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This dissertation is the result of investigations of the pans of the
southern Xalahari conducted during two periods of field work in
Botswana in May to September 1972 and April to August 1973, together

with the subsegquent analyses of the samples oollected.

The southern Kalahari today is still a wild and comparatively
inaccessible place, Travel in the arca is only really possible
along the few bush tracks that exist; and even then it is time
consuming and heavy on fuel. Over much of The arca potable water
supplies are absent or unreliable, Congiderations of safety and
logistics thus dictate what it is possible to undertake.
Regrettably, from the scientific point of view, many of the
conclusions reached in this dissertation must be regarded as
tentative, as it was not always possible to oblaln conclusive

evidence in support of thems

Except where stated, all the data presented in the following
chapters is the produot of the surveys and analyses conducted by the

writer. No rescarch in collaboration with others was undertaken.

Additional information waws derived from the following sources:
The meteorological data presented in Chapler 2 was provided by

Mre RoJoFs Anderson of the Weather Bureau, Gaborone, Botswana.

Information on the internal composition of the dunes at Kongwe and
Sekoma pans was derived from samples made available by Te Baillieul,
then of the Geologioal Survey, Lobatse, Botswana, who conducted the

drilling programme .

The analyses of water in the pans in April 1973 were undertaken by

courtesy of the Director of Geological Burvey, Lobatse, Botswana.

The mollusca from the inner dunes were identified by Dre A4.C, Van

Bruggen, Rijksmuscum van Natuurlijke Eistorie, Leiden.

All figures in this dissertation were drawn by my wife Judith, who

also typed the manuscript.
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SUMMARY

The main geomorphio features of the southern Kalahari in Botswana are
the 1000 pans or emall dry lakes which. lie along the broad watershed
between the Nossop = Molopo and Makgadikgadi drainages.

No previous detailed studies exist of the pans, which appear to have -
developed under climatic oonditions unlike those of today, and appear
4o repregent further evidence for Quaternary olimatioc change in the.

region.

The pansy which may have a grassed, partly grassed or bare clay
surface, are contained in shallow sub circular to sub elliptical
.. isclated depressions, on the southern side of which is an area of

fringing dunes, indicative of a deflation origin for the pan

depressiong. ..

Analysie of the distribution of the pans shows that they are
strongly clustereds but do not form aligned groupingse

Two dune ridges, both formed by northerly winds, are identified.
The composition of the dunes shows that the outer dunes were formed
by deflation from the site of the pan depressions and the inner
dunes by deflation of sandy pan depositse

The nature of the deposits which underlie the pans and the flanks.
of the inner dunes is described, and upper sandy and lower clayey
phases identifieds Their composition indicates that the pan
depressions once held exbtensive permanent lakes, which gradually
contracted as the climate became drier., The nature of the pan
surfaces today is shown to represent a sequence as the pans are
excavated by deflatione

The paleocclimatic significance of the three main periods in the origin
and development of the southern Kalahari pans is disoussede The pan
deposits provide further evidence for a major wet period in the
Kalabari some 12000 to 20000 years ago. Deflation to form the outer
dunes took place in the arid period that ocoured 20000 to 25000 years
agoy and the inner dunes were formed during dessication of the

climate some 10000 to 12000 years agos




CHAPTER 1.




INTRODUCTION

THE PANS OF THE SCULTERN KALAHART

The southern Kalahari in Botswana is a great gently undulating sand

plain at an altitude of 1100 to 1200 m above sea level, covered by
shrub and bush savanna and recelving a very variable annual rainfall

of 250 to 400 mm.

The principal geomorphic features of the area are the thousand or so
pans which break the monotony of the otherwise almost featureless
sand plain. Most of the pans, or small ephemeral or dry lakes, are
contained in sub circular depressions some 1.5 to 4 km across and

10 to 30 m deeps. On the southern side of the pans is an area of
Tixed arcuate sand dunes, which rise to a height of up to 40 m above

the depression floor and extend for 1 to 2 km from the pan edge.

At the present time the pans, which may have a grassed, partly grassed
9 & 9 é
or bare clay surfaocec, oontain shallow water bodies or fiplaya lakes®

after heavy rains or wet seasons.

In southern Africa, any depression that holds water after a period

of rain is called a pans Consequently the assemblage of landforms
described above is popularly called a pan. However, for the purposes
of this digsertation the fterm pan will be used to refer to the flat
central portion of the depression that may be covered by water after
rain. The term pan as used here is thus synonymous with playa,

defined by Neal (1965) as the flat central portion of a desert basin.

LOCATION OF STUDY ARZA

The location of the study area is shown in Pigse 1.1 and 1.2, and

covers an area of approximately 130000 kmz.

The southern XKalahari in Botswana forms a small part of the Kalahari
basin, a vast sand covered plain that stretches north from the
Orange river in South Africa to the watershed between the Zambesi
and Zaire rivers and beyond to 1 °§ latitude. The Kalahari basin is
bordered to the west by the highlands of Namibia (South West africa)
and Angola, and on its eastern side by the hills and plateaux of

eastern Botswana, Rhodesia and Zambia. According to Wellington (1955)



.
15°. -15
.20°
20%
0
25° -25
0 scale .30°
30°- ;
1000 500 km
-35°
35°.
N land over 1300 m
Lo ‘o ‘o o ‘o Yo
15 20 25 30 35 40




18"
. 22"
24
- 26"

100 km

scale

o

26’

26/

24!

24!

22’

/

20'

]

g
20

224
24"~

-~
L

£l

By

&L

2

Ko Foi
st d
Vil

¥

s

ot

[N
&
s

1ime

i

PRy
wdatided b

oto




In terms of the physiography of the southern Kalahari with its low
relief at a relatively high altitude, unconsolidated surface depogits

and lack of surface drainsge, comparisons are more difficult to make.

Grove (1969) likened the physiography of the Kalahari to that of the
Sahelian zone of West Africa. Both are semi arid areas of low relief,
and their landformg appear to have developed under periods of
alternating wet and dry climates in the qQuatornary. However, the

Sahel is at a lower altitude than the Kalahari and somewhat warmer.

In many respects the southern Kalahari may be wmore closely compared
with the southern High Plains of Texas, U.S.A.. Both areas have a
gimilar climate, with a high evaporation rate and a low summer

rainfall. Geologically, the areas are similar with unconsolidated

sandy surface deposits forming featureless plains at an altitude of
1000 to 1200 in. The existence of small lake basing and lack of

surface drainage are again a point of comparison.

PREVIOUS GEOHORPHOLOGICAL RESEARCH IN THE KALAHART

The Kalahari has attracted the attentions of geologiets and
geomorphologists for. some time. Apart from the observations of
travellers and hunters like Andersson, Oswell and Livingstone, the
first descriptions of the geomorphology of the Kalahari are contained

in Passarge's Die Kalahari (1904).

Since the 1920's there have been a series of descriptions of the
geology and geomorphology of the Kalahari by Du Toit (1927), Rogers
(1934, 1936), Wayland (1952, 1954), Wellington (1955) and Boocock and
Van Straten (1962), mostly based upon reconnaissance studies of the
area with a view to the development of its mineral and water resources.
It was not until the availability of aerial photography of the whole

of the Kalahari in the mid 1960's that the true nature and extent. of
the landforms of the region became known. Grove (1969) provided the

first comprehensive description of the landforms of the Kalahari,

based upon a detailed study of this aerial photography. Grove'!s work
indicated the great variety of landforms in the region, many of them

giving clear evidence of @uaternary climatic fluctuations.




Cooke and Warren (1973) have summarised the nature of geomorphic
research in arid and semi arid regions, and suggest that it consists
of a period of exploration, characterised by reconnaissance studies
of the geomorphology, followed by a period in which more detailed
atudies of landform and processes takes place, This pattern has
clearly applied in the ocase of the Kalahari, and Grove's 1969 study
can be seen to mark the oulmination of the reconmnaissance phase of
geomorphology in the Kelahari. The writer's study of the origins and
development of the pang of the southern Kalahari can be seen to be
directly ingpired by the work of previous investigators, particularly
Grove, who have pointed to the existence of an unusual, yet widely
ocouring, landform of uncertain origine. The present study can also
be seen to mark the beginning of the second stage of gecomorphological
invegtigation in which detailed studies of landform and procegses are

undertaken.

PREVIOUS WORK ON PANS IN SOUTHERN AFRICA

pr oA

There are considerable numbers of pans in southern Africa. Rogers
(1940) egtimated that there were 9000 pans 100 m or more across in the
Kalahari between the Orange river and the Zambemi. Outside the
Kalahari an equally large number of pans exlst in parts of the northern

Orange PTree Jtate and Transvaal.

The pans in the northern Cape Province were described and attributed
to wind action by Rogers (1908) and Du Toit (19507, 1926). 1In the
"Panneveld® of the western Transvaal and northern Orange Free State
there are large numbers of pans, apparently the remnants of former
river systems, which have heen described by Wellington (1943) and
Coetzee (1960). Recently, Butzer el al (1973) have studied the
sequence of deposits preserved in Alexandersfontein pan, near
Kimberley, and concluded that the pan held a large permanent water
body some 16000 years ago. 4 further group of pans occurs in the Lake
Chrissie area of the eastern Transvaal. Wellington (1945) concluded
that they represented remnants of the head waters of the Vaal river,
beheaded by the capture of tributaries by the eastward flowing Usutu
river. Subsequent modification of sections of the river valleys by
silting and wave action resulted in the prescnt shape of the pansa
There are considerable numbers of pans in Hamibia (South West Africa),

Werther (1935) described line and sand pans in the headwaters of the



Auob and Nossop rivers. Jaeger (1939) investigated a large number

of pans, and described their form and deposits in some detail.

But despite their large numbers and distinctive nature the
geomorphology of the southern Kalahari puans has received little
attention. In the literaturc on the area only Boocock and Van
gtraten (1962) and Grove (1969) make more than a brief reference to
the pans. In view of this it is not surpriging that: "the origins
and development of the pansg remalns a matter of hypothesis and
conjecture® (Blair Rains and Yalala 1972), a situation not

uncommon in the study of important desert landforms. There is thus
a need for a comprehensive investigation of the origines and

development of +the pans of the southern Kalaharl.

THE PANS OF THE SOUIHERN KALAHARL AS A FOSSIL LANDEORIL

The exigtence of fixed duncs adjacent to lake basing which contain

3 40 4 m of lacustrine deposits, but are now dry or occupied by
ephemeral lakes, is clear evidence of past climatic conditions in

the Kalahari unlike those of the present day. Evidence of
considerable climatic fluctuations in the region during the
Quaternary was first recognised by Wayland (1954) who stated that

the Pleistocene episodes in the Kalahari provided a sequence of
contrasts,'the impressive evidence of which could hardly be hettered,
if indeed equalled, anywherec in Africa. Grove (1969) recognised two
periods of Quaternary aridity and sand movement in the Kalahari, with
an intervening humid period, during which the Makgadikgadi depression

was occuplied by a 34000 km2 lake,

The pans of the southern Kalahari may thus be considered as relict
or fossil landforms, preserved by the present inactivity of the
processes that lod to thelr formation. Such fossil or relict
landforms are common in scmi arid and arid areas and their study is

an important part of desert geomorphology (Peel 1966). ,

Many landforms are not dlagnostic of the climatic conditions under
which they were formed and their existence cannot be reliably used
t0 indicate the nature of past or present climates., However, when
the evolution of a landform involves both erosion and deposition it

nay be pogsible to recongtruct the sequence of erogional and



depositional c¢nvironments by a study of the naturc and stratigraphy
of the deposits formed. The evidence from sediments and other
deposits composing a landform is frequently a more reliable guide

to past enviromments than its morphology.

Howcver, some landforms may yicld valuable paleoclimatic
information. For cxample, the orientation of duncs has been widely
nged (Hack 1941, Melton 1940, Recves 1965, Grove 1958) to indicate
palcowind directions, and abandoned shorelines in lake basins are
invariably indicative of a desgication of the climate. In addition
gomparisons with modern Bactive' examples may be made, enabling
recognition of past environmental conditionss The work of Bowler

(1970, 1973) on clay dunes hasg shown the value of such comparisons.

Consequently this study of the origins and development of the
southern Kalahari pans will focuss upon two main aspects of their
geomorphology: the dunes on the southern side of the pang and the
deposits contained in the pan depressions. Studies of duncs adjacent
to lake basing, notably Reeves (1965) and Bowler (1970), have
demonstrated that thelr orientation, form and composition can yield
valuable information of the environments in which they were formed,
and thus on the origin and devcelopment of the adjacent lake basins.
The deposits of the lake basing similarly prescrve a record of past
depositional cnvironments, and examination of the stratigraphy of lake
and dune deposits enables a relative chronology of the developrent of

the lakes to be built uw,.

Since the pioncering work in the western U.3.4. (Russell 1885, Gilbert
1890) investigation of ancient lake basins have been carricd out in
many parts of the world. MWost of the studies have been conscerncd
with the rcecord of Pleislocene climatic fluctuations contained in

he deposits and shorelines of the lake basins, and indicate that
many basins in present seml arid and arid arcas contailned sizeable
permancnt lakes during the Pleistocenc. Tllustrative of this
approach is the work of Saith (1968) at Secarles Lake,California,
UeSehs; Washbourn—Kaman(1971) in the Nakuru-Elmentcita basin, Kenya;
and Grove, Street and Qoudie (1975) in the Rift Valley of southeran

Bthiopia,



However investigations of the origineg and dovelopment of small
lake basing in semi arid arcas are much loss common, In this
context Reevost gtudy of the pluvial lake basging of west Texas,
UsSehe (Rocves 1966) and Bowler's work in southeastorn Australia
are noteworthy. Reeves?! work shows clearly that study of the
origines and developmeont of lake basins can yleld valuable
information on past environments by pointing to the procosses
involved in their formation and developmente Bowler's study of
lakes in southeasntorn Australia shows clearly the great valus of
corrclating lake and dune deposits to build up a picture of the

evolution of the lake bagine.

ATHS OF DISSERTATION

The aimg of this digsceritation are: to desoribe the main features of

the geomorphology of the pans of the southern Kalahari, and to putb

forward hypotheses to explain their origin and dewvelopment.

In the absence of any previous detailed investigations of the southern
Kalahari pans it is inevitable that much of what follows is
descriptive., Thus a comprehensive description of the topography of
the pans studied is given in Chapber 3, as a preliainary to a more
detailed discussion of thoe origins and development of their main

geomorphic featburcs in subseguent chapters.

Clearly, the pans arc today relict or fossil landforms and an
explanation of their origins and development must nccessarily involve
a congideration of past cnvironmental changes in the Kalahari. It is
hoped that this study of the origing and dovelopment of the pans of
the southern Kalashari will provide further information on the nature

of @uaternary climatic changes in the Kalahari.

The following chapters will, after a discussion of the present
environment of the southern Kalahari, consider the topography and
digtribution of the pans; the morphologzy and compogition of the dune

complexes; and the morphology and deposits of the pan depressions.

v
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of 200 km near Tshane. West of Tshane the ridge narrows slightly and
gradually rises to its maximum altitude of 1250 m above sea level in
the Kule « Noojane area, To the north,; the land falls to the Okwa
and Mmone valleys at an altitude of approximately 1000 m. On the
southern side of the ridge there is a gentle fall to the confluence
of the Nossop and Molopo rivers which lies at 900 m above sea level.
The southern Kalahari thus forms a watershed between the Okwa river
system draining towards the Makgadikgadi depression, and the Nossop -
Molopo rivers which join the Orange river near Upington, Cape
Province., This divide was called the Bakalahari 8chwelle by Passarge
(Wellington 1955), and is regarded by Wellington (1955) as a very

ancient watershed between the northern and southern Kalahari bagins,

There are few topographic features of note over much of the area,
apart from the pans and their associated dunes. Locally relief is of
the order of 3 -~ 4 m and consists of irregular low ridges separated by
wide shallow depressions, giving rise to a gently undulating
topography. In some areas, for example between Tshabong and
HMabuasehube, the ridges are more marked and the depressions narrcwer
glving rise to a confused, hummocky topography. Many of these
undulations, which carry a denser cover of treées and shrubs, can be
seen on air photographs to have a northeast - southwest to north -
south trend. They appear to be equivalent to the "faint furrow
patterns® described by Grove (1969) and the more extensive lineaments,
visible on the BRTS imagery of the arcea, which curve round from eas
northeast - west southwest south of the Makgadikgadi depression to
northeast - southwest and north — south over much of the southern
Kalahari and to north northwest - south southeast in the south and
gouthwest of the area, and appear to represent the degraded remnants
of longitudinal dunes, In the southwest of the area, in a belt up to
100 km wide along the Nossop and Molopo valleys there are areas of
well developed dune ridges which form an extension of the fixed dune
systems of the adjacent areas of the northern Cape Province and
Namibia (South West Africa). The dunes in the southwest of Botswana
are sand ridges 5 - 10 m high and 100 ~ 500 m apart with a
characteristic dendritic pattern similar to that described by Mabbutt
(1968) in Australia. Lewis (1936) described similar dunes in
adjacent areas of South Africa, and suggested that they were formed

by northeasterly winds. @rove (1969) notcd that many of the ridges
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coalesced to form ¥ junctions with the stems pointing to the
southeast, and concluded that they were longitudinal dunes formed by
northwesterly windss. However, Goudic (1970) pointed to the problems
of equating the existonce of longitudinal dunes trending northwest -
goutheast in the ares with the northeasterly winds of today and

suggested that former wind regimes may have beon different.

Forming the northern marging of the southern Kalahari arve the
extensive Okwa and Mmone dry river aystems with valleys up to 50 m
deep and 1 - 2 km aoross in places. These river systems formerly
drained the highland arcas of Namibia (South West Africa) and eastern
Botswana and flowed to the Makgadikgadi depressione The Nossop and
Molopo rivers, forming the southern boundary of the area, rarely
carry water in their lower parts. Normally, the Molopo is dry below
Mafeking, although occasional flows may reach Bray in very wet years
(eog. 1967, 1972, 1974m5)o The form of the valleys of all these dry
rivers suggests that they once carried much higher discharges, and
all are locally dceply incised into calcretes. At Pitsane and Khuis
the Molopo has cut gorges 30 m deep in schists and quartzites. The
Nossop is incised to a dopth of 10 ~ 20 m in ocaloareous sandstones

agsigned to the lower parts of the Kalahari Beds.

Set in the gently undulating topography of the waltershed area are the
pans, which are contained in small sub circular depressions 2 = 5 km
across and 15 « 20 o deeps They, and the crescentic dunes on their
southern marging, form the only topographic features of notec over

much of the southern Kalahari.

Locally the sand surfuce is broken by outcrops of pre Kalahari rocks,
which give rise to low hilis. In the Sekoma area, Waterberg System
sandstones form a low northecast =~ southwest trending ridge between
Khakhea and Sekomas. At Tshabong, outcrops of similar rocks give risc

to low, rounded hills,

GBOLOGY

The geology of the southern Kalahari is depicted in Fige 2.2. luch
of the area is mantled by Kalahari Beds, and as a result, knowledge
of the underlying geology hag been obtained by examination of

borehole samples.



The sowthern Kalahari forms part of the Kalahari basin, which has
been infilled with scdimentary and volcanic deposits since Pre
Cambrian times. The central parts of the area arc underlain by rocks
of the Karroo Systom which lie in a 150 - 200 km wide basin trending
northeast - southwest, which links the Karroo of South Africa and
Rhodesia. On the northwestern side of the basin are the sandstones
and arkoses of tho Ghanzl Formation, forming the Ghanzi ridge.
Underlying the castern parts of the southern Kalahiri and forming the

e

southeastern flanks of the Karroo basin arc Prc Cambrian Waterberg

]

1 quartzites and Transvaal System dolomites. The

=

System sandstones an
whole arca is mantled with a wvariable thickness of Kalahari Beds of

varying lithologics, culminating in the surface Kalahari sands.

The eagtern parts of the southern Kalahari are underlain by Pre
Cambrian rocks, which extend to Mabuasehube pan in the west, Kokong

in the northwest and Tshabong in the south. It would appear that much
of this area is underlain by sandstones, conglomerates and cquartzites
of the Waterberg Systeme The low hills northeast of Tshabong are
composed of reddish grey quartzites which Du Toit (1954) correlated
with the Matsap Beds of the northern Cape Province. Similar rocks

arc exposed north of Khakhea and form the low ridge between here

and Sekoma, At Khakhcea pan itself a sedimentary succcgion composed of
purple and groen shales, banded giltstones, ripple marked quartzites is
exposed, and is regarded as being part of the Waterberg System., Other
small outcrops of Waterberg sandstones occur northeast of Sekoma pan
and at Mobutsane., Extensive outcrops of shales with a near vertical
dip may be seen on the woest side of Habuaschube pan and mark the most

westerly cextent of the Waterberg System in the southern Kalahari,

The area to the southeast of Sckoma is underlain by shales, quartzites
and banded ironstoncsg of the Transvaal Syetem. 4dcid tuffs and lavas

at Kokong pan appear to represent an isolated ocutlier of the Kanye

Volcanic Systcma

Much of the Kalahari in Botswans is underlain by rocks of the Karroo

System. Outcrops in the southern Kalahari are rare and consequently

muich of the information about these rocks is derived from borehole
samples. Dwyka Series tillites are exposed on the north side of

Mpaathutlwa pan and at Kauis, along the Molopo river. The Hcea Series
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ig vepresented in the southern Kalahari by a lower arenaceous phase,
which ocours on the southeastern side of the Karroo basin as far

west as Kokong; and an upper argillaceous phasc consisting of shales,
mudstones and siltstones, which underlies much of the western part of
the area. Hcoa sandstones and shalce ouwterop ot Ukwi and Neoojane
pans in the far west of the southern Kalahari. Stormberg Series
gandstones underliec the northern parts of the area and extend into

the central Kalahari. In part, the northern ma

of tihe study |
area are underlain by the sandsgitones and arkoscs of the CGhanzi

Formation.

Kalahari Beds mantle the whole of the study arca. Their thickness

is highly variable, as Figs 2.3, compiled from borechole rccords, i
shows. In general terms, the Kalahari Beds appecur to incrcase in 0
thickness away from the watershed area towards the central Kalahari,
and in the Molopo farms area, south of Sckoma. However, Kalahari
Beds are thin or abgent altogether from much of the arca between
Tshabong and Khakhea. Locally, great varictions in the cover of

Kalahari Beds may cxist. At Kokong the cover is thin and Kanye

Voleanic System felsitces outcrop, but 10 km to the west at

Mashiaphotsana pan a borehole intersects 100 m of Kalahari Beds.

The lithology of the Kalahari Beds is wvaried and reflects their
deposition in continental conditions. However, four main lithological
types may be identificds The lowest member of the Kalahari Beds are
the Kalahari marls, described by Du Toit (1954) from the northern
Cape Province. In the southern Kalahari they appear to be assoclated
with drainage lince and hollows in the pre Kalahari surface (Boocock
and Van Straten 1962) and are intersected by horcholes on the upper

Molopo valley and in the areoa northeast of Tshanc.

Abvove the marls arc caloareous sands ard sandstones, often partly
silicified which arc widespread in adjacent arcas of Namibia (South
West Africa) (Mabbutt 1957) and occur in the lower Nossop valley where
they form bluffe 5 - 10 @ highe Similar deposits appear to exist in
the vicinity of Ukwi pan, where they form a 5 m high bluff on the

north side of the pan, and at Tshane,.
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Rock Units Ocouring in the southern Kalaohari

Sedimentary, motamorphic and clffusive
BOUL e e WP IO EAE, B AR

ARC
Tertiary to Recent

Stratigraphic Unit

Kalahari Beds

Late Carboniferous Karroo System

to Jurassic Stormberg
Serics

Teca and Dwyka
Sories

Late Pre Cambrian Ghonzi Formation

Mid Pre Qambrian Waterberg System
Trangvaal System
Pretoria and

Griquatown Series

Dolomite and

Black Reef Beries

Kanye Volcanic System

Barly Pre Cambrian Basement Complex

Intrusive igneous roocks
Karroo
Post Waterberg
ore Karroo

Mid Pre Cambrian

Lithology
Sands

Pan sediments and calcretes
Caleificd and silicified
gandstones and limestoncs

Marls

Sandgtones, with sube
ordinate shales and marls
Arkoses and shales
Mudstones and shales
Tillites and varved shales
Sandstones, with subords
inate shales and limestones
Bandstones, grits, conglom-

erates and guartzites

Shales, quartzites and sub-
ordinate conglomeorates,
limestones, banded iron-
stones and andesitcs
Dolomites, with subord-
inate banded ironstones,
cherts, shales and
guartzitces

Felsites

Serpentinites

Undifferentiated gneisses

Dolerite

Diabase

Ultrabasic



Reddish brown quarts sands mantle much of the southern Kalahari and
form the uppermost member of the Kalahari Beds. Sands of a similar
type occur widely from the Zaire basin watershed to the Orange river,
in the arcas betwcen the highlands of the Transveal and Rhodesia and
the plateaux of Namibia (South West Africa) and Angola., In the
gouthern Kalahari their thickness is variable, but rarcly meore than
30 me Their precise origin is unclear, but thcy do appear to have
been lald dowrn under continental conditlonsg by a combination of
fluvial and aecolian processcs. Recent work in Zambia and Botswana
(Baillieul 1972, Savory 1965) seems to indicate that the Kalahari sands
are derived from upper Karroo sandstones, particularly of the

Stormberg Series, although other sources such as the sandstones of the

Ghanzi Formation may be locally important (Baillieul 1973). It also
seems clear that the Kalahari sandg have heen rodistributed a number

of times in the late Quaternary. Wayland (1954), on basis of

archacological evidence, stated that there had been three periods of
movement of Kalahari sands, in Magosian,Middle Stone Age and Pre
Palacolithic timez. Baillieul (1973) recoognised three types of
Kalahari sands in Ngamiland, including fossil dunc¢ sand, which he

correlated with Dixey's Kalahari Sand II at the Victoria Falls, and

reworked dune

Estimates of the age of the Kalahari Beds have varied from Crotaceous
to Recent, and Rogers (1936) saw them as a result of long continued
continental deposition gimilar to that of the Karroo System. It
appocars, on the basis of work in Zairc (Cahen and Lepersonne 1952)
that the lower members are latc Tertiary to early Pleistocene, and the
upper sands have a probable Pleistocene age with much redistribution

during successive periods of climatic change.

CLIMATH

Climatic data for CGhanzi, Tshane and Tshabong which are the three
meteorological stations in, or adjacent to; the study area are
vresented in Fige 244. Records exist from 1923 at Ghanzi and
Tshabong, and from 1260 at Tshane. The data was provided by

Mre RedeoI'e Anderscon of the Weather Burcau, Gaborone.

The climate of the southern Kalahari is seml arid, with dry winters

(April to October) characterised by warm days and cold nights; and

hot summers, during which most of the annual rainfall of 250 « 350 mm
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The Kalahari lies within the southern hemisphere high pressure belt,
which is made up of a series of anticyelonic cells, which are
particularly marked over the oceans. The climate of the Kalahari is
dominated by one of these cells which ig situated over the southern
Indian Ocean and southeastern South Africa. The position of the cell
alters with the position of the sun, giving risc to a seasonal

distribution of precipitation and winds in the area.

In winter, the anticyclone intensifies and moves north with the sun

to a position over the eastern Transvaal, Slowly subsiding dry air
with a strong temperature inversion and outblowing winds dominates

the climate of the Xalahari at this time of year. As a result of the
stable anticyclonic conditions there is negligable rainfall. Days

are warm and sunny, whilet the nights are cold as heat is rapidly lost
by radiation in the cloudless conditions. Ocoasionally, very deep
depressions over the south Atlantic move through the northern Cape
Province and penetrate the southern Kalahari to bring small amounts of

winter rainfall.

In summer, the anticyclonc weakens and moves southwards to a position
over the Natal coast. AL the same time heating of the land gives rise
to a weak low pressure area over northern Botswana and southern Angolas
From Qctober to April these conditions allow maritime ailr to move over
the land, bringing a moist, unstable airstream to the Kalahari from
the east and northeast. In this situation of counverging airstrcams
vertical transport of air takes place freely. According to Jackson
and Tyson (1971) rainfall under thesc conditions is convectional as

a result of slow vertical movement of air associated with convergence
of airstreams and a layer of moist air deep enough to allow its latent
instability to take effect. The rains are usually heavy and may be
accompanied by hail. There is normally o c¢lear diurnal pattern of

rainfall, with storms occuring in the late afternoon and early evening.

In the Kalahari the amounts of rainfall are limited by the fact that
the air reaching the arsea has lost most of its moisture during its long
passage overland. Consequently, although the gynoptic conditions may
favour heavy rainfall, the low moisture content of the aitmosphere
limits the actual amount that falls. The mean annual rainfall over a

period of 20 years at Ghanzi and Tshabong and 15 years at Tshane is



452, 278.5 and 310 ma respectivelys Almost all the rainfall occurs

petween October and April, with a maximum between December and April.

Figs 205 shows that mean annual rainfall amounts in the southern
Kalahari decrease from northeast to southwegts Over most of the area
mean annual rainfall is 300 = 400 mm, with the driest areas receiving
some 250 mm. The rainfall occurs in conveotional storms of great
intensity and very Jlocalised cxtent. As o result annvual rainfall
totale may be highly variwble. The percentage seasonal variability
of rainfall totals, expressed as the coefficicnt of variation
(standard deviation /mean) increascs from 40 % in the north of the
area to over 80 % in the south. Pike (1972) stated that variability
of rainfall was inversely proportional to the amount of rainfall
received. However, the map shows that this is an o¢versimplification
of the case, as the 300 mm isohyet crosses the 40 to 80 % seasonal
variability isoliness It appears that the pattern of rainfall totals
and variability is a combination of two factors., Rainfall decrecases
to the southwest as a rcsult of the decreasing moisture content of the

air as it moves further from its source region, The variability of

the rainfall increascs towards the south away from the main convergence
zone over northern Botswana. Consequently, the probability of
favourable synoptic conditions for heavy rainfall decreases in this

direction.

There is little variation in air temperature over the area. As can be
seen from Fig. 2.4, temperatures in the southern Kalahari are highest
at a maximum of 35 - 38 °¢ in September, October and November, just
before the raing, when cloud amounts are small. The highest mean
monthly minimum temperatures (18 - 20 OC) ocecur during the period
December to February and this is the period of the minimum diurnal

temperature rangc.

During the winter temperatures are much lower, with mean monthly
maximum temperatures in the range 21 - 25 OC, and mean monthly minimum
temperatures in the range =1 = 5 °. There is a considerable diurnal
temperature range which is greatest in July, when it is 20°%C. Air

frosts are quite common in June, July and carly August.
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Evaporation rates in the southern Kalahari arc high and excceed
rainfall during all months., The mean annual evaporation from a class
A evaporation pan is 3293.4 am at Ghanzi, 36807 ma at Tshane and
2926,6 mn at Tshabongs Hvaporation is at a moximum (350 ~ 400 am

per month) during Qotober, when ingolation is highest and winds are
strongs The minimum evaporation rateg are recorded in the winter,
whon they are 180 - 210 mm per month. Relative humidity is gencrally
low and rarely rises above 40 % in the middle of the day. Maximum
relative humidity at 1400 hours occurs during the summer, whon it is
30 - 45 % and falls to 20 - 25 % during the winter.

Fige 206 shows wind roses for CGhanzi, Tshanc and Tshabong. At Ghanzi,
windg are dominantly eastorly, with 57 % of all winds blowing from
between north and east. At Tshane, winds are dominantly northerly,
with 65 % of all winds from between northcast and northwest. The winds
at Tshabong are morc cvenly distributed in direction, but tend to be
westerly, with 50 % of all winds blowing from the secctor between
southwest and norths The diffecrent patterns of wind directions
rccorded reflect the anticlockwise spiral of outblowing winds around
the South African anticyclonc. A seasonal change in winds is
detectable, with winds being lighter and more wvariable in direction
during the summer. In the winter, stable anticyclone conditions give

rise to stronger and less variable winds.

HIDROLOGY

As a result of the low ruinfall and high evaporation rates all water
bodiee in the southern Kalahari are ephcmeral, and surface water is
found only in thoe pans and parte of the dry river valleys immediately
after heavy rain. Perrenial springs which used to ocecur at Khakhea
and Tshane no longer flow, as the agquifcrs supplying them are now

tapped by borchcles.

Runoff isg all arcas is very low, as a result of the low rainfall, high
evaporation rates and highly permeable surface sands. The capilliary
porosity of the surface Kaelahari sands is high and all the infiltrating
rainfall is retained by the sand, to be lost by cvapotranspiration from
the vegetation cover. No recharge to groundwater takes place at the
present time, in arcas covered by more than 10 m of sand, as the highly

porous sands absorb all the rainfall. Boocock and Van Straten (1962)
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suggest that present rainfall in the Kalahari is less than half that
necded to allow direct recharge of groundwator., As a result the
groundwater bodics in the Kalahari are essentially fossil or

rcecharged from outside the arca. WMost of the agquifers lie in the

pre Kalahari rocks as the Kalahari Beds arce only locally a good
aquifer, in the calcarcous sandstones at Tshanc and the basal marls

of the upper Molopo valley. In most parts of the southern Kalahari

the water table lics 30 m or more below the surface and can only be
reached by decp borcholes. Locally, therc may be perched water tables,

tapped by shallow wells, in tho pans,

VEGETATION

Five main vegetation types werc recogniged in the southern Kalahari
by Blair Rains and Yalala (1972). Their distribution, which is

shown by Fige 2.7, reflects the increasing aridity of the area
towards the southwest. Arcund the settled arcas of Tshane and Sckoma,
the vegetation is much affected by the activitics of man and his
cattle. Locally cdaphic variations may be important and result in the
vogetation taking on & moslac pattern in which a small number of
woody and herbaccous specics combine in various ways to give

different types of shrub and tree savanns and grassland.

Arid semi desert vegetation is found in the southwest of the area
where the rainfall is less than 250 mm. The vegetation cover is

sparse, and includes somc specics such as Ac

M. incanum and Stipogrostis amsbilis which are

[

A

not found elscwherc, Grasses, which include Bragrostis spp.,

Stipegrogtis spp. and Schmidia kalahariensis, provide a discontinuous

s

sround cover.

4 large part of the southern Kalahari is covered by bush savanna, with

Acacia giraffaec, A. mellifera subsp. detinc

s and Boscia albitrunca as

the main tree speccics. Common shrubs are (rewia flava, Rhusg

comiphorides and 2i

zyphus mucronata. The grass cover is more

continuous and includes Ari

s

5

8pPey Panicum

coloratum and Schmidtia bulbosa. Thesc specics arc combined in a
variety'of waye to form mosiac patterns of shrub savanna, tree savanna
or grassland with scattered shrubs. It apuears that the denser arcas
of trecs and shrubs ore found on low rises, and more open grass

dominated arcas in depregsions.
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North of Tshane is a narrow zone of the Central Kalahari transitional
savannae The specics arc generally the same ag are found in the

gsouthern Kalahari savanna, but with the addition of Lonchocarpus

nelsii and more frequent Terminalia scricevs

Between this zone and tho Qkwa wvalley is a broad belt of shrub savanna

or shrubland with a greater frequency of shrub and tree dominated

)

arcas, Once again, gpccies are similar to the soutnern Kalahari

savanna, with Lonchocarpus nelsii, Acacia uncinata and A, fleckii

—"

being common trees. The dense shrub layer is made up of Grewia
8 J b 3 ;

@ brevigpinosum.

retinervis, zizyphus mucronata and Rhigozu

Locally edaphic conditions or considerablce human activity may result
in the formation of areas of open low shrub scvanna. 4t Tshabong thin
soils on Matsap quartzites give rise to large arcas of open grassland
and shrub savanna. South of Tshane an arca of shrub savanna dominated
by Terminalia scricea with a sparse grass cover hag developed as a

result of overgrazing by cattle.

In the Sekoma and Tselteng areas there arc cxbensive open savannas much
affected by over grazing, in which, as distance from water increases,

the number of woody plants such as Terminalia sericea and Acacia

mellifera subsp. detinens declines and the grass cover of |

gpp. and Aristida spp. increases. South of Khakheca there are large

areas of open grasslond with scattered trees of Acacia mellifera subsp.

detinens.

Parris (1968) has sbown that a number of specics are associatod with
( i

the areas around the pansge These include Acacia mellifera subsp.

detinens, 4. newbrownii, Dichrostachys cincrca and Gatophractes

alcxandrili on the duncs to the south of the pans and 4. newbrownii and

Cenchrus ciliaris on the margins of the pan. Common grasses around

the pans are Qynodon dactylon and Sporobolus sppee

FAUNA

The southern Kalahari contains a large population of plains game, HNost
species are physiologically and bechaviourally adapied to the dry
conditions and lack of surface water. Common specics are the red

hartebeest (Algelaphus busephalug), blue wildebeest (Connochactes



taurinus), springbok (Antidorcas marsupalis), steenbok (Raphicerus

mpmrran = ety

campestris) and gemsbok (Taurotragus oryx). Also common are the

black backed jackal (Canis mesomelas) and the spotted hyena (Crocuta

oA A LT

crocuta). The ostrich (Strutho camelue) is frequently secu.

B

o)

All the specics arc highly mobile and Parris (1970) states that the
pang play an important role in thelr movemcnis, atiracting animals in
search of drinking water in the rains and salte during the rost of the
year. Quite large pits, 1 m across and 30 cm deep, may be dug by
animals in search of water or salts lying below the pan surface. In
addition the hooves of the antelopes may trample and destroy

vegetation on the pan surface,

CONCLUSIONS

Thig chapter has described the main features of the natural environment
of the southern Kalahari in Botswana as a background to the subsequent
discussion of the origins and development of the pans which occur in

the area.

Topographically, the southern Kalahari forms a broad watershed between
the drainage of the Makgadikgadi depression and the Molopo and Nossop
rivers that join the Orange river. On each side of the watershed,
which cuts across the Karroo basin, the Kalahari Beds increase in
thickness towards the upper Molopo river and thoe central Kalahari
basin, indicating that the divide is of somc antiquity. Sands of
Kalahari type mantle the whole of the region with a depth of up to

30 me. Buccessive periods of their redistribution by fluvial and
aecolian processes have resulted in a gently undulating surface
topography, in which the pans and their associated dunes form the

most conspicuous feature.

The semi arid climatc of the southern Kalahari may be viewed as a
result of the position of the area in the centre of the southern
African sub continent, between the cyclonic disturbances of the Cape
Province winter rainfall zonc and the sub tropical convergence gzone to
the north. Today, the climate of the arca is dominated by the South
African anticyclone, but shifts in the strength and position of any of
these systems would result in considerable climatic and environmental
changes throughout the area. The development of the pans shows that

this has been the casc in the recent past,
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THE TOPOGRAPHY OF THE SOUTHERN KALAHART PANS

INTRODUCTION

There are some 1000 pans of varying shape and size in the southern

Kalahari. To date no comprehengive descriptions of their topography
or geomorphic features have been made as previous writers on the area

have given very brisf and often incomplete descriptions of the pans.

Passarge (1904) noted the abundance of tufa (calcrete?) found around
pans and the importance of pans as sources of water for game animals.
Rogers (1934) identified three types of pan in the Kalahari, including
the sand pan, which he gtated was very widely distributed. He noted
the existence of calcretes around the edges of pans of this type, and
also the presence of clays and carbonates on the pan floor,; making the
pans impervious to water, which became saline as it evaporated, thus
inhibiting plant growth. Wayland (1952) described the existence of
sand dunes on the south and southeast sides of the pans, which he said
were mainly circular in shape. He noted the existence of bedded
calcretes and silceretes, diatomites and bleached sands within the pan
depressions, which were floored with impervious deposits. Van Straten
(1955) recognised three types of pan surface: grassed pans, with a
sandy clay surface supporting a dominantly grassy cover; ungrassed

pans, with a sparse cover of halophytic vegetation; and saline pans,

-l

o

with a saline or highly alkaline clay surface, often.deeply etched
into caleretes. Boocock and Van Straten (1962) noted the existence of
a well developed sand ridge around the southern side of the pan
depression, which could lie 15 m or more bhelow the surrounding sand
plain. Grove (1969) descoribed the existence of a belt of pans 50 km
or more wide along the Bakalahari 8Schwelle from Sekoma to Kule. He
stated that the pans, with a spacing of 15 km, each had one or more
lunette type dunes on their southern side, and were contained in round

or slightly north - south elongated hollows.

In view of the lack of knowledge about the topography of the pans,
it is olear that a detailed description of them is an essential

preliminary to a consideration of their origins and development.

The aims of this chapter are: to describe the topography of the pans

in the southern Kalahari; to point to the aspects of the geomorphology



of the pans which need to be explained in order to account for the
origin and development of the pans; and to describe hypotheses that
have been put forward to account for similar features elsewhere in

the world.

TOPOGRAFHIIC DE

Tive represgentative groups of pans in different parts of the southern

Kalahari were selected for detailed study after a scarch of the aerial
photography of the area, taken at scales of approximately 1350000,
1364000 and 1340000 in ﬁ9617 1964 and 1970 respectively. (see
Appendix 1)o The pans for study were chosen in groups to facilitate

A

comparisons, and for logistic convenience., A4s a result there is a
certain bias in favour of pans in the eastern and more accessible
part of the southern Kalahari, as Fig. 3.1, which shows their location,
demonstrates.

The groups of pang selected were ag follows:

Arca 1: Samane, Samosadil, Bee and Tatsewe pans, located northwest
of Sekoma,

Area 2: Sekoma, Kongwe, Keung, Kgama, Khalhea and Khesekwe pans,
located to the southwest of Sekoma,

Area 3: Motsobonye, Kokong, Mashiaphotsana, Mogatse and Dead Tree
pans, in the area around Kokong.

Area 4: Bosobogolo, Mpaathutlwa and Mabuasehubc pans in the
Habuasehube Game Reserve, some 120 km north of Tshabong,

Area 5¢ Nwatle, Masctleng, Pussy, Ukwl and Urwi pans in the area

between Tshane and Kule.

The topographic descripltions that follow are based upon the writer's
field observations, supplemented by a study of the relevant aerial

photography.

In the absence of any detailed contour maps for the southern Kalahari,
all heights referrcd to are the products of the writer's surveys, and

arc related to an arbitrary datum on the pan floor.

Area 1: Samanec, Samosadi,

The firet group of pans lies in the ecastocrn part of the southern
Kalahari, some 25 km northwest of 8Sekoma, in an area of gently
undulating open bush savanna, incorporating extensive grasslands.

The location of the pans studied is shown in Fige. 3.2.
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Samosadi pan (Fig 3.4 Plate 2) lies 3 km southwest of

SRMans Darn.

o]

°

It ie somevhat larger than Samane pen being 0.57 ke™ in ax

glliptical in shape, and measures 1.2 km by 0.7 kme As at
Samane, the surface of Samosadi pap is grass covered and has a
nomber of waterholes. It lies in an elliptical depression

8 to 9 m deep, which is agymmetric in form, with much sleeper

slopes along ites northeagtern edge. Surrounding the pan itselfl

B an extensive ares of grey brown sand, with calerete nodules

i

! ’ .
oscuring at the surface. In the southeast corner of the pan

dﬁpr@ssi§n9 flat lying caleretes and sileretes are exposed. Ouee
again there im a similar arrangement of dnner and outer dunes.

The hummb@ky'mregﬁ of the outer dune lies 23 é above the pan datom
and 900 m from th@ pan edge. It ig separated from the inner dune,

2

which carries a dense cover of small drecs of Acacis mellifera
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Bee pan (Fige 3.4), otherwise um

ned on maps of the area, 13

s Bk

3 km mouthesast of Samane and is the smallest pan in the group,

oy
being 0.18 kn® in area. It is s 3 like a tpriangles with 4
bage towards the wuihm.w, and measures 0.55 kn long by 0.45 km
across ot its widest point. 'The pan is situated in the southern

part of a lemndscate and & m

which is very poorly defined on

The psn surface is covered vy shord Q?‘.K‘ELS:S% with &

surrounded by nodulay salcre hes 8, in which grey caleareous clays ars

exposed. Bee pan has a single low dune on :i:te;f southern marging
riging to a height of 12.% m above the pan datun. The panward

glope of the dunse whilet the far slope of the

dune 1s composed of red brows sand.




Tatewe pan (Fige 3e4) lies 29 km northwest of Bamane pan along the
Ghanzivoattle trek routes It is an almost circular pan 0,75 km
across and covering an area of 0,43 kmag situated in the centre

of an 11 m deep depression 4.2H km2 in area., The pan surface hag
extensive areas of bare grey clay, flooded after the rains, separated
by aveas of short grass., As at Samane, there is a break of slope

500 m from the pan edge on the northern side of the pan, where the
red brown sand of the sucrrounding area gives way to grey brown sands,

which thinly cover calcretes and caloreted clays.

The arcuate ridges of the inner and outer dunes are located on the

gsouthwest side of the pan. The panward slope of the inuor dune is

covered by small sorubby bushes, often growing out of mounds of sand,
rather like nebkha. Between them are wind rippled areas of bare sand,
indicative of present day sand movement. The outer dune isg separated
from the poorly defined crest of the inner dune by a shallow »
depression. The crest of the outer dune, once again composed of red
brown sand, lieg 1050 m from the pan edge and 27 m above the pan
datum.

4 borehole at the pan, now abandoned, yielded saline wateor supplies,

and intersected the following sequence of depositss

0 = 0.6 m clay
O0ub = 4 sandstone
4 =22 silcrete

below 22 « HWeoca sandstone

=

0Of these deposits, probably only the clay can be regarded as a pan

deposit.

Area 23 Sekoma, Kongwe, Keng, Kgama, Khakhea and Khesekwe pansg

This group of pans, with the excepiion of Kgama pan, lies to the south
of the low ridge of Waterberg sandstones, thinly covered by sand; that
runs in a northeasterly direction from Khakhea to a point northeast of
Sekoma. This ridge is the only topographic feature of note in the
area, which is generally flat or gently undulating. The vegetation is
open bush savanua, which is in many places heavily overgrazed.

The locations of the pang studied are shown in Fig. 3.5.
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ghallow wells in the southeast corner of the pan expose green siloretes
and white caleretes overlain by greyisbh clays at a depth of 2 t0 3 m.
A borehole located 500 m northwest of the pan intersects the following
gequence ?

0 - 6  send and rubble

6 - 30 m wilcretes

below 30 m  Waterberg sandstone
Another borchole, near the pan edge, intersects:

1 m ocalcrete
1 =12 m silorete
12 =~ 35w  red clay

below 35 m  Transvaal System dolomito

learly the bed rock geology is somewhat complex, but these records
do show that the whole area of the pan and its surroundings are

rd

underlain by a consgiderable thickness of

1

sileretes which ?hin out
towards the pan floors The origin of the red clay is uncertain, but
it may represent the basal member of the Kalahari Beds, as similar
deposits of red clays and marls are found in borelholes to the south

of Bekoma, in the Holopo farms.

Kongwe pan (Fige 347) lies 10 km southwest of Bekoma, along the road
to Khakhea. It is a small, almost clroular pan, measuring some 1.15
km ascross,; and is situated in a well defined depression 12 m deep,
which has well marked guliies running inte it on the north and east
sides. The surface of the pan, which covers an area of 0058 km27 isg
composed of a grey sandy clay, supporting a thin cover of nerbs and
grasses, After rain, the pan is covered by extensive shallow pools
of water., There is a small exposure of Waterberg sandstones on the

wegtern side of the pan.

On the southwest side of the pan are the well wooded crests of the
grey brown inner and red brown outer duhesg with their crest lines
lying 135 m and 21 m wregpectively above the pan datum. The
panward slope of the inner dune is furrowed by a vumber of small
gullies. In 1972, before it was filled in, onc of these was 2 m deepd
and 3 m wide, exposing the grey brown sand of the inner dunc,
containing abundant shells of the xerophytic land snail xerocerastug

schultzei (Boetiger).
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A borchole in the ocentre of the pan intersects 10 m of boulders

(sic) overlying Watcrberg sandstones.,

When the pan was firset visited in late August 1972 there was

a

extensive evidence, in the form of recent sand accumulations, of

recent deflation from the pan surface, probably caused by the large

numbers of cattle at the borechole,
Keng pan (Fige 3.7) lies some 10 km southwest of Kongwe pan, along
the road to Khakhea. It is an almost square pan, with a sandy clay

surface, measuring .15 km by 0.05 km, and covering an area of some
O @ 7 9 J’«:l’n

and 12 m decp. On the southwest side of the pan there is a 2 m

N -

. " . . . 2
e It lies in the centre of a depression 3.29 km™ in arca
high degraded notch cut into the grey brown sands of the inner dune
which can be traced for gome 500 m along the edge of the pan. It
appeuars to have becn formed when the pan contained water more
frequently and in greater amounts than today. There are abundant

nodular caleoretes in the vicinity of this notch.

The inner and ouler dunes, the crests of which lie 14 and 24 m
respectively above the pan datum, are located on the southern side
of the pan. In plan they have s marked parabolic shape. The
topography of the dunce isg hummocky and a 1ittlc confused, and the

inner dune is not casmily defined. Both duncs carry a densc cover of

[
2o
W

Acacia mellifera subsp. dobing

The cover of Kalahari Beds in the area is very thin, and the pan
appears to occupy & =small depression in the pre Kalashari surface.
There is a small outcrop of an asbestos bearing ultrabasic intrusion
in the western corner of the pan. The depth of pan deposits appears
to be small, and the shallow wells in the pan cut through some 2 m
of greenish grey silcretes before reaching the underlying

ultrabasic rocks.

Kgama pan (Fig. 3.7 Plate 4) lies 12 km due north of Keng pan, on the
northern flanks of the Khakhea - Sekoma ridge, in an area of open
grassland with scattered trees. The pan is almost sguare in shape,
with a bare clay surfacc. It measures some 0,80 km across

o . 2 4 . ..
covers an area of 3.9 kmy and lics in the coentre of a well defined

AN




15 m decp circular depression. The sides of the pan depression aré
furrowed with numnerous shallow gullies, and once again possess the
characterigtic break of slope and change from rod brown to grey

sand at about 100 m from the northern edge of the pan., Extensive
areas of nodular caleretos and sheet siloretes are cxposed around
the edges of the pan.

The duncs at Kgama pan are not particulsrly cxtensive. There is no
scparate inner dune developed, and the outer dune consists of several
more or less separste humaocks of red brown sand, with their crests
at a height of some 24 m above the pan datum. The poorly developed
nature of the outer dune is unusual, and contrasts sharply with the
gize and depth of thoe pan depression. The panward slopes of the
dune have a cover of grey brown sand, which has abundant calcrete
nodules present. More oxtensive shoet caloretes outcrop at the pan
edge and at placcs up the slope of the dune for some 400 m from the
pan cdge, The lower parts of the panward slope of the dune are also
furrowed by gulliecs up to 2 m deep, which are particularly well

developed in the southwost corner of the pan.

At the time of the writerfs visit to the pan, in late August 1972,

extensive sand movements werce taking place on the panward slopes of
the dunc, wher: auch barc sand was visible, There is a small

water hole in the southeast corner of the pan, in which scme 1.5 m

of grecn sileretc ig exposoed,

Khakhea pan (Fige 3.7 Plate 5) is unusual in meny respects and
possesses featurcs that arc not found at pans elmewhore in the
Kalahari, It lics ilmmediately to the south of tho Sekoma ~ Khakhea
ridge and occupies the southern part of & <+ 20 m deep depression
some 4.0 km2 in arca. The pan is oval in shape, measuring 1.65 km
in length by 1.3C kn across, with a small cmbaymeat on its
northern side, and covers an area of some 1,29 km2n It has a bare
clay surface, which floods to a depth of some 25 cm or more after

rain (Plate 18),

The northern side of the pan is overlooked by a bluff some 5 to 6 m
high (Plate 6), topped by a cliff up to 2 @ high of massive calcrctes.

In places they have becn twisted and buckled, pousibly as a result of
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slumping or calecrcte replacement of original rock structures. In
many places the caleretes appear to he a calcreiod scree deposit as
they contain abundant argular or sub angular fragments, up to 10 com

acrogs, of Waterberg sandstones., Below the caleretes are an

extensive serics of purplce and green shalce, banded and calcarcous

4.

siltstones, ripple marked quartzites and thin dolomite beds, which

&

have been folded into a northeoast - southwest siriking anticline and
extensively intruded by diabase sills. In addition, many parte of
the succession, which Boocosk and Van Straten (1962) correlate with
the Matesap Beds of the Waterberg System, are extensively silereted.
In addition to the arca described above, thce arce sporadic outecrops
of similar rocks in many varts of the northern side of the pan

deprogsion.

Around the edge of the pan, particularly ou its southern side, there
are cxtensive arcas of green and grey silerctes, occuring as flat
sheets. Further from the pan edpe thesc silerctos are replaced by
gil-calecretes and then by caloretes, The southern sgide of the pan
depregsion is furrowed by rills and small guliies up to 1 m deecp and

3 to 4 m wide. They cut down through the surface grey brown sands

| to expose panward dipping calcretes, which can be correlated with
those around the pan cdge., At some distaance from the pan edge, on

the southern side of the depression, there are a number of small

exposures of bluc green silcrctes and red brown sandstones. The
origin of these deposits is unclear, but they may be part of the

Matsap Beds succession.

At Khalchea, tho red brown outer and grey inrcer duncs do not appear to

exist. The inncr dunc is representced by a humuocky arca of grey brown
sand around the southern side of the pan, whilst the outer dune may be

represented by an area of hummocky red sand on the edge of the pan

depression at about 800 m from the pan edgc.

Many of the features described above arc poorly develceped or not
found c¢lsewhere at pang in the southern Kalahari. They probahly owe
their particular form to the unusual geologic and hydrological

conditions existing at Khakhea.




e

Khesekwe pan (Fige 3.7 Plate 7) lies some 15 ki south of Khakhea
on the old road to Bray, in an area of gently rolling trec and
bush savanna. The pan ig heart shaped and measures 1 km across.
It occupivs the contre of a depression some 8 m decp and 3,69 km2
in area, The elopes of the northern sides of the depregsion are
noticeably stecper than clsewherc, possibly ag a result of the
oaloretes which outcrop there. The surface of the pan is covered
by long grass and there are several waterholes in which whitish
calcareous clays arc cxposed., A well in the pan intersccts 3 m of

whitish clays and ealcrotes.

On the southern side of the pan there is a gontle rise to the cregtb
of the inner dune of grey sand, 7 m above the pan datum,

Separating the inncr and outer dunce is a 300 to 400 m wide
depression, underlain in part by calcretes at a depth of 1 ms The
outer dunc of red brown sand is almost trecless, in contrast to the
well wooded inndr dunc. Its crest line lies 1.5 km from the pan

edge and is 25 m above pan datum.

A horehele to the southwest of the pan shows that the area is
underlain by 70 m of calcareous sandstones and calcretes resting

unconformably on diabage.

drea 3: Motsobonyc, Kokong, Mashiaphotsana, Mogatse

nrvarcrey a

The third group of pang lies in the wicinity of Kokong in an area of
gently rolling to flat bush savanna, which incorporates cxtensive
tracts of well wooded country. Borehole reccords indicate that the
Kalahari Beds in the sastorn part of the aren are less than 50 m
thick,; and therc is a small outcrop of felsites of the Kanye Volcanic
System at Kokong. The location of the pans studied is shown on

F‘Jgo 3989

Motsobonye pan (Fige 3.9 Plate 8) is almost circular, with an arca of

L 2 . . . -
065 km™ and lics about 1 km west of the Kanye — Ghanzi road some 15

km north of Kokongs The pan, which mcasures 1 km across, has a barc
clay surface and lics on the eastern side of a well defined sub
circular deprossion somc 14 m deep and 6427 km2 in arca. When the
pan was visited in carly May 1973, the surfsce of the pan was covercd

with a thin layer of liquid mud, the pernultimate stage of the drying
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Kokong pan (Pige 3.9) was not studied in any detail., It is an oval
shaped pan, covering an areca of 0.85 km2 and measuring 1.15 km long
and 0,95 km across, with a partly grassed floor., On the north side

of the pan there are extensive outcrops of felgites of the Kanye
Volcanic 8ystem as well as smaller outcrops of silcoretes and calcretes,

which are exposed in the numerous small gullies that furrow this area.

The dunes on the souw.nern side of the pan are ¢uite large. The
hummocky crest of the inner dune lies at a height of 25 m above the
pan floor. However, the outer dune is less well developed and is much

smaller than the inner dune.

Mashiaphotsana pan (Fige 3.10) is the most easterly member of a group
of pansg which lie 10 km west of Kokong on the track to Tshane, in an

area of gently undulating bush savanna.

The pan surface is grass covered, with & number of small waterholes,
and lies in the cenire of a heart shaped depression 3,12 ka in area,
and 9 m deep. The pan itself is poorly defined, and the slopes of
the depression gradually mefge into a number of small level areas,
bare of grass, in the ocentre of the depression., In one of these there
is a small well 2,5 m deep, in which calcarecous sands, nodular and
laminar calcretes and olive green sands are exposed. From the well

section, it appears that the pan sediments are 1.5 m thick.

A gentle slope leads from the centre of the depression to the crest of
the inner dune, 20 m above the pan datum. The inner dune, of grey
brown sand, curvesg round the southern half of the pan depresgsion. The
outer dune isg, in comparison, very small and proved difficult to

locate in the gently undulating area round the pan.

Mashiaphotsana pan ig linked by a shallow linear depression to a small
unnamed pan 3 km to the southeast, where there are extensive calcrete
outcropss. 4 borehole in the vicinity of Mashiaphotsana pan shows

that the area is underlain by 100 m of Kalahari Beds, overlying Hcca

Series sandsgtones and shales.,

Mogatse pan (Figa 3610 Plate 9) lies 5 km west northwest of
Mashiaphotsana pan, along the track to Tshane. It is an almost

rectangular pan, covering an area of 0,73 km2 and measuring 1.2 km by
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On the southern side of the pan are the inner and outer dunes.

Unlike those at the pans described so far, the dunes are not

arranged concentrically, but are offset from one another. At

Mogatse pan, the inner dune is found around the south and southeast
sides of the pan; whilst the outer dune is located on the south and
southwest sides of the pan,; suggesting that they were formed by winds
from different directions. There 18 a straight slope from the pan to
the crest of the inne. dune, of grey brown sand, 29 m above the pan
datum. It is separated on its western side from the outer dune of

red sand, with its oresgt 31 m above pan datum, by a shallow interdunal

depresgsion some 200 m widc.

Dead Tree pan (Fige 3«10 Plate 10) otherwise unnamed so far as the
writer is aware lies mome 3 km due wegt of Mogatse pan. The pan
itself is heart shaped, with a bare clay surface, and measures 0,80 km
by 0.70 km, covering an arca of 0,39 kmgo Like Mogatse pan, Dead Tree
pan doesg not occupy the whole of the floor of the depression.
Encircling the pan there is a 150 m wide area of flat ground, with
abundant calcrete outcrops, especially on the northern side of the

pan, which appears to represent a former extension of the pan,

On the southern side of the pan there is a straighi-rise from this
area of calcrete to the crest of the inner dune, 18 m above the pan
datum, The inner dune is not well defined, and merges with the red
sand outer dune, the crest of which lies 23 m above the pan floor.
Both dunes have a very marked parabolic shape in plan and are

slightly offset in the manner of the dunes at Mogatse pan,

Area 4: Bosobogolo, Mpaathutlwa and Mabuasshupe pans

e

Bosobogolo, Mpaathutlwa and Mabuasehube pans lie 120 km north of
Tshabong in an arca of undulating topography. They are the most
accessible of the pans of the Mabuaschube (ame Heserve, which was
created around this group of pans., The pans in this group are
situated on the southern edge of the area of the highest density of

pans.

The vegetation of the area is shrub savanna of the southern Kalahari
type, modified here by the relative aridity of the climate (rainfall

here is about 250 mm per year, with an 80 % seascnal variability) and
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In the Mabuasehube area, the cover of the Kalahari Beds appears Lo be
thin., Vertically dipping shaleg and sandgtones of the Waterberg
System outcrop on the northern and western sides of Mabuasehube pan.
At tpaathutlwa pan,; 10 km to the south, therc is an outorop of
Karroo System Dwyka tilliites on the northern side of the pan. The
area thus lies on the eastern boundary of the Harroo basin of the
Kalahari. Massive caleretes are common around Mabuasehube pan and
along the road betuwee.. 1t and Mpaathutlwa pan., The location of the

pans studied is shown on Fig 3«11,

Bosobogolo pan (Fige. 3.12) is the southermost of the Mabuasehube
group of pans. It is an oval pan, measuring 2.24 ki long by 1.28 km
wide and covering an arez of 2,0 kmeo The sandy clay surface of the
pan is covered by short grass, with a few small waterholes surrounded
by calorete on its southern side. Bosobogolo pan lies in the centre

2
of a sub circular depression T.12 kn” in area and some 10 m deep.

Around the edge of the pan there is a zone 80 to 100 m wide of grey
pandy clay with abundant calcrete nodules, supporting a sparse cover
of short grass and herbs, This zone, which appears to represent a
Tormer extension of the pan, increases to a width of 200 m in the
southwest corner of the pan. On the northwestern side of the pan it
forms a small embayment in the slopes of +the pan depression, into
which a small gully leads., In common with most of the pans
described so far, there is a distinct break of slope between the
outer and inner slopes of the pan depression, associated with a

change from red brown to grey brown sand with sporadic calcrete

.nodules,

On the south and southeast sides of the pan there is a well developed
get of dunes, The inner dune of grey brown sand is well wooded and
extends around the southeast and south sides of the pan. Its crest
line lies 26 m above the pan datum. To the south it merges with the
massive outer dune of red sand, although elsewhere the dunes are
geparated by a small depression. The outer dune rises to a crest
line 36 m above the pan datum, and has a much morc open type of

vegetation, with extensive areas of grass and bare sand.
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in area and 30 m deep. The outer slopes of the depression are very
gentle, but become much steeper towards the pan, where caleretes
outcrop. On the north gide of the pan there is an extensive outcrop

of calcified Duyka tillite.

On the southern side of the pan ig an area of dunes. The main dune
ridge liesg 1800 a from the pan edge and rises to a crest line 47 m
above pan datum, It forms a massive crescent shaped accumulation of
sand, curving around the southern side of the pan. The main bulk of
the dune ig composed of red brown sand. No inner dune as described.
elsewhere geems to exist. There is a strailght slope 600 m long of
very sparsely vegetated grey brown sand from the pan edge to an area
of massive calcretes and sil-calcretes thinly covered by grey sand
and calcrete rubble some 300 to 400 m wide and rising 3 m above the
surrounding area. This outorop of calcretes extends around the
southern edge of the pan in a position where one would expect to

find an inner dunc, The surface of the outcrep is gently undulating,
with digtinet rills and gullies leading from it to the pan. On the
side away from the pan, the calcrete dips under vred brown sand for 100
m until it can no longer be traced. From its pogition and topography,
it would seem that this area of calcrete is the indurated core of the
inner dune, from which the surface sands have been removed and
depogited aguingt the face of the outer dune. Deflation is certainly
taking place today at Mpaathutlwa pan, for numerous “dust devils®
were observed while the writer was at the pan, in July 1973,

(Plate 17).

Mabuasehube pan (Pig. 3.12 Plate 12) lies 15 ku north of Mpaathutlva
pan, It is an oval pan, measuring 2.0 km long by 1.6 km wide, and
covers an area of 1,95 szo The pan, which has a bare clay surface,
lies in the centre of an ill defined depression 5.44 km? in area,
and 30 to 40 o deep., The sides of the depression are steep in the
immediate vicinity of the pan, especially on the western side, where
there is a 15 m high bluff, topped by 2 m thick massive calcretes,
overlooking the pan. The lower parts of this bluff are developed in
vertically dipping red shales of the Waterberg System, which strike
in a north - south direction. Similar outcrops can be found on the
northern and eastern sides of the pan, wherc they form similar but
more subdued sloges. There are numerous small gullies and rills
furrowing these rock ocut slopes, somc of which have built small fans
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On the southern side of the pan there is an extensive area of dunes,
covering an area up to 2 km from the pan. Both the outer dune of
red brown sand, and the inner dune of grey brown sand have marked
parabolic shapes. Invegtigations by Professor Revill Mason, of the
University of the Witwatersrand,; (R. Magson perse.comm,) have shown

that the area of the pan was occupied or visited by men in the Middle

Stone Age, presumably when the water supply from the pan was more

reliable than today. ’

Area 53 Nwatle, Masetleng, Pugsy, Ukwi and Urwi pans,

Thig group of pans liecs in the unsettled area between Tshane and Kule,
along the infrequently used track bstween these two places, The
topography of the area is gently undulating, with an almost
undigturbed bush savanna vegelation. In many places the trees reach
heights of 10 m and the vegetation takes on & parklike appearance.
Game ig abundant in all parts of this sector of the Kalahari.
Rainfall averages some 300 mm por annum., Little is knoun about the
underlying geology of the area as there are no boreholes between
Tsghane and Kule, but evidence from boreholes bordering the areca
suggests that the whole of this part of the Kalahari is underlain by
Karroo System sandstones and shaleg of the Heoca Serics, which
outerops at Ukwi pane. Apart from the surface Kalahari sands, the
Kalahari Beds in this area may be reproscented by thick calcretes and
calcareous sandstones, known to exist in neighbouring areas of
Namibia (South West Africa)s The location of the pans studied is shown

il/l F]_El 30 145

Nwatle pan (Fige. 3,15 Plate 13) is the most casterly of this group of

pans and lies approximately 100 km west of Tshane., The pan is

lemniscate in shape, measuring 1.10 km long by 056 km wide and

; covers an area of 0,34 ksn“, It has a barc clay surface and lics on

g the eastern side of an oval depression 4.32 ng in area and 10 to 15 m
! deep, which is poorly defined on its northern cdges, but has quite

f steep slopes and a well defined edgs on its west and southwest sides.
i

é The pan is surrounded by a 200 to 400 m wide zone of grey brown sand,
? with abundant calcrete nodules, which appears to represent a former

g extension of the pan. On the north side of the pan this zone widens

f out and becomes guite cxtensive, Its northern extent is marked by

a distinct break of slopc and vegetation change from a sparse cover of
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Like those at Mogatse and other pans some 200 ki to the east, the
dunes at Nwatle pan are offset, with the outer dunes on the southwest
side of the pan and the inner dune on the sgouth and southeast gides of

the pan.

Deflation appears to be quite active at Nwatle pan today. In many
parts of the pan, there are small residuals of grass covered sandy
goill up to 3 m across rising 30 to 40 cms above the present pan

surface. In addition, therc wés a continuvous cloud of dust being
blown off the pan during a period of windy weather when the writer

was at the pan in late July 1973.

lasetleng pan (Figs 3.15 Plate 14) lies mome 18 ki west of Nwatle pan
along the track to Kule. It is an oval shaped pan, measuring 2,08 km
long and 0.92 km acrogs, with a bare clay surface and covers an arca
of 1.4%5 km2e Masetléng pan is located on the southeastern gide of an
almost sguare depression 6,72 km2 in area and 22 m deep. &s at
Nwatle, the depression is asymmetric in form with steeper slopes
along its southeastern margins. Around the cdge of the pan there is
a zone where calcretes outcrop at or near the surface, This zone is
particularly extensive on the north and northwest sides of the pan,
where it is up to 800 m wide. Like similar arcas at Mogatse,
Bogobogolo and Nwatle pans, it appcars to represent & former exiension
of the pan. There is a sharp boundary to this zone, marked by a
vegetation change from very short grasses and herbs to longer grass
and shrubs; and a glight brealk of slope., In the northwest corner of
the pan depressgion there are two shallow linear depressions about

200 m wide,; clearly traccable on the ground and casily visible on the
aerial photography. One of the depressions leads west northwest to a
small pan,; Pussy pan, descrived below. The other leads north to two

small pans about 2 kn away.

On the southern side of Masetleng pan are large inner and outer dunecs,
both well wooded. The inner dune, of grey brown sand, rising to a
crest line 22 m above the pan datum and 750 m from the pan edge, forms
a crescent shaped ridge around the south and southeast sides of the
vane. It is separated from the outer dunc of red brown sand by a
shallow depression some 100 m wideo In plan, the outer dune forms a

triangular accumulation of sand on the south and southwestern sides
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of the pan, with its main bulk lying opposite the centre of the pan
depression. The crest line of/the outer dune lies 34 m above the
pan datum and 1500 m from the pan edge.

4
Pussy pan (Fige 3.15), obtherwise unnamed to the writer's knowledge,
lies about 1 km west northwest of Masgetleng pane. It is linked to
Masetleng pan by a shallow depression flecored by grey brown sand,
some 200 m or move widc. Pussy pan itself is sub circular in shape
and measures some Ol km across. It has a partly grassed surface, with
a small water hole surrounded by long grass in the centre of the pan.
Pussy pan lics on the southern side of a depression some 0690 ka in
area and 5 to 6 m deep. Sporadic outecrops of calerete can be found
on the western side of the depression. A swnall and shallow gully

some 500 m long enters the pan in its northwesterly corners

From the pan floor there is a straight slope up to the crest of the
single dune 600 m from the pan edge and 14 o above the pan datum.
The panward slopes of the dune are composed of grey browa sand, whilst

N

the far slope and crest are of red brown sand,

It appears that Hasetleng and Pussy pans form part of a loocal

drainage system that was interconnected at some time in the past,

Ukwi pan (Fig. 3.16 Plate 15) lies 50 ka northwest of Masetleng pan,
along the track to Kule. It is & heart shaped pan with a bare
whitish clay surface measuring some 4.4 km across and covering an

. 2 - . .
area of T.45 km™, making it, in terms of surface area, the largest

~pan in the southern Kalahari. Ukwi pan lies in the southern part

of a depression 16.64 km2 in arca. The outer slopes of the
depression slope almost imperceptibly to the pan, but, some 400 m
from the pan edge,; there is a sharp break of slope and a change from
red brown sands to grecy brown sands with abundant calcrete nodules.
At the pan edge, there is a further brecak of slope, and a steep slope
with some calcrete outcrops, leads down to the pan, On the northern
side of the pan, a bluff, topped by massive caleretes 3 to 4 m thick,
forms the pan edge, A meandering gully, some 200 to 300 m wide,

leads from the northeast corner of the pan. There are sporadic
outerops of purple shales of the Ecca Series, and green silcretes can

be found on the southern and eastern sides of the pan,






formation, with the pan ffboding‘to a depth of up to 1 m. Beyond

this dune, which appearsd to be receiving material today, there ip a
depression, at the same level as the present pan floor and with a
gimilar surface, It appears to be flooded from time to time. On the
gouthern side of the depression is an area of magsive calcretes,
thinly covered with grey brown sand. From this calcrete outcrop,
there is a steep rise 1o the well wooded crest of a massive dune of
grey brown sand, some 800 m from the pan edge and 40 m above the pan
floor. From the orest of this dune, which curves around the south and
southeast sides of the pan and appears to be the main dune ridge,
there ig a steep fall to a small depression and & rige to a smaller
dune of brown sand. Beyond this there 1s a hummocky area of red brown
sand. It would appear that the general form of the main dunes at Ukwi
regembles that of those at Nwatle.

Urwi pan, (Pige 3«17 Plate 16), which was the last pan studied in the
field work period, lies 25 km northwest of Ukwi pan. It is a
semicircular pan, covering an area of 2.10 kme and measuring 1.4 km
long by 148 km across, with a bare powdery clay surface, Urwi pan
lies on the southern side of a depression some 30 m deep and 15.52

k.'m2 in area, which is very poorly defined on its north and northwest
sides, As at Ukwi pan, there is a distinct break of slope between

the outer and inner slopes of the depression, accompanied by a change
from red brown sand and bush savanna vegetation with long grass to grey
brown sand with calcrete nodules and a thin grass cover. There is a
further break of slope at the pan edge, marked on the northern side of
the pan by a small bluff topped by a calcrete outerop similar to that

at Ukwi pan.

On the southern side of the pan there is an extensive area of dunes,
stretching for 3.% km from the pan edge. Three distinct dune ridges
can be identificds Tive hundred metres from the pan edge is the crest
line of the first dune,; composed of grey sand, 22 m above the pan
datum. It is separated from the second dune, composed of grey brown
sand with its crcst line 800 m from the pan edge and 28 m above the
pan datum, by a narrow depression. A 100 m wide depression separates
the second or middle dune from the outer dune of red brown sand, which
ig a massive accumulation of sand with its crest line 2.5 km from the

pan edge and 40 to 50 m above the pan datum. It appears that the outer
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dune at Urwi is equivalent to the outer dunes found elsewhere. The
innermost dune appears to be equivalent 0 the inner dunes found at
other pans. The middle dune at Urwi is more of a problem, but it
does appear to have sgimilarities with the transitional areas between
inner and outer dunes elsewhere, and with some of the similar areas

at Nwatle and Ukwi pans,

Conclusions

Prom the foregoing descriptions of the southern Kalahari pans,; it is
clear that, despite the individual naturec of cach pan; there are many
features that are common to all pans. Inter pan variability beocomes
insignificant when the whole of the southern Kalahari is considered.
Summarising the main btopographic features of the pans, the following

conclusions can be made.

The pans: the flat central parte of the depressions are occupled by
the pans, which may have a surface of bare clay, long or short grasaes
or low growing succulents and herbs. The pans are rogular in shape.
Most of them are sub circular or sub elliptical, and highly irregulay
or very elongated pan shapes are rare in the southern Kalahari. The
pans are surrounded by a zone of grey brown clayey sand, often with
c&lcrete nodules which appears to represent a former cxtension of the

pan .

The depressions: the depressions containing the pans are, with few
exceptions, isolated and enclosed. Only Masctleng and Pussy, and
poasibly Mashiaphotsana pans appear to have any links with other pans.
Like the pans, the shape of the pan depressions is regular, and is
comnonly sub circular. The slopes of the pan depregsion,; on the smides
not occupied by the dunes,; are marked at most pans by a distinct

break of slope some 200 to 300 m from the pan edge, associated with a
change from red brown sand to grey brown sand and calcretes. At a few
of the larger pans, there may be two of the breaks of slope,; one near

the pan edge and the other at some distance away.

The dunes: on the southern side of all pans is an area of dunes.
Commenly there are two dune ridges, separa%ed by an interdunal
depression of varying width. The ridge furthest from the pan is

compoged of red brown sand and is called the outer dune. The other
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ridge is composcd of grey brown sand and is called the inner dune.
Exceptionally there may be a single dune ridge formed by the
coalescence of the inner and outer duncs, whilst at a few pans
three separate ridges may exist., At most pans; the outer dune is
the larger of the fwo dunes, but at Motsobonye, Mashiaphotsanag
Kokong, Nwatle and Urwl pans it is poorly developed. In plan, the
dunes have a crescentic shape. In the central and western parts of
the southern Kalahari, the inner and outer dunes are often offsct,
with the outer dune being found on the south and southwest of the

pan and the inncr dune on the south and southeast sides of the pans

Present geomorphic proccgses: as far as the writer's observations
permit, the evidence for present day geomorphic activity in and
around the southern Kalahari pans is slights The pans are rarcly
flooded to any extent and for any length of time today, and signs

of recent lacustrine processes are largely absent. TBgually, evidenoce
of substantial deflation was regtricted to a few pans. From this it
would appear that the topographic featurcs of the pans arce the result

of conditions unlike those of the present daye.

Thus, to explain the origin and development of the southern Kalahari
pans it i8 necessary to account for the distribution and formation of
the depressions that contain the pans, the deposits of the depression

floors and the dunesg on the southern margins of the depressions.

PPTWIOUS HYPOTHESRS PUT FORWARD TO EXPLATN THE CRIGINS OF THE

SOUTHERN KALAHART PANS.

Various hypotheses have been put forward to explain the origins and

development of the pans of the southern Kalahari. Passarge (1904)
noted the importance of the pans as sources of water for game animals,
and suggested that their trampling action was responsible for pan
formation. Rogers (1934) acknowledged that game animals appeared to
promote the removal of large amounts of material from pans, but
concluded that wind, acting on the bare surfaces of pans, was the
process by which the pans were formed. Wayland (1952) stated that
most pans were formed by wind action during some period in the past

and discounted the effects of biogenic action in pan formation.



Boocock and Van Straten (1962) noted that there was no general

agreement on the processes of pan formation, but that wind action
was the mogt important factor in maintaining and extending pans at
the present time. They suggested that the pans lay in belts that
could be related to ancient drainage lines, and that the pans were
the remants of ancient sand choked drainage lines. Grove (1969),
citing the existence of dunes on the southern side of the pans,

suggested that they had been formed by northerly winds.

COMPARISONS WITH STHILAR FEATURES IN OTFNR SEIT ARID AND ARTD AREAS.

A wide variety of natural depressions, often containing small
seasonally dry lakes, have been described from the semi arid and arid
areas of the world. They range in size from the "buffalo wallows®

of the Great Plains of the western U.S.4. and the "gnamma holes' of
Augtralia, to the great desert depressions such as the Quattara
Depression of Libya and the Sechara Basin of Peru. Conseqguent upon
the wide geographic distribution of such features, a wide variety of
hypotheses hag been put forward to explain their origin. The most
plausible of these are: solution; solution and collapse or settling
of underlying strate; dessication of river systems; blogenic action;

and deflation.

Solution depressions or dayas cut into level limestone plains of
gemi arid and arid areas, have been described from North Africa, the
Middle East and New Mexico by Mitchell (1974). Commonly, dayas have
steep sides and flat, seasonally wet floors. In shape, size and

surface features some dayas are not unlike the southern Kalahari pans.

However, surface limestone or gypsum oulcrops covering a large area

seem to be a necessary precondition for the formation of dayas.
Formations of this type are absent from the southern Kalahari, so it
would appear that a solution origin for the pans there is unlikely,
but it is possible that etching of depressions into surface calcretes
on the lines suggested by Boocock and Van Straten (1962) may have

taken place locally.

Solution of underlying rﬁcks, followed by the collapse of surface
gtrata was advocated by Johnson (1901), Smith (1940) and Frye and
Schoff (1942) to explain the origin of the small sub circular
depressions of the High Plains of the western U.S.A.. Johnson (1901),
Schoff (1939) and Frye and Schoff (1942) also considered the



posesibility of near surface differential settling of unconsolidated
strata as a means of forming small depressions. Requirements for

the above hypotheses appear to be weakly cemenied sub surface strata
and poorly consolidated surface strata. BSuch deposits undoubtedly
do exist in the southern Kalahari., However, the tendency has been
for the ccmentation of these deposits by calcium carbonate or silica,
rather than their disintegration by solution and settling. In
addition, an examination of the evidence from the U.8.A. by Recves
(1966) suggests that such a hypothesis is untenable, except in very

localised examples,

Concentrations of dry lakes in many semi arid and arid areas have
frequently been regarded as the remnanis of extensive river systems
developed under more humid conditions. Progressive dessication,
leading to intermittent flows and collapsc of sandy banks, results

in the isolation of scctions of the rivers, which then become local
centres of drainage. In the High Plains of Texas, Reeves (1966)

has concluded that the larger lake basins have developed along the
courses of former river gystems. In Western Australia, Gregory
(1914), Jutson (1934) and Bettenay (1962) have described lake systems
as remnants of Tertiary river systems. In southern Africa, the pans
of the western Orange Frec State and the Lake Chrissie area have been
shown by Wellington (1943, 1945) to be the romnants of former river
systems. In the Kalahari, Jacger (Rogers 1940) concluded that
limestone pans lay along the courses of defunct river systems.
Examination of the cvidence presented in these papers shows that dry
lakes that occupy parts of former river systems have a number of
distinctive features. They are characteristically elongated and
irregular in shape, and have distinctive linear groupings and
alignments. Often they can be shown to form a pattern related to

present drainage divides and drainage lLincs.

The influence of animals in creating small natural depressions in
semi arid areas has been widely advocated. Darton (1915) suggested
that buffalo were responsible for the creation of thousands of small
depressions, termed “Buffalo wallows®™ in the Iigh Plains of Texas.

In southern Africa, Allison (1899), Laloy (1905), Passarge (1911) and
Flint and Bond (1958) have all suggested that game animals sceking

water or salt have promoted the formation of pans and similar small



depressions by trampling and destroying vegetation and surface soil,
or removing material on their coats. No doubt early investigators
were impressed by the large numbers of game animals found at pans and
the dust clouds they produced (Hutchinson 1958), but it is difficult
to see how the action of game animals, however numerous, could have
produced over a thousand depregsions in the southern Kalahari, many

of them 0.5 km2 or morc in extent and up to 40 o deep.

Closed depressions in arid and semi arid areas have often been
regarded as being the products of deflation, In many cases this
conclugion is more the result of lack of any evidence other than that
the deprespsions occur in arid or semi arid areas., In discussion of
the deflation hypothesis, it is necessary to make the distinction
between dry lakes in basineg created by deflation, and dry lakes in
basing created by other processes, but subject to surface lowering
by wind action. The form of both types of dry lake may be similar,

but he the result of a very different set of oconditions,

Deflation from the surface of seasonzlly dry lakes to form clay or
sand dunes has been described from the U.S.A. by Blackwelder (1931),
Reeves (1965) and Bowler (1973); from Australia by Hills (1931),
Bettenay (1962), Campbell (1968) and Bowler (1970); from North Africa
hy Bourlaine (1954) and Coque and Jauzein (1967); and from southern
Africa by Rogers (1907) and Jaeger (1939). Such a process is thus

of wide ocourrence and great significance and gives rise to lake
basing that are commonly bordered on their downwind sides by a series
of crescentic or lunette dunes, resembling those bordering the pans

of the southern Kalahari.

Lake basging created by wind erosion have heen described from the High
Plains of Texas by Gilbert (1895), Bvans and Meade (1945), and Reeves
and Parry (1969), These lake basins commonly have a sub circular
shape, shallow depth and small size, with a flat floor occupied by a
seasonally dry lake, Am arca of fringing dunes is found on the
southern margins of the basin., In Australia, Twidale (1968) has
described clay pans and playas of deflation origin in interdunal
corridors in the Simpson Desert. In southern Africa, many
investigators have sugsested that pans are formed by wind action.

Du Toit (1907, 1926) attributed pans in the northern Cape 1o



deflation and Jaeger (1939) stated that the pans of the Namib Desert
arc the result of wind action. The evidence presented in the
literature suggests that lake basins created by deflation are found
in areas characterisced by level or gently undulating plains,
unidirectional strong winds and unconsolidated sandy surface deposits.
Deflation basing are commonly well defined, sub circular to sub
elliptic in shape; with a tendency to elongate downwindi relatively
shallow, rarely more than 50 m deep; relatively small, oftcn less
than 5 km across; and gencrally possess an arca of fringing dunes on

their downwind side,

USIONS

This chapter has deseribed tho main features of the topography of the
southern Kalahari psns, which are contained in well defined sub
circular depressions 10 to 30 m deep and up to 5 km acrosg, with an

area of fringing duncs on their southern sidcse

The effects of present gecomorphic processcs upon the pans appears to
be minimal, and it appears that the main topographic features of the

pans are the result of conditions unlike those of today.

Previous workers in the southern Kalahari have indicated that wind
action has played an important part in the development of the pans.
Comparisons with similar features elsewhore in the world suggest

that this ig indced the case.

The folliowing chapters will attempt to cxplain the origin and
development of the southcern Kalahari pans by considering the
disgtribution of the pan deprcssions, the morphology and composition
of the dune complexes, and the composition and extent of the deposiits

of the pans.



CHAPTER 4.




TiE DISTRIDUTION OF TIE SOUTHERN KALALART PANS

g

INTRODUGTION

Little or nothing is known about the distribution of pans in the

gouthern Kalahari. Even today, the 13500000 and 1:1 million maps of

the area show only a few of the many pans in the region.

It is not surprising that the comments of previous writers on the
distribution of the pans have been brief, Wayland (1952) suggested
that the aeolian pans tended to run in belts within which their
perceived alignment was more apparent than real, due to the fact that
the tracks went from pan to pan. Boocook and Van Straten (1962)
stated that the greatest concentration of pans could be found within
a 140 km radius of Tshane, and that the pans were distributed in
belts related to ancient drainage divides and river systemss Grove
(1969)7 writing with the benefit of aerial photographs not available
t0o earlier investigators, described a 50 km wide belt of pans along
the Bakalahari 8chwelle, with pans being spaced at 15 km intervals

in places.

In view of the above lack of information there is a basic need to
describe the distribution of vans in the southern Kalahari with more

precision.

‘ Thus, the aims of this chapter are: to describe and analyse the
§ digtribution of pans in the southern Kalabhari, and to put forward ;

. hypothesges to explain the distribution.

THE_DISTRIBUTION OF 'FE SOUTHERN KALAMART PANS

% The only maps covering the whole of the southern Kalahari are at scales
E of 13500000 and 131 million. As stated above they show only a
1

fraction of the pans to be found in the region.

|

1 However, print lay downs (uncontrolled air photo mosaics) at a scale
g g , of approximately 1:125000 are available for the whole region. They
§ show all pans that can be detected on the aerial photography of the

region.




For the purposes of this study only pans that pogsessed features
described in chapier 3 were mapped, Thue a pan ghould be contained
in a well defined depression with an area of fringing dunes on its
gouthern side., These features, which were posgessed by almost all
pans in the area, proved easy to recognise on the print lay downs,
and enabled the accurate deliniation of the belt of pans along the

Bakalahari Schwelle,

Tracings were made from the print lay downs to show all pansg of the

23 I d ,

type defined above., From these maps were made of the total number of
. 0 ; . . . .

pans in each 1/16 quadrangle (1/4 of a print lay dowsy; the number

o

of large pans {longest dimension more than 0.5 km); and the numbc: cf

small pans (longest dimension less than 0.5 km),

This division of the pans into two arbitrary groups was underiaken in

order to see if there was any significant difference in distributicn

of pans of different sizes.

These maps showed the extent of the area contalning pans of the type
defined in the southern Kalahari, and the distribution of p2ns within

7

the area,

Fige 4»1 shows the distribution of all pans in the southern Kalahari
that possess the stated features, and iliustratcs that they lie in a
well defined belt. In the east of the area the belt is only 30 lka
- . . . L O .
wide and contains relatively few pans (2 to 4 per 1/;6 quadrangle ).
. . . Q N -
It steadily widens out, the number of pans ver 1/16 = nquadrangle

¥ o 4 <

increasing at the same time,; to a maximum width of some 300 km at

22°E. The belt then narrows northwestward to the Nemibian {south
West African) border at Kule. The form of the pan beld closgely

parallels that of the watershed.

It will be seen that the number of pansg per 1/16 ° gquadrangle decroass:
away from the axis of the watershed. There are few peng norih of 23Cf}9
as the Okwa drainage systen is approached. Similarly there are very
few pans in the southwest part of the southern Kalahari , townxds the

dune belt along the Hossgop river,
g
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the maximum density recorded belng 14 per 1/16 © guadrangle in the
area northwest of Kule. They are then scatitered at dengities of

2 to 4 per 1/16 © quadrangle over mogt of the pan belt of the southern
Kalahari. However there is an area where the denslty of large pans ig
more than 4 per 1/16 © quadrangle. This area stretches continuously
from wesgt of Khakhea to west of Tshane and, with a small break, on to
the Kule .- Ncojane arca. It is within thie belt, which lies along the
axis of the watershed, thatl all the concenirations of large pans ocecur,
and 6 1/16 © quadrangles record more than 8 large pans. Two of these
areas are centred on Kokong, one to the weslt and another to the south
east. Purther areas of high density of large pans can be found in

n

the vicinity of Manyane pan, northwest of Tshane; around Tshotswa pan

14
west of Tshane; and in the Xule - Ncojane area.

Fige 4.3 shows the distribution of the small pans (longest dimension
less than 0.5 km). Pans of this size are by far the most numerous in
the southern Kalahari, and occur widely. They are concentrated into a
number of areas in whioch densily reaches more than 20 per 1/16 ©
quadrangle. The most extensive of these occurs north of Tshabong,
spanning the track to Tshane. Other more regtricted areas of small
pans occur in the Motokuse area; southwest of Kokong in the

neighbourhood of Mabulitlhake, southwecst of Tshane and ecast of Kule.

Bxtensive areas of a moderate density, & to 16 pans per 1/16 ©
quadrangle, occur in the area between Kokong and Tshane, and in the
Manyane pan area north of Tshane.

From the above it is clear that the pans of the southern Kalahari
ocoupy a well defined belt up to 300 km wide, that stretches from
Sekoma to the Namibian (South Weslt African) border in the Kule -

Noojane arca.

The form of this belt corresponds closely to that of the watershed,
which narrows to the east and weset from its maximum width at about
QZOED Within this belt there are ﬁotable conocentrations of pans,
particularly in the area between Kokong, Tshane and Mabuasehube.
Further, smaller concentrations can be found in the Xule - Ncojane
area; in the wvicinity of Manyantc pan north of Tshane; and in an

area northwest of Tshabong.
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KA LA.U. I

woof the southorn Kalahari

SPATTAL AWALYSIS OF 1HB DISI

For the purposes of thisg analysis the par

- PANS.

-~

may be consgidered as a set of points distributed in space,

In view of the large numbers of pang in the gouthern Kalahari and the
wide area over which they are digtributed, it waw decided to use
guadrat methods, despite their limitations, rather than nearest
nelghbour methods, for analysis of the diasteibution. Few applications
of quadrat mathods have been made to problems in geomorphology,
although the technique isg well established in plant ecology (Grieg
Smith 1964) and human geography (King 1969). Host of the
geomorphological applications have been in the field of karst
morphology, that of MeConnel and Horn (1972) being the mogt

4

applicable to the present prohlem, The only application of
quadrat techniques to arid lands geomorphology known to the writer is

Goudie (1970).

Quadrat analysis is a technique for evaluatiag the arrangement of
points in an area, or on a map, that has been partitionsd into
guadrats, or small subdivisions, and to test the statistical
distribution of these points against one or more distribution

functions,.

Thus a distribution may be identified as random: more regular than
random, or more clustered than random. With a random distribution the
guadrat mean frequency will be equal to its variance. Thus a more
regular than random disgtribution will have & variance smaller than the
nean, and a more clustered than random distribution & variance larger
than the mean., In a random distribution of points over a plane, in
which any point has an equal probability of ocouring at any position,
and small subdivisions (or quadrats) have an equal chance of
containing a point, the position of any point is in no way influenced

by the position of any other point,

A non random distribution is taken to indicate that the points are not
mutually independent and that the position of one point is determined
by the position of others, This may be a conitaglious distribution,

involving the spread of a phenomenon., In addition certain randomly

distributed areas may have more favourable conditions for the



Pl

existence and development of the phenomena, thus leading to clustering,

In the case of the southern Kalahari we can posgtulate three hypothesews

To The distribution of pans is random.
2o The distribution of pans is clustered to some degree,

reflecting either a gituation wherby some areas are especlally

favourahle to pan formation; or one in which the panm are
linked to esach other in some way, perhaps as locally connected
drainage systems: or in which the dlaotribution is of randomly
distributed clumps in areas favourabloe to pan formation.

e The distribation of pans is clustered, as the result of two

mutually independant random processess the creation of

conditions favouring pan formation; and the effectiveness of

the processes themselves.

A fourth condition of regularity could be postulated, but since the
sample variance ig larger than the mean, the distribution of pans in

the southern Kalabari must tend to be more clustered than regular.

Acceptance or rejection of the hypotheses described above can be made

1.

on the basis of whcether the distribution is most adequately described

by the Poisson, Hegative Binomial or Hixed Poisson models respectively.

The Probability Models

If a randomly disgtributed set of points is sampled by gquadrats, then

the expected number of points per quadrat (p) i given by the Poisson

Seriess

it

n/g

the number of points and @ is the number of quadrats. Thus

P

where n

i

the probability that a quadrat contains exactly x points is given bys
p(x) = p* emp/xs

where p = the mean of the observed distribution.

The Poisson model describes a distribution in which points are

distributed as a result of a single random proccss,

Two models for clustered distributions can be put forward. The first

is the Negative Binomial, in which the mumber of points in any

gquadrat is variable, based on the number of points in any other quadrat.



The probability of o guadrat containing x points is given by:
kv x-iy Lk x
) vy

p(x) = iy

Where p, a mcasure of randomness, is given hy ?}E/vy and k, a measure

)
of clustering, is given by §Z/(vé§).
The Negative Binomial model describes situations in which the
distribution of points is randoa, but the density varies over space
in respeonse to more favourable conditions in some aveasg; there are
randomly distributed clumps of points; and initially rendom
distribution of points generates further points in close proximity at

!

a logarithmic rate.
A further model is the Mixed Poisson, in which distribution of points
is the result of two independant random processes,.

The probability of & quadrat containing x points is given by:

'y X o S |
p() = g0 LI+ (05 2 )
Xa Xe

in which k1 and kp are the probabilities that a poiunt is located as &

result of first or second processes, and ¥, and Y? are the parameters

1
for the Tirst and second distributions respectively.

The Mixed Poisson model is appropriate in a situation where the
distribution of points ig random but is affecied by locally favourable

condltions randomly distributed.

The expected number of ooints per quadrat was generated for each of the
above distributions using a BASIC programme, written by the writer, and
run on the Hewlett Packard HP 9800 Series calculator of the University

of Malawi,

The theoretical froguencics were compared to the observed for goodness

of fit by the Chi sguarcd one sample test:

there o = observed freqguency in each class, and ¥ = expected or
theoretical frequency.

The null hypothesis, that the difference between observed and

theoretical frequencies is due to chance, was accepled or rejected at

the 0.05 level of significance.




Ihe Statistical Analysis

In seeking an anpropriate sampling design, the ochoice of an appropriate
quadrat size presents considerable difficulty, as Gricg Smith (1964)
has indicated, The%g geen to he no satisfactory ruleg to apply,

except that the sizc of guadrat should be largcr than the possible

clusters of points, and yet small enough to make the probability of

it containing points small. In view of +the above, choice of an
arbitrary quadrat size dosg not secm inappropriate; and so a 10 ka x

10 ko quadrat was chosen.

Placencent of the quadrats was achievaed by usc of the stratified

systematic unaligned sampling procedure, described by Berry (1962).
. ; . . e

By this method, a quadrat was placed in cach of the 141 1/16

quadrangles in the southern Kalahari study area.

Table 4.1 shows the observed frequencies of pans per quadcat.

Table 4.1

Observed frequencics of pang per quadrab.
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As oan be seen from table 4.1, the variance mean ratio for the
distribution of pans in the southern Kalahari is larger than one,

indicating a clustersd distribution,
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digtribution only slightly. Comparison of the sxpected and
i s .. . R 2 - o . .
observed distribution yielded a)(\ value of 6.04 indicating

acceptance of the null hyvothesgis at the 0,05 level of significance.

DISCUBSLON

,‘.

A,

The mapped digtribution of pans indicates that they are fou

in a
belt up to 300 ki wide in the watershed area betweern Sekome and Kule.
The form of the belt corresponds closely to that of the watershed.
Within the belt notable concentrations of punsg exist in the area
between Tshane, Kokong and Mabuaschube and in the Xule - Noojane

ared .

) he digtribution of the pans by quadrat methods indicates

Analysis of the distribution of +t pans by quadrat methods indicates

that it is strongly clustered and is best described by the Negative

Binomial model. In view of this, three conceptual models may be put

vl & 4.

forward to explain the distribution:

1e An initially random distribution of points generates further
J S

points at a logarithmic rate.

2a The distribution congists of random clusters of points.
3s The distribution of points is random, bubt the density of

points varies over space asg a respoase to variations in
- & Wb

conditions Tavouring their location.

It seems unlikely that model 1. is appropriate, There is no evidence
to suggest that the formation of a lake bhasin leads to the formation
of other basine nearby as a contagious process. On the contrary, 1t
is more probable that the existence of a bagin will tend 1o
concentration of drainage leading to its enlargenent, rather than to
the creation of further basins, Only when more than one period of
basin formation takes place are new basing initiated (Reeves and
Parry 1969)? the location of which appears to have no relation to

already existing basins.

The second model appears at first sight bto be acceptable., Inspection
of the print lay downs aund ERTS imagery of the southern Kalahari

1

shows the pans to Le arranged in small clusters of 4 or 5 pans, with
other pans soatiered at random. However, when looked at at the
regional scale, it will be seen that these loose clusters are in

themselves clustered. This indicates that model three is the most



accepbable explanation of the distribution of the southern Kalanari
pans, in which the pans arc distributed randomly throughout the

» rise to a clugtered

vl

region, but their density varies,; giviug

digtribution.

Two hywpotheses may be vt forward to explain the regional variations
in conditions favouring pan formation., Mirstly, the pans may be
distributed in belts which can be related to the ecxistence of
ancient drainage lines and divides (Boocock and Van Straten 1962).
Becondly, the evidence of the shape of the pan depressions and the
presence of fringing duncs suggests that deflation has played an

|

important role in pan formation, Consequently the location of the

pans will reflect the existence of conditions favouring deflation.

There is 1little evidence available 4o support the firgt hypothesis.
The form of the clusters of paus is in no way lincar and there is

ne evidence to suggest that the pans of the southern Kalahari form
aligned groupings. In addition there are no signs of drainage lines
on the BRTS imagery or aerial photography of the southern Kalahari,
save for the few north bank tributaries of the Moloyo river and some
small tributarics of the Okwa and Mmone dry rivers on the northern
marging of +the study arcs. No pang can be seen to have any links
with these drainage lines, 411 the viver systems that have been
recognised in other paris of the Kalaharl in Botswana possess well
marked valleys, ond are casgily recognisable on aerial photograpins,.
If such drainage lines did exisgt in the southern Kelashari, then it
would be reagonable 1o cxpect them to Do visible. In any event
organised drainage networks would be unlikely to occur in a
watershed area of such wide extent and low relief, A further point
of interest is that most, if not all, the river systems in the
Kalahari bave their sources in areas without a mentle of Kalahari
sands. This would suggest that even undor conditions of greatly
increased precipitation, runoff would have been insufficient to
sustain organised drainage systems over much of the Kalahari.

The conditions favouring deflation and the creation of deflation
hollows, or blowoubs, have been summarised by Melton (1940) and Hack
(1941) and include a sub arid climate giving rise to a sparse

vegetation cover; unconsolidated, preferably sandy, surface devosits



and strong unidircotional winds. Specifically, the existence of
deflation hollows is influenced by the existence of barce arcas
caused by a locally high water table, a local accumulation of water

after rainy periods, or by the trampling of gamec animals.

The gouthern Kalahari undoubtedly posszsses many of the environmental

conditions favouring the creation of deflation hasins. The surface

depogits are unconsolidatod Kalahari sands, over which strong winds

:

of constant dircotion blow. With a slight decrease i

=

v present
rainfall, vegetation cover would probably decrease sufficiently to

give risc to ideal conditions for deflation.

;4 ] ] ; .; S' i ] S i k'J. X ﬁ) i | S 1 :.Z o .‘ B [») b
However, the localisation of such basing to a belt along the Nossop
Molopo - Makgadikgadi watershed, and concentration of pans within this

belt is more difficult to account for,.

Despite the comments of Passarge (1911) and Plint and Bond (1968)
the actions of animals cannot be seriously considered as the cause of
the depressions containing the 1000 or so pans in the southern

Kalahari,

The exigtence of locally high water tables appears to be more
plaugible, Glennie (1971) describes deflation hollows and sebkhas

fed by groundwater seepage in interduval areas in the Great Bastern
Brg, Algeria, 8imilar features are described from Tunisia by Coque
and Jauzein (1967). In these circumstances deflation is assisted by
the creation of bare areas by the seepage of saline groundwater, but
is hindered if the water table coincides with the base of the
depression, Such a hypothesis appears to have limited application in
the southern Kalahari, Over most of the area water tables are found
at considerable depths and lie in the pre Kalahari rocks as the
Kalahari Beds are & poor aquifer., Only in the Sekoma and Kule -
Ngojane areas and at Kokong and Tshane do water tables occur near

the surface. On thig basis, it would be reasonable to expect
concentrations of pansg around those areas where pre Kalahari rocks,
and thus water tables, are near the surface., However this is not the
case, as only in the Xule -- Ncojane area isg there a large concentration
of pans ocourring under these circumstances. Elsewhere, in the Sekoma

- Khakhes area and at Mabuagehube there are localised concenirations



of pans onlys In fact, the largest concentration of pans, between
Kokong and Tshane, occurs in an area where pre Kalaharl rocks are

25 to 50 m below the surfoce.

Locally, as at Khakhca and in the Sekoma, Tshone and Mabuaschube arcas,
seepage from groundwator bodies may have created barc arcas and thus
sites for deflation, but the hypothesis cannot satisfactorily explain

the distribution of the southern Kalashari pans ag a whole.

The hypothesis that the pans are located in dcpressions created by
deflation from arcas kept bare by seasonal accumulations of surface
water appears to be more generally applicablc. In the southern
Kalahari today there are many slight undulations in the sand surface
which are floored by greyish or bleached sands and have a relatively
sparse vegetation cover. These arcas appear to retain some water for
a short period after rain., In a watershed arss such as the southern
Kalahari with a gently undulating surfoce and very slight regional
gradicents it is probable that all drainage would bhe to such arcas of
local water accumulation. Under conditions in which water persisted
for long enough 1o prevent plant growth such arcas would be bare

and susceptible to deflation when the accunmulated water had

avaporatcd or seceped away.

Additional support for this hypothesis is contained in the following
evidence. Grove (1969) noted "faint furrow patiterns® on the print

lay downs of the southern Kalahari curving round from a northeast -
gouthwest direction north of Kutswe to north northeast - south
southwest west of Kokong. Examination of ERTS 1 imagery for the
southern Kalahari shows these furrow patiterns to be more extonsive
than CGrove thought, and they can be detected in all parts of the
southern Kalahari, curving round from northeasgt - southwest to north -
south and even northwest - southeast. They can be clearly seen to
link up with the duncs along the Nossop river aand in adjacent areas of
South Africa and NWamibia (South West Africa)s, The pattern clearly
represents the degraded remnants of longitudinal dunes, corresponding
to the anticlockwise swirl of dune forming winds around the South
African anticyclonc, Close examination of the TRTS 1 imagery reveals
that pans are situated between thase lincaments, rather in the manner

of the pans in adjacent areas of Namibia (South West Africa) and South



Africa. This evidence suggests that most of the southern Kalahari
bans were originally sited in the corridors between longitudinal
dunecs. Similar featurces of a probable deflation origin in

interdunal corridors have been degeribed by Flint and Bond (1968)

from the Wankie National Park in Rhodesia, and from the @Qoz region

of Sudan by Warren (1970).

It is thus posuible to suggest that the cepressions containing the
soythern Kalahéri pang were originally formed as a result of
deflation from barc areag which were the sites of water accumulation
after rains. The reguirements of a sub arid or semi arid climate and

a sparse vegetation cover to tr

p mand, arc consistent with this
explanation. In a situation in which the dune flanks and interdunal
corrideors were sparsely vegetated, sand movement and deflation would
be localised. Tunneling of winds throupgh the corridors would also

tend to increase the possibility of deflation in bare arcas.

The deflation basins were thus created at the sites of local
unorganised drainage systems. Such local drainage systems would in
all probability be locatcd at random but be more common along the

watershed areas, leading to a concentration of pans there.

Locally, the existcnce of areas of water accunulation would be
determined by undulations in the sand surface, loading to

concentration of deflation sites at this scalc.

CONCLUSIONS

This chapter has described the distribution of pans in the southern
Kalahari. The pans lic in a belt up o 300 ka wide along the
watershed area between Kule and Sekoma., The width of the belt
corresponds closcly to that of the watershed. Within the belt of
pans the greatest density of pang can be found in the ccentre of the
region, betwecn Kokong and Tghane, with minor concentrations of

pang at Kule « Neojanc and northwest of Tehane,

Analysig of the distribution of the southern Kalahari pans by
quadrat methods indicates that the distribution is clustercd.
Clustering ocours at two scales, regional and local, and is best

described by a situation in which the distribution of pans is



random, bhut the density of pans varics in response to existence of
more favourable conditions in certain arcas. Reglonal scale
clugtering is accounted for by the increascd density of pans in the
watershed arcae Local scalse clustering reflucts concentration of

drainage towards the centres of broad undulations in the sand surfacc.

The available evidoncoe sugeests that the majority of the pansg of the

3

gsouthorn Kalahari are contained in doflation depressions created by
cnlargement of blowouts, the location of which was influenced by
local bare arcas whoroe scasonal runoff accumulated. It appears that
many of the pansg probably originated in the corridors hetween
longitudinal dunecs, now much degraded, where they formed local

centres of drainago. Such unorganisced drain systems would be

more common in the watorshed arcas, which ig whore the main
concentration of panz is to be found. Locally, loose concentrations
of pans may be related to broad undulations in the sand surface,

concentrating runoff and scepage to a number of centres.
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THE DUNE COMPLEXES

INTRODUCTION

On the southern side of most pans in the southern Kalahari there is

an area of orescentic duncs, which rise to a heipght of up to 30 to
40 m abhove the pan floor, and extend up to 2 km from the edge of the
pan. In most cases bwo main dune ridges may be identified, which

are called the inner and outer dunes.

Previous invegtigators in the southern Kalahari have briefly noted
the existence of the dunew adjacent to the pans, but have said little
about their composition or formation. Wayland (1952) noted that sand
dunes could be found on the south and smoutheast gides of pans,
composed of material blown from the pan sites. Boocock and Van
Straten (1962) noted that most pans had a well defined sand ridge on
their south and southwsest sides, formed in the oasé of clay pans by
sand carried over the pan floor by the prevailing wind. Crove (1969)
stated that dunes, which he compared to lunctte dunes, could be

found on the south, southeast and southwest sides of most pans.

The alms of this chapter arve: to describe the morphclogy of the dune

complexes; to describe the materials forming the dunes; and to put

forward hypotheses to explain the origins and formation of the dune

cemplexes,

MORPHOLOGY OF THEL DUNE COMPL

The main data sources Tor this section are the relevant air

[¢2]
z

photography of the pans studied, supplemented by the writer'®s ficld
observations, and the profiles levelled across many of the dune
complexes. The latter, in addition to providing information about
dune morphology also served to locate the points at which samples of

dune forming material were collected.

The topography of the dunes adjacent to mouthern Kalahari pans has
been described in some detaill in Chapter 3. Congiderable variationg

1 s

in the shape, size and alignment of the dunes exist, but a nuanber oI

general features may be picked out.



In all cases the dunes are located on the southern side of the pan.
However, in some areas the dunes curve around the south and southwes

side of the pan, and in others thoe dunes can be found on tie south and

southeast gides of the pan., The signiiicance of these variations will
be discussed below.
At mogt pans two dune ridges can be identified. These are lermed

the inner and outer dunes. The outor dunes can be recognised by their
location at some digtance from the pan edge; their red brown surface
sand; and also by their relatively bare appearance, as they often
only support a vegetation cover of grasses and small bushes. The

o

inner dunes can be identified by theilr location between the pan edge

and the outer dune; their grey brown surface sand; and often by their

well vegetated appearsnce, with trees and shrubs up to 5 m high., In
many cases the ilnner and outer dunes form two distinet ridges,
separated by a well marked interdunal depression, but the inner dunc
may merge with the outer dune at one or mors places. Al a namber of
pans there is no distinct inner dunc, and & single main dune ridge
curves around the pan, with red brown sand on its crest and the side
away from the pan, and grey brown sand on 1tsg panward side. This

the situation at many smaller pans, for exwiple at Bee and Pussy pans,
but may also be the case at somewhat larger pans, Sekoma and Kgama

pans belng the begt exanp

However, there are a number of dune complexwes that do not conform to

the general pattern. At Ukwi and Urwi pans for example, threc
distincet dune ridges can be identified. In each case their character
different. At Urwi pan there is a massgive outver dune of red brown

gand, risi gome 50 m above the pan datum. Between this and the pan

edge arce two well developed inner dunes. The ix nost dune is a

2

narrow crescentic ridge of grey browan sand, with a sparse grass CcOver.

A narrow, but well defined depression separatcs it from the middle

dancy composcd of brown sand, and well vegetated with trees of Acacia
b i

At Ukwi the gituation is rather different. On the pan edge is a small
dune, some 4 m high, composed of very coarsc pale sand. This dune
appears to be currently receiving sand blown from the pan. Beyond

this dune there is a depression, flcored pan surface materiale. On




the far side of fhig there is a steady vrisc, fto the crest of the main
dune ridge of grey brown sand. The outer dunc here is of brown to

rea brown sand and relatively small.

At Mpaathutlwa pan the inner dune is idewntifiable, but consists of

a thin sand cover over an undulating area of massive calcrete. The
form of this outecron strongly sugrests that it is the caloreled core
of the inner dunc, from which the upper parts have been removed to the
panward face of the outer dune, which is covered by a spread of grey

brown sand.

In a very small mamber of cases, ag at Khakhea, there may be no dune
l ] N
ridge at all, and the dunes are represcnted by a hummocky accumulation

of sand to the south of the pan.

8 a general rule the outer isg the larger of the two dunes, but
1.

occasionally thisg is not so, as at Kokong and Mashiaphotsana pang in

Aren 3 and at Ukwi and Nwatle pansg in Area 5.

)

The outer dunes are without exception locat on the 1lip of the pan
depression. The inner dunes are locatcd within the depression. There
geoms to be a general relationship between the size of the dunes and

1 .

the size and depith of the pan depression, the nature of which is

examined below.

The plan form of the duncs.

Although in detall a wide variety of dune forms may exist, two basic
types may be recognised. They ars the open parabolic or U shaped

dunes and the crescentic dunca.

The outer dunes commonly have an open parabolic form, with a broad

accumulation of the apex of the parabola and two Thornsh
extending towards the pan. Three sub types can be recogniseq. In

some cases the dunes are truly parabolic in shape, with a narrow

o

ridge of sand forming two pronocunced *horns™ extending upwind towards

the pan. Dunes of this type are found at Bee, Tatswe, Keng, Khesekwo,
Mashiaphotsana and Dead Tree pans. The second sub type occurs when
the apex of the parabola becomes infilled, forming a broad transverse

crest to the dune, as with the outer dunes at Samane, Kokong,



Bosobogolo, Mpaathutiwa and Mabuasehube pans. A4 further variation
exists when the parabola becomes completely infilled by sand to
become a transverse shicld shaped sand accumulation, as with the

outer dunes at Nwatle, Ukwi and Urwi pans.
9 b

At & number of pans the outer dune has a weakly crescentic form and

consiste of a broad transverse sand ridgo. Bzamples of this type of

dune occur at Samosadi, Sckema, Kongwe and liasctleng pans,

The inmner duneg comionly have a crescentic form (Plate 19) and curve
around the southern sides of the pan. In many cases the inner dune
is much less well defined and is much narrower than the outer

dune, In many cases it appears that the form of the inner dunc is

determined by that of the outer dune,

At a number of pans the ideal shapes are disgtorted. At Samane, Keng

ry

and Nwatle pans the wegtern arm of the outer dune is absent. This is
the case with the eastorn arm at Mashiaphotsans pan. At Khesekwe pan
the western arms of the inner and outer dunes merge. Composite forms
are relatively rare, although many intermediate shapes can be
recognised., The best example of & composite development of dunes is
at Masetlong, where the outer dune congists of a shield shaped sand

accumulation with an easbern corcescentic extonsion.

Reference to the mans accompanying Chapter 3 will show that there is
a general relationship between the shape of the depression containing
the pan and some aspects of the dune shape. It would appear that
dunes with a strong parabolic form are associated with depressions
LTINS l‘:)
that are significantly clongated in a north - south direction, as ig
v 1] ¥
the case at Bee, Hashilaphotsana, Bosobogolo, Mabuasehube and Nwatle
pans. Where there is 1little eclongation of the depresgsion in a north -
south direction, and the depression is more nearly circular, or
:

elongated in an casgt - west direction, the dunses tend towards a

weakly crescentic form, as at Samosadi, Hc

se and Masetleng pans.

The dune profilcs,

ma e

Profiles were levelled across the dunes adjacent to sixteen of the
pans studied in detail. They show the cross sectional form of the

dune complexes.
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Khesckwe and Masetleng. Slopes on the panward side of the inner dune
. G) o -
are generally 1 to 1.% ~; locally steepening towards the crest of the

dune to 3 to 4 Om

.The slopes of both inner and outer dunes arce generally smooth or
gently undulating. Gullying of the slopes is rare and takes place
only whers the vegetation has been removed along game trails or

attle tracks., BExcept at Kongwe pan, where gullies up to 2 m deep

and 3 @ wide were noted, thelr depth scldom excecds 20 cm.

Alignment of the dunes

The alignments of both inner and outer dunes show that they were

formed by winds from a northerly direction.

Some difficulty exists in meking precise measurcments of the
alignments of crescentic dunes, The method adopted is that of Bowler
(1970), in which o line was drawn %o join the “horns® of the dune.
The alignment of the dunes is weasured by the orthogonal bisector of
thig line. The accuracy of this method depends upon the precision
with which the dunes have been defined upon the air phobtographs,

which may present some difficultiesn, particularly with the inner

The alignments of inner and outer dunes were

asured in this way for
all pans studied. The results are prescented in Table H.1 and Figs.

5.6 and 5e7.

Table 5.1
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Table 5.1 shows that there are differences in dune alignments, both

hetween arecas and between inner and outer dunes. In order to
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alignments between inner and outer dunes. In addition there is a
moderately significant (at the 10 % level) interaction effect, which
indicates thalt the differences in the alignments of inner and outer
dunes, although not gignificant as a whole, arc significant in each
area, and the magunitude of the difference variecs from area to area.
It can thus be sitated that statistically significant differences in
the alignments of imner and outer dunes exlst at a regional level,
but that there is no overall significant difference in the

alignments of inncr and outer dunes.

Reglonally, the mean alignments of the outer dunes change from just
east of north (011 to 013 ©) in areas 1, 2 and 5; %o well east of

norsh (020 ) in area 3; and to west of north in area 4. The usen
inner dune alignments alter from 16 to 20 ® cast of north in areas

N

. Lo . y e (e apy O
1, 2 and 3 to west of north in areas 4 and 5 (347 to 353 " J.

The differences in alignment of inner and cuber dunes are notb
statistically significant. They are largest in areas 1 and 5, but
the change is not the same in each case. In area 1 the change ig
towards the east, vhilst in area 5 there is a strong shift to thae

Wegt .

The regional changes in dune alignment are consistent with the

ocurrent regional change in wind directions within the southern
Kalahari, which corresponds to the ewirl of winds around the

southern Africen anticyclone in winter. Comparison of dune alignmenits
to the present day winds is hampered by lacik of data. Data is
available for only three stations within and around the region, Ghanzi,
Tshane and Tshabong. Of thesce, only Tshaboung has data for wind spceds
as well as directions., Unfortunately, the sheltored site of the
station at Tehabong make its data unrepresentative. The percentage
frequency of winds Trom each direction is presented in Fige 2.0. It
can be scen that in the northern part of the southern Xal-hari ths
winds are dominantly from the east and northeast. At Tshane, in the
centre of the region, winds are mainly from the rorth and west.
Personal observations suggest that the strongest winds occour in
August, at the end of the dry season, and are dosinantly northerly

in direction.



It would appear that the dunes adjacent to the southern Kalahari pans
were formed under a wind regime not unlike that of today. There
appears to have been a glight difference in the pattern of wind

between the two periods, which was most marked on the sdges of the
region, particularly in the west of the southern Kalahari.

Relationghip of the dunes 1o

‘7‘1 one

an depres
During the course of tho field work in the southern Kalahari it
became apparent that & general relationship exisved between the size
of the dune complex and the sizc of the pan. Thus the highest and
most extensive dunes were located at large and deep pan depressions
like Urwi, Mpaathutlwa and Sekoma, whilst saall single dune ridges

could be found at small pans like Bee and Pussy.

In the absence of contour mans of tho pans, no predise egiimates of
the relative volume of dunes and pan depressions can be made,.

However, cxamination of aerial photographs of the pans indicates that,
in the majority of caseg, the volume of the dunes is approximately
egqual to that of the pan depression, with some notable exceptions. At
Khakhea, no dune complex as found ¢lsewhcre exisits. In the case of
Kgama , Motsobonye and Ukwi pans the bulk of thc dunss is small in

comparison to the sgisze and depth of the pan depression.

Measures of the height of the ouler dune above pan datum, pan
depression depth and pan depression arca may be used to give an
indication of the relationship between the sglze of the dune complexes
and the size and depth of the pan depression. Fig. 5.7 indicates
that there is a good correlation between dune height and pan
depression depth (r2 = 0.90)s 4 similarly close relationship exists

2
(r® = O¢86) between dune height and pan depression areca.

These relationshins indicate that the availability of dune forming
material is related to depression size and sugpgests that the dunes

were formed by material deflated from the pan depression.

COMPOSITION OF THE DU

The composition of the inner and outer dunes is digtinetly different,.

The outer dune is composed of fine, moderately sorted red brown sand.
The material forming the inner dune is grey brown in colour, poorly
sorted and consists of quartz sand and up to 25 % silt and clay
gized particlesa

o8
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METHODS OF ANALYSIS

amples of the dune forming material were taken at depths of 50 cm

at intervals along the profiles levelled across the dune complezes,
ag Tollows:
Outer dunes crest
owter slope
Interdunal depression.
Inner dunes crest
two samples on panward slope.
Additional samples on panw:rd slopeg of outer dune and leeward slopes
of inmner dunss were taken as circumstances sugpested. The location

of sampling points is shown on the profiles (Figs. 5.1. 10 505)

Particle size analysis

PR

Outer dune samples were oven dried as necessary. 4 sub sample of

100 gms was then vlaced in a nest of sieves of mesh sizes 0 to 4 phi
(1 to 0,063 mm), and shaken in a mechanical shaker for five minutes.
It was found necessary to disperse the inner dune samples ag they
contained a significant proportion of silt and clay sized material.
The sub samples of 100 gms were soaked overnight in a5 % solution

of Calgon (sodium hexometaphosphate). Following soaking, the samples
were stirred in a mechanical analysis stirrer for five minutes, and

then washed through a 4 phi sieve., The residue was oven dried and

weighed. The weight loss compared to the original sample weight was
taken as the =ilt and clay content of the sample. Following this the

sand was dry sieved as described above.

Computation of sorting and size parameters (phi mean, standard

deviation, skewness end kurtosis) was carried out following the

ESTIVEN

b of mo )
writer. These parameters, although mathematically independent, are
geologically interrelated and can be used to distinguish betwsen

erivironments of transport and deposition. The full resalts of the

sendix 2, and the

Chemiocal analysis

Approximate measures of the amount of calcium carbonate in inner dune
samples were obtained by methods outlined in Black (1965). 4 10 gm

sub sample of inner dune material was added slowly to an Erlenmeyer



flask containing 10 c¢c of 0.3N HCl, and allowed to stand with
occasional swirling for 2 hours, or until the reaction was completed.
The weight lossg, expressed as a percentage of the original sample
welght, ig taken as an approximation of the calcium carbonate content

of the sample.
it loss
ial weight of sample

we
10T

x 100 x 2.274

CaCo,content % =
)

Golours were determined using a Munsell Soil Color Chart (Munsell

Color Company Inc.. 1954).

THE OUTER DUNES

The outer dunes are composed of fine, moderately sorted, unimodal

reddish brown or reddish yellow quartz sand.

Despite their having been collected from points up to 500 km apart,
the composition of the outer dune samples show a surprising degree

of similarity.

Particle size distribubion
Following sieving, phi mean grain size, standard deviation, skewness
and kurtosgis were computed for each sample. The full results are

presented in Apvendix 2, and asg scatter plobts in Figs. 5.9 to 5.12.
In addition the cumulative percentage of each sample finer than the
standard sieve meshes was plotted. The resulte are presented in
Figse 5013 10 5010¢ gnd in Appendix, 2

The mean grain size of most outer dune sands ranges between 2,30 and
2,50 phi, The sands may thus be consideréd as fine sand. Within
each group of pans studied the differences in mean grain slze are
small. Bamples in arcas 1 and 3 show little variability with mean
grain sizes between 2.36 and 2,40 phi, and 2.32 and 2.4% phi

respectively.

However, in arca 2 there is more variation, with the sands being
somewhat finer al Sekoma and Kgama, with mean grain sizes between

2,49 and 2.53 phi, perhaps reflecting local differences in the source
of sand supply. A4t Bosobogolo and Mpaathutlwa pans in the Mabuasehube

arca the sands are somewhat coarser, with mean grain sizes in the

AN




range 225 t0 2.37 phi. This may reflect proximity to sand sources
in the Dwyka tillites and Waterberg sandstones that outerop in the
area. In area 5 therc iy a greater degree of wvariability, reflecting

the greater geographical spread of the pamples. Mean grain sizes are

slightly coarser than in other areas, lying in the range 2,30 to

ey

2.39 phi. Samples from the dunes at Urwl appear still coarser, in

{

the range 2.2% to 2.33 phi.
The phi standard deviations are a good measure of the sorting of the
sands. Little variation cxzists in the sorting of the mands and all

can be regarded as moderately sorted, with phl standard deviations

between 0.771 and 0,50, SHamples for individual dunes have very

similar sorting valu

Values for phi skewness indicate that all outer dune sands are
strongly positively, or fine, skewed, with values of 0,30 to 1,00 phi.
Strong fine skewness is a characteristic of aeolian sands, which have
little or no material in the coarser fractions and a "“tail® of finer

mnaterial.

Phi kurtosis values are a measure of the ratio of sorting in the
centre and tails of the distribution. ALl cater dune sands are very
or extremely leptokurtic, with phi kurtosis values of 2.72 to 3.80,

o

which indicate & high degree¢ of sorting in the peak of the size
distribution curve, a comaon feature of acolian sands. Two groups

of kurtosis values may be distinguished in Figs. 5.11 and 5.12, those
above 3.4 phi and those below 3.2 phi. The higher kurtosis values
are common to all outer dunes in areas 4 and 5, and to Samane,
Khesekwe , Kgama and Keung pans iz areas 1 and 2. It would appear that
these high values all occur at pans wherc the outer dunc crest lies
at some distance from the pan cdge. A greater amount of sand
movement is reflected in increased sorting between the contre and

Wtail®™ of the digtribution curve.

The particle sizme distribution curves, Figs. 514 to 5.16,; are
typical of aecclian sands, and show little variability. They
demonstrate that few saaples contain gignificant amounts of material
larger than 1 phi, or smaller than 4 phi. The exceptions appear to

i

be at Bosobogolo and Mpaathutlwa pans, where samples have up to 4 %
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of material coarser than 1 phi., Here proximity to local sources of

material in Karrco tillites and Watbterberg sandstones may be

e

important, demonstrated by the presence. of rock fragments in the

coarser fractiondgs

vere determined with the aid of a Munsell
8oil Color Chart, Samples were also examined for frosting, staining
and roundness with

a binocular mLCTroO8CODT.,

The colours of the ouwter dune sands showed little variability. Nost
samples were reddish brown (Munsell 5YR 4/4, 4/5, 5/3 or 5/4) or
; yellowish red (5YR 4/6 and 5/6)e Tellowish red colours werc nobed
mainly in samples from the drier western arcas, in particular from
Bosobogolo, Mpaathutlwa, Urwli and Ukwi pans. ilicroscopic examination
of samples showed that the colour is duc to a watina of red brown
iron oxids (Fepos) on ‘the larger graing.

i , . L. .
| The outer dunes arc composcd almost centirely of quartz graing,
i (Plate 20). Heavy ainerals and other non gquartz mincrals are rare,

excupt at lpaathutlw: pan. Nost of the grains are well rounded,

particularly in the coarser fractions. Although some graing

i appear to be polished, most of the sands are well frosted,

especially in larger fractions.

nal structurcs

No natural sections in outer dunes exist to the writer's
knowledge, and remources did not permit any extensive excavations
in outer dunes. Fite dus to a depth of ons metre in the cregt of
some dunes revealod no visible changes in the sands or other

horizonation,

IFE INNER DUNES

Superficially the inner dunes appear very difierent from the outer
dunes. They are composed of grey brown sand, with a significant
admixture of fine calcarecous material and occasional small calcrete
nodules, Thisg difference is born out by detailcd analyeis of the

composition of the iuner duness




L

Plate 20. Photomicrograph of outer dune sand, Mpaasthutlwa

Pt ACiv et

Magnification x 20,

ierograph of inner dune sand, Mpaathutlwa pan.

Note fine calcareous particles adhering to quartz sand grains.

Magnification x 20,




% finer than

100 [ x-Samane
~ o Samosadi
o Bee
90 ¢ Tatswe
80
70
60
50
40
30
20 X
&
\ .0
10 \\\
0 $
0 1 3 4L phi

e

Pigs 5o

Solid 13

-~y



Sorting, es measured by phi standard deviation; is generally poor,

with values of 1.00 to 1430 phi being cbiained.

Phi skewnesgs values range between 0,20 and 0,71, and show that the
inner dunc samples are strongly fine skewed, often with a very long
#halilt of fine material pregent.

Phi kurtosis values betuween 1,66 and 2,90 show that the ratio of
gorting between the #tallce®™ and the centre of the size distribution
curves are smaller; and may be described asg leptokurtic to wvery
leptokurtic, and indicate poorer sorting of the sands in a lower
energy situations

The particle size digtribution curves {for the inner dune samples
(Figse 5613 t0 5¢15) show that all inner dune samples contain a
significant amount of very fine material of silt and clay size
(greater than 4 phi). This percentage is alwoys greater than 9 %
and commonly is 12 to 15 %. BExceptionally silt and clay contents
of up to 26 % may be recorded, in samples taken close to the pan
edge. In termz of the standard soil texture classifications, some
of the inner dune samples thug approach clayey sands or sandy loans.
Inner dune sandes thus contain bhoth quarts sand and silt and clay
sized material, which gives rige to the poor soriting and finer mean

grain size of the samples,

Physical Braminafion

Apart from containing a nmoderate amount of silt and clay sized
material,; inner dunes comanonly support a beticr vegetation cover,
perhaps due to their better nutrient status and water retention, and
many surface samples contain significant amounts of fine roots and
other organic material. Illany inner dune samples also contain small
fragments or larger nodules (up to 5 or 10 cms in diameter) of
calcrete., A common feature of many inner dune sands is the

occurence of shells of Xeroc chultzel (Boettger) a small

xerophytic land snail.
The presence of organic matter and fine material gives the inner

dunes a light colour, which varies from brown and greyish brown

(Munsell 10TR 5/2, 5/3) through pale brown (tunsell 10IR 5/3) to
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a light brownish grey (10YR 6/2)a Pale browns and light brownish

greys were found to be the most common colours,

Microscopic exaumination of inner dune somples shows them to be very
different to the outer dune samples. The grains are once again
rounded to well rounded quartz sands and are commonly frosted, but
are bleached with no staining or patina present. Wany samples

posscess grains which are partly coated with very fince whitish

probably calcarcous materizl (Flate 21). The amount of this coating

inocreases towards the pan edge, and mmall sub rounded caloium
cadrbonate grains also occur in thisg zone. In wddition it appears
that frosting of grains tends to become more pronounced towards the

pan edge.

Ghemical analysis

Determinations of the oaléium carbonate percentage of the inner dune
sands shows them to be moderately to highly calcareous in nature.
Calcium carbonate contents in the range of 5 to 15 % are common and
amounts of up to 20 or 25 % are encountercd occasionally. The
calcium carbonate content of samples shows a tendency to increase

towards the pan edge.

The calciwsn carbonate content of the sands appears to occur mainly in

a finely divided state, although small fragmnents of calcium carbonate
do occur in many sampleg. More occasionally larger nodules of
calcrete are encountered and may bhecome locally abundant, ag at
Samosadi, Khesckwe, Kgama, Keng and Dead Tree pans, particularly

where calorete horisons occur near the surface.

It appears that the source of the calcium carbonate in the inner dune
gands ie probably the fine material that occurs in moderate quantities
in all samples. That this is the case is demonstrated by Fige 5.16,
in which calcium carbonate content is plotted against silt and clay
content for inner dune sanples. PFrom this scatter plot it can be

seen that calcium carbonate content of samples increases with the
amount of silt and clay present, with a correlation coefficient of

0656,
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remainder of the smample congists of sub rounded to sub angular quartz
grains and occasional sub rounded calecium carbonate fragments. The

o

calcium carbonate content of the dune is moderate, at 12 to 13 %.

Internal structurc and composition

The internal structure and compogliion of the lnner dunes was
investigated by tuc means., In conjunction with other work being
carried out, the Geological Survey Departacnt drilled several auger
holes into the dunes ot Kongwe and Sekoma pans to depths of 8 m (for
locations see Fig. 5017)! In addition, detailed studies of the upper
3 m of the inner dunes were conducted by the writer, having dug pits

to this depth in the inner dunes at Khesclwe and Samane pans,

The (eological Survey auger holes at Kongwe pan (Pig. 5.18) were
drilled in the western arm of the inner dunc. Below the upper layers
of grey brown sand, the sands were essentially white (10YR 8/2),
poorly sorted sands with a mean grain size of 2485 to 3420 phi, with
a moderate =ilt and clay content in the range 12 to 15 % to 18 to

20 %, increasing slightly with depth. A layer of sand with a much

m

higher silt and clay content was encountered at depths of 2.5 to 3 m
below the surface, containing some 25 to 25 % silt and clay sized
material.

L

Calciun carbonate content increased slightly with depth from 4 to

6 % to about 9 %, but rose sharply to 20 % on contact with calcrete,

¢

in which all auger holes bobtomed at depths 5 to 8 m below the
surface on the dune crest, and at 3 m ncarer the pan edge, indicating

hat the inner dune at Kongwe is underlain by calcre 0
that th ol t Kongw derl by calcretes

The single auger hole drilled on the southeastern end of the dune
ridge at Sekoma (Fig. 517) showed a similar pattern, with a slight
increase in silt and clay content downwards, and a layer of material
with a high silt and clay conmtent (20 %) at 7 m depth. This hole

bottomed in calcrete, at a depth of 8 m.

Detailed examination of pit sections at Khesckwe and Samane pans
showed that the detailed picture is not significantly different from

.

the gencral picture obtained by the Geological Survey.
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At Khesekwe (Fige 5.19) there was a steady increase in silt and clay
content and calcium carbonate with depth. With the increase in

calcium carbonate and silt and clay contents, ther: was a corresponding
increase in the compactness of the sands, the lower layers being
partially cemented., The upper parts of the profile contained shells of

(Boettger).

Lerooer: schul by

A deeper pit was dug at the crest of the lnner dune at Samane pan
(Figs 5.19). Once again therc was an increass in calcium carbonate
and silt and oclay content with depth. Both silt and clay content and

alclum carbonate content were moderate in the upper horizons to a

depth of 1 m. There was then a sharp increase in both silt and clay
content and calecium carbonate content below this, accompanied by
increased compaction and slight cementation of the sands. 8ilt and
clay content, but not carbonate content, declined slightly, to around
20 %9 at depths of 2.5 t0o 3 m. The upper horizous possessed abundant

shells of Xerocerasing schultzel (Boettger).

The composition of the interdunal depressions is very wvariable, and is

indicative of thelr being a transition between inner and outer dunes.

In some cases the sands of the depregsion mout closely resemble the
outer dune material., This is the case atl Keng, Mogatse, Dead Tree,
Hasetleng and Ukwi pans, In obthers, for example at Samane, Samosadi,
Taetswe, Kongwe, Motsobonye and Bosobogolo pans, the interdunal
depression is floored by material that is similar to that of the inner

dune.,

The interdunal depression may be underlain by calcretes, especially
where the inner dune lies relatively close to the pan, and the
interdunal deprossion is at a relatively low ab¥itude above pan datum.
Extensive calcretss outorop in the interdunal depression at Khesekwe,

Mpaathutlwa and Ukwi pans.

S OF THE DU

The material forming the iuner and outer dunes is distinctly different

in composition, with the outer dunes being composed of fine, moderately

sorted, red brown guartsz sand, with a mean grain size of 2.2 1o 2,5 phig



and the inner dunes being composed of grey brown, poorly sorted,
calcareous mands, with a mean grain size of 267 to 3+1 phi, which

contains some 12 to 20 % silt and clay sized material.

It would appear that the sources of the material forming the inner and
outer dunes arce different, and that the dunes were formed under

different conditions, at itwo periods in time,

an

Dunes, often called #lunettes® and composed of

ad, silt, clay, or an
admixture of material, adjacent to small lake basins have been
described from most semi arid areas of the world, Elsewhere in

N
-

southern Africa such dunes have been desoribed from the northern Cape

il

Province by Rogers (1907) and Da Toit (1900). In North Africa dunes
adjacent to sebkhas have been desorihed by Bourlaine (1954) and

Coque and Jauzein (1967). Dunes of this type are particularly common
in Avstralia where they have been examined in some detail by Bettenay
(1962), Campbell (1968), Bowler (1970) and Twidale (1972). Reeves
(1965) and Price (1963) report dunes adjacent to playas in western

Texas and New Mexico, Us.Behao

Dunes of a parabolic form composed of guartz send, have been reported
from coastal arcas (Landsberg 1956), but are also common in some semi
arid areas, Parabolic dunes have been described from semi arid areas
in the U.S.4. by Hack (1941), Melton (1940) and Hefley and Sidwell
(194%5); from Tchad (Hurault 1966) and from the Thar desert of Pakistan
(Verstappen 1968)., 8Such dunes arc commonly associated with blowouts
and deflation hollows in pre existing sands fizxed by vegetation.

It would appear that the dunes adjacent to the southern Kalahari pans
have some similarities with both the dune types described above,
Bramination of the literature indicates that all dunes fringing small
lake basing tend towards a crescentic or parabolic shape, determined

~ by the shape of the lake basin and the material composing theme

The sorting and grain size distribution of the sands of the outer dunes
sugeest that they were formed under conditions of active sand movementa
‘Bowler (1970) and Twidale (1972) have argued that guartz sand dunes

adjacent to small lake basins were formed by deflation of material

o

from beaches created on the downwind side of the lake. 8ands were




concentrated on the beach hy wave action and longshore drifting.
Dunes formed in ‘this way are charaoteristically aligned to wel season
wind directions and are indicative of high water levels in the
adjacent lakes.

There appears to be little evidence to support this hypothesis in the
case of the southern Kalahari pans. The outer dunes appear to be
aligned parallel to the strong dvy scason winds, The bulk of the
duneg-in relation to the sizse of the pan depression seems in the
majority of cases to be inconsistent with the above hypothesig, and
it is difficult to visualise a situation in which the supply of sand
by wave action and longshore drifiting would be sufficient to promote
the formation of dunes of such size.

>

The parabolic form of most of the outer dunes, their characterigtic
asymmetry with a steep slip face on their lee sides, their position
on the southern margins of the pan depression and the apparent close

relationship between the size of the duncs and the gize and depth of

Losuggest that +

the pan depressions all g8 outer duncs are comparable

with the parabolic dunes found in assocciation with blowouts in semi
arid areas. Parabolic dunes form initially by the creation of a
small trangverse dune, where sand is trapped by vegetation, downwind
of an area of deflation, or blowout. As deflation continues the
depression is enlarged and extends downwind, the transverse dune may
move downwind algo. The flanks of the dunc move slowly, relative to

the central portion, and are scon coloniged by vegetation, further

reducing their mobility. The result is that, as the central portion
of the dune moves downwind, it leaves trailing dunes on its flanks, so

creating a dune with a parabolic or U shaps.

Application of this model to the formation of the ombter dunes enables
many aspects of their morphology to be accounted for. The variations
in the plan form of the dunes may be explained in teras of the amount
of downwind movement that has taken place. Ag has been noted earlier
those duneg which have a strong parabolic shape are associated with
depressions that are strongly elongated in a north - south direction.
Weakly parabolic or near crescentiic dunes are associated with near
circular or east - west clongated devressions. The amount of dune

e

movement appears to be associated with the gize of the depression,



and the distance of the outer dune crest from the pan edge increases
with pan depression size, reflecting the greater amcunt of deflation,
and hence dune movement that has taken place., Characteristically the
outer dunes are aaymmeﬁrio with steep slopes awey from the pan. These
slopes have clearly doveloped as a slip face under conditions of active

sand movement.

The origins of +the inncr dunes are morce diffioult to account for. The
bulk of the material that makes up the inner dunc ig rounded to well
rounded guartz sand, with no staining or patina. This naterial
compriscs some 80 to 90 % of the inaer duncg. The remainder of the
material is silt and clay sized, which is zenerally moderately
calcarcous. The quartz grains show signs that the fine material is
adhering to them, The position and morphclogy of the inner dunes shows
that they were formed wmore recently than the outer duncs, by winds {from

a similar direction. The prescence of shells of Zeroceragtus schultzel

(Boettger) indicates that inner dunes formed in conditions at least as

dry as those of todary.

The observations of provious investigators in southern Africa suggest
one possgible hypothesis to explain the nature of the inner dune
material., Du Toit (1907)

the northern Cape Provinec were formed by the movement of red brown

observed that the dunes adjacent to pans in

W

sands into the pans by the winds. The sands, having becn bleached,
were then ejected on the southern side of the pan, together with a
certain amount of fincly divided calcarcous material, to form a dune.
Boocock and Van Straten (1962) suggested that the dunes adjacent to the
southern Kalahari pans were formed, in the case of bare clay pans, by
the accumulation of saud blown across the pans. This hypothesis
clearly suggests a proccss whepby the sands can be bleached and
aguire calcareous coatings. However, the size and morphology of the
inner dunes arce such that it is difficult to envisage their formation
vy sand movement across the pan alonc,

The morphology and composition of the inner duncs suggosts that they
are very similar to the luncttes or clay rich dunes described by
Bowler (1970) and others from Australia. These dunes have a wide
range of textures with clay contents ranging from 77 to 20 %,

refleoting the composition of the source of the deflated material.
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Dunes of this type frequently have a moderate to high calcium
carbonate content. . Luneties or clay rich dunes develop by the
deflation of peletal clay aggregates and quartz sands from seasonally
dry, saline lake beds. The deflated material is trapped Wy vegetation
on the lake margin where it ig stabilised by the hygroscopic .
absorption of moigture by the clayg, and welting during rainy

Seasons.

The relatively low clay content of the inmner dunes (10 to 20 %) gives
them greater mobility, and explains some of the sub parabolic forms
that exist. The hummocky topography and poorly defined nature of

many inner duncs may be explained in terms of a seasonal accumulation
of deflated sandy clays and clayey sands that initially formed a sheet
of material against the face of the outer dunc. Gradual build up of
material resulted in the formation of a low dune on the panward slopes
of the outer dune., Hhere the accumulation of material was small, as
at many of the smaller pans, no dune formed, After accumnlation of the
dunes, leaching of carbonates and dowaward movement of fineg took
place,; resulting in an increase in calcium carbonate and silt and clay
content of the duncs with depth, together with some degree of

cementation and calcrete formation.

The present surfaces of the southern Kalahari pans are composed of
depogits that contain a considerable amount of sand, as Table 5.2

indicates, with most pan surfaces containing some 30 to 60 % sand.

il

Txamination of the sand fraction of the pan surface deposits shows

that i1t has many of the characsteristics of a wind blown sand. The
mean grain size and sorting (Table 5.3) muggest that the pan surfaces
contain moderately sorted sands with o mean grain size of 2,3 to 2.5
phi, and a phi standard deviation of 0.70 to C.90. Clearly, this
material has been moved into the pan, or redisitributed, by the wind
at some time, as the effect of surface wash and fluvial processes
alone would be to alter the sorting of the sands. This sand would
appear to constitute the material for the formation of the inmer

dunes.

Thus, it appears that the main sources of the material forming the
inner dunes were the sandy clays and clayey sands deposited in the

an depresgion, the origin of which is discussed below (Chapter 6).
& 3 o by
@




Such sandy calcarcous clays are potentially very susceptible to
deflation, according to Chepil (1945). They are mechanically very
unstable and may easily be eroded by abrasion and surface creep as

well as by removal of dust sized particles.

Table D,

Ihe composition of the pan surface deposits

gand % 811t and clay %
Samane ‘ 50 50
Tatswe 24 14¢
Sekoma 28 12
Kgama, G 33
Keng 59 41
Khakhea 50 50
Khesekwe 36 54) /
Mot sobonye 67 33
Mogatse 60 40
Dead Tree 29 11
Bosobogolo 69 31
Mpaathutlwa 21 69
Mabuasehube 38 62
Masetleng 48 52
Pussy A8 54
Nwatle 56 44
Ukwi 25 5
Urwi 10 90

The following sequence of events may now be postulated. During the
period when the deposits of the pans were being formed sand from the
surrounding areas was carried into the depression and incorporated in
thege depositss The sands were bleached in this envrionment by
reduction of their F9203 patina in saline and sbagnant water. At the
same time many of the sand grains aquired a partial coating of
calcareous clays. Subsequently, deflation of these deposits took
places During sand movement much of the sillt and clay sized material
was lost by abrasion, the amount lost increasing away from the pans
Once active dune movement ceased, redistribution of the fine material
and carbonates within the dune took place as a result of leaching and

@ . -~ . . : ' 2
dovmward percolation of water, leading to an increase in the content



Table 563

oo

Mechanical analysis of some sand fractions from pan surfaces

e

fican
Samane 245
Kgama 250
Keng 2eD3
Khalkhea 2673 0,00
Mot sobonye 2204 0e81
Mogatse 2ol 0s76
Bosobogolo 291 OuTl

Mpaathutlwa 250 0e81
Mabuasehube 2a27 0.7
Nwatle 241 0.76
Ukwi 261 0o T

Urwi, 237 0aTO

DISCUSSION AND CONCLUSIONS,

Thig chapter has described the morphology, aligmments and composition
of the duncs situated on bthe southern side of the southern Kalahari

pans. Hypotheses to explain the origine and composition of the dunes

have been put forward,

Two distinct dune ridges or areas of sand accumulation, termed the
inner and outer dunes, can be recogniscd. Their alignments indicate
that they were formed hy winds from a northerly direction. Although
there are no significant differences in aligiaments between inner and
outer dunes as a whole, significant regional variations in dune

alignments do exist. The regional differences may be explained in

-

terms of the pregent day regional shift in wind directions from north
northeast in the northern and eastern parts of the southern Kalahari.,
to north northwest in the southern and wegtern parts of the region,.
It is interesting fto note that the regional change in dune alignments
corresponds to & similar pattern observed in the relict dune ridges

visible on ERTS imagery.

The composition of the inner and ouler dunes is distinctly different.
The outer dunes are composcd of fine, well rounded, moderately
sorted reddish brown guartz sand. The inner dunes, grey browm in
colour, are composed of quartsz sand with an admixture of 12 to 20 %

-3



silt and clay sized material. It is suggested that the outer dunes
are composed of material deflated from the depressions that now
contain the pans. The inner dune appears to have been formed as a
result of the deflation of calcareous sandy clays deposited on the
floor of the pan depression, which were laid down in the period

between formation of the inner and outer duncs,

The climatic conditicne under which tbhe inner and outer dunes were
formed appear to have been unlike those of the preseat day, as
deflation is taling place only sporadically today. Evidence from
other parts of the world suggests that parabolic dunes form in sub
arid conditions where there is sufficient vegetation to trap sand
downwind of blowouts. However, it has been suggested that the pan
depressions originated by the deflation of material from arcas kept
bare of vegetation by seasonal water accumulations. In the case of
the southern Kalahari this would suggest a climate with greater
runoff and thus greater rainfall, or less evaporation, than the
present day, as such accumulations are currently of very short
duration. It is thus suggested that the outer dunes formed under
semi arid or sub arid conditions as a result of the enlargement of

blowouts in places of seasonal water accunulation.

The conditions favouring the formation of clay rich dunesg by the
deflation of material from the beds of seasonally dry lakes have been
sumpari.sed by Bowler (1973) and include the presence of a seasonally
dry saline water body and sftrong unidirectional winds during a hot
dry season, At the present time water accumulations in the pans of
the southern Kalahari are barely sufficient for olay dune formation,
as the presence of vegetation cover over all or part of many pans
suggests. - In addition temperatures during the dry season in the
gsouthern Kalahari are much lower than thosze in areas where clay rich
dunes are now forming. The mean dally temperatures during the dry
season in the area arec 10 to 15 OC, comparcd with a mean of 28 OC in
areas of present clay dune formation. It would seem that the inner
dunes were formed during a period when the climate was warmer and

probably wetter than today.

j. L § {’;1 = l:; i o rl. .| : e 2] .“1 i l"‘[} J: e i i 2 Al .‘U:\. 1 ;e : TR
Comparison of <the size and development of tha inner and outer dunes

indicates that the initial period of deflation, in which the outer



dune was formed was, in most cases, the most intense and prolonged.
However, locally, as at Nwatle and Mashiaphotsana pans, it does not
geem 1o have been very effective, as the small size of the outer
dunes at these pang testifics, The subsequent period of deflation
to form the inner dune does not seem to have been as prolonged, as
most inner dunes are smaller than the outer dunes. Exceptionally,
as at Mashiaphotsana, Nwatle and Ukwi pans, this period of deflation

appears to have been the dominant one.

Th@ré seemg to be little evidence that there has been widsspread
deflation since the formation of the inner dunes, The only
indications of more recent deflation exist at Mpaathutlwa and Ukwi
pans. At Mpaathutlwa pan it appears that the inner dune has been
removed to rest against the panward face of the outer dune, leaving
the calcreted core of the imner dune upstanding. At Ukwi pan, therec
is the small dune on the pan edge, which may be receiving material

even today-

In conclusion it may be stated that the duncs adjacent to the
gsouthern Kalahari pans are composed of material deflated from the
depressions that now contain the pans. Deflation took place during
two periods, the first of which was of longer duration than the
gecond. Between them was an interval in which clays and sandy clays
were deposited in the pan depression, the nature and origin of which

18 discussed below.
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THE _PANS AND THEIR ASSOCIATED IEPOSITS

LNIRODUCTLON

The pans of the southern Kalahari ocoupy the central parts of
shallow, sub ciroular isolated depressionz of probable deflation
origine Three varieties of pan can be recogniseds those with a
complete grass cowver,; broken only by scattered waterholes; those
with a partial grass cover and more extensive areas of bare sandy
clay; and those with a completely bare clay surface. The bare clay
pans flood over their entire area after heavy rain to a depth of

some 30 cms, whilst other types flood to a lesser extent., Up to 2

to 3 m of sandy clays underlie the pans and therc is evidence to
suggest that they were formerly more extensive than at present, and
may have been up to three times their present size., The outer szlopes
of the depressiong containing the pans are covered by red brown sand
as found in the surrounding areas, but the iunner slopes are frequently

shallowly underlain by caleretes, with a cover of grey brown sand.

Previous investigators in the southern Kalahari have commented briefly
on the nature of the pans and their depositms. Passarge (1904), Rogers
(1934), Wayland (1952) and Boocock and Van Straten (1962) all
described the caloretes and silcretes occuring in the vicinity of the
pans. Rogers (1934) and Wayland (1952) noted the existence of
calcareous sands and clays on the floors of the pan depressions,

which made them impervious to the water which collected there after
rain. Van Straten (1955) recognised and described three types of pan

surface: grassed, ungrassed and saline,

The aims of this chapter arc: to describe the morghology and
morphometry of the pang and the depressiong containing them; to
describe the nature and composition of the pan surfaces, and to
describe the composition and stratigraphy of the depesits of the pans
and depressions; and to put forward hypotheses to explain thoir

origine

MORPROLOGY AND NORPHCHETRY, OF THE PANS AND PAN DEPRESSIONS

The general nature of the topography of the pans and the depressions

containing them has been described in Chapter 3. This seotion will
concentrate on certain aspects of the morphology and morphometry of

the pans and deprossions in relation to their origin.
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The pans of the southern Kalahari-are generally sub ciroular to sub
elliptical in shape and are contained in similarly shaped depressions,
They are commonly located in the southern parts of the depressions,
which tend to be asymmelric in cross section along their northeasgt -
southwest axes., In many cases the slopes on the northern edges of

the depressions are less steep than on the southern side where the
dunes are locatcd. Lxceptions to this are encountered where there arc
outcrops of massive caleretes, which form bluffs some 3 to 4 m high,
at as Ukwi pan; or where rock outorops are encountered, as at Khakhea,
Kokong, Mpaathutlwa and Mabuaschube pans. The slopes of the -
depressions fall steadily to the pan at angles of 2 to 3 °, Commonly
they are interrupted by a slight break of slope some 200 to 300 m
from the pan edge and some 3 to 5 m above the pan datum, forming a
slight bench or terrace arocund the pan, This break of slope is
associated with a transition from the red brown sands of the outer
slopes to grey brown, slightly calcarcous sands which mantle the inner
glopes of the pan depresgion. In many oases the break of slope is
marked by the appesarance of calcretes, either at the surface, or at

shallow depths,

At a number of pans the inner slopes of the pan depression are
furrowed by shallow gullies, particularly where calcretes or pre

Kalahari rocks are at or near the surface.

Surrounding the pan itmelf is a zone up to 200 m wide of calcareous
sands and calcretes, which appears to represent a former exiension of
the pan.

)

Morphomotry of fthe pans and pan depressions

s g

Hutchinson (1957) and Reeves (1968) have described a variety of
indices which may be used to describe the morphometry, particularly
the shape,; of lakes and lake basins, Such indices have been applied
to paleolakes in semi arid areas by Reeves (1966) and Killigrew and
Gilkes (1973), where they have proved valuable as indicators of the

origin and development of the lakes.
For each of the sample of pans studied the following morphometric

indices were derived: length width ratio of pan and pan depression,

ellipticity of pan and depression, shoreline development of pan and
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depregsion; and ratio of pan area to depression area. The values
obtained are presented in Table 6.1. All data are taken from the

pan maps which illugtrate Chaptoer 3.

The length width ratio of a lake or lake basin is a measure of its
elongation, circular basins having a ratio of 1, The length width
ratios for the pans of the southern Kalahari range from 1.00, or
circular, to 2.26, or moderately eclongated. The majority of pans
have length width ratios in the range 1.10 to 1.36, indicating a
slight to moderatc degrec of elongations However, somc pans are
more strongly elongated, with length widih ratios greater than 1.5.
The most strongly elongated pans are Nwatle, Masetleng and Pussy,
followed by Samosadi, Sckoma, Mabuaschube and Ukwi. The length width
ratios of the devresgions are lower than those for the pans. In
gencral they are less elongated then the pdns they contains
Significantly clongated depressions are encountered at Bee, Sekoma,

Kongwe, Nwatle and Pussy pans.

The ellipticity of a lake or lake basin is the ratio of ‘the length
of the long axig minus the length of the short axis, to the length of
the long axis, or:

L - W

S cemavtossmary

L

Thus, ciroular basgins will have B indices of zero, rising to one as

t=l

the lake attaing an elliptical shape., Ellipticity appears to be a
moderately sensitive measure of shape and appears to be a good index
of the origin and dovelopment of lake basins, The ellipticity of the
sample of southern Kalahari pans studied ranges between 0.07 at the
near circular Tatswe pau, to 0.56 at the strongly elongated Masetleng
pan. The pans appear to fall into two groups, onc with a near ‘
circular shape with E indices of less than Ces4; and the other more
elongated, with & indices of greater than Ce4. Pans with high
ellipticity indices and a sub eliilptic shape are Samosadi, Sekoma,
Kongwe , Bosobogolo, Mabuaschube, Ukwi, Nwatle and Masetleng. Of these

Nwatle and Masectleng pans arc the most strongly c¢lliptical.

The ellipticity of the depressions containing the pans tends to be
low, and is generally smaller than 0.25. In many cases the
depressions are morc nearly circular than the pans they contains

Exceptions are the strongly elliptical deprecssions that contain Bee,
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ble 6.1

Pan Depression
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Sekoma, Kongwe, Mpaathutlwa, Mabuaschube, Nwatle, Masetleng and

Pussy pang.

The shoreline development of a lake or lake basin is the ratio of the
length of ite shoreline to the circumfercnce of 4 circle with the sane

arca as the lake., Thus:
5L

8D = 717&;

244
Shorcline development is thus unity for a circular lake, and higher
valueg are an indication of the departurce of a lake from a circular
shape. The wvalues obtained for the pans mostly lie in the range
1605 t0 1435, As would bhe expected, those pans with higher ellipticity
have higher shoreline developmmnt valucs. Similarly the pan
depressions tend to have lower shoreline development than the pans,

and a near circular shape.

The ratio of the areca of the pan to the arca of the depression was
determined for the pans studied. A wide varlety of valuecs was
obtained, ranging from 1.57 to 15,00, Within this range two groups
of ratios could be pickcd out, those pans with ratios of less than
5.00 and those with pan depression areas ratios of more than 8.00.
There seems to be no congistent relation of this ratio to any other
aspect of pan or depresgsion morphometry, such as pan depth or size,
However, it is interesting to note that thosc pans with lower ratios
of pan area to depression area are often grass covered, whilst those

with high ratios are often bare clay pans.

Despite the variety of wvalues for the ratio of pan area to depression
area, there is a moderatcly good correlation between pan area and
depression arca, with a correlation coefficicent of 0.72. It is
intercsting that this comparcs well with the correlations of playa
area to basin arca obtained by Cooke in the western U.S.4. (Cooke

and Warren 1973).

Direction of elongation of the pans and depressions.

*

From the above it is clear that most pans arc elongated to some
extent., To ascertain if this eclongation followed a consistent
pattern, the direcotions of the long axes of each pan and depression

were measured. The results are presented in Table 6.2. Thesc




invegtigations show that the long axes of the pans may liec in one of
two dlruotlon"° in the range 250 to 320 and in ‘the range 010 to
050 » Of these trends the first is more common. It will be noted
that these two dircctions of elongation are nearly at right angles
to each other and that they arc parallel to, or perpendicular to,
the prevailing north to northeast winds of the southera Kalahari.

It would thus appear that the pans are elongated in a dircction that
is eilther downwind or at right angles to the prevailing wind. The
depressions containing the pans are commonly elongated in a downwind
direction (020 to 045 O). The exceptions to this are at Bamosadi,

Kokong, Mogatsc, iasetleng and Pussy pans.

Table 6.2

Orlcntation OJ pan and pan d,pr Sion lonw axes

...... - et

Pan Depression
Samane 2700 ‘ 040O
Samosadi 310° 310°
Bee 320° 020°
Tatswe 3150 070G
Sckoma 310° 001°
Kongwe 0500 030"
Keng 050° 050°
Kgamna 001° 045°
Khalthea 250° 035°
Khesckwe 270 040°
Motsobonye 0300 020°
Zokong 315° 290°
Mashiaphotsana 0450 020°
Mogatse 31“0 320°
Dead Tree 300° 030°
Bosobogolo 0z0” 020°
lpaathutlwea 250° 020°
Mabuasehube 010° 010°
Ukwi 040" 020°
Urwi 300" 002°
Nwatle 020" 025°
Masetleng 290O 290o

Pussy 290 290°




DISCURBSION
Measures of the morphometry of the pans show that they are sub circular
to sub elliptical in shape, and are contained in sub circular

depressions. The ellipticity, length width ratios and shoreline

development of the pans and depressions are all within the range of
values obtained by Reeves (1965) for deflation depressions in western
Texas, UsScAao The shape of the pans and the depressions containing

then ig thug a further indication of their deflation origin.

With the exception of Samosadi, Masetleng and Pussy, the pans that are
most sgtrongly elongated all have their long axes trending in a north
northeast —~ south southwest direction and are contained in depressions
that are mtrongly elongated in a similar directlon, Associated with
these pans, which include Tatswe, Dead Tree, Khesekwe and Nwatle pans,
are dunes which have o well developed parabolic form. Commonly, those
pans that are elongatved in an east - west direction are only weakly so,
and tend to a near circwlar shape., Pans with 2 strong east - west
elongation are rare, and tend to be the result of local circumstances,

for instance the presence of outcrops of Kanye Volcanic System

felsites on the north side of Kokong pan,; or the linked depressions of
lagetleng and Pussy pans. Reeves (1968) states that depressions of a
deflation origin tend to elongate downwind, and this is the case with
most of the pan depressions in the southern Kalahari. However; when
the basins contain shallow water bodies, the water may be blown by the
prevaiiing winds to the downwind end of the playa, to return by
longshore currents, which will erode the ends of the playa, to produce
a lake which will be slongated perpendicular to the prevailing winds.
This process of end current erosion has been suggested by Reeves (1966)
and Killigrew and (ilkes (1973) to explain the shape of lakes in west
Texas and western Australia and it would appear that end current
erosion may have been important in extending the southern Kalahari
pans., However, this process does not appear to be important today, as
most pans do not hold water freqguently in the middle and late parts of
the dry season, when winds are strongest and least variable in
direction. Wany pang have a near straight lee shore, characteristic
of lakes subjected to this form of erosion. Samane, Khakhea, Mogatse,
Mpaathutlwa, Masetleng and Urwli pans are the best examples of this.

All these pans are slightly clongated in an east - west direction. It

o

does seem that the effect of end current erogion is limited by the



shape of ‘the depression and there is litile sign of end current cerosion
having been important at pans such as Nwatle, Bosobogolo and Dead Tree,
which have rather narrow basing that limit lateral expansion of the

lake,

In addition, it seeng probable that the pans have been subjected to
further deflation and some infilling after the period when thay may
have contained significant quantities of water, This would clearly

have modified the then existing form of the pans.

In conclusion, it would appear that the shape of the pans today
reflects the operation of both deflation and end current erosion atb
different stages in their development. The pans that ocoupied the
depressionsg soon after their excavation by the wind probably took on
an elongated form similar to that of the deprecssion. During periods
when they were commonly flooded, end current erosion modified the
elongated pans to a near circular form. Subseguent deflation has again
tended to elongate the basing. The relative importance of the

processes is thus reflected in the present shape of the pans.

THR PANS

[ R P Ot

THE_PATI, SURFACES

T

The work of Neal et al (196%) has demonstrated the importance of playa
surface types as indicators of the texture, mineralogy and hydrology
of playas. It appears that the different surfacces of the pans of the
southern Kalahari have developed under rather diffcront conditions.
Van Straten (1955) recognised threc types of pan surfaces

Grassed -~ with dark sandy clay sediments, low soline concentrations
and relatively little calcrete development.

Ungrassed - with a vegebation cover of low growing woody species on
dark sandy clays which have good water retention properties.

Saline -« with little or no vegetation, saline or alkaline sandy clay
sediments. Usually deeply etched into calcarcous sandstones, often

with extensive caloretes around the pan ilself.
The field observations of the writer suggest that Van Straten's

classification is capable of some modification. Tor example, not all

pans with no vegetation on them are in fact saline, and many pans in
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this clase are not deeply etched into calerctes. The following
working classification of pans is proposed, which divides pans into:
Grassed pans; partly grassed pans; and bare clay pans. The bare clay
pans may be further subdivided on the basis of the nature of thelir

gsurface into granular and smooth hard pan surfaces,

desoription of surface types
Grassed pans
Grassed pans (Plate 22) have a continuous to discontinmuous cover of

long or short grasses, malnly Sporobolus spp., Lragrostis spp. and
& & ? b B ey LAl

PR TN B Y

Cynodon dactylon. The length of the grasses scems to depend partly
on the amount of game grazing the pan. At one or more places in the
pan the grasses may give way to bare arcas 10 to 20 m across, which
lie 50 to 8C cm below the general pan floor level., These areas fill
with water after heavy rains to a depth of 30 to 50 om, and may he
termed the pan pool or waterhole, (c.fi; he "pfarnenloch' of Jaeger
(Rogers 1940))n The deposite underlying the grass pans are invariably
sandy clays or clayey sands, light brownish grey in colour, (Munsell
10YR 6/2)y with small calerete nodules present. Clays and sandy clays
are exposed in the pan pools. Occasionally; as at Bee and Khesekwe

pang, calecretes may be cxposed around the pan pocl.

Partly grassed pans
Partly grassed pans have a scatiered to discontinuous grass cover,
together with scattered low growing shrubs and succulents. The areas
of bare sandy clays and oclays are more cxtensive,;.and may cover half
the area of the pan. Occasionally, as at Tatswe (Plate 23) and
Mbaathutlwa, these areas may lie as much as 50 to 80 cm below the main
pan surface level, but generally they lie only some 20 to 30 cm below
the general level of the pan. These bare arcas hold shallow water
bodies after heavy rains,; often for some coneiderable time, and Keng
pan was still flooded in June 1972, three months after the last rains

in that area.

Bare clay pang

The bare clay pans suprort little vegetation, although occasionally,
for example at Kgama pan, there may he small areas of discontinuous
grasses. Two sub bypes were recognised. The most common sub type has

a loose porous olay or sandy clay granular surface (Plate 24) pale
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brown (10YR 6/3) to Llight grey (10YR 7/1) in colour. The granular
layer may be up to 20 cm thick and overlies compact clays. This
surface layer drics out very rapidly afier evaporation of the water
that may be in the pan,; bubt the underlying clays dry out very slowlys.
The granular layer teuds to become deeper and softer as the silt and
clay content of the surface depogits increases. It appears to form
by the drying of & 5 to 10 cm layer of liquid mud left after the

water has evaporatod from the pan. The second sub type (Plate 25)

has a hard smooth surface, light grey (10YR 7/1) in colour, with narrow
irregular polygonal oracks, forming a crusgt up to 5 cm thick overlying
darker clays. In some cases these crusts may have a distinct shine to
thew in certain light conditions, apparently caused by their high
calcium carbonate content. The hard smooth surfaces also have a
distinctive appearance on air photographs, as their high reflectivity
gives them a bright whitc tone. Examples of this surface type were

noted at Ukwi, Khakhea and Mpaathntlwa pans,

Areas of the different surface types may be obscrved at one pan. For
example, the barc areas of grassed and partly grassed pans may

frequently have granular clay surfaces. Intermediate conditions may
ocour, and Tatswe pan appears to be transitional hetween the grassed
and. partly grassed types. Npaathutlwa pan appcars to be transitional

betwcen the partly grassed and bare types.

The distribution of pan surface types

The digtribution of pan surfacce types amongst the sample of pans
studied is showm in Table 6e¢3. Of the pans studied, six were grassed,
five partly grassed and twelve bare clay. This appears to be
equivalent to the proportions of pans with the three main surface types
in the southern Kalahari as a whole, wherc some 50 % of pans are bare
cley, 15 % partly grassed and 35 % grassed. In general, the shallower
pans are grassed, and the deeper pans barc. In the sample of pans
studied this relationship between pan depth and surface type seems to

hold true, as Table 6.4 demonstrates,

The only major exceptions to the relationship appear to be at
Mpaathutlwa pan, which is only marginally a partly grassed pan, and at

Pussy pan, although some overlap between the categories does exist.






Table 6.3

e A A v g

The distribution of pan surface types

A R

surfacc

Granular

Bamane X
Samosadi X
Bee x
Tatewe X

Bekoma X

Kongwe X

Keng X

Kgama, X

Khalkhea X

Khe gsekwe X
Moteobonye X

Kokong Z

Mashiaphotsana pis

Mogatac £

Dead Tree X

Bosobogolo X

Mpaathutlwa bd
Mabuasechube X

Ukwi X
Urwil X

Nuatle X
Masctleng X

Pussy X

Surface bydrology

Ail pans flood to some extent following heavy rains, but the nature
of the flood waters and the way in which they occupy the pans varies
congiderably with the nature of the pan surfacc. The manner of
flooding of pans of different types was observed following heavy
rains in the Sekoma arca in April 1973 Analyses of samples of
water taken from Khakhea, Sckoma and Samane pans scven days after

the rainfall event, werc undertaken by the Botswana Geological Survey
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Table 6.5

fruta

Chemiocal analyses

of waler contained in pang

PpH

Anions (ppm)

003

HCO., T

3

¢l

80,7
4

)

®

Total Anions

Cations (ppm)

xt

Na+
Ca++

Mgt

Total Cations

Total Ions

Conductivity

Partly grassed pans, like Kong
by 10 to 20 cm deecg

arca s

analysis.,

The bare clay pens

may flood completely

and Sekoma..

Regrettably, the water was

by, Geological Burvey Department

1213

108k o 34%h April,

Sexoms pan

9.4 1041
116 102
612 139

1671 425
251 38
245 125

2719 ppm TO06 ppm

Samane pan
6.7

20

5T
8
0.6
37T ppra

95 5 10
1500 362 92
17 13 13
- ~ 8
1612 ppm 445 ppm 183 ppm
4331 ppm 1151 ppm 560 ppm
56986%i8£0mhos 2008@@i850mhos 649L%10?0mhou

and Kongwe, werc ob

gheets of water covering up to

apwear to hold much more water

to a depth

gerved to be

than other

ocoupied

30 % of the pan

t00 contaminated by cattle to permit

types, and

of 50 cm, a8 was observed at Khakhea

The wabter in these pans is strongly saline or alkaline.

A sample from Khakbes pan was observed to have a oH of 9.4 and a

conductivity of 5600

micromhos pPEr CMe

The dominant anion was

chloride, with bicarbonate, sulphate and carbonate important. The

cations were dominatbed by sodiuwm, with small amounts

calciums

Clearly, these waters are highly saline.

of pobassium and

The water contained.

in Sekoma pan was rather different in composition, being highly

alkaline, with a pH of 10.1, and a conductivity of 2000 micromhos per

ciie The anions were, like Khalkhea, dominatcd by chloride, with
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bicarbonate and carbonate as secondary ions. Onoe again, the dominant
cation was sodium, with potassium in small amounts, At Sekoma, in
addition to sodium chloride, sodium bicarbonate appears to be an
important salt, giving risc to the strong alkalinity.

The water is lost from all pans by evaporation and evapotranspiration,
ag all pan sediments appear to be impervious at some depth below the
surface, The water in the pans appears to level out the surface and
£ill in holes made by game animals. In the later stages of drying at
some bare pans, the top 10 cm of the pan sediments arc a liquid mud,
but lower down thoy are compact and only slightly moist. On drying
the liquid layer may form a granular surfaoce layer, There is no
evidence, in the form of salt crusts, that groundwater reaches the

surface of the pans.

The pans of the southern Kalahari are underlain by a variable thickness
of caleareous and alkaline clays, sandy clays and clayey sands, Around
the pan edges caloretes and occasional silecretes may occur. They are
overlain by calcareous sands, which extend up to 200 m from the pan
edges The nature of the deposits found on the pan edges suggests

that they represent cvidence of more extensive lakes in the pan

depressionss

METHODS OF SEDIMEX

T, AMALYSIS

Particle gize digfribution

T S T e

The particle size distribution of the fine textured deposits was
determined by the ASTHM Bouyoucus hydrometer method as described in
Black (1965), following dispersion in sodium hezametaphosphate. In
addition all samples were wet seived to determine the distribution of
the sand sized particles. Predominantly sandy deposits were wet

geived only, following dispersions

Chemical analyses

Calcium carbonate content was determined gravimetrically using the
methods described in Chapter 5, The soluble salines content of pan
samples was determined by measuring the electrical conductivity of a

125 soil suspension using a MEL conductivity bridge and a dip type cell,

following the methods described in Piper (1946). The pH of samples was
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determined in the same soll suspension with the aid of a Corning/EEu

pH meter.

In addition all saaples were physically examined in the field and
laboratory to determine their colour, structure and fossil content.
The sand size ( > 0,063 mm) fraction of all samnples was examincd
under a binocular microscope for the shape and composition of the

varticles.

ON OF TEE PAN DHPOBIL:

El

The composition of the pan deposits was investigated by pits dug at
a number of pans. Regrettably, time, and the indurated nature of
many of the deposits peramitted only the upper 1 to 2 m of them to be

investigated, Samples of the pan surfaces were obiained at all rans.

4rea 1

In this area, pits werc dug to a depth of 1 o al Samane and Bee pans,
The descriptions of +the sections and the composition of the deposits
are detailed in Table 6.6, and Fig. Gels At both pans the uppernost
pan deposits are slightly to moderately caloarcous clayey sumis.

They overlie moderately to highly calecarcous blocky clays which occur
at depths of 50 to 80 cm below the van surface. The upper grndy
depogits appear to thin out towards the centre of the pans, au
comparison of the sections of pits 1 and 2 at Samane indicates, and
may be absent altogether in the vicinity of the waterholes,; which arc
floored by calcarcous clays (Plate 26). It appears that the upper
sandy deposits merge imperceptibly with the calcarcous sands of tho

inner dunes and the inner slopeg of the pan depression.

A sample of the pan surface at Bamosadi pan shows it to have a
similar composition to those of Samane and Bee pans. At Tatswe, a
sample was taken from one of the eztensive bare clay areas, which are
overlain by thin sandy deposits towards the pan edges. Calcretes
were found only as occasional small nodules in the deposgits at Samane
pan, but at Samosadli more massive calcretles may be found in the
southeast corner of the pan where they are exposed by deflation. The
inner slopes of the northern side of the pan depression at Tatswe are

underlain by thin calcretes.
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Area
Pan deposits were examined at Nwatle and Urwi pans in this area,

Nwatle pan has a bare granular clay surface. Below this lies 55 cm
of very pale brown clay, passing down into a mixed deposit of pinkish
grey and light grey ocaloareous clays. The sequence of deposits

(Figo 6.7) is in many ways very similar to that observed at Mogatme
pan. In Nwatle pan there are Wiglands"® of oalcarecousg clayey sands
which stand about 30 om above the pan surface. They appear to
represent residuals of the olayey sands that once overlay the

present sandy clays of the pan surface.

The three adjacent pans of Nwatle, Masetleng and Pussy are all
noteworthy for the very low (less than 15 %) silt confent of their
depogits.

A 1.6 m deep pit was cxcavated at Urwi pan (Figs 6«8, Flate 28).
Below the surface layer of fine granular clay lie 50 cm of greenish
blocky clays. Below 90 om the character of the deposits changes,
and the clays are pale grey to white in colour, less salins and more
calcarcous. The sand content of the deposits is greater, and
changes from angular sileoretes and calcrete fragments to fine sub
rounded guartz sand, A layer of very fine, white calcareous clay
peparates the two parts of the section. In genexral the
canductivity of the pan deposits is an order of magnitude higher
than other pans investigated, apart from Ukwi, and the olays arc

very strongly alkaline.

Ukwi pan, like Urwi pan, is saline. The surfaoce of the pan is a
hard smooth light coloured clay, broken by occasional outorops of
dark green silcretes and Beca Berics sandstones. The sand fraction

of the surface is composed of opaque white, almost spheriocal,

quartz grains, identiocal to those found in the pan edge dune.
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Table 64,10

Desoription and analyses of deposits from pans in area 5

Pit section at Nwatle pan (Fige 647) _

1 0= 5om Light grey (10YR 7/2) blocky sandy clay

2 5~ 60 cn Very pale brown (10YR 7/2) clay, with small
reddish and greenish mottles

3,4 below 60 om Pinkish grey (7.5YR 7/2) and light grey (10WR 7/2)
moderately caloareous clay (mixed)

Pit section at Urwi pan (Fige 6.8, Plate 28)

1 0~ 20 cm Loose fine granular pinkish grey (5YR 6/2) clay

2 20 = 40 om Fine granular pinkish grey (5YR 6/2) clay, with
many small calcrete inclusions

3 40~ 60 cm Blocky reddish grey (5YR 5/2) olay

60 = 90 om Coarse angular blocky very dark grey (5YR 3/1,

moist) olay

5 90 = 100 em  White (5YR 7/1) ealoarecous olay

6 100 —= 120 om Light grey (51R 7/1) clay

T 120 - 150 cm  Light grey (5¥R 7/1) e loarcous olay

8  below 150 cm Compact reddish grey (S5YR 7/1) olay

Analyses of pan deposits

811t 4+ Caloiuvn  Conductivity
Sand Bilt Glay CGlay Carbonate micromhos

% % % % % per cm  DpH
Nwatle | |
1 56 15 29 44 23499 1280 1040
2 38 A 58 62 11018 5400 1065
3 54 10 36 46 10449 5500  10e4
4 60 10 30 40 11037 2600 104
Urwi ‘
1 10 14 16 90 9489 37800 8.3
2 18 29 53 82 15457 25700 8.5
3 26 30 44 14 12440 32400 8.5
4 23 29 43 11 10618 37100 8.5
5 9 15 76 91 12487 22750 87
6 22 16 62 18 18464 11470  Be6
T 32 16 52 68 2105 22800 8.7
8 23 26 51 17 1197 15600 868
Pan surfaces
Ukwi 26 29 45 T4 12463 24600 948
Masetleng 48 11 41 52 7«98 1148 el

Pussy a4 13 43 56 8427 82 8ed
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THE_GOMPOSTIION OF TRE PAN IEPOSITS

From the desoriptions of the pan deposits it is clear that they are
dominantly moderately to highly ocaleoareous olays, sandy clays and
clayey sands. The distribution of the silt and olay content,
caloium carbonate content, conductivity and pH of the pan deposits
in the sections observed is illustrated in Figge 6s1 0 648s The
main features of the composition of the pan deposits are desoribed

below [

Particle size distribution

The pan depogits are in the main composed of material in the sand
(> 0,063 mm) and olay (<2 06004 mm) size ranges. Silt sized
material (0.004 to 06063 mm) is a minor or subsidiary component of
most pan depositss Only at Khakhea, Keng, Mpaathutlwa and
Mabuagehube pans do the deposits contain 30 % or more gilt sized
materials. In addition the upper metre of the deposits at
Mpaathutlwa pan contains signifiocant amounts of silt. At all these
pans the high silt content may be attributed to material derived

from the weathering of adjacent rock outcrops.

The pan deposgits may contain up to 85 % clay sized particles,

s though most pan deposits contain 35 to 55 % claye

¥rhere the pan has a bare granular surfacey therce is a sharp increasse
wn the 811t and clay content of the deposits immediately below the
surface; and the surface may be considerably more sandylthan the
underlying deposits. Where the surface is of non granular type,

as at Urwi and Mpaathutlwa pans, a decrease in silt and clay content
occurs below he surface layer. At grassed pans the pan deposits
may be divided into an upper dominanitly sandy phase and a lower

clayey phase, which are sharply divided.

In all cases much of the clay sized material is composed of
colloidal particles with a diameter of 0,001 mm or lesss The
proportion of colloidal particles in most pan sediments is commonly
80 to 95 % of all clay.

The surfaces of most granular bare clay and grassed pans are sandy

clave or clayey sands. (Granular surfaces commonly contain 55 to




70 % sand sized material. Crassed pan surfaoces are composed of

similar material, which may contain 50 to 80 ¢ sand.

Analysis of the sand fraction of the pan deposits shows that it has
a similar compomition to that of the adjacent inner duness Although
some sand fractions, as at Mogatse pan, are coarser than dune gand
due to the presence of large sllorete and oalorete fragments, the
majority of the sand fraoctions of pan deposits have a mean grain
size of 2,29 10 250 phi, which is similar to that of the outer
dunes, but with a rather different distribution about the mean, It
is common to fimd a high percentage of the sand in the fine sand
range (3 to 4 phi), although the modal grain size is still in the
medium sand range (2 to 3 phi)s Most sand fraotions are thus
negatively skewed, often strongly so, and have low kurtosis wvalues,
The phi standard deviations lie in the range 0,79 0 098,

indicating a moderate degree of sorting,

The sénd fraotion of most pan deposits is composed principally of
sub angular to sub rounded guartz grains, which may be frosted, but
are rarely stained in any way. ©Sub angular to sub rounded calcrete
and occasional silorete fragments generally form a minor part of

the sand sized material, although locally they may be important,
dngular fragments of silorete, calcrete and weathered rock are
lonally important in the upper deposits at Khakhea, Mpaathutlwa and
Mabuasehube panse A general tendency is for the deposits which have

higher sand contents to have higher ecalcium carbonate contents.

Clay mineral composition
According to Grim (1953) Van de Merwe and Heystek (1971) the dominant

clay minerals in the depogits of the southern Kalahari pans are most
probably illite with some montmorillonite, which form under
conditions of high pH in arid to semi arid olimates, Caleite is
also likely to be an important constituent, in view of +the
caleareous nature of the deposits. The greenish colours observed in
deposits at Urwi suggest the presence df chlorite or possibly

glauconite, found in highly saline conditions.

Calcium carbonate oontent

The pan deposits at bare olay pans are generally moderately to highly

calcareous and commonly ocontain 10 to 15 % by weight caloium carbonates
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At grassed pans the upper sandy deposits are slightly to moderately
caloareous, and the lower olayey deposits are moderately to highly
caloareouss The caloium ocarbonate content of the pan deposits tends
t0 inorease with depth from a point immediately below the pan surface
to 80 to 90 cm depth.

The surface of granular clay pans may be more oalcareous than the
deposits immediately below them. At grassed pans there is a sharp
increase in calcium oarbonate content of the deposits on the contaot

between the sandy and clayey phases.

The main sedimentation trends for calcium carbonate content of the

pan deposits are illustrated in Fige 6.9« They show that the caloium
carbonate content of all deposits is inversely related to their silt
plus clay contenty and direcily related to the sand content. Similar
relationships exist in sandy deposits of grassed pans, but there is
generally a lower caloium carbonate content., 1In all cases the calcium
carbonate content of the pan deposits is directly related to their
colloidal olay contents

Fige 610 shows thal the caloium carbonate content of the pan
deposits is inversgely related to their conductivitys This relationship
is partioularly well marked in the sub surface deposits at Mogatse,

Dead Tree, Nwatle and Urwi pans.

Condugtivity

The electro oondugtivity of the pan deposits indicates that they fall
into three groups, based on soluble malines oontent. The first group
includes the sandy deposits at grassed and partly grassed pans, and
the surface layers of granular clay pans. These are non saline to
very slightly saline, with conductivities of less than 4000 micromhos
per cme The seoond group inéludes the sub surfaoce deposits at all
bare clay pans, and the clayey deposits of grassed pans, with
conductivities between 4000 and J0000 miocromhos pexr cm, These
deposits are slightly 1o moderately saline, The third group congists
of the highly saline deposits found at Ukwi and Urwi pans, with

oonductivities greater than 10000 micromhos per ome.
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PH

Most pan deposits are moderately to strongly alkaline, with pH values
of 8 to 1045, as a result of high calcium oarbonate or soluble salts
contents. More saline deposits; as at Ukwli and Urwi, tend to have
lower pH values, in the range 8 to 8.5. The highest pH values appear
to result from a oombination of high calcium carbonate content and

moderate salinity, as at Dead Tree and Nwatle pans,

There appears to be no consistent pattern to the distribution of pH
in the sections examined, although the distribution of pH does follow

that of calcium carbonate content in one or two cases.

RELATIONSHIP OF PAN, SURFACE TYFES TO GOMPOSTTION OF PAN DEPOSITS
The pan surface deposits are of very wvariable texture, as figure
6412 and Table 6.1% show. There is little relationship between the

amount of silt and olay sized material present and the surface type.

The surfaces of bare clay pans may contain as little as 33 %, or as
much as 90 %, wilt and clay. Similarly, the surfoces of grassed pans

may oontain between 23 and 64 % silt and clay sized material.

Generally the surfaces of bare clay pans are more calcareous or
more saline than those of partly grassed and grassed pans. Bare
clay pans tend to be slightly to moderately saline, whilst grassed

pans are non salines

An explanation of the surface type at any pan may be given after
congideration of the composition of the uppermost pan deposits as a
whole. A1 grassed pans the deposits consist of an upper sandy phase
and a lower clayey phase, 4t bare olay pans, although the surface
may be quite sandy, the deposits are predominantly compact and
impermeable clays. The sandy deposits at grassed pans allow water
to percolate and such pans are locally flooded only. In addition,.
the presence of a sandy layer effectively prevents capilliary rise
of saline wat%;. Bare floored pans flood extensively, and the
salinity of the evaporating flood waters is high., The deposits
pregent in grassed pans provide relatively favourable conditions
for plant growth, whereas the compact, often maline, clays of the

bare pans offer a hostile environment.
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Table 601 1
Compogition of pan surface deposits

Calcium
5ilt and clay Conductivity Carbonate

Content micromhos Content  Surface
% per om % Type

1 Urwi 90 37800 9489 B
2  Mpaathutlwa 79 8600 33469 PG
3 Sekoma, 79 2000 28467 B
4 Ukwi. T4 24600 12663

5 Dead Tree T1 1080 13418 B
6 Tatswe 70 338 13478 PG
T Khe sekwe 64 82 7489

8  Mabuasehube 62 3100 8e42 B
9 Pussy 56 82 15479 PG
10  MNasetleng 52 1148 T.98 B
11 Samane 50 230 4e13 ¢
12  Khakhea 50 2230 10649

13 HNwatle 44 1280 23.99 B
14  Kongwe 49 120 3699 PG
15 Mogatse 40 486 20453 B
16  Mashiaphotsana 37 65 9697 G
17  Motsobonye 33 2000 18,42 B
18 Xgama 32 4000 Te11 B
9 Bosobogolo 31 1400 14677 G
20 Samosadi 23 185 8e25 G

Surface typess B = bare; PG -~ partly grassed;

EXTENT OF THE PAN DEPOSLTS

A variety of evidence exists to show that the

contained water bodies which covered areas up

G -~ grassed.

to three, and

exceptionally sixy times that of the present pan area,

pan depressions once

At some pans, for example Keng, Khesekwe, Mogatsec, Dead Tree and

Nwatle, the present pan may be bordered by flats up to 100 m wide,

which lie 50 to 100 om above the pan datum and are underlain by

calcretes and ocaloarcous clays.

Where the pan has a bare clay

surface there is a charp rise from the pan to these areas.
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Nwatle pan the flats are particularly extensive, and the pan is
separated from the inmner dune by an area of slightly caloareous
sandy clay 300 m wide, which is underlain at a depth of B8O om, by
a compact caloareous clay, which closely resembles deposits found
under the present pan, The compogition of the upper sandy clay
(6345 % sand, 36.5 % silt and clay, 5.88 % ocaloium carbonate) is
very similar to that of {the deposits forming the upper sandy phase
at grass floored pand., On the northern side of the pan, an area of

calcareous sands underlain by calcretes and caloareous clays, extends

for 700 m from the pan edge. Two hundred metres from the pan edge,
40 cm of oclayey sand overlies friable calcretes, which contain
fragments of mollusca, whilst 500 m from the pan edge, the sands

thicken to 60 om and overlie compact calcareous sandy clays (73 %

sand, 27 % silt and clay, 7«89 % caloiun carbonate), which are
similar in composition to the caleretes nearer the pan. Deposits of
this nature, at depths of 60 to 80 cm, may be found up to 700 m
from the pan edge, where they appear to die out suddenly. At this
point there is a transition from grey brown sand to red brown sand,

accompanied by a vegetation change.

At many pans these flats are not present, and the inner siopes of
the pan depression start at or near the pan edge, At bare surfaced
pans the edge of the pan is olearly marked, but at grassed pans a
slight break of slope is all that marks the pan edge. The inner
slopes of the pan depression are composed of grey brown (10YR 6/2)
slightly to moderately calcareous sands,; with clayey sands around
the pan edge. These sands may extend for 300 m from the pan edge

on the eastern and western edges of the pan, and to 1000 m from the

northern edge of the nan, Their limits may be smarked by a break of
glope at 3 to 4 m above the pan datun. In all oases the transition
from grey brown to red brown sands is marked by a vegetation change,

from "pan vegetation® to "Kalahari vegetation®; the most nobable

feature of which is an in¢rease in the grass cover.

Jalorete nodules are often present at the surface of the inner slopes
of the pan depression. They usually indicate the presence of more
extensive caleretes at a depth of 30 to 50 cem. Commonly calcretes
may outerop at the edges of bare and partly grassed pans, but remain

below the surface at grassed pans. Away from the pan the calcretes
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are more deeply buried and may well be legs strongly indurated.
The relationships between the depogits on the northern edges of

several pans are illustrated in Fige Ge13.

Tabkle 6012 shows the composition of selected calcretes from the inner
slopes of the pan depressions. MNany of the ocaloretes appear to bhe
indurated clays and sandy olays, and contain 40 to 50 % clay sized
material. Some contain fragments of mollusoa; as at Samosadi,

Tatswe and Mwatle pans, Yhere the caleretes are expomed around thb.
edges of the present pan they are frequently seoondarily cemented
with silica, resulting in their being very strongly indurated. In
many ocases, a transition towards the pan edge from calcretes to gil-
oalcretes and locally sileorete occurs. A good example of this exists
at Khakhea, where caloretes 50 to 100 m from the pan edge grade into

giloaloretes and siloretes towards the pan.

Not all caloretes on the pan margins can be regarded as indurated

pan deposits. At Khakhea massive calcretes 2 to 3 m thick top a

5 m high bluff on the northern side of the pan., BExtensive caloretes,
oftern containing angular frag@ants of Waterberg sandsgtones may be
found around the edges of Bekoma pan. At Ukwi pan massive calcretes
form & 4 m high ¢liff along the northern side of the pan.e The masslve
nature and topographic position of these calcretes indicates that they
must be regarded as remnants of local or regional caloretes, through

which the pan depression has been excavated.

Caleretes are infrequently found at or near the surface in the
vicinity of the inner dune. At Sekoma, Kgama and Ukwi they arc
probably regional caleorotess At Khesekwe pan oaloretes are locally
exposed in the interdunal depressiony and other parts of this arca
are underlain by‘oaloretes at a depth of 1 ms Their composition
suggeste that they are induraied clays and sandy clays deposited

when the pan held a much larger water bodye.

At Masetleng pan a discontinuous zone of caleretes at or near the

surface rings the pan at a height of 3 to 5 m above pan datum. The
zone is particularly extensive on the north and northwest sides of
the pan, and its topographic position suggests once again that the

calocretes are indurated pan deposits.

168




Table 6o17

The oomposition of caleretes from pan depressions

Caloium Insoluble Nature of
Carbonate Regidue Inscluble
% % Residue
Samosadi 31«25 68475 Clay and small silcrete fragments
39,02 6098 Clay and opaline silioca (39 %)
Tat swe 46,83 53417 Clay
AT+69 52631 Clay
Sekoma 32456 6T.44 Clay (26.44 %)and Silorete (41 %)
2905 70295 Sandy olay
404,00 60600 Clay
Kgana 53436 46464 Clay
69452 30843 Greenish clay (29643 %) and
silerete (1 %)
Keng 434,69 56631 Sandy olay
Khe sekwe 69481 30419 Sandy olay
6970 30419 Sandy clay
4465 55035 Sandy clay (39 %) and
¢ silerete (16435 %)
Masetleng 30,01 69499 Sandy clay

Inferred regional oaloretes

Sekora 19417 80683 Quartz sand (31 %) and
silorete (49.83 %)
Kgama 18464 81036 Quarts sand (6965 %) and

silorcte (12436 %)

Deposits and fopographic features that can be definitely regarded as
marking the shoreline of a lake in the pan depression are rare, and
only'at Urwi pan was an actual beach deposit loocated. 4t Urwi, 50 m
from the edge of the present pan, 50 to 60 om of soft brown sand
overlies a sloping deposit of calcareous sandy olay. Set in this
matrix are abundant rounded, almost spheriocal, caloareous nodules

2 to 5 cm in diamefer, (Plate 29) which are composed of laminated
calcarcous and siliceous material. Their general form suggests that
they are stromatoliths, or laminated tiosedimentary structures
(Hofman 1973), whioh are formed by the trapping and binding of
sediment together with the chemical action of blue green algae in

shallow saline waters.
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Most stromatoliths, both fossil and Recent occur in shallow marine
enviromments, but Stromatoliths from lacustrine environments have
been reported from other parts of the Kalahari by Kalkowsky (1908)
and, more rccently, from the Btoscha pan arca of Namibia (South West
Africa) by Martin and Wilzewski (1972). They have also been
described from many other parts of the world including the Great
Salt Lake of Utah, U.S.A. and Ethiopia (Grove, Street and Goudie
1975)s Lacustrine stromatoliths appear to form in conditions of ‘
moderate salinity that favour more widespread sarbonate precipitations
&
Topographic features marking the position of shorelines of more
extensive water bodies in the pan depressions are rare, due to the
unconsolidated nature of the deposits surrounding the pans.
However, where massive calcretes outorops shoreline features may
occur. At Sekoma pan a 2 to 3 m high bench formed in massive
calcretes containing sub angular fragments of Waterberg sandstones
may be found on the southwest side of the pan, some 100 m from the
pan edge. A notoh at the base of the massive calcretes on the north
sides of Khakhea pan (Plate 6) may be the result of wave action.
The bluffs in massive caloretes that occur on the northern sides of
Urwi and Ukwi pans may also be the result of wave action in more
extensive water bodics. 8Small notches up to 7 m high occur on the
gouthern edges of Keng, Motsobonye and Ukwi pans and appear to
indicate that the pans have recently contained morc permanent and

extensive water bodies,

Reliable estimates of the depth of deposits in the pan depressions
are Aifficult to obtaine The information that does exist suggests
that pan deposits are at most 2 to 3 m thick. The indurated nature
of the pan deposits did not permit the writer's investigations to
penetrate below a maximun depth of 2 to 3 ms Boreholes drilled in
pans are rare and the records for the uppermost deposits penetrated
frequently incomplete, but records for a borehole at Tatswe pan show
that is penctrates 0.6 m of clays, presumed to be pan deposits,
below which are sandstones and siloretess Wells dug into pans are
occasionally encountereds 4t Khesekwe pan a well in the northern
corner of the pan intersects some 2 to 3 m of whitish caloretes and

calcareous clayse Wells at Sekoma, Keng and Kgama pang penetrate

1 t0 2 m of greenish elays and silcretes that overlie pre Cambrian
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(50 % silt and olay, 1218 % caloium carbonate), similar to clays
intersected by pits in the pan itselfs A4 pit 150 m from the edge
of Mpaathutlwa pan revealed 1.25 m of caloarcous sand overlying a
compaot caloareous olay. The shoreline deposits desoribed above

from Urwi pan also underlie the inner dune flanks.

IHE FORMATION OF THE PAN IEPOSITS

The general nature of the pan deposits suggests that they were laid

down in shallow enclosed alkaline water bodies, The particle size
composition of the pan deposits indicates that sand and clay sized
material are the dominant oonstituents. This has been held (Motts
1965) to indicate deposits laid down under humid olimates in which
rock surrounding the lake basin is completely weathered. In the

case of the southern Kalahari, the general lack of silt sized material
in the pan deposits is the result of an absenoe of rock outcrops over
much of the region and is not necessarily an indication that the pan
deposits were laid down under humid conditions. Where rock outcrops
do oocur in the vicinity of the pans appreciable gquantities of silt
sized material are present in the depositse. The fine grained nature
of the majority of the pan deposits and the presence of colloidal

olays, would suggest that runoff was low when they were formed.

Many of the pan deposits have a moderate to high ocalcium ocarbonate
oontent, suggesting that ohemical precipitation was important in their
formation. The high pH, causing precipitation of oalcium carbonate,
was the result of the evaporation of the lake waters, or

photosynthesis by algae, or a combination of both processes.

The sand in the pan deposits may result from aeolian or fluvial
deposition. 1In any event the source material was the surrounding
Kalahari sands, and the particle size digtribution of the sands, with
a high proportion of material in the fine sand fraction, would sugge-~*

that the sand in the pan deposits is fluvially reworked.

The irregular distribution of calecium carbonate and soluble salines
in the pan deposits indicates that relatively little redistribution
of these components has taken place after sedimentation. In any event,
the impermeable nature of the pan deposits would make this unlikely.

The olose inverse relationship between conductivity and calcium
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carbonate content suggests that the oaloium carbonate and soluble

salines contents of the pan deposits represent original depositional

conditionss.

The association of higher oalcium carbonate contents with more sandy
depogits indiocates that they were formed in conditions of relatively
high runoff, permiting the transport of coarser material to the pan
floors., Higher runoff may have been brought about by a higher
rainfall, which would rcsult in more abundant vegetation and hence

a higher biocarbonate (Hco;’”) content of the runoff water, whioh
would promote morc deposition of caleium carbonate in the pansg
(Reeves 1968).

The association of higher conductivities with olay rich deposits
indicates that they werc laid down in conditions of very low runoff.
Under these conditions it is probable that the water bodies in the
pans evaporated more completely and halite and similar salts were

precipitated in addition to some ecaloium carbonate.

On this basis, the upper sandy deposits preserved in grassed pans
appear to have been laid down under conditions of high runoff,
resulting in the inwashing of sands from the slopes of the pan

depressions, as the water bodies in the pans steadily contracted.

Many of the olayey deposits on the marging of the pans have undergone
post depositional caloification, and secondary silicification as a
result of pedogenic prooesses, which indicates the existence of seml

arid and subsequently arid olimates following their deposition.

SIRATIGRAFPHY OF THI PAN DEPOSITS

Consideration of the oompogition and occurence of the different

deposits located in and around the pans of the southern Kalahari
suggests that they may be divided into an upper, dominantly sandy,

phase, and a lower oclayey phase,

The upper sandy phase forms the surface deposits at grassed and some
partly grassed pans, It is largely absent from the area of the
present pan at most partly grassed and barce clay pans, having been

probably removed by deflation. Deposifs of a similar nature form
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an anulus of oalcarcous sands and clayey sands around all pans,
extending for up to {1 km from the pan edge on the northern side of
the pan and 100 to 200 m from the pan edge elsewhere, The limits of

these deposits may be 3 to 5 m above the pan datum.

The lower clayey phase is found at all pans. It 1s exposed in the
waterhole areas and bare clay areas of grassed and partly grassed
pans, and forms the surface of bare clay panss The clayey phase may
be tentatively divided into an upper fine grained moderately
caloareous part, whioh is frequently moderately saline; and a lower
caloareous part containing rather less soluble salines and more sand
sized material. At Mpaathutlwa gnd Urwi pans there are signs that this
may be prececded by a fine grained, moderately caloarcous, saline

pha 8Ce

A tentative stratigraphy of the pan deposits may be summarised as
followss
Upper sandy phase - coarse grained, slightly to moderately
calcareous, non salinc.

Lower olayey phase -

1 moderately calcareous,; fine grained, saline
2 highly calcareous,; sandy, moderately saline
3 fine grained, saline

and appears to represcnt a situation in which the water bodies in the

pane have sgleadily contracted over a period of time.

CONGLUSTONS
This chapter has desoribed the morphometry of the pans and the pan
depregsions. The exbent and nature of the deposits laid down in the

pan depressions has been described.

The pans are sub circular to sub elliptioal in shape and are

contained in isolated sub circular depressionss The shape of the
depressions strongly suggests that they are of deflation origin.

The shape of the pans represents a balance between deflation processes
which tend to elongate the pan downwind, and end curprent erosion,
which has taken place when the pans contained water and which tends to

elongate the pan perpendioular to the direction of the prevailing
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windsg., The three characteristic pan surface types which exist,
grassed, partly grasscd and bare clay, are all apparently of the

surface water discharging type (Motts 1965).

The deposite laid down in the pan depressions are composed
principally of olays, sandy clays and claycy sands. The sandy clays
and clays arc commonly moderately to highly calcarcous, and slightly
to moderately saline., The ocomposition of the pan deposits suggests
that they were laid down in shallow water bodies, with a moderate to
high pH., Their extent suggests that the pan depressions were occupied
by water bodies with an arca 2 to 3 times that of the present pans.
The pan deposits may be divided into an upper sandy phase and a lower
clayey phase. The upper sandy phase forms the surface of grasgsed
pans and is prescnt around the majority of bare olay panse. It merges
with similar deposits on the inner slopes of the pan depression whioch
are frequently underlain by caloretes; calcareous olays and sandy
clays. Deposite similar to those of the oclayey phase underlie the
flanks of the inmer dunes. The lower clayey phase may he divided
into an upper fine grained saline part and a lower ocaloareous sandy

part,

The composition of the pan surfaces suggests that particle sige
distribution alone does not determine surface {ypes (Grassed pan
surfaces are developed only an the upper sandy phase deposits,; which
are non saline. Bare olay surfaces appear to be developed in the
oclayey phase, when the upper sandy phasge has been removed by deflation,
The impermeable nature of the subsurface deposits prevents water
percolation and their salinity offers a hostile environment to plants.
Bare olay surfaces are invariably found at the deeper pans, whilst
grassed and partly grassed surfaces are associated with shallower
pans. The deeper parts, and waterholes, of grassed and partly
gragsed pans have bhare clay surfaces. It is suggested that the pan
surface types represgent a sequence of development as the pan has been

excavated by deflations.

The existence of deposits of lacustrine origin in the pan depressions
in the interval between formation of the outer and inner dunes
provides olear evidenoe for a period in which the olimate in the

Kalahari was substantially wetter than today, The stratigraphy of the
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depogits indicates that oonditions of high runoff and probable
permanent lakes, were succeeded by conditions of low runoff and
seasonal lakes, which in bturn gave way to ephemeral or completely
dry lakes or playas., Under present oonditions, with an annual
rainfall of 300 to 350 mm and an dnnual evaporation from a lake
surface of some 2600 mmy it is not surprising that the pans are
occupied by ephemeral lakes and runoff is inocidental. Clearly,
more extensive and more permanent lakes must be ‘the products of
substantially wetter oonditions. Given similar evaporation rates
to those of today, rainfall amounts of 1000 to 1200 mm per annum, &
3 to 4 fold inorease, would be necessary to sustain lakes twice the
size of the present pans. Alternatively it is possible that the
lacustrine period was aoccompanied by much reduced evaporation, as a
result of lowering of temperature during glaoial periods. Assuming
a 5 °C fall in temperature during the late glacial, which other
workers in southern Afrieca have adopted (Bubtzer 1973), a 30 %
reduction of evaporation is probables Even if this were the case,
rainfall would still have to be twioce the present amount to sustain

permanent lakes of up to 4 km2 in the pan depressions.

The sequence of ocaloification and secondary sgilicification of the
deposits on the pan margins are consistent with a gradual dessication

of the climate during the deposition of the pan deposits,

In conclugion the pan deposits represent evidenoe for substantially
wetter conditions in the period between the formation of the outer
and inner dunese The uppermogt pan deposits appear to represent

the source of material for the formation of the inner dunes.
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CONGLUSTONS

The preceeding chapiers have degcribed the main features of the
geomorphology of the pans of the southern Kalahari. The pans, which
are situated in isolated sub circular to sub elliptical depressions
15 to 4 km aoross and 10 to 30 m deep, are underlain by up to 4 m
of calcareous and saline clays, sandy clays and clayey sands. There
ig evidence to suggest that the pan depressions formerly contained
water bodies up to 3 times the area of the present pans. On the
southern side of the pans is an area of arcuate dune ridges rising
to a height of up to 40 m above the pan datum. Two dune ridges can
be identified: an outer dune of red brown quartz sand, and an inner
dune of grey brown quartz sand and up to 20 % caloareous clay sized
material. The inner dune is partly underlain by the pan deposite.
The pans may be found in a belt up to 300 km wide along the
watershed between the Nossop-Molopo and Makgadikgadi drainage

systems,

The aim of this concluding chapter is to draw together the evidence
relating to the formation of the pan depressions,; the fringing dune
ridges, and the deposits of the pan depressions in order to present
a coherent picture of the origin and development of the southern

Kalahari pans, and to discuss thelr paleoclimatic implications.

THE ORIGIN AND IEVELOMMENT OF THE SOUTHERN KALAHART PANS

In detail,; the evidence presented in the precceding chapters suggests

that the exact nature of the development of each pan ig slightly
differents Thus the size and morphology of the fringing dunes ocan
be shown to be a function of the size and shape of the pan
depressionsg. Occasionally the bulk of the outer dunes is much smalley
than would be expecteds In some examples, such as at Nwatle or Ukwi
pansy the bulk of the iuner dune is greater than that of the outer
dune and indicates that the second phase of dune building at these
pans was much more effective than the first. Ixoeptionally, as at
Ukwi and Urwi pans, threc phases of dune formation can be recognised.
At Urwi all the dunes are inaotive, whilst at Ukwi the pan edge dune
is gtill receiving material today. Occasionally, as at Khakhea pan,
there may be no recognisable dunes at all, whioch can be explained i~

terms of the local circumstances. Khakhea pan is surrounded by



outcrops of the Waterberg System, particularly shales and siltstones
of the Matsap Beds. The weathering products of these rocks are silt
and clay sigzed particles,; whioh would tend to be removed from the
area altogether as dust, rather than move to the ecdge of the

deflation area as saltation sands.

The pan deposits are generally uniform in their composition, although
the sequence of deposits underlying the pans dovs vary. The nature
of the pan surfaces may be related to the amount of deflation of the
upper sandy phase of the pan deposits that has taken place. Where
removal of the sandy phasc has been complete, the clayey phasc is
exposed giving rise to a bare clay surfacc; but where its removal

hag been less complete partly grassed or grasgsed pan surfaces ccour,

However, despite the variability in pan shapec and size, pan surfacc:
composition and the size and morphology of the dunes, the evidence
presented shows that there have been three main phases in the
development of the southern Kalahari pans. These are illustrated

in Fige Tele

Two periods of dune building can be recognised, in which the outer
and inner dunes were formed. In the interval between these was a
period in which the pans contained shallow water bodics, initially

more extensive than at present, but gradually contracting thereafter.

In the following sections the evidence relating to the origin of the
pan depressions and to the subscquent development of the pans will

be discussed.

THE _CRIGIN OF THE PAN DEPRESSIONS

The depressions containing the pang of the southern Kalahari have

a distinotive form and distributions They are isolated, sub circular
to sub elliptical in shape; and located in a belt in the watershed
area between the Makgadikgadi and Nossop-Molopo drainages. The
distribution of the pans is clustered, and is best described by a
situation in which the pans are randomly distributed, but their
density varies from place to place. The pan depregsions do not form

any recognisable aligned groupings or patlherns and are
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characteristically elongated in a north northeast « south southwest
direction, parallel to the prevailing winds of todays The evidence
of the morphology and distribution of the pan depressions, by
analogy with similar features clsewhere in the world, particularly
in west Texas, Ul.d.A., strongly suggests that they were formed by
deflations

Additional evidence for a deflation origin for the pan depressions
exists in the form of the fringing inner and outer dunes on the
gouthern edges of the depressions. The sub parabolic form of the
outer dunes, their position on the southern edge of the pan
depression, and their composition of moderately well sorted red
brown quartz sand, suggests that they represent material deflated
from the sites of the pan depressions. The inner dunes, with their
position against the panward face of the outer dunes, and their
composition of mixed grey brown quartz sand and calcarcous clays,
appear 1o represent material deflated from the floors of the pan

depressions.

A close relationship exigts between the size of the dunes and the
area and depth of the pan depressions., This provides, in the

absence of volumetrio relationships, a strong indication that the
bulk of the dunes corresponds closely with the amount of material

deflated from the depression,

THE DEVELOFMENT OF THE PANS

Tollowing a period of deflation in which the outer dunes were

formed, there is evidenoe, in the form of clays and other lacustrine
deposits, which indicates that the pan depressions held water bodies
up to 3 to 4 times the area of the present pan. Topographic
features or deposits marking shorelines arc rare, but clays and
gandy clays, thinly covered by sand and often partially or wholly
calcified or silicified; may be found 200 to 300 m from the pan
edge,; and at heights of up to 3 to 5 m above the present pan floor.
On the scuthern side of the pans such deposits underlie the flanks

of the immer dunes.

The composition of the pan deposits is variable, indicating

fluctuating hydrologiocal gdnditionsg but a lower calcareous to
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saline c¢lay phase and an upper sandy phase can be recognised. The
lower clayey phase is divided into a lower ocalcarcous; coarse grained
part, and an upper fine grained, saline part. The seguence of pan
deposits shows that high water level conditions in permanent or
seasonal lakes wore replaccd by low waber level saline ephemeral
lakes. During the time when the pans held exbonsive watcer bodies,
the shape of the pan deprcgsions was modified by cnd ourrent erosion.
As the water bodies in the pan depressions oontracted, the sandy
phasc was laid down as a wash on the lake margins. This scquence of
events secems to be oonfirmed by the existence of a transition from
calcretes to sil=oaloretcs and silcretes on the pan margins, the
composition of which suggests that they are indurated pan deposits,
altered as the water bodies in the pan depressions contracoted and
became more salinc. The extremely fine grained nature of the clay
fraotion of the pan deposits indioates that they were formed as a
result of the trapping of inwashed fincs, together with oarhonate
synthesis in relatively shallow permanent or secasonal lakes.

Except on the margins of the water bodies, the deposits are
characterised by a small amount of sand only, whioh would scem to
indicate conditions of low runoffe The final phase of the
contraction of the water bodles in the pan depressions seems to

have been one of inoreased runoff, as the nature of the upper sandy

phase indicates.

The composition of the imner dunes suggosts that they were formed by
the deflation of pan deposits, particularly the upper sandy phasc,
during the latter stage of the cohtraction of the pans. 4t bare clay
pans the lower clayey phase is exposed, but at grassed and partly
grassed pans all or most of the pan is covered by the sandy phase,
and olays are exposed only loecally in waterholes or bare arcas. This
would indicate that thoe type of pan surface occuxing today reflects
the balance that ciistcd between the inwashing of material to the
pang and the power of the wind to remove it. In this context it is
interesting o note that grassed pans are found more frequenily in

the wetter castern part of the area.
Following the formation of the inner duncs the pans appear to have

dried out completely. However, there is evidenoc in the form of

small, apparcntly wave outy notches on the southern side of some of
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the bare and partly grasscd pans, that the pans have held quite
substantial quantitics of water in reoent times, probably during

exceptionally wet mseasons or periods.

The scequence of cvents involved in the origin and development of the
southern Kalahari pans may be summarised as follows:
Sporadic deflation and scasonal or ephemeral water bodies
in pans at prescnt day.
Deflation to form inner dune.
Depoesition of pan doposits: Sandy phasc
Clayey phage:
Upper saline, finc grained
part
Lower caloareous part.

Deflation to form outer dunc.

PALEOCLIMATIC IMPLIGATIONS

The pans are today virtually fossil landforms, experiencing sporadic

deflation from their surfaoces, which are flooded seasonally or
ephemerallye, It is clear that their main features have developed
under climatic conditions unlike those of today, and arc
indicative of the climatic changes that have taken place in the

Kalahari during the late Quaternary.

The existence in the pan depressions of lacustrine deposits up to

3 4o 4 m thick, and covering an area 2 to 3 times that of the prosent
pan, is clecar evidencc of a period in whioh the c¢limate in the
Kalahari was substantially wetter than that of today. It is not
clear whether this wet phase was the result of highor rainfall aldne,
or lowcr cvaporation, or a combination of both increased rainfall and
lower cvaporations The compogition of the pan doposits indicates
that runoff was low, suggesting that the existenoce of the water bodies
was the result of redusced cvaporation, with a small increase in
rainfall. Regrettably, in the absence of present day runoff figures,
it is imposseible to make precise calculations, using the formulae

in Reeves (1968),; of the amounts of precipitation and evaporation

necessary for the existence of such water bodies.



Bvidenoe from a variety of sources is acoumulating to show that the
climate of southern Africa was both cooler and weitter some 15000
to 20000 years ago. Butzer (1973) has reported that
Alexanderafontein pan nedr Kimberley contained a 44 km2 lake,
associated with deposits oontaining Middle Stone Age implements,
some 16000 years ago, the result of a 5 %6 deorease in temperature
and a 150 % increase in preoipitation. In the Kalahari, Grove has
obtained a date of 20990 * 1100 B.P. (Gak 4310) for lacustrine
sediments from the Makgadikgadi depression when it held a lake some
34000 km2 in area; fed by rivers draining the highlands of Namibia
(8Bouth West Africa) and eastern Botswana. GCooke (1975) has reported
deposition of dripstone in caves in the Kwihabe Hille during-the ..
period 14080 to 17000 BePa

Elsewhere in southern Africa, Bond (1957) suggests that colluvial
deposits at the Khami waterworks gite in southern Rhodesia containing
Middle Stone Age implements, were laid down under conditions when the

rainfall was about 900 mm, compared to the present 635 mme

A reduction in temperature over much of Africa in the order of

5 t0 6 % is suggested by Moreau (1963) on the basis of the former
wide distribution of montane forest habitats, and Hastenrath (1972)
has argued for a late Pleistoocene snowline depression in the
Drakensburg of 1000 to 1100 m, indicating a reducition in temperature
of 5 to 6 OC. Palynological studies of deposits at Florisbad, Orange
Free Btate, (Van Zinderen Bakker 1957) suggest a cooler and probably
wetter climate around 19000 BePoe

The absence of absolute dates for the pan deposits makes positive
correlations impossible, but the available evidenoe points to a
subgtantially cooler and wetter climate in southern Africa some

15000 to 20000 years agoe If a temperature reduction of 5 % is
assumed then evaporation rates would have been 30 to 50 % lower +hon
at present. Even allowing for a substantial reduction in evaporation
rates, an increase in the present rainfall amounts of 100 to 150 %
would still have been necessary to sustain permanent lakes in the pan
depressions. Thug rainfall amounts in the southern Kalahari would
probably have been in the region of 600 to 800 mm, and evaporation

rates would have been 1300 to 41820 mm per annums
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It is interesting to compare the situation in the Kalahari at this
time with other sub tropical semi arid areass In Africa north of the
equator, the climate was substantially drier than that of today, and
dune belts extended far south of their present position,(Warren
1970). However, in the southwest UsS.4. (Galloway 1970) and in
Australia (Galloway 1965) high lake levels are recorded, probably

the result of much lower evaporation rates than today,

The climatic conditions implied by the inner and outer dunes are more
difficult to interpret. Their alignment suggests that the pattern of
winds in the southern Kalahari was essentially the same at both
periods, and was not significantly different from that of the present
daye The inner dune seems to have been formed under conditions of
high temperatures and high evaporation, during the final stages of
the dessication of the pans after the period of high water levels.
During the wet and cool phage in the Kalahari it is probable that
groundwater bodies were extensively recharged; as a result of lowered
evaporation and increased rainfall. Despite the great depth of the
water table today, it is probable that water tables would have been
much nearer the surface during the later stages of the humid phase.

A& variety of evidence cxists to show that, between about 15000 and
9500 years ago the climate of Africa as a whole became warmers
Between the northern tropic and the equator the rise in temperature
was accompanied by increased precipitation, giving rise to large
lakes in the Tchad basin, and the rift valleys of southern Bthiopia
and Kenya (Grove and Goudie 1971)e In southern Africa, changes in
the pollen rain at Aliwal Worth (Coetzee 1967) indiocate a gradual
increase in temperature accompanied by somewhat reduced

precipitation.

The inner dunes were probably formed about this time, when water
tables were still high, temperatures and evaporation rates were also
greater than today; giving rise to the shallow saline seasonal water
bodies, and rapid drying necessary to creatc the bare sandy surfaces
which supplied the material for the building of the inner dune. At
this time a reduction in the vegetation ocover assooiatéd with the
increase in temperature and dessication of climate would probably
have promoted the inoreased runoff which the deposition of the upper

sandy phasc suggeests.
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The conditions under which the outer dunes werc formed are diffioult
to interpret. Haok (1941) and Melton (1940) suggest that parabolic
dunes in association with deflation basins formed by the

enlargement of blowouts in sub arid olimates, Reeves (1968)
indicates that deflation basins may occur in semi arid to arid
climates whenever strong winds blow across unconsolidated sandy

surface deposits.

Today, the only sand movement taking place in the Kalahari occurs in
the southwest of the region in the dune belts along the Nossop and
Auob rivers, Here sand movement is localised and takes place
whereever the vegetation is sparse, particularly along the crests

of the dunes and in the interdunal corridors. It seems probable
that the outer dunes were formed by the enlargement of blowouts

created under similar conditions of low precipitation (150 to 200 mm).

The existence of large dune systems, now fixced by vegetation, in the
Kalahari (Grove 1969)3; +the invasions of river valleys by aeolian
gands reported by Bond (1963) and Mabbuit (1957 a; b) and pollen
ahalysis data from Angola (Van Zinderen Balker and Clark 1967) all
indicate arid conditions in the period 30000 to 40000 years B.P.,
and it is possible that the formation of the outer dunes dates from

the later stages of this period.

CONGLUSTONS

This dissertation has described the main geomorphic features of the
pans of the southern Kalahari, with particular reference to the
fringing duneg and pan deposits. The distribution of the pans and
their morphometry has been analysed. The morphology and composition
of these features suggest that they developed under climatic

conditions unlike those prevailing in the sgouthern Kalahari todays

The depressions containing the pans of the southern Xalahari can
now be sald to have originated by the enlargement by deflation of
blowouts created under a sub arid climate. Following the deflation
of sands to form the outer dunes, there was a long period of cooler
and wetter climates, some 15000 to 20000 years ago, during which

the shape of the pan depressions was modified by end current erosion

in water bodies up to 3 to 4 times the area of the present pans.
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During this time calcarecous clays and sandy clays were deposited in
the pan depressions. The compogition of the uppermost pan deposits
indicate that the area underwent a steady dessicabtion during the
later parts of this period. In the final stages of this dessiocation
the upper sandy phase was laid down, and the inner dune formed by

deflation of similay material.

Evidence of periods of colimate slightly wetter than the present
pince the formation of the inner dune exist in the form of small
wave cut notches at a height of up to 1 m above pan datum on the

southern side of the pan.

The origin and development of the pans of the southern Kalahari can
thus be said to represent the influence of changing climatic and

hydrological conditions in the area during the late Quaternary.

The stages of the origing and development of the pans of the
southern Kalahari oan now be summarised, with the suggested climatic

conditions existing during the different stages:

Period Geomorphic features Suggested climates
Pregent day Sporadic deflation and Precipitation
ephemeral water bodies. 300 to 350 mme,
10000 to Deflation to form Warmer, with 25 to
12000 yrssBePs inner dune. 30 oC mean dry season
Deposition of upper sandy temperatures.
phase of pan deposits. Decreased preoipitation

(200 %o 300 mm).

20000 to Extensive water bodies in 5 ° oooler,
12000 yrs.B.P. - pan depressions: Inoreased precipitation
deposition of clayey (600 to 800 mm).

phase of pan deposits.

Before Deflation to form Decreased precipitation

20000 BePe outer dunc, (150 to 200 mm).
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APPENDIX 1. .

AERIAL PHOTOCRAPHY OF THE PANS STUDIED

derial photography taken under the following contracts was used in

the study of the southern Kalahari pans.

Areas 1, 2 and 3% Aircraft Operating Company, 1961
Contract 56/61 8.
Soales 1:50000 approx.

Arvea 4 Hunting Surveys (Botswana), 1972
Contract HSB 72
Soale: 1:40000 approxs.

Area 5: Hunting Surveys (Botswana), 1971
Contraoct HSB/71 W,
Scales 1140000 approx.

The aerial photographs listed below give stereo cover of the pans

studied.

' Strip number Photo numbers
Area 1

Samane )

Samosadi. E 56 BC 11 036, 037, 038
Bee )

Tatgwe 56 BC 12 050; 051

Area 2

Sekoma 56 BG 10 032, 033
Kongwe 56 BC 9 108, 109
Kgama 56 BC 10 037, 038
Keng 56 BC 9 110, 111
Khakhea 56 B¢ 8 081, 082
Khesekwe 5 BC 7 1424 143
Area

Mot sobonye 56 BC 12 0644 065
Kokong 56 BC 11 058, 059
Mashiaphotsana 56 BC 11 063y 064
Mogatse 56 BC 11 - 064, 065
Dead Tree 56 BC 11 065, 066
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Strip nomber Fhoto numbers
Area
Bosobogolo 5 4904, 4905
Mpaathutlwa 3 4851, 4852
Mabuasehube 3 4848, 4849
drea 5
Nwatle 54 4624, 4625
Masetleng 53 4199, 4200, 4201
Puasy
Ukwi 51 4084, 4085
Urwi 48 4955, 4956, 4957
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APPENDIX 2

PARTICLE SIZE ANALYSIS DATA FOR INNER AND OUTER DUNE SAMPLES.

This appendix falle into two sections. The first psrt contsing the
raw data obtained by the mechanical analyses of the szmples. The
second part containg the, sorting and grain sgize parameters

calcoulated using the computer programme in Appendix 3.

Samples are located as shown on dune profiles (Figs, 5.7 to 5.5) and

are numbered towards pan, i.e, left to right on profiles.




Silt & clay

Weight retained by each sieve (gm) (Inner dunes Cumul ative percent finer than

1 2 3 4 phi Pan only) 1 2 3 4 phi

Tatswe

Cuter dune

i 1.2 35,7 40,2 22.7 2.6 98.9  63.7 23.1 0.7

2 CeT  34.5 43,1 22,1 1.3 59.4 65.6 23,2 1.5

3 1.2 43.7 44.6 12.9 0.3 98,8 56.4  13.1 0.6

Interdunal depression 0.6 24,2 36,9 26,6 13,0 99.4 T75.5 35,0 12.8

Inner dune '

1 0.3 21.0 43.4 26,3 10,0 $9.7 78.9 35.8 9,8

2 0.5 19,2 38.9 27.5 14.6 99.2 T4.7 38.0 15.1

3 0.8 25,0 37.3 23.3 15.4 98.2  68.1  3T7.3 17.3

AREA 2

Khesekwe

Cuter dune

1 1,2 32,8 48.4 19.4 2.0 98,8 67.2 20.9 1.9

2 1.8  32.3 47.6 17.2. 2.0 98.3 66.3  19.3 1.9

3 1.8  31.2  46.8 19.6 2.1 98.2 67.5 21.3 2.1

Interdunsl depression 0.7 21.2 41.7 20,5 16.4 99.4 78.3 36.8 16.4

Inner dune

1 0.2 13.2 27.1 13.6 8.9 99.6 78.6 35.7 14.t

2 .7 29.0 42.8 16,5 14.4 59,3  70.9 29,7 13.9

3 2.2 28,3 34.2 15.8 19,6 97.8 69.5 35.4 19.6

Sekoma

Outer dune

1 0.7 28,0 47.2 25.3 1.2 99.4 T2.1 26,0 1.3

2 0.7 21,6 53.8 27.1 162 39.5 78.8 27.2 1.2

Inner dune

1 0.7 21,1 44.0 22.5 9.1 99.3 T78.2 34.4 9.1
v 2 1.2 17.8  44.4 24,5 13.2 98,8 81,2  37.3 13,1
© 3 1.1 17.3 47.3  22.6 12,7 98,8 88,8 35.1 12.7
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Sand & clay

Weight retained by each sieve (gm) (Inner dunesg Cumul ative percent finer than

\
1 2 3 4 vhi Pan only) 1 2 3 4 phi
AREA 3
Motgobonye
Outer dune
1 2.1 50.4  41.8 11.0 C.1 98,0 50,2 10.5 0.1
2 C,2 35.9  43.6 18.3 0.6 99,8 63,4 19,2 C.6
Interdunal depression 0.4 23,0 35,3 25,9 15.4 99.6 76.6 41.3 15.4
Inner dune
1 C.1 24.6  31.6 18,3 25.4 99.9 75.3 43.7 25.4
2 0.7 27.9 35.3 23.1 13.0 99.3 T1s4 36,1 13.0
3 1.3 26.6 31.8 23.3 17.0 58,7 T2.1 40,3 17.0
Maghiaphotgana
Outer dune
i 4ol 23.5  40C.5 26.5 G0 96.9  76.0  35.5 3.0
2 0.7 25.6  37.5 25.2 11.0 9%.3  T3.7 13.7 11.0
Inner dune
1 0.3 21.8 29,2 19.6 25, 1 95.7 T77.9 48.7 25,1
2 0o 24.3 39,0 26,9 9.7 939.9 75.6 36,6 9.7
3 Ce7 22,2 34.2 26,3 16,6 99.3 771 42,9 16,6
Mogatse
Outer dune
1 1.4 7.2 41.3 20,0 0,8 98,6 61.7 20,6 0.8
2 11 36.5 46,7 22,0 1.0 98,9 64.9 21.4 1.0
Interdunal depression 2.8 49.C 38. 11.4 .2 97.2  49.1 1.4 0.2
NS Inner dune
o 1 0.5 32,2 39.5 22,1 15.9 99.5 67.5 38.0 15.9
2 6.9 31.2 39,2 20.5 9.2 99,1 67.9 28.7 9.2
3 2.2 40,8 30,0 14.1 12,9 97.8 57.0 27.0 12,9




Sand & clay
Weight retained by each sieve {gm) (Inner dunes Cumulative percent finer than

1 > 3 4 phi Pan only). 1 2 3 4 phi

Dead Tree

Outer dune

] 0.8 31.8  49.3 23.3 1.7 99.2 69.5 23.4 1.6

2 0.4 31,9 45.8 16,56 0.7 95,6 67.2 20.6 0.7

Interdunal depression 1.1 32.5  47.T 22.1 1.9 98.9 68,1 22.8 1.8

Inner dune

] 0.5 26,3 40,3 22,7 1G.3 99.4  73.3 33,0 10.3

2 0.6 22.8 36,7 23.0 16.9 99.4  T6.6  39.9 16.9

3 1.7 27.0 28,5 19,0 26.8 98.3 71.3 42.8 26.8

ARES 4

Boscbogolo

Quter dune

1 3.5 38,1 41.4 16.4 1.4 36.5 58.7 177 1.4

2 3,0 39,1 44,3 17.9 2.2 97.2 60,5 18.9 2%

Interdunal depression 3.6 31.6 45.3 20,0 2.6 96,5 66.2 21,7 2.5

Inner dune

1 1.6 26,6 39,2 19,0 11.2 96,0 65.4 30,2 112

2 3.6 30,6 36.3 17.5 12,0 94.4 65.8 29,5 12.0

3 2¢5 23,9  40.3 19,2 14,1 97.5 T3.6 33.3 141

Mpagthutlwa

Cuter dune

1 4.0 37.5 44.8 16,8 2.5 96.2 60,7 18,3 2.4

2 3.5 35.7 A 18.6 1.9 96,7 63.4 19.2 1.8

3 5.0 31,6  44.6 15.8 3.3 95.2 64.9 22,2 3.2

Interdunal depression 1.7 28.2  45.1 177 2.7 98.3 68.7 21.4 2.8

Inner dune

1 0.5 16.9 45.8 21.7 251 9.5 82,6 36,8 25.1
E% 2 1.4 18,3 41.2 16.5 22.8 99.7 81.2 39,5 22.8




Send & clzy

Weight retsined by each sieve (gm) (Inner dunes Cumul=tive percent finer than

1 2 3 4 phi  Pan only) 1 2 3 4 phi
AREA
Masetleng
Cuter dune
1 2.2 27.8 56.9 18.3 1.0 87.9 Tre 7 18,2 0.9
2 2e1 27.6 50.5 20,0 1.6 97.9 70.8 21.2 1,6
3 4,6 34,1 46,3 17.7 1.9 55.6 63.0 18,7 1.8
Interdunal depression 2.2 31.9 50,3 17.0 1.6 97.9  66.6 18,1 1.6
Inner dune
1 C.6 19.1 519 22.6 5.8 99,4 80.3 28.4 5.8
2 1.4 20.5 41.9 19,0 18,0 38,6 78.1 36.2 18,0
Pussy
Cuter dune
1 2.3 31.5 55.2 18,7 1.2 97.9 £7.0 18,3 1ol
2 4.6 34.7 5443 8.6 1.0 5.5 42,9 S.3 1.0
Inner dune
1 3.0 28,6 48,4 18.4 2.0 97,0 58.8 20,1 2,0
2 2.2 22,8 43.7 18.5 12.8 97.8 75.0 31.3 12.8
3 463 24.3 3T7.1 15.2 1Ge1 55.7 T1.4 34.3 191
Nwatle
Cuter dune
1 2.4 38.8 51.2 15.3 1.0 98.9  71.0 21,0 1.6
2 1e5 25.2 49,8 19.7 2.2 97.8 62,1 15.0 0.9
Inner dune
1 2.0 26,5 56,0 18,6 1o 98,1  72.6 18.9 Fe2
2 2.4 21,9 43.8 18.8 13,1 97.6  76.5 34.2 1.7

V61




Sand &_claz
Weight retained by each sieve {(gm) (Inner dunes  Cumulstive percent finer thean

1 p) 3 4 phi Pan only) 1 p) 3 4 phi

Ukwi

Outer dune 0,2 12,5 52,1 26,0 9.2 99,8 87.3 35.2 S.2

Interdunal depression 2.3 29.3 49.0 23,0 1.8 97.8 70.0 23,5 1.7

Inner dune

1 C.9 13.3 45,9  31.7 8,2 99.1 85.8 39.4 8.2

2 261 21.4 46,3 23.7 12.5 97.9  76.5 36,2 12.5

3 C.S 14.9 38.6 24.4 20,2 99,1 84.2 45.6 20,2

4 1.7 4.3 36.7 34.0 23.8 95.5 58,2 23.7 22.8

Pan edge dune

1 1.1 13.3  41.9 31,7 8.7 85.7 42.2 3.3 8.7

2 14.5 23.3 31.4 22.4 8.4 85.5 2.2 30,8 8.5

Urwi

Outer dune

1 3.5 39.5 42.3 16,3 1.9 98.6 58.5 17.5 1.8

2 2.5 37.9 43.7 18.5 2.7 97.6 61.6  20.1 2,6

Interdunal depression 2,5 29,2 46.4 23,0 4.2 96,7 58,2 19.9 7.7

Middie dune

i 1.6  29.5 49,6 22.4 3.2 98.5  TC.T 24.1 3,0

2 2.5 33,5 48,3  21.6 3.4 97.7 7.1 28.9 3.1

3 2.5 29.0 46,4 23.5 4e2 97.6 70,0 25,9 4,0

Interdunal depression 3.3 30.4 35.0 16.7 14.6 96.7 66.3 31.3  14.6

Inner dune

1 0.4 17.0  49.7 23.7 9,2 99.6 82.6 32.9 g.2

2 0.5 14.7 43.4 21.3 20,1 99,5 84.8 41.4 20.1
- 3 3.7 26.5  39.5 17.7 12.6 96.3 6%.8 30,3 2.6
N 4 6.4 27.3 3C.0 15.5 13.8 93.6 66.3 36,3 13.8



AFFENDIX 2

PARTICLE SIZE ANALYSIS DATA FOR INNER AND OUTER DUNE SAMPLES
Samples are looated as shown on dune profiles (Figse 5,1 to 5e5) and

are numbered towards pan, i.e. left to right on profiles.

AREA 1
Standard
Mean Deviation Skewness ZKurtosis
(phi units)

Sanane

Outer Dune ‘

1 2436 0680 05T Je46
2 2038 079 Oeb4 3+44
Interdunal '

Depression 2480 115 0660 2450
Inner Dune

1 2291 ‘ 1.01 0e54 2290
2 2098 1426 Ouddh 2,03
3 305 1420 0s41 2e11
Samogadi,

OQuter Dune

1 241 0680 0649 3409
2 238 0,80 0e52 3401
Interdunal

Depression 2094 120 054 2821
Inner Dune

1 : 271 0690 Os71 3653
2 2:89 1.2 0456 2452
3 3402 1428 0e36 1496
Bee

Outer Dune

1 236 0681 0653 3+09
2 2e42 0685 0w22 2487
Inner Dune

1 2eT4 1406 Oa73 2495
2 275 113 0869 2670

3 2494 1629 0e4.4 2401




Standard

Mean Deviation 8kewness ZXuritosis

(phi units)

Tatsue
Outer Dune
1 2438 0,83 0,38 2a72
2 2e40 0081 0043 2485
3 2416 0472 0ed5 2675
Interdunal ’
Depression 2683 1210 0654 2458
Inner Dune
1 279 1201 064 3600
2 293 71010 0450 2e54
3 ; 2+85 1015 Qe56 2045
AREA 2
Khesekye
Outer Dune
1 240 0681 OeH4 3650
2 2637 0.82 0eb3 3663
3 240 0683 0+47 3e48
Interdunal
Depression 2.89 1015 0.60 249
Inner Dune
1 2485 1210 0666 269
2 2471 1614 0:79 2478
3 2682 1028 054 2219
Sekoma
. Outer Dune
1 2449 0e79 0625 2483
2 2457 075 0416 3017

Inner Dune

2@73 1.00 0069 3019
287 1607 0,57 284
285 1405 064 2699
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Standard
Mean Deviation 8kewness Xurtosig

{phi units)

Outer Dune

1 237 0.79 0,52 3613
2 2+30 079 0s41 3.19
3 2e28 0479 0456 3016
Interdunal

Depression 2481 1,08 0.68 2484
Inner Dune

1 284 105 0670 2496
2 287 1014 059 2650
3 2407 1428 0652 2e14
Keana

Outer Dune

1 2448 0,90 0«43 3670
2 250 0685 0039 3653
Inner Dune

1 2486 1418 0e53 2443
2 286 1611 0661 2663
Xeng

Outer Dune :

1 253 072 Ce45 381
2 2439 0478 0u3 3468
Interdunal

Depression 2440 077 0653 3e57
Inner Dune '

< 1 2,86 0.97 0s7T 3429

2 2,92 1205 069 2481

3 3831 1916 027 198




Standard
Mean Deviation Skewness Kurtosis
(phi units)
Hobsobonye

Outer Dune

1 2,09 071 047 2.72
2 2s33 0eTH 0044 2664
Interdunal

Depression 2,91 1s14 050 2638
Inner Dune

1 307 1030 037 1o 77
2 2476 1013 0462 2457
3 2,87 1422 Q.47 Re24
Mashiaphotsana
Outer Dune

1 2¢75 1400 0+65 2695
2 2476 108 0460 2675
Inner Dune

1 320 1e32 0620 1466
2 2+ 7T 1003 0663 2685
3 294 1416 0e44 2030
Nogatse
Outer Dune

1 2632 080 0437 2671
2 237 079 0636 2580
Interdunal

Depression 2,08 073 049 2687
Inner Dune
1 2476 1616 0468 2451
2 2460 1.05 Oaf7 3,08

3 2451 1620 0688 2082




Standard
Mean Deviation Skewness Kurtosis
(phi units)

Dead Tree
L OIS - van PRl

Quter Dune

1 2e45 0680 0a42 3a14
2 2638 0a76 0e35 273
Interdunal

Depression 2643 0e82 0e46 3e24
Inner June

1 2471 105 0s71 2093
2 2691 1o T 052 2633
3 304 Ted6 0628 1e77
ARES 4

Outer Dune

1 220 0684 0adb 3a31
2 2630 086 Ow57 Je51
Interdunal

Depression 2938 0688 041 JedT
Inner Dune

1 2468 1410 0s69 2691
2 2460 117 066 2082
3 2676 1416 0458 2068
Mpaathutlva

OQuter Dune

1 2429 0,88 0655 3664
2 2e32 085 041 344
3 2e 37 0s93 Os42 3645
Inner Dune

1 3e 11 120 Oed4 207

2 3402 125 Oed4 210




ARTA 5
Standard
Mean Deviation Skewness KXurtosis
(phi units)
Yasetleng

Outer Dune

1 239 0«75 0,18 3454
2 2442 080 0430 3,48
3 230 0.86 0036 3edd
Interdunal

Depregsion 235 0680 042 3,62
Inner Dune

1 2467 0488 0473 3485
2 2490 1418 OeH4. 2041
3 2486 1032 0s44. 2+24
Pussy

Outer Dune

1 2437 077 0e27 3046
2 1.99 O0aTT7 084 4430
Inner Dune

1 2939 0083 035 3664
2 2613 1412 0464 2691
3 2400 1¢29 0.47 2030
Nuatle

Quter Dune

1 2243 0.78 0+43 3250
2 2426 O0eTT 0e41 3e43
Inner Dune

1 2482 1416 0,58 2462

2 0.20 359




Standard
Mean Deviation Skewness Kurtosis

(phi units)

Quter Dune

1 236 0e92 0s79 3e52
Interdunal

Depression 2644 0.83 028 3620
Inner Dune

1 287 0493 0448 337
2 2679 1211 0e51 2478
3 309 Te17 0638 2623
4 3835 1470 Os13 247
Pan edge Dune

1 2489 0696 o 041 322
2 2441 125 029 2650
Urwi

WA P

Outer Dune

1 2425 0685 0655 352
2 2e33 087 0s62 3455
Interdunal
Depression 229 090 0e64 3e51
Middle Dune
1 2248 0,86 0.52 3656
2 2642 089 0e54 . 3a53
3 2450 0.92 . OB 3647
Interdunal |
Depression 2e66 1622 0«63 258
Inner Dune
1 2479 0496 0s75 3640
2 3406 1215 0651 2627
3 2465 1616 0e61 2682

4 2461 1029 0e52 2+48




APPINDIE 3
COMPUTATION OF SORTING AND SIZE PARAMETERS FOR DUNE SAND SAMPLES.

Computation of the sorting and grain size parameters in

Appendix 2 was carried out by the method of momemts.

The formulae used to derive phi mean, standard deviation, skewness
and kurtogis from the raw data were taken from I'riedman (1961) and
were as followss-—

Mean = f.p/s

where f ig the welght of sand retained by a sieve of given size;

P is the mid point of each grain size grade in phi unite; and g is

the total sample weight,

Stendard deviation = [ e
£(p - m)

g

Skewness = 3 ’ (p - m)3
S . PR
and kurtosis = jb/"'f(P - m)4
‘ s

where m ig the sample mean.

Calculation of the grain size and sorting measures was carried out
uging a Basic programme compiled by the writer, and run on the
University of Malawi Hewlett Packard 9830 series computer.

The programme used is set out belows-

10 RiM MECHANICAL ANALYSIS sSTATISTICS

20 FIXID 2

30 PRINT '"MEAN', "S. DEVIATION', "SKEWNESS", "KURTOSIS!

40 DPIM X 100 , P 100

50  PRINT

60 FORI =1T0

TO 81 = 82 = 83 = B4 = 85 = O

80 J =1

90 READ P[J) , X[J]
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100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280

IF X [3) = 999 THEN 280

TP PLJ) = 6 THEN 160

81 =81+ %X J

82 = 82+ P J *X J

Jow J ¢

GO TO 90

M = 81/52

FORL = 1 T0O J = 1

83 = 83 4 ((P[E]~ m)P2) » x[1]
84 = 84+ ((P[1]-m)T3) * x(1]
S5 = 85 + ((PLL]-M)T4) * x[L]
D= SQR (83/51)

5 = Da(=3) * (84/51)

K = D4 (~4) * (s5/s1)

H

{

NEXT L
pRyT ¥, D, S, X
WEKT T

DATA 0.5, 1.9, 1.5, 3.1, 2.5, 46.3, 3.5, 17.9, 5, 1.7, 6, 1

END
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