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Alvstract

Ladment samples Mrom 2 continweus 4 4m profile m the dey bad of Lake Mgang an NW Bolswans wene analsed for geochemsing and
dated wang both "0 and T L methods, Cortam wnits in the profile wers fown d 1o b2 diatom rch and these, with the geochemical remlis,
wirre wsed ag indicators of high and w lake lewls wathan the baan. The Lake PMgam sediments contan 2 high proporion of S,
(51925 Wi, ave. 724 wite) and variable levels of A0y (208-17 2wn%, ave 888 wiba). Based on clevabed Ay Oy and organic matier
(LM g ) mesielts, lacustrine conditions oocwrnad @t ca, 42 ka wotil 40 ka and detom results suggest (el melatively deep but bracksh
corvditions prevailed. Al 40ka, the lowsinne sodimentany record was o nated aloup y, possibly by oclomc activity, Al ca. 19ka,
shallow, erobi:, uwrbulent conditions wen provalent, bul ke levels wene at this 0me moreadng o deeper water conditions wp until ca.
17ka. The peried comncides with the Lae @lacal Madmum, a penod of meremed addity in the central southem Alnca megion.
Crenerally, increasing Sn'Ca ratios and decressing LOL, o and AlyOy, Trom ca. 16 1o Ska, sugeest decresing mflow o the besin and
declming ke lovels. Based on the envichment of LEEE resulis, dightly alkaline conditons prevadbsd a1 ca. 12ka. Datom pesulis abo
suppert shallow dkaboe conditions around ths tme. Thee ke conditions were maintaned princnly by local minfa] mpat as the
remion expermosd & wamer, wetler plase betwesn 16 and 11 ke, Lae kvel rose mpdly by dka, probably in repons 1o enhanced
ramlall m the Angolan caclhment. These rencis inddcate that ke kvek in the Lake Mgand basm am reponding Lo ramiall changes in
Ui Aiigesbai catehmenl 2 and |ocal ramfall. The feilts coifiram et the preeil-day anb-phase ramlall rebto mahap beiwesn southeri
Almcs and regons of equatona Alrcs was extant dunng the e Quatemary over the Angolan highlands and MW Baolawana.,

L. Imtroddue tiomn continuous record of envirommental changes which record
. . \ L. climatic, hydrologic, sedimentological, tectonic, geochen-

The geochemistry of sediments reflects a combination o higlogical and bichemical conditions. The focus of
of provemance, chemical weathering, hydraulic sorting, this sudy is the currently dry Lake Mgami, a N e’
abrasion, redox conditon and diagenesis (Taylor and basin at the distal maches of the Okavango Delta (Shaw
McLennan, 1985; Condie, 1993). Lake deposits provide a et al., 2003). The Okavango Delta in northwest Botswana
_ iz an unstable hydrological system and change to this
*Comepandng authar. Hamry Oppenhemer Okavanga Research system iz assumed to take place along five major pathways.
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(P. Huntsman-Magila). geological {meotectonic inputs); hydrological (surface and




5z

sub-surface water inputs); vegetational-geomorphological
{chanmel blockages, island-Hoodplain bwlding  inputs);
zoological (wildife inputs) and human induced (Are and
land-use change inputs) {(McCarthy and Ellery, 1993;
Crieske, 190y MoCarthy et al., 19%%8a, b; Government of
Botswana, 20032; Ringrose et al., 2003).

Micholzon and Entekhabi (1986) report an imverse
correlation between anmal rainfall over southern Africa
and parts of equatorial Africa for the period of meteor-
ological record. Tyson et al. (20E)2a) compare data from
lake sediments in Lake Maivasha in Kenya and a stalagmite
record from Cold Air Cave in Makapansgat vallkey in South
Alnca over the past 118} years. They report that during
drier, cool perinds in Lake Maivasha, conditions were
warmer and wetter at Makapansgat. Conversely, cool dry
conditions at Makapansgat comespond to perinds of high
lake kevel at Maivasha.

Griven the contrasting controls of weather in the equatorial
region and subtropical Africa, inverse links between climates
of the Angolan Highland catchment and the Lake Mgami
bhasin may be ex pocted. With Future climate change scenanos
{in particular, minfall), there is often a discrepancy betwesn
the models and how well the modek represent the present
day climate. Howewver, the model of change in wet season
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(December—Fehruary)  precipitation from 1960-19%90 to
20702100 (HadCM2 1592a) developed by the Hadky
Centre  (hitp:)www. metofhioe com fresearch (ha deyoe mire!
models) shows an anti-phase effect in precipitation where a
net decrease in precipitaton for this penod is shown Por
central southern Afnca and an increase for tropical Africa,
ncluding the Angolan highlands

The goals of this paper are: (1) to describe and interpret
the (uaternary sodiments deposited in the Lake Mgami
basin, (1) to document climate-related changes in the
sodiment and (3) to indicate tectonically induced shifts in
sodimentation patterns.

L. Local setting amnd climate

The Okavango River, which dmins from the Angolan
highlands, enters the Makgadikgadi-Okavangon—Zamhez
(MOZ) nift depression (Ringrose e al., 2003), through a
marrow NW-SE-trending swamp callked the Panhandlke
before extending into a large inland alluvial Fan { MoC arthy
ct al., 20K, Lake Mgami (Fig. 1) iz a depression at the
distal end of the Okavango Delta, laterally linked by a
network of low gradient channels to the Makgadikgadi and
Mababe depressions.
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Fig. |. Okavango Deltz in WW Botseane showing Lake Mgami to the southwest.
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Flooding in the Okavango Ielta is influenced by local
rainfall and inflow from the catchment in the Angolan
highlands. Under the current climatic conditions, rainfall
over the Okavango Delta is mfluenced by the anti-cyclonic
conditions that dominate the interior of southern Africa
and rainfall patterns are subject to an 18-year oscillation.
The Angolan catchment climate & cumently more strongly
influenced by the Inter-Tropical Convergence Zone (ITCE)
and the Congo Air Boundary (CAB). The Okavango River
derives its water from two major tributaries, the Cubango
in the west and the Cuito in the east. The Cubango River
responds to variahility in the Atlantic equatorial westerlics
and the Cuito River responds to tropical lows in the Indian
Ocean easterlics. Rainfall over the Cubango catchment
shows a quasi-18-year rainfall cscillation which is out of
phase with that of central zouthern Africa (MoCarthy
et al, 0.

Fluvip-lacustrine deposition in northern Botswana has
prodominantly oocumed within a large structural depres-
sion formed by a southwesterly propagating extension of
the East African rift system. This depression was drained
and hlled perindically by southeasterly fowing rivers
during the Tertiary and Pleistocene as the arca was fanlted
and half grabens developed (Cooke, 1980; Mallick et al.,
1981; Modia et al, 2000). The MOZ depression &
controlled by a series of WE-SW normal Faults melated to
incipient rifting which reactivated Proterozoic and Karoo
structures (Bailieul, 197% Smith, 1984; Modii et al,
Z0WEN). Tectonic activity along the same trend resulted in the
uplift along the Zimbabwe-Kalahari axis possibly during
the late Pliocene—carly Plkistocene (Partndge and Maud,
200Ky Moore and Larkin, 261) cawsing the impound-
ment of proto Ckavango, Kwando and upper Fambezi
drainage and the development of the Makgadikgadi,
MNegami and Mahabe sub-hasins (Cooke, 198); Ringrose
et al,, 2005).

3. Previouws work on climate change and lake levels
A1 Regional palaes-environmental siudies

Climate Forcing due to changes in the eccentricity of the
carth’s orkit (Milankovitch cycles) and to the precession of
the equinoxes have both been evident in southern Africa
during the late Cuaternary (Tyson and Preston-Whyte,
J0E), Tyson et al., 202h). Based on oxygen isotope
temperatures from deep sea sodiment cores, cycls with
periods of about 10, (KK years, 43 () years, 24, (8K years
and 19 (80 years have been identified (Imbrie et al., 1984;
Petit, 19949). During peribelion conditions, wetter summens
prevail as the meridional temperature gradient hetween the
equator and the South Paole strengthens as does the ITCZ
{Tyson and Preston-Whyte, 200680, The 23, (d-year cycles
hawve been detected in the gramlometric analysis of the
sediments in a %Wim core taken from the Tewaing impact
crater lake {formerly the Pretoria Saltpan) in the northern
South Africa. The proxy ranfall series indicate five major

rainfall interval occuming between 10 and 28 ka with
less well developed peaks ocourring over the past 1 ka
(Partridge et al,, 1947).

Tyson and Preston-Whyte (2008) cite evidence for a
warm period in southern Africa during the Last Inter-
glacial at 125ka and a short period of conling during the
Pleniglacial at about 75 ka. The Inter-Pleniglacial from 65
to 25ka was a long perind of coolkr conditions that
changed just before the start of the Last (Glacial Maximum
(LGiM) at ca. 21ka. A minmum of kss than 40% of
present mean anmual rainfall was experienced owver the
Kalahar during this time (Partridge et al, 19%97). Between
16 and 11ka a rapid increase of tempemture oocurred n
southern Africa. Across much of the sub-continent the
temperatumre rise scems to have been accompanied by
increased moisture supply, as in the Kalahar (Shaw and
Cooke, 1986).

During the Holocene Altithermal between 7 and 4.5ka,
the cumently semi-arid western interior of southern AfTica,
which inchides the Lake Mgami basin, received between
10% and 20% more precipitation than the curment mean
anmual precipitation For the region {Partridge et al., 1997
A regional high-resolution moord from the middle
Holocene (66ika) to the present is the stahle isotope
record For the Cold Air Cave in the Makapangsgat Valley
innorthern South Africa (Repinsk et al, 19949, A numhber
of events are apparent in the 5% record. The first is
the end of the warm Holooone altithermal umtid just
after Gka BP. Warmer conditons ocourred again at
arpund 4 and 2.2ka. Five centuries of cooling associated
with the Little Ice Age from AT 13 to 1K) were alo
recorded.

3.2 Palaeo-environmental siudies conducied in the MOZ
bagin

Sedimentological and geochemical evidence suggests that
the Okavango Delta has expanded and contracted over the
past KKK years and the region may have heen suhjoct
to extensive Hooding prior to 110, #0590 and 41-43ka
(Ringrose et al., 2003). Past levels of palaco-Lake Taodilo,
in northwestern Botswana are a reflection of direct local
precipitation as chanmels do not drain into the hasin
(Thomas et al, 20E32). Molluse remains found in palaco-
Lake Taodilo suggest that permanent deep water acourred
fromy 400 to 32 ka and diatom evidence suggests that from 36
to 32ka the lake bocame more eutrophic and seasonal.
In addition, dune construction around Taodilo, probably
associated with drier and windier climatic conditions,
occurred at 36-28ka. Lacustrine conditions ooccurred in
palaco-Lake Taodilo from 27 to 22 and 19 to 12ka
(Thomas et al., 2{02). It is posable that the perind between
22 and 19ka may indicate a drying perind in the region
which coincides with the LM in southern Africa
(Partridge et al, 19%9% Thomas and Shaw, 20{2; Thomas
ct al., 2002}
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Diatomite beds m Lake Mgami were frst reported in
the Southern Okavango Integrated Water Development
Phase 1 final repoct (SMEC. 1987} covering an area of
approimately 30 km”™ over the castem portion of the basin.
A study of lake Mgami shorelines, diatoms and Holocene
sediments conducted by Shaw et al. (2063) suggested an
extensive and slighily alkaline lake at 11ka. They suggest
that lake kevels rose between 4 and 3 ka and conclude that
this increase i lake kevels must represent increase flow
fromy the Okavange Delta and a more humid climate at
least in the region of the rivers headstreams in Angola. In
addition, Shaw et al. (2003} investigate diatoms at s sites
in Lake Mgami. They report that the diatom taxa in the
lake contrast with the Funetle dominated acid pH taxa of
the present day Okzvango system reported in Ellery { 1987).
Robhins et al. (199), hased on archacological investiga-
tions near Toteng farther suggested that a deep lake
existed around 4ka after which lake levels fell slightly
between 2.8 and 24ka (Fig. 2).

Shaw (1983} reoorted that, based on documentary
records, Lake MNgami was stil a substantial lake in the
18508 but was becoming seasomal and by THE) became a
closed lake when inflow from the Thaoge channel ended.
Inflow through the Kunyere was alo signibicant, based on
the presence of extensive diatom beds near Toteng (SMEC,
1987). Having hecr dry since 198%, Lake MNgami received
water through the Kunyere in 2084, Prior to this, satellite
imagery shows that 1984 and 198% were the last two years
with subatantial water in the lake. These two years and
2004 cormespond to the highest Okavango Delta inflow at
Mohembo between 1981 and 2(d (P. Wolsla, pers.
comm. ), suggesting that the lake is an integral part of the
Okavango system.

4. Sampling aml analytical procedures

Fieldwork took place between 20603 and M. A
topographic profile across the lake bed was conducted
wsing a Trimble 470 Differential (PS5 to determine the
clevation of the pit (Meg-02) and related lake basin and
shoreline Features. GGPS points wem corrected to bench-
mark BP5274 with an elevation of 926.550mas]. Sediments
from a 46m pit (Mg-02) dug into the lake bed (Fig. 2) were
collected at 1llcm interval to give 46 samples. Dried
subsamples were wsed for the amalysis of major, trace and
rare earth elements (REE), loss on ignition (LOT) and 5.

Major, trace and REE analyses were performed at
Chemex Laboratories in Canada. Major elements were
determined wing ICP-AES. Trace and REE were analysed
wsing ICP-MS (detection limits generally hetween 0.1 and
0.5 ppm) with the exception of Cr, Ni and Ph that were
determined by flame AAS (detection limits 1 ppm). Total 8
was measured at the HOORC Environmestal Laboratory
on 3 mg samples by combustion and infrared absorption
spectrometry using a Leco 5 144D R malphnr analyser. The
orgamic and carbonate contents were estimated  From
weight LOE at 33070 (LOagc) and 93070 (LMo ).
respactively. For all geochemical data, the significance of
correlation was tested uang the two-sided test at a 95%
confidence limit { Rollinson, 1993).

Throe samples wene dated at the University of Botswana
wsing thermo-luminescencoe (TL) technigues (Aitken, 1985)
after protecting the samples from exposure to sunlight. &
was assumed that the samplks had undergone total
hleaching in a shallow water environmen before deposi-
ton. TL was used because it provided meliahle dates in
the past {Blumel et al, 19%98; Ringrose et al, 2063)

Fig. . Sakelite mage of the Lake Mgami hasin depictng the kocation of sampling site Mg-0Z, shoreline features and the fauliscarp tounding the ke o

the south.
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and literature sources suggest a degree of comparability
bhetween TL and OSL {optically stimulated lnminescence)
{e.g. Botter-Jenzen and Duller, 19%2; Radtke et al., 199%;
Huaya et al., 2004). Alpha counting was carried out on a
portion of the whole zsample using an Elsec TZEG {low-level
alpha counter) to determine abundances of uranium and
thorium {ppm) and a Corning 410 Flame Photometer to
determine potassium weight percentage (Tahble 1), Carbo-
nates and iron staining was removed wsing hydrochloric
acid and organic matter using hydrogen peroxide. TL
values were determined using a Rizo 1212 reader. The
environmental dose rate was determined by a low-level
alpha counter (Elsec TIHG6) using a 42mm fnf screen
{Loller and Permicka, 198%). The values shown assume
secular equilibrium for hoth U and Th chains {Carl, 1987).
Uncertainty levels (Table 2) represent one standard
deviation. The cosmic dpse was cakulated taling into
consideration depth of burial, overburden density and
porosity, sample co-prdinates and altitude.

AMS "0 dati ng was conducted at Porman Laboratory in
Poland. The samples were mechanically cleaned under
hinocular microscope to mmove oot fragments The
datable pieces of sample were collected, rinsed with 4%
H (room tempemture), 0.5 M MNaldH (60°C) and again
4% HC {room temperature) to remove all traces of

carbonates in the samples. The combustion to OO, was
performed in a cosed quartz tube together with Cul) and
Ag woal to WK OC. The sample (O0; was then reduced with
H; over approximately 2mg of Fe powder as a catalyst,
and the resulting carbon/iron mixture is pressed into a
P:.Hct in the target holder (Crermik and Croslar, 2001). The

C concentration of the sampls was measured with a
Mational Electrostatics Corporation “Compact Carbon
AMSE” spectrometer by comparing the simultaneously
collected ™0, " and "C beams of cach sample with
those of oxalic acid standard, (0, and coal bhackground
material {(roslar et al, 2004). Conventional 'O ages wem
cakulated with a &'*C correction for Eotopic fractiona-
tion {Stuiver and Polach, 1977) based on the "oy'*C
ratio measured by the AMS-zystem simultaneously with
the "' ratio. As this 8°C includes the effects of
fractiomation during graphitisation in the AM S-system, it
camnat be compared with §'7C values obtained per mass
spoctrometer on O0,. For the determination of the
measurement uncertainty {standard deviation), both the
counting statistics of  the " measwrement and the
variahility of the interval results that, together, make up
one measwrement were observed. The larger of the two
was adopted as the measurement uncertainty. To this
the uncertainty connected with the mibtraction of the

Tahle |

Diata mputs for TL

Sample Mgz TN Mgz TiE0 M0z T4d0
Equivalent dase (Gyr) X920 48 AT 164 TIE922X9
Diameter of grams (um) Wr=17 Wm7T=17 Wr=17
Density of quartz graim (gem '} A 65 A
Sediment U {ppm) 168025 073008 2832009
Sediment Th (zpm) SEZ=0082 LIE=00. 18 S0 042
E (at%) 122203 0.64= 03 026003
Water comtent (atie) 12+8 12+8 15+5
Coasmic dose rate itﬂ}'a."} 17000+ 17 060 15000+ 1500 140+ 14
TDhase rate (uﬂ}'ﬂ."} IETELITT 41291 IEX£132
Age (vears BF} 1219741277 15 B0 1R5) 40499+ 1157
Additive dose ({Gyr)

+Hl 199 6.51 G511

+h2 WE 6511 13267

+hd el a0 23217

~hd 14925 199 13167

+hs X167 4975
Tahle 2

Resulis from €14 and TL dating

Sample Diesciption Diepth fcm) Age estmate Methad
Mgz T Oirganic Fe(erich fired clay w0 1 ET5=00%) ka BP Cl4
Mgl TIH THstomerich arganic sl XH) 12197+ ka TL
Mgl TIH THstomerich arganic sl XH) 14,740+ 0000 ke BP Cl4
Mgl T Oirganic-rich lake sediment £ 1] 17 E%0 = 0000 ke BP Cl4
Mg-0Z TG Fine pale vellow sand with minar dizstams ] IS 6023250 ka TL
Mgl T4 THatamerich ke sediments 440 40499+ 1 15T ka TL
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background was added. The guoted 1 -sigma error is thus
the hest estimate For the full measuremert and not just
bhased on counting statistics.

ESEM analysis was undertaken at the University of
Botswama using a Philips XL30 environmental scanning
electron microscope to nhtain micro-textusal information
and o make cntical taxonomic identifications on some of
the main diatom species found in the sediments. An in-
depth quantitative investigation of diatom changes in the
lake is currently being prepared, but here we report hriefly
on summary, qualitative diatom composiion of several
samples spanning the leagth of the stratigraphic ssquence.
This information is usefal because specics composition can
further highlight mlative changes in lake chemistry
associated with prevailing climatic conditions {Mackay et
al., 20{)3) and diatoms have shown to be paticularly useful
proxies in Afncan lakes (Crasse et al., 1997; Stager et al.,
19497 Sediment samples were prepared according to
standard laboratory procedurcs (Battarbee et al., 2061)
and examined at high magnification (= 1K) using oil-
immersion light microscopy with phase contrast. Taxa were
idenfified using a range nf diatom Hora, especially those of
Alncan lakes (c.g. Gasse, 1986) and oligoTophic, tempe-
rate lakes {e.g. Krammer and Lange-Bertalot, 1986—1991).

5, Topographic aml stratigraphic resulis

Meg02 lies at an elevation of 922m, close to the lake
sump at %21m. The lake bed rizes gradually to 925m in a
southerly direction (B) with a termoe at 934 m and up to
948 m along the fault scarp (Fig. 2). The lowest unit of
Mg-12, UP460 (Fig. 31 comprises an unconsolidated silty
sand with minor caleretz. Freshwater diatoms ame present
in this unit as evidenced by the presence of valves of genus
Auwbreogeia  ambigua  (Fig. 4a) and  fragments of a
periphyton taxon belonging to the genus Surielly engleri
{Fig. 4h). The unit directly above {LUP440) consists of a
compact fine grain pale yellow sand with minor diatom
Fragmentz and calerete nndnles (Fg 40 andd) Farly stages
of amorphows silica forming on the guarte grains is also
evident in Fig. 4d. The sand unit changes abruptly into a
white diatomite (P33 with a thickness of about 20cm
(Fig. 4¢). DMatoms in ths bed include fmgmented pioces
of genus Nitzschia (eg. N amphibia) before changing
abruptly into an organi rich silty sand of 3 om thickness
{UP:30). Thizs grades gradually into a gray laminar {om
scale) diatomaceous sl with Fe() staining (UP3E)) and
thena diatom rich silt of 8)em thickness (LP240). Silt with
miner cakrete nodules (UPLEDY) is overlain by a dark gray
laminar diatomite (VP10 of 20 cm thickness. Large intact
valves of Surirefla engleri From UPL2Z0 wese Found in the
sample collected at 110em depth. Walves from Adwlacoseira
amibigea and brolen fagments of genus Surdallz were
found at 1{cm depth (Fig. 4t~h). UP12 & overlain by
orgatic rich clay with laminar {cm scak) and colimmnar
structure {LUPLEY) with evidence of burnt peat. The top

lem of the profik iz an organic rich silt. More detailed
diatom descriptions are given below.

6. Genchemical characteristics of the Ng-2 samples

The Lake Mgam: sediments containa high proportion of
Sitdy (5192 5wt%, avg. TZ4wt%) and variable levels of
Al (204172 w%, avg. BEEwt%){Tahle 3). Aly(); and
Sit); are signihcantly negatively cormrclated (r = —0.94).
Tilky varics betwesn 023 and (.77 wit% with an average
value of 051 wit%. Tild; and S0y, are significantly
megatively correlated (r= —094). Ti(d; and Al amre
positively correlated (v = (1%1) being 2oth associated with
the thix of fine sed ment into the basin

f.]. Redox condtions

Aly(l and LW, - are significantly positively correlated
{(r=1{0.75) and are hoth clevated in the UP460, P33
and UP1E units (Fig. 3a). LOac and Fex(k are also
significantly positively cormelated r = 0.7%).  Elevated
L,y 15 an indecation of anacrohbic conditions m the
basin. COrganic matter accummlates i wetland environ-
ments that are saturated with water thereby mhibiting
decomposition (Ccling and Kuchl, 2#1). Elevated AlyC,
suggests clay minerals were either washed into the hasin
or weathered in situ, both indicatng wet conditions.
Py} values are generally low (< D01wit%) with the
exception of the UPIM) upper unit suggesting higher
mitnent levels in the water towards the final stages of the
lake (Fig. 5h).

The UPLM unit shows high levels of 5 {Fig. Sh). LOL, -
and 5 are sigmbeantly positively correlated (r = (08T
Values of Fed: Al and 5 am both elevated in the
upper UPLM) umt indicating that free dissolved sulphide
was present i the bottom water or subsurface anowc
conditions {Fig. 3¢ The marked increase in LO e, S and
Feg(l /Al 0 in the TP unit is signibcant, suggesting a
change from subaozic to anoxic. This oocurs again in the
TIP3 ninit, and ta a lesser extent in the TIPARD nnirt

The degree of pyritization in the sedimentary record
could ako indicate anoxic conditions. The extent aof
correlation between the transition metals v, Cr, MNi, Co,
and Ph to 5 was caleulated resulting in r = (040, (L26,
047, (LG8, and 037, respectively. W, Wi, Co and Ph ae
significantly corrcated suggesting that these elements
concentrations are related to sulphide accumulation in
the Lake MWgami sediments. These tramsition metals ex hibit
similar patterns when plotted versie depth of sampks
(Fig. 5d). These in turn comelate closely to the patterrs
generated For 00, and Ald):. Mo can also exhibit a
large uptake on oyritisation (Hueria-Diaz and Morse,
19%2) and this appears to ooccwr i the UUPLE unit
suggesting anoxic eonditions (Fig. Scl

REEs are used as chemuical indicators of genlogc
processes, inchiding assessment of crustal sources, the
redox state of waler and depositional environment. The
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Fig. 3. Stratgraphic bog of Mgl depicting the units within the samplng pt.

REEs are nsoluble and are present in low concentrations
in terrestrial waters; thus, the REEs present in terrigenous
sedimnent are chielly transported as particulate matter and
reflect mainly the chemistry of their source. Studics have
indicated that high pH water show enrichments in heavy
REEs (HREE) and the degree of enrichment appears to
increase with increasing alkalimty (Maoller and Bau, 1993;
Johanneson et al., 1994 ). For the high pH alkaline waters,
spociation modelling (Johannesson et al, 199%4) indicates
that REE dicarbonate complexes are the only important
formy of disolved REE. The HREEE are more strongly

complexed in alkaling solution leading to enrichment of the
HREE over light REEs { LREE) in the water. This implics
that certain sediments should be the site of preferential
accumulation of LREE.

Lapy/ Yty ratios vary slightly between the different units
with values ranging between .53 and 1.16 with an average
value of .93, Values are lower (0L.53-0084, avg. 0LGHE) for
the UP44{ unit indicating a moderate depletion of LIREE.
Samples Mg-02 T1%) and MNg2 TZ taken from the
UP240 unit show slight enrichment in LREE, indicating
possible alkaline conditions.
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Fig. 4 ESEM images of selected samples: (2} ceninc valves of genus dufasoseima; () broken Suwrrefa fra gments from UP460 unit; (c) calerete nodule and
quartz grams in LIP440 unit; (d) fragment of diatam on quartz grain from UP440 unit; (e) broken diatom of genus Nuzsdua from UP3S0umt (f) large
mtact Furwrela from UPLZ0 sampled from a2 depth of 110 am; (g) genis dsfecosera from UPLH0 sampled from 100 an depth; th) broken fragments of

gemus Surwrela taken from UPIE0 unit at 100 an depth.
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consistent with substitntion of Th, ¥ and MREE in the
lattice of Ca-phosphate.

.2 Salinity and alkalinity levels

In a closed lake, as the volume of the lake changes as a
result of wvariations in the hydrological regime of the
catchment, so the chemistry of the water evolves. As the
water level drops during periods of decreased proecipitation
evaporation (P/E) mtio, the disolved ions am concen-
trated until a point i3 reached where the least soluhle
minerals start to precipitate. Calcum carbonate (Callil,) &
precipitated early in this process and iz virtually insoluble
except at low salinities {Bugster and Handie, 1978) The
trace clement chemistry of Mg and Sr is an indicator of
palaco-salinity as during evaporative concentration of lake
water in closed bhasins, precipitation of CalC: often gives
rize to an increase in the Mg/iCa and Sr/Ca meg ratio of the
water and comsequently a positive correlation with salinity
{Eugster and Kelts, 1983).

Cal) values in the Lake Mgami sediments are gencerally
low ((L1-3 84w, avg. L62wit%) with higher vahies
associated with the UTP4R0 mnit. Mgl) vahes range between
(.14 and 109 wt% with an average value of (0 6Ewt%. Sr
lewels in the Lake MWgami sediments range between 41.1 and
132ppm {avg. 4.4 ppm). The significant positive correla-
tion between Mg() and L (r=0.72) and Sr and
LMy (r=0L.57) & an mdication that Mg and 5r in the
sediments are partially controlled by chemical sedimenta-
tion of carbonates. Howewver, unlike Sr and Cat), MgO
values are alko correlated with Al and Tild, (r=0.77
and r = (L%, respectively), which demonstrates that MgO
concentrations are also controlled by the nput of clay
minerals into the basin. Conseguently, only Srand Ca() are
usad for palaco-salinity recomstruction of the MNgH2
sediments.

Them: appears to be an overall increase in the SriCaratio
bhetween 320 and 120cm suggesting a period of increased
salinity. This cormsponds to a perind of decreasing
LOM,.pc mplying acrobic conditions and lower Aly(l,,
therefore less clastic input which again suggests a lowering
of lake levels. At a depth of 12{0cm (UTP120), the 20 cm bed
of diatomite indicates that diatoms were the dominant
component in the lake, with very little clastic input.

T. Diatom composition of Ng-02 samples

The lower section of the core (zample MNg-02 T440) taken
fromy wrat UP460 {ca. 40.5ka) containg abundant diatom
remains. The assemblage & dominated by dulecoseia
amibigua, Denticuly kbwetzingli and Fragilaria consiruens,
while other common taxa include Fragiaria breviziriata,
Nitzachin amphibia, Synedra wira, Rbopolodia gibba and
Cyefotella prewdogielligera. Thiz assemblage suggests that
well-mived conditions prevailed as Awlocoseirg ambigua &
an obligate planktonic diatom that grows in open fresh-
waters ((rasse and Van Campao, 200010 D0 fwetzingidi may

alzo he found growing in open water, although it can be
classified as epiphytic too, i.e. it grows attached to aguatic
macrophytes growing in the littoral regions of the lake.
Howewver, it i wsually classibied as growing in waters with
high electrolytic composition, suggesting that the lake at
this time was relatively deep (compared with other sections
ofthe core) but brackish. The presence of B giba confirms
this interpretation.

Sample Ng-02 T410 from unit UTP44) contains very few
diatoms, but for those that are present, Deniicida ket zingii
15 the most common. This perhaps sug gests a shallow water
enviromment with abundant macrophytes in littoral re-
EIns.

Sample Ng-02 T320 occurs i the wnit TTP330 (ca. 18 ka).
In this section, there were rather fewer diatoms present
than in Units UUP460-440, and many valves were broken,
making positive identifications of some of the smaller
benthic taxa more diffbicult. Nevertheless, the assemblage
was dominated by F consirwens, whilke D0 bweizingd, F
Brevigtriaia and N amphibia were all common. Adwlacoseira
anibigua was present too, although this species can grow in
shallower waters, but stll as a planktonic diatom {(rasse,
1986; Kiham, 19%0). It & likely themfore that the lake
was deep enough to support populations of Awiacoseirs
amibigua, although the distribution of this species is likely
to have been restricted.

Samples Mg-02 240 and 180 between units 1TP300- 240
{ca. 15-10ka) contains the largest mumber of different taxa
(i.e. these units are characterised by a large alpha diversity)
and diatom valves were relatively well preserved. The
assemblage was dominated by the hrackih species DU
fweizingii and N, amphibiz, while other common taxa
included the shallow water, epiphytic species F. congiruens,
F. pinnata, Achmanihes mirnutissima and Cymbella graciliz
and the alkalophilous species Cvedeiella meneghiniang. The
lake i likely to have heen shallow at this time, and Fairly
alkaline with a basic pH, and with significant macrophyte
growth i the extended Lttoml regions of the lake.
Interestingly though, taxa such as Awacoseira ambigua
was alzo found, suggesting that either pockets of deeper
water remained, or lake levels were perhaps undergoing
considerable fluctuations, from marshy to decper water
enviromments. The presence of Cyefotelly sielligera ako
suggests fluctuating water levels, as this species can grow
bath in pelagic and littoral regions of a lake.

Samples MNg402 110 and 100 in unit UP120 (ca. 5-4ka)
are characterized mainly by shallow water taxa including
the periphytic Adchmanthes minutisima, Cymbela silesioca
{which grows mainly i shallow water, circummneutral
waters, attached to plants), D lweiziegd, N amphibia,
R gibba {another epiphyte which grows i waters with
moderate to firly high conductivity) and the very large
Surirefla engleri (valves were owver 200um long). The
ccology ol thiz latter taxon is not well kmown, although
Crasse (1986) has Found it both in the plankton and living
on the hottom sediments of freshwater lakes often in
slightly alkaline waters.
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The final two samples in this qualitative asscssment were
M g2 THD and T40, from unit TP 10 {ca. 3-2ka). In bath
these samples, wery few diatoms were present, with
considerable numbers of brolen valves, making positive
identifications of small benthic taxa diffioalt. Sample: i gi2-
THY contamed very few taxa {e.g. N amphibia and low
numbers of F congrsens and an unidentibed Hunoiiz spp.
Palaco-emvirommental reconstructions are therefore dith-
cult, except to say perhaps that very shallow water
conditions prevailed. Sample Ng-02 T40 was dominated
by F. pirnaia and N, amphibia, but also abundant were the
taxa Awlaceseira ambigua and Cyelviella stelligera, sugges-
ing lake water conditions perhaps becoming deeper, with
increased mixing of the water column.

8. Palaeo-environmental interpretation

Based omn slightly elevated tut declining Al,Ck and
L,y results lacustrine conditions ocourred in Lake
MNgam at ca. 42 ka until ca. 40ka. Datomn results indicate
that relatiwely deep but brackish conditions prevailed. The
higher Cal) values of the P4 unit might suggest more
saline conmditions; lhowever, Sr/Ca ratios are relatively
low in this unit. Work conducted on stalagmites in the
Growhiaba Caves, approximately 70 kn from Lake MNgami,
reported enhanced local ramfall between 45 and 37ka
(Cooke, 1984), Lake Tsodle had lacustrine conditions
between 480 and 32 ka. This suggests that enhanced local
rainfall in addition to inflow through the Okavango River
system contributed to lacustrine conditions i the lake
Mgami hasin.

The lacustrine conditions im the basim appear to have
bheen terminated rapidly at ca. 40 ka. Within the margins of
error, the sampl dated at 40 ka (UUP4460) and the sand umt
(UP44{) s=ample dated at 36ka are 1dentical, suggesting
that these events could be co-imcidental events. This would
suggest that the lower sand wnit was depoated rapidly
implying Auvial sedimentation. Shaw et al. (23} also
report compact yellow sand at the bottom of one of their
profiles in the lake bed on the northern edge of thelake. We
helieve that the sand unit oocurs as a result of shallow How-
through conditions in the basin, and this is supported by
grain zize data. Samples from this unit show a distinct 34
peak. report an imcrease in the 3@ peak in fuvial
environments as opposed to the 2@ “dune” peak. The
onsct of the sedimentary environment may have resulted
fromy tectomic tlting of the basin. Stramdline hifwrcation
(Fig. 2) & evidence that tilting has occurred in the hasin.
Crumbrichit et al. {2000 1) describe tilting of palaco-shorelines
in the Mababe Depression and relate this to neo-tectonic
activity in the Okavango Delia.

The sharp tramsition between the sandy UP440 unit and
the overlying diatomn wnit (LUP3EN and the large gap
between the dates of UP44) and UP3I3) suggests a
depositional hiantus and possible erosion. This could reflect
a possihle seimic amdor Huvial event in the basin, or just
non-deposition due to dessication of the lake.

At ca, 19ka, shallow, acrobic, turbulent lake conditions
were prevalent, but lake level were at this time increasing
to deeper water conditons wntil ca. 17Tka. This period
coincides with the Late (lacial Maximum (LOGM), a period
of increased aridity and cooler conditions in the region
(Partridge et al., 19949 ). The fact that the Lake Ngami hasin
appears to have boen Alling during this time of negional
aridity appears to result from increassd flow from the
(Meavango River and a more humid climate in the region af
the rivers headwaters in Angola, suggesting an ant i-phase
climate between the two regions.

Increasing SriCa ratio and decreasing LOI,. and
A, from ca. 16 ka, suggest decreasesd inflow into the
bhasin and a lowering of lake levels. Lacastrnine conditions
were protably maintained primarily by local rainfall inpast
a5 the region experienced a warmer, wetter phase hetween
16 and 11ka (Shaw and Cooke, 1986G). Based on the
enrichment of LREE in the 1TP240 unit, slightly alkaline
conditions may have prevailed atca. 12kaand again in the
UP120 wt {ca. Ska). Diatom mesults From MNg-(i2 T240
and T18) alzo support shallow alkaline conditions at this
tme. Shaw et al. (2063 ) suggested an extensive and slightly
alkaline lake at 11 ka.

Fairly shallow lake levels prevailed at UP120 but the
lake was flling rapidly by 4 ka. Shaw et al. { 23} proposaed
that lake levels rose between 4 and 3 ka. Talma and Vogel
(1992) report a cooling event in southern Africa at
4.7-4.2ka (post-Holocene Altithermal) recorded in the
Cango Cave izotope mecord. Based on our results, thie hasin
contimued. to fll until 3.7ka BP and from then, it appears
to have fuctuated and eventuwally gone into decline as
indicated by decreasing 5 and L0, values wntil 24ka.
Based on L0, values, the lake kevels began to rise again
wntil ca. (L8 ka, when it fell again. This corresponds well
with findings of Robhins et al. { 19%948) who suggested a deep
lake around 4ka and a slightly lower lake between 3 8 and
24 ka.

W, Conclusions

Inorgamic and organic carbon content, 5, AlyC)h and
various K EE have been usad in comjunction with diatoms
to distinguish betwoen high and low ke levels inthe Lake
Mgami basin. Lacusirine conditions in the Lake MNgam
bazsin are suggested 42-40ka consistent with ewvents in
paleo-Lake Makgadikgad (Ringrose et al, 2065) and
Milankovitch cycles. The sodimentary record at 40ka
appears to have been influenced by tectonic activity, as
lacustrine sediments are abruptly replaced with fine grained
yellow samds. Deeper lake levels are reported for the period
ca. 19-17ka (LG M) followed by predomminantly shallower
alkaline conditions hetween 16 and 5ka. Lake levels were
high at ca. 4ka and continued to fll until 3.7 ka, declined
until 2.4 ka, increased until (L¥ka and from them, lake
levelk declined.

During the LGM of southern Africa, a period of cooling
and drying in the region, Lake Ngami kevels were rising.
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Conversely, when the southern African region started to
bocome warmer and wetter following the LG, Lake
MNegami was going through a phase of reduced inflow. The
results indicate that the present day dipok effect in
precipitation between central southern Africa and regions
of equatorial Africa was extant during the late (uatemary
over NW Botswana and the Angolan highlands.
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Mormalization of Ce atundances to those aof its neigh-
bhouring REE, meaanred in variows biogenic and authigemc
components, has been wsed to deduce redox conditions of
the water colummn at the time of REE uptake by these
phases. Unlike the other REE, cerium can undergo
oxidation from soluble CaI1) to highly insoluble Ce (IV).
Its fation in particulate matter, including organics, i
thought to he responsible For distinctive depletion of Ce in
well-oxygenated seawater {(Wnght et al, 1987; Lm et al.,
1988; Bellanca et al., 1997).

e/ Ce® vaniations can be explained by sample mixing of
various components (essentially biogenic and authigenic)
and of detrital materials (dominantly almino-silicates)
with crust-like Ce signatums. A positive comelation
{r= (L8} exigds hetween Al and Ce concentrations For
the Lake Mgami sediments (Fig. 5e), and a comparizon of
CefCe* values with concentrations of terrigenous indices
51}, and Tild, indicate that there are weak sigmificant
correlations (r= —{0.37, r =034, mspectively) between
these factors, suggesting that fine sediment detrital fhax

does contribute to Ce/Ce® distribution. Howewver, signifi-
cant correlations exist hetween Ce/Ce* and 8 (r = (0L59)
and Ce/Ce* and LOL, o (r =04), indicating that redox
conditions does play a role in the Ce/Ce* distribution in
Lake MNgami sediments.

Samples from MNg-02 in general show a slight depletion in
CefCe® {0L.B4-102, avg. 0.93), indicating acrobic, alkaline
conditions did not predominate in the basin, Only samples
from UP120 show a slightly positive Ce/Ce® suggesting
that at this stage the water was relatively maore oxygenated
and alkaline.

Liu et al. {1988} report an emrichment of middle REE
(MEEE) in fossi apatite. We interpret the lower Lag/Smyy
ratios ((L75-1.08, avg. (LET) as an expression of MREE
enrichments, possibly due to diagenetic phosphates. The
weak significant positive correlation between Sm and Nd
and Pylds (r =046 for both) suggests that phosphate
precipitation contributed to MREE distribution. It is also
noteworthy that Py values are also weakly correlated
with Th and ¥ (r= {038 and (.48, respectively) which is




