occur.
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5« CONCLUSIONS

The following conciusions may be drawn from the observed

data of the four study areas:-
(a) Bedrock
(1) No significant primary dispersion c¢orrclatiod withCu
mineralisation has been found for:
(1) Fe, Zn, Co, Ni at Lower Kamwedgi.
(2) Fe, Zn, Co, Ni at Jijombo.
(ii) Bedrock comprises interbedded quartzites and
shales and contains a higher metal content than residual soil

or Kalahari Sand. The following ranges occur (Table 22):-

Table 22, Trace element ranges in bedrock (ppm)
Htufwnbwe | L Kamwedgi |1, Kamredgi |J1jombo (AVETage”™
- - sands tong
Cu 6~920 60-1200 - 26~720 10-40
Feb 0.7-6.6 | 2.3-20.0 - 0.7-13. 4] 3.1
Mn 61120 23-8600 - 55-~41 200 390
7Zn 6-27 6-560 - 7-50 5-20
Co 6~28 - - 7-14 1-10
No, of Samples 19 62 - 30

Egfter Hawkes and Webb, 1965,

(b) Residual and contact-residual $oil
(i) Trace element values are impoverished by

dilution through admixtures of Kalghari Sand. Virtually all
present-day surface soll in the study area has some
contamination by Kalahari Sand.

(ii) There is no significant trace element
secondary dispersion correlation with Cu. In Cu anomalous

soil, Fc and Mn are locally enriched,



118,

(iii) soils at 9 in. depth havé the following ranges

(Table 23):~-

Teble 23,  Trace eleuent rsnges in residual and contact-.
residunl spil _at 9 in, depth. (ppm).

| | !
| ) m.%ufumbwe3L.KamwedgiM.KamwedgiJijombo ﬁ;ggige
cu(background)! 40-40 21=-100 - 140-30 20
{chroma to—
| | graphy)
! !
F&J 2. 5-6.6 108"'8.8 - p' 2-3-6 1-“-_“-.0
Hn 200-500 | 60-630 - i u5-640 | 850
7n 15-10 % 12-30 - - 50
Co 16-20 é - - 8-3l 8
Ni 25-50 i - - - Lo
) ] i
Pb 20-4L0 - - - 10
N §

Eofter Hawkes and Webb, 1965,

(iv) Loeal Cu background threshold in A horizon soil
varies between 40 ppm at iufumbwe and 100 ppm at Lower
Kamwedgi. The threshold mzsy be 505 higher in lateritic
horizons.

(v) The vertical dispersions of wmetal shows considerable
variation due to the short profiles and proximity of bedrock,
and to the sporadic development of laterite horizons, which
vary in depth and in intensity of development. The vertical
dispersions of metals are also influenced by rubble and

silicification zones. The following variagtions occur (Table

oly) -
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Table 2, Trace element variation with depth in residual and
contsct-residusl soil

Maxim&gmi Variatioamg}. Approximate
value in |content with | concentration in
Ao horizon depth lateritic zones
Cu(background)| erratic variable
(anoialous) erratic increase (=1.5)
Fe erratic variable (x10)
in maximum decrease (®l—-6)
Zn maximam decrease (=)
Co maximum - (x5)

(vi) Anomalous Cu values in soil are related to Cu

enriched bedrock at Mufumbwe, Lower Kamwedgi and at Jijombo.,

At lufumbwe relatively high grade bedrock mineralisation

produces a soil value (9 in. depth) of 250 ppm (-807D) while

at the Lower Kamwedgi similar bedrock mineralisation underlies

a soil value (9 in., depth) of 160 ppm (-807#D) or 240 ppm
(silt).

(vii) Fe, Mn and Zn contents in soils show a direct

relationship to bedrock enrichment at Lower Xamwedgi.

(¢c) Kalahari Sand

(i) Metal values are lower in Kalshari Ssnd than in

soils and display the following ranges at 9 in, depth (Table

25)

Table 25, Trace element variation in Kalahari Sand at 2in.

depth (ppm).

Mufumbwe | L, Kamwedgi M. Kamwedgi| J1jombo
P ;
Cu |background range L=-19 10-50 E;uﬁgé?éi;gm— 8-30
atography)
peak value - 5h-190 L30 70
contrast - 2.0-3. 8 10.8 2.3
Feh 0e3-1.3 [2.5-2.5 0.2-3.0 0.3-0.8
Wn 20~ 20 |100-400 6-140 30-90
in T-25 12-20 o-17 10~-20
Qo 34 2 - - L—-12
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(ii) The content of ¥n at 9 in. depth may be similar to
the levels in residual soll due to Mn-—rich organic matter
contamingll Jia

(iii) Metal values exhibit a systematic decrease with
depth, and have similar ranges in cach area (Table 26):-

Table 26. Trace slement variation with depth in lalahari Sand

(ppm).,
";Depth Hufumbwe L. Kanwedgil M:?amwedgi Jijombo
Cu(backgroundg Ao 8-33 21 -28 14~62 15
50ft. | 10-22 10-13 L-12 7
OICA Ao 0.3-1.2 {1.5-3.5 0. 3-0.8 0.,3-0.8
30ft, | 0,6-2.0 }4,0-2,0 0,2-0,6 0.4
lin Ao 84-800 | 4100-300 230 90-600
30ft, | 20-34 20-L0 3-13 17
Zn* | Ao 1468 20--37 11-33 10-20
30ft. 9-16 7-10 L-6 -

(iv) The Ao horizon shows considerable enrichment for
in (3 fold), Zn (2 fold) and Cu froﬁ background areas (1% fold).
Laterite, which can develop in pisolitic form,over a depth of
at least 21 £6., Te mottle and silicifled zones, generally
result in increased metal values, and may excrt an influence
throughout the profile. Cu-Fe and Mn-Zn assoclistions appear
in profile.

(v) Cu anomalies in Xaslahari Sand resulting from Cu
enriched bedrock can be successfully detected, using the silt
fraction of the Sand for analyses. Anomalies are detectable
through Sand overburden of 30 ft., with bedrock mineralisation
at 110 ft., at Lower Kamwedgi. Similar anomalies are found
through L7 £t. of Sand on bedrock at 52 ft. in the Jijombo

area. Coarser Sand fractions (e.g. —80%D) comprise
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predominantly cuartz grains and analyses of the fractions are
insufficiently sensitive to detect Cu anomalies of low con trast.

(@) Dambo scdiment

(i) Dambo sediment may be composed of residual soll
or Kalahari Sand of local origin, or of exotic alluvium,
(ii) Trace metal values are generally low in dambo

sediments (Table 27):~

Table 27. Trace elcment rances in dambo sediment(below Ao)ppm.

Mufumbwe | L. Kamwedgi |M.Kamwedgi |Jijombo
Cu(background)| U=50 22-50 <50 18-32
Peh 0e3-12.0 1 1.1-1.9 0.2-1.3 {0.3-1.8
Mn 25-2800 29-98 7-90 10-170
Zn 5-110 19-27 5-30 7-1L
Co 5-=98 - - -

The following variations in metal content with depth

occur (Table 28):-

Tgable 28. Trace element variation with depth in dambo sediment

Variation in depth Variation in depth
(draining residuum) (draining Kalahari Sand)
Cu anomalous increasc decrease
background variable decrease
Fe incrcase variable to decrease
Mn -decrease variable to decrease
Zn increase varigble to decrease
Co increase -

(iii) Laterite, Fe mottle and pebble zZones are generally
enriched in trace elements., liny Zn and Co show coprecipit—-
ation effects, while Cu may show a correlation with ¥Pe, Mn and

C contents.
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CHAPTER IV DISCUSSION OF THE FACTORS CONTROLLING
THE SECONDARY DISPIRSION OF COPPER
AND ASSOCIATED ELEMENTS
1. PRIMARY IETAIL DISPIRSION

The distribution of Cu in the bedrock is the oprimary
factor controlling secondary dispersion values, In addition,
the relative abundance of associated metals in the bedrock may
produce diagnostic trends in the overlying overburden. The
various rock types tend to have significsnt and differing
contents of metal. The average metal content of sandstone
and shale, the metamorphosed eqguivalents of which appear to

underlie much of the study area, are shown in Table 29.

Table 29, Average mcetal contents of rock types (ppm)

Rock Type Cu Pgh  Iin Zn Co Ni
acid igneous| 7.0% L.6% 41000% 80™ 10 0.1

sandstone 10-40% 3,47 3857 5-00% 1107 60

]

shale 30-150% L. 37T - 50-300% 410-50% 20-1007%

Fafter Clarke, 192L; “'Hawkes and Webb, 1965.
Sandstone and cuartzite generally contain a lower trace
element content than argillaceous rocks. Analyses of
guartzite and shale derived frowm throughout the study area
(Table 30}, illustratc a slight tendency for enrichment in
the shales. There is considerable local metal varation within
individual rock types, and this may be the result of extensive
oxidation and leaching of wetal ions in near-surface bedrock
by the processes of intensive weathering.

In general the trace element content of residual soils
reflects the primary dispersion of elements. Where the soils
are immature and the minerals composing the soil are
relatively unsltered, the similarity is most apparent. ITven

in the maturely-weathered latosols of the Copperbelt, a four
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the study area

lietal content of bedrock from

Peh
Range(mean)

Rock-type Area Rangg(Mean)
QuartzitéMh Mufumbwe | Mineralised| 52-1400(L80)

Background |6-70(32)

L.Kamwedgi| Mineralised|160-1102(488)

Jijombo Background |26~32(29)

Shale Nﬁgumbwe Mineralisea‘{55—2500(1510)

Background {35

Jijombo Mineralised |{160-540(3560)
Background {15-100(L43)

2.5—7 3(/.1)
0.7-5.3(2.%)
3- 7"'8. 3(“0 6)

0. 7-1. 6(1 2)

. 8-5.
1.7

Lo 3-5.5(4. 8)
2.0-1,. 7(3. u)

(5.3)

o e e e e

¥Mn
Range(hean)

105—%20(250)
70-180(144)
38-4,30{203)

_57—100(80)

120-250(183)
73
7-1200{567)
73~6L0(281)

8-46(22)

i; Co Nop, of
Range(mean) Range(Mean) Samples
10—16(13) 9-20(13) 5
7~27(12) 6-12(10) 12
7-20(15) - 6
12-18(15) 1 7-12(10) 2
11-17(14) 8-15(12) 2

11 9 ’

21-91 (4,8) - 3

2l
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fold Cu enrichment in solls overlying shsles in a quartzite
environment has bcen noted (Tooms, 1955) although the
mechanical composition of A horizon soils over shales is more
clay rich (Hewkes and Wcbb, 4965), which may in part explain
the metal variation, In the study area, interbanded shale
and quartzite underlie the solls at Mufumbwe, Jijombo and
Lower Kamwedgl and no solil secondary dispersions can be
related to bedrock geology exXcept over a band of Fe-lin-Zn
enriched quartzite at Lower Kamwedgi., This lack of correlation
is probably the result of the poor initial metal variation in
the local shales and guartzites, In addition, the subseqgucnt
intense and deep weathering would destroy relic minerals and
mobilise metal ions in the soil profile, thus tending to
modify any variation. It is interesting to note that even
immg ture soils in southern Zambla, overlying lithologically
differing biotite gneiss and mixed schist, have similar Cu,
Zn and Co values (Harden, 1962), suzgesting a homogenisation
of the metal content in the solils. The reiative moblility of
Cu in the sccondary cenvironment in the study area also accounts
for the grcatly reduced solil Cu anomely compared with the
primary bedrock anomaly.

Concentration of a single element in mineral deposits 1s
rare, The ore minerals of the study area arec derived mainly
from the supergene zone of oxidation where sccondary malachite
((Cu,(C03)0Hp));, chrysocolla (CuSi03.2H,0), chalcocite (CupS)s
pyrite (FeS,), bornite (Cu5FeSu) and cuprite (Cus0) have
developed (company data). Thegs minerals suggest only a Cu-Fe
correlation. Copper is a chalcophile element, and in sulphidc
deposits is commonly assoclated with other chalcophile trace

elements such as Zn and Pb., Analyses of mineralised and
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background bedrock from Mufumbwe and Jijombo (Tables 31 and 32)
indicate a possible parallel enHancenent of Fe, Mn and
subsidiary ko, Ag and Hg. (The high Hg values may result from
sulphur vapour from sulphidc wmincrals which can interfere with
Hg dctermination when using a vapour tcchnigue). Further data
from Lower Xamwedgi illustrate similar results (Table 48).

2. NATURE OF THE OVERBURDEN

(a) Residual soil

In subtropical climates, with heavy seasonal rainfall and
high average temperature, weathering is intense and of a
chemical nature. Although the effect tends to decrease with
depth, permeable soils allow deep weathering, In addition,
the present landsurface has bcen subjected to weathering since
the mid-Tertiary Pceriod, and consequently the weathered over-
'burden is up to tens of feet thick, Locally, bedrock is
commonly decomposed for many feet below bedrock surface., With
the absence of rclief, mcchanical attrition is at a minimum,
and only in the vicinity of the Xamwedgi River at Lower
Kamwedgi has there been removsl of surface residuum. Water is
the essential element of chemical weathering, Rain water in
Uganda has been noted as acid (Clews, 1962), and in percolating
through the soii tends to bcec further activated, mainly by the
addition of dissolved oxygen, carbon dioxide, humic complexes
and bacteria. PFurthermore, the groundwatcr tends to be
markedly acidic in areas of oxidising sulphides through the
addition of sulphur.

The intense chemical weathering and leaching of the
original coarsely crystalline quartzites and micaceous shales,
has resulted in a soil of fine-grain, irrespective of host-

type, with no distinct textural horizon above the laterite



Table 3.

Trace element content of bedrock (Optical spectrome try-ppm)

Rock~type

Pb

Sn Ga Bi \% iio Cu Zn Ti Ag Ni Co Mn Cr Fe203°3
Beckgzrouand
Jijombo quartzite 8 S 16 5 600 2 30 <50 8500 ¢0.2 L0 13 50 130 2.5
Anonialous
Irufumbwe quartzite | 10 5 6 <5 1600 2 1000 <5o' 3000 0.2 16 5 600 30 16.5
| quartzite | 16 &5 16 <5 600 2 300 5O 6000 @©.2 30 30 4600 60 1L.O
Kalengwa chalcocitel 8 &5 6 <5 130 8 % <50 6000 6.0 13 <5 300 60 -

*‘sclh



Tablzs 32.

Trace element content of bedrock (nitric-perchloric extraction-ppmn).

Rock-type cu Feb Min 7 Co Wi Pb Mo¥ g%g
Background
Mufumbwe gquartzite L 0.6 70 7 20 14 2.1 -
quartzite 3 6.1 62 11 20 23 0.2 -
Jijombo quartzite 32 8.8 70 19 7 20 23 <0.1 10
quartzite 92 8.6 , 210 18 1l 60 33 <0.1 11O
Anomalous
Mufumbwe guartzite 200 5.8 L20 12 9 - - 3.3 -
Auartzite | 1100 15.1 2300 18 120 74 Y 3.4 -
guartzite 1000 Te3 7100 1Lk 10 2l - <0.1 50
| shale 2500 6.0 250 14 8 I 33 1.6 1O
Jijombo shale 530 Lhe7 1200 32 - - - - -
Mineralisstion
Mufumbwe cuartzite 11400 6.2 160 13 10 30 23 - -
Kalengwa Mine| chalcocite| L.2% 8.1 350 37 9 3l 23 - -
chalcocite| 5.3 7.2 52 10 7 1L 33 - ' 4000
chalcceite| L.lg hohy 415 10 6 2l 23 3.2 90

#Oplourometric analyses
+Vapour method snalyses

‘L2l



128.

zone. The absence of bedrock fragments in the uppef zones
reflects the maturity of the soil, The diminution of soil
grain size has led to an increased surface area of material,
which is conducive to incrcased chemical reaction,

A stable mineralogy has been develcped composed of quartz,
kaolinite and hematite wi th minor goethite and illite; the
illite may be either residual from an argillaceous host rock,
or from incomplete weathering of feldspar. However, with
greater lecaching illite normally alters to kaolinitc (Hawkes
and Webb, 1965). Gibbsite, although rclatively common in
similar latosols in the Congo, (Kcllog et al., 1949) has only
been noted in trace amounts in the study area which may result
from the less wet conditions in Zambia.

In the study arca, the Cu dispersion in background arcas
is variable in depth and illustrates a strong correlation
with the Fe distribution. \Wherc Fe fluctuation in the profile
is absent, the Cu dispersion in the A and B horizons in
background arcas increases or decreases down~profile below
erratic enrichment in the Ao horizon (Table 2l.). Where
enrichment occurs in the Ao horizon, this may be the rcsult
of Cu fixation by organic-rich matcriagl. Similarly, Govett
(1958) obscrved a corrclation between Cu and organic content
in latosols on the Copperbelt, whieh he ascribed to the high
cation exchange capacity of humic material.

The Cu dispersion below the humus zonc can be attributed
to several complex and interacting factors. During thc wet
acason, the soil moisture content, with a pH between L and 6,
will increase markedly, and will consequently cause solution
or suspension of bedrock Cu, which may then migrate in the
profile. With the ensuing 6 months dry season and loss of soil

moisture by evaporation and plant transpiration, Cu will be
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reprecipitated in various forms and with time and dessication,
the deposifted Cu will tend to become more firmly bonded. Such
bonding will include absgorpiion in, and adsorption on clays
and ferric hydroxides., This Cu will e only partially
dissolved during the following wct periocd and will therefore
tend to concentrate. In addition, varisbtion of Cu in the soil
profile will be affccted by thce dcercase of organic material
with dcpth, although the low content of carbon bclow 5 ft.

dep th probably has a minimal affcct on the Cu dispersion. The
upward incrcase of pH and Eh in the profile is also conducive
to incrcased Cu deposition in upper zones. It is noted that
lower acidity lecads to incrcased adsorption of Cu by kaolinite
(Hawkes and Webb, 1965), Cu is markcdly conccntrated in the
clay fraction of the soil (sec scction L(a) ), and in thc soils
of the study area thc percentage of clay appcers to increase
with dcpth., Maignien (1966) rcports a highcr clay content
with depth in latosol profilcs.

Cu notably atteins a pcak content at the top of the B
horizon, especcially wherc latcritc is developed (cf. Tooms,
1955; Wepb, 196L). As thcrc is no marked increasc in pH
agsociated with this horizon, the cnrichment ic a direct
result of sorption by hydrous e oxide in the zone of oxidation
immcdiately abovc the watertable., Laterite nodulcs arc
markedly Cu curichcd (Table 1L).

In areas of Cu anomalous so0il, the Cu content gencrally
increasces with depth. The Ao horizon is erratically cnriched
gither as a result of a variable quantity of Cu-rich organic
material, or to the variable fixation of Cu by the humus.
Significant enrichment of Cu of a relatively firmly bonded

nature occurs in the B horizon, as a result of sorption by Fe
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hydroxides, and in the C horizon; +the latter is a reflection
that the primary bedrock Cu contcecnt is normally grcater than
the so0ll content,

In conclusion, it is therefore suggestecd that the major
influecnce on Cu distribution in the residusl soil profile is
the dispcrsion of Fe, which forms coatings om clay minerals
and conccutrates in I'c hydroxide gzones. Cu in latcritic zones
is recported as lcss rcadily-cxtractable than soil Cu (Govett,
4958) and will thus tend to accumulate during seasonal
fluctuations at the expensc of the hore soluble forms of Cu in
the profile., It is stated that in a subtropical climatic
regime, continuous leaching of the upper part of the spil
profile by downward percolating rainwatcr, progressively
removces loosely bonded Cu, Zn, Co and Ni., This produces a
relative increasc of Cu content with depth, although no
illuvial horizon is devecloped (Clews, 1962). In the study
arca the lower content of Cu in the A horizon is unlikely to be
the result of leaching or downward concentration by illuviation,
as the Cu dispersion in nearby Kalahari Sand has the reverse
trend, It is very probablc that similar weathering proccsses
of leaching apply to both types of overburden.

The overall Fe content of the residual soils of the study
arca is above average (Table 23), and the degrce of oxidation
is responsible for the prevalent red-brown colouration. Fe is
not enriched at surfacc. This is a result of various factors,
including the relatively low uptake of Fe by vegctation, and
the Subsequent low rctention of Fe by the humus., In addition,
humus hclps to reduce Fedt to more mobile Fe<t (Stobbe and
Wright, 1959). Fe variation iw depth (Tablc 24L) is erratic,

and much of the Fe is sorbed on clay minerals. As the
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dominant clay minersl is kaolinite, Fe will form coatings on
the clay migcellcs (Carroll, 1958). A marked concentration of
Fe is present at the top of the B horizon, and normally
constitutes a lateritic zone. The laterite varies from soft
Fe concretions to hard pisoclites which may become pervasive
and form a messive, induratc =zne, generally gradational into
the soil above and below., The pisolites tend to harden on
exposurc and it has been suggestcd that the induration of
lateritc is a result of a mineralogical rearrangement of the
Fe oxides rather than duc to oxidation (Maignien, 1966).
Freguently, the laterite development is superimposed on C
horizon soil contsining abundant bedrock fragments, and
extends into the decomposed bedrock surface.

The formntion of the scsquioxide zone hns been attributed
to thc introduction of ferrous cations or colloidal Fe by the
groundwatcer, with subsccucnt prcecipitntion of ferric Fe in the
zonc of pxidation creantcd oo thc water-table drops during the
dry scnson (Fig. 35)(Hawkes nnd Webb, 1965). The prescnce of
water is rcgarded as cgsential to active oxidation and con-
scquently the optimum position for deposition of I'c and in
hydroxidcs is immedintely above the watcr—tsblc (ibid., 1966).
Deposition.may.be.aided by soil bacteria, Thc thickness of
the zone of lateritisation is dependent on the fluctuations
of the watcr-table, while progressive thickening can occur as
the water-table gradually drops in rcesponse to the lowering of
the land surface by erosion (Tooms, 1955). Latecrite develop-
ment is also enhancced by the removal of soil Si with resulting
concentration of Fe¢ in situ. The mobility of Si is indicated
by the development of sccondary silica mincrals. Fe can be

concentrated in the profilc by illuviation but since latcrites
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develop in Kalahari Sand, which arc gencrally morc deficient
~in Fe than soils, it is morc likely that the process involves
enrichment via the groundwater.

It is observed in the study areca thoat laterite is often
coexﬁensive with C horizon soil zoncs containing bedrock
fragnents, and in dambo scdimcnts where pebblc horizons occur.
This suggests that the hydrous Fe oxides arc dcposited as a
direct result of increased soil aeration. Subscquent to the
devclopment of incipient pisolites, the resulting hceterogeneous
s0il is conducive to further precipitation of Fe through
incrcased aeration. Although thc zone at the top of the water-
table has a high redox potcntisl, no incrcased pH values, which
would aid deposition, were noted in the B horizon. This
contrasts with results in similar horizons on the Copperbelt
(Tooms, 1955).

The ¥n content of the residual soils is similar to the
Clarke for soils (Table 23). There is a marked concentration
of lMn at surfacc wherc valuss are doublc thc A horizon content.
Although Mn is not concentrated in the vegetation, (sec Chapter
V), it appears to form stablc metallo-organic compounds in the
humic zone, In profile, the lin content decreases in depth
probably as a rcsult of thce parallel decrcase of organic
matter, although in soil much of the Mn is associated with
clay minerals, .

In the laterite zone, frequent enrichment of Mn occurs,
but is less marked than in the Ao horizon. Furthermore, the
Mn concentration is much lower than Fe (Table 24). The Fe and
Mn probably prccipitate simultancously in the zone of
oxidation above the water-table forming Fe-Mn rich nodules
(Table 14). The proccss of accumulation of the hydrous Mn
oxide is probably similar to that of Fe with the introduction
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2+

of soluble Uin cations and Iin colloids from the weathered

bedrock and C horizon matecrial via thc groundwater, The

2+ polative.to Fe®t may result in the

greater mobility of Mn
lower lin deposition.

Zn and Co show similar dispersions in profile. 2Zn, and
to an extent Co, are feebly curiched in the humus zone which
may bc a result of accumulation through vegetation decay,
incrcased surface alkalinity (pH 5.6-6.3) or thc scavenging
effeccts of Mn; the low Co enhancement relative to that of Mn
in humus docs not indicste a strong correlation with Mn. Zn
and Co values are lower in the A horizon where the metals are
mainly concentrated in thc clay fraction. Thcy arec enriched
in the lateritic zonce where concentration is probably
associated with Fe and Mn hydroxidces by surface adsorption or
internal latticec absorption. In Zambian soils Co and Mn have
been shown to have a close rclatlonship (Jay, 1959; Harden,
1962).

The tracc clement content of the rcsidual soil decreases
where admixing with {alahari Sand occurs. As the original
distribution of the Sand was acolian, the surface boundary
between soil and S8and is gradational. Considerable mixing of
the overburden by organic activity has obscured any sharp
vertical pedological or chemical change from residual soil to
Sand,

(b) Xalshari Sand

The Kalahari Sand was originally deposited under arid
conditions but today thc widespread vegetation cover aids
stabilisation of thc Sand, and littlec rcdepoBsition occurs.
Under the present subtropical climatc, the overburden

expericnces extensive chemical weathering and the permcability
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of the Sand aids the depth of penctration of the weathering.

Only a rudimentary pedological profile is devecloped.
Below the humus-rich Ao horizon, which may be 6 inches thick,
a structurcless Sand profile exists to the underlying residuum
boundary. Lateritic horizons may dcvelop and vary from
segregated pisolites which may cxtend for up to 20 f£t. down-
profile, to hard FPe cemented nodules several inches in diameter
or indurate bands. At lcast two laterite zones can occur in
the same profile (Fig. 30, pit Gi4) as a result of local
drainage conditions. The laterite zone is a B horizon, marking
a zone of Fe concentration. Conseguently the Sand between the
laterite and the humus zone is a developing A horizon,

Iocally the silica has becn remobilised and has been deposited
to form siliceous nodular horizons (Fig, 30), and cherty vugs
and fillings, often associated with the laterite zone.

The Sand is composed predominantly of quartz grains which
display typical aeolian grain-surface texturcs and indicate
subsequent minimal chemical alteration. The Sand 1s of
similar grain sizc to Kalshari Sgnd in arid areas elsewhere
in southorn Africa, and th¢ quartz has not been reduced to the
grain sizc of the residual soil guartz, This probably reflects
the relative immaturity of the Sand quartz with regard to
chemical weathering, as the age of daposition of the Sand is
probably less than one million ycars. The clay matrix of the
Sand is essentially kaolinite with minor illite. The origin
of the kaolinite is not bclieved to be duec to deccomposition of
original alumino-silicate minerals as no microscopic tracc of
such host mincrals exists, and no refcrencc to similar
mincrals in Xalahari Sand elsewhere is rccorded. In addition,

the Sand has a high Fc oxide content which gives the Sand its
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common = reddish hues, It is unlikely that the Fe has becn
derived from thc brcakdown of Fe-rich, heavy mincrals, as the
heavy minerals do not notably display solution fcaturcs. The
low Fe¢ contont of Sand at Middlc Kamwedgl and Jijombo, where
the Sand is over 80 and 150 ft. thick respectively, togcther
with arecal variation of contcnt at Mufumbwe away from the
residusl soil contact (Table 16), indicate that the overall Fe
content of Uand profiles is relatcd to the depth of the Sand
cover, Local profile cnrichments cen be directly corrclatecd
with Fe-rich bedrock (Fig. 28,pit MN410Q).The Fe dispersion in

Kalshari Sand is thus a post—depositional fecaturec,

Under the existinglciimate, the area has 6-7 months of
dry season during which considerable surface evaporation and
plant transpiration occurs. An upward‘migration of moisture
in fho prpfile to replace the surfacc loss will result during
thié peripd (Fig. 35). Effcctive capillary rise of ground-
watcr carrying heavy metals for 50 ft. vertically over a period
of a year has been rcported in a clay-rich matrix (Bischoff,
195L; Ginzburg, 1960). Upward movement above thc capillary
fringe morc probably involves migration of water, and dissolved
and suspendcd material, on the surfacc of minerels (Marshall,
195S; Hawkes and Webb, 1965). It is likely that following
deposition, mineral bgnding is enhanced during the period of
aridity and dechydration, and becones sufficiently stable to
withstand solution during the temporary downward movcment of
mpisture during the ensuing Rains. It 1s suggested, therefore,
that the clay and ¥e content of the Sand is derived from the
underlying residual soll or bedrock, and the glements have been
transported upwards into the Xalshari Sand by spil moilsture

and dcposited when the woisture evaporates,



In the Congo, similar kaolinite-Fe oxide cement in
Kalahari Saznd has been attributed to post-depositional
introduction from undcrlying formations (de Plocy et al.,
1968). It is intcrcsting to note that the clay of the
Kalshari Sand of the Congo may comprisc kaolinite and gibbsite
(ibid., 41968) suggesting a pedogcnic rather than amacolian
origin for the clay.

The trace element content of Kalahari Sand is low (Tables
25 and 33), but distinct epigenetic patterns are developed
which show a direct correlation with underlying bedrock mctal
content,

In both background and anomalous arcas, the Cu content
systematically decreases in depth., ILocal enrichment in the
surface humus horizon may be the rcsult of the uptake of Cu by
vegetation with subsequent accumulation in the Ao zone. In
addition, the Sand profile is more alkaline towards surfacc
whe re the pH is 5.3-6.5. This alkalinity may bc the result of
the loss of COp in the near surfacc moisture (Clews, 1962) or
to the alkalinity of the humus matcrgl, The pH conditions arc
thus conducive to increased Cu deposition towards surface.

In the Sand the Cu is concentrated in the clay fraction,
cither adsorbed on the kaolinite or assoclatcd with Fe on thc
kaolinite. Duc to the affinity of Cu with Fe hydroxides, the
occurrence of lateritic development can influencc the
distribution of Cu in much of the profile, Thus erratically
high surface values may be due to the proximity of laterite
to the surfacec.

The smount of Cu in the $and profile is proportional to
the Cu in bedrock, In areas of high Cu, anomalous values

extend throughout the Sand profile and extend into the



Tablc 33. Kalahari Sand trace element content (optical spectrometry) - silt ppm.

Sawmple .
T0w Pb Sn Ga Bi v Mo Cu Zn Ti Ag i Co Mn Cr Fengﬁ lithology
Mufumbwe
araa 1811 6 5 L 5 30 <2 & <50 3000 <0.,2 16 6 600 16 1¢3 Sand
2150 10 <5 L 5 50 <2 3 &0 LOoO0 <0,2 20 13 600 20 1.4 Sand
2157 8 6 10 5 L00 <2 20 &0 8500 «0.2 20 20 160 13 9.7 lateritised Sand

‘ISl
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underlying residuum and bedrock.,. ©PH weasurement at the base
of 30 ft. profiles indicate reclativcly acid values of L.O-L,b.
1t is proposed that Cu iz lecached from the undecrlying bedrock
or residual soil by groundwater, which will be further
acidified in arcas of sulphidc mineralisation, and is carried
above the water—-table by ascending wmolsture for at lcast 50
ft. during dry seasons., In the moisture phase, the Cu may be
in solution, suspension, colloid or complex form, and is
deposited in the profile mainly in assoclation with Fe
hydroxides and clay wminerals, In the profile Cu may also be
deposited ae insolublc salts and complexas, soluble Cu
carbonates and sulphates (Hawkes and Webb, 1965). Cu
adsorption on kaolinite will increase with concentration of
the metal in the moisturc phase (Richardson and Hawkes, 1958)
which will develop through evaporation. Alszo Cu adsorption on
kaolinite is aided’by increased alkalinity (Heydemann, 1959),
and both concentration and alkalinity will increasc towaras
surfece., lost of the Cu ascociated with the kaolinite is
érobably asspciated with the e oxide coatings of the clay.
The hipher ratio of ¢x/Total Cu in Sand as comparcd with soil
(sec section 4(b))is a further indicetion that the Cu is
hydromorphically introduced. It is possible that a minor part
of the dispecrsion of Cu is from the derivation of umetal from
dcep~rooted vegetation.

The Fe distribution in the Sand indicates a peak value
below the Ao horizon at 1 to 2 ft. depth. Although the
initial uptake of Fe by vegetation is relatively low, the
subsequent retention of FPe¢ by humus is also low, and maxXimum
accumulation occurs bclow the humus zone. In the A horizon,

Pe ig mainly associated with the clay fraction as coatings on
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taplinite., Although laterite horizons have not been encountered
in all 30 ft. profiles, this may be due to the greater depth
to the water-table in arcas of Xalahari Sand. The laterite
zonc represents the area of oxidation at thc surface of the
water-table wherc colloidal Fe scsquioxide, carried in the
groundwater, is deposited. In addition, colloidal silica is
similarly introduced, and silicification is often coextensive
with lateritisation.

The kn enrichment in the humus horizon is more marked
than in residual soll and correlates with thcec abrupt dccrease
of organic carbon with depth in Xalshari Saund (see section 5).
Below the humus horizon, the Mn content consistently dccrecases
with depth. Minor fluctuations in the trend occur in Fe
mottle zones and in latecritic zoncs, where the Iin content may
be double, implying rclated deposition of Fe and Mn hydroxides.
But as in the residual soil, the Mn hydroxide deposition is
considerably lowcr than Fe, possibly denoting the greaﬁer

2+ ion,

mobility of thc in
The average Mn content is lowest at }Middle Kamwedgi and
Jijombo, where Kalahari Sand ig decper, while a t Mufumbwe the
content decrecascs in the deeper Sand (Fig. 17). These
pbservations = suggest that the ln content of the Sand below
the Ao horizon is related to the depth to bedrock. In
addition, local high bedrock Mn content is reflected in the Mn
content of Sand profiles at Lower Kamwedgi (Fig, 28, pit MN10)
Thus the dispersion of Mn in the Sand is wmainly epigenetic and
the main factors influencing the accumulation of Mn in the
profiles are the organic content and laterite devclopment.

Zn and Co are similar in dispersion and generally

decreasc with depth. The accumulation in the humus horizon
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may be due to organic complexing or to near surface alkalinity.
Coprecipitation with Fe and Mn hydroxides results in slight
enrichment in the latcrite zones (¥ig. 30, pit ™41). There is
a tendency for generally lower valucs to appear in areas of
decper Kalahari Sand (Tables 16 and 26).

In summary, the content of Cu, Fe, Kn, Zn and Co in
Kalahari Send of the study areas may bear a direct reclationship
with valucs in underlying bedrock or rcsidual soil. In such
circumstances, the dispersions of these trace eclements in the
Sand is epigcnetic and has originated fromwisture migrating
upwards from thc water-table during the dry season.

(c) Dambo Sedimcnt

Dambos in the Copperbelt arca arc considered to advancc at
the cxpense of residual soil, and are consequently composed of
residual soll in situ underlying a vcnecer of transportced
material (Tooms, 1955; Govett, 1958), In the study area, the
dambo material at depth is transportcdand isderived from the
hinterland. Sections of dambo sediment in residual soil and
Kalahari Sand arcas, rcveal horizons of watcr-worn pcbbles in
which individual pebbles of several inches in diameter can
occur, often interbedded with fine scdiment. Former
fluctuating climatic conditions arc responsiblc for the zonal
sediment, and periods of considerable stream flow are indicated
by the pcbblc zones. The scdiment of dambos reflects the
sediment of the immcdiatchinterland, and in areas of Kalahari
Sand, the dambo scdiment is dominantly rcworked Sand., The
dambos are scasonal and arc only waterlogged for half of the
year, durihg which reducing conditions prevail in the under-
lying scdiment. During the dry season, the water lecvel in the

minor dambos (c.g. Middle Kamwedgi) may be below 30 ft. and
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0xidising conditions cxist in the overlying sediment. In the
largcer dambos (c.g. Jijombo and Mufumbwe), the dry season
water-table is only a few fect below surface and the ncar
surface nrofile is moist, indicating marginal oxidising or
reducing conditions. |

Scdimentary profiles in dambos ideally display an
orgenic-rich horizon, overlying grey-black clay, which is
underlain by a pallid gleil horizon with abundant brown Fe
mottle. The highcer content of organic material in the surfacc
horizon relative to intcecrfluve overburden, is a result of the
deccreased brecakdown of vegectation by oxidation duc to the
waterlogged conditions. The fluctuation of the water—-table
produces temporary oxidation conditiocns. This results in
ferric oxidc mottle or Fe pisolitic development, with inter-
vening pallid patches whepe the Fe may be in a reduced statc.
Bloomficld (1963) cxplains the lack of colouring abovc the
water-table as due to colourless ferric oxide.

Within the lower zonc of groundwater fluctuation,
prevalent reduction of Fe to the ferrous statc may producc a
uniform pallid colour in the clay. At the top of the water-
table, and often coextensive with zones of pebbles, laterite
commonly develops (Fig. 19) forming onec or morc horizons. As
all stages of lateritec devclopment occur, from incipient
pisolites to indurate bands, it is probable that the dambo
latcritisation is a continuing proccss, and thus thc latcrite
zone may have a wide age range.

In the profile, the acidity conditions are variable
(pH L 5-6.5), with no systematic variation with depth. No
montmorillonite has been detccted and the dominaent clay

mineral is kaolinite. This way be partly derived from
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surrounding soils but is mainly due to the overall acidity of
the profiles and to adcquate 1eaching.‘

The trace clement distribution in dambo sediments is
affected by the mctal content of both proundwater solutions,
and surface waters, Thc metal may be in solution, suspension
or collopidal form. The depositipnal cenvironmcnt of thc dambo
is thus complex, with factors such as pH, ©h, metal solubility,
coprecipitation, saturation level and organic complexing,
affecting metal content of water and scdiment. Consequently
only a few empirical distributions are noted, and conclusions
arc rcstricted by the limitcd observational data.

The tracc clement content is gencrally lower than in soil
or Kalahari Sand (Table 34) which may indicate the greater
leaching capacity of the dambo groundwatecr.

The Cu content in scdiment profiles of dambos draining
rcsidual soils is variable with dcpth. In anomalous areas,
values generally increasce with depth. The Ao horizon is
enriched only in the dambo channelway which has been attributcd
to deposition from groundwater, which approaches the surface in
the dambo channelway (Tooms, 1955; Govcett, 1958). In dambos
draining areas of Kalahari Sand, the Cu content tends to
decrease with depth., Highcr valucs are asSOCiated with
lateritic zones probably duc to coprccipitation with Fe
hydroxides, or to the greatcr groundwater flow through
lateritic zones. In addition, heterogeneous pebble horizons
crcate increased acration, or allow incrcased passage of water,
and arc conducive to Cu deposition. There is no apparent
corrclation of Cu with pH or C trends and maximum deposition
is on clays or Fe hydroxidcs associatcd with the clay (sce

scction L). Govett (1958) corrclates the Cu content in dambos



Table 3L, Tprace element of dembo sediment (optical spectrometry) - ppm Silt

Sa;?lgle Pb Sn Ga Bi V Ko Cu Zn Ti Ag Ui Co Mn Or Fe,04 |lithology
Background
Jijombo |1163 |10 <5 5 <5 85 <@ 20 B0 6000 0.2 20 10 130 60 1.5 sand
Anomalous
Mufumbwe 0715 8 & 6 & 85 <@ 60 <50 5000 <0.2 30 40 LO 50 3.0 sand
0719 8 B 8 S 600 < 60 <50 6000 .2 LO 10 85 85 8,8 vebble zone

el
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with the carbon content; but his profiles do not contain
lateritic zones., Local correlation of Cu with organic carbon
does occur, and the Cu snomaly of the Middle Kamwedgi dambo
is restricted to a buried humus horizon which has acted as a
trap for Cu transported down the former dambo.

The Fe content of dambo sediment is gcnerally lower than
garrounding soil but similar to surrounding Sand values. In
profile, the Fe gencrally increascs in depth in areas of
residual soil, but is more erratic in a Kalahari Sand dambo.
Fe hydroxide enrichment above the water-table results in
lateritic formation due to incrcascd oxidation. Mn is
enriched in the humus horizon and tends to decrcase wlth depth-
This decrease in depth may be rclated mainly to the decreasec
of carbon with depth, with minor Mn content fluctuations
caused by the variation in pH. Mn dcposition in the zone of
lateritisation is erratic and may be high (Figs. 18 and 20),
and is usually associated with an accumulation of Co. In arcas
of residual soils, the Zn content incrcasce downwards in dambo
'ééaiment, but decreascs in depth in Xalahari Sand dambos.
This may be partly due to the irregularity of dambo pH valucs.

3. _HYDROGEN ION POTENTIAL

Determinations of the pH of profiles in residual soil,
Kalahari Sand and dambo scdimcnt were carried out in the
laboratory nine months after collection. Although drying of
samples affects element bonding, While the amount of water
added to dried samples during pH measurements affcects the
values obtained (Jackson 1958), the standardised method
cmployed is generally acceptcd as indicatlive of pH conditions
in situ,

In residual soils (Table 35), maximum pH values occur in



Table .35. pH velues in soil, Sand and dambo sediment profiles.

Residual Soil
i_ Mufumbwe L.Kamwedgi Jijombo
; Pit No. A/49 3h/4 ONW 0/8NW | DN/3% DN-3 KN7 MN8 F5

Ao horizon 5.3‘ L. 5.6 5.4 5.8 6.3 6.0 5.6

A horizon L.9 L.5 L5 L.5 5.7 5.2 5.2 5.1

B horizon(laterite) - - L.6 b9 Lol 5.3 B.2 -

C horizoﬁ 1.5 o5 L.5 L,7 - 4L, 8 5.0 L.5

D horizon - Le2 Lol L 5 - h.7 - -

Kalahari Sand

Mufumbwe L.Kamwedgil M. Kanwedgi Jijombo

Pit No. 2. lunl 26/6 30/2 30/0 MN-3 ML RNLE RN-3 VN3 V-3 jm M7 B\ D18
i Ao horizon - 6,0 5.9 6.5| 5.8 6.£ww5-1 5.8 5.9 5.3 5.2 6.3 5.6 -
| q-se .8 57 L7 47| be65.7 L5 LB b7 5.3 4ok U9 hoS| L6

5-10ft. L7 U.6 4.9 L5 | Lol 5.0 4.5 46 Le7 Bt L6 L6 - Lol

10-15ft. 5. 5 L6 L. L. bbb - Lo6 bLe6 L5 5.4 L0 L.8 Lok L.5
. 156-20ft. b4.3 4he3 L5 - 4e5 = L.4 b.6 L.b Lo L.2 L8 L.3 -
' laterite zone - L9 - L.O - 5.2 - - - - = L.5 = -

Dsmbo Sedimz=nt
% Hufumbwe - 3 I, Kamwedgi Jijombo
Pit Ifo. B/Mv/3 B/L/4 B/L/2 B/L/5 B/L/A B/A/2 B/A/A M2/ H2/2 M2/3 12/5|GAL B13 CuE 10 DS BL F9
_homorizon | 57 5.9 5.9 5.5 6.2 4.7 6.2 53 4.8 5.5 5L[5.5 5.4 6.1/5.9 4.8 6.0 5.9
1 transition | 6.2 5.4  L.8  L.9 5,6 L.4 5.5 L.7 4.8 5.3 5.0/5.0 5.2 4.9|5.5 L6 5.2 5.3
| A-3r 5.7 - 57 50 L2 - 1.8 16 5.2 5.3 5.2| - 5.4 5.0/L9 6.3 5.1 4.6
| 3-6rt. - - - - - - - - = = - |56 - L.8{5.3 6,654 -
% pebble zone 6.3 6.5 6.6 6.5 6.3 5.2 - 5.6 - - - | = = b.,5 - - - 6.5
% laterit: zone| -~ - - n 5.2 5.1 5.7 - - - - b5 = b8l - - - -

“Gfl
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the Ao horizon (4.9-6.3) which may be due to humic alkaline
complcxes, and to bascs derived from dccaycd vegctable matter
(Mohr and von Baren, 1954). Thc acidity incrcascs with depth
which rclates to the increased soil CO, content with depth, and
to rcmoval of bascs by leaching. No consistent incrcase was
found in the B horizon scsquioxide zonc, while the C horizon
is generally acidic (pH L. 5-5.0). Value ranges arc similar

to those of latosols in the Coppcrbelt (Tooms, 1955; Govett,
1958) while Tooms (1955), and Kcllog (19L4S) in Congo latosols,
note upward incrcasing alkslinity. The upward increase in
alkalinity is conducive to greatcr metal deposition towards
surface.

A similar trend is observed in Kalshari Sand (Table 35).
The pH values in thc Ao horizon (5.1-6.5) arc generally
similar in level to residual solls, and there is a considerable
drop in pH value below the humus horizon, which would sugrest
a corrclation of alkalinity with humus. Plant material may
aocumulato bases or producc bascs by vesctation decay., The
Sand is slightly morc acid with depth wherc an incrcasc in
0o content,. and incrcascd lcaching of bases will
pccur, The lateritic horizon indicatcs no systematic incrcase
in pH valucs.

The pH values of dambo profilcs are erratic and no

consistent trend is apparent. Valucs in the Ao horizon range
from L. 7-6.2, with similar values in the A horizon.
Conditions in the pecbble horizons appear to bec less acid.
The valuc range is in accord with valucs in dambos on the
Copperbelt although Tooms (1955) and Govett (1958) noted
downward and upward increcasc in pH rcspectively.

A11 profilcs are thercfore slightly acidic. The upward

inercase in alkalinity values in both soil and Sand agrces
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with the observed upward increasc in the metal content. The
variable trend of acidity in dambos may partly explain the

poor trace clement pattcrns developcd in dambo profiles.

Tablc 36, pH of hydrolyscs of mctals
Cu++ Pesrt Co &n Mn++
503 5.5 6.8 7.0 805

(after Britton, 1942)

The pH rangcs of the profiles are, in the absence of
other factors, particularly critical for Cu and Fe (Table 36).
But many compcting factors are prescnt in profiles, and strict
adherence to these valucs alone is unrealistic (Hawkes and
Webb, 1965).

Ly, MECHANICAIL COMPOSITION

(a) Grain size fraction metallic content

Samples Sf reéidual soil, Kalahari Sand and dambo
scdiment werc divided into specific size fractions both by
dry sicving, and by a combination of wet sleving and
sedimentation. With both techniques a similar partitioning
of metal content pcr size fraction is apparent, and the metal
content incrcases with decreasing grain size (Table 37). The
trend is subducd with the dry sieved samples, as the fine
material including clays, which contain the pgreater proportion
of thc metals, is present in coarser fractions adhering to,
or cementing, individual grains., A morc complcte tabulation
of size fraction analyses of the three sediment types for Cu,

e and Mn is prcsented in Appendix IIT.
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Table 57, Comparison of dry and wet sieved fraction Cu
analyscs (ppm)(nitric-perchloric acid attack)

Size fraction
Overburdcn Sieve
typc mc thod -38 -80
+3877 48077 +2007F S8ilt -200% Clay

Residual Soil | Dry 76 53 74 85

Wet 18 6 ] 8L 170
Kalahari Sand | Dry 15 ] 11 23

Wet 3 3 2 18 120
Dambo sediment! Dry 14 10 10 18

Wet 4 1 2 18 52

(i) Residual Soil

The distribution of Cu, Fe and Mn in size fractions of
residual soil from Mufumbwe sund Lower XKamwedgi (Fie., 36) show
similar and consistent variation., Slightly erratic high
valucs of cach elcment occur in the +38$£material, possibly
due to metal-rich bedrock or laterite fragments. Values arc
at a minimum bectwecen f3&ﬁé and +2007% ., A notablc concentration
occurs in the silt fraction for Cu (410 fold), Fe (6 fold) and
Mn (4 fold), with a further but lowcr increase in the clay
fraction, espccially in anomalous material,

The silt fraction has a mincralogical composition of
guartz, Fe hydroxide and oxide, and minor clay mincrals, while
the clay fraction comprises predominantly kaolinite with TFe
hydroxide and oxide and subsidiary guartz, illitc and possible
organo~minerallic colloids, In the silt fraction, Cu may bec
sorbed by FFe hydroxide, while in the clay fraction the Cu
may be sorbed by Fe hydroxide. and organo-minerallic colloir
Kaolinite has a low cation exchange capacity, but has a large

surface arca which is conducive to coating by Fe (Jenne, 1968),
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which would in turh sorb Cu, The Fe and Mn association in
fractions appcars to be an accumulsation of the hydroxides in
the finc gradecs, and an adsorption of hydroxides on clay
minerals, An intimatc Fe-kaolinlite association in latcrite
soll is notecd by Maipnicn (1966).

Similar distribution of Cu per sizc fraction has been
notcd in latosols by Tooms (19$55) and Govett (1958), although
the latter states that thc Cu is cgually distributed betwcen
silt and clay. In immaturc soils in Upanda, Clews (4962)
notcs that 856 of Cu occurs in the silt-clay fraction;, -while
the Fe content of the clay fraction of all samples is
consistent (2.9%Fe). Band (1969) has observed similar trends
for Cu, Ni, Pe and i¥n in the B horizon of podsols in Norway,
and relates the Ni in silt to hydrous Fe oxides, while the Ni
in clays is associlated with Fe~rich, organo-minergllic colloids

(ii) Kalahari Sand

The mctal partitioning per grain size in Kalshari Sand 1is
similar to that in residual soils (Fig. 37), but with a wore
marked incrcasd contend with decreasine grain size. High
values in the +200% material are morec sporadic and arc
indicative of the low incidence of lateritic fragments with
hish mctal content. The low values of the +2007 fractionsare
due to the monomincralic quartz composition., Marked enrichmmnt
oceurs in the silt fraction for Cu (20 fold), Fc (9 fold) and
Mn (5 fold) with a proportionately lower enrichment in clay;
this is morc pronounced in anomalous waterial, Mincralogically,
the silt and clay fractions are very diffcrent. The former
compriscs fine quartz and Fe and Mn hydroxidcs and oxides;
the latter is mainly kaolinite, with FPc¢ and Mn hydroxides and

oxides, and possible ormano-mincrallic colloids. The catlon
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exchange capacity of both guartz and kaolinite is low, although
Fe is probably associated with the keolinite. The fine quartz
of the silt fraction is capable of adsorbing FFe and in
hydroxides, which will in turn sorb Cu. The bonding of the Cu
is weaker in the silt fraction which is of considerable
significancce when contrast of anomalous to background samplcs
is considercd (See Table 38).

(1ii) Dambo scdiment

The dambo sediment is mostly derived from soil or Kalahari
Sand although not necessarily of local origin, and conscquently
the partitioning of metals in so0il and Sand is influcenced on
entering the dambo environment by mechanical factors such as
strecam sorting, and by chemical factors of solution and
redeposition. Nevertheless, the mctal content per grain sizo
is similar to soils and Sand (Fie. 38). Valucs in the +3877
fraction are variablc and result from the inclusion of rock or
laterite fragments, The silt fraction contains a2 pronounced
accumulation of Cu (17 fold), Fe (12 fold) and Iin (6 fold).

In the clay fraction, Fe is further cnriched, while Cu and Mn
values indicate a relatively poorer enhancemcnt, especlally in
anomalous material, Mincralosically the silt and clay
fractions are similar to the equivalent fractions of the soil
and Sand. Conscequently a strong corrclatibn between Cu, Fec
hydroxides or oxides and fine guartz is suggested in the silt
fraction, and between Cu, Fe hydroxides or oxidces and
kaoplinite in the clay fraction. It is interesting to note
that Govett (1958) found thc maximum cxCu content in the silt
fraction of Copperbelt dambo scdiments, although he correlat:
the Cu contont with organic carbon., In addition, Harden (1962)

no tes maximum Cu, Zn, Co and Ni values in the silt fraction of
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dambo sediments in southern Zambia although in that area the
sediment is immature. Band (1969) observed maximum Cu veal ues
in Norwegian stream scdiments in the clay fraction, and
maximum Fe and Mn values in the silt; he suggests that the Fe
content in so0il clay is reclated to organic-minerallic colloids
which brcaka. down in the oxidising environment of the strecam
and gre dispersed, resulting in low Fe in strcam sediment clay.
In the study area, the Fe appcars to be adsorbed on kaolinite
both in the soils and dambo scdiment. The Fe content in

dambo sediment is generally lowcr than in soil and Sand, both
in silt and clay fractions, indicating a removal of Fe in the
stream environment by reduction either in suspension or in
solution.

(b) Differential Metal Bxtraction

The techniques of partial extraction of metals, or the
extraction of different forms of mectal, can be successfully
applied to ascertain origins of metal in overburden, Five
cxtractants, ammonium acetate, dithizone, warm 0. 5M hydrochloric
acid, potassium bisulphate and nitric-perchloric acid were
applicd to the various size fractions of r?sidual_soi},
Kalahari Sand and dambo scdiment (APPENDIX”III;T#Blégi58~72)p
The ammonium acctate and dithizone:techniqaes are cold
eXtractants and only rcemove weakly bonded metals. Hydrochlox'-
acid and potassium bisulphate are stronpger attacks which are
effective on wmaturc scdiment but are selective on immm ture
materiagl containing fresh rock minerals (Harden, 1962; Clews,
1962), Nitric-perchloric acid extracts over 90i of metal
from all sediment types, and the attack can be regarded as

total in meture sediment.



Each attack produced similar results to those observed in
the above section. This is not uncxpected as the material of
the overburden is prcdominantly the end product of an intcnsiwve
chemical weathering regime. Conscquently a minimum of frcsh
bedrock material occurs and the metals are in a sccondary form.
Weak attacks would therefore produce similar trends to stronger
extractants, With the ammonium acetatc and dithizone
extractions, results arc more crratic as values are generally

near the detection 1limit of the methods. In addition, the
high Pe content of the samples tends to interferc with the
colouration of the dithizone. The weaker attacks are relativcly
morc effective in Kalahari Sand and dambo sedimcnt than in
residual soils, and indicate that Cu in thesc sediments is in
a morc rcadily extractable form. This is further indicated by
a comparigson of cxCu (dithizone)/Total Cu (nitric-perchloric)
bctween thc three sediment types (Table 38).

Table 38, cx (dithizone)/Total (nitric-perchloric)Cué in
overburdcn pcr sizc fraction

i gize fraotion
Overburden Sicve | -38

type method |+387° +807* +2oo77£ -2007 Silt Clay

Residual soil [enomalous) | Dry | 0.3 O.L 0.3 0.6 - -
cht Oo 6 6_‘ 6 L!-.Ll- e <O.1 <Oo1
Kalahari Sand {backesround) Dry | 6.7 3.3 5.5 2.6 - -

WGt 6.7 6.7 1000 - 702 309
(backeround)] Dry | L.O 4.0 3.0 1.2 - -
Wet {20.0 10,0 30.0 - 2,0 0,6

Dambo Sediment{backsround) Dry | 3.6 2.0 3.0 2.8 - -
' Wet 10,0 10.0 5.0 - L5 5.0
(anomalcus) | Dry | 5.0 L.3 4.1 5.5 - -
wet | 1.7 7.2 L.2 - 80L4.3
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The lowest ratio values, and hence the most firmly bonded Cu,
pceur in the residual soil. In residual soil, the Cu of the
silt and clay fractions appesrrclativaly firmly bonded., The
higher ratio valucs for the +2007* wet sieved fractions, are
probably due to analytical error as valuces are near the
detection limit of the dithizone method, and precisiion is
liable to be low. In the clay fraction interfercnce of colour
by clay oceurs and may also cause error., The ratio values of
the Kalaharl Sand and dambo sediment arc of similar and
grecater magnitude, and imply that the Cu is more looscly
bonded, It is probable that the Cx/Total ratio values are
high in the wet sieved fractions as dithizone values are again
" near the detection limit. The Cu of the silt fraction is more
cxtractable than the Cu of the clay. In Zambia, the ex/Total
Cu ratio has beenmted as higher in dambo sediment than in
latosols (Govett, 1958; Coope and Webb, 1963). Govett
rclates the high cxCu to carbon content while Clews (1962) in
strcam sediments in Ucanda correlates high cxCu with sorption
cffects on clay.

A comparison of HCl extractable Cu, Fe and Mn relative to
total content in residual soil and Kalshari Sand is shown in
Table 39, In residual soil the Cu values are similar for all
fractions.and sugrests that HC1l extractable Cu is in a
gimilar form in each fraction. The marked fluctuation of Cu
in the +200%F fraction in Kalahari Sand probably reflccts
experimental error duc to the low Cu extraction in the +200%
fraction. Values are generally higher in Kalahari Sand than
in the presidual soil indicating the gencral looser bonding of

the Cu in XKalahari Sand.
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Table 39, HCL/Totall metal ratio per size fraction{wet sievecd)

Overburden type -38 =80 -125
+3877 +807 +1 5#+200FSilt Clay

Cu |Residual Soil(anomalous) M7.5 14.9 19,6 17.2 17.0 1L.5

(background)|20.0 21,7 25.6 18,5 21.7 19.2

Kalahari Sand|(anomalous) [35.7 18.1 9.7 413.9 27.7 2643
(background)i26.3 L45.5 35,7 38,k 35.7 27.8

Fe|Residual Soill(anomalous) |30.3 30.3 27.0 25.6 27.8 32.3
(background)26.3 22.2 30.3 25.0 18.2 418.5

Kalahari Sand(anomalous) [20.0 22.2 26.3 2%.3 48,1 22.2
(background)l24.3 26.3 29.4 17.9 20.8 12.8

¥n|Residual Soilj(anomalous) |66.6 100 400 100 90.9 90.9
(background)100 400 400 100 83,3 90.9

Kalahari Sand(anowalous) |55.6 38.5 100 4100 400 90.9

(background)10C 100 76,9 66.7 90.9 83,3

The amount of HC1l extractable Fe in rcsidual soil and
Kelahari Sand is of similar magnitude to the Cu. The lack of
trend in either soil or Sand suggcsts that in all size
fractions, the Fe is in a similar form oiﬁher adsorbcd on
quartz or clay, HC1l extractable Mn is virtually total Mn in
both soil and Sand. The corr65pondonce.in ratio level between
Cu end Fe extractions, and the contrast with Mn, suggests that
there is an intimate association betwecn the Cu and Fe in all
size fractions, and probably reflects the Fe hydroxide

coatings on quartz grains or kaolinite.
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(e) letal association per sizec fraction

(1) Cu-Fe

The ratio of total Cu to i'c per size fraction 1in soils
(Fig, 39a) illustrates that in backeround and anomalous areas,
the value incrceascs with decreasing grain sizc. In anomalous
soll, Cu is in greatest excess of Fe in the clay fraction.

The HCL extractablc metal ratio for the soil (Fig. 39b)
illustrates a similar but subducd trend and values for the silt
and clay fractions arc of cqual magnitude. This diffecrcence
betwcen the attacks in the silt and clay fractions, suggests
that a proportion of the Cu in the clay is more strongly

bonded than in the silt fraction.

In Kalahari Sand in backsround arcas (Fig. 39c) the total
ratio value is similar for all fractions while in anomalous
samples, a gencral increase occurs with decreasing grain slze.
The valuc for the silt fraction is similar to the clay. With
an HC1 cxtraction, backsround values arc equal while in
anomalous Sand the silt value 1s precater than the clay. This
sugcests that in anomalous areas, the greatest cxccss of Cu to
Fe is in thc silt and clay, and Cu is looserbonded in silt.

(11) Cu-lin

The ratio of total Cu to kMn pcr size fraction of residual
soil (Fig. 1,0a) incrcascs with decreasing grain size., A
similar trend occurs with HCl extractable metal (Fis. LOb).
With both attacks the trcnds are greater in anomalous arcas.
In Kalahari Sand, values are crratic in the coarser fractions;
possibly due to the low extraction of metal.Values gencrally
indicate a similar trend with both total and HC1l soluble
metal, and increase in silt and clay. As HC1 soluble Mn
is virtually cguivalcnt to total extraction, trcnds for both

attacke should be similar.
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(d) Contrast

Detection of the maximum contrast betwcen anomalaué and
backoround mctal content is the aim of a prospccting technique,
and most variations in tcchniquc attempt to enhance this
contrast, whether by usc of a particular sediment typc, metal
extractant, pathfinder clecment or metal ratio. The contrast
of differcnt size fractions of the samc samplc is now considered,
as metal contcnt of diffcrcnt grain sizc fractions of ovcr-
burden has been shown to vary (Fiss., 36-38).

(i) Residual Soil (Table 40)

The maximum btotal Cu contrast occurs in the silt and clay
fractions, whilc valucs in dry sie&od samples arc notably low,.
The trcnd is similar with HC1l soluble Cu, but the valucs arc
morc crraticwhere theyarc ncar the detection limit of the
mcthod. The sporadic high values in thc +38ﬁ¢ fraction rcsult
from occasional latcritic or rock fragmcnts containing
anomalous mctal content,

The Fe and lin contrasts for the same sizc fractions arc
illustrated in Tables L1 and 42 rcspectively., Tc or Mn
cnrichment is not neccssarily associated with Cu mincralisation
or Cu cnrichment in thc soils of thc study arca, and whcrc TFe
or Mn is grecater in Cu anomalous areas and lowcr in Cu back-
ground arcas, contrast valucs in Tablecs L1 and 42 arce markcd
positive (%); where the reverse assocliation occurs, the
contrast valucs arc rcciprocals and arc markcd negative (-).
In residual soilsy the maximum total Fe contrast occurs in the
silt and eclay fractions, whilc the maximum Mn contrast is
morc crratic, but tends to occur in thc silt fraction.

Band (1969), working on Norwegian soils, rccords maximum

Cu and Mn contrasts in silt, whilc meximum Fe, Ni and Co
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Table 4O, Cu contrast values in overburden per size fraction.

. Dr
Oz;;léurden I i]:; sz;red — sieged
3675 807 “oF 32007 silh cloyhed -o0d
Residual |

soil Total Cul (1) | 2.7 2.5 2,6 2.0 2.6 3.311.9 2.
(2) 1.3 1.8 2.0 1.7 2.1 1.9[1.3 1.4
(3) 108 1.2 - 4.4 2,61.8] - 1.7

HC1 Ccu | (1) | 4.0 1.9 1.5 1.7 2.1 2.5
(2) 11.0 142 2.2 1.8 1.6 1.5/1.2 -
(3) | 0.1 0.5 - 1.2 0.8 4.3 - ol
Kgiigari Total cul (4) | 2.4 1.8 2.1 2,8 3,8 2.7|24 3l
1) |18 4.8 22 B3 5.4 3.2\ 34 4

(6) | 5.0 0.8 - 3.0 L. 1.1

(7) (1.2 0.6 - 2.6 3.51.7
HC1 Cu | (L) | 2.7 0.7 0.6 1.0 2.8 2.8/44 -
(5) 2.8 0.8 0.8 4.2 L4.0 3.2/23 -

(6) fi1.0 0.1 - 0.3 5.5 4.6
ngggmcnt Total Ccy (7) LS.7 3. - 13.8 L2.2 13.9 153
HCl Cu | (7) | 7.4 5.9 - L5 5,05.,5 44
cxCu (7) |20, 22,0 - 14,0 65.3 4134 2,0
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Table W1, ¢ contrast values in residusal and Kalahari Sand
per size fraction

Wet sieved Dry sieved
Overburden -38 -80 -125
type L3877 +B0% A25% +2007# silt clay |-807% -2007
Residual WNitric-
soil  [perchloricl 1.2 0.9 0.8 0,7 0.6 0.7 0,6 0.6(=)
acid
005 006 008 049 007 006 0.7 O- 5(")
Hydro- '
chloric 2.5 1.4 0.7 0.6 0.81.0 (=)
acid
0.l 0.7 0.8 1.1 1.4 1.411.0 (=)
Kalahari [Nitric-
Sand perchloric 0,8 1.1 1.2 1.0 1.2 0.9} 0,9 1.2(+)
acld
1,0 1.3 1.0 1.2 1.4 0.9 1.3 1.3(+)
Hydro- .
chloric 1.0 1.0 1,0 1.7 1.01.3{ 0.8 (+)
acid
0.7 1.0 1,0 1.3 1.31.7! 0,9 (+)
Table L2, ¥Mn contrast in residual soil and Kalshari Sand
per size fraction
| Wet sieved Dry siewd
Overburden -38 -80 -125
type L3877 480 A25HE 4200 silt clay -8 —200%
Residugl Nitrice-
soil perchloric| 0.8 0.4 0.4 0.5 0.8 0,7! 0.5 0©.7(=)
acid
0.5 0.3 0.5 0.8 2.4 1.3} 0,8 1.6(+)
Hydro- |
chloric 1.1 0.5 Ot 0.7 0.8 0.7 - (-)
acid
0.3 0.5 0.5 0.9 2.7 1.5{ 0.9 (+)
Kalshari (Nitric-— ;
Sand perchloricl 2.3 2.3 0.6 0,6 0.8 0.9| 1.1 0.9(+)
acid !
5e3 10.5 1.0 1.2 1.4 1.2] 1.7 1.2(+)
Hydro-
chloric 0.7 0.6 1,17 0,8 0.8 0,9 1.5 (+)
acid
3,0 L.O 2.7 2.4 1.71.4| 2.3 (+)
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contrasts appecar in thc clay fraction. The maximum Cu
contrast valuc in thc silt fraction of the soils of thc study
arca is probably rclatcd to thc fact that maximum cxCu and
cx/Total Cu osceur in the silt fraction of latosols (Govctt,
1958), The silt fraction compriscs finc quartz with Fe
hydroxidec. and oxide and is similar in composition to coarser
fractions of thc soil. It is possiblc that thc Cu in silt is
associated with the very finc quartz, and in particular with
Fe hydroxide coating the guartz. In arcas of mincralisastion
during wcathcring, original Cu mincrals arc altcrcd or
dccomposcd, and thec rcmobiliscd Cu, togethcr with hydro-
morphically introduccd Cu from the watcr-tablc, may be weakly
sorbcd on to the Fe-coated finc gquartz.

(ii) Kalahari Sand

The maximum Cu contrast (Table LO) for both total and
HC1 soluble Cu cccurs consistently in the silt fraction, and
valucs arc greater than in residual solls; the Fe and Mn
contrasts arec low (Table 41 and 1,2) and show no consistcnt
trend, Thc silt fraction of Xalahari Sand is mineralogically
similar to coarser grain sizce fractions, and comprises fine
quartz, Fe hydroxidc. and oxidc and minor kaolinite. Thc clay
fraction is prcdominantly kaolinite with Fc¢ hydroxide and
opxidec, Thus in the silt fraction, Cu will be sorbed mainly
by the Fc hydroxide and oxide associatcd with the quartz,
The marked increasc in Cu éontent which occurs in thc silt
fraction (Fig. 37) no doubt rclatcs to the concurrcnt
increased Fe content; the rclatively greater incrcasc of Cu
in silt in Cu anomalous areas where thc Fe content is not
nececssarily incrcascd, and where the Cu is morc readlily

lcached (Govett, 1958), may be due to some relatively loosely
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bonded association with the fine quartz, or finc gquartz coated
with Fe hydroxide and oxide. Furthcrmorc, in arecas of
mineralisation, thc anomalous Cu may bc in an association in
the groundwater which tends to concecntrate in the silt
fraction in thc ovorburden,

(iii) Dambo sediment

Maximum Cu contrast occurs in thc silt fraction. The
cxCu contrast occurs in thc same fraction but is of greatcr
magnitude. Similar rcsults in dambo scdiment are recorded by
Govett (1958). Although factors controlling the dispersion of
Cu in dambo sedimcnt appear to be more complecx than in the
80il or Band, and insufficicnt data has bcen collected covering
thce various influcnces, it scems probablc that the gencral
similaritics of Cu distfibution per size fraction, and Cu
contrast per size fraction, with s2il and Sand indicate a

similar control of Cu.

5. INFLUENCE OF ORGANIC MATERIAT

Decaying vegetation comprises wmuch of the Ao horizon of
sub tropical soils, and contains both altcred rcsiducs (humus)
and rclatively unaltcecred, unhumified plant fibre. Because of
thc high tempceraturcs, vegetation is rapidly decomposcd and
oxidisecd mainly to carbon dioxide and water., This results in
a reduced asmount of intermediate humic compounds. In addition,
occasional bush fires convert surfacc vegetable material to
carbon,

(a) Humus fractionation

Ao horizon humic matter was divided into a coarsc,
unhumified fraction containing twics and lecaves, and a fine

fraction comprising mostly humified material.



Table L3, Humus fractionation trace elecment content (ppm).

Residual Soil Kalahari 3and
Cu | overburaen silt 78 70 36 2L 60 62 15 185 110 10 12 16
( coarse 81 79 38 e 58 60 2l 3L 76 30 28 30
humus (
( fine 68 75 L0 38 78 60 2% L6 S8 17 16 15
Average vegetation
range and mean Lo5-12.L (7.2)
Fel overburden silt 1.2 1.9 3.1 1.9 1.9 14.8; 1.5 5.5 L.2 1.1 13 2.6
coarse 0.1 .6 1.0 1.2 1.0 0.8 0.4, 0.3 0.6 0.7 0.7 0.7
humus
fine 1.8 0.9 2.7 2.5 2.0 1.5 1.6 0.9 1.8 1.4 1.4 1.3
Average vegetation
range and mean 12.0-18.0 (5.6)
Mn | overburden cllt 2L,0 190 290 250 1,60 770 370 150 270 170 160 150
N g coarse - L70 570 540 G20 860 520 720 630 760 370 700
s
( fine . 1,60 340 530 550 560 580 920 710 620 560 L60 1,20
Average vegetation
range and mean 32-630 (229)
Zn | overburden 3ilt 22 20 15 15 20 20 14 22 20 16 20 13
. E coarse L3 L8 3L 3L 50 L2 us i 1 61 55 56
wus
( fine 12 13 16 18 26 22 35 32 11 20 17 28
Average vegetation
range andé mean L-26 (15)

‘19t
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The Cu content of the two fractions is similar (Table
L3) over cither rcsidual soil or Kalahari Sand, and displays
similar variations to the contcnt in the underlying scediment.
Both fractions show cnrichmcnt of the Cu content rclative to
vegetation (10 fold). Thc Fe content is onriched in the fine
humnus, 1is of a similar lecvel to the underlying soll or Sand
content, and is considcrably enhenccd rclative to vegetation
values (200 fold). The variation of Fe content in overburden
is not rcllected in the humus values. The iin content of the
two fractions is similar and is hisher than the Mn valucs of
the spil or Sand; the humus Mn values tend to reflcct the
overburden pattern, while they are preater than the values in
vegetation (2 fold). 2Zn is cnriched in thc coarsce humus,
whilc the Zn content of finc humus is similar to the over-
burden content. The Zn content of humus is double the
vegetation value (2 fold).

Although of rather a rudimcntary nature, thesc results
indicatc that the metal content of cven coarse, rclatively
unhumificd plant debris in the Ao horizon differs considerably
from the metal contcnt in surrounding vegetation. The humus
tends to accumulate trace clements, possibly by metal
insolubility, and attains metal levels morc equivalent to
spil valucs.

Humus is-rcportod to be a dark colourcd, complex organic
substance with 2 high total exchange capacity with which the
less solublc constitucnts of plant decay tond to accumulatc.
It has a high adsorptive capacity for cations, and Cu is
strongly chclated (Boyle, 1969); in addition Cu is strongly

sorbed by unhumificd plant material (Bloomfield, 1963).
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Some authoritics consider that metals, and in particular Cu,
form stable complex mectallo-humics by chelation (Duvigneaud

and ‘Denaeyer, 1963; Malyuga, 196L4) and arc irrcversibly fixed
and accumulated (Ginéburg, 1960)., Others susgest that Cu tends
to stabilise in non-soluble metallo~organic complcxcs but that
the bonding is cextremely variable resulting in both readily-
extractable or firmly bonded metal (Hawkes and Webb, 1965).

In Zambian soils, Govett (1958) maihtains that Cu in the humus
horizon is more readily-cxtractable than at 18 ins. dcpth.

(b) Ao horizon metal content

In the study area the organic carbon content in residual
soils decrcases from surfacc (0.8-1.0%5) to the A horizon
(0. %) and remains rclatively constant into the C horizon
irpespective of laterite development, In Kalahari Sand the
suffacé organic carbon is more concentrated (1.1-1.66) and
decreases rapidly to 5 ft. (0.2-0.l¢%) and is less than O, Z%
down to 20 ft.

In the study arca in both backsround and anomalous soils,
Cu values in the Ao horizon arc veriable but renerally lower
than in soil at 9 in. depth (Table LL), and especially in
anomalous areas. The Ao humus horizon is enriched in HMn
(+70%) and Zn (+29%6) but impoverished in Fe (—18%) in
comparison with the valucs at 9 in., depth., Although
vegetation has a low uptake of Fe, thc lower Fe valuec in
humus may also be due to organic rcduction of Fed+, or to the
prévention of flocculation of colloidal ferric hydroxide by
humic substances (Oborn, 1960).

In Kalahari Sand areas with background Cu values, there
is a marked enrichment of Cu in the Ao horizon compared with

underlying Sand (+29%). In anomalous arcas, the humus zone
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Table Lli. Humus horizon tracce clement enrichment

e

Overburden ' Anomalqps . Background
type Aelement Ao 9in. ment Gﬁﬁ} Ao 9in. gg?fﬂaﬁa
Residual .} .. .
s0il Cu 83,1 220.7 =155 (MY} 28.8 29.9 -1%  (5)
Fek . 1.8 2.4 -18 [i6)
Mn 340.7 2005 +70h (6
Zn 24,0 19.0 +26% - [6)
Kalahari '

Sand Cu | 78.L4 86,6 —11% (5)] 26.6 20.6 +29% (9
Feh 1.2 1.3 =™ A
ln 207.0 71.5 +90% . ()
Zn 3.0 16,1 #1M% ()

% No, of samples

is impoverishcd. As the Cu contont of Kalahari Sand is low,
biochcmical enrichment may be more significant than in
rcsidual spil. HMoreover, thc Ao horizon is generally more
organic-rich and alkaline than over residual soil. The
deficiency of Cu in humus in anomalous Sand may rcflect a
greater hydromorphic concentration of Cu in the silt and clay
fractions of Sand than by vegetation. lin (+190%) and Zn
(+111%) values are notably enhanced in Sand humus while Fe
values arc lower (-%). The Mn and Zn are morc cenrichcd than
in residual soil humus which may rcflcct the higher carbon
content and alkalinity of the Kalahari Ao horizon compared
with rcsidual soil.

Cu cnrichment in humic horizons is reported in various
Europcan and Canadian soils (Duvigneaud and Denacyer, 1963;

Hornbrookc, 4969)., Humue is used as a successful prospecting
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technique in areas of transported overburden (e.g. Canadaj
Boyle and Dass, 1967) or where the humus mctal is of a highcr
concentration than in the underlying soil. In the study area
humus sampling is less effective than soil or Sand sampling.
Although the arcdl trace elcment pattern of the soil is
rcflcetcd in the humus, the gcnerally lower valucs of Cu in
humus would rcsult in a lower contrast between anomalous and
background arcas. In addition, Cu valucs arc more varilable
in the humus horizon.

(c) Middle Xamwcdpi anomaly

The anomalous Cu at Middlc Xamwedgi is restricted to a
zone of brown-black, humic dambo sedimcnt in which the organic
carbon content rises to over 1%. A typical profilc is
precsentcd in Table 45. The zone 1s coextensive with the

Table 45. Trace clcment content (ppm) reclative to carbon
- content (Middle Kamwedei, pit G14)

organic
Depth(in.-ft.) Description carbon % Cu F&h Mn Zn pH
O-2M dark brown humus| 1.4 560 3.0 120 21 5.5
oit-q o brown humus 1.4 920 3.0 25 16 5.0
1tan-ot i buff sand 0.1 270 2,3 21 6 5.7
2' 6t-31 6 black humic sand| 1.3 1300 1.6 12 19 5,2
3ten-L! 6 black humic sand| 1.L 1600 0,5 12 19 5.1
L' 61-5 6 brown sand 0.1 90 2.0 16 L 5,6
5! 65! puff sand 0.1 30 2.3 12 6 L.9
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anomalous Cu zone oubtlined iﬁ Pig, 29 and occurs undecr the
southern fringe of the present—-day dambo. This position,
together with the existence of pebble horizons lower in the
profile (Fig. 30), suggest that it is the Ao horizon of a
burlied former dambo mcandér. The former climatic conditions,
existine when the humus was formed, may have becen considerably
wetter than the prcscnt day climate; as evidecnecd by pebble
zones. Conscquently, the horizon may have been similar to
humus horizons in present day dambos, or to more permanent
swamp conditions which have a lower rcdox potcntial. Secpage
Cu anomalies are common in present day dambo humus zones
(Tooms, 1955; Govett, 1958) and in temperate swamps (Hawkes
and Webb, 1965). If the anomaly was due to metal concentration
in a swamp environment from a background source, Zn would tend
to precipitate in a similar manncr. The absence of Zn
accumulation at Lower Kamwedgi may be due to post-depositional
solution of the wmore mobile Zn, or alternatively suggests that
the anomalous concentration of Cu alone, rcflects a Cu-rich,
Zn-poor source upstrcam,

6. BIOGENBTIC FACTORS

(a) Termitaria

(i) Introduction

Termitaria are common features in the study area and
develop on residual and contact soil, damho scdiment and in
Kalahari Sand ncar dambos. The structurcs are of two types:

(1) small cylindrical knobs, 6 in. to 1 ft. in
diameter and 1-2 ft. in height.

(2) larse conical mounds with a base of up to
60 ft. in diameter; the lower older basc is typilcally

surmounted by a younger pinnacle with a height of up to 30 ft.
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The mound generally contains about 300 tons of material.

The larse structures (2) were the ﬁbject of investigation
as they reprcscnt a considerable amount of reworked overburden
material with possible disruption of soil and gceochemical
brofiles. Similar termitaria have bcen investipated on the
Copperbelt where the termitc spcecics is belicved to be Termcs

bellicosus (Arnold is Wendclsohn, 1861). Termitc activity

has been noted on the Copperbelt to depths of 20 ft., and may
be dcepcr if the termitcs obtain moisturc from the watcr—table.

The termitaria in the study area reflect the soil colour.
On rcsidual spil the general frequency is 1 per acrc, but in
areas of contact soil arc less common and the termitaria are
flatter in outline. 1In areas of Kalahari Sand, thcy occur
only on the frinscs of dambos. Although Tooms (1956) sugpests
that termitaria only occur on well ssrated soils, it is probable
that cxccssive depth to the water-table, or the poor water-
rctention gualities of the overburden, as in arcas of Kalshari
Sand, is prohibitive, cithcr to the existence of the termites,
or to the construction of termitaria, Within the dambo flood-
plains, the semi-permancnt water-logcing of the scdiment
recstricts the activity of the termitcs.

(11) Residual Soil

Termitaria tops and bascs together with adjaccent solls
were sampled and the -80% dry sieved fraction analysed (Fig.
41). The soil Cu anomaly is displayed in the termitaria
matcrial. The Cu contents of the tops and bases of the
termitaria are of similar magnitude but are consistently
greater than the soil values. This apparent incrcase in the COn

content of the termitarie is a result of the higher proportion
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of =20077 material in termitaria (Tablc L6) with a higher
mctal content associated with the fines. Reanalyses of the
samples using a similar silt size fraction (Pip. L2) indicates
very similar Cu, Fe, Mn, Zn and Co valucs for the two parts of
the termitaris and suggest a similar origin for the material
for both parts.

In comparison with the soil results, the metal dispecrsion
in the termitaria is identical to the soil, and values except
for Cu arc of equal magnitude; the Cu is slightly enriched
in the termitaria. This random sampling of the termitaris
indicatcs an overall consistency of metal content within the
termitaria, although locally a range of values may occur
within a single termitaria (Tooms, 1955).

(1ii) Kalahari Sand

At Jijombo, large termitaria occur within half a mile of
the dambo margin., Company data of 9 in. and hand-auger
sampling in the Kalahari Sand on the west bank of the dambo,
adjacent to the dambo anomaly (Fim. ), had indicated
consistent backeround valucs of 4O ppm Cu (-807#D). Resampling
of the Sand during the present study indicated low background
values of 4=11 ppm Cu (Fig. L43a; -8077D, potassium bisulphatc
extraction). Analyses of -80#D fractions of adjacent
termitaria illustratc a significant anomalous zone, with a
peak value of 43 ppm and a backeround range of L-20 ppm
(Fig, L3b). Subsecquent power auger drilling at this anomaly
has confirmed mineraliscd mudstone at 52 ft, depth, overlain
by Kalahari Sand. Comparative mechanical analyses of the
Sand and termitaria material (Table L6) indicate a markcdly
higher content of -20077 material in termitaria than in Sar~”

which would account for the variation in magnitude of Cu
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Table L6.

liechanical analyses of termitaria and adjacent overburden.

ight per size fraction

o
/0 we
Location Type 00 -20438%F  -38480%  -80+2007%  —n0OR~
Residual toil ufumbwe Termitaris| 1.7 2.8 10.5 2h.1 50, ¢
Residual
Kalghari Cand Mufumbwe
Fansimba Rd. Termitaria| 0.3 11.3 28.0 5.2 55. 2
Kalahari
Sand 0.3 13.9 L3, 8 15.0 27.0
Jijombo Termitaria| 0.8 15.3 30, 2 15.9 37. 8
Kalahari

‘69t
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between the termitaria and Sand samples., This is illustrated
ig analyses of the silt fraction of both Sand and termitaris
are comparcd (Fig. L3b). The Cu, Fe, Mn, Zn and Co metal
content of both sample types is similar. The anomalous Cu
zone is outlined by the silt fraction of both types of sample.

A comparison of tracc clcment values in termitaria and in
adjacent residual soil profiles (Table L7) indicates that the
Cu, Fc and Nn valucs in termitaria arc similar to soil values
at 10 £t, depth, while Zn and Co values correlate with any
depth below the Ao horizon., A similar comparisbn in a
Kalahari Sand environment (Table 47) illustrates that the
metal content of the termitaria equates with values in near-
surface horizons and in particular above a metal enriched
laterite zone (pit B8, 8-12 ft. depth). These rcsults,
together with the overburden and termitaria data in Figs. L2
and L3, suggest that termitaria material is derived from
relatively near-surface overburden., The rcsults are in accord
with Tooms (1955), who suggests that termitaria material is
derived from the A horizon.

In conclusion, althoush termites probably burrow through
overburden to a considerable dcpth, the gceneral consistency of
geochemical soil profiles implies that 1ittle disruption is
causcd. Moreover, tcrmitaria arc mainly constructed from nc.
surface overburden which would not involve contamination by
material from depth. As a prospecting technique, the metal
content of termitaria is similar to that of surrounding over-—

burden, although the greater proportion of fine material in



Table L7.

Comparison of termitaria and overburden profile metal content (ppm)

Residual soil (Hufumbwe)

Kalahari Sand (Jijombo)

Termi taria cu Fe Iin zn Co Tefmitaria: Cu Fekh Co cu Felh Co
Top 160 3.1 1507 16 9 Top - u5'~ 0.9 9 13 0.6 6
Base 1€0 3.8 190 17 10 Base | 51 0.9 9 17 0.7 7

Pit 2.6/8/0) Pit B8

Depth(ft. | Depth(ft, )|
0-0.2 105 3.2 L60 2l 10 | 0~0,3 34 0.7 10 15 0.5 Q
0.2-1 420 3.5 250 20 10 0,3—2 Lily 0.9 13 | 10 0.7 10
1=3 110 2.9 180 16 10 2=5 52 1e3 16 11 0.6 9
3-6 95 2.7 120 15 9 5-8 5L 17 11 12 0.7 9
6-9 130 3.2 160 17 10 8-42 69 2.6 12 10 0.7 8
9-11 160 Lol 200 17 10 12-18 28 1.0 S 12 0.6 9
11-104 160 Le2 220 18 10 18-26 7 0.4 9
14-17 210 T 200 17 28

LAY
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termitaria is an aid where coarse material sampling (—BQﬁéD)

is employed; this effcct is most marked in Kalahari Sand
areas where termitaria sampling is superior to Sand sampling,
if a coarse sicve fraction is used for analyses. Unfortunatdw
in Kalshari Sand arcas, thc distribution of termitaria is
limited to the environment of dambos, which arc notably

infrequent in thesc arcas.



173,

CHAPTER V BIOCHEMICAL PROSPECTING

1. Introduction

The detection of mineralisation by the observation of
plants was first reported by Agricola (1556). Early research
in the application of vegetation to geochemical prospeecting
was carricd out by Goldschmidt (1$37), Fersman (1939) and
Brundin (1939). Since then a great amount of literature on
the subject has been written both in the western hemisphere
and in the U,S.S.R.

Early workers in the U.S8.S.R. include Malyuga (1947,'63),
Ginzburg (1957), Vinogradov (1954), and Tkalich (1952); in
Canada much work has been done by Warren and associates, and
papers include Warren and Delavault (1S48), Warren and
Howatson (1947); in the U.S.A. early researchers include
Bateman and Wells (1917), Cannon (1952), Lovering et al.
(4950); in Burope initial experiments were carried out by
Rankama (1940), Vogt (1942), Millmen (1953); sand in Africa
preliminary rescarch was carried out by kHillman (1953) with
references by Wilding (1965) and Jay (1959).

The use of vegetation has a particular gppeal in areas
of}transported oﬁerburden and has been applied successfully
vwhere overburden of 50 ft. of glacial drift or swamp sediment
oécurs,(Wobb, 1953), Various authors have discussed the use
of biogeochemistry in arid environments; these include the
prospecting for Cu (Malyuga, 19543 Lovering et al., 1950);
for U and V ( Cannon, 1952; Botova et al., 1963; “
Kurba tov (in Grabovskaya, 1965) ) and for Hg (Saukov, 1950).

General biogeochemical methods in arid arcas are noted

by Khemrebaev and Talipov (1960), Vinogradov et al., (1958)
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and Viktorov (1960). Most of the described arid areas
experience a desert climatcec but the overburden is residual
soll, or thin mantles of aeolian sand. Research on deep
trensported sand covers has not been located during the
prescent rescarch.

In the study area Kalahari Sand overburden is locally
over 100 £t. thick but may be in excess of 200 f£t. In
addition the climste is subtropical and epigenetic anomalies
are able to develop throuch the Sand profile. Elsewhere in
southern Africa, wherc areas of Kalahari Sand expcrience a
semi-arid climatec, lack of moisture may prohibit the
development of a saline anomaly in the Sand, and surface
sempling might be ineffective. 1In such areas, in order to
prenctrate the Sand cover, deep sampling would be necessary.
But technioues such as machine auger drilling, on a grid
sampling basis, would bc extremcly time-consuming and costly.
Alternatively, repgular sampling of vegetation has beenused for
detection of deeply buried ahomalies, and the method depends
on the root penctration of local plant species.

Spccice of short desert plants and shrubs are reported
to have root systems of up to 100 ft. in ordecr to reach the
water-table (Grabovekaya, 1965; Malyuga, 196L4) while in
arid zones in California juniper roots are recorded at depths of
several hundred fect (Cannon end Starrctt, 1956). The
vegetation of the study area is typical of the subtropical
woodland savanna of northern Zambia. As the plants do not
recly solely on water from the watertable, and as the water-
table is relatively shallow in comparison with desert arcas,

the root system may be comparatively shallow. Nevertheless,
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the vegctation is subjected to a 7 month drousht and certain
upper storey Zambian tree species are known to have a well
devcloped tap root system (Fanshawe, 1962).

In plant metal assoclations, two main divisions are
rccognised:

(a) Indicator or overt plants which form about 8> of
reportcd cases (Carlisle and Cleveland, 1958) and whose
distribution or morphological condition is altered by the
excess or deficicney of mctal content in the soil; this
catepory is further divided into (i) specific indicators,
which require a specific element distribution for normal
growth, and, (ii) symptomatic indicators which display
deformed morphological features such as abnormal colour,
shape or flowering timc as a rcsult of mctal toxicity.

This category of overt plants is also divided into
local and universal indicators.

(b) covert or tolerant plants, which show no outward
indication of variable mctal contcnt and represent 9% of
reportcd cases (ibid,,41958). This group includes the
faccumulator! plant which is capable of accepting above-
average levels of metal concentrations in its tissues (Webb
and Millman, 1951; Malyusa, 196L4). It is suggested that
almost all plants may reflect mineralisation (Warren and
Delavault in Carlislc et al., 1958) but hish Cu content is
harmful to organisms (Day, 1965). The effcet of different
concentrations of metal in the soil may affect the floristic
ecological asscmblage.

The association of specific plants with Cu deposits g
well known. These plants are mainly herbaceous and generally

belong to the families Caryophyllaceae and Labiatae, and to
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the Bryophyte mosses (Grabovskaya, 1965). Of the family
Labiatae, two spccies are found in close association with
Cu deposits in the Katanga Province of the Congo, namely

'Bed¢ium obovatum® and Acrocephalus robertii (Duvigncaud, 1958):

the former is reported to grow on soil containing over 5000
ppm Cu, whilc the tolerance of the latter is very high and
in the Congo has ncver been found outside Cu outcrops
(Bawkes and Webb, 1965).

In addition many cascs are cited of the covert type of
plant, whereby the only indication of soil Cu mineralisation
is in the abnormal level of Cu in the plant tissues. There
is considerable disagreement on the factors controlling the
metal content in plant tissues. lietal variation has been
attributed to the species of the plant, the part of the
species, the age of the species, the age of the part, the
type of soil, thc availability of metals in the soil, the
soil pH, microorganisms or organic matter in the soil, the
climate, scason, rainfall, amount of light, and the direction
to which the sample part is dircected. Althourh these factors
may be important locally, standardised biogeochemical surveys
have proved successful in a wide varicty of geological V
environments, solil types, climates and plant assemblages.

The average metal concentration in plants is given in

Table Ll-8.

3t
originally known as Ocimum homblei, later reclassified as

Becium homblei de Wild, but in fact is Becium obovatum

(Dr. Launert, personal communication).
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Table 8 Comparison of average metal content (ppm)
in plants and substratum,

! Rock Seil | Plant(ppm-ash)| Plant(ppm dry wt.—approx)
Cu | 100%,L,0% 20+# 2007# 8
re| mp* 3.8t 15+ 100
Mn | 900% 8507 7500+ 300
Zn | 50+,80% 50+% 900+, 300% 36, 12

£+Aafter Grabovskaya, 41965)
# after Malyuga, 196l)

2. Previpus work in Central Africa

The observation of treeless patches in othcrwise normal
bush cover and association with high soil Cu content, has been
noted in Kstanga since 1914 (Ball and Shsler, 1914). In 1949
on the Zambian Coppcrbelt, the association betwecn the small

mauve flowering plant Becium homblci de L"Ji].d.,a'E locally known

as the "copper flower", and Cu mineralisation was established
by Woodward, althouch it was recornised in the Katanga

at the beginning of the ccntury (Wildeman, 1921). The plantmay
differ by flower and leaf charactcristics from a similar

species Becium obovatum E, Mey known as the ‘*pscudo-

copper flower" which is widcsprecad on unmineralised aress
(Kendelsohn, 1961). The "copper flower' is a specific
indicator, requiring a high Cu level in the soil of over

100 ppm to above 5000 ppm Cu (Hawkes and Webb, 1965): the
plant tissues may contain a high content of Cu, ocvasionally

over 1000 bpm Cu (ash). In addition Cryptosepalum SR,

although a widespread species in northern Zambia, grows in
grecater profusion on Cu mineralised soils, a fcature which

has also bcen noted in the Congo (Mendelsohn, 1961).

¥ in fact Becium obovabum.
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In clearings found in association with Cu rich soils,
the normal trce growth is replaced by low shrubs and grass,
oftcn accompanicecd by Ycopper flowers', The absence of trees
in these copper clearings is considcred due to the Cu
toxicity of the soil Qibid,,1961) or the excessive leaching
of nutrients duc to scil acidity (Hawkes and Webb, 1965) or
to a lack of nitrogen in the soil (Duvisneaud, 1958). 1In
the Congo a peculiar Cu-tolecrant flora has been noted on
copper outcrops. In such arcas of high mineralisation and a
Cu content in so0il of toxic quantity, the normal forest
vegetation gives way to peculiar herbaceous “copperphytes"
or to stunted vegetation belonging to the families Labiatae

(which includes the genera Becium and Acrocephalus),

Compositae,; Scrophulariaceae, Cyperaceae, Commelinaceae
and Gramineae. (Duvigneaud, 1958).

The Co and Cu content of the twigs and leaves of
several common Zambian tree species have been analysed (Jay
1959; Wilding, 1965). Wilding noted that no geobotanical
assemblage variation could be correlsted with Cu mineral-
isation at Kalumbila in north-west Zambia, and the vegetation
produced no chemical anomaly. The Cu content in

Brachystegia boehmii and Julbernardia paniculata bark ash

is 100-200 ppm (2.7-5.4 ppm dry weight) and in Diplorhynchus

mogsambicensis leaf ash is 200-300 ppm (7.8-11.7 ppm dry

weight).
At the Mangula Copper kine in Rhodesia (Jacobsen, 1967),
a zonation of the vegetation correlates with mineralisation,

The widespread Brachystegia boehmii-Julbernardia globiflora=—
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Dinlorhynchus condylocarpon-kionotes engleri assemblage gives

way to a more Cu tolerant assemblage of Ruphporbia

matabelensis, Tapiphylum velutinum, Olax obtugsifolia, and

Combretum zepheri, The following average values occur (ppm

dry weight):-

Soil Twig
Anomaly peak 1360 L5
Background 50 17

Reilly (1967) studied several Zambian Cu clearings and

noted L herb indicators: Becium homble_’:glx Vernonia glaberima,

Triumfelta welwitschii and Cryptosepalum maraviense. He

noted that the trees Combretum sp. and Pterocarpus angolensis

prefer non-mineralised areas, Becium obovatum and

B. angustifolium®, closely related species of Beciuun

hombleiﬁ, were found to be intolerant of soil containing over

20-40 ppm Cu, Becium homblei™ from several localities was

found to have a range of Cu in its tissues (32-324 ppm dry
weight).

3. Geobotany

A geobotanical survey was carried out at Lower Kamwedgi.

Transects were laid out on residual soil, contact and
Kalshari Sand in both background and anomalous areas. On
a line transgct, at 200 ft. lntervals, the total tree and
shrub population was counted within demarked 100 sq. ft.

guadrates. With the exception of Landolphig kirki, the

ground vegetation of herbs and grasses was exeluded, (For
full details of vernacular and botanical names, see

Appendix I).

all species probably Becium obovatum,
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Aerial photography indicates even vegetation cover with
no obvious variation.
On residusl soil at line C (Table 49, Fig.23) the

dominant tree species is Julbernardig paniculata, subordinated

by Cryptosepalum pseudotaxus, Brgchystegia bochmii,

B. longifolia, Combretum mechowianum and Brachystegia

spilciformis. These trees form a }J0-50 ft. canopy. Common

lower storey species (20 ft.) include Diplorhynchus

condylocarpon, Ochthocosmus lemgireanus, Monotes spp. and

Pseudolachnostylis sp. Where quartzite outcrops, or is

near surface, trees are sparser with the significant

exception of Uapaca kirkiana and U. nitida, while lateritic

rubble is associatcd With lionotcs epp.

The Cu soil anomaly occurs at peg C3 (240 ppm) where

Pterocarpus angolensis, O0lax obtusifolia, and Ochna pulchra

are more abundant than average. Brachystegla spp. are

sparse.
On residual soil at line DN (Table 50) the upper storey

is dominated by Julbernardia paniculata with occaslonal

Brachystegia boehmil and B, spiciformis., The shorter trees

comprise mainly Ochnocosmus lemairecanus, lionotes spp..s

Pseudolachnostylis spp. and Diplorhynchus condylocarpon. .

The soil Cu anomaly pesk occurs at peg DNL4 (139 ppm) with

a spread from DN3 to DN5. Julbernardia paniculata, Olax

obtusifolia and lionotcs spp. are more abundant over the

anomaly.
At line KN, in contact soll, near the surface boundary
between residual soil snd Kalshari Sand, (Table 51) the tall

canopy is dominated by Julbernardia paniculata, with
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Table L49. Tree species freouency per quadrate,lower Kamwedgi,

line C. - ( Soll Cu anomaly)

Peg No. lcel culc3® c2icr | colot Jo-2 b-3]0-u o5 -6
No, of Trees 7895189 1671131294 921 68: 85| 97238 L3
Afrormosia ! : g 4

angolensis - 3| 1 - =4 =1 11 =8 11 1} - 2
Albizig . ) ! : *

zygia Il Bl I Bt Bl B = B B B -
Amblygonocarpus c ‘ L

andongensis { =1 - - = =] =) =7 =] =7 -
Anisophyllea S 4 : l

SPP. nt RO A O I B I Bt B I R B S
Brachystegia ! ; ] f

boehmi i 72 -2 91 | -1 2] Ll10 @ 4
Brachystegia i C _ ro f

longifolia Pt 51 705 - 130 2%y 4y - 7
Brachystegia b ; : i ; :

spiciformis ¢ 5 3| -} 324 -1 67 L1 71 212 6.
Combretum b o : Lo ! 1
- mechowisnum -~ 3 2¢=i21 64 31 -1 1} 116 1+ 3
Commiphora : | : : % :

mollis - == =270 10 =1 = == T
Cryp tosepalum : | T 5 (I :

pseudotaxus - 9t Ly 8 61 -1 71 31 3112~ | &
Diospyros ] ] ! a ; | i :

batocana - 111 -5 e = = e = -
Diplorhynchus 1 [ i I | :

condylocarpon 10 7y 30 by 7 8y 2y 740 7! 314 1
Eriosema ; ; : ' i ]

SpP. L B B B R e T A
Brythrophleum ! : 1 ; : i

africanum A e B T Rt B Bl B R
Faurea spp. L2 2; 2 1; 511 Li 154 - L| 24 § 13
Hexalobus : ; : ' ! ;

monopetalus - == ==t -] = =71y =i 1 -
Julbernardia : i ; ; !

paniculata 19119122 | L1811 5] 13; L {187 2,84 | 82
Landolphisa ( Q . ; i !

kirki ~ Rere, Rere | Rere Rave| Rarg Rare|Rare Rere Rere {Rare SRar@
Monotes spp. 320 30 - [ 1141 =1 3] bl 9 181 L3t -
Ochna pulcra I IR B T e e R BRI B B -
Ochthocosmus o L ; ;

lemaireanus 51131 7 1 315 =1 1y Li 5] 37 5 2
Olax : : ; ;

obtusifolia - L -i=1 =1 31 8] 1211 1 -
Parinari excelsaj -/ L| - | =i - | - - - - - 1 -
Pseudolachnostylis ; 1

maprouneifolia { -] 2 - | =4 4Ly 1] = =) =3 1 = 1 A1
Pseuddachnostylisg ' ' 3 : :

SP. -1 - M8 - 20 29 3] -4 - 1 -
Pteolopsis spp. - =l = =y = - - - 2 -1 - j -
Pterocarpus f | : : :

angolensis - 312 14! - - - 11 - -1 - 2
Steganotaenia . L : i !

araliacea.: At Ml Bl B S S A U R B
Strychnos SpanSd -y =11 -i - -y - - - -4 - -

Swartzia ; : 1 % f

medagascariensig — 31 41y 6 -y -t 11y - 2 2!
Uapaca o P : f §

kirkiana ) 3 - =t = =10 Ly 2y - -
Uapaca R | a i ; f :

nitida W12 =t =0 10138 =1 27 61 6 1
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Table 50. Tree spccies freguency per quadrate,lower Kamwedgi,

~Line DN, (®so0il Cu anomaly)ﬁ

Peg No. oo | Dvepw7 | Do s | oz [ov-dowel, |on-5 -6
No., of Trces 79161152 1021701 67]138] 6L} 50{88 {4100 177
Afrormosia

angolcusis el S T R B - 1 2y 1y - | - -
Afzclia

gquanzgensis - - =1 - - -] 1 1 -
‘Albizia ‘

zygia 1 14 -] - - ) - - 14 1 2 1
Amblygonocarpus

andongensis - e B - - - - -l - - -
Anisophyllca

SPP. O IR I T B D ] B R -
Brachystegia

bochmii 21 4| 3131 5140 6] 64 - 8 | 7 {10
Brachystcgia

longifolia 3 Bt 2131 L} - 1 2 -1 1 - 1
Brachystegia

spiciformis - 28 L1711 5] - A 21 31 8 13 1
Combretum ,

mcchowianum - i 1 - - - -1 - 1 -
Combretum

molle 2 2¢ 311 1 1 - - - - 1 1
Commiphora

mollis 2 1M1 11 - 3 - - - -t 1 L 5
Cryptosecpalum

pseudotaxus - L -} - - 4 2: 5 11 9 1 -
Diospyros

batocana - - -0~ - - - - -] - - -
Diplorhynchus

condylocarpon {10 L{ 2 5 { 21 3 1 3 6f 7 M 15
Erioscma .

SPP. - - -1 - - - - -] - - -
Erythrophleum i

africanum - - - - - - - - - - - -
Faurea spp. - 2l 544 | 4 17 31 - - 21 - -
Gardenia |

subacaulis - 3 I R T - -\ - -{ - - -
Hexalobus i

monopc talus - -l -] - - - - - -1 2 2 1
Julbernsrdia 1 ;

paniculata 1j 1221 6 |32] 23] 54| 20| 9] 5 |21 5
Landolphia ’

kirki RarelRre Rare(Rre] -{ -| -| - { - -
Lannea discolor - 1 -] - - - - - - - - -
lonotes spp. - 4y =64 21 T 34 131 L{12 | - 3
Ochna pulcra 10 - - 11 - 1 1 - 1110 7 5
Ochthocosmus

lemaircanus 3 6 L 3 2 51 2 L 1
Olax obtusifolia { - -] 5{5 | 1| - 22{ 3| 6] 3 | 1 -
Parinarl excelsa | - 4| =1 - 1 - - 1 11 - - -
Piliostigma thomingi{t1{ =-| - i - - - - - -1 - - -
Pscudolachnosty-!

1is sp. 20 6] 1= -] 12 A - T |ez2 5
Pteolopsis spp. = = =" - - - - -1 2 ] - -
Pterocarpus ‘

angolensis -l - -~ - - - - -1 - 1 1
Steganotaenia

araliacca - = - - - - - - - - - 1
Strychnos spinosa | - - - - -y - - -
Swartzia ]

madagascariensis| 3 2/ 1 [~ -] - 1 -1 -{-13 L
Uapaca kirkiana e Bl - - - - -y - - -

Uapaca nitida - 2 - - - - 1 - - - -
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Table 5. Tree species freguency.per quadrate,lower Kamwedgi,

line XN. (%¥Sand Cu anomaly).

Peg No. K1V OKN9KIBKN KI5 KNLKI KN 22K~ SKN—-KN-5 | KN-6
No. of Trees 7L 83 59109 83107150137 | 70 85 151 | 125
Af'rormosia ! 2 | }f !

angolensis 1 = 2=y == 11 |- 2| =i - -
Afzelia L i !

guanzensis el I R l— -~ - == -
Albizia Py | |

autunesiana = 2] =) == - -] == -
Albizia zygia 10 4 == 41 ?— - - =11 1
Ambylgonocarpus ; i

andogensis I o= = == === - -l -
Anisophyllea spphy - | =1 =[- 1 ={= 12|~ - - - -
Brachystegia ;

boehmi i - 110(12} 9[10. 6 3419 - - - -
Brachystegia ? i ;

longifolia 81 3 2. 1 - 1.2 21 5 6i 15 7
Brachystegia ' ; |

spiciformis Ly 5L 25 620 31 Ly 5~
Combretum {

mechowignum - 11 =l —-f= - |- - - - -
Combretum molle | - 1. 2{- 1 - 1 Lt L 8 i
Commiphora mollis - | 1] 1l- | - 115 4| L | 2] - 1
Cryptosepalum g

pseudo taxus 6 =] —={- 3 670 3 =] =1 = -
Diplorhynchus .

condylocarpon | 7 {10! 6| 6! 5/ 31 L t12 |14 22 21
Eriosema spp. - -] = —fm | = |- - - - -
Erythrophleum _

africanum W= l--i-- 51519 1
Faurea spp. 1 = =i 50 111 |~ - -] - -
Gardenis Do o2t IR A _ i _

subagaulis
Guibourtia [ TR DU T IO R ! :

coleosperma - 3160 4 P
Hexalobus

monope talus i T === - TRy 1
Julbernardia | _

Landolphia kirkij - - == e R e - - i 3 jAbund.
Lannea discolor - 11 =1~ -{=-1- 1 - - 1 -
lionotes spp. 94 3] 31215, 3 614 | 6| -1 6 -
Ochna pulcra 2] 2y == |-t -] 5 |~-151 3 3
Ochthocosmus 5 11 1 |- 11— 9 7 - - - -
lemaireanus
Olax obtusifolial 6| - =| 1] 917 1 - -1 -1 - -
Parinari excelsa - -l == === - - - -
Pilipstigma - 1 -1 I I R _ 1 _ -

thonningi i
Pseudolachnostylisl -~ | 1] 31~ |1, 1} 2/ - 5131 6112

maprouneifolla
Peoudolactoostylis) 10 | 20116 |- | =|- [~ |17 {4 15|51 | 38
Pteolopsis spp. ¢ | ~{ {7 {71717 I B 2
Pterpcarpus - ol - = i = - 3 1 1 1

angolensis
Steginotaenia - R S . - - - - -
araliacea
Strychnos spinoss -1 - ot el Rl - - - -
Swartzia . - - - - -1 = -

madagascariensis 1 2 1 3
Uapaca kirkianag | 1y =] == === ]"- -1 -1 - -
Uapaca nitida | 6| =| =i= [~ =13~ - - - - 4
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Table 52. Tree species freguency pef:quadrategLower Kamwedgl,

line PN. (¥ Sand Cu anomaly)

Peg No, PNO |PN8 {PN7 [PN6 PN&§EN3PN2?N1PN"3PN~QPN— N-6
No. of Trees 14 |155[129 158 [167 | 90172120107 111 {164 [107
Aformosia i _ A _ . , _ 12 a4 - - -

angolensis ‘ : !

Afzelia _ _ _ - R R R R - - -
guanzensis ; ‘ : ;
Albizia | | f .

autunesiana S S T T I S S S A S
Albizia ; S i

zygia g 2 1 1 : 1 1 ; - -é = - - u -
Amblygonocarpus | _ _ - _ b d g g . _ - _

andongensis ! i
Anisophyllea sppe =| -} -: -l 2! A - 4 =15/ -] =
Brachystegis ’

boehmii I Y S D R T
Brachystegis R .

longifolia 3 L 3 g 2 L 3 3; L 5 8 Py
Brachystegis P

spiciformis b 7] 10 b 2 5; ka5 2 2
Combretum P BT B L T R R SR S

mechowianum P !
Combretum ‘ [N RS S S |

m01le u; 7 9 9 2% 3 d 3} u u 5
Commiphora milis ~§ 2 1: 2 - = - - - -
Cryp tosepalum 5 i N B

pseudo taxus 2; -y 8) =1 11 3 % d S A R
Diospyros | 5 I I R R

batocana 3 2 6 2; 3 f k
Diplorhynchus | i ; }

sondylocarpon | 26 33| 11| 9| 81101 1416) 20, 28] 9
Briosema spp. | =] =] =1 =: =i = « o -; - -1 -
Erythrophleum | i i | i -

africanum | 11 5‘ 5; 1u? 60. 5 15§ Y 21 6 1 1
Faurea spp. R R B B e B B It B B A
Gardenisa ! ; i

subacaulis I R R A S R R R
Guibourtia ? ; . i

coleosperma -ty sy == 3 2 1y 2
Hexalobus I ; ; I

monope talus i o2 15 1; Vo2 !
Julbernardia * : - i | 4 d é

paniculs ta i 5 8 910 3 6‘1, 5| 5| 431k
Lando phia Com, | Cam. | Cane;Com. Com, (Com.Com{ComiCom. | Abnd, b und. Abur
Lannea discolor Nl R T e IR R TS
Mono tes spp. 21 -1 51 1, 3. 3i [ RS R - 6
Ochna pulecra b2t 38 L) 40 3 h328; b 4! =t A1 -
Ochthocosmus 2 i : ; o d . - _ -

lemaireanus | 15 5 1i -3 : - ﬁ i 1

lax S B N P SR S U SRS RIS R S

obtusifolia i ? | ’ ‘ P ' ;
Pariani excelsa @ =, =i -~ e T O
Piliostigma o L R

thonningi : : N :
Pseudolac : : : - i 3

malproang% a; 1; 5; 2& 1_ 3 . 2 6 3; 2g 2' k
ngfld‘ﬂad’mtm 30 550 50 86, 46| 32 59 5q 431 30| 45| L2
Pteolopsis spp. | - ~. = =-. 2. 2, - 2, =1 = =
Pterocarpus : : ? P - : ‘ P

aHEOlesng ; 2: 2 15 u; u‘15 190 81 7
Steganotaenia ( _' _ R - I - - -

aralliacea | | : S
Strychnos C i 5 N

spinosa Ak T U e e Sl Nt Bt

‘ ; » A
Swartzia | _b PR B -

madagascaricnsis| 2| LT b ! 1; i L
Uapacsa RN IR S SR SRR B % A I R A

Kirkiana : LT CT T
Uapaca | | s Vo ' -] -

nitida AR TR AN NS S N SO S SO A T




. " 185,
Table 53, Tree species frequency per guadrate,lower Kamwedgi,
‘ line VN. (¥ 8and Ou anomaly): - -

Peg No. VI 0] VNG | VN8| VIv7 | ViNly] VINEVINZVIM FViN- BVN-LjVI- 5VIN-6
No. of Trees | 174|156 |1h4L] 179|254 201hud 162139 170 118 147
Afrormosia y _ _ 4 - _ - - -

angolensis B - A !
Afzelia , - - - - - - - - - - -

quanzensis | ! |
Albizia : _ _ _ _ - 4 . _ B _ _
autunesiana ;
Albizia zygia | - 1 5 31 - =1 1 2 - -
Amblygonocarpus _ _ _ _ IR R _ _ _ _ -

andongensis } 3 ; 5 3
Anisophylleaspy - ~-{ - =~ - = - -2 = = = -
Brachystegia | _| _i{ _ _| _i 4 S S S

boehmii i , i ! ;

Brachys tegia f i 0 ‘ ; o 8 1 8 12
longifolia | e 3? ! 9j 7 ﬁ ! | ?
Brachystegia | ' { ' ! j

spiciformis ! h! 5/ 2 6 11; 616 3 1; 51 30
Comb retum A R e e e -

mechowianum : : i ; % :
Combretum molle | 13 10} 28 23 L4 55 U 11§ 4 100 13
Commiphora - - _ I - 2 - = -

mollis g { ! § f ; a 1 |
Cryptosepalum ! ' _ P S R ; ‘
pseudotaxus 1 | 1‘ ' ! 1. a &
Diospyros ; R R B -

batocana § 2 - 2{ b 1 2; § ; 10 ; e
Diplorhynchus | ! ; ; § i ; é

condylocarpon 16 25; 27@ 265 26, 19 13! 9; 83 16 153 "
Eriosema spp. : - ~ = -+ = =% - - - = = -
Erythrophleum : : f | Lo : ; i ?

a¥ricagum ; 7 6§ 7? 8§ 83 10? 5 12§ 12. 7 2% :
Faurea spp. e e e e e St et S -7
Gardenia_ I . T T B

subacaulis -‘ ' i 5 ; P
Guibourtia f : P . - -

coleosperma | 2 2i R 22 - = 1 2
Hexalobus L s L o it Y

monopetalus | | P P | - :
Julbernardia | | I a | ogl L o0l ; B
Landplphia ~ "om. lom. Com, Can.Com. Com. Com, Com, Com.

Kirkip Fom.uom.QOm,Oom,qom.Fom Gm]Fom_Com po Co o)
Lannes discdor | 4 - - —? - - = -! it
Ilionotes spp. o= 1, 8 = - - - h% —% S
Ochna pulera | 10 L. 3 14 10 744 & 3 5 7| 5
Ochthososmus | S s

lemaireanus i ‘ ; j | ; : ?

Olax | . - T N R - - - - -
obtusifolia P ; _

Parinarl ecelsa, - e e R s B B ~ - =T

Piliostigma . _ | J | 4 4 o A - < - A

thonningi o o ; g
nggddbchnﬁmihsg L6 35| L2 631 57, 31129 73 50, ha L7, 32
Pteolopsis spp.; = -—~' = = = = = - -; - T
Pterocarpus : ; : - = L6 11

ahgolonsis | 63 16; 1 h: : 2 3 %
Steganotaenia | _ _. J - 4 4 - - N - -

araliacea ; i : ; % |
Strychnos . - - . - - I - - - - .

spinosa i i f j i 4
Swartzia ! : % % ; : Lo A

madagascariensis 3 L4} - - 4 "§ i R g 4
Uapaca kirkiana -’ —i o A T - - —g - -
Uapaca nitida 1 -l =i —} —} :; - . - T T 7
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Brachystegia longifolia, B. boehmii and B. spiciformis.

The shorter trecs include Divnlorhynchus condylocarnon,

Monotes spp. and Pseudolachnostylis sp. Near a quartzite

outerop (peg KM 0) Uspaca Kirkiana and U. nitida occur,

The Cu anomaly is located at peg X2 (125 ppm) but ranges

from pegs XN2-9. Julbernardia paniculata, 0lax obtusifolia

and lonotes spp. again show increased frequency.

At line PN in Kalahari Sand (Table 52) Julbernardia

paniculata, Brachystegia spiciformis and B., longifolia are

dominant in the upper storey. Brachystegia boechmli is absent.

Middle storey Diplorhynchus condylocarpon, Erythrophleum

africanum, Pseudolachnostylis sp., Combretum molle, and

Pterocarpus angolensis are common. The Cu anomaly peak occurs

at peg PNL (4185 ppm) where Erythrophleum africanum is locally

abundant.

In Kalahari Sand at line VN (Table 53) the dominant

upper storey trees are Julbernardia paniculata, Brachystegia

longifolia, B, spiciformis and Combretum molle, Common lower

storey trees include Diplorhynchus condylocarpon,

Pseudolachnostylis sp., Arythrophlcum africanum, Pterocarpus

angolensis snd Ochna pulchra. The Cu anomaly peak occurs at

peg VNM1% (64 ppm) where no species is significantly more
abundant,

In conclusion, there is a considerable vegetational
change from south to north in the area studied. This is
partly related to the change from residual soil to Kalahari
Sand as bedrock geology, soil acidity and drainsage are‘
essentially similar within these greas. Someé specles are

recstricted on the residual soil and include Brachystegia
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boehmii, Olax obtusifolia,Faurea spp., Uspaca kirkiana and

Uapaca nitida, Other trees which appcar more freguently on

residual soils are lkionotes spp., Cryptosepalum pscudotaxus,

Ochthoco sins Llemaireanus and Combretum mechowianum. Other

specles appear restricted to the Kalahari Sand and include

Combretum molle, Trees more abundant on the ¥alahari Sand

are Pseudolachnostylis maprounegifolia, Diplorhynchus

condylocarpon, Brachystegia longifolia, Zrythrophleum

africanum, Pscudolachnostylis sp., and Ochna pulchra.

The ground plant Landolphia kirki was included in the

survey and because of its high frequency, only a qualitative
abundance is noted. The species does occur on residual soil
but is more abundant on Kalshari Sand.

The total number of trees per guadrate is greatest in
the Kalahari Sand partly because species tend to be shorter
and smaller, There is more variety of species on residual
spil and this variation is probably due both to the better
physical rooting capacity and to the more varied chemical
nutrients of the soil,

The frequency of trees is not apparently‘influenced by
the Cu content of the overburden. No species is consistently
more abundant in anomalous areas; the local sympathetic

abundance of Julbernardia paniculata, Olax obtusifolia and

Monotes spp. may be coincidental although 0lax obtusifolia

is noted in Rhodesia (Jacobsen, 1967) and in the Congo
(Duvigneaud and Deneayer—de-Smet (1963) as being more Cu
tolerant. This lack of correlation or lack of obvious

ahnormality related to the Cu probably results from the
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very low content of anomalous Cu in the overburden. The
maximum soil veglue encountered is 240 ppm Cu in the silt
fraction or 160 ppm in the -80% ary sieved fraction. This
low content contrasts with areas of obvious vegetation
abnormalities such as the copper clearings at Mufumbwe and
Kalengwa line where soil Cu values of 250 and 800 ppm arec
reported respectively for the —8077D fraction (Company data),
and at Fitula on the Copperbelt where clearings and "copper
flowers'! occur on soils with 500-5000 ppm Cu (=807 D)
(Cornwall, 1969).

The Ycopper flower" Becium obovatum occurs on residual

soil in the vicinity of the outcropping mineralisation at peg CA
(Pig.22), The plant is herbaceous and morphologically similar

to the "copper flower" growing at the mineralisation of the
Hufumbwe East Trenches. Both these varieties differ from

the shrubby copper flower® occurring in the Mufumbwe Kain
Clearing (Plates 9 and 10) and compare well with the "pseudo-
copper flower? collected from a background locality (Plate

11). All appear to belong to the same specles, namely

Becium obovatum,

There is considcerable confusion on fthe identification

and taxonomy of the Zambian ‘“‘copper flower! Becium obovatum,

and the following discussion is the result of information
supplied by Dr. E. Launert ('Prodromus of a Flora of South
West Africa'; in prep.). Original independent classification
of the spccies occurred in north-cast Africa (Becium

Knysnum Vatke) and in South Africa (Becium obovatum); the

latter classification has been accepted. Wildeman (1921)

working on a limited number of specimecns from Cu
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mineralisation in the Congo, created a new species Becium

homblei de Wilde which became accepted as the "copper flower!,

while Becium obovatum was regarded as the “pseudo-copper

flower®* (Mendelsohn, 1961). These two varicties are now

regarded as belonging to the species Becium obovatum as both

have the species characteristic of a gland at therbase of the
flower stalk. In addition varieties of "copper flower' and
pseudo~copper flower! from the study area, together with
many specimens from Zambia have been examined by Dr, Launert,

who concludes that they all belong to Becium obovatum.

Variations of features of the plant, such as leaf width and
serration, and hairy calyxX are not species diffecrences
(Horizon, 1959; Mendelsohn, 1961) but are ecologically
induced Variations within the species. As yet no diagnostic
characters can be ascribed to all eXampies of the "copper
flower! from Cu localities, and differences that appear to
occur, related to mineralisation; may be a local effect which
differs in different areas.

This "copprer flower! may be a specific indicator and
appears to be abundant in areas of high soil Cu content.
The tolerance of the plant is variable and quotes of over
5000 ppm Cu (Hawkes and Webb, 1965) and 35-71,000 ppm cxCu
(Reilly, 1967) are given, while in Katanga the soil may be
locally too Cu~rich and prohibits the growth of the plant
(liendelsohn, 1961). It is unlikely that the Cu-tolerant
variety of the species will occur on areas of Kalahari Sand
even where anomalous concentrations of Cu will be of a low
order, and insufficiently toxic for the replacement of the

universal Becium obovatum, Furthermore, the use of the
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indicator as a prospecting tool is restricted as the
flowering period, which is necessary for identification,

is short and lasts for only 4 weeks during October -
November., During the major part of the year the herb is
withered.

L. Biogeochemistry

(a) Introduction

In the absence of overt indicator plants, the use of
covert plants as a guide to mineralisation was investigated,
and the geochemical technique is analogous to solil sampling.

Six species common to both the residual and Kalahari
Sand overburden, were selccted in the Lowcr Kamwedgi arca
(Table 54).

Table 5L, Vegetation species selected for sampling

Average hecight _ .Bole
(ft.) diameten

Upper Storey trees

Brachystegia longifolia 30-50 1ft. |(Plate 12)
Julbernardia paniculata 30-50 1ft, |(Platc 13)
Brachystegia spiciformis 30-50 1ft. {(Plate 14)

lkiddle Storcy trees
Diplorhynchus cendylocarpon 15-25 9in. [(Plate 15)
Pseudolachnostylis sp. 15-25 9in, |(Plate 16)

Ground 8torey plant

Landolphia kirki Lin,-1ft, - (Plate 17)

The three upper storey tree species occur throughout Central
Africa in miombo-type woodlands. They are semi-deciduous,
reaching a height of 80-100 ft. and have a maximum bole

diametcr of 3=l ft. Brachystegia longifolia attains
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maximum growth on sandy solls, and develops an extensive tap
root system with lateral roots extecnding 4O ft. from the

tree. Julbernardia naniculzta is a highly adaptablc species,

and produces one or several tap roots, with a lateral root

system radiating 20 ft. from the tree. Brachystegia

spiciformis grows best on sandy soils, and displays a well

developed tap root with laterals extending LO-50 ft.
(Panshawe, 1962; Savory, 19 -).

Upper storey trees were selected as they probably develop
the maximum root capacity and consequent depth of penetration.
They are presumably the best indicators of chemical variation
at maximum depth in Kalahari Sand. The middle storey trees
with shallow root systems are sceclected for comparative
purposes while the ground plant reflects the near-surface
conditions,

In order to standardise the mecthod, average-sized trees
werc sclected where possible. Lichen-free bark, second year
twigs and fresh leaves werc sampled. As the speccies were
locally scarce only one specimen, with the exception of the
ground plant, was sampled per location,

Several methods of vegetation analyses are mentioned in
the literature, and for comparison the samples were prepared
by three methods:

(i) dried vegetation subjected to a nitric-perchloric-

sulphuric digestion (410:L:1),

(i1) dried vegetation homogenised in a vegetation mill,

and subjected to a nitric-perchloric-sulphuric

digestion,



(iii) pulverised vegetation ashed for 10 hrs. in a
muffle furnace at u35OC, and the ash subjected
to a nitric-perchloric digestion.

Trace element dctermination was, in each case, by atomic
absorpbtion spectrometry. Ashing concentrates the metal
content, In order to compare the metal values per dry weight
with ash, the following local conversion factors were spplied.

Leaf ash is 3.9% of dry weight —= concentration factor 25.6
Twig ash is 3.7 of dry weight - concentration factor 27.0
Bark ash is 2.7 of dry weight - concentration factor 37.0

A good correlation is found between the dry weight
methods for Gu, Mn and Zn although Fe is more variable
(summarised Table 55; for full details see Appendix III).
This indicates that pulverisation is unnecessary; similar
results were found by Provan (1965). Values for the ashing
mcthod are lower for Mn and Cu and generally more variable,
which may be the result of incomplcte ashing, volatisation
effects, or conversion of the trace clements to relatively
insoluble salts (Smith, 1954).

(b) Observed trace element distribution

(i) Residual soil

At Lower Xamwcdgi the overburden at line C is
less than 10 ft. thick and thus the rooting capacity of upper
or middle storey vegectation is not critical. loreover

Landolphia kirki is rare., Trees from only two locations were

gampled and the data is thus limited,



Table 5b, Comparison of wet chemical and ashing technigues in Brachystegia longifolia (average of L samples)
Cu Fe | wMn Zn
Nean' Mean Mean | Mean Mean Meén liean liean lean| bMean Hean lnean
unpulverised pulverised unpulverised pulverised inpulverised pulverised unpulverised pulverised
(ash (ash ash [(ash (ash ashi ash (ash ashl(ash (ash ash
eguivalent) ecquivalent) equivalent) equivalent) cguivalent) equiwalent) Bquivalent) equivalent)
oot leaf 2ho 220 130! 1580 2100 1200; 17000 16000 700 650 570 460
b;%fgr twi% 150 170 130 580 1300 1100, LOOO 4000 850% 310 280 250
PNEB bar% 380 300 370 | 6000 LO00 5009L. ?OQO | 6000 BOOOi 190 170 220 !
Scotor 183% e 210 170 | 1400 4400 900% 14000 17000 1800! L90 490 470
i§710 twigg 200 180 160 510 1200 1100; 3700 3600 840! 280 260 240
bar%ﬁ LCo 340 250 | 10400 12000 79OOE 3700 5800 2400, 160 190 110
o bor 1Gaf§ 250 230 180 | 1400 1700 830{ 25000 21000 1000 550 550 550
€§25 twig 160 190 160 540 1600 1800} 5600 1L500 1900) 330 310 290
bark‘ 50C 400 590 | L600 1000 6500{ 6900 6500 5500 130 130 170
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The mineralised Cu soil values (Table 56) are reflected

by the threce sampled parts of Brachystegia longifollia and

Diplorhynchus condylocarpon. Only the leaves of Julbernardia

paniculata indicate sympathetic concentration. The vegetation

content of Cu is low.

"he contrast between mineralised and

background areas is considerably lower than the soil.

Table 56, Trace element content in vegetation(ppm' ary weight)
on residual solil, TLower Kamwedgi, line C.
Anomalous(peg ‘[Background(peg
c/3) c/-1)
Leaf Twig Bark|Leaf Twig Bark
Cgoil(silt) 240 70
(1)Brachystegia longifolia %.8 7.7 16.8{ 7.6 L.4 1.0
(2)Julbernardia paniculata 8.6 6.7 2.u4! 8.2 10,6 3.3
(3)Diplorhynchus condylocarpon! 8.8 6.5 3.4! 7.4 6.1 2.6
Fgoil(silt) 2.7%5 2. 8%
(1) 34.6 32.0 220 |4Lh.0 6.2 8.1
(2) 6li.ly 23.5 25.0(53.5 20.9 15.4
(3) L7.l4 18.5 28.6/53.5 16.1 32.5
Mgoil(silt) 75 200
(1) L38 122 288 | 550 25.9 88.0
(2) 101 37.0 32.4134.6 2.4 2h.2
(3) 815 18,0 260 [196 ' 22.6 97.3
Zgoil(silt) 18 17
(1) 21,4 12.2 2.9/14.6 7.4 1.0
(2) 12.5 11.8 2,0[17.2 14.8 L. 3
(3) 160l 648 Le5|17.7 13.0 L.k
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Soil Fe is slightly enriched at peg C-1, while the

twigs of all species, the bark of Brachystegia longifolia

and Julbernardia paniculata, and the leaves of Julbernardia

paniculata illustrate the reverse. The general content of Fe
in the trees is markedly lower than the soill content. Soil
Mn is similarly enriched at peg C-1 while the correlation of
tree parts is antipathetic., The highest lin content occurs in
the leaf,and the leaf content is generally enriched felative
to the sopil content. Soil Zn values at the two pegs are
similar. The valuecs for each part per tree is consistent.

Zn uptake is greatest in the leaves of each species and of
similar magnitude to the soil content.

(ii) Xalahari Sand.

The lesves, twigs and bark of the six speciles
were sampled at 12 points along transect PN, Lower Kamwedgl
(Fig.22) in Kalshari Sand. The Cu anomaly peak in the over-
burden occurs at peg PN4 (185 ppm)(Fig.L4l). OFf the upper
storey trees, the Cu content of bark and twig produce a
similar variation while the results for leaves are morc
variable., The middle storey trees produce a good correlation
with the Sand values for all three parts. The ground plant
shows no sympathetic variation. Maximum correlation with the
S8and variation is found in the trce bark, in which 4L of the 5
trees have maximum 'values at peg PN4. By averaging the Cu
values of the four trees per block (Table 57), which
eradicates local erratic values, the Cu content of the bark
and twigs in L out of 5 spccies correlates with the soil
anomaly; only 1 out of 5 leaf values shows a similar
correlation. The highest Cu content is consistently in

the bark (Table 58).
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Table 57. Average letal values per species per block(ppm, dry weight), Kalahari Sand

Cu Fe an in
Tree | 1 2 3 L 5 61 1 2 3L 5 6/ 1 2 3 L 5 6|1 2 3L 56
Leaf ; 9.2 7.4% 10.5 7.4 5.0 6. 58 28 24 29 32 601|650 130 LLO 530 260 220|25 19 21 2l 12 24
PN-6- to-3 Twig | 5.5  L.3 L.4 L.5 5.5 = | 22 13 40 i} 23 - 160 Ll 1uo»1oo 68 - 11219 24 29 'g -
- Bark 10.5 7.3 9.4 10.1 6.4 - {160 70 100 80 70 ~|240 80100 70 33 - | 5 5 537 L -
Leaf| 9.2 6.2 40.5 11.9 L.7 L.2
PNL Twig| 5.7 5.0 6.4 8.4 9.2 “

Bark 12.1 11.1 13.0 21.5 11.5

Leaf | 9.9% 6.2 10.2 9.4% L9 LL| 56 29 32 23 66 L6960 120 %30 670 220 35021 16 16 15 11 12

PN2 to 5 Twig | 6.0 5.0% 6,0¥ 6,9% §,3% - 20 413 14 43 20 -1{210 80 130170 64 - |14 321814 7 =
Bark f13.5% 7.6% 10.4% 13.2 9.3% =~ 120 140 61 83 90 -[190 100 140 110 37 - | 4 3 L 14 L -
Leaf } 8.2 7.0 10.6% 8.2 3.9 4.9| 52 28 L2 26 26 100{560 90 380 610 24,0 250|419

PE7 to 10 Twig| 7.2%¥ L.2 L.2 L9 53 =~ |41 10 41 1414 -HLo L9 120 140 70 -~ |10
Bark [10.8 6.2 8.3 14.0% 6.2 - [280 B9 6910029 -[100 68 75 80 27 - 1L

Tree 1. Brachystegia longifolia L, Diplorhyndms condylocarpon
2. Julbernardia paniculata 5. Pseudolachnostylis sp.
3., Brachystegia spiciformis 6. Landolphia kirki

£ . .
maxXimum value per part per species,



Table 58. Averag e metal values (ppm, dry weight) per part per tree.

Cu Fe Mn n
Tree| 1 2 3 L 5 6 1 2 3 L 5 6] 1 2 3 4L 5 6/ 1 2 3 L4 5 6

Leaf| S.0 6.8 10.4F L.6 L.6 5.1 557 26 33 26 42 69|701F 111 450 633 237 267 22%¥ 17 17 19 11 15
Twig| 6.3 4.5 b8 5.5 6.4F -] 28%F 12 12 1319 -{169* 58 133 133 68 -|11 24%18 19 7 -
Barkl 11.5 7.1 2.3 12.L% 7.2 -|188% 98 76 88 6, -{177% 83 95 86 32 -| L 5 L 26¥ 4 -

Tree 1. Brachystegia longifolia

2. Julbernardia paniculata

3. Brachystegia spiciformis
Ly, Diplorhyncims condylocarpon
5. Pseudolachnostylis sp.
6. Landolphia kirki

5 :
maximum value per part.

ry
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Table 59, Comparison of vegetation and Xalahari Sand
Cu contrast values
Background [Anomaly |contrast
mean high
Brachystegia
longifolia
leaf 9.2 10.7 1. 2
inpulverised twig 57 7.3 1.3
(dry weight) bark 10.3 14.9 1.5
leaf 8.6 9.6 1.2
‘pulverised twig 6.2 8.6 1.4
(dry weight) bark 8.1 12,7 b
ashed leaf 134 213 1.5
(ash weight) twig 129 233 1.8
bark 573 690 1.8
Julbernardia
paniculata
(dry weight) leaf 7.4 6.2 0.8
twig Le3 5.0 1.2
bark T3 11.1 1.5
Brachystegia
spiciformis
(dry weight) leaf 10.5 0.5 1.0
twig L.L 6.1 1.4
bal"k 9-’-{- 13.0 10L|-
Diplorhynchus
condylocarpon
(dry weight) leaf Y 11.9 1.6
twig Lo 5 8.1 1.8
bark 10.1 21.5 2.1
Pscudolachnostylis sp.
(dry weight) leaf 560 L.7 0.9
twig 5.5 9.2 1.7
bar'k 601 1105 09
Soil (silt) 18 185 6.
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The accumulation of Cu by the vegetation is lower than
the Sand content especially in the anomalous zone. The
contrast is approximately 2%5: of the soil value and is
consistently greatest in the bark, with maximum values in
middle storey trees (Table 59).

Maximum §and Fe values occur at pegs PN4 and PN8 with a
general enrichment from pegs PN 2-10 (Figs. 24 and 45).
Neither trees nor ground plant indicate a related trend.

The Fe uptake of the twigs and ieaves of the tree species
are generally similar, while bark values are higher and

more crratic. The vegetation values are up to a thousand
fold lower than the Sand values (Table 58). WKaximum Sand

IIn content occurs at peg PN10 with a general decrease of
valucs eastwards (Figs.25,and 46). Vegctation values show
no similar correclation. Maximum n content occurs in the
leaves while the twigs and bark have lower and similar values,
Generally only the leaf lin values are above the Sand content
(Table 58). The Zn valucs of the Sand transect have a |
consistent content with a minor peak at peg PUL (Figs, 26 and
L7). Vegetation valucs tend to be higher in the west from
pegs PN-3 to -6. Leaves tend to be more enriched than woedy
parts although locally twig values are erratic and high.
Vegetation 4n values are generally slightly lower than -
Sand walucs,.

(c¢) Discussion

The four elements analysed are all minor but
essential clements in plant metabolism (Mitchell, 1955;
Jackson, 1958). Of the L elements, only the Cu content

of the vegetation of the study area, both in residual soil
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and Kalahari Sand, illustrates an analogous trend to the
overburden variation. Although the amount of Cu in the
overburden, even in anomalous areas is low, the vegetation
up take and distribution in the varipus plant parts is
sufficiently sensitive to duplicate the overburden trend,
This sensitivity in the vegetation at low Cu concentrations
agrees with the results of Lunblad et al. (1949), who noted
in Sweden that ground vegetation was sensitive to low range
Cu variation in soil, while with higher soil Cu content,
plant intake is apparently restricted and does not exceed a
certain level. The results do not agree with Provan (1965)
who observed no significant Cu enrichment in Australian herbs
and grasses until a soil Cu level in excess of 600 ppm was
encountered.

Woody parts indicate the best correlation of Cu with the
overburden, with the highest uptake in the tree bark: The
contrast between anomalous and background areas is consistently
greatest in the bark and twigs especially in the wmiddle storey
spceies, while leaf values are erratic (Table 59). The
contrast is considerably less than in the overburden, and is
generally less than 2. These results may be attributed to
the fact that the woody parts of trees are niore mature and
chemically more stable than in the ¥oung growing leaves
where metabolism is greatest and chemical content more
changeable (Carlisle and Cleveland, 1958). This high
me tabolism in growing parts would also help to explain the
lack of Cu correlation in @nd with the ground plant, the
leaves of which were sampled., The low Cu contrast in the

vegetation is in accord with the findings of other authors
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who note contrast values of between 2% and 300% (Harbaugh,
1950; lialyuga, 196L; Riddell, 1952; Warren et al., 1952),
These low contrast values, irrespective of the overburden
contrast, suggest that the vegetation generally tends to
suppress a high intake of anomalous €u.

Bark sampling has a distinct advantage over leaves and
twigs as the former can bec collectecd without the need of
felling trees, necessary for leaf or twig samples,

The middle storey trees, with a probable less extensive
root system derive an amount of Cu from the overburden,
comparable to the deep rooted species, and are equally
sensitive to Cu variation in the overburden., This implies
that the Cu is accessible to a similar degree throughout
the profile. 1In the Kalahari Sand the metal dispersion
throughout the profile is saline and in a relatively
accessible form. In residual soil with more firmly bonded
metals, it has been found that resistant minerals and primary
silicates are attacked by vegetation through a process
probably involving high acidity at the root tips (Lovering,
1959).

The intake of Cu varies in the part of the tree
sampled, but a general trend is apparent. (Table 60).
Within the individual species a considerable variation in

content occurs for any part (Table 58) and considering the
lpw contrast values in vegetation, a separate Cu threshold
must be calculsted for each species and for each separate

plant part,
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Table 60, Relative metal uptake per tree part

cu bark > leaf S twig
Pe bark - > leaf S twip
Mn leaf > twig > bark
Zn leaf > twig 5 vark

The ranrses obtained in the area are slishtly higher than the
results of Wilding from the Kalumbila area of north-wcst
Zambia (1966), who noted the backeground bark ash content of

Brachystesia boehmil and Julbernardia paniculats as 100-200

ppm (approximately 2.7-5.4 ppm dry weight).

The uptake of Fe, kn and Zn by the vegetation does not
reflect the overburden content, I'e and Mn have been reported
as being more variasble than Cu and Zn in plants (Warren and
Delavault, 1952) and are regarded as morc indicative of soil
pH and climatic conditions (Warren, 1962). The content of -
Fe is preatest in the bark (Tables 60 and 61) and the
dilution relative to the overburdcn silt is in the order
of 500-1000 fold. Mn is notably more abundant in the leaves
where the concentration is similar to the overburden silt.

Table 61. Lietal range per tree part (ppm, dry wh.).

approximate concentration
leaf twig | bark ipelative to overburden silt
cu Lh6-10.4 4. 5-6. 14 {7.1=12. 14 550
Fo 26-69 12-28 | 6L4=190 0. 05-0, 08%
Mn 110-700 58-170| 32-180 100%
Zn 11=22 11-24 L-26 100%




Zn is concentrated in the leaves, and values for the
vegetative parts are generally similar to those for overburden
silt.

The general content of the elements in the trees is in
the order:

Mn > Fe » Zn » Cu, whereas the overburden content is in the

order Fe> Mn> Cu>Zn. Conseqguently the relative uptake
of metals by the plant is not a simple function of
concentration in the overburden., The similarity of the
sequence in vepetatlion with the mobility series of the metals
suggests a possible correlation.

It has been observed that in areas of Cu wmineralisation
where the uptaké of Cu or Zn is varisgble according to
individual plant renuircments, the relative uptake of Cu
to Zn will be similar. Thus the Cu/Zn ratio in the
vesetation may be morc regular than individual metal values,
and more relsted to soil mineralisation. Values of over
0.36 are gquoted for Cu mineralisation (Warren et al., 1949 ;
White, 1950; Usik, 1969). A similar comparison of ratio
values of the 5 spccics at Lower Kamwedgi (Table 62) shows

no similar consistent trend of higher ratio values over

mineralisation with the possible exception of Diplorhynchus

condylocarpon, Consequently a ratio pattern is less uscful

in this area than the values of Cu alone. .



Table 6Z.

Cu/Zn ratio of tree parts.

{ . . . N

s b [Ppsvetets istonymeti | pocugerconmos vias
E gLeaf Twig Bark |Leaf Twig Bark | Leaf Twig Bark Leaf Twig Bark Leaf Twig Bark
gl’eg PN-6, .39 .78 1.60 | .39 .16 1.68| .54 .24 2.48 | .39 .22 .25 J48 .51 1.33
i =5 | b .59 1.72 | J3L .23 2.65| .50 .42 2.12 | .27 .13 .200 .39 .57 4.22
“h 1 .30 .361.93 | .37 .28 1.56| .65 .261.07 | .30 .4k 3| .48 .7 1.70
, _3 34 46 2.85 | .54 .32 0.80 | .36 .32 2.33 | .32 .08 .34 .39 .92 1.77
2 51 .54 Lo30 | .30 .121.981) .87 .60 2.30 | .19 .33 .92 51 .92 1.78
3 u9 .61 2,98 | 40 .30 3,251 .59 .49 3.37 | .70 .LO 1,02 .48 .31 3,10
i Exvg.hO .81 L4.03 L5 .11 2.78 «53 A7 2.17 «82 1.01 1.15 L7 1.15 2,88
| 5 | = .32 L.67 | .45 .531.63| .71 .l 110 | .94 1.00 1,04 .39 .97 2.30
| 7 |.50 .66 3.60 | .45 .10 1,20 | 1.0 .59 49 .35 .36 .35 .86 2.15

5. 00

ES
8~nd Cu pcnk

*hoe
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In conclusion, it is apparent that vegctation analyses
of randomly selected common species of trees growing in an
area of Kalahari Sand whcre anomalous Cu is of low magnitude,
reflect the overburden Cu variation. Although the contrast
obtained is considcrably lower than in the overburden analyses,
it is conceivable that analyses of a more Cu-tolerant species
with a higher uptake of Cu, or éf an gccumulator species,
would result in greater Cu contrast between vegetation

growing on anmomalous and background areas.-
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CHAPTER VI SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS
FOR _FUTURE RESTARCH

1. SUMMARY OF CONCLUSIONS

(CHAPTER I)

(1) Bedrock outcrop throughout the study arca is
extreuely limitcd. Quartzite and shale horizons at Hufumbwe,
Jijombo and Lowecr Xamwedgi appear to belong to a similar
lithological sequcence of possible Kundulungu age, Malachite
mineralisation is exposed at HHufumbwe and Lowcer Kamwedgi,
overlying sulphide mineralisation at depth. Copper
mineraslisation has also been intersected at depth at Jijombo.

(2) The climate of the area is subtropical with six -
month wet and dry seasons.‘

(3) The topography of the area is moderately level with
a gentle regional slope to the south-west. Drainage becomes
less frequent westwards in agreas of thick Xalsghari Sand
overburden,

(4) The arca lies on thc eastern fringe of the Kalashari
Sand belt of the Barotse Basin., In the cast of the kufumbwe
areca, the overburden comprises resicdual end contact-residual
latosols. Westwards, the Kalahari Ssnd overburden 1s
pervasive with local cxposures of the underlying residuum
along the river banks, revealed by river erosion.

(5) The vegetation is dominantly moderately dense, tall,

Brachystegia-Julbernardia miombo woodland.

(CHAPTER II)

(6) As the identification of lithological units of the
Kalshari System is dependant on lithological, pedological,
mlaeoclimatical, geomorphological and archacological factors,

the correlation of the System in southern Africa is
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complicated and tentative., In addition, the widespread
aeolian Sands rarely contain fossil cvidence and have been
subjected to considerable reworking.

(7) No occurrence of the Kalahari Beds was located in the
study arca, although the river gravels intersected in dambo
profiles may represent these horizons.

(8) Duc to the intense chemical weathering of the sub-
tropical climatic regime, distinction of Kalahari Sand and
residual soil can be difficult in the field.

(¢) The Kalaghari Sand is similar to Kalahari Sand
occurring clsewhere in gouthern Africa and may be distinguished
from residual soil and dambo sediment of the study area on
most of the following characteristics:

(i) consistent median diameter (O.23mm); residual so0il
and dambo scdiment have a wider range of median diameter.

(1i) moderate to good sorting (sorting coefficient
1.57-1.96); the sorting coefficient of residual soil and
dambo sediment have a wider range. The slightly poorer
sorting of XKalshari Ssnd compared with other aeolian sand may
be due to the deep, post—dcpositional, subtropical weathering
with the introduction of clays from underlying soil or
bedrock.

(iii) small skew in grain size freguency distribution
towards the fine grade. The skew of residual soil and dambo
sediment are variable. This parametcr may also be affected
by post-depositional weathering.

(iv) good rounding of grains down to O.1mm diametcr,
Below this size rounding decreascs with decreasing grain size.

Below O.05mn diameter, the grains arc angular.
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(v) good sphericity of grains with maximum sphericity
in the 0,25-0,50mm sizc class.

(vi) prcvalent frosting of grain surfaces, in grains of
over O, 0bmm dismetecr. The frosting decreases with decreasing
grain sizc., Transport of Kalshari Sand in large rivers appears
to remove thc frosting of the grains. As frosting is devceloped
on conchoidal and fracture surfaccs, the origin of the frosting
is suggestcd as due to the chemical action of desert dew.
Frosted, rounded guartz grains, which form a minor proportion
of residual soils and dambo sediments,; arc bcelieved to be of
Kalghari Sand origin.

(vii) the light fraction of the Sand is almost
monomineralic and comprises colourless quartz, Xaolinite,
with wminor illite, appcar in the clay fraction but may be
post-depositional in origin. The clay minerals are similar
to the rosidual soil clay suitc.

(viii) the heavy mincral fraction forms less than
O.5=1.0% weight of the Sand and compriscs mainly kyanite,
rutile, zircon and opague minerals., The heavy mineral
composition of residual soile is similar. This suggests
derivation of the Sand from a similar metamorphic provenance
to the parcnt bedrock of the residual sopils.

(10) Apart from the occasional devclopment of laterite
horizons, the Kalshari Sand profiles are structurcless with
no clay, pebble nor rock fragment horizons. The colour of
the Sand varies locally from white -to red-brown; the redness
is due to a higher iron oxide content. It is possible that
the intensity of colour may rcflect thce proximity of under-

lying residual soil or bedrock.
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(CHAPTER III)

(11) In bedrock, there is no apparent primary metal
association with Cu mincralisation.

(12) In the overburden there is no prevalent associated
secondary wmctal dispcrsion with Cu.

(13) Virtually all surface residual soil has some
contamination by Kalahari Sand. Westwards from Mufumbwe, and
northwards from thce Lowcr Komwedgl Prospcet, residual soll is
progressively covered by a thickcning Krnlshari Sand coveoer,
Concurrcnt with the pedological change, a decercasc in the
trocc clement content appcears in the overburden.

(1&) In residunl soils, ncar surface mctal anuoé vary
locally. The Cu threshold varies from 4O ppm (silt) at
nufumbwe to 100 ppm ~t Lower Kamwecdgi. The range of mctals
in residunl soil at O in., depth is:- Fe 2-%%, Lin 60-6L0 ppm,
Zn 15-30 ppm, Co 10-35 ppm, Ni 25-60 ppm and ¥b 10-L0 ppm.

(15) Vertical distribution of clcments in regidusnl soll
shows considcrablc variation duc to the devclopment of =a
latecrite horizon. liarked increascs of Cu, Fc, Iin and Zn
content may occur in these lateritc zoncs, and wmay affcct the
cntire profile. Lateritc nodules contain considerable
conccntrations of trace eclements,

(16) The trace clcmecnt content of Kelahari Sand is lower
than in residunl soil. The Cu background rangc is gcncrally
less than 50 ppm (silt).

The metal content range of Kalahari Sand varics from
arca to arca,and the following metal ranges occur at 9 in.
depth:— Fe 0.3-3.55, kin 20-420 ppm, Zn 7-25 ppm, Co 3-12 ppm.

(17) The ¥Mn content of near-surfacc samplcs of Kalahari

Sand and rcsidunl soil may be of similar level., This is



possibly duc to a corrclation betwecen Mn and organic matter in
ncar-surfacc overburden,

(18) In Kalahari Sand, mcial values in vertical profile
dccreasc in depth. lin in particular shows marked cnrichment
in thc Ao horizon. Concentretions of the metals may occur in
e mottle, laterite and silicification zonecs.

(19) The silt fraction of Kalahari Sand has boen
successfully uscd to detect anomalous Cu through 30 ft. of
Sand at Lower XRamwedgi, and 47 ft. of Sand at Jijombo. The
Cu anomaly at Lower Kamwedgi extonds into Send overburden in
excess of 30 f£t. depth,

(20) Dambo sediment may comprise reworked residual soil
or Kalahari Sand of local origin, or may ihclude exotic
alluviuam, The dominant clay mineral is kaolinite.

(21) The background threshold for Cu in dambo scediment in
the arca is 50 ppm. The Cu content of dambo sediment shows
marked variation according to sediment type. Cu is enriched in
Fe mottle, laterite and pcebble bands, Tnrichment of Cu at
surface in anomalous arcas only cccurs in the dawmbo channelway,
and valucs may be below the scdiment thrceshold valuc,

(22) Trace clement velues in dambo sediment arc gencrally
lower than in rcesidual soil.

(23) Although the major lufumbwe dambo probably flows
across the extension of the Mufumbwe minecralisation and
recceives Cu ancmalous sedimont from two tributary dambos at
Mufumbwe, this anomalous material is swamped in the lufumbwe
dambo by barren matcrial.

(CHAPTER IV)

(24) Variation in bedrock lithology is not reflccted by
me tal concentration variation in the sccondary environment for

the metals studied.
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(25) The intense chemical weathering of the subtropical
climate has resulted in a stablce mineralogy of quartz,
kaolinite and hcmatite with minor illite and goethite in both
residual soil and Kalahari Sand,

(26) Scasonal moisture movement controls the vertical
trace element dispersion patterns of Kalahari Sand, and to a
lesser extent of residual soil. During the 6 months of the
wet scason, movement of molisture and metals in solutbtion or
suspension is downwards but during the 6 months dry scason,
movement is upwerds. Metals deposited in the profile during
the dry scason; are only partially removed in solution during
the ensuing wet season. Consequently an upward increase in
metal content results., In addition, higher pH and Eh
conditions, and increascd organic material occur towards
surface, and aid deposition of metals near-surfacec.

(27) Laterite horizons arc developcd at the top of the
water-table fluctuation, It is probable that on account of
the low ¢ content of Kalahari Sand, the Fe reguired for
laterite devclopment is mostly introduced from ferrous or
colloidal Fe in the groundwater, and oxidised and immobilised
at the top of the watecr-table, Cu and occasionally Mn, Zn
and Co attain peak values in the laterite zones. @&Bccumulatiom
of Cu, Zn and Co is due to sorption by the hydrous oxides.
The dispersion of Pe throughout profiles has a marked
influence on the Cu dispersion.

(28) The content of Cu, Fe, Mn, Zn and Co in Kalshari
Sand locally bears a direct reclationship to values in under-
lying bedrock, or in underlying residual soil. The
dispersion of thesc elements in the Sand is mainly epigenetic.

(29) Dambo profiles have complex Eh, pH and lithological



conditions. Consequently trace elements distribution is
complcx and variable,

(30) The Cu, Fe and lin content of residual soil, Kalahari
Sand and dambo sediment increase with decrecasing grain size.
The silt fraction, which is dominantly quartz and Fe hydroxide.
and oxidc 5 and the clay fraction of mainly kaolinite , Fe
hydroxide and oxide, are particularly cnriched. In the
gilt fraction, the Cu may bc adsorbed on Fe hydroxidec and
oxide, - and on fine quartz, or qguartz coated with Fe hydroxide
or oxide., In the clay fractioh, Cu may bc adsorbed on Fe
hydroxide or oxide.-and on organo-minerallic colloids.

Al though kaolinite has a low cation exXchange capacity, the
surface arca of the clay is great and itmgybe coatcd by Fe,
which is thus conducive to Cu adsorption.

(31) Weaker metal extraction. techniques are relatively
more effcctive in‘Kalahari Sand and dambo scediment than in
residual soil. The cx/Total Cu values arc loweat in residual
soil,

(32) With HC1l/Total extraction ratios per grain size,

Cu and Fc¢ trends are similar., These metals are only partially
HC1 cxtractablc. This contrasts with Mn, which is virtually
totally HC1l extractable. Conscquently, a strong Cu-lMn
hydroxide association is unlikely to occur in the overburden.

(33) In residual solls, maximum Cu contrast occurs in the
silt and clay fractions, and valuces are greater in wet sicvedess
compared with dry sieved material., Maximum Fe and lin
contrasts occur in similar fractions. In Kalahari Sand,
maximum Cu contrast occurs consistently in the silt fraction.
It is suggested that this maximum contrast is duc to the

accumulation of anomalous Cu in silt by association with fine
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quartz, or guartz coated by Fe hydroxide or oxide.

(3L) The Cu content of coarsc and fine Ao humus material
shows a similar trend to that in underlying soil, and is
considerably enriched relative to the Cu content of surrounding
vegetation. The Fe content of humus does not reflect the Fe
distribution in soil and is greatly enhanced relative to
vegetation Fe values., The ¥n content of humus tends to
reflect soll In values, and is double the Ln vslue of
vegetation. The Zn content of humus is double the vegetation
Zn content, Thus, even coarse, relatively unhumified,
vegetation litter accumulates tracec elcments, and attalns
levels equivalent to those in underlying soil.

(35) The Cu content of humus is generally lower than that
in underlying soll, while lin and Zn values are euriched and
e values impoverished, relative to soil content. In Kalshari
Sand, thce Cu content is enriched in humus relative to Sand
valucs 1n background areas only. The lMn and Zn contecnts of
humus are enrichcd, and Fe impoverished, rclative to Sand
values,

(36) Humus analyscs for Cu produce lower and more
erratic valucs, and wouwld produce a lowcr contrast than Sand
analyses.

(37) The Middle Kamwedgi anomaly is restricted to a
buried former Ao horizon of a dambo meander, and probably
reflects a formcr seepage anomaly,

(38) Termitaria contain a highcr proportion of ~200/7
material rclative to surrounding soil and Kalahari Sand.
Consequently, analyscs of a -80%#D fraction of termitaria
produce a higher metal content than in an adjacent over—

burden sample. Comparison of similar silt size fractions of
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termitaria and overburden, produce idcecntical metal values.
If a -80/7D fraction is employed, termitaria sampling is
considerably better than overburden sampling in areas of
Kalghari Sand. On Kalghari Sand, termitaria are limited to
the environment of dambos.

(39) Termitaria appcar to be constructed from material
derived from the A horizon. ILittle disruption of geochemical
profliles is apparent in overburden near termitaria, and
minimal metal contamination from underlying horizons occurs
through the action of the termites.,

(CHAPTER V)

(LO) The frequency and species of tree occurring in the
study arca is partly controlled by the ovcrburden type. No
significant correlation of tree frequency nor physical
abnormality is noted at Lower Xamwcdgili in relation to Cu
mineralisation. This is probably duec to the low content, and
low toxic cffect, of anomeslous Cu in the Sand. Although at
Mufumbwe, a vegetation clcaring occurs in residual soil which
probably results from Cu toxicity, it is unlikely that Cu will
reach similar toxic level in Kalshari Sand., Consequently,
geobotanical surveys are unlikely to be uscful in prospecting
for Cu in Kalahari Sand.

(41) The intake of Cu in parts of randomly selected trees
reflects the underlying Sand Cu distribution, and indicates a
sensitivity of the trees at low overburden Cu conccntrations,
Tree woody parts give the best correlation with the overburden,
and the highest Cu content occurs in bark. The Cu contrast of
the vegetation is less than 2. Because of variability of
intake between trece specics and trec parts, a separate

threshold must be calculated for each spccics and part.
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Analyses of ground vegctation do not show any trend
corresponding to the Sand Cu valucs.

(u2) The Fe, Mn and Zn contents of sclected trec species
do not reflect Sand valucs. Fe is concentrated in the bark of
trees, while kMn and Zn accumulatc in the leaves.

2. BECONMMENDATIONS FOR FUTURE RESIZARCH

1. The effcctiveness of the silt fraction for Cu analyscs
in the Kalahari Sand, within the limitations of thc study area,
has been dcmonstrated. As cpigenetic trace elcment patterns
arc now known to develop in aeolian Kalshari Sand, and are of
detectable magnitude, it is now necessary to extend the
rescarch into the widcr context of aeolian Sand in a descrt
area., Limiting factors for the technique may be (i) depth
of Sand (ii) arid conditions.

(1) It is conceivable that in the vieilnity of Iower
KRamwedgil, the Sand may attain a dcpth of over 100 ft., while
wes twards, towards the Barotse Basin, the depth may be several
times grester. The effcctiveness of the technique with
increasing depth of overburdcn could thus be studied.

(ii) The development of the Cu anomalies in the Kslahari
Sand of the study arca -ig a direct result of present climatic
conditions with abundant rainfall and evaporation. 1In arcas
of aridity, overburdcn profiles tend to be alkaline, and
saline dispcrsions of metals are severcly rcstricted. It is
possible that in such arcas, past climatic fluctuations may
have produced tcmporary wctter conditions, during whiqh,
saline dispersions of mectals developed in the overburden.
Relic dispcrsion patterns may still survive a reversion to

arid conditions.
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2, It is possible that 8ilt analyses may be cffective
in locating saline dispcrsions in other typces of transported
overburden (c.g. glacial, colluvial) whcre vertical
transportation of metal in solution has been effective.

3. A major influcnce on geochemical profiles in latosols
is the devclopment of latceritic zonecs., Wherc intcense
lateritisation occurs, markcd tracc mctal concontrations
result from sorption by the hydroxides. These mctals may have
been initially introduced via the groundwatcr from a
considcrablc distance. Subscquent to the laterite formation,
weathcring processes, including leaching by upward and
downward movement of soil moisture, result in a metal enriched
profile, In Kalghari Sand which contains a low mectal content
in the profile, this alteration of thce gcochemical profile by
mctal from accumulations in lateritc zoncs is most apparent.
Conseguently, identification of ncar-surface mectal anomalies
resulting from laterite is nccessary, possibly by study of
associated minor elements only concentrated by lateritisation,
An estimation of the trace element enrichment factor resulting
from laterite would be useful.

L. Although no obvious associated pathfinder element
(including Hg) was found ocecurring with Cu, further study
of these minor elements in an aeolian environment are necessary,
especially of gaseous phase elements,

5, In areas of Kalahari Sand, dambo drainage is infreguent
and widely spaced., 1In addition, the few streams capable of
crossing expanses of Sand are likely to be of major size.

It was found e KHufumbwe that Cu anomalous sediment from the
minor tributaries was swamped by barren material transported

down the main Mufumbwe dambo, and no anomalous material was
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detectable in the wmain dambo., Further research should include
detailed investigation of wmovement of anowalous material in
the major dambos with & view to successful routine sampling

of these dambos. It is possible that the humus Ao zone in

the dambo centre may produce better results than sediment at
depth.

6. Maximum Cu contrast was found in residuasl soil,
Kalahari Sand and dambo sediment in the silt fraction. In
addition, this fraction has the maximum cx/Total Cu ratio.

The actual form of the Cu in this fragction, and its association
with the e oxide and hydroxide,. or with guartz, is an
essential study for the understanding of the fixation of
anomalous Cu in overburden.

1o Geobotanical investigations in the study area sugges*
no obvious correlation with wineralisation. A more
comprehensive study, including the ground vegetation, may
produce a geobotanic indicator. Further statistical
investigations are necessary on possible varieties of

Becium obovatum to indicate:-

(a) diagnostic morphological fcatures associated with
Cu minerslisation, and

(b) the upper and lower limits of Cu toxicity of the
specics.

8. In the study area the Cu intake by vegetation,
although sensitive to overburden Cu variation, was low and
produced a Cu contrast of between 1 and 2. Specles were
selected, which were common in the arca. It is possible that
further research might locate a species which accumulates

Cu, and would produce a higher Cu contrast.
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VEGETATION BOTANICAL AND VERNACULAR NOMENCIATURE
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APPENDIX _1I. e
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Name Kaonde Luvalc Lunda Bemba é E 'S)
Acacie elbida Lukuku A
Afrormoaia angolensis zubanga Mubambo ubanga liubanga +1 + 1+
Afz2lia guanzcnsils Nkulakazhi lwalato Iupapa + 1+
Albizia autunesiana Hunkwasenge KHulungu liusase + +
Albizic zygia Mweycye liweyeye + 1+
Lublygunocarpus andongensis{ Kapapata Kapapata Kapapata +
Anisophyllea spp. Mufungo Kfuko “funu +1 + | +
Bousanthus speciosus Humpunzhu Musungu Hupunzhu + |+
Brachystegia boehmi | Musamba Musamba HMusamba +
Brachystegia floribunda Musompa + +
Erachystegia longifolia ilusamba IMusamba lusamba + 1+ |+
Brachystegia specciformis Manga Mumanga Manga + |+
Combre tum mechowianum Mufuka Mufuko Mufuka + |+
Jombretun molle Mulama liulamata iulama + |+
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Vernacular namec

Kaonde Luvale

Comiphora wollis

Craterosiphon querrci

Cryptosepalum pscudotaxus

Decesmodium spp.

Diospyros batocane

Diplorhynchus condylocarpon

Eriosema spp.
Brythrophleun arfricanum
Faurea spr.

Ficus fiscreri

Garcinia huillensis
Gardenia subacaulis
Guibourtis coleosperma

Hexalobus wonopstalus

liusangalucmbe Musangalcmbe Iisangalembe

Mukwe Mukwe
Muntukufita Munjongolo
Mwenge uli

Kikombabazhike Kuhuhu

Kabulwebulwe Muscse

Liusokoto Musungc

HMutata

Kapepe Mushibi
Kalecndeshi
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Lunda Bemba é E 'O
+§f + |+
Mukolc A
Mukunu + |+ |+
Kalambatila A
+ | +
Mwengi + |+ |+
Kalalila +
Musese Mulkoso + |+ |+
Saninga + |+
+
lusongwa +
Chiwowo +
Kapepe + | +
Kalendeshi + |+
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Botanical

Vernacular namc

KALAHARI SAND

RESIDUAL S0IL

CONTACT.KALAHARI

TTame Kaonde Luvale Lunda’ Bemba

Hymenpcardia scida Kapempe + 1+
Isoberlinia angolensis Iutobo Hutobo + 1 + |+
Julberancrdia paniculata Mutondo Munyumbe +§ + |+
Landoplphia kirki Mubungo Mubungo Mubungo +{ + |+
Lanneca discolor Iiowombwo Nakabumbu + +
Mono tes spm. Kipampa Chipampa Chipampa I RO
Ochna pulcra Musengu Musengo Liusenu + | + |+
Ochtheocosmus lemaireanus Mulumbwelumbwe Mulumbwelumbwe + ]+ +
0lax obtusifoplia Mwaiu Mukunyasefu Mwalu + 1+ |+
Parinari <xcelsa Hupundu Hutongo Mupundu + b+ |+
Paripari rolysndra Hukuwe +
Piliostigma thonningi Kifumbe +
Pseudonlachnostylis

narrouncifolia Kabalabala + |+ |+
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Pseudolachncstylis -spe. Kachiwa + b4+ i+
Pteolopsies spp. lufunji + 14
Pterccerpus angolcnsis Ndombe Mukula Ndombe + i+ 4
Stceczranotaenia araliacea Lunonokyulu +
Strycancs spinosa Kepwi Makolo Kapwi +
Swartzie mnadegascaricnsis Ndale lutecte Ndali + j+ i+
Syzygiuwa cordatum Husombo liufinsa +
Syzsrium guineense
macrocarpun Musafwa + 1+
Terrinelia sericea Chibumbu +
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Uapaca Xirkiana Mukusu Yudengo Iiubula +
Uapaca nitida lius okobele Ndengondengo Husokobele §+ +
Ximenia americane Kulcbe + i+ |+

Footnote: A = Anthill

Workmen for the profect were derived from thc local tribes of the Kaonde from the Kascupa

arca to the east, the Luvale-Luchaze from Balovale in the west, and the ILunda-Luba from Mwinilunga
.in the north. Come Bemba criployees were brought from the Copperbclt. Conseguently the vernacular
names of the vegetatiou were derived from men from these various tribes.

The botanical vlassification is based on Fanshawc (1965).
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APPENDIX ITI SAMPLING AND AVALYTICAL TECHNIOUES

1. SAMPLE COLLECTION

(a) Surface Soil and Sand.

Ao humus samples were collected by scraping the surface
organic litter. Soil and Sand samplcs were taken at 9 in.
depth in the A horizon by means of a small native hoe, Care
was taken to excludc Ao contamination of the sample. At ecach
locality the samples werc transferred to prenumbered kraft
sample packcts(5 in. x 3 in.) and the overburden type, colour,
granularity and peculiar geomorphological, geological, drainage
or vegetational features noted, Area surveys involved system-
atic sampling on a closely sprecad grid system. Starting from
company survey base-lines, further sample lines werc set out
by compass and tape, and lines werc marked by stakes and tree
blazes., Along the lines, set at right angles to the presumed
anomaly trend, samples were generally collected at 200 ft.
intervals, with closer sampling in areas of interest. Sample
intervals along lines were wmade by compass and pacing.

(b) Profiles in Soil and Sand.

Profile samples wecre collected by hand augering,
pitting, trenching and power augering.

A steel hand auger with & 3 in. diameter hollow bit was
employed to collect samples down to a depth of L ft. Samples
were collected according to the horizon intervals but averaged
one per foot deﬁth. It was found impractical to core clay-
rich samples by this method in the dry season as the ground

was too hard.
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Circular pits of 2% ft. diameter were dug to bedrock
if possible, with a maximum depth of 30 ft. Indurate
lateritic crusts were occasionally impenetrable, The pits
were sampled by cutting a continuous 1 in. deep groove into
the wall of the pit and collecting a continuocus channel sample
from bottom upwards to minimise contaminat;on. The sample
interval was dependant on the horizons intersected by the pits
and at least onc sample was collected per horizons Cdmbany
dug trenches were similarly sampled. For deep préfiiiﬁg, a
limited use of a truck-mountcd power auger was available.
Depending on the overburden conditions, profiles of 70-180 ft.
were intersected, although in Xalahari Sand depth of penctrat-
ion was disappointing, perhaps due to the clay content at
depth., Samples were collected at 5 ft. intervals and were
thus a mixture of the¢ material in the 5 ft.

(¢) Dambo scdiment.

Dambos were sampled in a similar manner to the soil
and BSand. Locally strcam sediment was collected from active
stream channels,

(d) Rocks

Samples of rock and indurate laterite werec collected
from surface and from pits by hammer, Care was taken to
collcet as fresh a specimen as pdssible.

(e) Termitaria

lLarge termitaria were sampled in two parts. The lower,
wide basal plinth and the upper pinnacle section were each
sampled by digging 6 in. into the termitaria to expose

unwea thered material.
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(£) Vegetation

(i) Survey

At 200 ft, intervals along the sample transect
ling,; quadra?’..: with 100 ft, sides were set up centred on the
transect peg. The qﬁadrate boundaries wcre marked out by
blazing trees and clearing the lowcr vegetation. Each tree
and shrub within the quadrate was identified by vernacular
name and counted,

(ii) Sampling

A sulitable tree was selected nearest to the
transect peg. As the upper storey trees were L0-50 ft. in
height and devoid of lower branches, each tree was felled.
Lichen free bark was chipped off by axe, care being taken to
avoid areas of termite passageways. Sccond year twigs,
randomly selected from the tree, were cut into convenient
lengths by secateurs, while leaves were hand stripped. Bach
part was individually packeted in a kraft samplc packet

(5 in. x 3 in.).
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2. SANMPIE PREPARATION

(a) Drying

All samples werc sundried in the packets. Oven drying
was necessary in pcriods of high humidity during the Rains,

(b) Dry sieving

S0il, Sand or dambo scdiment wgs 1lightly ground in a
porcelain mortar, care being taken not to pulverise mineral
grains. This results in a crude disaggregation but does not
effectively brecak up cemented material or separate grains
from coatings. Rock and laterite material were washed by
deionised water to clean off soil coatings and werc then
crushed by mortar,

Sieves were constructed of plastic holders with nylon
bolting cloth screens. During initial field work, a -SOﬁt
size fraction was used for snalyses and this was achiéved by
hand sieving of the total sample.

For a more complete size fraction scparastion, a nest of
plastic sicves of various sizes (207 38# 8077 12577, 2007)
were employed, and shaken for a specifiecd period. Ten
minutes is regarded as adcquate (HMilner, 1¢62). Sieves wcre
thoroughly clecancd by a brush between sicving.

Dry sieving was also'applied to the dry coarse matecrial
derived from a wet dispersion technique,

(c) Wet sieving.

This technique ensures a more completc separation of
mineral grains from adhering silt, clay and oxide coatings.

Following dispersion L[sece section (d)} the sample
materigl was hand sicevced through each sige of sicve separately,

starting with the coarsest. Shaking was aided by washing
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material through the sieve into a becaker with a jet of
dcionised water from a wash bottle. The material in the
beaker, plus the water, were then sieved through the next
finest sieve. It was impractical to wet sieve below ZOOﬁ#
duc to surface tension effects.

(d) wet dispersion

The method employcd is based on Piper (1950) and is a
modification of Bouyoucos (1935). 4150 ml of 1% Calgon
solution (sodium hexametaphosphate) at 20°C werc added per
100 gm of sample in a beakcr. The mixture was stirred and
placcd in an ultrasonic tank (Blectrosonic H110 ultrasonic
cleaner) for 60 minutes. The dispersed slurry was then trans-
ferred to a 100 ml measuring cylinder (over 30 cm in height)
and the volume was made up to 1000 ml with deionised water.

A ﬁniform suspension was obtained by turning the cylindcr end
over cnd. The material was then allowed to scttle, A
Bouyoucos hydromecter was placed in the suspension and the
calibration and tempecrature noted after 5 minutes,

After applying a temperature correction, this reading
gave the silt plus clay pcerccntage in suspension. The clay
percentage was derived from the hydrometer reading after 5
hours of settling. The silt content was calculated by sub-
traction. For the separation of silt and clay, the topmost
10 cm of suspension was drawn off by suction pump after 5
minutes of settling. The cylinder was topped up to 1000 ml
with deionised water and the process repeated till no suspens—
ion appcared in the top 10 cme The clay was separated frou
the silt in g similar manncr after an elapse of gpproXimately

5 hours, depending on the temperature,



22,

The silt and clay were then derived from suspension by
slow cvaporation or by ccntrifuging.

(e) 8ilt extraction

This method is based on the beaker method of Piper
(1950). Approximatcly 20 gm of sample were added to a 100 wml
beaker and topped up with 1% Calgon. The slurry was dis-
persed in an ultrasonic tank for 30 minutes with occasional
stirring., The sample was then wet sieved through a 2od?5
nylon sieve into a begker. The -20077 material was stirred
and allowed to settle for 8 hrs during which time the silt
settled to the bottom. The liguid phase containing the clay
in suspension was then siphoned off by suction pump and dis-
cardcd. The silt was oven dried at 60°C.

(f) Heavy mineral separation

Clcan, dispersed size fractions werc added to separating
funnels containing tetrabromocthane (sp gr 2.8). The denser
heavy minerals settled to the bottom of the funnels and were
drained off after 30 minutes., The procecss was repcated 3
times to cnsurc complcte scparation. The tetrabromoethane
was then removed from the minersls by acetone. The magnetic
fraction of the heavy minerals was separated by hand magnet.
The heavy minerals were then mounted on a slidc, and identified
and counted microscopically.

(g) Vegetation

After oven drying, vegetation samples were prepared
in 3 ways:-

(i) Bark was broken into small picces and 2 gm were

weighed into a pan balance., Twigs were cut into small
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pieces and similarly weighed into a pan balance (2 gm).
Leaves were hand crushed and weighed (3 gm) .,

(ii) Bark, twigs and leaves were individually fed into
alVegetation grinding mill and pulverised. The pulverised
material was welghed as above,

(iii) 10 gm of both pulverised and unpulverised
samplés were ashed in porcelain crucibles for 10 hrs in a
muffle furnace at 4350C., Initial carc is nccessary to allow
ignition without loss of materiasl, or contamination through
draught. The white ash was then weighed by torsion balance

(0.2 gm).
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5. AFAIYTICAL TECHNIQUES

(a) Attack

(i) Citrate ¥Wixtraction

Reference: Holman, 1956,
Technical Communication 25 (A.G.R.G.)

Procedure:

Weigh 0.2 gm sample into a test-tube (18 x 180 mm)
and add 5 ml buffer solution (pH 4.5). 2 ml of 0,001% dithi-
zone (diphenylthiocarbazone) in purified benzenc is added, and
the tube is then shaken vigorously for 3 minutes. The colour
of the organic phase is then comparecd with a set of prepared
standards.,

If the colour of the sample exceeds the colour of the
highest standard, a further 2 ml of 0.001% dithizone in
benzene is added and the test-tube is shaken for s further
2 minutes. This can bc repeated till the sample colour matches
the standard colour range.

Standards:

To eleven tect—tubes containing 5 ml of buffer
solution, add O, 0.5, 1.0, 1.5, ete., to 4.0, 4.5, 5.0 ug of
copper. Add 5 ml of 0.001%; dithizone, cork and shake tubes for
3 minutes,

Reagents:

1. Buffer solution: dissolve 100 gm tri-ammonium

citrate and 100 gm hydroxylamine hydrochloride in 500 ml water.
Extract with approximately 50 ml portions of 0.01% dithizone
in carbon tetrachloride until free from Cu, and then remove
the excess of dithizone by extraction with carbon tetrachloride,

Dilute the agueous phase to 1 litre with water.
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2. Dithizone solution in benzene:

(a) 0.01% dithizone in benzene: dissolve 4O mg in
LOO ml of benzecne and store in a vacuum flask

(b) 0.001% dithizone in benzene: dissolve LO ml of
the 0.01% sduticninbenzene with 360 ml of benzene and store in
a vacuum flask,

3. Benzene: ©Bhake 1 litre of crystallisable grade with

10 ml of 5% potassium dichromate, discard the aqueous phase,
and wash the benzene L times with 500 ml quantities of water.
Pass the benzene through a filter paper to remove water.

Lhe 0.5 i hydrochloric gcid: mix 20 ml of the acid with

120 ml water.

5. Standard Cu soplution.

100 ug of Gu per ml - dissolve 200 mg of cupric sulphate
crystals in 0.5 M hydrochloric acid and dilute to 500 ml.
5 ug of Cu per ml - dilute 5 ml of the 100 ug per ml
solution to 100 ml with O.5 I hydrochloric acid
cx Cu ppm = weight factor x dilution factor X standard
concentration (ug)
= ml dithizone X ug of matching standard.

Discussion:

Several metals react with dithizone to form primary
dithizonates and selectivity of the metsllic ion depends on
the pH of the solution. The reagent is unstable in direct

sunlight and heat.
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(ii) Ammonium acetate extraction

Reference; Bray and Willhite, 1929.
Clews, 1962,

Procedure:

Welgh 0,25 gm of sample into a test-tube
(18 % 180 mm) and add 410 ml of I ammonium acetate (pH 7.0).
The tube is corked and shaken mechanically for 20 minutes:
this has been found to be an adequate extraction time (Wildings
1965, Pig.16). The sample is then centrifuged for 5 minutes
at 2000 rpm and the fluid phasc is used for metal determination

Discussion:

This attack measures the amount of exchangeable
metal cations, which are replaced by strongly charged NHZ
ions (Wilding, ibid), and is rcgarded as effective for clays

(Bray snd Willhite, 1929)

(1iii) Hydrochloric Acid extraction

Reference: Clcws, 1962,

Procedure:

0.25 gm sample is added to a test-tube
(18 x 180 mm) and heated with 5 ml of 0.5 ¥ HC1l for 60 mins.
at 800°C in a water bath. The solution is centrifuged for 4O
mins. at 2000 rpm and thc¢ clear solution used for determination.
Reagents:
0.5 il hydrochloric acid: dilute 20 wml of
concentrated hydrochloric acid with L20 ml water

Discussion:

The sample is partially deccomposed by hydrochloric

acid producing soluble metal chlorides. Results of the
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overburden of the study arca indicate that the more loosely

bonded Cu and Fe minerals are leached while virtually all the

n is in HC1 soluble form.

(iv) Potassium Bisulphate Fusion

References: Almond, 1955.
Technical Communication 23 {(A.G.ReG.).
Stanton, 1966.

Procedure:

0.1 gm sample is weighed into a test—tube (16 x 150 mm)
with approximately 0.5 gm potassium bisulphate. The mixture
is fused on a primus stove and the melt dissolved in 5 ml of

M hydrochloric acid and 5 ml of deionised water.

A variation of this procedure was uscd in the RST
laboratory in Kslulushi. Following the bisulphate fusion,
the sample was further attacked by a weak hydrochloric-
perchloric acid mixture, and then filtered.

Discussion:

Metal sulphides, sulphosalts, most clay minerals and
weathered silicates are believed to be attacked by this method
(Wilding, 1965). The attack is less effective on fresh
silicates and somc oxides (Harden,1962). The attack is
virtuslly total in maturely weathered sediments, and in the
study area results are comparable with the nitric-perchloric
at tack.

The attack was not found to be effective for vegetation.
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(v) Nitric-Perchloric Acid extraction

Reference: Technical Communication 50 (A.G.R.G.).

Procedurc:

C.25 gm samplec is weighed into a wide-rimmed test—tube
(16 x 150 mm) and 5 ml of acid mixture added. This is
evaporated to dryness at an initial temperature of 80°C for
3 hours to drive off the nitric acid, followed by 200°C until
the sample is dry. The dry material is leached with 5 ml of
M HC1l on a.warm sand tray.

Reagents:

Acid mixture: mix concentrated nitric acid with perchloric
scid (60%) in the ratio L:1.

Discussion:

Perchloric acid is a powerful oxidising agent. Organic
matter is eliminated, while silicates are decomposed and the
metals form perchlorates, The extraction is 90s total,
although Band (196%) states that in weathered material the
attack is total but less effective on fresh silicate lattices.
In the highly weathered overburden of the study area, the

attack is essentially total.

(vi) Nitric-Perchloric-Sulphuric Acid extraction

Reference: Smith, 1954.
Jackson, 1958.

Piper, 1950.



Procedurc:

3 gm of dried vegetation is weighed into a cunical flask,
Concentrated nitric acid is added (5 ml/gm) and evaporated to
dryness, Acid mizture is then added (concentrated nitrice
perchloric: sulphuric = 10:4:1) at 5 ml/gm. This is again
evaporated to dryness on a hot plate at 200°C. PFurther
additions of acid mixture may be necessary if the vegetation
is not fully decomposed to a white evaporite, The evaporite
is then dissolved in 20 ml warm I HCl.

Disgcussion:

Because perchloric acid is a powerful dehydrating agent,
explosive activity can occur with vegetation samples, and the
initial addition of nitric acid precludes rapid oxidation.

The wet ashing 1s preferable to dry ignition as the process
is more rapid, and complex insoluble silicates, which retain
trace elements, are not formeds In addition the weight of
ash derived from dry matter is dependant on temperature

(Carlisle et al., 1958).
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(b) Estimation of Elemgnts
(i) colorimetric -
(1) Dithizone

Procedure:

The method is described in the citrate extraction
method (sec scction 3(a)(i). The tint of the dithizone phase
is compared with prepared standards,

Reagents:

As described in the citrate extraction method.

Discussion:

The leached Cu ions form a coloured primary dithizmatec
complex with the dithizone. The colour range is from green
through grey to mauve (strong metallic ion concentration).
The visual detection limit is 0.4 ug/ml concentration. As
scveral other metals react similarly with dithizone,
selectivity of Cu is achieved by pH control, Dithizone has
the disadvantage of decomposition in strong light or high
temperatures, and care is reguired in hot climates. In
addition dithizone may bc oxidised by ferric iron, and

colour interfercnce may occur in Fe rich material.

(2) Biguinolyl
Reference: Technical Communication 23 (AeCeRaCl)
Almond, 1955.
Stanton, 1966.
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Procedure:

A 2 ml gliquot of the sample solution is pipetted into a
test-tube and 10 ml buffer solution added, After a 2 ml
addition of 0,026 2.2-biquinolyl solution; the test-tube is
shaken for 30 scconds and compared with a prepared set of
standards., If the colour is above the top standard, a further
2 ml of biquinolyl is added. The sample is shaken and the
colourced phase again comparcd with the standards.

Reagents:

Buffer solution: dissolve 200 gm of sodium acetate

(trihydrate), 100 gm of potassium sodium tartrate, (tetra-
hydrate) and 20 gm of ascorbic acid in water, and dilute to 4
litre. Bxtract with 0,0%1% dithizone until frec from copper,
and then remove the excess of dithizone by extraction with
carbon tetrachloride.

0,02% 2.2-biguinolyl solution: dissolve 4O mg in

200 ml of amyl alcohol.

Standard Copper solutions: as per cltrate extraction

(section 3(a) (1))

Standards: To 20 test-tubes contalning 10 ml buffer

solution add 0, 0.2, O.L4, 0.6, 0.8, 1.0, 2.0, 3.0, L.O, 5.0,
6.0, 7.0, 8.0, 9.0, 10, 412, 1L, 16, 18, 20 ug copper. Dilute
to 12 ml with 0.5 M hydrochloric acid, add 2 ml of biguinolyl
solution, and shake for 30 scconds.
Copper (ppm) = weight factor x dilution factor x
biguinolyl factor x standard

concentration (ug)
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Discussion:

Cuprous copper reacts with normally colourless 2.2-
bicuinolyl to give a pink complex, which is stable for weeks
provided the solvent is freec of oxidising impurities. The
reaction is virtually specific for cuprous ions and is
recommended for tropical soils. The visual detection limit

is 0.1 ug/ml concentration,

(¢) Mo Analyses

Reference: Technical Communication 56 (4.G.R.C.)
Stanton and Harwick (1967)

Procedure:

0.25 gm samplc is weighed into a test—tube (16 x 150 mm)
and fused with 1 gm of potaésium bisulphate, The sample is
then leached with 5 ml of 6 M hydrochloric acid and after the
addition of a further 5 ml of acid, is allowed to settle.

A 5 ml aliguot is pipetted into a test—-tubc and 2 ml of
reducing solution added. The mixture is allowed to settle
for 2 minutes., 2 ml of potassium iodide solution and 1 ml

of dithiol solution are added and the mixture is allowed to
stand for 2 minutes before an addition of 2 ml of petroleum
‘spirit. The tube is stopperecd with a ®ilicone bung and the
mixture is shaken for 90 seconds, The organic coloured phase
is compared with prepared standards.

Reagents:

Reducing solution: dissolve 75 gm of citric acid

and 150 gm of ascorbic acid in water and dilute to 1 litre.



253,

Potassium iodide solution: dissoplve 500 gm of

potassium iodide in 500 ml of water and store in a dark bottle,

Dithipl solution: add 2 ml of ethyl alcohol to 0.3 gm

of zinc dithiol. Add L4 ml of water, 2 gm of sodium hydroxide
and 1 ml of Shioglycollic acid. Iix well and when clear dilute
to 50 ml with water, when the splution will become cloudy again.
Mix this solution with 50 ml of potassium iodide splution and
store in a refrigerator.

Iron solution: dissolve 5 gm of ammonium ferric

sulphate crystals in 500 ml of 6} hydrochloric acid.

Standard molybdenum splutions: 4100 ug of Mo/ml -

dissolve 126 mg of sodium molybdate in 6M hydrochloric acid
and dilute to 500 ml with this acid.

10 ug Mo/ml - dilute 10 ml of the 100 ug/ml solution to
4100 ml with 6} hydrochloric acid.

Discussion:

During the fusion, molybdenum is converted to water
soluble molybdate. With dithiol, molybdenum forms a green

complex which is extractcd into the amyl acetate layer.

(d) Mercury analyses

Reference: Technical Communication 55 (A.G.R.C.).
James and Webb (4196l4).

Procedure:

A double beam mercury vapour meter was employed.
Care was taken to sclect samples which had undergone no

heating with subsequent loss of volatile mercury. The samplc.
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were chosen from the weathered zone as sulphur from sulphide
mineralisation may causc contamination in the determination
stage. The precision level at the low content range of Hg in
the soils and Kalahari Sand samplcs (10 - LO ppb) is * 8% at

the 95% confidence level,

(e) Organic Carbon analyses

Reference: Technical Communication 32 (A.G.R.C.).
Schollenberger, 1927.

Procedures:

0.3 gm of sample is weighed into a conical flask
(250 m1) and 10 ml of O.4 N potassium dichromatc added,
followed by 10 ml of concentrated sulphuric acid. This is
lightly heated for 25 scconds, cooled and 100 ml of Ho
ammonium fluoride solution added. The solution is titrated
against standardiscd 0.2 N-ferrous ammonium sulphate solution
using diphenylamine as an indicator.

Reagents:

O.L I potassium dichromate solution: dissolve

19,6147 gm of potassium dichromate in water and dilute to 1
litre.

0.2 ¥ ferrpus ammonium sulphate splution: dissolve

78,6 gm of the hexa-hydrate in 1 litre of water containing
20 ml of concentrated sulphuric acid, Standardise by
titrating against 10 ml of O.4 N potassium dichromate
splution,

75 ammonium fluoride solution: dissolve 50 gm in

1 litre of water.
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Diphenylaminc solution: dissolve 0,5 gm in 100 ml of

concentrated sulphuric acid and dilutc by pouring into 20 ml of

cold water.

Discussion:

The dichromate solution produces chromic acid which
with sulphuric acid oxidiscs the organic carbon. The excess
unreduced chromic acid is back titrated against standardised
ferrous amnonium sulphate. Results are lower than thosc

obtained by the combustion method.

(f) pH analyses.

Procedure:

‘A mains Pye pH meter was used in the laboratory to
determine the pH of soil, Sand and dambo scdiment samples.
5 gm of sample were mixed in a beaker with 12.5 ml of water
of pH 7.0 and allowcd to stand for 30 minutes. This allows
the soil and water to attain equilibrium (Jackson, 1958).
The Pye meter is calibrated against prepared solutions of
known pH and the electrode washcd in water (pH 7.0) before
immersion in thc sample slurry. The readings were taken twice
over an interval of 1% minutcs, and the wmcan of the two

readings was taken.

(g) Atomic Absorption

A Perkin Elmer Atomic Absorption double bcam
Spectropho tometer (liodel 303) with a combined Perkin-%lmecr
digital concentration readout accessory (DCR-1) was used for

the majority of tracc elecment determinations in London.
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The sample material in weak acid solution is atomised in a
acetylenc—air flame and the absorbance of any particular

. elcment is determined by use of the corresponding spcectral
lamp. Both Boling and singlc slot burners were used.

Procedure:

Standard solutions, covering the range of values for
cach element, are aspirated every 10 sample solutions. The
tracc clement concentration of the samples is derived from a
calibration curve of the standard solutions., A new curve is

plotted when machine variation occurs.

The opecrational data for the various clcments are given

in Table 63,

Table 63. Operating conditions of Atomic Absorption apparatus

Wavelength (B) S1it Gain Standards (ug/ml)

cu 3250 uv n 3 0. 2-50

. %720 uv 10-300

re 3858 uv 5 2 50-500

Mn L0300 vis n 25=-200

7n 2138 uv 5 6 0.5-5.0

Co 2L|-07 uv 3 50 5 0. 5"20

Ni 2320 uv 3 6 0, 2b-20
Discussion:

The lower dectection limit for the apparatus for Cu is
a 0,2 ug/ml concentration, Using the factor outlined in the
nitric-perchloric extraction, with a 0.25 gmn sample weight

and a 10 ml acid lcach, this limit is cqguivalent to 8 ppm Cu.
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. By altering the sample weight and the leach solution volumec,
the detection limit can be recduced. Although an increased
samplc weight for the same acid leach volume may producc a
decrcased mctal extraction, this is not belicved to be
applicable in the Kalahari Sand wherc thce total level of
soluble salte is low. In addition the Cu content of Kalahari
Sand is gecncrally in excess of 10 ppm if a silt fraction is

analysed,

(h) Optical Spectromcter analyses

Reference: Nichol and Henderson-Hamilton (1965).

Proccdure:

Samples werc analysecd by the spectrographic laboratory
of the Gecochemical Research Centre. Samples were ignited in
st liea crucibles at L,OO -~ 50000 for 3 hours to oxidise
organic matter and to eliminaste water. The samples were
homogenised with a 1:1 mixture of lithium carbonate and carbon
containing germsnium, the internal standard. The mixture was
arced for 90 seconds and the concentrations of the clements
in the sample were estiméted by comparing the spectra of the
sample with spectra on a standard plate.

Specifications of the machine and method are listed

in Table 64,
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Table 6L, . Operating conditions of optical spectrometer,

Sourcec Unit Hilger . 'FS8 131

Spectrograph Hilger Large Quartz FS 55

Arc Stand Hilger ©FS 56

Comparator Hilger JA Co 190

Wavelength Range (&) 2800-4950

Emulsion Ilford K30

Anode Morganite SG 305H~5mm carbon,
crater diam., 2.%mm, depth—5mm,

Cathode Morganite SG 305H~-flat ended

Luxposure 20 seconds

Gap 3 mm

Arc Currcnt 12.5 amps

31it 15 u

Collimator Intcrnal

Step scctor 2 steps giving 3 intensities

in proportion of 1:%:1/16

Spectrographic analyses have the advantage of a wide
rangc of elcecment coverege from a singlc sample, snd a
permanent record of the analyses. The méthod has the
disadvantage of a lower precision than the Atomic Absorption
method. lMorecover variations in the bulk chewmical composition
matrix can affect the rcliability of recsults. Comparison
between spcecctrometry and Atomic Absorption data for the same
routine samples indicates that the spectrographic mcthod has

a tendency for low Cu, higher Fe and similar Iin and Co.



(i) X-ray diffrsction analyscs

Procecdure:

Initisl samples wcre finely ground in an agate mortar
and the powder mounted on an X-ray slide cavity mount. In
later studics the powdered sample was drawn on to a ceramic
disc from suspension by mcans of a suction pump. A Phillips
Proportional Countcer X—-ray diffractometer with a wide angle
goniometer and Cu~K« radigtion was used for mineral determin-
ation. The samples were scanned as mountad. In order to
jdentify certain clay mincrals, samples were heated to 550°C
for 1 hour. This causcs evaporation of water molecules, which
with certain minerals, causes a lattice change by collapse
(e.g. montmorillonite)., Treatment by glycerol produces in
certain minerals swelling by latticc expansion (e.g. chlorite).
For minute guantitics of sample, a smcar mount was used.

The operating conditions of the apparatus arc presented
in Table 65,

Table 65, Operating conditions of x~ray diffraction apparatus

Counter type Scintillation
81it width 0.1 mm

Range L-60 (20)

Scale factor 16 x 1

Time constant 1 or 2 second
Divergence (%) 10

Scan speed 2P (20)per minute
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The maximum Bragg reflections of the main minerals

from the study arca arec listed with the corresponding 4

spacings (Table 66).

Table 66. d _spacing of minerals.
Mineral D spacing (X)
1. Chlorite-liontmorillonite Group 14
2, Mica-Illite Group 10
3. Kaplinitc—-Serpentine Group 715
L. Tale Group 9.3
5. Gibbsite L.82
6. Goethite L.18
7. Guartz _ 3¢ 50
8. Hematite 2.69

i, PRECISION

Refercnce: Technical Communication L6 (A.G.R.C.);
Craven, 1953.

In Zambian A horizon latosols the sampling error has
been demonstrated to be insignificant compared with
analytical error (Tooms, 1955; Jay, 1959).

The analytical error was evaluated during routine
sample analyses by inserting artificially prepared soil
standards with a range of Cu similar to the samples.

Precision was then calculeted by the method of Craven (1953).
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An alternstive evaluation of precision was obtained by at

least 5 rcplicate analyses of the same sample,

For the

latter method the mean percentage precision at the 955

confidence level is

2D _x 100
mean

where D_;/;EL»

mean

I

number of repeats

value

sample value

Various precisions obtained during analysces are

presented in Table 67.

Table 67. lican % Precision at the 9% confidence level.
Hetal| Extraction Statistical XZ%ng liean %
: method (ppm) Precision(X)
Cu N, Acetate Standard series [0, 5-10 52
dithizonoc~ Standard series |0, 5~30 b1
Cu 0.5 M HC1 Standard series| 5-300 33
Cu bisulphate
fusion Standard scrics 10-400 15
Cu Nitric—perchlorio.Standard series 10-80 10
Cu idithizone Standard series |0,2-1.0 30-45
Cu (0.5 M HC1 ‘Standard serics |0, 5-4.0 52
Cu |[Nitric-perchloric Replicates 85 21
Fe (Nitric-perchloric Replicetos LEs 33
Mn |Nitric-perchloric Replicates 290 35
Zn Nitric~-perchloric Replicates 25 21
Co Nitric-perchloric Replicates 15 25
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The mean precision is depcndant on the element
analyscd in any semplc, on the samplc attack cmployecd,; on
the metal range in the samplces and on the grain size. Thus
the Craven mcthod gives the average preclsion over a range
of values, while the replicate method producecs a value for a
certain content level., In gencral the precision for Cu can
be seen to lmprove with a stronger cxtraction,and bcst
precision is derived with a nitric~perchloric attack and an
Atomic Absorption determination., ¥Fe and Mn extraction is
more erratic than Cu within the same samplc, while the
prceision of any element is lower towards the detecction

1imit,



APPENDIX III

ANALYTICAL DATA OF OVERBURDEN AND VEGETATION
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Table 68, Cu, Fe and In content of residual soil (anomalous)
ppm) per size fraction for various extractants

i Detec t-
am e N -38 ., ~80 . _ .
Reagent Slevei +397 B0 1007 silt ~2007 Clay. 1;;2{3
! R
Cu ‘Ammonium Dry i<0,1 <0.1 <0,1 <0.1 0
i acetate ! e
! Wet '¢0.1 O.4 O <0.1 <0.1
!Dithizone Dry é 0.2 0,2 0,2 0.5 0.16
i i
i Wet f 0.1 O.4 0.4 <0.1 <0,1
¢ chloric @ 2.5
! acid Wet 1<0.14 0.6 1.6 5.8 8.2
Potassium Dry i g3 73 83 130 4.0
bisulphate !
Wet | 28 10 22 125 210
| Nitric- Dry | 76 53 T 85 5.0
! perchloric ;
E Wwet © 18 6 9 8l 170
Fes Hydro- Dry | 2.4 3.0 3.0 L.2
! chloric é
| acid Wet | 1.4 1.0 0.7 3.7 6.8
! Witric~ Dry'! 6. 3h L3 6. 3
perchloric §
Wet : 30 8 1. O O.u— 3. 9 80 9
Mn | Witric - Dry | 320 220 230 360
perchloric | j
; Wet | 110 SL 71 300 370
! }
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Table 69. Cu, Fe and kn content of Kalahari Sand (background)
(ppm)_ per size fraction for various extractants

1 * ;
' gﬁf—BB 80 Detect-
Reagent i Sievel +3 +8Q§5+200%*Sllt -2007% clay 1;;§t
Cu jAmmonium Dry 0.1 <0.1 <0.1 <0.1 _
3.0
acetate
Wet | «©.1 0.4 <0,1 <0.1 O.L
Wet | 0.2 0.2 0.2 4.3 L. 8
chloric .
acid Wet | <O,1 0.5 0.1 13 29
Potassium Dry 14 10 18 27 1.0
bisulphate '
Wet 1 1 1 27 o1
Nitric- Dry 15 9 11 23 5.0
perchloric ; *
gcid Wet 3 3 2 18 120
chloric
acid Wet | 0.1 0.1 0.1 0.8 1.6
}.\Jitric" { DI’y O‘ 6 O.Ll. O. l—l~ 202
perchloric;
acid Wet 0.2 0,1 0,1 0.6 2¢35
¥n | Nitric- Dry 65 L& 92 110
perchloric
acid Wet 23 by 33 150 310
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Table 70. Cu, Fc and }n content of Xalahari Sand (background)
_(ppm) per size fraction Ffor various extractants
-38 -80 L _|Detect-
Reagent . Sieve. +38#+807;é +20Q,77: silt --200—7_9'S clay 101’]
limit
Cu ! Ammonium Dry | <0.1 <0.,1 <0.1 <0,1 3.0
acetate *
Wet | <0.1 <0.1 0.4 <0.1 <0, 1
Dithizone Dry 02 0,2 0.3 0.3 P
. 0.16
Wet 0e2 0.3 0.3 0.5 0.8
Hydro- Dry ! 0.7 <0.1 <0.1 3.6 5,5
chloric *
acid Wet 1<0,1 2.8 1.6 3.4 7.6
Potassium Dry 8 7 14 32 1.0
bisulphate *
Wet 1 1 1 12 76
Nitric- Dry 5 5 10 25 2.0
perchloric *
acid Wet | 1 3 1 25 120
chloric
acid Wet ! 0.1 0.1 0.2 0.4 1.6
Fitric- Dry C.7 0.7 1.2 3.0 |
perchloric i
acid Wet | 0.1 0,2 0.5 2.5 10. 6
Mn | Nitric- Dry L5 32 55 85
perchloric
acid Wet 11 13 13 140 1901
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Table 71. Cu, Fe and kin content of dambo sediment (background)
(ppm) per size fraction For various extractants
Detect-
Reagent Sieve +38ﬁé+§gfy+280z¢silt —ZOOZ#clay iop
- limit
cu Ammonium Dry [<0.1 1.2 <0.,1 Q.1 0
acetate 3.
Wet 0.4 <0.1 1.2 <0.1 O.L
Dithizone |[Dry | 0.5 0.2 0.3 0.5 0. 16
Wet 0.1 0,1 0,1 0.5 2,6
chloric *
aciad Wet 0.1 0.1 <0,1 3.2 14,6
Potassium | Dry 22 14 12 32 1.0
bisulphate ¢
Wet 1 2 1 14 60
Titric- Dry i 10 10 18 5.0
perchloric *
acid Wet 1 1 2 11 h2
Fd&s | Hydro- Dry 0.8 0,7 0.6 1.4
chloric
acid Wet 0.2 0.2 0.2 0.8 2.6
NMitric- Dry (1.6 0,8 0,¢ 1.2
perchloric
acid Wet | 0.3 0,3 0.2 0.6 2.9 i
Mn | Nitric- Dry 28 23 30 L3
perchloric
acid Wet 12 6 7 25 60
i
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Table 72. Cu, Fe and lin content of dambo sediment (anomalous)
(ppm) per size fraction for various extractants

l Detect-
Reagent Sieve +38Z#:ggzy;ggqiesilt —2007#clay ion
limit
Cu | Ammonium Dry 1.2 1.6 3.2 2.8 3.0
acetate *
Wet {2.8 <0.1 0,8 2.4 3.6
} Dithizone | Dry (8.3 6.7 8.3 15. 4 0.16
z L ]
i Wet (1.6 1.8 1.4 31.4 33.6
Hydro- Dry 27 26 35 60
chloric 2.5
acid Wet 13 10 7 2L 90
Potassium [Dry (160 150 14O 300 o
bisulphate e
Wet 68 5L 39 360 530
Nitric— Dry (170 160 200 280 5.0
perchloric *
acid Vet oL 25 26 390 780
Feh | Hydro- Dry (0.6 O.L 0,6 1.1
chloric
acid et 0.5 0.2 0.2 1.1 1.4
Nitrie-  Dry [1.3 0.7 0.6 1.1
perchlorid
acid et 0.9 0e2 0,1 1.2 2.8
Mn | ¥itriee  Dry | 60 7L 58 92
perchloric
aciad iwet 38 17 13 83 130




Teole 73 Cu content of residual soils (ppm) per size fraction.

- I Wet sicved | Dry sicved |
amp .. € Location -386 =80 -125
Mo, 387" L8O 41257 +2007%silt clay| —807* =200 7#
Hiteic - 4 Anomalous LEKAIWEDGI
perchloric
acld 4002 ca L5 14 12 12 80 250 38 80
LooL Ch 67 15 13 15 88 360 51 110
L1 39 KN3 19 10 10 11 72 190 31 70
4140 Kl 36 12 10 12 63 190 31 51
Background
L5L2 C-4 25 6 5 6 35 100 25 L7
Lshl C~-5 16 6 5 7 29 oL 23 L2
Hydrochipric; Anomalous
acld
L002 c2 17 3 2 2 17 L3
LooL cL - 2 2 2 13 51
L1 39 K3 3 2 L 2 11 26 5
L1540 Fa L 1 2 2 11 29
Background
L5h2 C-L 5 1 1 1 7 15 L
L5LYy C-5 L 1 1 1 7 23 7

*69¢




Fe content of residual soils (%) per size fraction.

Table 7h.
e v I
|
} Samolc mt siovod Dry sieved
; ; Iocation -125
o, +387 +80# +4 25# +00077 Sllt clayl -8077 ~20077
Nitric- paAnomalous |LEKAMWVEDGI
g%gghlorlc
LI-OOZ 02 LIVOB 1-2 008 Ol? 1-9 5-1 1.2 2.3
1,004 ClL 1.6 O.L 0,3 0.3 1.2 2. S 0.7 1.2
4139 X3 | 1.0 0.4 0.5 0.6 1.9 34| 1.2 1.2 |
L1 40 KN 1.6 0.5 0.5 0.6 1.8 2.7 1.1 1¢5
Background
L5442 c-L 3.1 0.9 0.6 0.7 3.1 5.0 | 1.6 2.8
LL5LI-LI. C"’5 1-8 007 007 058 1 09 5.9 07 2-8
Hydrochloric! Anomalous
acid 3
P 13002 c2 1.6 Ol 0.2 0.1 0.5 1
LOo0oL ch - <0, 1 0.1 <0.1 0.2 0.7
1139 KNN3 0.3 0.1 0.1 0.2 0.7 1.6 | 0.L
4140 Kl 0.3 0.2 0.2 .2 0.6 1.2
Backgroungd |
LI.5L|.2 C_LI. O. 9 O. 2 P OO 1 O! 5 . O’ Ll'
L5541 c-5 o4 0,2 . 0.2 0.4 1.0 0.9

‘0le



Table 75. Mn content of residual soils (ppm) per: sizc fraction

Sl | Wet sicved Dry sieved

ample Location -38_, -80 =125

Yo. +387F +807F 42577 4120077 silt clay | -80%F -20

Nitric- Cu—-Anomalous |LEKANWEDGI

perchloric i
acid L ooz c2 500 120 86 82 2L0 520 | 150 330

LookL Clh 150 58 3h iy 190 3601|120 180

L4 38 KN3 140 79 120 7% Li60 620 | 200 L 20

L4140 KL 270 L3 Iy 110 770 1000 1] 180 640

Background
L5h2 c-L 500 240 140 130 260  L60 | 250 360
L5hl, Cc-5 270 170 460 120 230 750 { 250 330
Hydrochloric Anpmalous

acid

L1002 c2 L50 120 82 85 220 500

LOOokL ChL - 61 Ly 89 140 330

L1439 KN3 170 110 110 120 L 30 840 | 200

L1440 KL 56 65 56 110 750 41000

Background
L5L2 C-L 510 220 180 140 280 350 | 220
L5kl Cc-5 280 170 160 120 160 760 310

*vle



Table 76. Cu content of Kalshari Sands (ppm) pcr size fraction
Wetbt sievecd Dry sieved
Sample .
\ Location -38 -80 -125
No. 4357 4807 41257 +2007 silt clay|-807 —2007
Nitric- Anomalous L. KANWEDJ] ‘
perchloric
acid uioh RNL 3 2 3 L L8 1121 13 34
h183 RIH 2 5 73 150} 20 70
Background
L7780 E1-4 4 1 1 2 14 L5 7 16
L778 KN=-5 1 1 2 2 17 39 6 14
L806 RN-h 2 2 2 2 14 L31 5 13
L 804 RN-5 2 1 1 1 12 39 L 12
Hydrochloric Anomalous
acid
L19L RNL. C.bH 0.5 C.1 C.5 10 2k 2
L4193 RN5 1.5 0.5 0.5 1 2L L5
Background
L778 KW9-5 C.5 0.5 0.5 1 7 i1

‘cle



Teole 77, Fc content of Kalahari Sand (%) per size fraction.

. | Wet siéved Dry sié&ed
Sample  7,0ation -38 -80 -125
No. +387 +80F 1254 +200# silt  clay|-807# —200#
Nitric- CGe-Ancmalous iKAMWEDGI
psrchloric
acid Lol | RNL <0,1 <0.1 0.2 0.2 1.7 3.6f 0.7 1.5
4193 | RN5 0.1 <0.1 0.4 0.2 1.6 3.2{ 0.7 2.3
Background _
LI-780 I{I‘T""LI- Oo 1 <Oo 1 On 1 Oo 2 1 . 3 Ll-oJl O. 7 1 . 6
LI-778 T"'5 001 <Oo1 O.Ji 0.2 101—“ 3.“- Ot7 1.6
LI-806 RI\T—LI, < 001 (‘Oo 1 Oo 1 Oo 2 1 . 1 lec 2 Oo 5 1 . 5
180k RN-5 0.1 <0.1 0.1 0.2 1.3 3.5/0.5 1.4
Hydrgchloric ‘ Anomalous
aca ; 419k RIVY <041 <01 <0.1 <0, 0.3 0.7 0.1
’ 1193 RN5 <0.1 <0.1 <0,1  <0.1 0.3 0.5
' Background
L u780 KN-U 0.4 0.1 <0.4 <0.4 0.3 0.7 0.1
g L778 Ki-5 0,1 0.1  <0.1 <0, 1 0.3 0.5
11806 RN-4 <0.1 <0.1 <0.1 <0,1 0.2 0.4 | 0.1
§ L80L Ri1-5 <0.1 <0.1 <0.1 <01 0.3 0.5 4

‘clz




Table 78. ln content of Kalahari Sand” (ppm) per size fraction
T Saﬁg}e Loontion ”BBWet_géeved-125 Dry sicved
+387% +807 +125#% +2007% silt clay|-807* -200#%
Nitric- Cu- Anomalous L.JXAMWEDGT
Dol oe LA Sh R 25 22 12 2l 230  L50| 100 200
4183 RN5 16 19 6 20 150 280} 58 180
Background
L780 KI-4 9 6 S 57 240 300} It 130
L778 -5 S 5 20 37 370  L70] 100 280
L,806 RN-L 2 9 16 170 2701 B2 460
1,80l RN-5 6 g 22 160 330 L2 150
Hydrochloric Anomalous |
acid 1 Sl RV 23 15 23 32 290 L50| 82
4193 RN5 y 1 8 15 150 230
Background
4780 Ki7-1 20 - 15 15 28 200  290| 56
L7738 XN~5 15 3 13 32 390 4SO
L8806 RN-L4 1 1 3 8 150 210{ 35
L80L RN-5 8 3 8 11 14L0 260

.2



Table 79. Total-HCl solublc trace element ratios

Sample ~38 ~80 =125
& +387F +80# 1257  +200# silt  clay
Total/HC1 Cu | Residual{ Anomalous L0002 3.4 6.0 6.8 6.6 5.6 6.9
soil Anomalous L1 39 8,0 7.4 3.5 5.0 6.2 6.9
Background | L542 5.0 Le6 3.9 5.4 Le6 5.2

Yalahari| Anomalous 9oL 2.8 5.5 10.3 7.2 3.6 3¢ 8
£and Background | L4780 | 3.2 2.0 2.1 2.6 2.7 3.4
5

Background | 480L b4.3 2.4 3. 2.5 2.8 3.8

Total/HCL Feh| Pesidual| Anomalous L002 1.8 3.1 T Le5 Le3 L,
soll Anomalous L1 39 Le7 3.5 3,2 3.3 2.5 2.7

Background | L5L2 3.8 Le 5 3.3 L,0 5¢ 5 5.4

| Kalshari| Anomalous | 4194 | 5.0  L.5 3.8 b3 55 L5

saad Background| L4780 6.0 4.0 3.2 7.0 Le5 6.7

Background L80L 3.3 3.5 3.5 .2 5.0 8.9

Total/HCL kn | Residual| Anomalous 1002 1.1 1.0 1.0 1.0 1.2 1.1
soil Anomalous | L4139 | 1.8 1.0 1.0 1.0 1.0 1.0

Background | LbL42 1.0 1.0 1.0 1.0 1.2 1.1

Yalaherij Anomalous nioL 1.8 2.6 1.0 1.0 1.0 1.1

£and Background | L4780 | 1.0 1.0 1.0 1.2 1.0 1.0

Background | L4804 | 4.0 1.0 1.5 1.9 101 1.3

*Gle



Table 80. Comparison of Cu content (ppm) of unpowdered, powdered and ash analyses
of Brachystegia longifolia
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Table &1. Compariscn of Te content (ppm) of unpowdered, powdered snd ash analyses

of Brachystegia longifolia.
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Table 82, Comparison of Mn content (ppm) of unpowdered, powdered and ash
) analyses of Brgchysfegia 1ongifolia ~
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Table 83, Comparison of Zn content (ppm) of unpowdered, powdered and ash analyses
of Brachystegia longifolism
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wable 8l. Cu content of vegetation (ppm, dry weight) on transcct PN, Ldﬁer Kamwedgil

SPECTES I 3 L 5 614 2 3 4 5 6.1 1 2 3 4 5 641 2 3 L 5 &
et |58 8,650 SR TA Y 0.6 125000 5.9 5.1 Bdlon 67 iry 6.2 5.068] 6.2 6.9 1B 8.9 53 k3

C Twig | M7 L7 Ll 7.2 6.1 503 5.1 3.8 3.6 4.0 6.4 3.6 L.2 3.5 6.0 6.5 3.9 5.5 3.8 6.5

. Dark | 9.6 6.7 12,4 8.5 8.0 8.6 8.3 10.6 8.9 6.1 11.6 7.8 7.5 1L.L 5.4 1.4 6.t 7.0 8.7 5.3

| PN2 (100) | PN3 (120) PNL (185) PN5 (110)

5 Leaf 9.7 6.3 114 3.7 5.1 3.7110.7 Loli 9.5 10,5 5.8% 4.9| 9.2 6.2 10.5 11.9% L, 7 L. 2 7e7 9.2 10,4 3.9 L9

E Twig 7.5 7.% 6.0 3.0 5.5 7.3 L.2 5.9 7.6 9,8% »5.7 5.0 6.1% 8,4 9.2 | 3.5 3.7 5.8 9.098.8

| Bark 12,9 7.9 9.2 S.2 7.1 10.9% 6,5 10.1 12.6 S. 3 12,4 11,135,091, 544,55 4.0 b9 8.2 9.1 9.2

! | PN7 (95) o PN8 (100) | - PI\T9 (80) PN10 (70)

| Leaf 8,0 6.8 1L.0% 8.8 3.2 6.2| 6.9 6.1 8.6 6.7 k2 52! 6,7 6.4 8.6 9.9 .2 L.h 11.0%8,7%11,0 7.l b3 3.7 |
i Twig | 5.3 2.3 4.7 6.2 b.3 6.7 3.6 L2 5.2 9.2 | 8.0 5.5 L.1 3.5 L.q 8.55.5 3.6 L.6 3.6

§ Bark [10.8 7.2 10.0 15.5 L.3 M. L.0 6.6 14.8 7.8 2.5 7.5 8711.0 8. | 8.6 6.3 7.9 145 4.3

® Highest Valucs D€er part per species

1. Brachystegia longifolia 2. Julbernardia paniculata 3. Brachystegia spiciformis L. Diplorhynchus condylocarpon

£. Pseudolachnostylis sp, 6. Landolphia kirki.
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Table 85. Te content of vegetation (ppm, dry weight) on transect PN, Lower Kamwedgi

sProIms| 4 2 3 4 5 6| 1.2 3 L 5 6} 1 2 3 b 5 6l 1 2 3 h 5 6

PN-6 ?3%% 85 PN-5  (2.15) N P-4 (2.2) PN-3 (2.35)
Teaf | LO 29 20 ﬁ% 37 L6| 60 20 20 23 24 91| 70% 36 25 LIF 38 38) 61 27 30 24 29 68

Twig|13 9 8 12 15 20 13 11 11 13 33 48 16 13 32 20 10 B8 418 33
| 3ark|250 73 17CF 22 50 93 75 140 200 90 170 60 31 66 52 140 7L 5l 47 100
P2 (3.75) PN3 (3.85) P {(5.5%5) PN5 (4 25)

Leaf| 50 25 25 23 150% 72|50 26 38 48 53 26| 68 25 34 24 30 48 38% 30 26 28 38
Twig| 13 18% 13 9 17 20 5 10 13 149 20 13 20 9 22 27 14 11 22% 2
Bark|190 100 53 230 170% 87 29 26 3L 120 80 380%100 38 48 130 26 68 26 25

PN7 (Lat%) | PN8 (5. 2%) PN9 (L. 63) PN10 (4o 25)
Leafj 50 32 56% 24 22 170% 70¥ 24 28 31 28 150 40 21 30 36 34 38 | 50 37 54 15 20 45
Twig! 20 7 22% 22F 20 20 10 5 7 16 17 13 8 11 1L 1M0% ¢ 7 14 6
Berk| LOO¥190 36 26 21 270 60 L4 260% g 24,0 4O 120 36 14 210 65 75 L2 70

% Highest values per part per species
1. Brachystegia longifolia 2. Julbernardia paniculata 3. Brachystegia spiciformis L. Diplorhynchus condylocarpon

5..Pscudolachnostylis sp. 6. Landolphia kirki
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Table 86.

In content of vegetation {(ppm, dry weight) on transect PN, Lower Kamwedgil

SPECTES

1 2 3

L 5 6

|1

2 3 L

5 6

1 2 3 4 5 6

4 2 _ 3

L 5 6

Leaf

Twig

Bark

Pr-6
4Lho 150 LOu

£5 170
370% 55 130

100

(Goil st 150)
780 250 200

110 M
78 L9%

800
210
160

PN-5
140 330 580

51 180% 87
85 120 130

(130)
250 100

74
L8

PN-L (170)
770 110 480 380 190 290

200 28 95 57 70O
240 57 73 32 48

PN-3
L70 110 510

140 43 130
220 130 74

(230)
720 330% 230

57
18

120
L5

Leaf
Twig

Bark

IN2
LC hso

52 120

100 15140 L8

(200)
600 160 380

110 58

980
230

1190

PN3
140 400 490

11120 160
72 90 73

(140)
260 360

76

Pl . (150)
1200%4 70E720% 1003 200 39¢F

180 110 180 240 60
180 19140 88 26

PN5
- 120 570

260% 146 100
140 32 90

(270)
560 250 280
150 62

130 29

Leaf
Twig

Bariz

PNY
83 080

85
77

610

-

e

130
100 M

(270)
590 210 190

65
28

10(
56

560
140
110

PN
120 380 620

72 160 150
76 80 72

(260)
250 300

19

PN9 (360)
L70 60 LLO L90 4180 260

160 30 130 160 73
130 L7 66 56

PM10
600 100 LOO

130 69 140

(390)
390 230

8LF

740
130

71 79 76 150% 28

1. Brachystegia longifolia

5. Pscudulachncstylis sp, .

6. Landolphia kirki

% Highest value per part per species

2. Julberrardia periculata 3, Brachystegia spiciformis

L, Diplorhynchus condylocarpon
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Table 87. Zn content of vegetation (ppm, dry weight) on transect PN, Lower Kamwedgi

SPECIES| 1 . 3 L4 5 611 2 3 4 5 6|1 2 3 4 5 6|1 2 3 L 5 6
Leaf |25 22*131;:565 (2S5Cﬁl %t'1gé)3* 22 24 PgBB 22 13(1223 30% 18 fl\;_um 11“% 24 13 I;\?-Bza%* 13% 18
Twig 6 29 17 32 412% 9 22 32 27 7 17% 13 16 8 8 14 12 17 L7%E 7
Bark |6 L4 5 34 6" 5 L 5 uh¥ 5 6 5 7¥L2 3 L 8% 3 26 3
w2 (20) o PN3 (16) PNL (22) PN5 (20)
Leaf (19 24 13 49 10 12 {22 11 16 15 12 15(23 44 20 44 410 9| - 17 13 44 10 13
Twig |4 6010 9 6 12 14 12 19 3 7 L6 37F 8 8 M7 1 9 9
Bark |3 4% L 10 L 5 2 3 12 3 3 L 643 L |3 3 2 9 L4
N7 (200 | =8  (200|  ee  (17) P10 (18)
Leaf {16 15 14 18 9 16 |20 1L 23 17
Twig € 2 8 19 5 10 11 ) ‘ "
Bark 3 6 2  Lh¥E 2 F 2 3 2

aiHighest values per part per species
1. Brechystegis longifolia 2. Julbernardia paniculata . 3. Brachystegia spiciformis L. Diplorhynchus condylocarpon

5. lteeudolachnostylis sp, 6. Landolphia kirki
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