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ABSTRACT

This work aims to show how Land.sat imagery may be used to compile a 
regional study in a developing country at relatively little cost since 
the following geological, geomorphological and land use interpretations 
of southeast Botswana are based on photographic Landsat data.

The study area lies on the northern margin of the Kaapvaal Ciaton, just 
south of the east-northeast Limpopo Mobile Belt. Two major east-northeast 
lineaments and considerably more linear structures than are shown on the 
published geological maps were identified from the imagery. Movement 
along the principal, structural lines of weakness seems to have continued 
throughout late Archaean and early Proterozoic times. The Transvaal,
Kanye and Dipotsana Basins are readily distinguished from the neighbouring 
Gaborone Granite which seems to comprise two "plutons" orientated parallel 
to the two major, structural directions of the Kaapvaal Craton - northwest 
and east-northeast. These "plutons" lie between major sets of fractures.

The geomorphology of the area is closely related to the geological 
structure. Since there is little economic mineralisation, it was not 
possible to expound a definitive relationship between Landsat identified 
lineaments and ore deposits.

A landsat image mosaic illustrates the different tectonic elements within 
Botswana.

Comparisons of the different MSS wavelength bands showed that a late 
Spring, false-colour image acquired when the atmosphere is clear of haze 
is that most preferable for interpretation, followed by black and white 
MSS 5> then 7» transparencies, at the same season. Simple enhancement 
techniques proved disappointing on trial but the use of colour infra-red 
film on aerial reconnaissance yielded comparative results with false- 
colour Landsat imagery.
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1 Stratigraphie succession in southeast Botswana 12
2 Ventersdorp System succession in southeast Botswana 17
3 Sub-division of the Transvaal System in southeast Botswana 19
4 The Waterberg System succession at Otse 21
5 Key characteristics of rock groups on landsat images

1195-07420 and 1195-07422 27
6 A sequence of events for the early Precambrian period in

southeast Botswana 43
7 Landsat terrain classes of southeast Botswana 92
8 Electromagnetic radiation and appropriate sensors 100
9 Densitometric readings for MSS bands 4, 5 and 7,

image 1195-07420, grey scale 117
10 Densitometric readings for MSS bands 4, 5 and 7,

image 1195-07420 118



22̂ 24‘ 26° 2 8̂̂

1 8 6

1 88 187
-Kazungula

IB*
/ \  1 8 5/ \  /

— X  — 184  ^ ------------
7 3

OKAVANGO DELTA

M a u n20° 20

lakgadikgai
fens

1 8 3Francistûwn

 - 4 - 2  — —

•  Ghanzi
Madinare 22

•  K uli 1
76\ — >k-------- 4— -----J(

I I I
, I Mahalapyei

I  *Tsane

—   ^ ------
I  Gaborone]

^  --

Lobatse

7 8 Tsabong 26'26'

100

20* 22 26°24 28°

LANDSAT INDEX MAP FOR BOTSWANA 
(Keyed to the World-wide Reference System)

Crosses indicate the approximate position of image centres.
An image position is given by two numbers: the first denotes the
flight path and the second the horizontal row. This map should be 
used in reference to the following list of false-colour Landsat-1 
imageiy of Botswana.



LIST OF FALSE-COLOUR LANDSAT-1 IMAGERY OF BOTSWANA

See previous page for index map and explanation of image position numbers. 
The false-colour MSS imagery listed below was generated by NASA except 
for those frames denoted by an asterisk* which were prepared by 
Huntings U.K. specifically for the Botswana Geological Survey (Hutton 
197^c). The mark''̂  shows that false-colour imagery is available both 
from Huntings and NASA.

Image Position no.

183-75
183-76

183-77
184-74

184-75

184-76

184-77

184-78

185-73 

185-74 

185-75 

185-76

185-77

Image ID nos.

1122-07353^

1122-07355"^
1122-07362 *
1123-07405^^
1159-07404
1069-07402
1123-07411
1195-07411"'̂
-1069-07405
1123-07414
1195-07413"^
1069-07411 

1195-07420

1069-07414 

1195-07422

1052-07452 

1178-07453 *
1052-07454

1178-07460"^

1052-07461
1178-07462'^
1052-07463

1124-07472 

1178-07465 *
1052-07470 

1178-07471 *



Image Position no. Image ID nos,

185-78■ 1052-07472
1178-07474"^

186-73 1179-07512''̂
186-74 1179-07514''^

186-75 1179-07521"^
186-76 1179-07523 *
186-77 1179-07530 *
186-78 1143-07540 *

1179-07532 * 
,1197-07535

187-72 1126-07571 *
187-73 1054-07565

1072-07565
1126-07574"^ 
1198-07573

187-74 1054-07571
4̂.126-07580"^
1180-O7574

187-75 1126-07583 *
1180-07580

187-76 1198-07585"^

187-77 1072-07583
1198-07591"^

187-78 1198-07594"^
187-79 1072-07592

1198-08000"^
188-72 II27-O8O30

188-73 IO55-O8023
1127-08032"^ 
II45-O8O30

186-74 1127-08035"^
II45-O8O34

188-75 1127-08041"^
1145-08041



Image Position no,
188-76

188-77

188-78

Image H) nos
IO73-O8O35
1127t08044'
I217-O8045

1073-08041
II27-O8O50A

1073-08044
II27-O8O53A

Enquiries about orders to:
1, EROS Data Centre,

Sioux Falls,
South Dakota SD57198, 
U.S.A.

2, Hunting Geology and Geophysics Ltd., 
Elstree Way,
Boreham Wood,
Herts. WD6 ISH,
U.K.



LIST OF LANDSAT-1 IMAGERY IN THIS THESIS

Black and white 1:1 million prints in folder:
Image Position no. Image ID no.

184-77 1195-07420 MSS 4
1195-07420 MSS 5 

1195-07420 MSS 7
Photocopy of 1159-07415 MSS 7

184-78 1159-07422 MSS 7
Photocopy of 1159-07422 MSS 7

185-77 1178-07471 MSS 7
Photocopy of 1178-07471 MSS 7

185-78 1178-07474 MSS 7
Photocopy of 1178-07474 MSS 7

Copies of false-colour Landsat-1 imagery in text.
Colour prints, scale approximately 1:2,3 million.

Image Position no. Image ID no.
185-74 1178-07462 Page 76

187-73 1126-07574 Page 79
187-74 II26-O758O Page 78

188-74 II27-O8O35 Page 79



PART 1
INTERPRETATION OF LANDSAT IMAGERY OF SOUTHEAST BOTSWANA 

WITH PARTICULAR REFERENCE TO THE GEOIDGY



1 INTRODUCTION :
1.1 Physical and Human situation of Botswana
Botswana is a land-locked country in southern Africa covering some 
700 000 sq. km. Physiographically, eighty per cent of the country com
prises part of a plateau which stretches from South Africa north to The 
Congo. This plateau, blanketed by Tertiary to Recent deposits of sand 
and Crete is the Kalahari Desert. In Botswana, the Kalahari Desert is 
practically featureless and lies at a mean elevation of 900m rising to 
1 200 - 1 300 m over the Bakalahari Schwelle (map 7 in folder). The 
Kalahari sediments have in fact infilled a vast depression, the eastern 
rim of which is defined by an escarpment striking approximately 
north-south through eastern Botswana (Jennings 1962). Karroo and 
Precambrian bedrock outcrops east of this escarpment. The landscape is 
more dissected and rises to heights exceeding 1 300 m in the southeast 

and northeast.

The climate Is semi-arid to arid. Winter is a long, dry season and the 
summer rains are unreliable. Figure 1 illustrates climatic figures for 
five stations in Botswana and Figure 2 the average rainfall and seasonal

variability.

The Kalahari Desert supports a very finely-balanced vegetation doubtless 
due to lack of human intervention. To the east, where most of the popu
lation lives, and along the cattle routes a history, of uncontrolled cattle 
grazing has led to impoverishment of the vegetation and soils.

The sole, perennial source of surface water is the Okavango River which 
debouches into an inland delta in the almost uninhabited northwestern part 
of the country. The delta is an anastomosing network of channels which 
are impounded against two major faults instantly identifiable from 
Landsat imagery (figs. 13, 1̂ , l6, map 7; Akehurst 1973b, Hutchins et_!à

1S?6, 1977).



Figure 1 Climatic Figures for five stations in Botswana. UNDP (l9?l)
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Botswana falls within the lower group of developing countries (Lowe et al 
197^) and the economy has only recently been boosted by the discovery of 
diamonds at Orapa and Jwaneng and exploitable reserves of copper-nickel 
at Selebi-Pikwe. Because of the relative lack of known natural resources, 
development up until the attainment of Independence in 1966 was minimal. 
The territory afforded the major rail link between South Africa and 
Rhodesia and this remains its principal line of communication. Most of 
the country is accessible only to 4-wheel drive vehicles. Several large 
companies have mounted extensive prospecting campaigns since Independence 
but the poor transport network has hindered mineral development.

The Botswana Government is committed to a programme of training and dev
elopment, particularly in agriculture, since the projected lifetime of the 
working mines does not extend much beyond the end of this century.

1.2 Landsat-1 and particular applications of its imagery to developing 
countries
The Earth Resources Technology Satellite-1, ERTS-1, later re-named 
Landsat-1, was one of a series of experimental space projects in NASA's 
EROS (Earth Resources Observations Systems) programme. The design char
acteristics and payload of the satellite are described in Part 2.

Landsat was specifically designed for continual, synoptic monitoring of 
global resources. Its imagery has immensely improved geometric and radio- 
metric resolution compared with previous satellites such as TIROS or 
NIMBUS.

Since Landsat-1 provided global coverage, NASA was keen to extend partici
pation in the project world-wide. It would have been impossible to have 
had all the imagery analysed in the U.S.A. Emphasis was given to stimu
lating the interest of developing countries because it was felt that these 
nations might derive maximum benefit from the Imagery.

The mineral and agricultural potential of many developing countries has
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never been adequately surveyed. Landsat imagery could not only provide 
the basis for first order mapping but trained photointerpreters could take 
advantage of repetitive coverage to analyse fluctuating patterns and pro
duce thematic maps of required cartographic accuracy with ease. The major 
factors in favour of the imagery were that the results of the analysis 
could be obtained at much less cost and much more quickly than by orthodox 
ground reconnaissance (Lowe et al 1974). The major problem was whether 
the recipients would be able to analyse the imagery.

1.3 Botswana's involvement in the Landsat-1 programme 
NASA offered Landsat imagery free of charge to sponsoring agencies who 
submitted approved programmes of image analysis in return for reports on 
the progress of this analysis. A multi-disciplinary proposal from the 
Departments of Geological Survey, Water Affairs, Wildlife and National 
Parks, Surveys and Lands and Agricultural Research (Hutchins 1971) in 
Botswana was finally accepted by NASA in May 1972.

The Geological Survey hoped that the imagery would bring into focus 
regional geological relationships and structural controls on mineralisation 
particularly in the desert areas obscured by Recent Deposits. Water 
Affairs anticipated that the imagery might assist in tracing the flow of 
water in the Okavango Delta, northwest Botswana, which could perhaps be 
tapped for water supply in the east. The involvement of Agricultural 
Research and Wildlife and National Parks was based on schemes for large- 
scale ranching and wildlife management in the remoter parts of the country 
that require the overview most effectively provided by satellite imagery. 
Surveys and Lands hoped that the imagery would be a suitable base for 
up-dating their small-scale map series. A conventional mapping programme 
was estimated in 1971 to cost approximately £1 million. If the satellite 
imagery were usable, it could wipe out most of that cost.

The sponsoring agency was the Botswana Geological Survey and the Principal 
Investigator its Director, Dr. J.V. Hepworth. Mrs. S.M. Hutton (then



Miss Akehurst) was designated Project Manager. Four reports were sent to 
NASA (Akehurst 1973a,b,c; Hutton 1974a) in return for satellite coverage of 
Botswana from September 1972 to March 1973 and an index of coverage was 
eventually compiled (Hutton 1974c).

1.4 Aims of the Present Study
This study has arisen out of the Botswana Landsat-1 programme since, at the 
time, it was impossible to make an adequate assessment of the imagery and 
certain techniques of analysis were unknown to the author. It is hoped that 
this work will not only illuminate some aspects of the geology of southeast 
Botswana but also offer an informative appraisal of Landsat imagery to geol
ogists interested in this branch of remote sensing. The original intention 
had been to analyse a single Landsat frame of southeast Botswana, but, during 
the course of the work, this aim was modified so that aspects of geological 
interpretation of the imagery were to be compared with the published geolo
gical sheets of Botswana between latitudes 24°S and 25°30'S and longitudes 
24°30'E and 26°E. Ultimately the imagery was used as a basis for discussing 
the structure of this part of southeast Botswana in relation to the Kaapvaal 
Craton (fig. 7). Consideration is also given to the geomorphology, mineral
isation indicators and land use of the area so that the work as a whole 
attempts to show the variety of applications of the imagery.

Fieldwork was basically orientated to checking satellite identified fracture 
traces and travelling throughout the area to gain first-hand knowledge of the 
rock types and terrain. Panchromatic black and white aerial photography (1975) 
at a scale of 1:50 000 and 1:125 000 print laydowns of 1963 photography were 
used as ground support information. Topographic sheets at 1:50 000, 1:125 000, 
1:250 000 and 1:500 000 also cover the area. Maps and photography are avail
able from the Department of Surveys and Lands, P/Bag 0037, Gaborone.

Figure 3 shows the Landsat-1 imagery covering this part of southeast Botswana.

1.5 Site of Study Area
Figure 3 also shows the location of that part of southeast Botswana under 
scrutiny. The capital of Botswana, Gaborone, lies in the eastern-central
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sector on the major north-south road-rail link. Other major centres 
include Lobatse where the Geologloal Survey has its headquarters, Kanye, 
Molepolole, Mochudi and Ramotswa. The principal cattle route to the west 
of the country branches off from the main road just south of Lobatse 
through Kanye. Communications are restricted to a few dirt roads and 
tracks which became generally impassable during the very heavy rains of 

the 1975/1976 sunmier season.

1.6 Scone of this work
After the statement of previous geological field work, the stratigraphy of 
the area is described followed by a chapter on lithological interpretation 
of false-colour imagery. An account of the regional geological setting 
precedes a synopsis of recognition criteria for linear structural elements 
and introduces the interpretation of the major structural elements from 
the imagery. This is succeeded by a discussion of the significance of 
these findings. The next chapter describes the major tectonic elements of 
Botswana interpreted from a satellite image mosaic. The use of structural
guidelines provided by the imagery for locating mineralised sites or

groundwater fissures is briefly discussed and the relationship of the 
physiography to the geological structure of southeast Botswana is high
lighted in a general description of the geomorphology. The last chapter 
in Pairt 1 is a short account of land use in southeast Botswana,

Part 2 describes technical aspects of the satellite and its sensors, 
properties of the imagery and means of its manipulation.

The concluding chapter is an evaluation of the specific merits and 

drawbacks of the Landsat imagery.

The maps and photographs appended in the folder are an integral part of 
this study. Thematic maps of lithology and land use for images 
1195-07420 and 1195-07422 are accompanied by photographs of images 
1195-07420 and 1159-07422, MSS band 7, for comparison at approximately



the same scale. The false-colour Imagery from which these maps were 
originally compiled was not, unfortunately, available for inclusion. The 
photographs of inage 1159-07^15 in MSS bands 4, 5 ^nd 7 3-̂ ® compared in 
Part 2 section 14.1. The MSS bands are explained in Part 2 Section 12.2 
and image annotation, specifically the identification numbers, in Section 
12.4. Photographs of images 1178-07471 ^nd 1178-07474 are included for 
interest although their quality is not very good. The maps showing the 
principal structural features and terrain classes of southeast Botswana 
were compiled from a mosaic of images 1159-07415» 1159-07420, 1178-07471 
and 1178-07474 in MSS band 7 . The grid drawn on copies of the photographs 
is intended to assist identification of localities described in the text. 
Reference is made to the relevant grid square thus; A9l K5. Localities 
which are on the boundary of squares are indexed as, for example, L9/L10 
while features covered by more than one square are indexed as, for 
example, L9, LIO, M9, MIO. Photographs taken in the diffraction pattern 
sampling experiment are also included and are discussed in Section 15*4.2, 
The 35mm colour transparencies are of the relevant geological maps of 
southeast Botswana as a convenient reference. The map showing major 
tectonic elements in Botswana was also compiled from a Landsat mosaic.

1.7 Previous Geological Work in southeast Botswana
Molyneux (I907) produced a geological sketch map of the country bordering 
the railway line in eastern Botswana. Wagner (1929). Toit (19 2 9, 1947) 
and Truter (1949) discussed in general terms the field relationships of 

the Gaborone Granite.

Company prospecting has been undertaken of the Gaborone-Molepolole " pluton" 
(Victoria Prospecting Co. monthly reports 1934), the Basement Complex 
area southeast of Mochudi (Vermaak I96O) and of the Gaborone and Lobatse 
farming blocks (Lament 1959» I960). Numerous unpublished maps produced 
by these suiveys are kept in Geological Survey files.

In his study of the Semarule Syenite, King (1954) briefly considered the



prevailing structural controls in the area and the nature of the 

Gaborone Granite.

Field mapping by the Geological Survey has been undertaken at intervals by 
Green (l949a, b, 1950), Poldervaart (1954), Cullen (1958), Wright (1958,
1961), Boocock (1955, 1961), Gerrard (1964), Jones (1963, 1966, 1973&,t,c) 
and Crockett (1969, 1970, 1971&,^,c,&,®,T, 1972a,b,c).

Crockett discussed in detail the structure of the Transvaal Basin in 
Botswana and the adjacent Gaborone Granite Complex (1969, 1971a). He has 
also considered in depth the origin, relationship and ages of the 
Ventersdorp rocks (1971^), the Kanye Volcanic Group and Gaborone Granite 

(Crockett 1971f, Harding et al 1974).

Crockett's description (l9?2c) of the Transvaal System in Botswana updates
Boocock’s version (1961). Crockett and Jones (1975) have discussed the 
depositional environment of the Waterberg System.

The published geological maps at 1:125 000 of the Gaborone, 2425D, (1970), 
Lobatse, 2525B, (l971c), Kanye, 24250, ( 1 9 7 2 a )  and Mmathethe, 2525A, (1972b) 
quarter degree areas are by Crockett, those of the Molepolole, 2425B,
(1973a), Mochudi, 2426A and part of 24260, (1973%) and Marlco River, 2426B, 

(1973c) quarter degree areas are by Jones.

In the wider regional context, reference should also be made to the
1:1 million geological map of Botswana (Botswana Geological Survey 1973)
and to the map of the Bushveld Igneous Complex (Econ. Geol. Res. Unit 1975)"

10



2 geological SUCCESSION IH SOUTHEAST BOTSWANA
The stratigraphie succession given in Table 1 is a modified version of 
that used on the 1:1 million geological map of Botswana (Botswana Geological 
Sur\'-ey 1973). Since the Southern Africa Committee for stratigraphie 
nomenclature is still in the process of defining a formal code, the 
Botswana Geological Survey has adopted only a provisional terminology with 
respect to division of supergroups i^. to groups and members, pending 
this revision. Thus the established terminology (System, Series, Stage) 

is used in the following description.

2.1 The Basement Complex
The Basement Complex is older than 3 000 m.y. and is probably equivalent 
to the Ancient Gneiss Complex of Swaziland (Hunter 1957). Exposures of 
the Basement Complex in southeast Botswana are generally poor. Tracts of 
Basement Complex outcrop south and east of the Gaborone Granite. The 
latter area is chiefly underlain by a pink feldspathic and a porphyro- 
blastic granite gneiss (Jones 1966). Mafic,volcanic and Plutonic rocks of 
greenstone association were mapped by Vermaak (i960) along the border 
with South Africa west of Sequani and a subsequent geophysical survey by 
Geoterrex indicated a major division of rock types in the area.

Jones (1966) ascribed rafts of mylonitised metasedimentary rocks occurring 
south of Olifant-S Drift to the Swaziland formation (greenstone association) 
A foliated, pink granite in this same area, which Jones (1966) called the 
Olifant's Drift formation, bears a distinct resemblance to the marginal 
assemblages of the Gaborone Granite from which it may be distinguished 

solely by the absence of hornblende.

Quartz-feldspar-muscovite pegmatites and quartz veins are widespread.

The Basement Complex rocks to the south of the Gaborone Granite are only 
known from boreholes and wells or as float. A n  ironstone horizon occurs 
in the south of the Mmathethe sheet (Crockett 1972b). Similar rocks are
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Table 1 Stratigraphie Succession In Southeast Botswana 

Stratigraphie Unit Lithology

Tertiary to Recent. Kalahari Beds Undifferentiated sands and subordinate 
gravels, marls, calcretes, silcretes 
and ferricretes.

Late Carboniferous
to Jurassic Karroo System
300 to I8O m.y. ago

c 1 800 m.y. ago

c 2 000 m.y. ago

Early
Proterozoic

c 2 300 m.y. ago

Waterberg System

Transvaal System

Sandstones and subordinate shales, 
mudstones and marlstones.

Sandstones, grits, conglomerates, shales.

Pretoria Series ' Shales, quartzltes and subordinate
conglomerates, limestones and andésites.

Dolomite and Dolomites and subordinate banded
Black Reef Series ironstones, cherts, shales and quartzite,

Ventersdorp System

c 3 000 m.y. ago Kanye Volcanic Group

Archaean Basement Complex
3 000 m.y. ago

Tuffs, agglomerates, quartz-feldspar 
porphyry, andésites, siltstones, shales 
and conglomerates.

Felsite and quartz-feIdspar porphyries.

Basic metavolcanics and subordinate 
metasediments, bapded ironstones. 
Undifferentiated gneisses.

Intrusive Igneous Rocks

Mid-Late Proterozoic?

E^ly-Mid
Proterozoic

Mmathethe Granite 
Moshaneng Syenite 
Segwagwa Syenite 
Semarule Syenite_

Early Proterozoic Gaborone Granite 
c 2 600 m.y. ago Hodlpo Gabbro

Dolerite
Ultrabasic rocks (e.g. serpentinite) 

Syenite and Granite

Dolerite
Granite
Gabbro
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grouped in the Kraaipan Formation of greenstone association which outcrop 
throughout the Basement Complex of northern Cape Province, South Africa, 
and southernmost Botswana normally striking north or north-northeast.

Xenoliths of Basement Complex in the Kgoro Diorite and in the Gaborone 
Granite at Moshupa are of a leucocratic, yellowish,granitic gneiss.

2.2 The Kanye Volcanic Group
This group of massive, generally homogeneous, almost aphanitic, purplish 
or bluish-grey rhyolitic rocks immediately flanks the Gaborone Granite. 
Topographically, it forms a range of round hills bordering the relatively 

lower ground occupied by the granite.

The Kanye Volcanic Group is thought to be older than 3 000 m.y. (Harding 
et al 1974). It rests with a chilled contact on the Basement Complex and 
is intruded by the Gaborone Granite 12 km west of Mochudi (Jones 1973®,%).

The Kanye Volcanic Group may have been emplaced as a shallow level lacco
lith beneath a cover of lavas and tuffs which were subsequently removed by 
erosion or derived by thermal homogenisation of a differentiated pile of 
igneous rocks during intrusion of the Gaborone Granite (Harding etjal 1974).

Detailed descriptions of the petrography and age relationships of the 
Kanye Volcanic Group have been made by Poldervaart (1954), Wright (l96l) 

and Crockett (1971&).

2.3 The Gaborone Granite
2The Gaborone Granite is exposed over an area of about 4 700 km in 

southeast Botswana and has been located in boreholes drilled through 
Kalahari sand as far west as 24%0' E (Harding et al 1974).

In plan, the granite outcrops as two elliptical "plutons" flanking the 
western end of the Transvaal Basin and the eastern boundary of the Kanye 
sub-basin, which are separated by the Moshaneng lineament (fig. 4 and

maps 1, 2 and.5 ir folder.
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Figure 4 A simplified geological map of southeastern Botswana showing 
the divisions (heavy, broken line) between basins and 
platform. Inset - Locality map.
N.B. Lineaments not shown.

Source; Crockett (l9?l®)
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The smaller of the two "plutons", the Kanye-Lobatse-Ranaka "pluton"
(800 km^), lies south of the Moshaneng lineament and is elongated in a 
north-northwesterly trending direction. Outer Marginal Assemblage rocks 
form a range of low hills which lies on the long axis of the pluton and 
which stand out from the poorly exposed equigranular and rapakavitic 
granites of the Central Assemblage. The much larger Gaborone-Molepolole 
"pluton" lies on an east-northeasterly axis north of the Moshaneng linea
ment. Borehole evidence suggests the continuity of the granite beneath 
the lineament (Poldervaart 1954).

The Gaborone Granite comprises three distinctive rock types of which the 
Outer and Inner Marginal Assemblages form outer and inner concentric 
fringes respectively to the Central Assemblage. The width of these zones 
may vary from 1 to 2 km each ,(Crockett 1970, 1971®, 197^®)• This relation
ship led Crockett to believe that the Outer and Inner Marginal Assemblages 
were progressively more recrystallised phases of the Kanye Volcanic Group 
which suffered thermal metamorphism during emplacement of the granite. 
There are minimal petrochemical differences between the three granite 
assemblages and the Kanye Volcanic Group although the Inner Marginal 
Assemblage tends to be more quartz-rich (Wright 196I).

The radiometric age of the Gaborone Granite is controversial, as is the 
interpretation of its Sr isotope geochemistry and its ultimate source 
region. Whole rock Rb/Sr dating gives an age of 2592 - 75 m.y. with an 
initial ^"^Sr/̂ Ŝr ratio of 0,76. Hornblendes from the Central Assemblage 
give a K/Ar age of 2 240 - 100 m.y. Data for the Inner Marginal Assem
blage also give an age of about 2 25O m.y. Thus the Central Assemblage 
may have crystallised at 2 6OO m.y. and been affected by a thermal event 
at 2 250 m.y. (Ventersdorp volcanism?). A full discussion of the signifi
cance and difficulties of interpretation of these dates is given in 

Harding et al (1974).

Xenoliths of granitic gneiss and mafic rocks most probably derived from



the Basement Complex occur in the southwest of the Gaborone-Molepolole 
"pluton". Micro-granites of very wide-ranging composition are associated 
with the Central Assemblage. Wright (1958. 196l) considers them to be of 
replacement origin along lines of directional stress, although Jones (1963) 
advocates an intrusive origin. Both Gerrard (1964) and King (1954) 
believe that a phase of feldspar porphyroblastesis succeeded emplacement 
of the Central Assemblage. Evidence for this was seen in the field at 

Kopong (NIO, map l).

2.4 The Ventersdorp System
The Ventersdorp rocks of southeast Botswana are dominantly highly sili
ceous volcanic rocks, with intercalated sediments derived from the vol- 
canics. Their siliceous character contrasts with the Ventersdorp volcanic 
rocks of South Africa which are markedly andesitio. This contrast is 
highlighted by colour responses on Landsat imagery (q^. Section 3-5.4).

Nevertheless, Crockett (l971h) who deliberated on the problems of corre
lation accepted a Ventersdorp age for these rocks which overlie the 
Kanye Volcanic Group and underlie the Transvaal System.

Radiometric ages for the Ventersdorp rocks in Botswana range from 
2 215 - 100 m.y. (N.J. Snelling, pers. comm, to 0. Boocock 196?) for a 
quartz porphyry at Lobatse to 2 083 ± 210 m.y. for the Plantation 
Porphyry, a distinctive sill which has intruded the other volcanic rooks

at Lobatse (Harding et al 1974).

The Ventersdorp rocks lie in basins on the flanks of the Gaborone Gra
the Transvaal Basin to the east and the much smaller Dipotsana Basin 

to the southwest of the area (fig. 4 and m p  5 In folder). The volcanic 
rocks, which are believed to have been erupted from fissures on the basin 
margins, give rise to hilly ground while extensive tracts of the sediments 
underlie valleys, for example, the Taung valley. Ventersdorp outliers 
occur on the hills west of Mochudi and as a downfaulted block in the
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Basement Complex striking 8 km west-northwest from Sequani (RlO).

The rocks are monotonous in appearance, rendering detailed correlation 
impossible. This is further aggravated by the discontinuous and diachron
ous nature of deposition (Crockett 1969, 1971%)• The sub-divisions shown 
in Table 2 for the arc of outcrop between Lobatse and Ramotswa were based 
on lithological criteria (Crockett 1970, 1971%,®). The correlation was 
extended into the adjacent sheet area i.e. Mmathethe 2525A (Crockett 1972b) 
on a gross scale, on the basis of stratigraphie relationships and simi
larity of lithologie type.

Especial note should be taken of the Mogobane Assemblage, a distinctive 
sedimentary unit within the Ventersdorp System of Botswana which has a 
pronounced hue on false-colour Landsat imagery.

2.5 The Transvaal System
Table 3 shows the sub-divisions of the Transvaal System in Botswana based 
on Crockett (1971®)*

Boocock (1961) and Crockett (l972c) have both proposed correlations of the 
Transvaal System in Botswana with the successions in the Transvaal and 
North Cape Basins. Although the lower rocks of the System are essentially 
similar in both basins, there are marked dissimilarities between the upper
most rock groups - the Pretoria Series in the Transvaal Basin and the 
Griquatown Series in the North Cape Basin. Boocock (1961) supposed an 
ancient divide striking west-northwest from Mmthethe to separate the two 
basins, which may have been rejuvenated after deposition of the Dolomite 
Series. Crockett (1972c) proposed that a separate Kanye Basin lay between 
the large basins (fig. 4); the upper Transvaal rocks in this basin are 
identical to the Pretoria Series of the Transvaal Basin and not the 
Griquatown Series of the North Cape Basin. Rocks of the Kanye Basin occur 
in the Segwagwa, Dikgomo di Kae and Moshaneng areas and south of Kanye.
A very thin development of Transvaal rocks occurs in the Mochudi and
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Table 3 Sub-division of the Transvaal System in 
Southeast Botswana (after Crockett 1971®)

Smelterskop
Stage

Magaliesberg 
Stage I

Pretoria Series <

Transvaal
System

Daspoort
Stage

Timeball Hill 
Stage

Dolomite Series <

Banded
Ironstone
Stage
Main
Dolomite
Stage

Black Reef Series

Quartzite, mudstone, 
rubble beds. This stage 
only certainly known between 
Lobatse and Ramotswa. 
Mudstone, tuff, limestone 
with marker horizon of 
quartzite(s) at top of 
succession.
Mudstone, andésite (Ongeluk 
Lava) with marker quartzite 
at top of succession. 
Mudstones and quartzites 
with marker horizon of 
quartzite at top of 
succession.

Ferruginous chert, 
mudstone.

’ Chert breccia at basin 
margins. Dolomitised 
limestone, bedded chert.

Quartzites, conglomerates, 
grits, greywackes.
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Molepolole sheet areas where much of it has undoubtedly been removed by 

erosion.

The age of the Transvaal System is accepted as being in excess of 
1 960 m.y. (Burger et al 196?) since that is the radiometric age determined 
for the Rooiberg felsites which were part of the initial phasç of emplace
ment of the Bushveld Igneous Complex (see Table 6). Hunter (1975) quotes 
an age of 2 220 m.y. for the Ongeluk Lava, a marker volcanic horizon in 
the Pretoria Series.

2 .5.1 The Black Reef Series. The Black Reef Series consists of greenish- 
grey, schistose greywackes and black and white grits passing up into grey 
or white recrystallised quartzites with small pebble conglomerates. The 
series is never more than 30 m thick in southeast Botswana.

2 .5.2 The Dolomite Series. The Dolomite Series in Botswana is very much 
attenuated in comparison with the width of outcrop on the southern flank 
of the Transvaal Basin. The predominant rock type is characteristically 
a dark, blue-grey, recrystallised, dolomitic limestone with intervening 
chert bands. Ferruginous mudstones or chert breccias occur at the top of 
this series in southeast Botswana.

2 .5.3 The Pretoria Series. The Pretoria Series has been divided into 

four stages which are predominantly of a clastic nature with intercalated 

volcanic horizons. The top of each stage is defined by a quartzite.

These quartzites give rise to ridges and hills which stand out very clearly 

on aerial photography and satellite imagery. The intervening shales are 

not at all well exposed.

2.6 The Waterberg System
The principal foci of Waterberg System sedimentation in southern Africa 
were fault-controlled troughs (Crockett and Jones 1975, Jansen 1975)• 
Residual rocks of Waterberg age, however, also overlie structurally high 
areas adjacent to these basins forming mesa-like cappings to the
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Table 4 The Waterberg System succession at Otse 
after Crockett (1969)

W4 Coarse-grained, pebbly red sandstone.
Subsidiary conglomerate.

Pebble conglomerates. Inclusions of chert, 
W3 Smelterskop quartzite, Black Reef quartzite,

Ventersdorp tuff and ignimbrite, granite 
and vein quartz.

Autobrecciated shales, red shales and 
W2 siltstones, alternating with grits and

conglomerates.

Boulder conglomerate. Boulders of Transvaal 
W1 Dolomite and chert cemented in red,

quartzitic matrix.
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Gaborone Granite, Kanye Volcanics and Ventersdorp rocks. Wright (l96l) 
suggested that block faulting accounted for the considerable variations 
In thickness of the Waterberg sandstones overlying the Gaborone Granite. 
Behind the Mochudl-Molepolole scarp, the Waterberg beds dip gently north
wards beneath superficial cover. East of Mochudi, they are almost com
pletely concealed beneath the penultimate flood plain of the Notwanl Elver.

Table 4 shows the Waterberg succession In the Transvaal Basin at Otse.
The entire sequence at Otse suggests a highly unstable, depositions 
environment In which upward movements of the source area to the west were

taking place.

According to Crockett and Jones (1975) the rocks are shallow water deposits 
with coarse cobble or boulder conglomerates at the base giving way to 
pebbly grits and strongly cross-bedded sandstones. Argillaceous units 
predominate In the upper part of the succession In Botswana (Jones 197>) 
but these are confined to the northernmost part of the area of Interest 

and were not seen in the field.

A younger age limit for the Waterberg of 1 790 m.y. Is derived from a 
granite Intrusive Into the Waterberg System In South Africa (Geol. Survey

S. Afr. 1970).

2.7 The Karroo System
The only Karroo rocks to occur in the area are fine-grained, feldspathic 
sandstones of the Cave Sandstone (Stormberg Series) which are confined In 
a fault-bound trough striking west-northwest from the Marlco Elver some  ̂

10 km south of Olifant's Drift.

The Karroo era began In Permo-Carbonlferous times, approximately 300 m.y. 

ago.

2.8 Intrusions (excluding the Gaborone Granite)
2.8.1 The K^oro Diorite and Granophyre. The Kgoro Diorite and Granophyre
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lie 20 km southwest of Lobatse (LI?). They are distinctively sodic rocks, 
of uncertain age although Poldervaart and Green (1954) correlated them 
with the Kanye Volcanic Group. They intrude the Basement Complex and are 
in turn intruded by the Mmathethe Granite (Crockett 1971c).

2.8.2 The Modipe Gabbro. The Modipe Gabbro has built a range of hills 
striking in a northwesterly direction from Transvaal Province into Botswana 
in the vicinity of Modipe (PIO, Qll). Landsat imagery shows that the 
gabbro is truncated by rocks of the Transvaal Basin, Jones (19^3) states 
that the Gaborone Granite intrudes the gabbro.

2.8.3 Serpentinite. A serpentinite of uncertain age has been intruded , 
into Basement Complex rocks at Schoongezicht, north of Sequani.

2.8.4 Dolerite. Dolerite dykes and sheets are widespread throughout 
southeast Botswana but especially in the area north of Molepolole. 
Poldervaart and Green (1954) assumed that there were two categories of 
dolerite intrusion, one being post-Transvaal and pre-Waterberg (Bushveld 
Igneous Complex) in age and the other of post-Waterberg age. Field 
observations indicated at least two types of dolerite intrusion, - one 
type appearing to be quite unaltered and weathering into large, rounded 
blocks, the other, seen in the Gaborone Granite only, appearing much more 
altered and weathering into small angular blocks. Only the larger dolerite 
sheets appear on the published geological map sheets; further intrusions 
were discovered on field traverses some of which could even be detected

on Landsat imagery,

2.8.5 Syenite. Syenite stocks have been emplaced at Semarule (LIO) in 
the Gaborone Granite 6 km south of Molepolole and in Transvaal System rocks 

in the neighbourhood of Segwagwa (J15)« King (1954) stated that the 
Semarule Syenite appears to have been emplaced on an east-west axis as a 

result of localised alkali metasomatism of the Gaborone Granite followed 

by intrusion of sheets of mobilised syenite. Crockett (l971d) considered

23



that the Segwagwa syenite might be part of a differentiated igneous 
sequence, the more mafic rocks occurring at depth. The intrusion is 
poorly exposed. Syenite has also been intruded in the ring complex at 
Masoke (Jl4). Because the syenite at Moshaneng (see Section 2.8.6) is 
held to be of post-Waterberg age, the Semarule, Segwagwa and Masoke 
syenites are also probably of that age.

2.8.6 The Moshaneng Intrusion. According to Crockett (l9?2a), the 
Moshaneng intrusion (J13) comprises several small stocks of leucocratic 
granite and a quartz syenite. A post-Waterberg age is assumed for the 
intrusion since it has invaded dolerite at Moshaneng, which in its turn 
has intruded nearby Waterberg rocks.

2.8.7 The Mmathethe Granite. The Mmathethe Granite is a dark, coarse
grained, hornblende-bearing granite occurring in the south of the area 
around Mmathethe village. It is poorly exposed. Crockett (1972b) accepts 
a post-Transvaal age for the Mmathethe Granite.

2.9 Superficial Deposits
Most of southeast Botswana is relatively well exposed. However, the lower 
ground is generally covered with Recent sands and weakly developed soils 
closely related to underlying bedrock and drainage.

2.9.1 Kalahari Sands. A distinct boundary between bedrock and the sand 
of the Kalahari Desert which is of predominantly Tertiary age, can be 
clearly traced on Landsat imagery. In the Dikgomo di Kae area the sand is 
not particularly deep and weathered rocks is usually located at depths of 
about 4 m (Cullen 1958). Where there is reason to suspect zones of struct
ural weakness, it is probable that the superficial deposits are consid- 

eiably deeper.

2.9.2 Black Turf Soils. Black turf (or black cotton) soils, which are 
highly conspicuous on Landsat imagery, are either associated with under
lying mafic rocks or areas of poor drainage. These soils are charac-
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terised by a very low organic content and a high percentage of 
montmorillonite; they become highly sticky when damp.

2 .9.3 Golluvial Deposits. Colluvial deposits in the river valleys and 
on the extensive plain underlain by the Gaborone Granite are frequently 
poorly bedded, ill-sorted accumulations of boulders, cobbles and pebbles 
in a fine-grained, sandy matrix. The rivers have been rejuvenated and 
carved into these deposits, but the present river channels are only a 
fraction of the size of the former valleys. Alluvial silts lie adjacent 
to the larger rivers, e.g. the Notwani, the Metsemotlhaba, and also in 
some of the fossil valleys south of Mmathethe.

2 .9.4 Ferricrete. Ferricrete, a laterised rock distinguished by its 
cellular structure and black pellets of limonite and goethite, occurs 
intermittently at depths from 0,25 - 2 m  and pre-dates the latest period 
of river rejuvenation since the present channels have cut down into the 
deposits. It overlies no particular rock type but is often associated 
with fault or crush zones. A particularly good illustration of this was 
seen in an excavation just to the west of the main road 20 km north of 
Gaborone where the country rock is mylonitised Kanye Volcanics (fig. 5)•
A similar association of ferri/manganicrete with a fault zone in equi- 
granular Gaborone Granite was also seen in the Thlakgame River on the 
Bokaa-Kopong road (N9). Jones (1966) records ferricrete overlying 
ferruginous Waterberg rocks and patchily over the Gaborone Granite.

2 .9.5 Calcrete. A minor exposure of calcrete was seen overlying alluvial 
deposits in the Marico River valley near Sequani. Jones (1966) states 
that a thin veneer of calcrete lies along the Tagale and Monametsana 
Valleys. Calcrete is extensively developed over the Segwagwa Syenite 
north of Mmathethe (Crockett 1971®) and also over the Ongeluk Lava and 
Dolomite Series in the Segwagwa area. The calcrete generally lies beneath 
superficial sand.
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3 IDENTIFICATION OF ROCK GROUPS FROM LANDSAT IMAGERY OF SOUTHEAST BOTSWANA
3.1 Introduction
Geological maps of Botswana at 1:1 million and 1:125 000 provide a qual

ified, ready-made key for Landsat imagery. Without prior mapping data, it 

would be much more difficult to identify actual rock types. By compari

son, the structural relationships of the lithologie units are rather 

easier to define without additional information although a complete 

history depends on knowing the age relationships of the rock groups.

The most basic level of interpretation is to assign a colour/texture key 

to units which have already been mapped, although anomalies do occur. It 

has not been possible in this present project to explore these anomalies 

further since it requires an extensive co-ordinated programme of chemical 

analysis and measurement of characteristic reflectance spectra of mineral 

and rock types.

The identification key outlined below for recognising lithologie units in 
southeast Botswana from false-colour Landsat imagery is of the selective 
type (Am. Soc. Photogramm. 1976). The criteria have been subjectively 
selected on the basis of colour/tone, pattern and texture. No one com
bination of these factors selected for a given item necessarily excludes 
all other categories. If this were so, the key would be an elimination 
key, one for which each item would have an unique set of characteristics.

References to colours are for frames 1195-07420 and 1195-07422 onlŷ  which 
were acquired on 3rd. February 1973 during the summer season. The key 
colours are not universally transferable since changing factors such as 
soil moisture, condition of the vegetation, dust in the atmosphere and 
photographic processing affect the final response. Where appropriate, 
distinctive responses on monochrome imagery are also mentioned. Maps 
1 and 2 in the folder are thematic maps of lithology prepared from the 
Landsat images. They should be consulted in reference to the following 
description. Table 5 summarises the key characteristics for each rock
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group.

3.2 The Basement Complex
Rocks of the Basement Complex are confined to relatively low-lying land 
and are therefore overlain by superficial deposits, principally sand and 
sandy soil.

The overall appearance of the area to the west of the Marico River (Q9> R9) 
is a fairly bright, mottled pattern in tones of orange, pink, green, grey 
and brown. The mottling pattern is undoubtedly due to the pattern of land 
use - mainly smallholdings of planted fields varying from 60 to 100 sq. m. 
The Basement rocks in this area cannot therefore be said to have a diag
nostic set of key characteristics. However, north of the border with 
South Africa between Notwani and Sequani and east of the Marico River 
(oil, Pll, Rio) lie extensive tracts of black cotton soil which have been 
assumed to have developed over mafic rocks, probably of the greenstone 
type and amphibolites (Vermaak I960). These soils can be clearly identi
fied by their dark bluish-grey colour on the imagery.

South of Lobatse, the colour and textural responses of the area underlain 
by Basement Complex are also very varied and are more symptomatic of the 
superficial deposits than bedrock. Nevertheless, metasedimentary and 
metavolcanic rocks of the Kraaipan Formation (greenstone association), 
notably ironstone horizons, stand out as dark brown ridges reflecting the 
Kraaipan structural trend (J19)»

3.3 The Kanye Volcanic Group
The overall tone of the Kanye Volcanic Group on the imagery is relatively 
dark, as might be expected from the dark, natural colour of the rocks.
The basic colour response differs between grey on 1195”07^20 and green on 
1195-07^22, presumably indicating a variable factor in the photographic 
processing. There is also a pink to brownish red overtone probably due to 
vegetation.



This key applies only to the high ground occupied by the Kanye Volcanics - 
any extension of the Kanye Volcanics on to lower ground is not recognised 
on this basis, so enclaves of Kanye Volcanics within the Gaborone Granite 
are not seen. The published geological maps do indicate that the Kanye 
Volcanics are generally restricted to the high ground bordering the 
Gaborone Granite, and the Malau Hills (K16, LI6) on the southwest flank of 
the Dipotsana Basin.

3.4 The Gaborone Granite
The lower ground occupied by the Central Assemblage has a bright greenish- 
yellow response on false-colour imagery which indicates a high proportion 
of silica - sand and sandy soil - and certainly very poor vegetation. The 
mottled pattern characteristic of the Basement Complex is not at all con
spicuous, although there are local concentrations of smallholdings.

On the other hand, tors and hills in the granite are distinctly dark red 
in response because many trees and bushes have taken root in the joints 
(see fig. 6).

MSS band 4 (green) shows the more moderate variations in topography of the 
granite quite distinctly. The interfluves are darker than the lower ground 
on either side.

The Inner Marginal Assemblage generally forms higher ground surrounding 
the Central Assemblage, probably because of its higher quartz content and 
therefore its resistance to erosion, and is darker in both tone and 
colour e.g. Kgale, south of Gaborone (Nil). MSS band 5 of Landsat-2 
imagery (2209-07290) revealed subtle features within the granite at 
Mogoditshane (NlO) and north of Kumukwane (Mil) where Crockett (19?0) 
surmised Inner Marginal Assemblage rocks to be extensive without actually 
being able to define their boundaries. This property of the Landsat-2 
imagery could be due to an enhanced shadow effect since the image was 
acquired in winter when the sun-angle was low. Aerial photography also
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Figure 5 Crushed mylonite. The country rock is Kanye Volcanics which 
has been mylonitised, recrystallised and crushed once more. 
Incipient latérisation. Locality; excavation on western side 
of main road 20 km north of Gaborone. Sections 2.9.4, 5-5«

Figure 6 Koppies in the Gaborone Granite support trees and bushes grow
ing from joints in the rock. This vegetation appears strongly 
red in contrast to the surrounding, thinly grassed scrubland. 
The granite appears grey-blue. Kodak Ektachrome Infra-red film, 
27th. February 1976. Sections 3.4 and l4.4.
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highlights a tendency for the Inner Marginal Assemblage rocks to appear 

as circular features.

The Outer Marginal Assemblage granite cannot be distinguished from the 

Kanye Volcanic Group.

3.5 The Ventersdorp System
The Lower Ventersdorp volcanic rocks have a prominent orange hue on false- 
colour image 1195-07420. The fairly dark tone may be related to their 
comprising rugged, hilly ground (see Section 13.3) as well as the fairly 

dark colour of the rocks.

The boundary between the Kanye Volcanic Group and the Lower Ventersdorp 
Assemblage seems to lie in markedly straight valleys intervening between 
the two rock groups between Lobatse, Ntlantlhe and Ramotswa, and Lobatse 
and Kanye. These valleys are brightly reflecting in pale green, yellow 
or white indicating that the contact, is hidden beneath superficial sand.

On the basis of colour response, it is possible that there are some 
enclaves of Kanye Volcanics within the Ventersdorp and that just north of 
Nywane Dam there is an embayment of Kanye Volcanics into the Ventersdorp.
A more intriguing conclusion based on these colour responses, which is not 
ratified by the geological maps, is that Ventersdorp volcanics are more 
extensive in the belt of volcanic rocks ascribed to the Kanye Volcanic 
Group east of Molepolole, (see map 1 - lithology, in folder). Proof awaits 
more detailed stratigraphie studies in that area. The colour response 
may have been influenced by vegetation densities.

The Ventersdorp rocks south of Kanye (Kl4) and in the neighbourhood of 
Dipotsana (K15, L15) have a greenish-white colour response distinctly
different to that of the Lower Ventersdorp volcanics extending between

Lobatse and Ramotswa. This high reflectance in all MSS bands may be 
explained by a combination of factors: the landscape around Dipotsana is
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more open and flatter than north of Lobatse, thus more light would be 
reflected skywards, and there is a thin veneer of almost white sandy soil. 
Vegetation is thin. An east-west striking ridge of agglomerate (L15) 2 km 
east of Malau shows up as a dark reddish brown.

A sedimentary assemblage (the Mogobane Assemblage) occupies low ground 
between the lower Ventersdorp volcanics and the Transvaal System rocks of 
the Transvaal Basin and is not generally well exposed. However, on the 
east bank of the Taung River just south of Mogobane, there is a bluff com
posed of shales and siltstones about 5 m high striking north-northeast 
parallel to the river for a distance of some l6 km (M13, Ml4, map 1 in 
folder). It shows up as a distinctive pale blue on the false-colour 
imagery. The blue response of these shales and siltstones indicates a 
relatively high absorption in all MSS bands, which is to be expected since 
the physical colour of these rocks is dark grey to black. Otherwise the 
shales are overlain by superficial deposits such as light grey clays and 
light-coloured sand and pebble and cobble gravel. Thus the colour response 

usually varies between pale yellow and green.

Andesitic Ventersdorp volcanics occur extensively in South Africa in the 
neighbourhood of Mafeking (Ml9) and the greenish-brown hue seen on imagery 
of this region may be characteristic (1195-07^22). A distinct linear 
trending slightly east of north in the area south of Maf eking confines the
greenish coloured area to the east of it.

3.6 The Transvaal System
3.6.1 The Black Reef Series. The width of this Series is nowhere very 
great but it does form a distinctive, topographic feature. Thus it can be 
traced on false-colour Landsat imagery as a very thin, sinuous, dark brown
line. The identification owes as much to a shadow effect as to an intrinsic
criterion of colour - where the ridge does not exist, as at Lobatse, the 
Black Reef Series cannot be picked out.
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3.6.2 The Dolomite Series. The Dolomite Series is extremely attenuated 
within Botswana and so it has no distinguishing key colour value there. 
However, to the east, the thickness of the Dolomite Series increases rap
idly so that on the southern flanks of the Transvaal Basin in western 
Transvaal Province, the'width of outcrop may exceed 40 km. Grootehboer 
et al (1974) recognised a stratigraphie sub-division within the Dolomite 
Series based on false-colour Landsat imagery. Dark zones in the Dolomite 
Series on the imagery correspond to dark, dolomitic, chert-poor limestones, 
while the intervening brighter zones correspond to chert-rich, dolomitic 
limestones. The correlation could be extended over 200 km eastwards and 
was best made on summer imagery. Grootenboer et al (1974) also found 
that the distinction on the imagery was most clear for areas where 
exposure was practically nil.

3 .6.3 The Pretoria Series. There is a textural difference between the 
Dolomite Series and the Pretoria Series. Although characteristic colour 
responses for both are brown, the latter Series gives rise to more rugged 
topography which is highlighted on Landsat image ly. Ground underlain by 
the Dolomite Series is more undulating and gives a smoother, flatter 
response on the imagery.

The quartzites of the Pretoria Series give rise to ridges which can be 
traced for hundreds of kilometres along strike. These quartzites also 
define the structural style in the Segwagwa (II5» J15) &nd Dikgomo di Kae . 
(EI3, FI3) areas. The quartzites are dark reddish to grey-brown on the 
Landsat imagery - there is no specific criterion for distinguishing between 
them. In the Segwagwa area, some of the quartzites appear more olive-green 
than brown. Definition of the ridges is enhanced by shadow effect. Since 
the topography in the Segwagwa area is relatively subdued, in contrast to 
the area falling within the main Transvaal Basin, it is more difficult to 
outline the quartzite ridges there.

Grootenboer (197^) observed variations within the Magaliesbexg shales and
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that the Ongeluk lavas were generally green in colour on false-colour 
Landsat imagery of Transvaal Province. The extremely thin width of out
crop of the Transvaal System in Botswana relative to the width of outcrop 
in Transvaal Province results in these distinctions not being discernable 
on Botswana imagely, although lithologie units intervening with the quarb- 
zites on image 1195-07422 of part of western Transvaal Province do have a 
greyish, olive-green or brown response. A unit lying just below the 
Magaliesberg Quartzite does have a dark bluish-grey response - possibly 
the Magaliesberg Limestone.

3.7 The Waterberg System
The sandstones and conglomerates of the basal Waterberg tend to build hills, 
mesas and ridges. As such their outcrop area is as easy to define from 
Landsat imagery as from aerial photographs by virtue of their distinctive, 
dark tone. The colour of these units on false-colour Landsat imagery is 
generally dark reddish-brown but in places, such as northwest of Manyana 
(L12), it may be green. This may reflect variations in the ferric iron 
content of the rock. The red overtones of the response are probably due 
to the extensive cover of low trees and bushes which was emphasised on 
colour infra-red photographs (see Section l4.4). Where the sandstones do 
not form high ground, there are no distinctive criteria for recognising 
them. Thus the "outcrop” area of the sandstones (usually with a thin 
superficial cover is much more extensive near Moshaneng (Crockett 1972a), 
Mmankgodi (Crockett 1970) and Kumukwane (l.N. Gale, pers. comm.) than can 
be recognised from Landsat imagery . An escarpment of Waterberg sandstones 
fades into lower ground east of Mochudi and although Jones ( 1973c) shows 
the unit extending as far east as longitude 26°E, it cannot be traced on 
Landsat imagery further east than the Notwani River.

The upper units of the Waterberg System, which have a higher proportion of 
shales, cannot be delineated with any certainty from Landsat imagery. It 
is practically impossible to find a diagnostic difference in colour
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between the Waterberg and the Karroo sediments which both underlie undu

lating lowlands on the north of image 1195-07420. All the same, dark soils 

in the river valleys underlain by Waterberg rocks north of Molepolole and 

Mochudi give a dark response in all MSS bands and a greater proportion of 

blue on false-colour imagery. There is a slightly greater difference in 

contrast between the response from this area and that underlain by the 

Karroo rocks to the northeast. It is not possible to say, even by refer

ence to the geological maps (Jones 1973a,b,c) whether the dark soils have 

been derived from the Waterberg shales, the intrusive dolerite sheets or 

even as a result of poor drainage.

3.8 The Karroo System
The outcrop of the Karroo rocks between latitudes 23 S and 24 30'S in 

southeast Botswana is poor. As a result, the area of outcrop is charac

terised by a variegated pattern governed by differences in soil, slope, 

vegetation and land use. There are no truly distinguishing criteria.

Further north, the basaltic Stormberg lavas respond in a distinctive, 

blue-grey colour on false-colour imagery (1122-07353) where they outcrop 

or give rise to black cotton soils.

3.9 Intrusions (excluding the Gaborone Granite)
The Kgoro Granophyre and Diorite. These bodies cannot be disting

uished on the imagery except that Kgoro Hill, which is built of the grano

phyre, can just be detected.

3 .9.2 The Modipe Gabbro. The Modipe Gabbro has a brown response, rather 

lighter in colour than that of the Shoshong Dolerite, visible on image

1195-07413, which is brownish-black. Since no chemical analyses of the 

Modipe Gabbro are available it is not possible to say if the difference in 

tone could be due to a higher feldspar content in the Modipe Gabbro than 

the Shoshong Dolerite.

3 .9.3 The Schoongezicht Serpentinite. This body could not be detected.
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3-9.4 Dolerites. Dolerites have an olive-green, sometimes brown or 

dark bluish-grey response. The bluish-grey tones generated by dolerites 

may be confused with those typical of black soils whether these be derived 

from basic rocks as at Manyana (M12) and over the BushveId Igneous Complex 

inside the Transvaal Basin, or poorly drained lowland overlying shales 

such as in the Sehukhwane valley north of Molepolole and in places north 

of Modipe.

Dolerite also occupies depressions in the "concealed" Waterberg rocks west 

of the MariCO River which can be identified on false-colour imagery as 

areas of relatively more vigorous vegetation since the response is red.

The soils derived from the dolerites would be more fertile than those 

derived from the arenaceous Waterberg sediments.

Because verification of a significant sample of green anomalies could not 

be made because of difficulties of access, it would be premature to classify 

all olive-green colour areas as dolerites. A search was made in the hills 

2 km west of Manyana for a speculative dolerite since the area gave a 

green response on the imagery. It was in fact occupied by dark red (rela

tively ferric iron-rich) basal Waterberg conglomerates and no dolerite 

was found. Many areas of exposed dolerites are also at or below the limits 

of resolution so they will either not be discernible or their response will 

be rather nebulous. A dolerite was found at Ranaka which has not been 

marked on the published map. There is a vague, small, green patch on 

image 1195-07415 (K13/L13) which could perhaps be related to the body.

3 .9.5 Syenite stocks. The Segwagwa Syenite *(J 15) has no characteristic 

response because of its superficial cover, but its eastern edge is out

lined by a ridge of chert breccia, belonging to the Dolomite Series, which 

can be detected by shadow effect. The Semarule Syenite (LIO) has built a 

massive hill and its response is a dark, reddish-brown typical of that for 

koppies in the Gaborone Granite. The Masoke Syenite (Jl4) has a pale 

beige response on false-colour imagery accentuated by the ring of
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Transvaal System rocks surrounding it.

3 .9.6 The Moshaneng Intrusion. The Moshaneng Intrusion (J13) also has a 

pale, beige response on false-colour imagery. This is probably due more 

to the open nature of the ground occupied by the intrusion and the super

ficial sand overlying it as to the pale, natural colour of the rocks.

3 .9 . 7  The Mmathethe Granite. Only the northern margin of the Mmathethe

Granite can be very tentatively distinguished where the pervasive cover of 

thin sands and soils has not completely obliterated it.

3.10 Superficial Deposits

Superficial deposits occur almost exclusively on the lower ground. Their 

reflectance properties are bound up with indirect indicators of underlying 

bedrock and have been partly described as such in the foregoing description.

3 .10.1 Kalahari Sands. The Kalahari Sands and the sandy soils which over

lie the Gaborone Granite, the smaller intrusions, the Ventersdorp volcanics 

at Dipotsana and which comprise valley fill, have a distinctly bright 

yellowish or green response characteristic of high quartz content and 

light natural colour.

3 .10.2 Black Turf Soils and Alluvium. Black turf soils and alluvium 

which is restricted to narrow belts bordering the larger streams, are bluish- 

grey. The slight variation in the colour of the dark soils on the imagery

is probably due to variations in actual colour between black and dark 

broWn soils. The dark brown soils are probably varieties of black turf 

degraded by excessive agricultural exploitation (Van der Merwe 19^1).

3 .10.3 Calcrete and Ferricrete. Calcrete and ferricrete have not been 

detected because of the limited areal extent of their outcrop, and the 

difficulty of differentiating them from sand.

Calcrete lined drainage channels and pans in the desert to the west however, 

give a very bright, white or bluish-white response on false-colour imagery
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and are particularly distinctive in comparison with the Kalahari Sands 
on MSS bands 4 and 5 e.g. 1198-07594. Beaumont (1977) claimed that a 
particular type of vegetation associated with calcrete could be detected 

on Landsat imagezy of the Kalahari Desert.
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4 REGIONAL SETTING - THE STRUCTURAL FRAMEWORK OF SOUTHEAST BOTSWANA 

Southeast Botswana lies on the northern margin of the Kaapvaal Craton. To 

the north lies the Limpopo Mobile Belt, a linear east-northeast trending 

belt which ^ s  suffered more intensive deformation and a higher degree of 

metamorphism than the craton (fig. ?)•

The area of study is centred chiefly on part of an uplifted crustal block, 
the Vryburg Arch, about which are pivoted the two major cratonic basins 
of Transvaal System sedimentation and the distribution of the Waterberg 
System. Table 6 shows a sequence of geological events in southeast 
Botswana for the early Proterozoic period.

4.1 The Kaapvaal Craton

The Kaapvaal Craton has remained a relatively stable block since about.
3 000 m.y., some 400 m.y. before the end of Archaean times. Since then, 

tectonism in the craton has been characterised by the relative uplift and 

depression of adjacent crustal blocks. The structurally depressed areas 

became the sites of sedimentary basins which migrated westwards and north

wards across the craton with time. The Proterozoic sediments infilling 

these basins have remained relatively undeformed and unmetamorphosed. No 

record remains of any sedimentation on the craton between the Waterberg 

era _c. 1 85O m.y. ago and the Karroo era which began approximately 

300 m.y. ago. Hunter (l9?4a,b) and Vajner (l9?6) have discussed the 

PreCambrian evolution of the Kaapvaal Craton in detail.

Two dominant structural trends are visible in the craton, (Brock and 
Pretorius 1964, Hunter 1975), east-northeast, and northwest or north-north- 
west, along which the fundamental structural units are aligned. That these 
trends stem from Archaean times is reflected by the east-northeast 
Murchison direction in the Basement Complex of eastern Transvaal Province 
and the north-northwest Kraaipan trend in the Basement Complex of 
northern Cape Province and southern Botswana, The main body of the 
Transvaal Basin is aligned on an east-northeast axis while the North



Waterberg System

Limits of Transvaal System with trend lines

Acid Phase

Mafic Phase
Bush veld Complex

RHODESIAN
CRATON

NOB Northern Cape Basin 

TB Transvaal Basin 

VA Vryburg Arch

k a a p v a a l  c r a t o n

Fau ts

I f  Study Area\ S F Z  S0UTPANSBERGFAULT20NE

Figure 7 Regional Geological Setting of Study Area.

Source: Hunter (l975)

40



Cape Basin is orientated on a northerly axis (fig. 7)»

The Vryburg Arch is a northerly trending culmination of Basement gneiss 

and granite domes, including the Gaborone Granite and Basement Complex 

tracts northeast of Gaborone and south of Lobatse, which separates the 

two major basins of Transvaal System deposits, and the Transvaal Basin 

from the Kanye sub-basin (figs. 4 and 7).

At the end of Transvaal System times, c. 2 000 m.y. ago, a climactic event 

triggered gravitational sliding of masses of Transvaal System rocks off the 

Vryburg Arch eastwards into the Transvaal Basin and northwestwards into 

the Kanye sub-basin at Segwagwa (Crockett 1969, 1971a). Within this post- 

Transvaal, pre-Waterberg era, the Bushveld Igneous Complex was intruded 

into the Transvaal Basin.

Waterberg sedimentation has been strongly influenced by east-northeast 

linear troughs lying mainly to the north of the Transvaal Basin 

(Jansen 1975, Crockett and Jones 1975). The troughs are bound by persistent 

east-northeast faults and lineaments. Nevertheless, attenuated Waterberg 

sediments lie across the Vryburg Arch and in the Transvaal Basin itself 

at Otse (N13/N14).

4.2 The Limpopo Mobile Belt
The Limpopo Mobile Belt is a linear belt of highly mobilised heterogeneous 

Basement Complex rocks separating the Kaapvaal and Rhodesian Gratons on an 

east-northeast trend.

Polyphase deformation was accompanied by high-grade metamorphism which in 

places reached the granulite facies. Van Breemen (1968, 1970) determined 

that there were two peaks of metamorphism at c. 2 700 m.y. and c. 2 200 m.y. 

Subsequently the Limpopo Mobile Belt rose isostatically in relation to the 

Archaean cratons and was the source area for the Transvaal sediments in 

the Transvaal Basin. Unmetamorphosed Waterberg System sediments overlie

the mobile belt.
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Deformation in the mobile belt is characterised by transcurrent dislocation 

(Mason 1969, 1973). Crockett and Mason (1968) refer to the wide occurrence 
of cataclastites in the Limpopo Mobile Belt.' Both east-northeast and 

west-northwest shear zones have acted as loci of movement over a very long 

period of time. Movement recurred in post-Waterberg, pre-Karroo times - 

Landsat imagery of the Chwapong Hills, central, eastern Botswana (1193-07'H3) 
clearly shows drag in Waterberg rocks indicating horizontal shear along an 

underlying shear zone - and in post-karroo times when the shear zones were 

generally rejuvenated as normal faults.

The southern margin of the Limpopo Mobile Belt with the Kaapvaal Craton 

was commonly taken to be the Soutpansberg fault zone (fig. ?) but 

C.v. Reeves (pers. comm. 1976) interpreted gravity data as suggesting that 
the boundary lies rather further to the south striking east-northeast from 

Sekuraa Pan to Mosomane (P7), some 80 km north of Gaborone.
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_Table 6 A sequence of events for the early Precambrian period in 

southeast Botswana.

< 1 750 m.y. Intrusion of syenites and Mmathethe Granite.

- 1 750 ni.y- Intrusion of dolerite sheets.

- 1 800 m.y. Waterberg System sedimentation in subsiding (?) linear

troughs. Erosion of exposed Transvaal System and 

P earlier rocks.

R - 1 950 m.y. Intrusion of Bushveld Igneous Complex in Transvaal Basin,

0 ? Intrusion of dolerites.

T ? 2 000 m.y. Deformation ; gravitational sliding at western end of

E Transvaal Basin. .

R ? 2 200 m.y. Deposition of Pretoria Series, deposits reflecting

0 increasingly unstable environment towards end of

Z Transvaal System time.

0 ? Erosion, deformation, minor mineralisation.
I

1 ? Deposition of Dolomite Series (marine carbonates

G and cherts).
i

? Deposition of Black Reef Series, clastic deposits

becoming more mature towards top of succession.
+- 2 300 m.y. Ventersdorp volcanism and sedimentation.

+- 2 250 m.y.
OR Emplacement of Gaborone Granite.

A - 2 600 m.y.

R Erosion

G

H - 3 000 m.y. Extrusion/intrusion of Kanye Volcanic Group.

A >3 000 m.y. Stabilisation of Basement Complex (Ancient Gneiss

E Complex) of Kaapvaal Craton.

A

N
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5 STRUCTURAL INFORMATION DERIVED FROM LANDSAT IMAGERY 
The most successful geological application of satellite imagery has been 
the identification of structural features particularly in arid regions 
where there is no superficial cover (Short and Lowman 1973)• Although 
aerial photography is, at present, undoubtedly better for detailed study 
of small, discrete regions, the satellite image enables the geologist to 
see the individual structural elements within a regional context.

5.1 Recognition Criteria for Linear Features of Structural Significance 
The non-genetic term "linear" was advocated by Short and Lowman (1973) to 
describe all linear features of possible geological significance plotted 
from spacecraft imagery whether they be faults, joints, lineaments, fault 
scarps, valleys, soil-vegetation interfaces or lines of vegetation, prior 
to verification from maps or by field investigation. Linears may be 
recognised by:
1) tonal or colour contrasts - light linears against dark background and 

vice versa.
2) tonal or textural discontinuities - colour, tone or textural 

differences between adjacent areas.
3) shadow effect - more pronounced on winter imagery due to low sun angle. 

Short and Lowman (1973) mention that northeast trending linears are 
highlighted because their trend is perpendicular to the sun's rays 

whilst northwest trending linears are rendered practically ;"invisible".

4 ) spatial relationship of forms on the image.
5) snow enhancement (not relevant in this study).

Since Landsat imagery is available in different wavelengths and can be 

manipulated to provide various colour renditions (chapter I6), tonal and 
textural discontinuities may well be emphasised in any one particular 

rendition. This illustrates the versatility of the imagery with respect 

to panchromatic aerial photography.
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5.2 Identification of Linear Fracture Traces in Southeast Botswana 

The linear features which have been identified from the imagery as frac

ture traces are primarily a reflection of topographic control revealed by 

differences in tone or pattern. Thus many light-toned linears correspond 

with valleys. Fault-controlled valleys can also be detected by shadow 

effects. ' ,

The exposed bedrock in some of these valleys is often severely, crushed, 

but field investigation of other valleys found no direct evidence of any 

structural dislocation e.g. the Tsliklanevalley (MI3 ) and the Fikieng 

valley east of Manyana (Ml2), even though they are very conspicuous on the 

imagery. These examples show how bias may be introduced into the selection 

of linears since the orientation of these valleys co-incides with a predom

inant fracture trend.

The identification of the Moshaneng Lineament was initially based,on a few 

linears on the imagely although the field investigation showed much more 

extensive deformation. ' 1

Close inspection of the imagery shows that drainage patterns in the 

Gaborone Granite are often outlined in places as straight lines where 

vegetation grows in and alongside the channels. The straight segments are 

assumed to be structurally controlled. Lack of field exposure renders 

this interpretation tentative.

Ridges of quartz-veined fault breccia are not conspicuous on the Landsat
' . '

imagery ; they are features at or below the limit of resolution because 

they do not have a distinctive colour or tone difference from the surr- 

oundings. The reverse is true on aerial photography on which the quartz 

veins are much more distinctive through their darker tone compared with 

the fault gouges lying in valleys.

Linear features may also be expressed as a line of hills such as the 

Modipe Gabbro which outcrops in discrete, rounded masses lying on a bearing
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of 140° tnmcated by the northern margin of the Transvaal Basin (PIO, Qll), 
and the row of koppies defining the long axis of the Kanye-Lobatse-Ranaka 
"pluton" (L14, MI5). Such linear features as these are more obvious on 

the satellite imagery than on print laydowns.

Conversely, the fault-bound ridge of Ventersdorp rocks at Sequani (RlO) is 
probably more easily discerned on large-scale photography because of rela
tively minimal differences in tone between the Ventersdorp and the adjacent 
rocks on the satellite imagery. The ridge can be easily picked out on 

winter imagery because of shadow effect.

5.3 Note on Comparison with Aerial Photography
Aerial photographs provide a preferable basis for detailed structural inter
pretation. In truth, none of the linear features identified on the satel
lite imagery could not have been detected on large-scale photography or 
photo mosaics. The fact remains that relatively little of this structural 
information has been incorporated on the published geological sheets of 
southeast Botswana and Landsat imagery is therefore a very useful comple

ment in studies of this region.

Tree lines which are visible on aerial photography but not landsat have 
commonly been interpreted as overlying joints in the pre-Transvaal rocks 
of the district. Occasionally they do cross over on to the Transvaal rocks. 
Their orientation is generally east-northeast but northerly and west- 
northwesterly trending lines also occur. , Some undoubtedly have structural 
significance and overlie fractures or dolerite dykes. However, at 
Letlhapana Pan (Kl?) near Kgoro, one such tree line was associated with an 
elongated mound of red sand, possibly an ancient dune or residual soil, 
while photography also indicates that some of the lines may be associated 
with run-off patterns. The tree line direction in the Kanye-Lobatse- 
Ranaka "pluton" is transverse to the northeasterly direction identified on 
the imagery but parallel to the direction of the Moshaneng Lineament.
Figure 8 is a false-colour infra-red photograph illustrating tree lines
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Figure 8 Tree lines in the Kanye-Lobatse-Ranaka "pluton" of the 

Gaborone Granite. Kodak Ektachrome Infra-red film. 

27th. February 1976. Sections 5*3 a-nd l4.4.

m

I

W- m
Figure 9 Crude lineation striking parallel to bedding in coarse

grained, welded tuff, Ventersdorp System, Dipotsana Basin. 

Bedding strikes parallel to basin axis. Orientation of 

lineation directed towards observer. Section 5*7*
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in this "pluton".

5.4 The Fracture Pattern
Figure 10 shows the fracture rosette patterns for the quarter degree sheets 
2426a Mochudi, 2425B Molepolole, 24250 Kanye, 2425D Gaborone, 2525A 
Mmathethe and 2525B Lobatse, obtained by directly measuring the orientation 
and length of linears from the imagery illustrated on Figure 11.

Fracture patterns can be useful for indicating changes in the regional 
strain pattern or the changing relation of small elements to a regional 
structure. The method has its drawbacks - some fractures which appear on 
the published geological maps or can be inferred from aerial photographs, 
could not be detected on the Landsat imagery, probably because of limit
ations of definition and scale. More linears on the imagery have been 
interpreted as fractures than appear on the map. Field investigation has 
substantiated the existence of a sample. There is no differentiation of 
the type of fracture, the fractures are assumed to be straight and 
vertical and the process of selection is strongly subjective (Berrangé 1977)

Nevertheless, there is a broad correlation with Crockett's fault and 
joint analysis made in the field (1961) and from aerial photographs for 
the Lobatse and Gaborone sheet areas (1969). Thus one may tentatively con
clude that the Landsat imagery provides an acceptable basis for this type 
of analysis even though not all fractures may have been taken into account 
and other* photo-linears may have been misinterpreted. Crockett (1969) 
postulated a conjugate shear joint set striking 135° and l60° and a 
tensionai joint set at 050° - 080°.

The east-northeast direction is overwhelmingly dominant (066° - 080°) 
particularly in the Molepolole, Gaborone and Kanye sheet areas which are 
traversed by major lineaments, but the southerly Lobatse and expecially 
the Mmathethe sheet areas show a swing to the northeast (050° - 060°).
The northeast direction is apparent, although not so strongly, in the
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Figure 10 Fracture rosette patterns for quarter degree sheets 2426A 
Mochudi, 2425B Molepolole, 2425C Kanye, 2425D Gaborone,
2525A Mmathethe, 2525B Lobatse. Data obtained from Figure 11
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Figure 11 Fracture trace analysis of southeast Botswana, interpreted from 
Landsat images 1195-07420 and 1195-07422. Dashed lines indicate 
inferred geological significance. Scale approximately 1:1 million.
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northern sheet areas. A marked north-northwest direction can be discerned 

in the Kanye and Molepolole sheet areas.

Crockett's 135° fracture set is not so strongly indicated as a west- 
northwest group of fractures oriented between ll6° and 120 . A lesser 
group between 126° - 135° is not apparent at all in the Lobatse and 
Mmathethe sheet areas but is very strongly represented in the Mochudi 

sheet area.

The north-northeast maximum in the Lobatse and Gaborone sheet areas is 

accounted for by the fractures on the eastern flank of the Vryburg Arch.

Reference should be made to Figures 1 0  and H  during the following descrip
tion and to Map 5 '(in folder) which is a synthesis of the principal 
structural elements of southeast Botswana interpreted from Landsat imagery.

The East-Northeast Fracture Set - Lineaments. Crockett portrayed 
very prominent east-northeast lineaments striking through southeast 
Botswana on sketch diagrams and briefly discussed their origin (1969, 1971a; 
Crockett and Jones 1975)' These lineaments are not shown on the published 
geological maps. The extent and location of the lineaments can be acc
urately identified from the landsat imagery but only in areas of good 
exposure. They are lost to view when they pass beneath cover unless they 
influence geomorphological features. The imagery indicates that the 
lineaments are zones of some 10 - 15 km width in which deformation has 

been concentrated.

The Moshaneng Lineament strikes west-southwest from Derdepoort through 
Notwani to Kanye and Moshaneng. The projection of this zone aligns with 
an east-norbheast trending sector of the Bkhwi River (D15) just over 100 km 
west-southwest of Kanye (see map 5). This lineament is indistinct on the 
imagery of the Kanye area although the field evidence clearly confirms its 

extrapolation.

51



The Moshaneng lineament separates the two "plutons of the Gaborone Granite. 
The Kanye Volcanic and Ventersdorp rocks striking north from Lobatse are 
deflected to the east by the lineament near Ntlantlhe (M13). South of 
Gaborone, the lineament is mainly constituted of crush zones and quartz 
breccias infilling normal faults in a belt of Kanye Volcanic and Ventersdorp 
volcanic rocks (N12). The crush zones trend between 065° and 0?0° 
measured from the imagery and have a vertical trace while the quartz 
breccias trend 080° measured from print laydowns and hade slightly to the 
south. On the southern margin of the lineament, a feldspar porphyry 
exhibits signs of partial fusion. The bed of the upper reaches of the 
Potsane - River lies in an extensive fault gouge of crushed, bleached 
clay (N 12). The lineament can be traced along strike to the Ranaka turning 
on the Kanye-Moshupa road (KI3). Abrupt, repeated transitions between 
Kanye Volcanics and Marginal Assemblage rocks of the Gaborone Granite occur 
here; the contacts are generally hidden. Quartz breccias, crush zones and 
pseudo-tachylitic textures are also encountered. The quartz lodes occasion
ally show pinch and swell structures which might indicate interfering 
strains. The quartz has also been crushed in places whicli suggests 
repeated deformation. The deformation has been transmitted into the over- 
lying cover Waterberg rocks as monoclines (Crockett 1969). The Moshaneng 
Syenite and dolerite have been emplaced on the northern margin of this 
lineament (J13). At its eastern extremity, the lineament controls the 
northern margin of the Transvaal Basin up to where the margin changes 
course from 075° to 110° where it intersects the Modipe Gabbro (Qll).

The Molepolole Lineament strikes east-northeast from southwest of 
Molepolole (L9). Its course is only clearly defined by the south facing 
scarp in the Waterberg sandstones which swings off in an easterly direction 
north of Bokaa. In fact, the eastward extrapolation of the lineament could 
be based either on the assumed structural control of the Molotoana River 
(P7, Q?) just before it joins the Notwani River JO km northeast of Mochudi 
or the Waterberg scarp which does pass through Mochudi. If the latter
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course does mark the true site of the lineament, then the lineament follows 
a parallel course to the Moshaneng Lineament. The Waterberg scarp itself 
suddenly dies out at Mochudi, but this might be due to erosion. The 
Molepolole Lineament marks the northern boundary of the Gaborone Granite.
The granite is much disturbed along its northern margins. large sheets of 
dolerite have been emplaced within the Waterberg rocks north of the 
lineament. King (l954) stated that the Semarule Syenite just south of the 
scarp had been emplaced along an east-west flexure and that the rafts of 
microgranite in the Gaborone Granite become more steeply dipping towards 
the lineament. Although the Molepolole lineament is lost to view to the 
west where it passes beneath Kalahari cover, its projected course inter
sects the Jwaneng area (E12/E13) some 35 km north of Dikgomo di Kae, where 
a kimberlite field has recently been located, A kimberlite pipe also 
occurs some 20 km east of Mochudi (Jones 1973b).

The Moshaneng Lineament may die out south of Derdepoort, where the line of 
stocks of Modipe Gabbro intersects the margin of the Transvaal Basin and 
the margin bears off in an east-southeast direction. This conclusion is 
tentatively supported by comparison with the aeromagnetic map of neigh
bouring South African territory (Geol. Survey S. Afr. 1974) which does 
not show an eastward extension of the steeply dipping, east-northeasterly 
linear anomaly. Similarly, the Molepolole Lineament does not apparently 
extend east beyond the Marico River because there is no sign of an east- 
northeast aeromagnetic anomaly. The existence of the lineaments might thus 
be connected specifically with the Kanye Volcanic-Gaborone Granite complex.

Valleys in the Kanye Volcanic Group and Ventersdorp System rocks south of 
Gaborone have an east-northeast trend. Dolerites have been emplaced in 
some of these valleys at Notwani (N11/N12), Nywane Dam (M14/N14) and 

Ntlantlhe (M13).

The West-Northwest Fracture Set. West-northwesterly striking
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features are particularly significant in the country north of the 
Molepolole Lineament and east of the Notwani River. The west-northwest , 
trend has been recognised as a very ancient one reflected by principal 
foliation in the Basement Complex north of Sequani (Jones 1966) and further 
north around Mahalapye (Crockett 1965). Foliation in the gneisses north 

of Sequani strikes 130°.

Some of the linears have a strike length of up to 50 km. One which might 
be an extension of one of the Bokwete Faults strikes west-northwest from 
the main road 30 km north of Mochudi for almost 100 km. The scissor shaped 
west-northwest Bokwete Faults mapped by Jones (1973c), between which lies 
a minor trough of Karroo rocks, are not distinct on the imagery. Only one 
of the faults can be distinguished with any certainty.

The persistence of these west-northwest features is confirmed by the 
adjacent South African aeromagnetic map (Geol. Survey S. Afr. 1974) which 
shows strong, west-northwest, linear anomalies interpreted as dykes crossing 
into Botswana. Syenite and dolerite dykes on northwest and west-northwest 
trends have been mapped in the Basement Complex southeast of Mochudi and 
in the Gaborone Granite.

The west-northwesterly .trend can also be detected south of the Molepolole 
Lineament but to a much lesser extent . A crush zone trending 128 which 
controls the course of the lower Potsane River was identified initially 
from Landsat (N12). Its northwestward projection crosses the Moshaneng 
Lineament with minimal offset. The Ventersdorp volcanics just south of 
the Potsane River have also been displaced by 3 km along another fracture 

trending 150°.

The Tletlesi Thrust on the northern margin of the Moshaneng Syenite was 
ascribed by Crockett (1971a) to purely local disturbance resulting from 
emplacement of the intrusion. It is clearly seen striking 130° (J13).
Tree lines in the Gaborone Granite a few kilometres to the north follow a
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parallel direction (see Section 15.4.2).

The headwaters of the Ukhwi River southwest of Kanye (EI5) follow a west- 
northwest course before being deflected west-southwest, which may reflect 
the underlying basement structure suggested by Boocock and Van Strateri (1962) 
to have initially been the divide between the Transvaal and North Gape 
Basins. Still further to the south, very prominent linears extending in a 
west-northwesterly direction for over I8O km in northern Cape Province can 
be identified from the imagery. They have influenced the course of the

Molopo valley (see map 5).

J.k.J The Northeast Fracture Set. Prominent northeast trending fractures 
striking between 050° - 060° affect the Transvaal and earlier rocks to the 
west and south of the area. They can be identified at Segwagwa (I15/Jl5)f 
Kanye (Kl4), Taupone (KI5) and in the Transvaal Basin. A northeasterly
grain in the Kanye-Lobatse-Ranaka "pluton" is highlighted on the imagery
by the drainage dissecting the median ridge, which seems to swing into the 

Moshaneng Lineament.

Only the Letlhapana, Taupone and Manyanalong Faults display substantial 
horizontal displacement, of the order of 6 to 10 km (see map 5). The 
Letlhapana Fault is camouflaged on the imagery by poor exposure but the 
Taupone Fault clearly bisects the Ventersdorp rocks southeast of Kanye 
while the Manyanalong Fault displaces the upper Transvaal rocks in the 
Transvaal Basin. It also affects the Waterberg rocks at Otse but the amount 
of displacement is small.

.
On the small scale, a strong joint set oriented between 050° - 065° exists 
in the Kanye Volcanic and Ventersdorp rocks in the hills west of Lobatse.

^.4.4 The North-Northwest Fracture Set. The north-northwest direction 
(150° - 170°) is defined by the faulted margins of the Dipotsana Basin 
(KI5, LI5) containing Ventersdorp rocks lying on the western flanks of the 
Kanye-Lobatse-Ranaka "pluton" of the Gaborone Granite. A parallel linear
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is defined by a valley in the intervening Kanye Volcanics. The orient
ation of the "pluton" itself is north-northwest emphasised by the line of 
hills on its axis. The strike of this line of hills is deflected from 160 
to 150° just northwest of Molapo wa Bojang where it appears to cross a 
northeast trending linear (MI5).

\ - I
North-northwest micro-granite dykes were located by Poldervaart (1954) in
the Gaborone Granite in the Molepolole sheet area. North-northwest
trending linears clearly dissect the Kanye Volcanics east of Molepolole
(M9, N9). North-northwest linears are also defined by the course of
"fossil" rivers in the Kalahari Sand area west and north of the Gaborone
Granite. . i

5.4 .5  The North-Northeast Fracture Set. A strong, linear feature strikes 
north-northeast from JO km south of Lobatse, where.the Dolomite Series is 
truncated against it (N16), through Lobatse where intensely crushed,black 
chert and recrystallised Black Reef quartzite outcrop on the western-side 
of the valley (NI5) . Attenuation of the Black Reef and Dolomite Series 
and the Ventersdorp rocks there might be due to movement in this fault 
zone. The imagery shows that it has been displaced by east-northeasterly 
faults just south of Lobatse.

North of Lobatse, the linear is expressed on the imagery as the contact 
between the Kanye Volcanic Group and Ventersdorp System (M14). Exposures 
in the hills just west of Lobatse and at Nywane Dam 12 km to the north, 
show crush rocks on both sides of the contact. At Nywane Dam there has 
apparently been some hydrothermal alteration in the fault zone, Lamont
(i960) and Van Straten (1963) identified a thrust zone at the contact which 
they believed may have resulted from centrifugal forces directed outwards 
from the Transvaal Basin at the time of emplacement of the Bushveld Igneous

i'
Complex. Crockett ( 1971b) postulated the contact zone to be the fissure 
line from which the Ventersdorp volcanics were erupted. This fracture 
zone undoubtedly marks the eastern edge of the Vryburg Arch. Strike faults
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and the westerly dipping monocline in the Waterherg rocks at Otse also 

trend north-northeast.

Forty kilometres south of Lobatse (Ml9, M20), a linear distinguished by a 
tonal/colour change can be seen striking en echelon to this fracture zone.
It may represent the faulted (?) junction of Ventersdorp with Basement 

Complex rocks.

5.5 Structural Control of the Gaborone Granite
The Gaborone-Molepolole "pluton” of the Gaborone Granite lies between the 
Molepolole and Moshaneng lineaments. It is an antiform lying on an east- 
northeast SLXis picked out by the course of the Metsemotlhaba River and the 
opposed dips of the Molepolole (L9) and the Kolobeng (Mil) and Kanye (Kl4) 
Monoclines on either side of the "pluton". Since exposures are poor/ no 
large-scale deformation has been recorded in the "pluton" and a similar 
lack of detail is evident on the imagery. However, where outcrops of 
granite do occur, shear zones, quartz and epidote veins and dolerites of 
two ages are frequently seen following trends varying between 050° and 090°. 
Intensely mylonitised volcanic rocks showing more than one phase of de
formation (Kanye Volcanics?) outcrop in a small quarry on the main road 
20 km north of Gaborone where Gaborone Granite had previously been assumed 
to be bedrock. The locality lies on the long axis of the "pluton" and 
corresponds with an area of darker tone, covering some 10 sq. km, on the 
imagery (09/OIO). At Moshupa (K12), a crude foliation trending 060° is 
outlined by orientation of the constituent minerals in the granite. ^Wright
(1961) ascribed the foliation to extension on an east-northeast axis .which 
could have been caused by flexuring associated with upward doming of the 
granite magma. This foliation was not seen in the Kanye-Lobatse-Ranaka 
"pluton". Strong deformation of "porphyritic granites" noted in the^ 
Matatelwa Valley northwest of Moshupa (K12) has led to the development of 
lenticular and augen gneisses (Wright I96I). Micro-granite dykes or rafts 
oriented 0?0° that were seen in the granite in the Manoke River (tributary
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to the Metsemotlhaba River MIO) have intensely sheared margins. They 
strongly resemble Outer Marginal Assemblage rocks of the Gaborone Granite 
and thus could well be xenoliths. Wright (196I), Poldervaart (l95^) and 
Gerrard (196 )̂ have also remarked on the structural alignment of these 
"dykes" and noted that some of them display boudinage.

The Kanye-Lobatse-Ranaka "pluton" of the Gaborone Granite is a north- 
northwesterly trending antiform closing to the southeast which is made 
conspicuous on the imagery by large koppies aligned on the long axis of 
the "pluton". In the field, the koppies appear to be built of Marginal 
Assemblage rocks of the Gaborone Granite. Since they are not so disting
uished on his published geological maps (l971c, 1972a), Crockett may have 
considered them to be microgranites of the Central Assemblage. This 
"pluton" appears to have been emplaced between the north-northeast fractures 
at the edge of the Vryburg Arch to the east and the north-northwest 
fractures marking the edge of the Dipotsana Basin to the west (fig. ̂ , map 5)*

5.6 Circular Features - the Masoke Ring Structure and.the Modipe Feature 
Landsat imagery has also been successful in highlighting circular features 
which might be of volcanic or meteoric origin. Not only are well-known 
circular structures revealed but also previously unknown ones which have 
been too large and too subtly expressed to be detected on aerial photo
graphy. Such features appear on imagery of Kenya (Rabchevsky 197^) and of 
the Amazonian forests of Brazil (Lowe et al 197^)•

There are two distinct ovoidal structures which are much better defined on 
Landsat imagery of southeast Botswana than on panchromatic black and white 
photography. One, the Masoke ring structure (Jl4), lies 20 km southwest 
of Kanye, the other, named here the Modipe feature (?9, PIO) , lies two 
kilometres north of Modipe Hill and 25 km east of Gaborone.

5.6.1 The Masoke Ring Structure. The Masoke ring structure is very con
spicuous on the imagery but is poorly exposed in the field. Its long axis



measures 5 km and is oriented in a west-northwest direction. The short 
axis measures 3 km. It lies 3 km south of the Moshaneng lineament. The 
Masoke ring structure was investigated in 1968 (Boocock 1970) drilling 
and geophysics, and was found to be essentially a basin of Transvaal rocks 
which has been intruded by syenite and dolerite. The geophysical investi
gation showed a dome-like magnetic anomaly with axes slightly displaced 
from the surface expression of the ring structure. It is probably a 
deep-seated feature.

5.6.2 The Modipe Feature. The Modipe feature is an ovoidal feature meas
uring 10 km on its north-south axis and 8 km on the east-west axis. It is 
outlined by a belt of black turf soils but otherwise appears no different 
from the Basement Complex tract to the east of it. It does not correspond 
to a topographic high, there is no bedrock exposure and borehole sludge 
samples from the area are generally of granitic gneiss. Jones (1963) 
interpolated the boundary of the Gaborone Granite with the Modipe Gabbro 
to cross this feature but the imagery indicates that the Modipe Gabbro is 
not so extensive and is confined to a line of stocks extending from Modipe 
to the Transvaal Basin margin. This interpretation is supported by a mag
netic survey carried out in 1972 by Geoterrex which also deduced that the 
belt of black soils is merely a superficial anomaly. However, there are 
indications that ultramafic rocks other than the Modipe Gabbro occur in 
the neighbourhood since a ferricrete found nearby had anomalously high 
chromium and nickel values. The shortcomings of remote sensing methods 
unsupported by tangible evidence are thus emphasised.

5.7 Folding and Basin Form
Map 5 (in folder), compiled from a mosaic of four Landsat-1 images, illus
trates the relationship of the elongated Proterozoic basins to the Vryburg 
Arch.

The regional cratonic structural trends are evident in the orientations of 
the fold and basin axes which are east-northeast or northeast within the
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Transvaal Basin and northwest or west-northwest in the Segwagwa Basin 
(Transvaal System rocks) and in the Dipotsana Basin (Ventersdorp System 
rocks) south of Kanye. The imagery indicates that there has been mutual ' 
interference of these trends!by sporadic inflections of strike, but this 
is not at all marked. In the field, such evidence is hard to find although 
at one locality in the Dipotsana Basin, a cleavage in the Ventersdorp tuffs 
strikes 050° dipping north-northwest. Invariably, the rock units in the 
Dipotsana Basin strike parallel to the basin axis (l40°) and this can just 
be discerned on a good quality image. A crud^ rodding lineation strikes 
parallel to the bedding (fig. 9).

The western lobe of the Transvaal Basin just extends into southeast 
Botswana. The principal east-northeast orientation of the basin axis is 
deflected to a west-northwest trend at the western end of the basin. The 
axis intersects the hinge in the neighbourhood of Otse where the only 
Waterberg rocks within the western part of the basin are represented. The 
axis also intersects the site where the Kanye Volcanic Group and the 
Ventersdorp volcanics bordering the basin change strike as they meet the 
Moshaneng Lineament (M13).

A close look at the imagery shows the west-northwest orientation of part 
of the northern margin of the basin and the swing in strike of the 
Transvaal horizons on the southern side. Image 1178-07^7^» which covers 
an area to the southwest of the basin, clearly shows linears striking 
west-northwest through northern Cape Province and southern Botswana. If 
these are the manifestations of uplifted Basement (Boocock and Van Straten 
1962), it is conceivable that the shape of the Transvaal Basin was influ
enced by it. Relative uplift of the Vryburg Arch and movement along the 
Moshaneng Lineament would have since modified its form.

A lineation in the Ventersdorp rocks and Black Reef Series bordering the 
western end of the Transvaal Basin approximately parallel to its 
west-northwest axis, is defined by the following elements seen in the
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field:
l) a preferred orientation of small quartz pebbles in Black Reef

conglomerates at 120° - 130°.
2) a preferred orientation of large pebbles and cobbles at 09^° - 112° in

a Ventersdorp conglomerate north of Lobatse.
3) Small-scale mullions oriented at 126° down-dip in the top-most hori

zons of the Mogobane shales 10 km north of Otse.
4) mullions (possibly previously confused with ripple marks) in the 

Mogobane shales, oriented at 110° near Nywane Dam, at ll4° on the 
southern flank of Otse Mountain.

5) the orientation of Botswanella concretions in the shales at Mogobane

(Pflug 1970).

The first two phenomena might be explained in terms of sedimentation 
directions, the latter three by strike-slip movement during the diastrophic 
episode resulting in the gravitational sliding of masses of Pretoria Series 
rocks into the Transvaal Basin. Alternatively, the consistency of direction 
might be evidence of strain on a west-northwest axis.

On the imagery, shortening of the western end of the Transvaal Basin is 
indicated since the Magaliesberg Quaarbzite, a marker horizon in the 
Transvaal System, has a strike length of approximately 60 km compressed 
within a simple strike closure of 40 km. The existence of the slide planes 
mapped by Crockett (1969, 1971a) can be partly inferred from the discordant 
relations of some horizons within the Transvaal Basin.

Only the pre-Waterberg systems appear to have been strongly folded or rather 
to exhibit arcuate depositional structures within narrow, elongated basins. 
The Transvaal rocks overlying or adjacent to the Vryburg Arch are much more 
conspicuously disposed in this manner than the rocks on the northern and 
southern margins of the Transvaal Basin. The Waterberg rocks overlying 
the Vryburg Arch lie almost horizontally and have been affected chiefly by 

block faulting (Wright 196l).
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To the west of the immediate area of interest, Transvaal System rocks 
outcrop through the Kalahari Sand cover over an area of 80 sg. km near 
Dikgomo di Kae, 90 km west of Kanye (see map 5). These rocks have been 
thrown into tight east-west folds which are startlingly visible on landsat 
imagery, e.g. 1178-07474, El], FI]. Crockett (l972c) reported signs of 
overthrusting to the north. This folding is obviously not related to 
basin form but could be linked with crustal disturbance along the Molepolole 
lineament, the westwards projection of which passes just to the north. 
Alternatively, the rocks may have been thrown off a crustal block to the 
south. The difficulty with this latter explanation is that, as Landsat 
distinctly shows, this crustal block is now the site of a trough of 

Waterberg sandstones.

Folding on a northwesterly axis has been superimposed on the rocks at 
Dikgomo di Kae. The rooks are also displaced by northeasterly trending

faults.
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6 DISCUSSION OF ASPECTS OF REGIONAL STRUCTURE ILLUSTRATED BY 
LANDSAT IMAGERY

The regional structure of southeast Botswana depicted by the compilation 
of the published geological maps is confirmed by Landsat imagery. However, 
the imagery shows much more detail in comparison with the 1:1 million map 
(Botswana Geological Survey 1973). Individual units in the sedimentary 
systems are revealed, certain fold trends are more easily identified and 
more linear structural features, especially regional lineaments, are 
apparent. The control exerted by the lineaments (deep-seated fractures) 
on the margins of the Transvaal and Waterberg basins and on the structural 
pattern of the Kanye Volcanic Group and the Gaborone Granite is highlighted.

6.1 The Influence of Prevailing Structural Trends on the Gaborone Granite 
The "plutons" of the Gaborone Granite are orientated parallel to the prin
cipal structural trends in the Kaapvaal Craton. The granite was therefore 
probably emplaced along two pre-existing lines of weakness. Despite the 
appearance of there being two plutons in plan, the granite is generally 
regarded as being a contiguous body. Poldervaart (195^) states that a red 
granite was identified from a borehole drilled through the ridge of Kanye 
Volcanics and Waterberg sandstones that separates the two "plutons".

Since the neighbouring geological systems young consistently away from the 
"plutons", the "plutons" are antiforms. The emplacement of the "plutons" 
between sets of fractures suggests "block folding" (Brock and Pretorius 
1964) in which fold structures develop through vertical movement of crustal 
blocks. Deformation occurs as brittle fracture on the "limbs" of the folds 
and not as flexuring. In the case of the Gaborone Granite and adjacent 
volcanic rocks of the Kanye Volcanic Group and the Ventersdorp System, 
brittle fracture is favoured because of the massive, competent nature of 
the rocks and presumably also because they were at a high crustal level 
when tectonic forces were active. This may also be a clue as to why the 
Molepolole and Moshaneng Lineaments are most clearly expressed in relation
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to the Gaborone Granite,

Notwithstanding this explanation, field evidence has indicated that deform
ation within the Gaborone-Molepolole "pluton" may be more intense than pre
viously recognised, viz. the extremely mylonitised Kanye Volcanic rocks 
that lie on the long axis of the "pluton" 20 km north of Gaborone (NIC) 
and the reports of deformation at the western end of the "pluton" (Wright 
1961, Gerrard 1964; K12). Since so much of the "pluton" is concealed by 
superficial deposits, Landsat imagery has not been able to effectively 
illustrate this. At any rate, factors other than block folding may contri
bute to deformation (see next section).

6.2 A Possible Association between the Limpopo Mobile Belt and the East- 
Northeast Lineaments and Deformation in the Northern Margin of the 
Kaapvaal Craton

The parallelism of the Molepolole and Moshaneng Lineaments with the Limpopo 
Mobile Belt is sufficiently striking not to suspect a causal connection 
between the lineaments and the mobile belt.

East-northeast striking shear zones characterised by intense cataclasis and 
recrystallisation of the constituent rocks occur within the main body of the 
mobile belt, the most notable being the Tuli-Sabi Straightening Zone 
(alternatively known as the Letlhakane Shear Zone) visible on image
1195-07411. Landsat imagery shows the swing of tight folds into this shear

■zone from north to northeast.

While there is a clear similarity of orientation and effects of deformation, 
it is still not clear whether the mobile belt shear zones and the cratonic 
lineaments can be linked in time. The field evidence certainly suggests 
repeated movement along the lineaments throughout the early Proterozoic 
period - the Kanye Volcanic Group, the oldest Proterozoic (possibly even 
Archaean) rock group in southeast Botswana showing the most intense deform
ation. The mobile belt shear zones have also been reactivated throughout 
time. Thus the lineaments may also have originated at a time of marked
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tectonic activity in the mobile belt and been rejuvenated at intervals 

thereafter.

Proximity to the southern margin of the Limpopo Mobile Belt might also mean 
that the tectonic forces active in the mobile belt could have affected the 
northern margin of the Kaapvaal Craton to produce deformation of the 

Gaborone Granite.

A relationship between mobile belt activity and the folding of the Transvaal 
rocks at Dikgomo di Kae must be held as tenuous since the folding post-dates 
deposition of the Transvaal System which ended c. 2 000 m.y . ago. The 
final, major event in the Limpopo Mobile Belt occurred £. 2 200 m.y. ago 

(Van Breemen 1968, 1970)•

6.3 Structural Control of the Precambrian Basins in Southeast Botswana 
Although the relationship has already been recorded (Crockett and Jones 
1975), it is evident from the imagery that the east-northeast lineaments 
have influenced the sites of the Transvaal and Waterberg sedimentary basins 
in southeast Botswana. The northern margin of the western part of the 
Transvaal Basin clearly demarcates the course of the Moshaneng Lineament 
and consequently must be controlled by it. The major Waterberg basin in 
southeast Botswana, which strikes east-west, lies to the north of the 
Molepolole Lineament. A subsidiary basin lies south of the Waterberg 
scarp near Dikgomo di Kae (1178-07^74, map 5). The scarp may be an exten
sion of a lineament defined either by the Kolobeng Monocline or the 
Metsemotlhaba River.

6.4 Time Relationships of Deformation
6.4.1 Pre-Transvaal System, Post-Archaean Deformation. Mylonitisation 
along the major lineaments has principally affected the Kanye Volcanic 
Group and, to a lesser extent, the Ventersdorp System and the Gaborone 
Granite. This observation could be due simply to the Kanye Volcanics 

being less concealed by cover.
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If there were a link between Limpopo Mobile Belt deformation and the 
earliest phase of cataclasis in southeast Botswana, radiometric age deter
minations for the deformation event would provide a younger age limit for 
the Kanye Volcanic Group.

There is no apparent displacement along the lineaments, but 20 km north of 
Otse on the main road (N12) a low angle fault plane was seen striking 065° 
and dipping at 11° jbo the southeast in shattered rocks of either the'
Ventersdorp System or Kanye Volcanic Group.

!

! -
6.4.2 Post-Dolomitè Series, Pre-Pretoria Series Deformation. Deformation 
and erosion of the dolomite Series took place prior to deposition of the 
Pretoria Series (Crockett 1972c, Hunter 1975)» This is not at all obvious 
from the satellite imagery but in the field, mineralisation and intrusion 
of quartz veins in the pre-Pretoria Series rocks seem to have marked 
this event in Botswana.

i :6.4.3 Post-Transvaal System, Pre-Waterberg System Deformation. The
■ I  ■  tTransvaal System rocks are visibly offset by northeast and east-northeast 

trending fractures which also cross the older rocks, for example, horiz
ontal displacement of the Black Reef Series along the Taupone Fault meas
ured from Landsat imagery amounts to 18 km although Crockett (1971©) pos
tulated that this fault may have been active from Ventersdorp times onwards 
and that it influenced Transvaal deposition.

Northeast striking faults affecting the Pretoria Series rocks at Segwagwa, 
of which the Letlhapana Fault is the largest, are believed by Crockett 
(19713-) to have accommodated translation of the rocks on the Segwagwa 
Slide and not be a product of regional forces. Nevertheless, the faults 
fit into a regional pattern visible on. Landsat imagery. j

The climactic event proposed by Crockett (1969, 1971&) to account for the 
sliding into the Transvaal Basin of the Transvaal System rocks between 
Lobatse and Ramotswa was obviously extremely localised in its.effects
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judging from the deformation pattern depicted on the imagery. Rapid up-* 
lift of the Gaborone Granite may have engineered the sliding equally as

I
well as rapid subsidence of the basin but the triggering mechanism ià not 
to be deduced from the imagery. The Transvaal System rocks appear to have 
been caught in a r:'-cer-like closure between the "plutons" of the Gaborone 
Granite which r.suld'account for the shortening of the marker horizons.

6.4.4 Post-Waterberg System Deformation. Deformation in the Waterberg 
System rocks is chiefly confined to brecciation and recrystallisation along
faults and monoclines. The development of monoclines over the older cata-'
clastic zones in the lineaments testifies to recrudescent vertical move
ment along the lineaments. Since the Moshaneng lineament defines part of 
the margin of the Transvaal Basin, the present configuration of this' part 
of the basin must also date from post-Waterberg times.

The northeasterly trending Manyanalong Fault which affects the Waterberg 
System rocks at Otse (N13» Nl4), has displaced Pretoria Series rocks in 
the Transvaal Basin 10 km by right, lateral movement measured from the ima
gery. The fault appears to terminate at its northern end in the Dolomite 
Series rocks of the northern margin but it is possible that faulting along 
the northern margin in the Moshaneng Lineament has obliterated the fault.
In this event, the latest movement in the Moshaneng Lineament would post-
date the Manyanalong Fault. The small amount of displacement of the

1Waterberg System rocks at Otse either reflects the dying out of the fault
at its southern end, or that the fault originated in post-Transvaal, pre-

(
Waterberg times and was reactivated in the post-Waterberg era.

Fractures bearing 020° slightly displace Waterberg System rocks north of 

the Molepolole Lineament.

6.4.5 Relative Age of Intrusions. That the syenite and dolerite intrusions 
date from the post-Waterberg era can sometimes be inferred from the imagery 
by means of their spatial relationships to the surrounding rocks, bpt not
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invariably.

6.5  Nature of the Stress Field
The preceding section has described discrete phases of deformation synthes
ised from Landsat analysis and field observations. However, one particular 
set of characteristics cannot necessarily be ascribed to any one era. It 
seems much more likely that there was continual tectonic activity through
out the early Proterozoic period on well-defined trends. The following 
serves as an illustration;

Hunter (1975), quoting Button (1973), states that the Limpopo Mobile Belt 
once actually comprised the northern margin of the Transvaal Basin. There
fore uplift of the Gaborone Granite and Basement Complex rocks now inter
vening between the basin and the mobile belt must have occurred since the 
end of Transvaal System times and also in post-Waterberg times since that 
is the latest phase of movement established for the Moshaneng Lineament. 
Relative uplift of the Gaborone Granite has also been suggested to account 
for the initiation of sliding of the Transvaal System rocks in post- 
Transvaal, pre-Waterberg times. The absence of Transvaal System rocks over- 
lying the granite points to non-deposition because the granite was a 
positive area compared to the Transvaal Basin. Thus, relative uplift of 
the Gaborone Granite was maintained or reactivated before, during and after 
Transvaal System times.

A regional stress field persistent throughout early Proterozoic time would 
also explain the propagation of regional fracture patterns in Waterberg 
rocks without needing to postulate an exclusive post-Waterberg age for all 
the deformation, and the apparent contemporaneity of many of the fractures. 
Alternatively, a shifting stress field might have expended its energy along 
pre-existing lines of weakness.

The co-existence of cataclastic zones and minor quartz and dolerite intru
sions, particularly in the lineaments, suggests alternating periods of
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tension and compression in the Earth's crust. The mechanism for this is 
not clear although Crockett (1969) proposed that differential, vertical 
movement of crustal blocks would give rise to superficial, alternating 
compressional and tensional forces in each block. Crockett (1969) did not 
favour the alternative view, that crustal dilation and compression arose 
from regional forces acting horizontally in the crust, because of its 
implications of orogenesis. Plastic deformation and high-grade metamor
phism is normally associated with orogenesis. The style of deformation 
in southeast Botswana is brittle failure at high crustal levels with 
associated dynamic metamorphism.

6.6 Conclusion
In this study, Landsat imagery has been used to assess a fracture pattern 
which is not adequately illustrated on the geological maps of the area in 
question. The regional context of the major structural elements has 
already been described (Crockett 19713-, 1972c; Hunter 1974b, 1975) t»ut the 
imagery has enabled two major lineaments, which have a positive bearing on 
the structural history of southeast Botswana, to be accurately identified. 
The field investigation confirmed that the lineaments are sites of intense 
deformation and intrusion.
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7 MAJOR TECTONIC TRENDS IN BOTSWANA

An analysis of tectonic trends throughout Botswana was undertaken from a 
mosaic of assorted 1:1 million false-colour prints. Map 7 (in folder) 
shows the results of this compilation reproduced at a scale of 1:1 825 000. 
The advantage of studying a mosaic is that major throughgoing trends should 
be immediately obvious whereas analysis of individual prints followed by 
compilation is a much more lengthy process. The danger in viewing mosaics 
is that it is possible to extrapolate structures beyond reasonable limits.

An inherent weakness in interpreting Landsat imagery is that interpretation 
relies heavily on the skills and/or imagination of the interpreter. The 
amount and variety of information that could be extracted might vary from 
day to day even for one interpreter, and certainly between interpreters 

(Akehurst 1973&)'

Difficulties in interpreting imagery of Botswana were aggravated :
1) because eighty per cent of the country is concealed by superficial 

deposits and much interpretation relies heavily on the significance 
of morphological features. The quality of the interpretation is 
thereby degraded. Generally the level of interpretation is that a 
structural feature does or may exist. The type of feature is not 
always evident.

2) because comparative remote sensing data, e.g. gravity and magnetics 
(Reeves and Hutchins 1976) and aeromagnetics (CIDA in preparation) 
is only now becoming available.

On the other hand, Landsat imagery of the Kalahari interior must be pre
ferable to the aerial photograph print laydowns which are of very poor 
quality. This point was also made by Reeves (l973) who compared the use 
of Landsat imagery and print laydowns for navigating purposes in the 
helicopter borne stage of the National Gravity Survey of Botswana.

The following description is only a sketchy outline. Mallick et al
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(in preparation) have compiled a set of geological maps covering the 
whole of Botswana from Landsat imagery and aerial photography.

7.1 The Major Watersheds
The Kalahari-Rhodesia axis, a site of Tertiary upward warping (Du Toit 1933), 
extends south-southwestwards from Rhodesia and roughly coincides with the 
edge of the Kalahari sand as far south as Kanye. It divides the area of 
Precambrian and Karroo bedrock exposure to the east from the Tertiary and 
Recent deposits of the Kalahari Basin to the west. The axis also separates 
the LimpDpo-Notwani drainage flowing east to the Indian Ocean from the 
endoreic Makgadikgadi drainage and the ephemeral Nosob-Molopo system which 
flows west and then south. As such, the axis is easily defined on the 
Landsat Imagery.

The northwesterly trending Bakalahari Schwelle (Passarge 1904), a broad, 
generally darker-toned zone some 20 km wide, can also be identified on the 
imagery. It is the watershed between the Npsob-Molopo system of the 
southern Kalahari and the endoreic Makgadikgadi drainage fed by the Okwa, 
Deception and Mmono Valleys to the north. A few indefinite linears 
inferred from persistent lines of darker tone appear to strike parallel to 
the Schwelle. Morrison et al (1965) speculated that the Schwelle may have 
been rendered visible on TIROS pictures because an arch of bedrock bringing 
the water table nearer the surface has increased soil moisture along its 
length.

The Bakalahari Schwelle separates an area of drainage channels and probably 
deeper sand to the north from an area to the south where pans are much more 
abundant. The pans are frequently 1 km or more in diameter or long axis 
if elongated. In southwest Botswana particularly the pans appear to be 
orientated in north-northwesterly trending lines which might have 
previously been inter-dune drainage channels. Disruption of these channels 
could have been caused by Earth movements such as those postulated by 
Mayer (1973) to have given rise to the past and present configurations of
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the Harts-Molopo drainage systems in northern Cape Province during late 
Tertiary and early Pleistocene times. Thus a slight tilting to the north 
in southern Botswana may have led to stagnation of north-south inter-dune 
drainage channels. On the other hand, the pans are probably comparatively 
young and could simply owe their origins to climatic fluctuations.

7.2 The Limpopo Mobile Belt and its Relationship to the Rhodesian 
and Kaapvaal Gratons 

East of the Kalahari-Rhodesia axis lies the exposed portion of the east- 
northeast trending Precambrian Limpopo Mobile Belt which separates the 
Rhodesian and Kaapvaal Cratons, crustal shields which have remained 
relatively stable since Archaean times.

A distinction can be made on imagery of Rhodesia between the granite and 
granite-gneiss terrain of the Rhodesian Craton north of 20°S and a belt of 
rocks to the south displaying prominent closely spaced east-northeast 
linear trends in what would be the north marginal zone of the Limpopo 
Mobile Belt (Cox et al 1965). Bennett (l97l) and Key et al (1976) were loth 
to draw a rigid distinction between Rhodesian Craton and Limpopo Mobile 
Belt because structural episodes could be traced from one crustal province 
into the other. A southern boundary with the Kaapvaal Craton is more 
difficult to define except that a logical location for it might be the 
westward extension of the Soutpansberg Fault Zone in South Africa which 
divides into a splay of fractures in Botswana, 20 km southeast of Mahalapye 
at 23 30'S. C.V. Reeves' (pers. comm. 1976) analysis of the gravity data 
marks the southern boundary between Mosomane and Sekuma Pan, nearer 24°S.

The division into north marginal, south marginal and central zones of the 
Limpopo Mobile Belt (Cox et al I965) is not easily justified from Landsat 
imagery. The outstanding feature of the mobile belt is the Tuli-Sabi 
Straightening Zone (or Letlhakane Shear Zone) (Key and Hutton 1976) which 
extends east-northeastwards from Madinare and is cut discordantly by the 
Letlhakane Fault. It is a zone of my Ionites some 5 - 8 km wide in
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Basement Complex rocks into which very tight folds defined by amphibolites 
swing on a northeasterly trend. The straightening zone seems to die out 
in the Madinare area. Geophysical evidence (Reeves and Hutchins 1975) con
firms that this feature does not re-emerge beneath the Karroo and Kalahari

cover further west.

7.3 Major Linear Structures in Eastern Botswana
The major linear structures throughout eastern Botswana are orientated east- 
northeast and west-northwest or northwest. In central, eastern Botswana, 
a swing along strike from east-northeast to west-northwest is clearly 
obvious. On the ground, these linear structures may be normal faults, 
wrench faults, shear zones or post-Karroo dolerite dykes. landsat imagery 

cannot always define the exact nature of each linear.

The normal faults have generally moved in post-Karroo times (Green 1966) 
although they may have been reactivated along older lines of weakness. The 
northern boundary of the Tuli trough of Karroo basalts is marked by strong 
east-northeast faults with downthrow to the south. The basalts are clearly 
demarcated on the imagery by their distinctive grey-blue colour. The shear 
zones usually occur in the Precambrian Basement Complex while wrench 
faulting has caused drag in the Waterberg System rocks of the Chwapong Hills.

Northerly, north-northeasterly or north-northwesterly trending fractures 
have been identified in Karroo rocks (Stansfield 1974) and Basement Complex 
(Bennett 1970) east of Sua Pan, of which the Bushman Mine Shear Zone is the 
most prominent on Landsat imagery. This belt of highly mylonitised meta- 
sedimentary rocks in the Basement Complex is mineralised with copper.

Five hundred kilometres to the south lies the north-northeasterly trending 
Vryburg Arch, the eastern edge of which is defined by prominent fractures. 
The Kraaipan trend, defined by metavolcanic and metasedimentary horizons 
in the Basement Complex of the Vryburg Arch, is also northerly.
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y.4 NoibhGicn Botsw9,n3. — Post—K&inroo Tsctonics
The area west of the Kalahari-Rhodesia axis is concealed hy Recent and 
Tertiary deposits. Nevertheless, strong linear features with a northeast 
trend can be seen to cross the area. They are quite broad (up to 5 km 
wide), homogeneously dark toned strips of land extending in a fairly 
straight fashion for distances up to or greater than 200 km. Defunct 
drainage channels frequently follow their course and they quite obviously 
disrupt the east-west trending dune field of northern Botswana.

Northeast trending fractures in northern Botswana were postulated by 
Boocock et al (1971) to be a southwestward extension of the Luangwa rift in 
Zambia, a product of post-Karroo crustal movement reactivating a much older 
line of crustal weakness. The existence and location of some of these 
fractures was proved by geophysical resistivity traverses (Pretorius 1972) 
along the line of the Nata-Kazungula road. Subsequent correlation of these 
fractures with the linears visible on Landsat imagery has meant that the 
identification has been extrapolated to similar features lying between the 

Okavango Delta and the Rhodesian border.

A very prominent linear strikes throu^ the northeast arm of Ntwetwe Pan, 
possibly extending southwestwards through Lake Dow to Deception Pan.
Landsat imagery cannot claim this as a discovery, however, although it may 
reveal the entire extent of the feature which was first noted on the first 
available aerial photography of the Makgadikgadi region (Boocock 1959 P.l6) 

This lineament appears to continue intermittently striking west-southwest 
from Lake Dow to Lone Tree. Comparison with the national geological map 
(Botswana Geological Survey 1973) shows that this linear lies very close 
to the postulated northern margin of the Karroo Basin in central Botswana.

In northernmost Botswana, the Goha, Shinamba and Guputsaa Hills comprising 
rocks of the late Precambrian Ghanzi and Kgwebe Formations all seem to lie 
on northeast trending lineaments. They may be uplifted fault blocks.
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7.5 Structural Control of the Makgadikgadi Pan Complex - Neotectonics 
The outline of the Makgadikgadi Pans in central Botswana, which are the 
desiccated remains of a huge lake impounded by the Kalahari-Rhodesia axis, 
strongly suggests structural control since several of the pan boundaries 
are sharply defined and straight-sided, notably the western boundary of 
Sua Phn; other linear features may also be clearly discerned (see fig. 12).

The features may be divided into groups striking west-northwest, north 
(or north-northeast) and northeast. These structural features have been 
discussed by Van Straten (1964) who would prefer to ascribe them to epeiro- 
genic forces rather than active faulting, and Stansfield (1974) who corre
lated the west-northwest and northerly directions with faulting on the 
same trend in the Karroo rocks just to the east. Walker (1974) refers to 
a swarm of west-northwest orientated, post-Karroo dykes in the area. The 
faults and dykes may mark reactivated lines of weakness since west-northwest 
and north-northeast fractures and shear zones have also been noted in the 
Precambrian rocks to the east. Reeves (1972) confirmed that the Makgadikgadi 
area is the second most active seismic centre in Botswana after the Okavango 
Delta thus lending credence to hypotheses of present-day tectonic movements.

A linear feature of obscure significance strikes west-northwest from just 
north of Sua Pan. It seems to be a fairly straight, dark toned, smooth 
textured belt of land 2 - 4 km wide, accentuated by a much nairower white 
area to the south. It can be traced intermittently on strike through the 
southern apex of the Mababe Depression.

7.6 Post-Karroo and Neo- Tectonic Control of the Okavango Delta
The Okavango Delta owes its existence to the Thamalakane and Kunyere faults 
which dam the sediment load and water of the Okavango River draining 
southeastwards from the Angolan highlands. The faults trend approximately 
northeastwards (038°) lying 12 - 15 km apart. Geophysical studies esti
mate that the downthrow to the northwest may be as much as 1 000 m 
(Hutchins et al 1976).
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Figure 12 Image 1178-07462, false-colour, 17th. January 1973.
The Makgadikgadi Pan Complex. Landsat imagery shows that 
the pan boundaries are structurally controlled. Shallow 
water in the northeast of Sua Pan. Section 7 .5*
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Figure 13 is a photograph of image 1126-07580 of the southern half of the 
delta while Figure 14 is an oblique aerial photograph of the Kunyere 
(the innermost) fault. The northward extension of this fault system forms 
the eastern margin of the Mababe. Depression, now generally dry but disting
uished by deposits of dark silts and alluvium. A northeast trending linear 
to the northwest of the delta was first recognised photogeologically by 
Jones (1962) since it clearly disturbs the linear dune field but dies out 
to the southwest. The trace of this linear also becomes more tenuous to
wards the apex of the delta where it has possibly been displaced by north
erly trending features. In the field, the linear is expressed as the 
Gomare Ridge with the greater elevation being on the northwest side. Figure 
15 is a photograph of image 1127-08035 showing the Gomare Ridge. A north
east trending escarpment, probably of fault origin, which is uplifted to 
the southeast, deflects the course of the Ghobe River (see fig. 16)• The 
Okavango Delta therefore appears to lie within a rifted graben. The north
easterly trend shows the southwestward extension of the Luangwa-Kariba rift 
initiated in post-Karroo times. Nevertheless, the Okavango graben would 
seem to post-date the linear dune field which is most explicitly portrayed 
bn the imagery, and perhaps even the great Lake Makgadikgadi, which could 
originally have been fed by the Okavango River.

S.M. Hutton (i^ Hutchins et al 1976) defined many linear features in the 
Okavango Delta on the basis of alignments of channels and tonal patterns 
accentuated at different seasons. Figures 17 and 18 illustrate a tree line 
and a straight-edged islet which are probably the sort of features that are 
detected as linears on the imagery. Many of these linears may have no 
structural significance; it is certainly not possible to identify any 
underlying geological causes for such linears without complementary data. 
Nevertheless, certain well-defined trends are obvious on the imagery which 
have also been confirmed by geophysical studies.

Apart from the dominant northeasterly trend, there is an east-northeasterly
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Figure 13 Image 1126-07580, false-colour, 26th. November 1972. Landsat 
imagery shows major northeast faults impounding Okavango Delta 
and old strandlines around Lake Ngami. Lake Ngami abuts on to 
the northwest side of the Ghanzi Ridge, an uplifted fault block 
Structural trends in the sub-surface bedrock are visible. 
Sections 7.6 and 7.?.

Figure l4 The Kunyere Fault, innermost of the distal Okavango Delta 
faults. Oblique aerial photograph, 1st. December 1972.
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Figure 15 Image 1127-08035, false-colour, 27th. November 1972. The
Gomare Ridge forms the western side of the Okavango Delta 
"rift". Obsolete drainage channels lie to the east of the 
ridge, linear dunes to the west. Folding style (Damaran) is 
clearly visible in the Aha Hills to the west. Section 7-6.

Figure l6 Image 1126-07574, false-colour, 26th. November 197%. Northern
half of Okavango Delta and structural control of the Chobe River, 
linear dune field disrupted by delta drainage area. Old north- 
south strandline of Mababe Depression on eastern edge of picture
The Okavango "panhandle" is visible on the western side.
Section 7.6.
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Figure 17 A tree line in the Okavango Delta. This type of feature may 
give rise to the numerous linears which can be deciphered on 
Landsat imagery. The existence of the tree line implies an 
underlying ridge of solid ground in contrast to the inundated 
surroundings. Smoke from a peat fire is visible in the back
ground. 1st. December 1975- Section 7.6.

«

-

Figure l8 An islet in the Okavango Delta. It has a remarkable rectangular 
shape. The interior is salt-encrusted white sand. Trees fringe 
the islet where they can grow on sufficiently firm ground and yet 
tap water. 1st. December 1975- Section 7.6



Figure 19 Sandbank on the northern side of the Okavango "panhandle" 

Either a cross-section through a linear dune or possible 

structural control. 1st. December 1975- Section 7.6.
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set of linears. Both sets of linears could he associated with a conduct
ivity anomaly which De Beer et al (l975) traced from the Luangwa-Kariba 
rift through to Namibia with a branch deflected towards Walvis Bay. The 
east-northeast trend is also typical of the Damaran structural style. Fold 
axes on this trend in the Aha Hills west of the Okavango Delta can clearly 

be seen on the imagery (fig. 15)-

Another major set of linear features has trends between 133° and 155°. It 
was originally identified by Reeves (l97^) who attributed it to underlying 
control by Damaran rocks on which has been superimposed relatively minor 
tectonic activity of the present day. A fracture belonging to this set 
may have given rise to the sand scarp on the northern side of the !
Okavango "panhandle" (fig. 19), while the Tsodilo Hills, northwest of the 
delta, may lie on another of these fractures.

A very clearly defined linear strikes southeastward from just west of 
north of Kangara. on the northern side of the delta's apex to a point some 

50 km north of Toteng.

The Okavango Delta is the most active seismic centre in Botswana (Reeves 
1972). During the recent UNDP/FAO project %T. Dincer pens. comm. 1976), 
it was discovered that water flow in the swamps at the head of the delta 
is very prone, to fairly frequent, unexplained changes. Blockages have 
previously been imputed to encroachment of aquatic weed and silting but 
such causes cannot account for the suddenness of the changes that have 
been monitored. Differential settling of sediments in response to Earth . 
movements which may either cause blockages or increase the rate of infil
tration is likely to be a more satisfactory explanation of these pheno
mena. Some of the linears that have been detected on Landsat imagery and 
from aerial reconnaissance may thus be surface reflections of underlying 
faults along which movement is currently taking place.

7.7, Post-Karroo Structural Control of the Ghanzi Ridge
South of the Okavango Delta lies a broad swell known as the Ghanzi Ridge
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of rocks belonging to the Precambrian Ghanzi and Kgwebe Formations into 
which has been faulted a trough of Karroo rocks parallel to the margins of 
the swell. Outcrops are poor but the overall extent of the swell is clearly 
demarcated on false-colour imagery as a brown shadow in which folds striking 
tangentially to the trend of the swell itself can occasionally be traced 
(fig. 13). The swell is bounded by faults striking 058°. The northwestern 
boundary fault meets the Kunyere fault on the southeast side of Lake Ngami 
where the outcropping Karroo rocks are intensely shattered, thus testifying 
to the post-Karroo age of the fault. Northwest trending fractures offset 
the ridge itself and the northeast trending faults.

7.8 The Boundary between the Kaapvaal Craton and the Namaqua Mobile Belt 
North-northwesterly linears in the vicinity of Middlepits, south of 
Tsabong, demarcate the boundary Brakbos ^ult Zone between the Kaapvaal 
and Sonama Crustal Provinces (Pretorius 1974), respectively the Kaapvaal 
Craton and Namaqua Mobile Belt.

This boundary had originally been assumed to be the Doomfontein Fault 
30 km to the east, which trends parallel to the Brakbos Fault Zone. The 
new interpretation of the boundary between the two provinces was made from 
a study of the gravity field although Pretorius (1974) states that it 
could have been instantly interpreted from Landsat imagery if the imagery 
had been available.

The extension of the North Cape Fold Belt (Reeves and Hutchins 1975) » which 
would appear to correspond with the boundary zone between the Kaapvaal and 
Sonama Crustal Provinces, into Botswana cannot be defined on Landsat 
imagery much further north than Tsabong. There is obvious structural 
alignment of portions of the Molopo and Kuruman Rivers on a north- 
northwest trend in the Middlepits area. Folding styles in the Waterberg 
(Matsap?) rocks of the Tsabong area may reflect interference on 
north-northwesterly and northeasterly trends.
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7.9 Conclusion - the Continuity of Structural Trends throughout 
Geological Time

The unifying factor in all the disparate regions which have been described 
is that Earth movements have been concentrated preferentially along pre
existing lines of weakness throughout geological time. Post-Karroo faults 
and dykes in the Limpopo Mobile Belt follow trends established in the 
mobile belt in the early Proterozoic era. Similarly, the northeast post- 
Karroo faulting in northern and northwest Botswana is thought very likely 
to have been predisposed by the 1 000 m.y. Damaran orogenic belt which 
stretches northeastwards from Namibia through northwest Botswana to 
Zambia (Reeves and Hutchins 1975). Even the north-northeast trending 
Bushman Mine Shear Zone and other Precambrian features in the Mosetse- 
Matsitamma area east of Sua Pan are shadowed by the trend of the Kalahari- . 
Rhodesia axis. The Vryburg Arch, 500 km to the south, exhibits north- 
northeast fractures on its eastern flank although this is probably 
extending a speculation beyond justification. The Bakalahari Schwelle 
lies parallel to a Precambrian trend which , can be seen to become prominent 
westwards across the Kalahari-Rhodesia axis as east-northeast features 
swing round to a west-northwest and northwest orientation.

Since the relationship between older and younger structures is so generally 
convincing, there are grounds to believe that some geomorphological 
features, such as the orientation of the Mmono River or even dark toned 
linears that are not consistent with a dune pattern and which may reflect 
groundwater sites, are influenced by bedrock movements propagated through 
the deep cover blanketing most of the country. In these circumstances, 
Landsat imagery has a finite usefulness in detecting especial sites of 

interest.
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8 POTENTIAL USE OF LANDSAT IMAGE INTERPRETATION IN 
, MINERALISATION AND GROUNDWATER SURVEY

8.1 Mineralisation
8.1.1 Association of Ore Bodies with Major Structural Features 

with Particular Reference to Landsat Identified Relationships.,.
Crockett and Mason (1968) noted the association of nickel sulphide-bearing, 
mafic intrusions and diamondiferous kimberlites with linear, tectonic 

belts in southern Africa.

Brewer et al (19?4) assessed the mineral exploration potential of Landsat 
data for a large area in Arizona, U.S.A., and concluded that while the 
imagery is a useful basis for regional evaluation, it has only limited 
use for locating specific target areas. They also noted that there could 
be a relationship between fundamental fault spacings and the location of 
porphyry copper deposits. Viljoen and Viljoen (1975) described how the 
imagery illuminates the relationship of ore bodies to regional structural 
trends and cited examples of regional structures newly discovered or 
clarified by Landsat imagery from the Okavango Delta in Botswana , in 
Namibia, in northern Cape Province, South Africa, and in Rhodesia. 
Chukwe-Ike and Norman (1977) discuss the relationship of mineralised
granites in Nigeria to Landsat identified lineaments.

8.1.2 Mineralisation in Southeast Botswana. Southeast Botswana is 
sparsely mineralised, but what mineralisation there is, is invariably 
associated with structural features, either in fractures or because of 
metamorphism induced by intrusions emplaced along major lineaments. Thus 
identification of fractures and intrusive bodies from Landsat imagery 
could assist prospecting although no more specific relationship, such as 
ore bodies occurring preferentially at the intersection of major fracture 
zones, could be proven beyond doubt in this study (Section 8.1.3)•

Fluorite was once mined at Ditshukutswane 10 km north of Ntlantlhe (M13) 
in Outer Marginal Assemblage rocks of the Gaborone Granite where it occurs 
in association with galena and chalcopyrite. Geochemical prospecting
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failed to locate any sizeable deposits of metal ore either there or at 
Taupone (KI5), 20 km south of Kanye (Laughton 1964) where ore minerals had 
been located in a borehole.

The prospect at Taupone is in a shear zone in the Dolomite Series of the 
Transvaal System. Copper, zinc and lead are being mined from Dolomite 
Series rocks near Zeerust in western Transvaal Province (P17), 60 km 

southeast of Lobatse.

Thus the age of this mineralisation is apparently post-Dolomite Series, 
pre-Pretoria Series. Poldervaart (1954) did suggest that the fluorite in 
the Gaborone Granite may have crystallised from late magmatic fluids, but 
the ore minerals in the Dolomite Series are more likely to be derived from 
sedimentary connate solutions.

At Ditshukutswane, the fluorite was extracted from a north-south trending 
lode 1 - 2 km north of the east-northeast Ditshukutswane Shear Zone. 
Massive fluorite was, however, also observed in an east—northeast trending 
vein, in a section on the Gaborone-Lobatse road. The amethyst lode at 
Kanye is orientated east-west. All these mineral occurrences occur in or 
just to the south of the Moshaneng Lineament.

Talc occurs in the contact zone of the Moshaneng Syenite with Transvaal 
System shales at Mabelane, asbestos at the contact of the dolerite with 
the Dolomite Series at Moshaneng. The intrusions lie on the northern 
margin of the Moshaneng Lineament (JI3) a,nd may have been preferentially 
emplaced along this line of weakness (Crockett 1971a).

Ten kilometres beyond Moshaneng on the main road to western Botswana, 

massive, specular hematite was found in a northeast to east-northeast 

trending fault zone, visible on Landsat imagery, in chert breccia of the 

Transvaal System.

Disseminated chalcopyrite was seen in the Plantation Porphyry at the
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Stonecrushers^ Quarry in Lolmtse. The occurrence is sited in the south

eastern hinge of the Kanye-Lobatse-Ranaka "pluton" (M15/N15). Faults 

crossing the quarry on bearings of 065° &ud 150° also contain small 

amounts of ore, but mainly quartz. A smaller quarry, 10 km north of this 
locality, excavated in a Ventersdorp or Kanye Volcanic Group quartz 

porphyry is traversed by numerous tension gashes on a 065° trend. These 

gashes are infilled with quartz and ore minerals, mainly chalcopyrite, 

which is also sparsely disseminated in the rock. An assay on a vein sample 

from this quarry gave 2,5 mg/tonne gold (j, Davies, pers. comm. 1976). 
Nevertheless, earlier prospecting had not revealed any viable mineral 

deposits in this area (Lamont I960).

These mineral occurrences near Lobatse may have two provenances. The 

disseminated ore may actually be associated with the intrusion of the 

porphyry while the deposition of ore in gashes implies secondary 

migration and concentration of the minerals.

Manganese has been mined from Transvaal System rocks in Lobatse, Otse, 

Ramotswa and at Kgwakgwe Hill near Kanye. The ore has a primarily 

sedimentary origin, although at Otse it has been concentrated subsequently 

along fault planes. =

8.1.3 Linear Intersections Related to Mineralisation. A very simple 

technique, based very loosely on a method described by Brewer et al (1974), 
was applied to assess whether intersections of linear structures bore 

any relation to mineralisation. A grid of 5 km side squares was overlain 
on a fracture trace map compiled from a 1:1 000 000 false-colour tran- 

parency of image 1195-07420. A rather crude correlation appears to 

exist between greater numbers of linear intersections and known mineral

isation (fig. 31 in folder).

The greater number of linears and intersections occurs in the triangle 

Ramotswa-Moshaneng-Taupone in which mineralisation has been recorded to
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date. The fluorite vein at Ditshukutswane lies approximately at the 

intersection of the Ditshukutswane Shear Zone (in the Moshaneng Lineament) 

and the north-northeast fracture zone lying on the eastern flank of the 

Vryburg Arch. The area just south of Ranaka may be worth investigation 

but since no economic deposits have been reported from this relatively 

well-traversed area, the likelihood of any subsequent significant discov- 

eries seems remote.

Obviously, all the weaknesses inherent in fracture identification as 

described in Section 5.4 will affect this analysis.

8.2 Hydrogeological Applications of Landsat Imagery with Particular 

Reference to Southeast Botswana - a Summary 

The most significant aquifers in extreme, southeastern Botswana are the 

Dolomite Series and the Waterberg System sandstones. The Gaborone Granite 

is a fissured aquifer. Elsewhere, the Gave Sandstone in the Karroo System 

provides a valuable siquifer.

Identification of fractures and the outcrop areas of known aquifers and 
their structural inclination from Landsat would assist borehole siting, 
although the Geological Survey has been using aerial photography in this 
respect for many years.

Aside from the considerably greater number of fractures that are indicated 
on the imagery than on the maps, other particular clues to near-surface 
groundwater are concentrations of vegetation which are very conspicuous on 
false-colour imagery, whether these occur along fractures or in dry river 

beds.

Further afield, darker toned areas in the Kalahari Desert may sometimes be 
related to near-surface bedrock which should bring the water table nearer 
to the surface, for example, the Ghanzi Ridge or even the Bakalahari 

Schwelle (Sections 7.7 and 7.1).

88



9 ' RECONNAISSANCE GEOMORPHOLOGICAL MAPPING 

USING LANDSAT IMAGERY

9.1 Geomorphological Mapping Potential of Landsat Imagery 

The value of satellite imagery for constructing small-scale physiographic 

maps must be undoubted. The advent of Landsat has improved this potential 

tremendously since the geometric and spatial resolution and versatility of 

its products are much better than those obtained by previous satellites. 

Morrison et al (1965), perhaps the first to attempt a classification of land 

areas in southern Africa from TIROS pictures, specifically bemoaned the lack 

of resolution, coverage and map format^ now incorporated into the Landsat 

system.

A key question is, perhaps, why construct small-scale physiographic maps at 

all? Apart from educational interest, the potential, practical use of such 

maps may not be immediately obvious. The small scale, the gross resolution 

and the lack of stereoscopic viewing of the imagery does not suit it for 

detailed engineering reconnaissance studies although new information on 

fractures would be very useful to engineers when locating man-made 

structures. Floods and other natural hazards could be monitored. Short 

and Lowman (1973) mentioned that the encroachment of desert on to culti

vated land could be monitored from Landsat.

Within the last 20 years in Botswana, the pressing need for agricultural 

development has inspired a programme of regional assessment. The approach 

was basically one of defining land systems showing a unity of topography, 

drainage, geology, soils, vegetation and agricultural potential. An im

portant application of defining physiographic regions thus becomes apparent.

The major projects were all carried out before Landsat imagery was available 

(Bawden and Stobbs 1963, Blair Rains and Yalala 197?). Considerable use 

was therefore made of panchromatic black and white aerial photography. .
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A recent evaluation of landforms in the Kalahari region of Botswana was 

contributed by Grove (1969) who compiled a map showing ancient and modem 

dune trends using pancliromatic aerial photography and print laydowns.

Kruger (1974) compiled a landform map and a separate soils map of South 

Africa at a scale of 1:2 0̂0 000 working initially with 1:50 000 topographic 

sheets. Landsat imagery assisted and hastened the completion of the 

project immeasurably. Jennings (1974) used Landsat imagery to measure ' 

statistics on hydrological networks in Botswana,

9.2 Relationship between the Geomorphology and Geological Structure of 

Southeast Botswana

Map 6 .(in folder) was compiled from a Landsat mosaic of southeast Botswana. 

The terrain classes on the map do not follow any formal classification 

except where certain regions extend from South Africa westwards into 

Botswana when the scheme was partly based on that of Kruger (1974). The 

classification used is based on the following parameters :

1) predominating slope form

2 ) drainage systems

Major watersheds are immediately recognisable from the Landsat imagery but 

field observations, previous reports, stereoscopic photographic cover and 

topographic maps are required to complete the information on slopes. Once 

this information is available, the compilation of the map is a relatively 

easy task since the physiographic elements are quite well defined on the 

imagery. Nevertheless, the map presented here is only a preliminary study 

and attempts only to show what can be recognised from Landsat imagery at a 

reconnaissance stage.

The boundaries between the divisions are generalised when compared with the 

1:500 000 Land Systems map devised by Bawden and Stobbs (19^3). Their map 

was also more versatile, since their classification comprised information 

on soils and vegetation as well as topography. There is also, certainly,
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a reasonable correlation with Jennings' erosion cycle map (jm Bawden and 
Stobbs 1963) which, however, is only a vezy generalised, small-scale figure.

Table 7 shows correlations between Map 6, the Land Systems map of Bawden 
and Stobbs (1963) and the erosion cycles map (Jennings Bawden and Stobbs 
1963). Probably the most significant feature of Map 6 is that it demonstrates 
how the major watersheds and topographic elements relate to the geological 
structure. Class numbers in the text refer to Table 7/Map 6.

9.2.1 The Early Tertiary Kalahari Surface and Escarpment. The north- 
northeasterly water shed dividing the endoreic "fossil" drainage to the 
Makgadikgadi Pan Complex to the west from the ephemeral drainage to the 
Notwani-Marico and Limpopo River systems in the east also marks the course 
of the Kalahari Escarpment. The dip slope, which is blanketed by Recent
and Tertiary deposits, falls away westwards into the Kalahari Basin (class l). 
This Kalahari surface was recognised by Jennings (1962) as being of early 
Tertiary (African) age. • It is recognised on the imagery by its generally 
lighter tone and "flat" texture and the distinct pattern of veldt bums 
which are highlighted in comparison with the areas to the east where 
bedrock is at surface.

Near Moshaneng the watershed veers off on a southeasterly course losing its 
identity both as an escarpment and as an erosion surface boundary near 
Lobatse. The erosion surface boundary was postulated by Jennings (1962) to 
swing northwards at Lobatse to embrace the uplands of the Transvaal Basin 
while the-major watershed continues southeastwards from Lobatse.

9.2 .2 The Dikgomo di Kae "Escarpment". The so-called Dikgomo di Kae 
"escarpment" is really a line of hills in the Waterberg which appears as a 
very distinct linear feature on Landsat imagery. It extends west-southwest 
for at least ^0 km from Selokolela to south of Dikgomo di Kae and appears to 
separate the internal Makgadikgadi drainage from the Molopo valley and its 
tributaries Âiich comprise part of a drainage system flowing westwards, then

   south into
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Cape Province, (class 2). Water flows in these channels only occasionally 
compared with the Limpopo system. In fact the true watershed between the 
Molopo and Makgadikgadi systems is the Bakalahari Schwelle (see Section 
7 .1). The imagery indicates that the west-southwest trending 
'escarpmen"̂  intersects the Bakalahari Schwelle some 25 km southwest of 

Dikgomo di Kae.

9.2.3 The Molepolole Escarpment. The Molepolole Escarpment (class 10) 
faces the Dikgomo di Kae Escarpment athwart the Gaborone-Molepolole anti
form but on the other side of the Kalahari Escarpment. Only one stream, 
southwest of Molepolole, has cut through the escarpment as tributary to 
the Metsemotlhaba River, the remainder of the valleys which dissect the dip 
slope (class 4) drain northwards to the now dry Tagale River and thence to 
the Notwani River. The Molepolole Escarpment is part of the early.
Tertiary erosion surface while the Tagale Plain behind the scarp is of late 

Tertiary age (Jennings 1962).

9.2.4 The Early and Late Tertiary Erosion Surfaces between Kanye, Lobatse
and Gaborone. The Pretoria Series of the Transvaal System in the

Transvaal Basin is defined by its ranges of parallel cuestas (class 12), 
a product of differential erosion of the resistant quartzites and friable 

shales.

The Kanye Volcanic Group and Ventersdorp System rocks are massive and gen
erally very resistant to weathering when unaltered. They build rounded, 
steep-sided hills (class 8) through which the river valleys have followed 
zones of structural weakness.

The summits of the Transvaal Basin uplands and the Ventersdorp System and 
Kanye Volcanic Group rocks, at about 1 200 m, were assigned by Jennings 
(1962) to the early Tertiary erosion surface. Outliers of this surface 
are represented by the Waterberg sandstone mesas in the vicinity of Ranaka, 
Manyana and Kolobeng (class ll). The intervening valleys form part of the
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late Tertiary erosion surface, and, as Van Straten (I963) pointed out, 
were excavated by much larger rivers than flow now. The present valleys 
have been incised into older flood plains but this detail is not apparent 
on the imagery. Nevertheless, the Kolobeng, Metsemeshwane, Taung and 
Notwani (upstream of Gaborone) Valleys and the Kanye Basin may be distin
guished by their breadth and their lighter tone in contrast with the 
surroundings. These areas may be grouped in class 6. The valleys within 
the Transvaal uplands are narrower and more dark-toned and constitute an 
integral element of class 12.

9 ,2 .5  The Pre-African Surface. The highest hills in the area at 1 380 m, 
which strike northwards from Lobatse and include Otse Mountain, were post
ulated by Jennings (1962) to belong to the pre-African surface along with 
Waterberg outliers at Kanye and further to the west along the scarp south 
of Dikgomo di Kae. This is an artificial division because the imagery does 
not indicate the difference in elevation (class I3).

9 .2.6 The Early Tertiary Surface south of Lobatse and Kanye. The 
Ventersdorp System rocks in the Dipotsana Basin give rise to hummocky 
terrain with occasional conical hills (class 9) which falls away southwards 
to a lower, open, almost flat plain punctuated by isolated hills (class 3)* 
Bawden and Stobbs (1963) remarked on a transition of soils derived from 
"fossil" alluvium in the east, and of residual Kalahari sand in the west 
on this plain. The drainage of the areas in classes 3 and 9 is directed 
to the Molopo River.

9.2.7 The Metsemotlhaba Plain. The "plutons" of the Gaborone Granite , 
underlie broad, open, undulating plains (class 6) drained by northeastwards 
flowing rivers. The average elevation is 1 I50 m but declines northwards. 
The surface is of the late Tertiary cycle. Granite koppies occur exten
sively on the western reaches of each plain and this can be discerned on 
Landsat imagery by a speckled tone and shadow effect which is the justifi
cation for erecting a sub-class within class 6 (class 6a). The plain
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continues eastwards beyond the Notwani River where it is underlain by 

Basement Complex rocks and there are few hills. The Modipe Gabbro on the 

Transvaal Province border gives rise to very steep, rugged hills which 

properly belong to class 8 ,

East of Mochudi, differences in geology, soil and land use give rise to a
. ■ I

change in tone and texture on the imagely, which, however, do not relate 

to a distinct change in landform or elevation. Dolerite intrusions do 

give rise to depressions which may be picked out on false-colour imagery 

because of thicker vegetation. The correlation is not exact.

9.2.8 The Notwani-Marico River Flood Plains. Lighter toned areas bordering 
the Notwani and Marico Rivers are interpreted as flood plains (class 5) 
generated by the poly-cyclic, Quaternary changes in river grade.
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10 LAND USE IN SOUTHEAST BOTSWANA

Maps 3 3<nd 4 (in folder) demonstrate gross land use based on interpretation 
of false-colour images 1195-07420 and 1195-07422. There is an obvious 
difference between the land use of northern Gape Province and western 
Transvaal Province south of the Transvaal Basin on the one hand and that of 
Botswana and northwestern Transvaal Province east of the Marico River on 
the other. The last-named area belongs partly to one of the South 
African Bantustans.

Cattle grazing is the principal activity within Botswana, supplemented in 
favourable locations by subsistence agriculture on smallholdings. Areas of 
smallholdings give rise to a mottled pattern of light and dark tones or 
colour on the imagery e.g. P9, a response of varying crop and soil condi
tions. Ploughing normally takes place between September and November in 
preparation for the summer rains and therefore the visible extent of small
holdings is greater in the summer season. Since the majority of fields are 
no larger than 100 m square, individual fields are not likely to be recog
nised. Smallholdings are concentrated in the valleys, particularly on 
deposits of alluvium; the largest area is in the Bakgatla tribal territory 
on the Basement Complex tract southeast of Mochudi (?9, PIO, Q9, QIO).

The Barolong farms which lie on the border with South Africa just north of 
Mafeking are a distinct entity (K19, Ll8, L19, Ml8). The Barolong tribe 
differs from other tribes in Botswana in having a more intensively devel
oped agriculture and this is reflected in the land use pattern. The fields 
are larger and fence divisions are visible. The distinction is much better 
seen on false-colour than monochromatic Landsat imagery.

Similarly, the Lobatse and Gaborone farming blocks and Molopo ranches 

stand out conspicuously as dark areas on all MSS bands. Grazing is more 

controlled on the ranches and therefore the land is relatively more pro

ductive. The fenced boundaries are extremely sharp and fields within the
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blocks can be discerned but this distinction is only really clear on low 
ground. Since high ground also gives a darker response on the imagery, 
the distinctions between farmland and more rugged topography become blurred.

By comparison, land use in South Africa is much better organised and thus 
well defined. The fields are large with sides up to 2 km or more. Much 
of the agriculture is based on cereal and fodder crops. Since no detailed 
comparativ© material was available, the divisions are based on the size 
and distribution of fields and colour responses on the imagery.

Urban areas, such as Gaborone, Mafeking and to a lesser extent, Lobatse, 
can be recognised on false-colour imagery through their pale blue response 
with pink areas suggesting gardens in the suburbs. Tribal villages are 
rarely visible except where there has been overgrazing and the soil is bare 
e.g. Mochudi 09/P9. The main north-south road and railway is clearly 
decipherable but is represented by a symbol on the map. Otherwise the 
line would seem quite insignificant. The only other road that can be 
distinguished in places is the cattle route leading off westwards from 
south of Lobatse to Kanye. Reservoirs (alternatively known as dams) are 
clearly visible on the MSS band 7 3<nd false-colour imagery.
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PART 2 
ASPECTS OF REMOTE SENSING 

WITH PARTICULAR REFERENCE TO LANDSAT



11 INTRODUCTION TO PART 2

11.1 Outline of Topics covered In Part 2 v 

Part 2 of this work is more specifically concerned with some elementaiy 

aspects of remote sensing which afford a better understanding and use of 

Landsat data.

After a resume of the Landsat spacecraft characteristics and its sensors 

comes a brief description of the reflectance properties of some natural 

materials, chiefly minerals and rock types which is used to give a very 

simplistic explanation of how these materials may be recognised on 

Landsat imagery. There follows a comparison of the MSS single bands 

with reference to the imagery of southeast Botswana and discussions on 

the seasonal variations visible on false-colour imagery, the relative 

merits and drawbacks of satellite imagery versus aerial.photography and 

a short account of the cartographic accuracy of Landsat imagery. An 

experiment with colour infra-red film as a means of comparison with 

Landsat false-colour imagery and with true colour photography is described.

Additive viewing and diazo-colour compositing were two of the enhancement 

techniques used to attempt improved discrimination of rock types on the 

imagery of southeast Botswana and diffraction pattern sampling was used 

in order to assess its potential for enhancing certain fracture directions , 

There is a very short summary of computerised enhancement techniques.

11.2 Remote Sensing

The Landsat-1 satellite is a remote sensing space platform on which is 

borne three types of sensor (chapter 12). The technology of remote 

sensing enables objects to be identified by measuring or qualitatively 

evaluating the electromagnetic radiation the object reflects, emits or 

absorbs. The advent of sophisticated, precision sensors has diversified 

the field in the last two decades. The Landsat-1 MSS sensor records 

electromagnetic radiation reflected from the Earth's surface in the visible 

and near infra-red parts of the spectrum.
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Satellite remote sensing has had a late start in geology compared with 
aerial photography and geophysics and some sceptics would maintain that 
it cannot compete in the quality of data it provides compared with the 
other techniques. But the satellite image does provide an instantaneous, 
regional over view and has already been used in several cases to correct 
existing geological maps at much less cost,than a conventional survey 

(Short 1974).

The enhancement techniques which are described hereafter are still very 
much at the empirical stage. If the problems can be resolved, then the 
satellite image should prove to be of better value than at present.

Table 8 summarises remote sensing techniques and the parts of the electro
magnetic spectrum they are designed to record. The most comprehensive work 
on remote sensing must surely be the Manual of Remote Sensing (Am. Soc. 
Photogramm. 1975). There are introductory texts by Estes and Senger (1974), 
Lintz and Simonett (1976) and Barrett and Curtis (1976) but much information 
on developments in remote sensing is reproduced in conference proceedings, 
such as the annual proceedings of the Seminars on Remote Sensing of the 
Environment sponsored by the University of Michigan, publications of the 
Purdue University Laboratory for Applications of Remote Sensing, Lafayette, 
Indiana, the proceedings of the symposia at Bristol University (Barrett 
and Curtis, ^ . , 1974, 1977), or journals such as Remote Sensing of the 
Environment, Photogrammetric Record, Photogrammetric Engineering, the 
Journal of the British Interplanetary Society, the ITC Journal and numerous 
earth and environmental science serials. NASA has published the proceedings 
of the Symposia on Significant Results obtained from ERTS-1 (1973, 1974). 
There is an excellent guide to groups and individuals engaged in remote 
sensing in the U.K. published by the Department of Industry (3rd. edn.
1976). The Remote Sensing Society of the U.K. publishes regular news
letters. It may be contacted through the Space and Air Research Division, 
SAR 2D, Department of Industry, Monsanto House, 10-18 Victoria Street,

London SWIH ONQ.
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12 LANDSAT-1 .

12.1 The Spacecraft and its Payload

Landsat-1, its performance and payload are described by NASA 

(1972) and Boeckel (197^).

Landsat-1 was launched on 23rd. July 1972 from the Vandenburg Air Force 

Base, California, U.S.A. Its ;sun-synchronous orbit ensured that it would 

pass over the same longitudinal belt at 0930 hours, local time, every 18 

days so that there would be minimal differences of illumination from 

season to season. Successive longitudinal swathes are "imaged" on succ

essive days with 10 per cent overlap on both sides. The spacecraft 

crosses the equator at 80°.

Acquired at a height of 910 km, the imagery returned to Earth has ortho

graphic properties. A 1:1 million image meets mapping accuracy standards 

after minimal corrections. The satellite was still acquiring imagery in 

1977 although its projected lifetime was only one year.

The satellite carries three types of sensor - Return Beam Vidicon (RBV) 

cameras similar to a television system, a Multi-Spectral Scanner (MSS) 

system and a Data Collection System (DCS). The RBV cameras soon devel

oped a fault and were switched off. The DCS sensor records signals from 

small, unattended transmitters on Earth programmed to count phenomena such 

as stream flow, water levels in rivers or boreholes, temperature or seismic 

shocks, for specific investigations. Only MSS imagery was received of 

Botswana.

12.2 The Multi-Spectral Scanner

The Multi-Spectral Scanner is an optical scanner which records electro

magnetic energy from the Earth's surface simultaneously in four different 

wavelengths :

MSS 4 0,5 - 0,6 micrometers, yim (green)

MSS 5 0,6 - 0,7 micrometers, yim (red)
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MSS 6 0,7 - 0,8 micrometers, yim (red/near infra-red)
MSS 7 0,8 - 1,1 micrometers, yim (near infra-red)

The energy is converted into electrical signals which are transmitted to 
receiving stations in the U.S.A., Canada or Brazil. The stations in the 
U.S.A. also process the data directly in Ground Data Handling Systems 
(GDHS). The imagery is reproduced photographically by an Electron Beam 
Recorder (EBR) or recorded on Computer Compatible Tapes (CCTs). Figure 
20 shows the MSS ground scan pattern and Figure 21 outlines the Landsat 

ground data flow.

Non-U.S. imagery was kept on wide-band video tape recorders in the space
craft until it came within sight of a receiving station in the U.S.A. 
but both video tape recorders have now failed on Landsat-1. Landsat-2, 

launched in January 1975» continues to function.

12.3 Compilation of the MSS Image and the Consequent Limitations on

Geometric Resolution 
The Electron Beam Recorder converts the signals from the MSS detectors 
such that the eventual images for each wavelength are composed of a matrix 
of picture elements (pixels for short). Each picture element in any one 
scan line records a single density value (grey tone) on a uniform grey 
scale for an area on the ground approximately 60 m by 79 m. The MSS pro
vides a continuous scan image which is cut at intervals equivalent to 
185 km along track so that there are approximately 2 250 scan lines per

frame.

The dimensions of the pixel dictate the limits of resolution. However, in 
terms of object detectability, high contrast features such as land/water 
interfaces e.g. Gaborone Dam, Okavango River, and very long, continuous 
features such as the main north-south dirt road in Botswana, which is 
never more than 20 m wide, can be clearly seen. Conversely, object detect
ability is impaired for areas which have a common range of spectral
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Scanner Optics

6 detectors per band : 24 total Scan mirror

(oscillates nominally ± 2 ,8 9 °)

'Note: Active scan is west to east
Field of v iew =11.56'

^ 1 8 6 k m

Active scan

North
6 lines/scan/band

West East

Path of spacecraft travel
South

Figure 20a MSS scanning arrangement

Spacecraft Velocity Vector Composite total area scan for 
I any band formed by repeated 

6 line per band sweeps 
I per active mirror cycle

185 km widthLinel

nth Mirror Scan «

Linel

n + 1st Mirror Scan-  ̂ ^
4— >
5 —>

Figure 20b MSS ground scan pattern for a single detector.

Source: NASA (l9?2)
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LANDSAT-1

Payload Video Data 
DCS Data 

V - Housekeeping Telemetry 
Tracking Data

Commands
TrackingMSSDCS RBV

Ground Recaiving Stations

Mailed
or

Direct
Tracking DataCommands

NASA Ground Data Handling System

NASA Data Processing Facility | Operations Control Centre

(OCC)(NDPF)

Digital Tape ProductsFilm Products

Principal Investigators

EROS; US DA; U.S. Department of Commerce Data Centres

General Public

Figure 21 Landsat-1 Ground Data Flow. Source; lAF (l97^)
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reflectance values.

12.4 Image Annotation
Tha annotation strip at the bottom of each image lists the date of acq.ui- 

sition, the sub-satellite point, the picture centre location, the sensor 

band, sun elevation and azimuth angles, spacecraft and the identification 

(i d ) number of the image which indicates the number of days after launch 

and the actual time at GMT that the image was acquired.

12.5 Cartographic Accuracy of Landsat Imagery

Each Landsat image incorporates tick marks for lines of latitude and 

longitude at the edge of each frame. The image projection is designed to 

fit a UTM grid.

Wong (1975) found that the bulk MSS imagery contained inherent distortions 

which displace features on the image relative to their true position on 

the ground.
"The RMS distortion vectors in a bulk MSS image may range from 

+ 150 m to + 350 m. However the distortion is highly systematic...”

(Wong 1975)
As a result, bulk MSS Landsat-1 imagery cannot meet National Map Accuracy 

Standards (NMAS) of the U.S.A. even at 1:1 million scale.

A "linear correction can be applied indirectly by varying the 

position of the grid lines for the UTM projection. The grid 

lines may be tilted and shifted laterally to compensate for the 

image distortion. The north-south grid lines may not be perfectly 

perpendicular to the east-west grid lines, and the scales may be 

slightly different along these two perpendicular directions; 

but the grid system will remain as straight lines. The residual 

RMS distortion vector for this case amounted to + 115 m, indicating 
that such a procedure might provide sufficient positional accuracy 

for 1:500 000 scale maps" (Wong 1975)
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In practical terms, the correction is carried out by identifying nine 

well-distributed points on the image, the position of the nine points 

being accurately identifiable from existing maps. The UTM grid lines are 

then adjusted for the image so that, as near as possible, they bear a 

true scaled relationship to the identified features.

Although this is nominally a straightforward process, countries such as 

Botswana simply do not possess sufficient easily-recOgnised features to 

enable use of the technique. There are probably enough landmarks in the 

inhabited eastern sector of the country but very few in the Kalahari 

interior.
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13 REFLECTANCE PROPERTIES OF NATURAL MATERIALS IN THE VISIBLE AND 

NEAR INFRA-RED PARTS OF THE SPECTRUM WITH ESPECIAL REGARD TO 

THEIR IDENTIFICATION ON LANDSAT IMAGERY 

13«1 Laboratory Observations of Reflectance Curves for Minerals 

Attempts have been made to define diagnostic reflectance curves in the 

visible and near infra-red parts of the spectrum for minerals. Hunt and 

V Salisbury (1970, 1971) have published their results using a laboratory
spectrophotometric method and have shown that these characteristic curves 

can be influenced by a number of variables. Features in the reflectance 

curves, defined as marked minima in percentsLge reflectance in comparison 

with a standard sample of MgO, can be ascribed to either electronic or 

vibrational processes within the molecular components of the particular 

mineral under investigation.

Reflectance minima near 0,7 yim and 1 yam are generally associated with 
the ferric and ferrous cations respectively (USAID 1972) which means that 
iron-rich and iron-poor rocks can best be discriminated at those wave
lengths. Two reflectance minima for the ferric ion at 0,4 yam and 0,7 yim 
provide an intervening window with a maximum at 0,52 yam which gives a 
green colour to some ferric iron-bearing compounds (Fitzgerald 197^).

Hydroxyl ions and water incorporated into crystal lattices also produce 

minima at 1,4 yam and 1,9 yam which is well into the infra-red part of, 

the spectrum. The wider the minima bands, the less ordered the lattice 

structure. Broad minima bands are also characteristic of features pro

duced by electronic phenomena.

The reflectance curves obtained by Hunt and Salisbury (1970) for silicate 
minerals (see fig. 22a-e) show no pronounced minima in the visible spectrum. 
There is a general increase in reflectance in the range 0,4 ya to 0,7 yim. 
Amphiboles and pyroxenes reach a broad reflectance maximum between 0,5 
and 0,6 yam falling between 0,6 and 0,7 yim and rising again between 
0,7 and 0,9 yum.
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b) Biotite

c) Albite
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Figure 22 Reflectance curves for hornblende, biotite, albite, quartz 
and calcite in comparison with a standard sample of MgO.

Source: Hunt and Salisbury 1970. 1971.
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Diagnostic emissivity minima (reststrahlen bands) for silicates occur 

within the infra-red spectrum in the 8 - 1 2  yum wavelength region. These 

minima shift to longer wavelengths as the amount of silica in a mineral ̂ 

decreases. This observation is the basis for discriminating.between 

silica-rich and silica-poor rocks and dividing igneous rocks into felsic, 

intermediate or mafic types (USAID 1972).

The reflectance of a mineral tends to become brighter as the particle size 
decreases and as a result the information on reflectance minima becomes 
degraded (Fitzgerald 1974).

13.2 Field Methods for Measuring Reflectance Values of Rock Types 
The foregoing data were obtained in controlled laboratory experiments. 
Spectroradiometers may be used in the field to measure reflectance values 
more truly representative for remote sensing purposes but it is likely 
that a very large number of measurements will have to be made even to 
establish a broad, diagnostic range for rock types just within a ;
particular area.

An alternative method for establishing a set of characteristic key 
colour/tone values is to use a filter wheel photometer, which is designed 
to measure an average reflectance for a target in each of four bands - 
blue, green red and infra-red, "The wavelength interval of these bands 
would be defined by the transmission characteristics of the Wratten 
filters 47B, 57, 25 and. 89B". (Am. Soc. Photogramm. 1975). The apparatus 
is essentially a photometer sensitive to the entire photographic range 
linked to a small photoprobe in a pistol grip to which is attached a 
rotatable wheel holding l6 filters. The photometer "reads" a set of 
matte-surface, neutral grey calibrated reflectance cards through each of 
the l6 filters. The surface of the specimen under investigation is then 
similarly measured and the readings are interpolated to determine reflect
ance (Am. Soc. Photogramm. 1975). Although the equipment is portable a M  
easy to operate in the field, Raines and Lee (1974) do point out that up

109



to 35 per cent variation was encountered in determining spectral range for 
any one formation and that at least 50 measurements would be needed to 
significantly describe a formation.

13.3 Factors Affecting Lithological Identification on Remotely Sensed Data 
A great many factors interfere with specific identification of rock types. 
Remotely sensed reflectance values commonly indicate only superficial

:factors such as vegetation, soil, soil moisture, slope angle etc. and 
obviously these factors also interact. Occasionally geochemically stressed 
vegetation, which would be highlighted on false-colour imagery, or types 
of vegetation which are confined to mineralised areas, would indicate 

underlying mineralisation (Cole 1971jGole et al 1974;Press and Norman 1972).

The atmosphere too is likely to influence the reflectance values recorded 
by spacecraft sensors because the particles it contains will absorb, 
scatter and emit radiation.

The roughness of the surface will also dictate how much radiation is 
reflected out into space. It has been noticed that topographically high 
areas tend to have lower reflectance values than intermediate slopes, and 
lowlands have even higher reflectance values (Am. Soc. Photogramm. 1975) 
perhaps because less light is reflected skywards from steeper slope angles. 
This is amply illustrated by Landsat imagery of Botswana on which hills : 
and ridges of Waterberg sandstone stand out clearly whereas the lowlands 
underlain by Waterberg sandstones cannot be discriminated. This pheno
menon cannot be wholly explained by differences in slope angle however; 
the nature of the cover on the lowlapds in contrast with the natural 
colour of the rocks in the hills wiii affect the response.

Rainfall will affect identification criteria indirectly in that vegetation 
and soil patterns will change with the seasons because of fluctuations in 
the growth cycle of plants, moisture content of the soil and changing 
agricultural patteims of land use.
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13.4 Interpretation of False-Colour Imagery
Interpretation of false-colour imagely requires that we remember that the 
colours we actually see on the image have been "shifted" to the shorter 
wavelength end of the spectrum. Thus rocks that are red in the field, 
normally associated with a fairly high ferric iron content and which would 
be expected to have a reflectance minimum between 0,7 and 0,8 yim will 
appear green or brown on false-colour imagery.

The natural green colour of leaves is due to the pigment chlorophyll which 
reflects green light more strongly than the other visible wavelengths.
Other leaf colours are due to other pigments which may be naturally domin
ant or become dominant after chlorophyll breaks down (fig. 23a). It is 
the internal structure of leaves which causes very high reflectance in the 
infra-red region (Knipling 1970) but Hoffer and Johannsen (1969) demon
strated a small decrease in infra-red reflectance between a green tulip- 
tree leaf and a yellow one in which the chlorophyll had. broken down (fig.23b). 
Thriving vegetation appears bright red on false-colour imagery and bright- 
toned on positive transparencies in the near infra-red bands (MSS 6 and 7). 
The total tone/colour response is, however, a combination of the 
reflectance in both visible and infra-red.

Water bodies have a generally low reflectance over the visible range of 
the spectrum and totally absorb wavelengths in the near infra-red range.
Thus clear water appears black on MSS 7 sind false-colour Landsat imagery. 
Shades of blue or green in false-colour imagery indicate that some light 
is being reflected by particulate matter in the water whether it be silt 
or algae. This relationship is clearly illustrated by false-colour 
Landsat imagery of Kenya on which the alkaline Lakes Nakuru and Elmenteita 
show up in blue and green respectively (Hutton 1974b). Their high, 
dissolved salt concentrations support a large population of red algae.

Remote sensing methods of estimating molecular concentrations of dissolved 
inorganic material depend on the property of these solutes to reflect 
diagnostic wavelengths in the ultra-violet region (Am.Soc. Photogramm. 1975)•
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The nature of the colour response of water also depends on the nature of 
the bottom of the water body if the water is shallow (Am. Soc. Photogramm. 
1975). This would probably account for the pale, blue colour of water in 
the Makgadikgadi and other pans where shallow water intermittently overlies 
deposits of white sand or silt, evaporites and calcrete, although the 
Makgadikgadi also supports a population of red algae.

Pan deposits are quite highly reflecting in the wavelength bands acquired 
by the Landsat MSS (fig. 12) but particularly so in bands (green) and 
5 (red) in contrast with the surroundings. These wavelength bands 
also show dry sand or calcrete lined drainage channels much more clearly 
than bands 6 or ?. Experimental results show that both quartz and calcite 
have spectrally featureless reflectance curves in the visible spectrum 
although the overall reflectance is quite high. The reflectance of pure 
calcite is higher than that of quartz (Hunt and Salisbury 1970, 1971*, 

fig. 22d,e).
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14 ASSESSMENT OF THE LANDSAT-1 IMAGERY RECEIVED IN BOTSWANA 
Only photographic material was made available to Botswana during the 
Landsat-1 project. There were no accessible, computer facilities within 
the country which could handle computer compatible tapes.

No RBV material of Botswana was ever received. Regular monthly coverage 
of Botswana by the MSS was effected from 11th. September 1972 until 13th. 
March 1973 when one of the tape recorders on board the spacecraft failed. 
This period extended from late winter to late summer.

The.photographic products that were received on standing order were black 
and white positive transparencies in all four MSS wavelength bands at 
1:1 million scale and negative transparencies in all MSS bands at 
1:3 369 000. False-colour composite prints and transparencies at 
1:1 million scale were ordered retrospectively from NASA after examining 
the monochrome transparencies. A set of 1:500 000 false-colour composites 
covering the whole of Botswana was made by Huntings U.K. from NASA 
material.

14.1 Comparison of Black and White MSS Images
A comparison was made of black and white positive transparencies in MSS 
bands 4, 5 a.nd ? for images 1069-07411 (30th. September 1972),
1159-07415 (29th. December 1972) and 1195-07420 (3rd. February 1973) which 
had no cloud cover. MSS 6 imagery is generally similar in appearance to 
MSS 7 imagery but duller.

14.1.1 A Visual Comparison. MSS 4 imagery appeared to be the dullest of 
all the bands. This is because there is less contrast between specific 
elements, viz. high and low ground, on the MSS 4 imagery. MSS 7 imsLgery
is the brightest out of all the studied scenes which means that reflectance 
in the near infra-red wavelengths exceeded reflectance in the other wave
lengths for all the scenes.

MSS 4 imagery , most clearly showed meso-relief in the Gaborone Granite .
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Interfluves between gullies are darker in tone than the gullies themselves. 
This differentiation has the advantage of highlighting a pattern in relief 
in the granite which may be structurally controlled. Lack of contrast and 
general dullness of the MSS 4 image probably prevent such distinctions 
being made on higher ground. A distinct linear also appears on MSS 4 but 
not on the other bands which strikes south-southwest from the eastern
flank of the Semarule Syenite through Ranaka to the hills east of Kanye.

■ \ ■
MSS 4 imagery is also the best imagery for detecting smoke from bush fires.

MSS 5 imagery offers the greatest contrast between high and low ground. 
Since geology and land use are related to physiography in this area, the 
MSS 5 image is the preferable image choice for thematic mapping where 
false-colour imagery is not available. Overgrazed areas which are stripped 
of vegetation thus exposing dry, sandy soils, and dry channels with beds 
of light-coloured sand are more conspicuous on MSS 5 imagery than either 
MSS 4 or MSS 7, generally showing up white. River alluvium shows up more 
dark in comparison with the surroundings since it is naturally a dark grey. 
MSS 5 imagery is the best imagery for analysing stream networks and 
drainage basins in Botswana.

Areas of smallholdings also show up most clearly on MSS 5» Individual 

fields are not detectable since their size on the image is of the order of 

a pixel but areas of smallholdings concentrated together can be different

iated because they impart a mottled texture which reflects the state of 

the fields. The brighter fields on the MSS 5 images are presumably bare 
fields because the colour of the soils in southeast Botswana is commonly 

light brown to brownish-red, while the darker fields are probably bearing 

crops. However, comparison of the imagery of different dates does show 

fluctuations in the extent of these areas which may indicate seasonal 

cycles of cultivation.

MSS 7 is the brightest of the four MSS bands. Of the 1069-07411 series of 
images it was also the clearest because the image was acquired at the
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end of the winter when there was considerable dust and smoke in the atmos

phere . Infra-red wavelengths penetrate haze better than visible light.

The brightness of summer imagery can be attributed to reflectance from

vegetation.

Complementary study of MSS 5 and MSS 7 imagery is probably the best way of 
deriving information if false-colour imagery is not available (Hutton 1974a). 
In all case, transparencies provide better definition than prints.

14,1.2 A Densitometric Study. Tables 9 and 10 show densitometric values, 
in terms of percentage transmittance, for positive transparencies of image 

1195-07420. The location of each reading is shown on the gridded copy of 

image 1159-07415 (in folder) which covers almost exactly the same area.

A Macbeth quanta log densitometer with a point light source of diameter 
1 mm was used. Thus each read.ing is a gross, average value for approximately 
270 pixels at 1:1 million scale. A microdensitometer would probably have 
given more valid values. Francis (1975) determined that a microdensitometer 
could detect anomalous areas on multi-spectral photography which could be 

related to mineralisation.

The percentage transmittance values in Table 10 are stated to be represent

ative of areas underlain by certain rock types, but for units such as the 

Basement Complex or the Gaborone Granite or the concealed Waterberg System, 

the values relate directly to the superficial cover and not to the rock

type. '

Table 10 indicates the low density range for this particular scene which 

is further illustrated in Figure 24. A systematic densitometric study is 

not, however, necessary in order to distinguish features on the image since 

many features can simply be recognised by comparison with the geological map,

MSS 4 has the lowest transmittance densities and there is a relatively 

greater difference between transmittance values for high and low ground
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Table 9 Densitometric readings for MSS bands 4, 5 7 * image 1195-07420
Grey Scales 

Percentage Transmittance

Black

Clear (White)

MSS4 MSS5 MSS7

0,60 0,86 0,82

1,00 1,42 1,40

2,20 2,84 2,70

3,40 4,20 4,00

5,20 6,20 6,20

8,00 10,00 9,50

11,2 13,4 13,0

14,5 17,8 16,5

20,0 22,0 21,0

25,0 25,6 28,0

31.0 31,0 33,0

36,0 32,4 35,0

40,0 37,6 39,0

40,0 40,0 40,0

43,0 39,0 45,0
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Table 10 Densitometric readings for MSS bands 4, 5 7. Image 1195-07^^0
Percentage Transmittance

1 Basement Complex, southeast of Mochudi
2 Basement Complex, elliptical feature, north of Modipe
3 Kanye Volcanics, Molepolole
k Kanye Volcanics, north of Kanye
5 Kanye Volcanics, southeast of Kanye
6 Kanye Volcanics/Ventersdorp System, Ntlantlhe
7 Kanye Volcanics or Ventersdorp System or granite, Bokaa
8 Gaborone Granite, Netsemotlhaba Valley
9 Gaborone Granite, Metsemotlhaba Valley, uneven terrain
10 Gaborone Granite, koppie country
11 Gaborone Granite, Inner Marginal Assemblage, Ntlantlhe
12 Gaborone Granite, southeast of Kanye
13 Gaborone Granite, west of Lobatse
14 Gaborone Granite, southeast of Kanye
15 Ventersdorp System, Dipotsana Basin
16 Transvaal System quartzite, Lobatse
17 Magaliesberg Quartzite
18 Waterberg System sandstone
19 Waterberg System sandstone, scarp, Molepolole
20 Waterberg System sandstone, mesa, Kumukwane
21 Waterberg System sandstone, mesa, Kumukwane
22 Waterberg System sandstone, low ground, west of Manyana, 

greenish on false-colour imagery
23 Waterberg System sandstone, Selokolela
24 Waterberg System sandstone, Otse Mountain
25 Concealed Waterberg
26 Concealed Waterberg
27 Dolerite/Waterberg System sandstone, Mochudi
28 Hasoke Ring Structure, syenite and dolerite
29 Syenite and dolerite, Moshaneng
30 Kalahari Sand, light tone (bare ground)
31 Kalahari Sand, light tone (bare ground)
32 Kalahari Sand
33 Dark, riverine soils (or dolerite?)
34 Dark soils north of Modipe
35 Modipe, black soils
36 Field, Gaborone ranching block
37 Field, Gaborone ranching block
38 Gaborone Dam, reservoir
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MSS4 NSS5 MSS7 •
4,5 9.0 8,1
4,8 5.6 6,9
4,3 5.2 5.9
4,1 5.8 6,4
4,0 5.2 6,5
4.3 6,2 6,8
4,0 5.2 5.8'
5.8 11,0 9.0
4,8 9,0 10,0
5.2 10,0 8,9
4,3 6,0 6,5

6,2 9.6 9,8
6,3 14,0 10,8
6,5 12,0 10,0
6,1 6,8 8,0
3.6 4,0 5.2
3.6 4,9 6,1
4,2 4.4 7.1
3.5 3,8 7,1
3,4 4,9 5,4
3.6 4,7 5,8

4,0 5,0 7,0
3.4 4,8 6,4
3,8 3,9 6,0
3,8 6,2 5,7
4,0 7,2 5,0
3.8 4,2 6,8
4,5 6,8 7,0
4,0 8,6 10.0
14,5 24,4 19.0
8,5 13,2 14,2
5.0 6,6 8,6
3.7 5,2 5,3
5.1 5,4 4,8
4,8 5.6 5,1
4,3 5.2 5,8
4,3 5,2 5.8
5.0 5,0 2,6



Figure 24 Histograms comparing densitometric readings for black and

white transparencies of Landsat image 1195-07420, MSS bands 

4, 5 and 7. Percentage transmittance may be considered a 

function of reflectance. Thus the MSS 7 scene is the

Æ  but MSS 5 shows the greatest range. Data

from Table 10.
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on MSS 5f facts readily verified by visual inspection. The brightness of 

MSS 7 for high ground relative to MSS 5 may well be accounted for by the 

tree and shrub cover on the hills. There are no distinctive densitometric 

differences between rock types on high ground for any of the wavelengths. 

But where different rock types occupy respectively high and low ground, 

they may best be discriminated on MSS 5» e.g. the Gaborone Granite, the 

Masoke and Moshaneng Syenites. The water in the Gaborone Dam has a rela

tively high transmittance value on MSS 4 but is almost black on MSS 7 

showing that the water is reflecting some green light but absorbing prac

tically all the near infra-red wavelengths.

The histograms in Figure 24 amply illustrate the broader range of trans

mittance values and thence reflectance for MSS 5 comparison with MSS 4 

and MSS 7. A factor which might significantly influence these results is 

that the material on which the image is printed can also vary intrinsically 

in density. Measurements of transmittance values for the grey scale at 

the bottom of each image reveal anomalies at the lighter end of the scale 

(table 9)•

l4.2 False-Colour Imagery and Seasonal Variations

False-colour transparencies and prints of southeast Botswana are available 

of images 1069-07411, 1069-07413 and 1195-07420 and 1195-07422 at 

1:1 million scale. In addition, false-colour prints of the adjacent images 

II78-O747I and 1178-07474 were available at a scale of 1:500 000 (approx.).

The 1069- series was acquired at the end of the cold, dry season just 

before the rains, at the end of September 1972. The overall greens, 

yellows and browns of the image testify to the quiescence of the vegetation 

and the bareness of the surface. Stands of trees in leaf and fairly lush 

undergrowth could only be picked out as red-toned areas along water courses 

The extent of bumt-out veldt is demarcated by black-toned areas while 

plumes of smoke rising from the bush fires give a clear idea of the wind 

direction and the direction of the advance of the fires. Burning of the
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veldt enhanced the distinction between stratigraphie units in the Dolomite 

Series on the southwest flanks of the Transvaal Basin on 1069-07413•

For geological purposes, the 1069- series was not the best for deducing 
fracture patterns. Higher ground was generally a darker brown than the 
lower ground but the colour differences which could be used to distinguish 
between rock groups on summer imagery did not exist on the end-winter 
imagery. On both summer and winter imagery, areas of rock outcrop showed 
better definition than areas of superficial cover.

The 1178- and 1195- series were acquired on 17th. January and 3rd.

February, 1973, respectively. Comparatively little rain had fallen that 

summer but the bloom of vegetation after the winter was marked, and it is 

probable that the differentiation of rock groups on this imagery owes 

much to the natural differentiation of vegetation types and densities.

For all purposes, these series of false-colour imagery were the most satis

factory media available with which to work. Detailed accounts of their 

use in identifying geological units and land use are given in Part 1, 

Chapters 3 and 9 . Good quality black and white imagery in MSS 5 a,nd 7 is, 
however, equally of value for delineating fracture patterns and geomorph- 

ological features.

14.3 Comparison with Aerial Photography

14.3.1 Multi-Spectral Imagery and Photographic Film. Multi-spectral 

Landsat imagery is acquired in four distinct parts of the electromagnetic 

spectrum, aerial photography usually with a panchromatic black and white 

film. Less commonly, black and white infra-red, colour or colour infra

red film may be used for specialised purposes. Increasing use is being 

made of multi-spectral techniques in aerial photography. Essentially, 

simultaneous exposures are taken of identical format using either a series 

of cameras or a multi-lens camera with combinations of filters to restrict 

the portion of the spectrum recorded and different film types, usually 

panchromatic black and white and infra-red black and white. The processed
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transparencies may be projected through different colour filters in order 

to synthesise true- or false-colour products. This approach is designed 

to enhance features which may only be best revealed in a limited range of 

the spectrum.

14.3.2 The Relative Advantages and Disadvantages of Aerial Photography. 

There is no true comparison between satellite imagery and aerial photo

graphy since the former is so much smaller in scale than the latter (see 

fig. 25a).
r

The best panchromatic aerial photography gives excellent definition and is 

extremely valuable for plotting small geological features and access routes, 

However, certain items which might only be best revealed in one wavelength 

may well be masked.  ̂Furthermore, the scale of the photograph is correct 

only at the centre point and errors increase towards the edge of the 

photograph. The overwhelming advantage of aerial photographs is that they 

can provide a three-dimensional image from which can be measured such 

parameters as geological dip, foliation and angle of hillslope (Stephens 

1969). Attempts to stereoscopically view the area of 10 per cent overlap 

on Landsat imagery or even pseudostereoscopically view different wavelength 

images of the same scene only resulted in a marginal enhancement of the

more hilly areas. It can only be concluded that the difference in
I  '  .

elevation on the ground in southeast Botswana is so vastly insignificant

in comparison with the altitude of the spacecraft that is impossible to

obtain a true stereoscopic image.

14.3.3 Comparison with Aerial Photograph Mosaics. Uncontrolled mosaics, 

or print laydowns, have long been used for providing a base for regional 

geological synthesis but they tend to incorporate the undesirable prop

erties of individual photographs as well as providing their own. The 

photographs are collected over a number of days at different times of the 

day. Changes in sun illumination invariably affect the final product.

Print laydowns of southeast Botswana at 1:125 000 scale, which each cover
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185 km (satellite)

48  km (high altitude aircraft)

13 km (ordinary aerial photograph)

Figure 2^a Differences in scale between aerial photography and 
satellite imagery.

Aircraft

20 -

co

Spacecraftg(j

Area in millions of sq. km

Figure 25b Cost effectiveness of satellite imagery v. aerial 
photography.

Source: Hutton 197^^
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an area by have very little tonal contrast and show conspicuous 

joins between pictures. They do, however, show textural variations which 

are beyond the limits of Landsat resolution, for example, on the one hand 

they show the smooth texture of the Waterberg sandstone mesas compared 

with the ribbed appearance of the underlying Kanye Volcanic Group and the 

Gaborone Granite and on the other hand they show individual fields.

Yet, one Landsat scene covers an area equivalent to that covered by nine 

or ten print laydowns. It is orthographic so that at scales of 1:500 000 

and smaller it can be used as a map. Problems arising from angle of 

illumination are minimal. All Landsat imagery is acquired at approximately 

0930 hours local time, the key to the exact time being provided in the 

identification number of the image. The only comparative differences of 

illumination, arise between imagery of different seasons, since the sun 

angle is lower in winter. The satellite's repetitive, global coverage 

ensures that eventually its cost benefit will be greater than repetitive 

aerial coverage. Frequent recourse to the latter is prohibitively expen

sive and becomes vastly more so than satellite coverage for tJe greater 

the area that has to be covered (see fig. 25b). At 1:1 million format, 

Landsat imagery is also easier to handle than print laydowns. I

The satellite image provides ̂ a valuable, new dimension for initial eval-
- , - . : . . : 

nation at the beginning of a project and regional synthesis at the end.
!

However, the aerial photograph must be unrivalled as a working, recording

medium. A true understanding of the information content of both types of
-!

medium can only be achieved through ground sampling and neither can provide
!

an unequivocal, complete basis of knowledge on their own merits.
i :

l4.4 Experiments with Colour Infra-Red Film i

Experiments were carried out with colour infra-red film with the aim of 

establishing criteria for comparison with false-colour Landsat imagery, 

since the colour response characteristics for each are essentially the same
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Following advice from O.G.Malan, CSIE Pretoria, a batch of Kodak Ektachrome 

colour infra-red films was bought and two films were used to test combin

ations of filters and stop settings to decide on the most suitable 

combination for the project. The results are illustrated by Figure 26a-d. 

The reasons for this approach and the theory behind colour balance of 

colour infra-red film is given in Malan (1974). It was found that use of 

the minus blue filter alone, as recommended by the film manufacturer, still 

gav6 an ovsrall blue cast to the photographs•

Two films from the same batch were used for taking photographs from light 

aircraft. A Wratten filter combination of 12 + 82B + CC30M at a setting 

2 stops above the automatic exposure reading of a 35 mm SR camera was used. 

On the first flight across the Kalahari, simultaneous exposures were made 

using both colour and colour infra-red film. Comparative examples are 

shown in Figures 2?a-d. Only eight out of twenty of the C I R  photographs 

proved usable because of difficulty in adjusting exposure, but these eight 

gave much clearer results than the colour photographs. Penetration of 

haze was an important differentiating factor and there was obviously 

better contrast of tone and colour. The flight took place in the early 

mnvning just before the height of summer after a dry spell lasting 

approximately seven months.

A second flight over the Lobatse-Kanye area was made one afternoon two 

months later following two months' record rainfall. The same filter 

combination was used. Fairly good infra-red photographs were obtained 

despite a tendency for them to be under-exposed. This was because the 

semi-automatic exposure readings on the camera were used directly taking 

account of the overcast conditions. Figure 6 illustrates how trees with 

a characteristically strong red response on CIR film establish themselves 

on the koppies of the Gaborone Granite amidst the generally bare, scrub 

surroundings. The granite itself is a blue-grey colour. These features 

bear comparison with the Landsat imagery since the koppies can be picked

125



out on the false-colour Imagery as dark, red spots, while the Inner 

Marginal Assemblage and Kanye Volcanic Group have a grey "signature". 

Figure 8 shows tree lines in the Gaborone Granite which apparently have 

some structural significance.
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Explanation of Figures 26a-d, Results of experiment to determine a 
suitable Wratten filter combination for use with a single batch of 
Kodak Ektachrome Infra-red film on aerial reconnaissance (Section l4.4) 
The subject is a hill southeast of Lobatse lying due east of trig, 
point at 3688OE, 72113OON, map 2525BI.

Figure 26a Wratten filter combination 12 + 80C + 20M, 1 stop above 
SR reading. l8th. August 1975*

Figure 26b Wratten filter combination 12 + 82B + 40M, 2 stops above 
SR reading. 6th. September 1975*

Figure 26c Wratten filter combination 12 + 82B + 3OM, 1 stop above
SR reading. 6th. September 1975. This filter combination 
was eventually used in flight.

Figure 26d Wratten filter combination 12 + 82B + lOM, 2 stops above
SR reading. 6th. September 1975*
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Figure 26a

Figure 26b
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Figure 26c

Figure 26d
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Explanation of Figures 27a-d. Simultaneous exposures of true-colour and 

colour infra-red films. Oblique aerial photographs taken in early 

morning, 28th. November 1975»

Figures 27a,b Dissected Kanye Volcanics lying east of Molepolole.

East-northeast structural linears lying in middle ^ound 
are strike lines in Waterberg sandstones. Gaborone to 

Molepolole road in foreground.

Figures 27c,d Edge of the flat Kalahari Desert behind the Molepolole 

Escarpment with isolated hill in background, probably 

Mabelwane Hill north of Molepolole. Faultline visible in 

central foreground; rock type forming ridges oblique to 

. fault unknown, possibly Waterberg sandstone or dolerite . 

Bare ground shows up as pale blue on colour infra-red 

photograph. Patchiness of bare ground and vegetation may 

be compared with Landsat imagery of the same area, but 

the size and shape of the bare ground in these photographs 

suggests that most of it has been cleared for cultivation, 

unlike the much bigger b u m  relics on Landsat imagery. 

Better penetration of early morning haze by colour 

infra-red film.
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Figure 2?a True-colour AGFA GT18 film.

Figure 27b Kodak Ektachrome Infra-red film with Wratten filters 

12 + 82B + 80M plus 2 stops.
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Figure 27d True-colour AGFA GT18 film.

Figure 27d Kodak Ektachrome Infra-red film with Wratten filters 

12 + 82B + 3OM plus 2 stops.
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15 ENHANCEMENT TECHNIQUES
Geological analysis of satellite imagery aims to identify:
1) different lithologies and stratigraphie units
2) fracture patterns which form a.basis for deciphering the geological 

history of an area
3) sites of mineralisation • 

either (i) by detecting hydrothermally altered zones
or (ii) relating known mineral deposits to a conspicuous

structural pattern and extrapolating the relationship to 
areas within the same tectonic zone where mineral deposits 
have not as yet been located.

A number of imagery enhancement techniques is available to improve the 
level of detection. Conversely, manipulation of the imagery may also be 
used to make generalisations about different sorts of data content.

Techniques which elucidate subtle variations capable of improving inter
pretation invariably require expensive equipment which is not generally 
accessible. Neither is automated image processing exclusively geared to
enhance data input‘. Automation has become a virtual necessity because of

. * ' -
the huge volumes of data which are being generated by remote sensors.

Several simple techniques were attempted in this study. Use of false- 
colour imagery, the colour additive viewer and diazo colour film was 
primarily aimed at yielding more information about rock groups and lith- 
ological identification. An investigation was also made of the diffraction 
pattern sampling technique being developed at Imperial College, London, 
which aims to automatically analyse fracture patterns from photographic data.

15.1 False-Colour Imagery
False-colour or simulated true-colour Landsat imagery provides a consid
erably superior basis for rock type discrimination than black and white 
imagery since colour variations are much more easily detected by the human
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eye than differences in greyness. Interpretation of false-colour imagery 

of southeast Botswana is discussed in Part 1, Chapter 3•

False-colour imagery can be produced in a colour additive viewer by regis
tering the MSS 4 (green), 5 (red) and ? (near infra-red) black and white,
70 ram, positive transparencies and projecting them respectively through 
blue, green and red filters.

Standard false-colour composites can be prepared photographically by pro
jecting the MSS k positive image through a green filter, the MSS 5 positive, 
image through a red filter and the MSS 7 positive image through a blue 
filter and. exposing the products sequentially and in register on to a 
colour reversal film, such as Ektachrome duplicating film (Hutton 197^b).
The product has approximately the same spectral characteristics as would 

be obtained by taking photographs with a colour infra-red film with a minus 

blue filter. The photographic process is a subtractive colour mixing 

process.

The Manual of Remote Sensing (Am. Soc. Photogramm. 1975) states that simu
lated true-COlour Landsat imagery is that most favoured by practising 
geologists for photogeological interpretation. It can be reproduced on a 
colour additive viewer by projecting MSS band 4 through a green filter, 
band 5 through a red filter and band 6 also through a green filter, to

»
"bring up vegetation". Since water bodies are obscured in this rendition, 

a negative of either band 6 or band 7 projected through a blue filter can 

be added to the system without degrading the "true-colour" product. Simu

lated true-colour Landsat imagery has not been obtained for Botswana,

15.2 The Colour Additive Viewer i

The colour additive viewer is an optical device which can be used to pro

ject Landsat ?0 mm black and white transparencies (scale 1:3 3^9 OOO) 

through any combination of red, blue, green or no filter at different levels 

of illumination on to a screen at a scale of 1:1 million. The trans



parencies may be of the different MSS wavelength bands of the same image 

or imagery of the same area acquired at different dates• The viewer incor

porates a system which can bring the images on the screen into registration. 

The transparencies may be projected simultaneously or any selection may be 

chosen as required. The object is to manipulate the combinations until a 

suitable one can be found which emphasises features under study. Having 

found a suitable filter/illumination combination, an order can be placed 

for a photographic product or a photograph can be taken directly of the 

screen with a 35 mm camera. Alternatively, the screen can actually be 

replaced by a camera.

More sophisticated models of this instrument have been developed in the 

United States. Even such a simple model as described here costs in the 

order of a few thousand dollars and would not be a priority purchase for a 

developing country, particularly since the results generally obtained with 

it provide only marginally enhanced products. Furthermore, the projected 

image is usually more degraded than a photograph.

The I^S viewer at the Botanical Research Institute, Pretoria, was used to 

view 70 mm transparencies of image 1159-07^15' No one particular combin

ation of filters or light levels provided a distinctive enhancement of 

rock types which would facilitate discrimination or emphasise structural 

features.

A combination of MSS 7 viewed through a green filter at 50 per cent maximum 

light intensity (MLl) with MSS 5 viewed through red at 85 per cent MLI high

lighted we 11-vegetated areas in green. The pattern of smallholdings in 

the Modipe area was particularly well revealed. Bare fields (?) in the 

Gaborone ranching block and in Transvaal Province appeared reddish-brown.

A combination of MSS 7 (or,MSS 6) viewed through a blue filter at maximum 

light intensity and MSS 4 through red at 50 per cent MLI emphasised dark 

soils. Black cotton soils appeared pinkish-red. Other areas which were
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relatively darker on the MSS 4 transparency appeared greyish-blue. Differ
ences in the expression of the dolerite at Manyana, which is expressed 
both in outcrop and by derived soils, were highlighted.

A false-colour rendition of Landsat-2 image 2209-07290 acquired at the end 
of the winter in 1975 of the Gaborone area was viewed. The projected image 
was an overall brown colour from which it could at once be deduced that a 
false-colour photograph would not be a superior source of information in 
comparison with the black and white transparencies. ,

Landsat-2 imagery of the Okavango Delta was also examined to study methods 
recommended by Deutsch and Buggies (1974) to evaluate flooding patterns.
As these workers had forecast, a rendition of MSS 5 projected through blue, 
MSS 6 through green and MSS 7 through red marginally enhanced geological 
and morphological features while purporting to preserve details of standing 

water in blue.

15.3 Diazo Colour Film
A low-cost technique for producing colour composites is the use of diazo 
colour film. Applications of this technique are described by Malan (1974,

Diazo colour film is a photosensitive emulsion layer on an inert transparent 
base. The emulsion reacts with ammonia to give an intense colour but is 
destroyed by exposure to ultra-violet radiation. A contact transparency 
of a Landsat image can be made by exposing the film with the satellite 
image intervening between it and the ultra-violet source. The emulsion 
layers must be in contact. The lightest parts of the image will transmit 
the ultra-violet radiation on to the film and no or very little colour is 
apparent after development of the film in ammonia. The various grey levels 
are reproduced in various intensities of colour. A false-colour composite 
can be prepared by copying MSS 4 5 and 7 (or 6) positive transparencies on 
yellow, magenta and cyan diazo film respectively, and superimposing these
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copies.

Although ammonia copying machines can be used to process the film, com
parable results can be obtained by exposing the film to sunlight and then 
developing it by suspending it over a dish of ammonia in a closed box.

Attempts were made to produce diazo copies of Landsat imagery of Botswana. 
A suitable exposure time was determined empirically by exposing strips of 
the film to the annotation line at the bottom of a Landsat transparency. 
Although a reasonable reproduction of the annotation line was generally 
obtained, the imagery itself gave very disappointing results over a wide 
range of exposure times. It can only be concluded that there was insuff
icient contrast on the original imagery or that the diazo film had not 
been stored in optimum conditions.

Other applications of the diazo method include:
1) grey-tone conversion - a negative and positive of the same band are 

copied in contrasting colours and superimposed, giving rise to a more 
conspicuous grey-scale.

2) contrast stretching - a second generation copy is made of the first 
copy since diazo reproduction increases the differences in the middle 
tonal range. Thus subtle, tonal differences (such as faint traces of 
suspended sediment in lakes) in the middle range are enhanced.

3) band ratioing - a positive of one band is combined in register with a 
negative of a second band and exposed to diazo film. For example, a 
positive•of MSS 5 superimposed on a negative of MSS 7 enhances veget
ation. Hybrid colour composites can be prepared by superimposing a 
number of colour ratio composites.

4) change detection - the same band of two images of the same area 
acquired at different dates are reproduced in complementary colours 
and these reproductions are superimposed. Areas of no change will 
appear grey while areas of change will appear in one or other or the 

colours .
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These techni<iues are more fully descrihed In Malan (1976) • A more 
detailed discussion of the principles of change detection from landsat 

imagery is given in Colwell (1973)•

15,4- Enhancement of Linear Features
15.4.1 cperimnosition of Images. If a positive transparency is super
imposed on a negative of the identical image and then slightly offset, there 
is a tendency for linear features perpendicular to the direction of offset
to be emphasised. Although this is a laborious operation to perform for

every point of the compass, it does at least have the ment of not 
requiring expensive equipment. Rotating a diffraction grating in front 
an image has a similar effect. Linear features perpendicular to the grating

lines are emphasised.

15.4.2  Diffraction Pattern Sampling - Optical Data Processing. A more 
sophisticated method of "azimuthal sampling" is described by Barnett and 
Harnett (1975). A beam of parallel, coherent light is transmitted through 
a 70 mm transparency which is immersed in oil of similar refractive index 
to the film base. The oil suppresses diffuse scattering of light. The 
diffraction pattern of the image is obtained by focussing the emergent 
light through an objective lens on to a screen or photographic filn (see 
fig. 28a). A vectorial rosette diagram can be produced by incorporating a 
photomultiplier and rotating sector disc into the system. The output is 

recorded on paper tape.

The diffraction pattern is essentially a representation of spatial fre
quencies within the image. The higher the frequency of an item within,the 
im ag e  which scatters light at a particular angle, for example, the more a 
particular linear trend occurs and the more closely spaced it is, the 

higher its spatial frequency.

L o w  spatial frequencies are clustered around the centre of the diffraction 
pattern. A very prominent set of closely-spaced fracture traces will be
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Explanation of Figures 28a-d, I)iffraction Pattern Sampling.

Figure 28a Formation of diffraction pattern in back focal plane of lens,

Figure 28b A diffraction pattern. The concentration of points in the 
northwest and southeast quadrants points to a pronounced
northeast-southwest linear trend on the object image.

Figure 28c Circular filter at centre blocks low spatial frequencies.

Figure 28d Bow-tie filter suppresses all frequencies at less thanx/2 
to median diameter. Adjacent frequencies are enhanced.

Source: Barnett and.Harnett (1975)
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represented on the diffraction pattern as a grouping of points orientated 

outwards from the centre, at right angles to the direction of the fracture 

trend on the original image. The diameter of the trend on the diffraction 

pattern defines its spatial frequency (see fig. 28h). Figure 29a is the 

diffraction pattern of a portion of image 1159-07^15 illustrated in Figure 

29b. There are points in the higher spatial frequency field but, interest

ingly enough, there is no preferred direction. The very high frequencies 

in the north-south and (almost) east-west directions represent respectiyely 

the scan lines and the vertical edges of the pixels on the MSS image.

Low spatial frequencies can be suppressed by using a circular filter 
beyond the objective lens. The diameter of the filter determines the 

spatial frequencies that are suppressed (see fig. 28c).

A "bow-tie" filter (see fig. 28d) inserted in the diffraction plane will 
suppress all light in the pattern at angles less than o</2 to the median 

diameter of the filter. Thus all linears on the object transparency which 

are perpendicular to the orientation of the, filter will not appear on the 

final image. On the other hand, directions immediately ad.jacent to the 

suppressed direction are enhanced. This technique was used to produce the 

photograph marked Figure 30a in the folder. Figure 30b (also in the folder) 

is a copy of Figure 30a and is marked with the linear features which have 

been enhanced and which are thought to be possibly of geological signifi* 

cance. The filter would have been orientated so that its median diameter 

was lying at 10°E from the vertical of the object transparency.

Figure 30a is an enlargement of the southwestern sector of image 1159-07^15' 

It was suspected that west-northwesterly or northwesterly structural 

features might occur in the country north of the Tletlesi thrust. As a 

whole the picture shows an unmistakeable northwesterly (in relation to 

true north) "grain". As a result, one intuitively suspects that the 

process may be producing the linears rather than enhancing any inherent 

ground features. On the other hand, some of the more strongly defined
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Figure 29a Diffraction Pattern of portion of Image 1159-07^15

Moshaneng
Kanaka

Kanye

Masoke Ring 
Structure

Figure 29b The portion of image 1159-07^15 which generated the

diffraction pattern in Figure 29a. Figure 30 (in folder) 

is an positive-enlargement.
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linears can be correlated with known structural features such as the 
Tletlesi Thrust, north of Moshaneng. Other equally well-defined linears 
have neither been mapped as faults nor may they be correlated with roads, 
fences or rivers. They have a parallel trend to the Tletlesi Thrust (see 
Section 5.4 .2). Examination of the print laydowns of the area shows that 
the enhanced features to the north of the thrust may be prominent tree 

lines in the Gaborone Granite.

Barnett and Mountain (1978) illustrated how unwanted linears could be 
suppressed in a Landsat image of Botswana. A "bow-tie" filter was used to 
"remove" the linear dunes from an image of the northern Kalahari.

Geological applications of these optical data processing methods have 
been briefly discussed by Heidecker and Supajanya (1975)• As they point 
out, instrumental azimuthal sampling removes the tedium of preparing 
manual rosette diagrams. The method is also completely objective since it 
takes into account a U  linears in a scene whereas no two geologists will 
provide an identical fracture trace analysis. A flaw in the instrumental 
method is that it cannot differentiate between linears of structural si^i- 
ficance and cultural origin, so that the resulting rosette diagram may ̂ 
contain spurious directions. This does not matter where there are few 
cultural features, such as in southeast Botswana. Furthermore, when using 
a filter to suppress unwanted directions, directions in the filter field 
will be suppressed regardless of significance.

The optical data processing system requires precision equipment, careful 
handling and maintenance. Its applications are still at an empirical stage, 
particularly since each object introduced into the system, i^. filters, 
lenses, produces optical aberrations. To date, the physicists who have 
devised the system have been content to test it by using imagery with high 
spatial frequencies, i.e. linears with a predominant orientation.
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15.5 Gomputerised Enhancement Techniques

15.5.1 Density Slicing. The total range of density values in a black and 
white image may vary from black to white with intervening values as grey 
tones. Individual or very specific ranges of grey tones can be selected 
from an image and displayed separately, either symbolically or on photo
graphic or diazo film. The techniques is best carried out on CCTs on which 
each pixel constituting the image can be accurately identified. Each pixel 
registers one grey tone. Whereas photographs can only record 16 to 30 grey 
tones (e.g. table 9)» computer tapes can record up to 128 grey levels.

Where a remotely sensed feature is known to be identifiable by an excliJ^ive 

grey tone or a discrete grey tone range, it becomes possible to abstract 

this feature from the image and present it on a thematic map. Similar 

procedures can analyse and abstract distinctive patterns on an image which 

are also recorded as variations of grey tones. The technique is known as 

density slicing.

Although density slicing is plausibly accurate in that only a specified 
range of grey tones is abstracted, without bias, it cannot take account 
of the many variables encountered in rock type mapping.

15.5.2 Discrimination of Rock Types and Hydrothermally Altered Areas.

Rowan et al (1974) describe a technique specifically suited to identifi
cation of lithologie types. Very simply, a computer is instructed to 
stretch the densitometric range of an image such that the difference 
between adjacent densitometric values is enhanced. The densitometric values 
of an image correspond to digits on a COT. A linear stretch spreads the 
values uniformly. A non-linear stretch enhances certain portions of the 
densitometric range either enhancing values within the dark areas of a

■ : t,scene (cube-root stretch) at the expense of the bright areas, or enhancing 
the bright areas at,the expense of the dark areas (exponential stretch).
The stretched values are divided pixel by pixel for MSS4/MSS5r MSS5/MSS 6 

and MSS6/MSS ? - a technique called ratioing. The resultant image shows 

"the variations in the slopes of the spectral reflectance curves between the
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two wavelength bands". These ratio composites can be reproduced as black 
and white pictures on which subtle reflectance differences are enhanced. 
Alternatively they can be printed put in colour - blue for MSS4/MSS5, 
yellow for MSS5/MSS6 and magenta for MSS6/MSS7 - and combined as a ratio 
composite. The authors claim that they can distinguish mafic rocks as 
white, felsic rocks as pink and hydrothermally altered rocks as dark green 

or brown for their test site in Nevada.

13,5,3 Computerised Enhancement of Linears. The reader is referred to 

Billingsley and Goetz (1973) and Hord (1977) reviews.
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l6 AN EVALUATION OF THE LANDSAT-1 IMAGERY - SUMMARY 
While Landsat imagery has undoubtedly proved its value for updating and 
editing geological maps by revealing major lineaments and fractures, 
substantial information may still be withheld simply because there is 
insufficient field evidence to make an effective comparison. This applies 
particularly to lithological interpretations where terrain is relatively 
inaccessible, and, to a lesser extent, where bedrock has to be inferred 
by surface indicators, e^. fertile soils derived from dolerite support 
a denser vegetation compared with soils derived from sandstones.

Not all the fractures on the geological maps of southeast Botswana could 
be identified on the imagery and vice versa. Since fractures are not 
always easy to recognise in the field in any case, a good deal of the 
geological mapping in the past has had to rely on aerial photograph inter
pretation. The reconnaissance nature of the mapping has also meant that 
there is less information on the published sheets than could be desired.
The verification of many Landsat identified structures therefore waits on 
comparative geophysical evidence. A national aeromagnetic survey is being 

processed under contract to CIDA.

Certainly, Landsat image analysis produced an acceptable outline of the 
structure of the Okavango Delta, a remote area at the heart of which travel 
is restricted to either aircraft or boat. Although many of the linears 
which were identified may well prove to be spurious, major structural trends 
could certainly be correlated with trends identified by three geophysical 

surveys (Greenwood and Carruthers 1973i Reeves (1974), De Beer 
et al 1975; see also Hutchins et al 1976). Obviously the Landsat analysis 
is restricted to identifying orientations of structures and speculating on 
relative movement whereas geophysics can provide quantitative information 
and a three dimensional model. But the satellite image does have the merit 
of being a cheap source of information from which a regional reconnaissance

can be rapidly made.
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Reconnaissance is a key word. Although a resource target may he identified 
from the imagery, the next, most important phase of exploration is to make 
a detailed investigation on the ground.

Enhancement techniques are still in the experimental stage. Interpretation 
by eyeball is inherently subjective (Akehurst 1973a) and this must be the 
starting point for succeeding stages of image manipulation! A false- 
colour, late Spring image of Botswana, acquired when rain has cleared the 
atmosphere of haze and vegetation has just started coming into full bloom, 
is nevertheless preferable for lithological interpretations than false- 
colour images of other seasons or black and white imagery. Computer 
enhanced data (such as that described by Rowan et al 1974) may eventually 
prove capable of producing reliable interpretations for vast quantities 
of data but considerably more needs to be known about the reflectance 
properties of natural materials under varying conditions. Morrison (l970) 
was of the opinion that enhancement techniques could not, at the time he 
was writing, supercede eyeball geological analysis.

Diffraction pattern sampling can assist in abstracting and defining 
regional fracture patterns but only where these patterns are explicit on 
the imagery. A poorly exposed area will only provide an indifferent pic
ture and, except in the northeast of Botswana where major fractures have 
been confirmed by geophysics, imagery of the Kalahari Desert has not 
really revealed any deep structures that were not already known or sus

pected to exist.

In fields other than geology, such as land use or range management, the 
repetitive monitoring provided by the satellite will definitely prove a 
tremendous advantage, particularly after a number of years have elapsed. 
Even if supply of the imagery is discontinued as an aid project, it is, 
still available quite cheaply from NASA. It could be argued that NASA 
might have expected too much commitment to their Landsat-1 programme in 
Botswana when only six months' imagery was supplied, often with a long
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delay between its acquisition and despatch. The supply of imagery also 
depends on weather conditions, faultless performance of the spacecraft 
and the continuation of the EROS programme. Administrative problems may 
be smoothed out in successive Landsat programmes and the imagery should 
become more acceptable, if, judging by available Landsat-2 imagery, the 
definition and other properties are improved. Unfortunately, it did not 
prove possible to include a thermal IR scanner in Landsat-2's payload as 
originally planned. Landsat G and D are "cartographic" satellites which 
will fly closer to the Eaxth's surface and thus provide more detailed 
imagery for limited periods.

As an adjunct to maps and aerial photographs, the satellite image may 
prove to be invaluable as a teaching medium. Since the imagery is an 
accurate record, students should not only be better able to appreciate 
physical and cultural patterns but also how these patterns inter-relate 
on a regional scale.
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Key to Maps 1 and 2, Lithology, southeast Botswana, Interpreted from Landsat Images 1195-07^20 a.nd 1195-07^22.

Alluvitun OR Black turf (or cotton) soils 
Black turf soils may indicate:

Tertiary to 

Recent

KaiToo System

Post-Waterberg
Pre-Karroo

(1) areas of poor drainage
(2) areas underlain by shales 
(3) areas underlain by dolerites 

.(4) areas underlain by Precambrian meta-volcanic rocks 
(5) in Transvaal Basin, areas underlain by mafic and 

ultramafic rocks of the Bushveld Complex
Kalahari Beds; sand with patchy calcrete and silcrete 
(sandy cover east of the Kalahari escarpment excluded).

Concealed. Cannot be differentiated solely from imagery.

Syenite
Mmathethe Granite. Tonal/textural differences on aerial photography 
Dolerites

Waterberg System Sandstones, conglomerates; shales in north of area

Transvaal System

Pretoria Series
Cyclic sequence of shales and 
quartzites with occasional 
lavas. Quartzites are dark-toned 
marker horizons on Landsat imagery. Timeball Hill Quartzite

Magaliesberg Quartzite 
Daspoort Quartzite

Dolomite Series

Black Reef Series

Ventersdorp

System

Kanye Volcanic 

Group

Rarely well-defined on Landsat 
imagery. Usually found at top of 
Dolomite Series at basin margins.
Dolomitic limestone with cyclic 
sequence of chert-rich and 
chert-poor limestone recognised 
in South Africa from Landsat 
imagery.

Quartzites and conglomerates

Andésites and tuff

Cyclic sequence of shales and 
siltstones

Dominantly siliceous volcanics 
with subordinate sediments

Anomalous colour response east of Molepolole may 
indicate enclave of Ventersdorp rocks in Kanye 
Volcanic Group or be purely circumstantial.

Siliceous volcanic rocks. Felsites and porphyries.

Chert Breccia

Chert-poor limestone 

Chert-poor limestone

Mogobane Assemblage

Gaborone

Granite

Central Assemblage 

(CA)

Inner Marginal 

Assemblage (IMA) 

Outer Marginal 

Assemblage (OMA)

Coarse-grained, hornblende-bearing 
granite and micro-granite; largely 
concealed by sandy soil

Medium-grained dark granite, with 
higher quartz content than CA.
Marks higher ground.

Fine-grained, dark granite, generally 
cannot be differentiated on imagery 
from IMA or Kanye Volcanic Group

Anomalous areas which may indicate enclaves of micro
granite, IMA or Kanye Volcanic Group within Central 
Assemblage.

Modipe Gabbro 

Basement Complex Gneisses, cannot be differentiated; 
concealed beneath superficial deposits.

Meta-volcanic and meta-sedimentary, 
horizons of the Kraaip^an Formation

BLANK AREAS: (l) Not interpreted OR (2) difficult to interpret from Landsat imagery even with
supporting map data.

Trend lines Geological boundaries, certain
inferred

International boundary-----------------  Main road

Phns 0 Drainage, mainly ephemeral
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Key to Maps 3 arid. 4, Land Use, southeast Botswana, interpreted from Landsat Images 1195-07420 and 1195-07^22,

Settlements
1.1 Towns, best seen on false-colour imagely, pale blue response of central buildings, 

pink: suburban gardens
1.2 Villages, recognisable by overgrazed sui*roundings, bright on black and white 

imagery, colour changes on false-colour imagery. Not universally recognisable.

Agricultural Land Use
2.1 Aggregations of smallholdings which, in Botswana, lie on low ground of Gaborone 

Granite and Basement Complex; also in valleys. Recognisable by "mottling" 
pattern. Colour response on false-colour imagery variable, light green may 
indicate cover of dominantly straw-colour grass, straw*, red may indicate 
green crops or green grass. Field size no larger than 100 m sq. in Botswana 
but may be up to 500 m sq. in South Africa.

2.2 Ranching blocks in Botswana and South Africa. "Field" size averages 2 - 3 km sq. 
increasing to 10 km sq. in South Africa. Dominantly purplish-red colour on 
false-colour imagery. Grazing.

2.3 Barolong Farms. Diverse agricultural use but nevertheless an integrated unit 
farmed by the Barolong Tribe.

2,k Animal quarantine camp in Botswana. Recognisable by fencing.
2.5 Irrigated land. Bright red response on false-colour imagery, in close proximity 

to dam/reservoir. Market gardening??

2.6 South Africa. Field size 1 - 2 km sq.
2.6.1 Dominantly green and brown colour on false-colour imagery. Bare, 

ploughed or stubble?
2.6.2 Dominantly purplish colour. Grass?
2.6.3 Majority of fields light green but other false-colour responses include 

olive green, brownish green, brown, brownish-red. Perhaps wheat, 
stubble and ploughed.

2.6.4 Dominantly bright red response indicating crops with green foliage.
2.6.5 "Crops" at various stages?? False-colour responses: 50^ dark red,

15% bright red and 35 % green.

2.7 Fields markedly rectangular in shape. Length usually no more than 250 m to 1 km. 
Majority dark red or dark green on false-colour imagery.

□

□

2.8
2.8.1 No fencing visible, but dominantly dark red colour suggests grazing.
2.8.2 Meadowland?? Dark red colour. Possibly grassland overlying river 

alluvium.

Scrub, woodland, veldt

3.1 Uplands. Reasonably certain that there is no agricultural land use, but there 
may be cultivation in the uplands bordering the Transvaal Basin where the 
valleys broaden to the east.

3.2 Relatively low-lying land. Scattered cultivation and cattle grazing in Botswana. 
Uncertain use in South A.frica.

Water bodies, either reservoirs (dams) or pans.

Drainage, mainly ephemeral. Dashed lines denote that channel is ill-defined.

Land Use boundaries i

Main Road -

International boundary

BLANK AREAS : Not interpreted
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T R A N S V A A L  P R O V I N C E
Mosomane

\ Mochudi\ MolepololeSeghuma

\ Gaborone .

Khakea

Tsane

Transvaal Basin

7 Lobatse\
MOLOPO FARMS

Kaapvaal Craton
Tsabong

C A P E  P R O V I N C E

\
Middlepits

\ S O U T H  A F R I C A

BOTSWANA 

Major structural elements interpreted 

from Landsat-1 imagery

Scale approximately 1:1 825 0 0 0

Li nears, interpreted as of geological significance 

whether faults, dykes, shear zones or geomorphological 
features influenced by fault ac tiv ity .

Linears, arbitrary significance, generally defined as 
tonal or colour discontinuities on Landsat imagery. 
Inferred geological significance.

Major watersheds.

Rivers, mainly ephemeral.

Dunes.

Strand line

Pans (only a small selection of the total are shown).

Okavango D elta , total area of water flow and seepage 
inferred from extent of vegetation on January 1973 
imagery.

International boundary (this map must not be taken as 
an authority).

Main road.

M a p  7 S. M ,  Hutton 1978
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