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Abstract

This work considers new evidence for palaeo-environmental change taking place during the Pleistocene in northern
Botswana. Duricrusted strandlines along the northeastern margin of Sua Pan provide palaeo-environmental data pertaining to
the Makgadikgadi subbasin (MSB) with inferences regarding the larger Makpadikgadi-Okavango-Zambezi (MOZ) rift
depression. Field, XRD and geochemical data show that MSB strandlines comprise caleretes (LUT tvpe), MgO-rich calcretes
with silica (LU2 type), sil-calcrete (LU3 type) and silcrete (LU4 type). Exrly freshwater episodes appear to have been followed
b calerete-dominated drying phases interspersed with repeated sileretisation. Caleretisation through pan littoral sediments may
have been both biogenically and environmentally induced. Caleite precipitation was in part controlled by the Mg/Ca ratio of
pore water in the pan litoral zone suggesting closed basin type evaporative conditions, which were followed by a major
desiccation interval. Phases of silerete precipitation appear to be related to periods when the geochemistry of the lake littoral
more closely resembled present-day MNa—C0;-80,-Cl-type brines. Silica saturated acidic, moderately saline groundwater
preceded Si precipitation which took place as the pH reduced. Si mobilisation occurred (inter alia) as a result of quartz grain
dissolution enhanced by diatoms, bacteria and algal growth in the moist pan littoral. Si05-rich pore waters migrated through
cracked and desiccated cal crete into areas of lower salinity and lower pH resulting in prefere ntial calcite removal and silerete
precipitation. Approximate TL dates imply that exposed littoral sand underwent calcretisation during the drying phases of
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extensive palaco-lakes which ocourred prior to 110 ka, 80-90 ka and 41-43 ka, These wet periods compare fairly well with

Vostok core chronologies for southern Africa.

Keywards: Silerete; Calerete; Palaeo-emvimmmental change; Palaco-Makgadikgadi subhasin; Biogenic processes




1. Introduction

Fluvio-lacustrine deposition in northemn Botswana
has mamly taken place withm a large structural
{mega) depression, a southwesterly propagating
extension of the ecast Afrwean nfi system, which
was initiated approximately 2.4-5.0 Ma (Du Toi,
1933; Tiercelin and Lezzar, 2002). This nft depres-
sion was drained and filled by southeasterly flowing
rivers on a number of occasions during the Tertiary
and Plestocene as the area was faulted and halfl
grabens developed (Cooke, 1930; Mallick et al.,
1981; Modist et al, 2000). Deeper structural
subbasins formed mamly on the southem margin of
the rift formmg loct for lacustrine deposition
(Thomas and Shaw, 1991; Gumbncht et al, 2001;
Ringrose et al, 2002a). The MOZ (Makgadikgadi—
Okavango—Zambez) depression 15 controlled by a
series of NE-SW normal faults related 1o mcipient
rifiing  which reactivated Proterozoic and  Karoo
structures (Baillieul, 1979, Smih, 1984; Modisi et
al., 2000} Tectonic activity along the same trend
resulted in uplifi along the Zimbabwe—Kalahan axis
possibly durmg the late Phiocene (Partndge and
Maud, 2000; Moore and Larkin, 2001} causing the
impoundment of proto Okavango, Kwando and
upper Zambezi drainage and the development of
the Makgadikgadi (MSB), Ngami and Mababe
subbasins (Cooke, 1980; Ringrose et al, 2002b).
The MSB comprises two large salt pans referred o
as Sua Pan in the ecast and Niwetwe Pan i the west
covering some 37000 km®,

This work considers new approaches to the
interpretation of palaco-lacustring environments {rom
the Makgadikgadi subbasin (MSB) in the context the
MOZ nifi depression based on morpho-stratigraphic
evidence and thermoluminescence (TL) dates. To
avoid confusion, the term Lake Palaco-Makgadikgadi
which was intended to encompass all fluvio-lacus-
tine events in the nascent rifi i the older literature
(e.z., Cooke, 1979; Cooke and Verstappen, 1984,

Thomas and Shaw, 1991; Ringrose et al, 1999a)
is being discontinued, as it suggests an enlarged
version of the present Makgadikgadi Pan complex
(ef. Moore and Larkin, 2001). Hence, the mroduc-
tion of the term Makgadikgadi-Okavango—Zambezi
(MOZ) nfi depression wetlands o help clanfy the
regional conlext. The apparent semi-continuous
development of palaco-lakes m the MSB from
possibly late Pliocene to Recent times has been
subject to speculation especially with respect to the
nature of feeder channels and links to the Okavango
system. Resulis of previous work have mainly been
based on height data from assumed strandlines
with minimum age "'C dates (Cooke and Verstappen,
1984; Thomas and Shaw, 1991, 2002; Ringrose
et al,, 1999a). The present work emphasises dun-
crust strandline morphogenesis from the northeast-
emn MSB to help mterpret depositional environments.
This takes place in the context of new indicative
thennoluminescence (TL) dates which are used w
amplify geochronological events. Specilic aims in-
clude the development of morpho-stratigraphic re-
cords and the establishment of geochemical unis
imntended o develop innovative data for palaco-
environmental change. Strandlne evolution m terms
of MSB and MOZ depression palaco-cnvironments s

further elaborated.

2. Study area

The study area forms part ol the northeastern
Makgadikgadi subbasin in north central Botswana
between 1980 S-21.60 5 and 2575 E-2640 E
covening appmoximately 3600 km® (Fig 2). Back-
ground geology comprises Archean terrain covered by
=250 m of Kawo sediment ( Lebung and Ecca Groups)
crossed by the Okavango dyke swarm including
Proterozoic and Jurassic maflic dykes (Geological
Survey of Botswana, 2000). These in wrn are covered
by Kalahari Group sediments (Mallick et al., 1981).




& Ringrose et al. / Pabreogeography, Palreoclmarology, Palbresecology 217 (20050 245-287 26T

The development and subseguent enlargement of the
MSB appears to have resulted from downwarping at
the mtersection of NE-SW nascent rift structural
trends with orthogonal N'W-SE Karoo trends (Fig. 1).
A significant feature in the smdy area is Sua Spit,
which in common with other remnant linear features
in the MSB follows NW-SE tends. Sua Pan is
infilled with clay, siltand fine sand currently saturated
by a near surface brine aquifer of the Na-C04-504
Cl type (Eugster and Hardie, 1978; Shaw et al., 1000).
Sua Pan 1s the lowest member of the Pan sequence
with a sump level of 830 m as.l. The area s sparsely
vegetated with anomalously low rainfall at c. 400 mm/
year (Ringrose et al., 1999b). The precipitation rate is
exceeded by the evapotranspiration rate by a factor of
three (Bhalota, 1987).

3. Analytical tec hnigues

Field work at three locations took place between
1999 and 2002 and was aimed at characterising
duricrusts throughout the known range of strandline
levels. Observational data and samples were taken
from twenty gravel pits and road cuts in Location 1,
ten hand dug pits n Location 2 and five gravel pits in
Lacation 3 (Fig. 2). Satellite images provided a basis
for the selection of northwest-southeast and north
south transects which were used to establish topo-
graphic profiles and the locations for duricrust
examination. Topographic profiling took place to fit
the strandlines into the existing height-based geo-
chronology. For this, a Trimble 4700 differential GPS
was used in Location 1. Topographic data for
Locations 2 and 3 were obtained from topographic
maps and survey beacons the heights of which were
available from the Botswana Department of Surveys
and Mapping. Additional contour data were obtained
from the Makgadikgadi Pans Development Plan
{Republic of Botswana, 2000). Field methods
included the clearing of pit faces, their differentiation
into sedimentary units, the development of a system-
atic field description following terminology avalable
in Wright and Tucker (1991) and the sampling of all
major units and plant remains, Units mtended for TL
analysis were covered by a tarpaulin and sampled in
the dark. Samples comprised large coherent mega-
aggregates which were dug from the interior of the pit

wall, covered immediately in aluminium foil and
placed in a lightproof plastic container. A geries of
samples were taken from each location intended to be
representative of older litho-clasts, intermediate ind-
urated and youn ger frisble nedular horizons, Samples
were taken from homogeneous horizons, representa-
tive of material supplying the environmental dose
rate. Twenty duricrust samples were sent to the
Council for Geoscience, Pretoria for thin sectioning.
The thin sections were later investigated under plain
and cross-polarsed light usmg a Zeiss Axioplan
microscope. A Philips HL30 environmental scanning
electron microscope (ESEM) with an electron
microprobe (EDAX) was used to obtain preliminary
micro-textural information, to determine the nature of
micreorganisms and to provide localised qualitative
elemental data. Naturally occurring surfaces were
examined without preparatory polishing to preserve
micro-te X nres.

Twenty bulk samples were subject to X-ray
diffraction powder analysis using a Phillips PW
3710 XRD unit, operated at 45 kV and 40 mA,
employing Cu-K alpha radiation and a graphite
monechronomator, The samples were scanned from
37 o 700 26 and their diffractograms recorded. After
initial scanning, the bulk samples were leached in a
dilute 10% HCI solution. The leached residues were
scanned for minor and accesory imsoluble silicate
phases. Whole rock chemical analyses were per-
formed on twenty-five samples at Chemex Laborato-
ries (Canada). Major element compositions were
determined using an ICP-AES with a detection limit
of 0.01 wt.% and precision of +1%. Inorganic CO2
and organic C were determined using a Leco-Gas-
ometric and Leco-IR detector with detection limits of
0.2 and 0.01, respectively.

Eleven samples were dated using TL techniques
{Aitken, 1985). This techmique was used because it
has provided reliable dates in the past (Blumel et al.,
1998; Ringrose et al, 1999a, 2002ab). Literamure
sources suggest a degree of comparability between
TL and OSL (optical spin luminescence) (e.g..
Radtke et al, 1999; Huaya et al, 2004). Quarz
grains in the size range 90-125 um, sssumed to have
undergone total bleaching in a shallow water
enwvironment before duricrust precipitation, were
extracted from litho-clasts and nodules using a series
of treatments. These included removal of carbonates
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and iron staining using hydrochloric acid and
digestion of organic material using hydrogen per-
oxide. Fluorosilicic acid was used to dissolve feld-
spars while heavy minerals were separated usimg
sodium polvtungstate. Remaning magnetic minerals
were removed using an electromagnetic separator.
The purity of the final quartz extract was tested
using Infrared Stimulated Luminescence to ensure
that no feldspars were present. The clean sample was
subjected to a hydrofluoric acid etch for 40 min at
24 °C to remove the outer o affected skin. The
prains were mounted on 10-mm-dismeter stainless
steel dises and fixed wing Silkospray silicone oil
Moultiple aliquots were used for each additive dose
step and regenerated bleached samples. The strom-
tium 90 P source was calibrated against a known B
source to deliver 1.9 Gy mun ! Additive doses +i1,
+R2 etc. in Gy were used for natural and bleached
samples (Table 1), Following the appropriate irradi-
ations, the sample was stored for 24 h and preheated
at 220 °C for 300 s before TL measurement using a
Riso D12 reader (Botter-Jensen and Duller, 1992). A
second glow nomalisation was performed on the
glowed out samples using a dose of 6 Gy for each
sample. The TL glow curves show convincing
temperature  plateaux over the temperature ranges
(Table 1). Exponential regressions for TL in relation
to Dose were performed for each sample and the
equivalent dose (DE) obtained from which the
residual TL was subtracted. The TL data were fittled
by exponential regression over the best temperature
plateau range for both the additive dose and bleached
regemerated data and a comparison made of the
respective curve forms, In this case, the B? regen-
erated TL growth curve coeffictent was within an
acceptable range. The environmental dose rate was
determined by a low-level alpha counter (Elsec
T286) using a 42-mm ZnS screen (Zoller and
Pemicka, 1989). The wvalues shown assume secular
equiltbrium for both 17 and Th chains (Carl, 1987).
Unecertainty levels on Table 1 represent one standard
deviation. The potassium content (wt%) was deter-
mined using a Coming 410 flame photometer. The
moisture value used in the ape equation determi-
nation of these samples is 5%+ 5%, The cosmic dose
was calculated taking into consideration depth of
burial, overburden density and porosity, sample coor-
dinates and altitude,

Data input for thermo imimescence anal ysis (see text for explanation)

Table 1
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4. Topngranhic, stratigranhic and petrogranhic
r = r » = r = L

results

Location 1 ridges were examined at eleven
locations and in detall at exposures SOWI to
SOW4 (Fig. 2). The Pan floor immediately adjacent
ton Sua Spit lies at an elevation of %04 m and rises up
through a series of minor sand and duricrust ridges,
the most prominent of which lie at 206 m and 208 m.
The exposures examined in detail occur immediately
landward of the Spit such that SOWY stands at 911
m, SOW3 at 924 m SOWZ at 926 m and SOW1 at
936 m. While the lowest unit in the upper SOWI
ridge is an indurated, calcareous lithoclastic bed
showing desiccation cracking, the lowest units in
the remaining profiles (SOW2-4) comprise well-
developed (3-5 cm) rhyzoliths in a green, granular
caleareous matrix (Fig. 3). The rhyzoliths appear to
be root casts (sensu Klappa, 1980} in units which also
contain small litho-clasts showing desiccation crack-
ing and void formation. The rhyzoliths are large, up
to 1-2 cm in diameter and 8-10 cm long, comprising
a greenish-white calcareous exterior (1-2 mm) and
prey-brown  siliceous interior (Fig. 4A). This unit
grades upwards into moderately indurated nodular
calcrete with cracked siliceous litho-clasts in a
partially indurated sandy calcareous matrix. The
nodules are small and composed of concentric shells
of CaC0, accreted around quartz or calcite nuclet and
oocur more towards the top of the unit, while the
litho-clasts are larger (1-3 c¢m) and more angular, In
SOW2 and 3, the nodules grade upwards into a more
friable, modular calcrete. Inm SOW4, the nodular litho-
clastic unit is replaced vertically by calcareous
siltstone showming major desiccation cracking (Fig.
4B) succeeded by honeycomb calcrete which i turn
is capped by an induwrated, calcarcous hardpan
comprising calcareous litho-clasts (Fig. 3). SOW2, 3
and 4 are capped by indurated, calcrete hardpan with
calcareous and siliceous litho-clasts. In contrast, the
higher SOW1 wnits comprise lower laminar calcrete
w hich is thyzolith free and succeeded by a calcareous
siltstone showing major desiccation cracking, This is
owverlain by friable, noedular calcrete and capped by
conglomeratic hardpan made up of indurated dur-
icrust comprising erther lar ge (0.5-3.0 cm) quartz and
calcrete clasts m a micritic, partially Fe-stained
matrix. The conglomeratic guartz clasts show evie

=5
2.,
e
=
|§
=

to Fe staining.

A series of ridges were examined Location 2
adjacent to the west side of Sua Pan, in detail at the
indurated SOW10 ridge. The Pan floor west of Sua
Spit lies at an elevation of about 900 m and rises up
through a series of lower sand ridges to more
prominent duricrust ridges at 904 m and 906 m. The
SOWID 906 m ridge is completely lithified and
comprises three units (Fig. 3). The lower unit is
composed of recrystallised green calerete with calca-
reous and siliceous litho-clasts showing extensive
cracking. The siliceous litho-clasts are lensoid (ter-
razzo) in shape with notable Fe staining (Fig. 4C).
The intermediate unit is made up of brecciated sil-
calcrete litho-clasts in an indurated calcareous matrix
with voids and desiocation cracking throughout. The
upper unit is composed of indurated calcareous
sediment with severely cracked sub-rounded green
litho-clasts showing laminar to massive mfilling
Lower Location 2 sand ridges rise up 1-3 m from
the westemm edge of Sua Pan. The sandy ridges,
examimed at SOWSEB comprise 0.5 m uniform sand
with disseminated calcareous particles and scattered
rhyzoliths. A series of silica- rich lensoid termazo plates
are present along the former shoreline. These plates
vary in length from 2 to 10 cm and are 1-3 cm in
thickness and lie on the present pan edge in random
discontimuous sheets (Fig. 4D).

SOWTA and 13 occwr in Location 3 on the
nertheastem margin of the Makgadikgadi Basin at
around 943-945 m (Fig. 2). In terms of height and

e i = el

- M Y T | .
bdre A LlAlllIJ.ILIIl;"', J.l.lb’:'\ -ﬂl. Wiy SIEVELIDD BEVE OOCh
described as representing the oldest strandline features
in the PMSB {Thomas and Shaw, 1991}, The basal
bed of SOWTA comprises an indurated litho-clastic
unit with sub-rounded quartz clasts in a hardened
calcareous matrix (53, Fig. 3). In contrast, the basal
unit of SOWI13 (54, Fig. 3) is made up of semi-
consolidated light green sand with calcareous frag-
ments and fine quartz particles mierspersed with
rhyzoliths. Both lower units are replaced by partially
indurated nodular calcrete with siliceous, angular,
large (to 4 cm) litho-clasts showing evidence of
desiccation cracking. This is succeeded in both
profiles (SOW13 and 7A) by friable nodular calcrete
with abundant rhyzoliths. The rhyzoliths are mosthy
large (up to 3.5 cm diameter and 2-6 cm long)
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Fig. 4. (&) Numerous rhyzoliths { A)in green, ganular calearcous matrix at SOW3 84 (har=6 cm). {B) Dessication cracking showin g alteratiom of
CalC0y-rich pebbles (&) by silica rich pore water S0O'W4 53 (bar=10cm). (C) Lensoid terrazzo plates congealed in the SOW 10 ridge (har=5 cm).
{[0) Lensaid emazzo plates along the edge of Sua Pan near SOW 10 (har=8 cm).

comprising calcareous outer sheaths with a siliceous
infillng. This unit grades upwards into a fnable
nodular bed with quartz clasts. The nodules are
mainly composed of quartz nuclei with carbonate rich
concentric outer shells. The profiles are capped by a
massive caleareous hardpan in SOWI13 and massive
grey sand n SOW 7, The hardpan comprises lenticular

siliceous clasts in a calcareous matrix,

5. X-ray diffraction amd geochemical resullts

XRD analyses of litho-clastic and nodular samples
imdicate that the MSB duricrusts may be subdivided

into calcite- or quartz-dominated types (Table 2). In
Location 1 SOW1, calcrte (or calerte with dolomite) 1s
dominant and varies from 66 vol% to BD vol %%
calcite down profile. More quartz clasts are found in
the upper units. The presence of feldspars is low at 1

2 vol.% microcline and albite, despite the proximity of
Karoo bedrock. The proportion of dolomite (3-4
vol.%) and the presence of palyvporskite (3-8 vol. %)
with sepiolite (2-8 vol.%) confirm the prevalence of
Mg in the strandline duricrusts. The presence of Mg-
rich clays and dolomites suggests formation in Mg-
rich alkaline environments, nommal Iy associated with a
closed basin depositional history (e.g., Watts, 1980;
Eugster and Kelts, 1983; Alonso-Zarza et al., 2002).
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Table 2

Result of X-ay diffraction analysis (vol%) on selected MSB stran dline sediments

SAMPLE Cal Dol iz Mel Al Mea Pal Sep m Oy Mag Kien Hem Hal
SO0V 1-51 (8] 3 23 2 <l - 4 - - - — - - -
S0V 1-52 T2 4 18 1 x <l - - - - — - - -
SOV 1-53 T4 5 13 | | - 3 2 - - - - =] -
SOV 1-54 65 5 18 2 1 - # - - - — - - -
S0W 1-85 62 4 13 3 z - T 8 - - - -
SOW 156 m - 14 = < - 5 _ _ - - -
SO0V 3-51 43 10 36 4 & 2 - - - - — - - -
SOW 3-52 @ 42 36 5 3 - - - - 4 - - - -
SOW 3-53 kL T 45 5 4 - — - - - - <1 -
SOW 354 47 - 30 [ 3 - - - 12 - - - - -
S0V TA-SI <1 - B8 5 | - - - 5 - — - - -
SOW TA-S2 30 15 50 2 <] - - - » - - - - -
SOW TA-SZA 18 2 T0 5 1 - - - — 4 — - - -
SOW T A-83 2 - 2 5 1 - - - 10 - — - - -
SOV TA-S4 &4 - 22 2 1 - - - 1 - — - - -
SOV BA 40 - 33 3 4 - - - - - 10 10 - -
SO0V BB 24 - 40 2 3 - — - — - 15 15 - -
SOV 10-51 R 2 45 1 1 - — - 2 [ — - - -
SOW 10-52 =2 - T2 2 | - - - 4 - - - - -
SOW 10-83 T4 - 18 1 <l - - - T - — - - -
S0W 13-51 30 - 52 4 3 - - 10 - - - - - -
S0W 13-51A o0 - 20 <] 1 - - 14 - - - - - -
SOW 1352 B - 65 5 5 - 15 - - - - - 2
SOW 13-524 10 38 42 3 | - - 3 - - - - -

CalFCalkeite, Do Fdolomite, Qte=quartz, Mcl=micmoline, Alb=albite, Mes=micas, Pal=palygomskite, Sep=scpiclite, [I=0like, Cly=clay minerals,

Mag=magadiite, Ken=kenyaite, Hem=hemati e, Halhalite.
* Approximaie quantifics,

Results from SOW3 litho-clasts and nodules show a
more even proportion of calcite (947 vol.%) and
quartz (30-43 vol%). Mg is abundant throughout
with the 52 unit containing 42 vol.% dolomite. The
proportion of feldspars is slightly higher than that
found in SOW1 at 4-6 wol% microcline and 3-6
vol.% albite. The presence of illite (3-12 vol.%) or
possibly glauconite contrasts with the palygorskite
and sepiolite found in SOW1 and may be detrital in
origin.

On the westemn side of Sua Pan at Location 2, the
ridge at SOWID comprises an even proportion of
calcite and quartz with minor dolomite (2 vol.%5)
towards the top of the ridge, higher guarz (72
vol.%) about halfway down and higher calcite (74
vol.%) towards the ridpe base (Table 2). The feld-
spar proportion is low throughout. The percentage of
illite (or glauconite) increases towards the base (from
2 to 7 vol.%). Watts (1980) discusses how glancon-
ite is lost during calcretisation as glauconite and
calcite are incompatible (¢f Krumbein and Garrels,

1952). The pan edge duricrusts (SOWEAER) show
relatively equal proportions of quartz (33-40 vol. %)
and calcite (24-40 vol%) with intermediate feld-
spars. Two samples contain relatively high propor-
tions of magadiite and kenyaite whose presemce
implies that the pan littoral was exceptionally alka-
line and saline during their formation. Both minerals
are considered to have formed from a reaction
between dissolved halite and silica (Wink et al,
2001).

Towards the narthern edge of the basin at SOWTA,
XRD analysis on litho-clasts and nodules shows that
high calcite concentrations (64 vol.%) towards the
base become lower (to <1 vol.%4) towards the top of
the profile while the reverse is true for quartz (89-22
vol.%0). An exceptional unit to this trend is SOWTA
which shows high quartz and low calcite towards the
base of the profile (Table 2. Most units contain 3-12
vol.% clay which may be either detrital illite or
glauconite and a low feldspar content A relatively
high dolomite percentage (15 vol.%) occurs towards
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the top of the profile at SOWTA 52, SOW13 akso
comprises dolomite (38 vol.%) towards the top of the
profile in association with a variable guartz (20-66
vol.%) and calcite (8-60 vol 24) content. The SOW13
samples contain a high proportion of meoformed
sepiolite (10-15 wol%). The Mg-rich mineral suite
implies neoformation of clays and dolomite likely
under alkaline rich, closed basin conditions (Watts,
1980; Eugster and Kelts, 1983).

Geochemical results from twenty nodular and
litho-clast samples indicate a high correlation
between CaCO; and Si0y {:R2=|D.‘5'85) sug gesting
inverse precipitation trends (cf. Gwosdz and Modisi,
1983) and the mcompatibility of precipitation envi-
ronments of these two elements (Thomas and Shaw,
1991). AlO; and Fe2(O; are also correlated
(R*=0.751) along with $i0, and TiO, at R*=0.617
implying that most silicates are derived from Pre-
cambrian bedrock sources as a result of weathering
and wansportation. There 5 no comelation between
CaCoy and MegO or between Sty and MgQ, Results

indicate high LOI values (=30 vol %) in the SOW1,
SOWTA 54 and SOWI0 S3 implying a high carbon
content for these calcretes (Table 3). Geochemical
results along with XRD data indicate that the MSB
duricrusts may be subdivided into four subgroups
broadly following classifications proposed by Wallcer
(196:0), Summerfield (1983ab) and Nash and Shaw
(1998). Litho-anit CaC0O:; and Si(y proportions in
relation to profile heights and duricrust type are
shown on Table 4. Specifically, litho-unit 1 (LU1) is
banded between 60-80 wt% calcite and 10-30 wt.%
Si0; and is refemred to as calerete (Fig. 5) While
examples of LU 1 are present at all locations, the high
calcite litho-unit is found mainly at 936 m in
Location 1, SO'W1. Litho-unit 2 (LU2} is banded
between 35-50 wt.% calcite and 35-52 wt.% Si0;,
and composed of approximately equal proportions
of calcite and siliceous sediment. This is referred to
as calerete with silica. LU2 duricrusts occur through-
out the study area but are found mainly around %24 m
(SOW3), Litho-unit 3 (LU3) &5 banded berween

Table 3

Major clement composition in vol % in relation to morpho-stratigraphic sequence from MSB strandlines {missing are CraOi at 0000 vl % for all
samples and M ranging from 0000 to 0009 for all samples)

Sanmple K0 AlyDy Cal Feoly MgO Na,0 Pyl il COninerg % Lol
SOW 181 w33 15 3774 066 196 015 ool 009 29.6 3273
SOW 152 03 L1 41.19 o6 192 0.17 003 006 3L 3546

SOW 1 -53 02 067 42.96 03l 3.21 017 00 00s 336 IRES
SOW 154 03 112 36.57 04T 371 0.2 o0 008 3l 3439
SONY | -85 B3 142 35.62 [LF ] 4.72 .23 0l LiTil:3 R 3355
SO | =56 03l L1l 42 .67 [LETH () 015 a1 006 334 64T
SOW 351 078 20 25.16 02 408 0.4 ool 008 28 2505
SOW 3-82 106 306 17.86 W57 9.38% 0.65 00l 012 228 2473
SOW 3-83 102 268 19.95 056 4.57 0.52 00l 0.l 175 2175
SOW 3-54 094 243 26.5 [T 13 4.26 s 00l 0l 224 2621
SO 1051 076 128 2592 0S5 082 0.23 027 LiTiLe] 20 2301
SOW 1052 1.1 1.84 12,18 [T 0.7l 0.2 003 0.l 10 1122
SOMW 1 0-53 [ Ti%3 103 41.29 42 .98 014 003 045 324 3437
SOW A w74 164 21.79 04T 114 185 ool 008 17 2205
SOW EB 07 178 13.35 053 1.53 2,68 00l 008 9.6 17.92
SOW TA-S] ma2 218 0.24 [T 0.43 016 ool 0l4 0.2 209
SOW TA-S2 ma4 154 21.33 [T 3.55 018 ool 009 15,6 2085
SONY TASDA 0392 am 10,38 [T 201 014 ol i B4 1104
SOW TA-S3 164 335 111 123 205 02 ol 0nls 0% i
SO T A-S4 111 177 36.3 75 118 014 003 008 82 30T
SOW 1351 085 207 16.94 072 3.09 0.26 00l 015 13.2 17.79
SOW 13-51A w54 126 3387 04T 3.53 0.21 003 008 26 315

SOW 1352 m87 172 4.63 063 3.43 103 ool 016 3.4 1027
SOW 13-524 w5 109 18.15 039 9,09 0.21 w0l ol 218 251

SO 1383 (153 185 13.43 AR 2 1% 014 ol LIRT:S 94 1364
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Table 4
Duricrust type amd calcite—silica compoesiton {(vol %) in melation o
morpho-stratigraphic sequence fiom MSB strand lines

Sampke Height CalC0s  Lithounit  Duricrust
masl Si0a typse
SOW 1-51 936 $7.32 256 1 Calerete
SOW 1-52 P36 T332 19.24 1 Calcrete
SOW 1-53 936 T6.41 14.09 1 Calerete
SOV 1-54 936 T0.5 23.64 1 Calerete
SOW 1-55 P36 655 24.34 1 Calcrete
SOV | -56 936 To.41 17.15 1 Calerete
SOW 3-81 924 5185 4247 2 Calerete
with silica
SOW 3-52 924 5185 4216 2 Calerete
with silica
S0W 3-53 924 A48 A8 EE 2 Calerete
with silica
SOV 3-54 924 50,94 38 2 Calerete
with silica
SOW TA-SI B35 0.45 293 4 Silcrete
SOW TA-S2 Q43045 423 50.9 2 Calerete
with silica
SOW TA-S2A 943945 19.56 TL56 3 Sil-calcrete
SOV TA-S3 M35 1.52 5609 4 Silercte
SOV TA-S4 W35 613 2816 1 Calerete
SO EA W05 3R66 5087 2 Calerete
with silica
SOW ER S8 2183 6203 3 Eilcalemete
SOW 10-51 Q10 4548 47186 2 Sil-calcrete
SOV 1052 210 2274 125 3 Silcalerete
S0W 10-53 Q10 T4.14 20,83 1 Calerete
S0W 13-51 43045 30002 SE.68 3 Sil-calcrete
SOW 13-51A4 945345 59.13 29.03 2 Calerete
with silica
SOW 13-52 Q43045 T.73 TRASG 3 Silerete
SOW 13-52A 943945 4958 46.02 3 Sil-calcrete
SOV 13-533 MI-MF 2183 703 4 Silerete

15-30 wt.% calcite and 58-72 wt.% S0, and so has
a higher proportion of silica rich sediment and oocurs
at Locations 2 and 3, but mainly in SOW13 between
943 and %45 m. This litho-unit is referred to as sil-
calerete hased both on relative composition and
matrix epigenesis (Nash and Shaw, 1998). Litho-unit
4 (LU4) is banded between <100 wit.% calcite and 78
935 wit% Si0 and is therefore composed mainly of
siliceous sediment, including silcrete and occurs
entirely along the 9%43-945 m smandline at SOWTA
and SOW13 (Table 4).

Average proportions of low-quantity major ele-
ments per litho-unit are shown in Fig. 6, from which
minimal amounts of P2Cs, MnQ and Cro0y oare
omitted. Tremds mainly show increasing MgQ and

an increase in the Mg/Ca ratio towards the calcite rich
litho-units (i.e., towards LU1). The dominant major
element after Si05/CaC0s is MgO which is partic-
ularly high in LU2 samples. These are relatively rich
in dolomite while LUl samples show relatively high
propaortions of sepiolite and palyeorskite {of. Table 2).
This contrasts with the remaining low-guantity major
elements all of which increase towards the more
silica-rich litho-units (LU4). For instance, in LU, the
ALO; content is low between 0.67 and 1.77 wt.% and
increases through the remaining litho-units to between
1.09 and 3.06 wt.% in LU2, to between 1. 84 and 2.07
wt.% in LU3 and between 1.72 and 3 .35 wt.% i L4
{Table 3, Fig. 5). K30, NayO and Fey(O; increase with
the proportion of clay minerals and feldspars towards
LU4. Tity also increases towards the more SiQOq-rich
litho-units (Fig. 6} These overall rends suggest that
aggressive calcretisation/dolomitisation at high pH
levels led to the almost complete replacement of most
pre-existing silicates especially in LU1 and LLI2
duricrists. The relatively high Mg/Ca ratios of these
sediments suggests the prevalence of alkaline, highly
evaporative conditions typified by closed basin
environments. This contrasts with the apparently less
intemse process of silcretisation (in the LU4 and LUS
duricrusts) which in the MSB appears to take place
under acidic, moderately saline conditions causing a
number of the remaining silicates to survive intact.
The lower than 1.2 wt.2 TiO, content in all the litho-
units infers that the mobilisation of presexisting
silicates may have been a dominant process in the
pan littoral environments {Summerfield, 1982; Nash
et al., 1994a,b).

6. Thin section and ESEM results

Deetailed thin section and ESEM analysis was
undertaken to augment geochemical and XED data
and to provide insi ght into comp lex calcretisation and
especially silicification processes. Litho-clast samples
were selected for this work because these usually
demonstrate several stages of silicification often of an
originally calcareous deposit (cf Rinprose et al,
199%a; Nash and Shaw, 1998), ESEM investi gations
in low vacuum mode on subsamples from SOW1 83
the indurated litho-clastic unit, show rounded quartz
clasts with evidence of shallow etch marks closely
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Fig. 5. Results of bulk geochemical analy=is showing the subdivizsion of samples into fowr litho-units based on relative peroentages of S0, and

CaC0,. Amounts of MgO and Al also shown,

associated with remobilised crypto-crystalline silica
in addition to laminar calcrete fragments (Fig. 7A). In
this LU1 calcrete sample, EDAX results show equal
proportions of Si and Ca on the remobilised surface
indicating the close association of recrystallised
quartz and calcite in the matrix (Table 3. The
laminar calcrete appears to be relatively untouched
and co-exists with remobilised amorphous sihca. In a
second slide (not shown), unmodified bedded Karoo
sandstone clasts with circum-peripheral cracking are
also evident i the mixed matrix. The SOW4 54
sample reveals remobilised silica in the form of large
and small interlayvered Si plates which appear to be
cracked suggesting a pressure solution mechanism
(cf. Monger and Daugherty, 1991). Of particular
interest are subsamples which contain bacterial mat
colonies either coating siliceous plates, within small
woids or occupying pre-existing organically formed
casings (Fig. TB). The casing analysed is more Si
rich than the background silcrete plates implying that
bacteria were sequestering Si initially from the void

lining or casing (Table 5). The cocci infill amd
individual cocci are further enriched in 5i relative to
background and casing compositions while the cocci
themselves also show fraces of Ti not present in
the background sample (Table 5). Once initiated,
bacterial growth appears to be wniform with identi-
fiable mound and chain pattemns. Individual cocci are
nomally rounded and about 5-6 pm m diameter
although some appear to be stunted or truncated
(Fig. 7C).

Thin section analysis of a lensoid shoreline sample
from SOW 10 terrazzo plates show several stages of
Si recrystallisation (Fig. 4B, Table 6). ESEM amalysis
of a SOW10 shoreline silica plate indicates that the
sample is composed of rounded gquartz and calcite
pseudomorphs along with rounded ‘onion ring’ ghost
structures in an amorphous silica-rich matrix (Table 5,
Fig 713). The matrix contains between 42 and 76 wt. %
cryptocrystalline Si with discrete Ti rich minerals.
Close examination of a Ca-rich clast shows a
transition of increasing silica content from the
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Fig. &. Trends in the lower guantity macro-clements relative to the four lithe-units showing increasing Mg and MgCa matio with increasing
CaCO; (toleft) and increase in remaining elements with increasing 8i0s (to right). Element shown on histograms from left to right are AlaOs,

K20, FeaOn, Mg, NapD, TiOa and the Mg/Ca ratio.

relatively Ca-rich mterior out towards the Si-rich
matrix (Table 5). The transition which is gradual
shows a layered sequence of columnar calcite grains
alternating with equiaxial calcite grains (Fig. 8A). The
process seems to imply a systematic incursion
(replacement) of Si-rich pore fluids into a disintegrat-
ing calcrete clast A quartz clast with accreted caleite
layers also shows impregnation with Si rich pore
fhuids (Table 5). The calcite layers may have trans-
formed into a porous columnar structure prior to silica
mobilisation (Fig. 8B). The ‘onion ring’ structures
represent a more advanced stage i the process which
terminates in the total replacement of clast-like shapes
with matrix silica (Fig. 7D). The fact that some of the
original calcite remains in what appears as matrix
material may account for the apparent co-existence
and inverse relationship of Ca and 8i in the matrices
of MSB duricrusts.

Thin section data from Location 3 (SOW13 82 83
units) litho-clasts shows at least three stages of

crystallisation in the matrix. The matrix comprises
Si0y-rich earlier microcrystalline and later crvptoc-
rystalline phases with accompanying voids, some of
which are filled by late stage authigenic silcrete (Table
6). ESEM analysis of a nodular sample (from SOW13
52) shows high proportions of Mg and Ca in
overgrowth structures (apglomerates) developed on
quartz-rich clastic sediment (Table 5). Further analysis
revealed Si-rich fungal hyphae and umidentified
diatoms in a Si-rich environment. Some of the hyphae
occur as branching forms about 100 pm long,
emplaced over interparticle voids (Fig. 8C). Others
are smaller, forming smb-like growths 20 um long or
thin curvilinear forms around 30 pm in length (cf.
Monger and Adams, 1996). The diatoms are also long
{c. 30 pm) and fragmented in death assemblages
adding silica to the littoral sediment. Both the diatoms
and the hyphae suggest a wet (damp) environment
during the time of deposition and both are involved n
St accumulation, suggesting that biogenic sources
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Fig. 7. (A) SEM phaotograph showing rounded quanz clast with evidenoe of shallow etch marks. (A) and remohilized zilica (B) with laminar
calerete () in SOW'1 85 sample. (B) SEM photograph of silica-rich organic casing { A) hosting bacterial cocei coating (B) (S0W4 843 (0
SEM photograph detail of silica-rich bacterial cocei showing developed and stunted growth forms (SOW 4 54). (D) SEM phoiograph showing Si
rich. (A)and Ca rich (B) psewdomorphs with “onion ring’ ghost structures {C) in an amomphous silica matrix (SOW 10 shorelime S#0, plate).

were an important factor in silica accumulation and
mobilisation.

7. Thermoluminescence dating

Samples for TL dating were obtained from Loca-
tions 1 and 3. Sand grains were dated from upper and
lower units at SOW1, 3 and 4, SOWTA and SOWI13
(Fig. 3). Sand grains were also taken from a calcrete
pit on an upper Thamalakane terrace near Maun
{MaunSE12a) and from a lower terrace adjacent to
the Zambezi river west of Kasane (KVFS3) to assist in
providing a regional (MOZ) context (Fig. 1). The sand
was obtained from older litho<clasts or rhyzoliths.

The date KNF 83 was taken from the Chobe
confluence withh Zambezi river and is estimated at

around 493309 + 33985 vears which 5 a minimum
ape as the sample is saturated. This date tends to
suggest that a lower-mid Zambezi link was reestab-
lished during the mid-Pleistocene, inferring that direct
outward drainage from the northem margin of the
MOZ depression took place around this time (cf
Thomas and Shaw, 1991y, Meanwhile, the MSB may
have been operating as a separate basin, being infilled
during major wet periods throughout the mid-late
Pleistocene from the northeast, south and west (Mash
et al., 1994b; Ringrose et al, 19%%a, 2002a).

TL dates were obtained from samples representing
different diagenetic stapes within the morpho-strati-
graphic units from Location 3 on PMB strandlines.
The oldest approximate date i the series is from the
inner portion of a rhyzolith from the lower part of
SOWI13 82 (P) from which an estimated age of post
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Table 5

Duwricrust congposition (wi.%) flom samples SOW4 (4), SOW 13 {13) and SOW] (1) from ESEM EDAX microprobe measurements
Location Ma Mg Al Si 3 Q K Ca Ti Mn Fe
SOW Lealc 1323 441 3672 0Ty 4313 1.73
SOW | eale 1734 292 3876 072 3850 1466
SOWAS4bked 058 £41 1033 6475 072 892 628
SOW4Sdcasing 965 537 T804 427 m
SOWaSdindll 433 Jab B232 a4z 347
SOWASdcoce 529 5146 B4 48 036 3155
SOW | Deatrix | 127 069 101 4121 008 012 054 1.86 085
SOW ] Dmeatrix 2 09 069 118 4719 @11 007 058 128 046
SOW | Omatrix 3 118 1935 22 T64T 135 iz 048 036 168
SOW LTI matrix 129 123 l.26 1731 043 113 3136 148 3343
SOW 1 Sicentre 128 107 1035 3792 o7 007 05T 234 0.1 0.73
SOW 1 0Sicol2 057 085 068 11.54 014 015 043 2889 006 052
SOW 10Sicol ] 0T 08 079 1292 0os 0 044 2623 .11 0.59
SOW 105 imatrix 085 054 0933 3857 013 009 044 156 056
SOW 1 DCacol3 042 072 052 272 035 3542 054
SOW 1 BCacol2 06 059 05 828 022 378% 028
SOW10Cacgi-ax 048 095 078 1162 005 0 041 273z 012 049
SOW10Cacoll 06 072 068 1412 01z 01l 035 3ldé 02 055
SOW | BCamatrix 085 087 095 3625 ol 007 055 38T 042
SOW ] Jagglom 137 1441 442 5159 397 29 1254

SOW ] 3hyphae 166 1585 5 5081 445 308 1625 038 552
SOW | Jovrgrths 058 671 383 .76 242 | B 118 204

root calcification is given at 108355+£9017 vears ago.
This earliest date is partially substanti ated by a similar
though slightly vounger date from a siliceous clast
within the hardpan of SOW13 81 which is estimated
as being formed around 102 194+7621 wears ago.
These are the oldest recorded approximate dates on
MSB upper strandlines (%43-945 m) and appear to
indicate the onset of a drving phase following an
earlier late Pleistocene wet interval which occurred
more than 110000 years ago. Data from the Vostock
care {Petit, 1999) and archeological data from Butzer
{1984) and Brook et al. (1998) confinm wet conditions
in the region around 120000 vears ago. Peaks in the
Vastock data are constrained by '*0 data from drill
holes off South Africa and Sea Surface Temperatares
off Namibia, all of which appear to relate to
Milankovitch precessional cycles (Pariridge et al,
1999; Tyson et al., 2002). An estimated TL age from
sand grains within a caleretised upper Thamalak ane
terrace northesst of Maun (MAUNSE128) in the
central MOZ (Okavango) basin gives a minimum
sample age of 119981 £9850 years but could be older
as it is saturated, This early wet interval may have
manifested as a series of wetland areas emerging from
a “lake Okavango” extending southwards and even-

tually overspilling into the MSB over gaps in the
Gidikwe ridge (cf. Cooke and Verstappen, 1984;
Thomas and Shaw, 1991; Ringrose et al, 1990a
2002ay more than 110000 years ago.

A second series of dates were obtained from sand
prains in litho-clasts and nodules within the morpho-
stratigraphic sequences at Locations 1 and 3. A
siliceous lithoclast from SOW13 S3 was given an
approximate TL date of 90436+ 8909 vears. A nodule
from within the overlying nodular rhyzolith wnit from
SOWTA S2 was given an approximate TL age of
B06T8+£9202 years while a nodule from the rhyzolith
free upper unit (SOW13 52A) was dated at approx-
imately 83 568+ 7898 years. Interestingly, an approx-
imate age of 90728+ 7161 wears was also obtained
from a litho-clast from SOW1 56, These dates may
represent the drying phase of a second wet interval
which appearsto have attamed a similar elevation n the
MSB (943-945 m) to the earlier (=110 ka) interval but
which shows evidence of a later decline to the 936 m
level. These dates are again consistent with Milanko-
witch cyckes which suggest that after the 120 ka warm-
wet period, less intense wet conditions recwred every
23000 years such that a second warm, wet peak was
evident around 97 ka, a third around 74 ka and a fourth




Tahle &

Summary of depositional and diagenetic characieristics of major duricmst d eposits of norfhern Sua Pan {MSB)

X Ringrove of ol / Palosopeagrapky, P lieos Bmatology, Palieoeeology 287 (2005) 265-287 K]

Diuricrust type Fahricitecure Clomapo sition St tune Late stage overprints
and type location
SOW 1—Calerete Clast supported hardpan- Micritic low Mg cakie  Calcareous hyzolifus, Coaed calcareous and
(LU type) Ca and Si lithoclasts-matriz gtz clasts and calcancous quanz clasts.
S20 5249 supparntad lithaclsts, laminar and
E26.3740 ol ar—friabsle
Replacive/displacive Microspar pone Secomdary zonation
calcrete mari surface cement—socondany and replacement by
Fe maottling CEMENS calcite. Void formation

SOW 24 Cakmreie

Matrix and host fabric

Cryptocrystalline groen
silica, microcrystalline
peore lining cement high

with silica supported, Laninar and

(LU 2 type) masaive woid filling

5205542 cemeent, Microc rystalline Mg calcite
E26. 1686 silica overgrowths

SOW 10 Sil-cakrete
52003062
E25 9441

SOW 8A Sil-calcrete

Matrix and host fabric
supportad, Lamvinar and
massive woid filling
cemeent, Microc rystalline
silica overgrowths

Homoge neeous

(LU 2 type) cryptocrystalline silica
2054361
El5. 85368

SOW TANZ (Silerete)  Matrix and host fabric
(LU 4 type) supported, Lamiinar and
19 E91G massive woid filling
E26.1390 cement, Microc rystalline

Diense cryptoscrystalline
(matriy and clasts) with
lenzoid microorystalline

crack amd woad infilling

Cryptocrystalline silica
with myicrocrystalline
crack amd void infilling

Cryptocrysalline silica
and quartz clasts with
micrecrystalline crack
and void infilling

Maszive to blecky, friable,
cong lomeeratic, abundant
thyzoliths (B-10 cm)

Laminar massive, rounded
silorete clasts, periphemally
layered with elongate silica
nodules

Massive buff siliceous
lensoid pan edge nosdules
emazzo type

Massive to blecky,

friable-partially consolidated

abundant rhyzoliths-friable
green sand

and infill Si cocci
Clast desiccation and
cracking, costed Tuff
sile—cale lithoclasts,
COnoeniric 2onal
replacement and void
infilling

Clast desiccation and
cracking, cosated zikrew
lithoclasts, concemtric
zonal replacemendt, woid
infillings and large open
woids
Coated silerete nodules,
woid infillings and large
open voids

Clast desiccation and
cracking, coated sikmek
litheclasts, nodular, Fe
staining, void infillings

silica overgrowths

and large open voids

around 51 ka in the southem African region (Tyson et
al., 2002). As similar dates occur at both higher and
lower strandline levels, these are therefore considered
to represent the close of a major infilling and
evaporative event at >80-90 ka yrs. This extended
over arange of heights (from 945 to 936 m) in the MSB
with the later 936 m level being more indicative of
strongly evaporative conditions.

Younger dates were abtained from a siliceous litho-
clast from within the nodular unit (SO'W13 52) which
resulted in an estimated TL age of 4124343033, A
litho-clastic sample from SOW4 54 was also approx-
imately dated at 43 408+ 4443 years. These two dates
imply a thud Late Pleistocene wet interval which
spanned an even wider range of heights {from 943
945 to 911 m) as it dried out in the MSB around
41000 years ago. While higher palaeo-lake levels may
have extended into MOZ depression, serious closed

basin cond itions may be inferred from the 924-911 m
strandline duricrusts which fall within the LU2 high
MgO type (Fig 5). The =41-43 ka palaco-lake event
to some extent confimns earlier '*C dating (c. 41 ka)
previously described in the MSB by Cooke (1975),
Cooke and Verstappen (1984), Shaw and Cooke
(1986), Shaw and Thomas (1988) and Thomas and
Shaw (1993, 2002y. The 41 ka wet interval is in
general agreement with isotopic data from southern
Botswana (e.g., Holmgren et al., 1995).

A sample from Location 2, SOWEA taken from a
shoreline siliceous, lensoid nodule was TL dated at
approximately 87534931 years. This date largely
corresponds to the last major drying mterval within
the MSB, an episede which infers open basin
conditions as freshwater from rivers to the west
probably entered the lake durmg this episode, n a
similar way to the ephemeral river inflow which
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Fig. & (A) SEM photograph of Ca-rich clast showing transition stages fiom Ca-rich interior (A) out towards dve Si-rich matrix (B) through a
layered sequence of oolumnar and equissial ealeite {C). {SOW 10 shoreline 5i0, plaie). {B) SEM photograph of a Si-rich clast {B) with acereted
columnar caleite (A) dnferring impregnation with Si—rich matrix zilica (SOW 10 shoreline Si0; plate). (C) SEM photograph of Si-rich fungal
hyphae (&) emplaced over interparticle veids {S0WI13 52), (D) SEM phetograph of Si-rich diatoms {A) abowt 30 wm from a fagmented death

assemblage (SOWTA 52

occurs today (Shaw et al, 1997). The post 400 ka
period saw a continuation of the calcification pro-
cesses in an evaporative ransgressive-repressive
environment to ¢. 8 ka with almost complete drving
to the present day (cf. Rust et al, 1984; Scott, 1993).
The date from the pan edge environment suggests that
the ultimate drying phase of the Makpadikgadi
complex commenced towards the close of the Holo-

cene altithermal (Partridge et al,, 1997),

#. Discussion and conclusions

Morpho-stratigraphic and peochemical evidence
developed in this work imply that both open and
closed basin conditions were prevalent in the MSB

throughout the Late Pleistocene mainly as a result of
alternating wet and dry climatic intervals. Events
deseribed above imply that early freshwater episodes
which probably resulted from regional wet events
were followed by extensive drying as indicated by
freshwater followed by multiple Mg-calcrete domis
nated phases. Later and repeated silcretisation appears
to have taken as a result of more localised increases in
the groundwater table when the normally saling
groundwater was diluted by rain or river inflow.
New evidence suggests three pallaco-lake evenis in the
MSB, two of which precede earlier recorded wet
intervals in Botswana. While the three phases are
represented by duricrusted strandlines at present
heights above sea level of 943-945 m, 936 m and
924-910 m, evidence from TL dates sugpests that
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more than one elevation was occupied at least during
the two later palaco-lake events. The last major
palaco-lake event recorded here is comparzble to
existing "C dates at ¢ 41000 BP mainly from the
westen margin of the M5B (Cooke, 1975; Cooke and
Werstappen, 1984; Shaw and Cooke, 1986; Shaw and
Thomas, 1988). The range of strandline heights with
similar dates may result from palaco-lake levels
moving rapidly and frequently forming transgres-
sive/regressive cycles (Eugster and Maglione, 1979}
during sustained drying.

The Late Pleisincene lake margin littoral environ-
ment and associated pore water seepage resulted in
morpho-stratigraphic evidence reflecting multi-cyclic
geochemical overprinting at all strandline levels.
Early biogenic related calcretisation m Locations 1
and 3 followed the development of freshwater
rhyzoliths in an earlier, open lake system. Later
calcretisation events appear to result from the effect
of varnous controls on calcite dissolution and precip-
itation inm littoral pore waters during drying phases
leading to saturation with respect to calcium and
magnesium ions in the presence of bicarbonate. The
ionic content of the major palaco-lakes is assumed to
have been introduced in solution from the catchment
area (cf. McCarthy and Ellery, 1995). Saturation may
have been a local, littoral effect induced in part
biogenically (by macrophyte photosynthesis) and
probably also by the slow loss of CO, by degassing
(Eugster and Kelts, 1983). Biogenically and'or cli-
matically induced precipitation took place as pore
waters attained a pH level of >9. Calcite precipitated
along with some dolomite as the ultimate nature o fthe
carbonate phase was controlled by the Mg/Ca ratio of
the water (Muller et al, 1972; Folk, 1974; Goudie,
1983). This may have been synchronous with the
formation of sepiolite and/or paly gorskite which Watts
(1980) indicates occurs during or immediately after
caleite or dolomite precipitation. Higher Mg O levels
were found both in the 943-945 m and lower
sequence (936-911 m) strandlines suggesting that
closed basin type evaporative conditions occurred
geveral times, Caleretisation of littoral sands appears
to have been effected as the replacement of pre-
existing silicates such that very low gquantities of
major elements (relative to the more silicified unitsy
remain in the calesreouns units. The extensive nature of
the early calcareous strandline remnants infers that

closed basin conditions were prevalent over long time
spans suggesting long-term tectonic stability and
consistent drying. At Locations 1 and 3, the biogenic
phase appears to have been followed by nodular
(littoral) calerete formation and is sucoeeded by major
desiccation intervals, indicated by calcareous silt units
in SOW1 and SOW4. The desiccation intervals
supgest extensive drying around the palaeo-lakes
following calcretisation.

Intermittent silification of earlier calcrete phases is
the most widespread event in the strandline duricrusts
and varies from silicified litho-clasts and nodules in
Location 1 to the complete silicification of already
silicified litho-clasts and nodules in Locations 2 and
3. Silicified duricrust units appear to be related to
relatively minor ramfall or inflow events which
increased the level of the gronmdwater table, mavbe
forming localised shallow palaeo-lakes. The geo-
chemistry of the groundwater more closely resembled
present-day Na-C05;- 80, Cl-type brmes. Silification
typically invelves a number of mechanisms including
mobilisation, transport and precipitation (Smale,
1973; Summerfield, 1982, 1983a, b; Chadwick et
al., 19874, by Thiry et al., 1988; Borger et al., 2004),
Petrographic studies indicate that multiple episodes
of silicification are relatively common in semiarid
areas, particularly in the Kalahari environment (e.g.,
Summerfield, 1982, 1983c; Arakel et al, 1989; Nash
et al, 1994a, b). The inverse relationships of the
major oxides (high CaCOs/low Si0;) nommally infers
a semi-continuous process whereby at =pH 9, calcite
precipitation takes place thereby lowering the pH and
enabling 50} to go into solution in the pore water
and begin to occupy interstitial voids and cracks in
the pre-existing duricrust (Gwosdz and Modisi, 1983;
Ringrose, 1996; Mash, 1997; Nash and Shaw, 1998).
However, this effect practically discounts the salinity
factor which is particularly prevalent in the warm,
shallow littoral zone of semiarid lakes where declines
in near shore lakewater are associated with ground-
water seepage. Fecent work by Sauer and Straht
(2004) shows that in semiarid (wet) lacustrine
environments, enhanoed evaporation leads to a low-
ering of the pH and the development of a geo-
chemical barrier which leads to the polmerisation and
precipitation of silica. This process also effects the
reduction and dep letion of the major elements due to

intense leaching while facilitating the concentration
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of TiO; (Watts, 1970). Work in Australia shows that
most variation in silica concentration is explained by
pH and EC values (Lee, 2003). Conchisions indicate
that lower pH and less saline groundwater (pH 2.8
3.99) contains higher concentrations of dissolved
silicon than relatively higher pH (6-7.18) more saline
groundwater. Acidic, moderately saline groundwater
is in near equilibrium with respect to amorphous
silica whereas near neutral, saline proundwater
comesponds to undersaturated conditions. Hence,
silica in warious forms may precipitate whenever Si
saturation is reached and the required changes in pH
may be mherent in the littoral groundwater and may
not necessarily occur as a direct result of caleite
precipitation (cf. Williams et al., 1985; Monger and
Adams, 1996). However, the two oxides are cova-
riant in the MSB which implies that even under
different lake water geochemical conditions, the
degree (or intensity) of silification varies proportion-
ally with the CaCO; content implying preferential
replacement of calcite with remobilised silica. Silica
appears to enter the groundwater through the
dissolition of gquartz prains affected in part by a
sloughing-off process. The sloughed-off silica
appears to recrystallise close to the site of dissolution
as cryptocrystalline silica while also forming matrix
silica involved in the replacement of calcite clasts.
Much of this process may be enhanced by (inter alia)
diatoms, bacteria and algal growth which are active
in 8i uptake in the moist pan littoral. Shaw et al
(1990) and Harrison and Shaw (1995) also describe
almost pure silerete forming contemporaneously in a
hyper-saline pit near Sua Pan by silica fixing
cyanobacteria. Evidence from this work suggests that
the abundant silica, often in the form of silcrete in the
MS3B is also the result of in situ silica precipitation
under acidic, moderately saline pore water conditions
along the pan edges.

Given the evidence presented in this work, it is
likely that both exogenic (freshwater incurions) and
biogenic agencies were responsible for the extensive
silcretisation in the M5B littoral duricrusts. Silicifica-
tion episodes appear to postdate early relatively
freshwater palaeo-lake stages (with macrophyte
growth) and subsequent calcretisation in multiple
stages after palaco-lake events as a result of watertable
fluctuations in a semiarid environment similar to that
occurring in Botswana at present (Bhalotra, 1987).

The repetition of silica mobilisation through time may
be responsible for prevalent 5i0; increases up-profile.
The apparent lack of intense silica remohbilisation at
the SOW1 (936 m) level sugpests that elevated water
table levels remained for a shorter duration at this
height. As generally the similar water table levels
(945-943 m, 924 m, 910 m) were nvolved in
repeated 5i0; remohilisation events over the 110 ka
record, it is possible that the MSB was tectonically
stable during at least the Late Pleistocene after initial
faulting in the Late Tertiary.
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