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1997). Gingele (19906), suggests that higher precipitation, owing to an intensification of
the north African monsoonal systam duving the 12 ka - 11 ka precessional »inimum in
the southern hemisphere, resulted in increased sedirnentation off the Niger river, The
nbservations do indicate, however, that the trapleal climatic response on'y reaches a
maximum thousaads of years after the solstize-perihelion alignment (Shor' and Mengel,
1986).

Until about 1.0 Ma the dominant eycle during the Quaternary was the 41 ka perjod,
Since then the 100 ka periodicity has become dominant and resulting glaciation petiods
have been characterised by greater intensity than before, and in rapid deglaciation, with a
few nbrupt returns to cooler conditions; in conteast, glacial cooling is slow and uneven
(Wiltiams 2 al., 1993), If two of the orbital forcing mechanisms are in phase, as was the
case at 22 ka, when obligquity and eccentricity were both low, glacln! maxima are
especially intense (Emiliand, 1993).

The situation is. hawever, more complex than the above sununary may suggest, Firstly,
orbital forcing only tiggers the onset of an ice-nme; flrther development depends on the
internal dynamics of the ocean-ice-ntmosphere system (Emiliani, 1993). It has been
suggested that contributions of the various components of this system were: fand ice
0,9°C. sea lee 0.7°C, decreased water vapour 1.5°C, altered cloud cover 0.7°C, reduced
CO, 0.6°C and reduced vegetation 0.3°C (Rind, 1987), CO; and CH, changes observed
in the Vostok core suggest that relatively weak orbita] foreing is amplified by changes in
these gases, and that they may constitute the link between the hemispheres (Lorius ¢ al.,
1990). Further, up to 50% of the glacialinterglacial change at a pglobal scale may be
attributed to these two gases (Genthon ef al, 1987; Lorivs ef al., 1992), Secondly,
deglaciation of the southern hemisphere is neatly in phase with the northern hemisphere,
both with respect to Initiation and rate, although it has been argued that orbital forcing
would have n lesser effect in the snuth because of the oceanie nature of the southem
hemisphere's higher latitndes, Procssses such as minor destabilisation of grounded ice.
sheets or the long-range effects of acean currents have been suggested to account for
southern hemisphere deglaciation (Willinms, 1993), In contiast, summer insolation at
60°S and 78°S could play an frmportant role in gen ice extent around Antarctica;
variations in the Vostok isotope recond display similorities to variations in annunl
insolation recelps at 78°S (Genthon of al., 1987).

Atmospheric compositions and moss can be regarded ss constant except for the
Greenhouse gases COa, O, HzO. Oy, voleanio nerosols and dust, CO; fluxes affect sen
surfoce temperatures with positive feedbuceks, In that warmer oceans refeaso CO; as thelr
coapneity to hold dissolved COy is reduced, CO; s directly linked to atmosphetiv
warming as it absorbs longwave radintion, Changes in water vapour affect cloudiness
and invelve both positive and negative feedbacks with respect to warming, but moistare
gsvailability Is affected primarily by ocean temperature, Moisture reduction also affects
jce-shect stability, in that continental jes-sheats are starved during times of lower
moisture availability (Willlams, 1993}, SQz emitted from volcanoes easily converts to
sulphate particles, which reflect solar radiation and act as cloud condensation nuelei
{Chahine, 1992; Kerr, 1993¢),

| Tee-cnp size fluxes effect the equator-pole teraperature gradient, resulting in changes in
wind strength and oceun current infensity (Willlams, 1993), Albedo s also affected, with
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The last marimum angle of obliquity was at 9 ka, while the last minimum was at 29 ka
(Liw, 1992), The effect of the shift in perihelion does not alter the redistribution of
annuai insolation, but increases seasonality at lower latitudes (Phillipps and Held, 1994;
Mangerud ot al,, 1996), Each major glacial advance has been closely corvelated with a
minimum in the precession index; this is clearly demonstrated in the fluctuations of the
Seandinavian ice sheet (Mangerud ef al., 1996).

Although the effect of eccentricity on incoming radiation is weak, this cycle dominates
the record over the last million years. It has been argued that variations in the frequency
of the obliquity cycle can result in a strong 100 ka forcing of climate (Liu, 1992), and it
has been demonstrated that changes in eccentricity modulate the precessional amplitude
{Liu, 1995). Recent work on the 100 ka cycle supgests that this cycle is not cavsed by
eccentricity variations, but by changes in the inclination of the orbital plane, Variations
in the inclination do not cause changes in insolation, but could, through the
extraterrestrial aceretion of meteorites and dust, bring about changes in the amount of
solar radiation reaching the Barth (Figure 2.2) (Muller and MacDonald, 1995).
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Flg, 2.2 Comporison of orbital inelination (solfd line, logged by 33 ka) and 570
glimate data (dotted Hne} (Muller snd MagDonald, 1995).

Milankovitch theory has, since the 1970s, received much support, especially since the
paper by Hays et al., (1976), and the Nato advanced rescarch workshop on Milankovitch
and olimate (Berger et al., 1984), Milankoviteh orbital variations were compared with a
number of indices flom ocenn cores including planktonic 8'%0, SSTs, and the
percentage of Cyelodophora davisiana, and it was concluded that frequencies observed
in the geological sedimentological record matched orbital frequencles to within 5%
(Hays et ol, 1976). Recently, the Milankovitch theory hos been unsuccessfully
challenged (Imbrie et e, 1993; Bmiliani, 1993), Regults of model experiments linking
the atmosphere, ocean, sea ice and other factors showed that 70% of northern
hemisphure ice volume is related to astronomical forging and related changes in albedo,
while only 30% s related to CO, changes. Each time o decrease in insolotion oceurs,
nositive feedbneks amplify the response of the climate system, ofien with time lags of up
to thousands of years (Berger et al,, 1993). Monsoonal systems, as modelled in GCMs,
have been livked to precessional varintions; thermally forced monsoon eirculations are
enhanced by the strengthened seasonal cycle of solar heating that vesults when the
sumnier solstice occurs near the perihelion (Phillipps and Held, 1994; Partridge et al.,
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CHAPTER TWO
Milankovitch, Boundary Conditions and Phase Lags

Climatic change at any scale must be consldered in the light of certain boundary
cotditions or external foreing fhetors, such as solar input, atmosphetric composition, ice-
sheet distribution. local relationships between land and sea, ocean currents and sea-
surface temperatures (Rind, 1987; Prell and Kutzbach, 1987; Harrison et ok, 1991;
Willinms et al., 1993).

Boundary conditions are external variables which influence climate on a particular
timescale. When considering climatic changes over the last 20 thousand years (ka),
position and size of continents can be regerded as constant, as can solar output.
Although solar output may be regarded as constant at soutce, the amount of insolation
received by the Earth may change over time, primarily because of orbital variations
which govemn the relationship between Earth and sun, The orbital variations have three
major components: the obliguity of the enrth with respect to the ecliptic plane, wh'.h
varies by some 1,5° around a mean of 23.17 and has a period of about 41 ke, the
eccentricity of the Eartl's orbit with a period of about 100 ke, and the precession of the
equinoxes, which affects the longitude of the perilielion and has a period of about 19 ka

to 23 ka (Figure 2.1).
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_ﬁg. 2.1 The major cotipehenty ~¢ the Milankoviteh cyelea: () varintlons In the
obllquity of the eeliptiv, (b) the eceentrlelty of the Emth's orblt and () the
precession of the equinoxes, (Lindesay, 1990),

These changes In the Earth's ecoentricity, axial tilt and longitude of the perihelion have
given rise to glaclal cycles with similar periods (Berger ef al,, 1984, Prel] and Kutzbnch,
1987; COHMAP Members, 1988; Lindesay, 1990; Liu, 1992). A larger angle of
obliquity results in greater seasonnl changes, and is associgted with rapid deglaciations
(Berger et al.,, 1984), and its effeet f9 preatest at higher latitudes (Phillipps and Held,
1994),

' All dates elted I this review ore ¥ years, whore nesessary, enteulntions follow the formula vsed in
Jouzel ar af., {1995} i.0. Cal yr5 = 1.24(age "C «0.84); or converstons used in Blanchon and Shaw, 1995).
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200 000 years, Objectives of the PASH project are to collate and store existing high-
quality data sets pertaining to the last glacial cycle using a hemispheric Geographic
Information System, to extend and augment these sets where ever possible, and to
analyse the records with a view to elucidating patterns and mechanisms of global
change. A further objective is to provide data for use in the PAGES programume of the
IGBP and its Pole - Fquator - Pole (PEP) transects, Africa and its surrounding oceans
can thus malke o significant contribution to the understanding of globul palagoclimatic
dynamics,

AIMS OF THE RESEARCH

The gim of the study is to determine the mechanisms underlying repetitive glacial-
interglacial eycles during the Quaternary, with specific reference to the warming phase
following the Last Glacial Maximum (LGM), The relntionship between changing sea
surface temperatures (SSTs) and changing rainfall and temperatwre pattems over
southern Africa will be given prominence in order to determive whether present
correlotions accord with those which prevailed in the past, and to explore further the
factors controlling loeal patterns of atmospheric eirculntion over land and sea,

This dissertation is based on a review of palacoclimatic Hterature covering global
climatle trends, and a review of literature pertaining directly to palacoclimatic trends
over Southern Africa. An analysis of palaeoclimatic maps of Southern Africa based on
the data collected in the PASH project as well as data gleaned from the published
literature is undertaken to determine the different moisture and temperature trends that
characterized the post.

LITERATURE REVIEW

The literature review that follows covers a number of issues that are important in
understanding the pattetns of ralnfall and tempernture changes over southern Adren.
Topics that are reviewed include Milankoviteh orbital variations, boundary conditions
and phase lags that controf and modulate recurrent glacials and interglacials; recent work
on the Greenland ice cores pertainitg to the dynamics of climate changes; research on
the thermohaline eirculation and the formution of North Atlantic Deep Water (NADW)
and Antarctic Bottom Water (AABW), the role of carbon dioxide in relation to climate
changes and melt water pulses.
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SECTION ONE
CHAPTER ONE

INTRODUCTION

Climatic change, both in the long and short term, is the foous of much current interest
and research. A great deal of the latter is directed towards determining forcing
mechanisms behind glacial and interglacial cycles as well as the accurate doeumentation
of these events, Research enabling us to propose future climatic scenarlos is of critical
importance and reles not only on modelling, but on a clear understanding of how the
climate oparated in the past.

The cHmate of southern Africa over the last 20 000 years has been investigated using
proxy indicators, and changes in temperature and moisture have been docuntented at a
substantial nwnber of sites (Vogel, 1984; DPartridge and Willinms, 1993
Notwithstanding this progress, a cursory examination of the literature suggests that
cansiderably less information is available for southern Afilca than for most areas of the
northiern hemisphere (Figure 1.1) (COHMARP, 1988).
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Fig. 1.1 Location of sites In the COMMAP global potncocllmate databnee
{COEMAP Members, 1988),

Climate is a global phenomenon and an understanding of sovthern hemispliere dynamics
with respest to ocean-atmosphere interactions Is as importnot as an appeeciation of
northerd hemisphere processes for praper comprehension of the whole. 1t is In this light
that the INQUA Project on Palaeoclimntes of the Southern Hemisphere (PASH) was
fnitlated, under the leadership of Professor T.C. Parttidge of the Climatology Resenrch
Group, in order to better document southern hemispheric palaeoclimates during the last
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PREFACE

Palaeoclimates of southern Africa have attracted a considerable amount of attention in
order to understand many of the documented changes in fauna and flora evident on the
subcontinent, A large amount of literature has emerged in this respect but conflicting
conclusions have compromised a clear understanding of this region’s past climate, As
studies concerned with future climates are based on an understanding of the past, it has
become necessary to resolve these ambiguities and fo provide an accurate as possible
- understanding of southern Africa’s palagoclimate, Regional climates are a product of
global vlimate interactions between the ocean and the atmosphere and it is vital to
‘understand global climate forcing mechanisms especially in terms of vardations in
atmosphetic composition and oceanographic dynamics over tinie.

Chapter I introduces the topic under investigation, the aims of the research and the
literature review that follows, Chapter 2 discusses the boundary conditions, phase lags
and underlying orbital dynamies (Milankovitch theory) that effect elimate changes. The
role of carbon dloxide is investipated especially in relation to ocean atmosphere
interactions. Chapeer 3 examines recent discoveries concerning global climate change as
revealed in Greenland, and the theories derived to explain these changes such as
Dansgaard—Oeschger and Heinrich events,

Chapter 4 reviews cunrent understanding of global oceun dynamics in terms of the
thermohaline conveyor belt and the formation of deep water, A review of current
modelling studies on ocean dynamics is included in this section, The relationship
between deglacintions and meit water pulses concludes the chapter,

Chapter § introduces the focus va flie southern African palagoclimates, and describes
the data and methodology.used in the produchou of the maps that follow, Chaprer 6
reviews the palacoclimate of soutliern Africa since 40 ka. This is based on the maps and
a review of the available current literature, Chapter 7 summarises current southern
Aftican climates and comipares the ttends derived from the maps to contemporary
modelling studies, The chapter then examines the role of Antarctie deep water formation
and the role of sea ice in regulating southeirn Africa’s climnte, before examining the
synchroneity betwee . the northern and southern hemispheres in terms of climate change.
Chapter 8 discusses the Younger Dryas cold epoch and its southern bemisphere
.ounterpart before concluding the diszertation,

This study has been initiated as part of the Palacoclimates of the Souther: Hemisphere
(PASH) project as detailed in Chapter 1, Except where specified, the conivention
adopted for time reference Is as follows: dates are given in ka BP (10° years Before
Present) with prasent defined as AD 1950, and '*C dates are uncalibrated.

‘The supervision and help of Professor T.C. Partridge, and the assistance of James
Hamilton in the preparation of the maps is gratefully acknowledged, Members of the



ABSTRACT

The palaeoclimate of southern Africa for the last twenty thousand
years is investigated through the production of palacoclimate maps
based on an analysis of literatute and data from the ongoing PASH
project, The trends from the maps are compared with published
reviews tnd modelling studies of the region's palaeoclimates, and
are contextualised in terms of global palosoceanographic and
palaeoclimatic dynamics, The changes evident in the past climate
of southern Afiica tend to mirror global climate changes, iowever,
evidence exists that the timing of climate changes between the two
hemispheres are not quite synchronous, and may not fit present
theories of global palaeoclimate dynamiics.
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Dansganrd-Oesehger Fyents and Heinvich Events

Heinrich events are a record of massive discharges of icebergs across the North Atlantic
ocean which toft layers of fve rafted debris (JRD) as thoy melted, In 1988, Heinrich
published the resdlts of an analysis of 13 piston cores collected from the Dreizack and
swrounding <eep pmin (Figure 3.7). The cores were analysed in temus of the
composition of the coarse fiaction and dated using oxygen-isotope stratigraphy, The
anatysis was restricted to the last 140 000 years due to dJiscordances below the stage 6/8
boundary in the cores. Above this boundary, the coses were all uniforn, showing six
distinet peaks of ice rafted debris ranging in size from 180 ym to 3000 yun (Figure 3.8).
Sedimentation rates varied between 2 em/1000 o and 3 e/ 1000 o,
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Fig, 3.7 Bathymetrie toap (Sea Beany) of the nres around the Direlzaek seumount
(19°%40"W, 47°23'N) showing cure loentions, Contour interval = 50 m (Helnrlch,
1988).

An analysis of the planktic foraminifern in the cores was also undertaken in order to
determine palaeo-857Ts. The absclute abundance of foraminifern is low durdng these
events, and it is now accepted that a minlowim in foraminifern per grom is acceptable as
gvidence of a Heinrich ovent (Kelgwin and Lehmon, 1994), Concentrations of
Neogloboquadreing pachyderma (sinistral), o cold water (polar) species, however,
cotrelate nearly pevfectly with the ice rofled debris peaks. Not all inereases in polar
foraminifers ave, however, associnted with IRD, aithough all IRD layers are nssociated
with tner ases in the polar foraminifera, Thus lecberg surges correlate with cold oceans,
but cold seas alone are insufficient to produee IRD (MeManus ¢z al., 1994),
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have been absent, it appears that the global thermohaline circulation is more stable
hecause of the absence of meltwater-induced mode switches (Broecker, 1994D).

The guestions that the Summit cores pose are why the Holocene climate has not
oseillated in a similar fashion to the Eemian, and how a mode switch can be sustained
for between 70 vears and 5 ka after it has initinlly been triggered by a higher ftequency
oscillation in the atmospheric systent of 1 « 2 decades duration (GRIP Members, 1993).
The search is now on for possible causes of Jarge temperature oscillations that occur
within short time perlods (Charles of al., 1994); boundary conditions such ns insolation,
ocean salt budpets, atmosphetic CO, concentrations and ice-sheet size are considered
ualikely to change rapidly enough to afford an explanation (Alley et al., 1993; Grootes
et al., 1993), However, fiesh water input from surging ice-shoets could affect the
thermohalineg circulation of the Noth Atlantic (Johnsen et al, 1995), Other forcing
agents which can change rapidly, i.e. on decadal time scales, are water vapor, clouds, sea
jce and snow cover (Lorlus et al, 1990); these are possibly forced by changes in the
North Atlantic Qcean mixed layer and resulting changes in S8Ts (Chavius of al., 1994),

What ice cores do tell vs, is that CO, and other greenhouse grses and changing climate
are strongly correlated (Lorius of ul, 1990), and that dustiness and temperature are also
linked, with increased dustiness associated with lower temperatures (Lehman, 1993D;
Taylor of al., 1993a), These markers indicate that interglacials begin abruptly - within a
few decades - but terminate gradually in a stepwise fashion (Johnsen ef af., 1992; Peel,
1992), The transitions are not smooth, but alternate between preferred states. It iy
probable that a re-ordering of szmospheric circulation « taking into account factors such
as wind speeds, surface moisture and air mass routing - could account for these repeated
mode changes (Taylor ef al.. 1993a; Jolmsen, 1993}, Trigger mechanisms possibly lie in
the North Atlantic climate system or in a gradual slow down, (but abrupt resmmption), of
NADW formation (Alley ef ail, 1993),
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nonetheless be accurate sinee the section spanning the Eemian is 200 m above the
bedrock contact, and may thus not have been affected by ice movements, despite the fact
that the positioning of the divide may have changed slightly siv.ee the Eemian, Visual
examittation of the core reveals no disturbance of the ice layering until after Eemian
times (GRIP Members, 1993). In contrast, Scuchez ¢f al, (1995}, argued on the basis of
A analysis of CO2 and CHy records, that ice near the bottom of the GRIP core has been
subjected to flow-induced mixing. Johnsen ef ol (1995), anglyzed the stratigraphic
coatinuity of the Eemian layers und concluded, after deconvolution, frequency analysis
and cloudy band observations of the lower sections of the core, that the inferred climatic
oscillations were, in fact, real. Large scale folding in the Smimit area does not ocour as
the bedrock is pently sloping (£ 40 nvkm) (Dansgaard ¢ al,, 1993); nor hag it been
possible to find two layers of identicnl isotopic and chemical composition, ie. §'%0,
acidity, and concentrations of dust and nitrate, that would suggest duplication by folding
(Jolwsen ¢f al, 1995). Independent reports from Centeal Europe suggest that the
postulated Eemian instabilities may be real, in that pollen records from that area revenl
similarities both In structwre and timing to the changes observed in the GRIP core (Zahn,
1994).

Keigwin et al. (1994), record SST clinges in the North Atlantic that correlate closely
with the Greenland jce ¢ore record for the period 70 ka to 130 ka, No chahges in NADW
formation during substnge Se were identified, supgesiing either that the Eeminn
fluctuntions are an artifact of ice flow, or that the presenes of latge ice shects may be a.
pretequisite for nbrupt varlations in NADW, Eemian climate instability may, however,
have a different origin from that associated with later climatic events, Weaver and
Hughes (1994), suggest that inereased vartability in the hydrological eycle associated
with o wormer Eemian climate could aecount for the rapid climatie osclilations observed
in the cores, although the variability is linked to changes in the thermohaline circulation
forced by freshwater fluxes which ave not necassarily connected to fee-sheets.

Johnsen ef al, (1995, suggest that CGreenland may have experlenced periods of cold
while the rest of Burape remained relatively warmer, This could oceur If the loention of
deepwater formntion changed. 1f deepwater formation moved closer to Europe, the
wescerties In middle and high latitndes would gain a stronger northward component,
incrensing the intensity of the Guif Stream and cold Fast Greeniand current, This
seenarfo is supported by an analysiy of Norwegian Sea sediments and the evidence of
more southerly extent of sea ice off the Greenland coast, Esmian coolings could thus be
the result of longitudinal mrovemeunts in flow patterns, as opposed to Intitudinal changes
nssociated with glacial periods (Johnsen of al,, 1997%),

Assuming that the GRIP reeord is accurate, Eemion temperatures osclllated between
much cooler and significantly warmer states with decadal rates of temperature change
{White, 1993). Climatologists are concerned that this could, by analogy, be taken as a
nowmt for the Holocene and that 1apid, dramatie temperatire oseillations conld oceur,
especially now that nin is perfouning the "greenhouse experiment’ (Broecker, 1987,
White, 1993), Evidence from Southern Afrea suggests that the postglacial warraing
oceurred at a rate of about 1°C per milienium; present day rates of warming calculated
for the period 1950 - 1985 were as high as 0.2°C - 0.7°C per decade (Thackeray, 1990).
It is now believed that the last 8 ka have been "strangely stable" (GRIP Members, 1993).
On the othier hand, since the beginning of the Holocene, during which large ice-sheets
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The validity of these conclusions is dependent on corroboration from the GISP2 core, At
this depth, the cores do not correlate well, possibly because within the GISP2 core (28
km further west of GRIP ot the tce divide) the lowermost layers (about 10% of the core)
may have been distorted by fee movement (Appenzeller, 1993; Boulton, 1993; GRIP
Memtsrs, 1993; Grootes ef al, 1993), The picture provided by the GRIP core may
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Flg, 3.4 (2 « e}, Expanded BCM records of reer :f climate transltions plotted agaivat
dopth (bottom axis) with one sample per millimetre of depth. (8) Sttt of Holocene,
end of Younger Dryas, (b) Sturt of Younger Dryas. (¢) Bnd of inter-Allerad cold
perlod. (43 Start of fnter-Allerad eofd period, (¢) Transitlon. The top axes nre age, in
yenrs BP. At this seale the annual simal in the ECM can oceasionally be resolved as
small local peaks that occur onee per year, Dieing the transition at 1,060 (2) three
nnual peaks ean be resolved, The snnual tayer thickiess s & 6 em por year during
warmer, less dusty conditions and 3 ¢m per year ducing colder, dusty conditions.
O~caslonally the number of ECM annual peaks and annual layers in a glven segment
differ stightly because particulate aud visual seatigraphy records were also consldered
when annual layers were {dentified (Taylor of of., 1993b)
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Fig. 3.3 Late-pliclul aveunmmltion-rale history at GISP 2, eatlmated from data and
modeting. Ages we [n years belore 1950, Tlhe 25 year runging mean 18 shown o all
panels. Yeardy datt ave shown for the rapld changes at the onsets of the Prehoreal
(ly, onel the Balling/Allerad Gl), tned the slower chienge at the anset of the Younger
Diryas () The grrow in b lindivates e possible onesto threesyear termingtion of the
Younger Dryas, Flie resolotion in b, ¢ mul d s comtrolled by (ie S-nim preeision
used I recording the Tayet-liskness Jita (Alley of of,, 1993)
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However, the gracual decreases in accumulation rates during cold periods and rapid

increases from cold to warm periods may be ascribed to NADW {luxer (Alley ef al.,
1993).
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Fig. 3.1 Continuous ) prafiles along sections of four Greenland Ice cores from
Summit (Centeat), Dye 3 (Southeast), Camp Century (Northwest) and Renland (Bast
Greentand), spanning neardy the same time inteeval, The four records are all plotted
on lnear depth seales, of which only the Sumimit depth seale Ig shown to the loft

_along with o Sununit thme scale. The heavy ad thin vertienl lines Indicnte estimated
§ levels chorncteristic of [ateplacial eold and mild stoges regpectively, The figures
¢lose to thess lines define a sugpested mimbering of slgnificant mid- and late-placiat
Interstadinls (Johngen o2 af., 1993),

Detolled analysis of the Eemian Interglocial (135 ka « 115 k) as revealed in the GRIP
core, using electricnl conductivity and dust (Ca) content, revealed that climate and
circulation patterns were similar to the present, However, three warm substages of
marine Isotope stage (MIS) Se, where temperatures were 2°C warmer than present, are

discernible in the lec record, and are characterised by a very different overall pattern.
High-amplitude, high-frequency oscillations in the constituents of the core suggest the
ocewrrence of two large (10°C » 14°C) decrenses in temperature that lasted for 70 and

750 years respectively, followed by a rapid retwm to previous conditions (Figure 3.5 and
3,6) (GRIP Members, 1993),
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CHAPTER THREE

Recent Evidence from Ice-cores

Reconstructions of past climates from jce-cores have many advantages in that numerous
indices of temperature and available moisture are trapped in the ice (Lorius e al., 1985).
"®0 data, the chemical composition of atmospheric air bubbles and dust content can be
interpreted along tlie cove (White, 1993); high temporal resolutions have been obtained
recently, A number of cores have been extracted from Greenland, the most important are
two talen from the ice divide, at the so-called Summit sites (Johnsen ef al., 1992), These
two cores, denoted ns Greenland Ice Core Project (GRIP) and the Greenland Ice Sheet
Project 2 (GISP2), are located at a point where horizontal ice movement is minimal
(Johnsen et af, 1992; Kerr, 1993n) except at the bedrock boundary (Boulton, 1993).
TFurther, temperatures seldom rise above freezing point, which prevents distortions in the
record due to post-depositional changes (Joluisen ef al., 1992). Thus an undisturbed
climatic history of at least 95 ka can be oltained from the total of 150 ka - 200 ka
spanned by the cores (Boulton, 1993; Peel, 1993; Taylor ez al,, 19932),

A comparison of the *0/®0 o (denoted by 5'%0) of the various cores from
Greenland (Figure 3.1) was undertaken, The cores are closely correlated, ruling out
disturbed steatipraphy as a cause of the 8'%0 shifts. An accurate record of climatic
changes has been preserved where high 8'°0 levels indicate mild interstodials and low
5'%0 levels indicate stndials (Johnsen ef al, 1992), Most importantly, a temporal
resolution of decades can be achieved, which provides to climntologists an
unpracedented level of palacoctimatic detail (Peel, 1993), Further, the cores comelate
well with other records from various sources (Figwre 3.2} (Dansgaard, er al,
1993).Using current conversions of §'°0%y to temperature, the cores reveal that cold
stadials were some 7°C colder than mild stadials, snd between 12°C and 13°C colder
than the present, Recent analysis of the borehole temperature and ice-core isotople
composition has revealed that the warming from average glacial conditions to the
Holocene was up to 15°C, and thut the coldest perfods were possibly 21°C colder than
present over the Greenland ice sheet (Cuffey of o, 1995), The cores also reveal that
interstadials last from 500 to 2 000 years, beginning abruptly {within decades) and
terminating gradually in a stepwise fashion (Johnsen et af,, 1992).

The ability to resolve climatic change to decades has unleashed some surprises, For
exarmple, the Younger Dryas event ended very abruptly, within about 50 yenrs according
to Johnsen f al. (1992) nnd 20 years aecording to Mayewski et al. (1993), Massive,
frequent and short-term changes in atmospherie composition are documented in the
cores; these ave probably the result of changes in the size of the polar atmospheric cell.
An analysis of the amual Jayers in the cores showed that snow acoumulation doubled
over a period of 1 - 3 years at the Younger Dryag/Preboreal boundaty (Alley et al., 1993}
and that the change in accumulation-rate from the Older Dryas to the Balling Allerad
was large aud abrupt (Figure 3.3), Climate inay, in fact, have switched from glacial to
interglacial conditions within a perlod of 3 to § yeors (Fairbanks, 1993), Toylor ef al.
(1993b), vsing electrical conductivity measurementis from the GISP2 core, documented
flyctuations in the order of 5 - 20 years (Figure 3.4) which reflect changes in the dust
content of the atmosphere. Ouly very rapid reotganization of the ocemnic and/or
atmospheric circulation can account for such rapid oscillations in dust content,
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The above hypothesis is supported by & detectable increase in organic carbon
production, as deduced from 8%C, incrensed sedimentary C concentrations and burial
rates, (Atcher and Maier-Reimet, 1994) and a change in foraminiferal assemblages as
observed by the movement of the front between silica and calcite formation, which was
displaced to lower latitudes during the last glaciai, resulting in a shift from caleite
towards siliceous production. Estimations of oceanic pH as 0.3 units higher during the
last glaciation (Sanyal er al., 1995) tends to supp .t the Corg /CaCO; ratio change
hypothesis.

Contrary to the above suggestions are indications thet the Antarctic Ocean was
characterised by lower productivity doring the last glaciation, which would not favour
lowering of the pCO» of the ocean (Mortlock et al, 1991), The Corg /CaCO; ratio
theory is also in contrast to the "coral reef hiypothesis”, which suggests an increase in
CaCO; burinl rates dwing glacials when coral reef growth is suppressed as ocean
temperature and levels drop (Arclier and Maier-Reimer, 1994),

It has been suggested that Southermn Ocenn deep water chemistry is controlled by
variations in North Atlantic Deep Water (NADW) formation, Lew NADW production
initiates a decline in CaCOQ; with the attendant CQ; reduction. NADW and CaCO;
minima are correlated (Howard and Prell, 1994), but CaCQO; minima preceds NADW
teductions In many instances, and genermlly CaCOs chemistry changes Jead NADW
fluxes,
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the LGM (Bamola ef al,, 1987), or cooler $STs, will result in CO; absorption (Keller
and Goldstein, 1995), with the reverse ocourring with warmer SSTs (Corfield, 1994),
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" Flg. 2.3 Schematie of the oceanic vertleal isotops gradient showing the relationship
betwaen Inereasing productivity, intensity of the sub-surface oxypen minimum and
marine and atmospheric €O A = low productlvity ceean, B = high productivity
ocean (Corfield, 1994),

COx reacts with water to form HaCOy, HCOa and CO5~, The biological pump transports
carbon in the form of blogenic debris 1o lower dupths, and as this debris decomposes,
CO: is released into the water (Takahashl, 1989; Corfield, 1994), Studies of CaCO;
preservation in deep sea sediments (Archer and Maier-Reimer, 1994) and ocean pH
{Sanynl ef al., 1993), suggest that & control of glacial pCQs is the changing ratio between
organic carbon {Coru) and caleite (CaCOy) in the oceans, Degradation of Corg In
sediments promotes the dissolution of CaCO; which absotbs CO; and subsequently
lowers the oceanic pCO; with respect to the armosphere. CO3™ released when CaCO;
dissolves, reacts with F20 and COsto form HCO;™; the pH of the ocean is subsequently
increased through the teaction COs + CO5™ + HaO = 2HCOs™ (Figure 2.4) (Hasselmatm,
19913,
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CO; and Temperature Cycles

CO; fluxes have been unambiguously correlated with temperature changes (Barnola et
al., 1991), with atmospheric COa lowered from about 280 ppmv to 200 ppmv during
glacials, Only the ocean's carbon system can account for changes of this magnitude,
through circulation changes, chemistry and biological activity (Lorius et al, 1985;
Boyle, 1990; Lorius et al., 1990; Street-Perrott, 1994),

Lorius et al. {1985) hypothesised that CO; changes are not a consequence of climatic
change, but a mechanism linked to the orbital variations which induce these changes;
thus CO; would lag orbital forcing, but lead ice volume, Research suggests that climatic
changes are triggered by insolational changes which are amplified by CO, forcing
{Genthon ef al., 1987; Lorius &t af., 1993). Tt has been noted that high latitude winter
insolation changes associated with latitudinal shifts in bottom water formation increase
phytoplanktonic growth and result in CO, decreases (Lindstrom, 1990). Analysis of the
CO- curve at Vostok shows a clear 21 ka peak but no clear unambiguous 41 ka obliquity
cycle (Bamola et al., 1987). The precise phase relationship between CO; levels and
glacial-interglacial transitions js not fully resolved, with the suggestion that CO;
increases are in phase with, or Ing slightly (1 ka), the onset of glaciations, but post-date
by up to 4 ka the onset of deglaciations (Bamnola et al.,, 1991). This would imply that
CO; changes are a result of cooling ot warming, rather than the cause thereofl The 30%

- decrease in pattial pressure of COs (pCO;y) at the LGM was probably caused by an
. Increass in productivity or a change in ocean circulation patterns (Veum et al,, 1992); a
redistribution of nutrients from intermediste water to deep water may provide a
drawdown mechanism for atmospheric CO,,

The oceans are th~ largest reservoirs of CQs, containing 50 times more than the
atmosphere and 20 times more thaa the biosphere (Takahashi, 1989), Atmospheric COz
fluxes are primarily due to ocean carbon cycle changes, with vegetation changes playing
a secondary role (Rynbclienko, 1989), The interaction of the ocean and atmosphers with
respect to oceanic absorption or outgassing of COy depends on & number of factors,
including temperature and biological activity (Corfield, 1994), The ability of the ocean
to hold COs is governed by the chemical properties of CO; in sea water, the downward
biologleal purap, and ocean circulation rates and patterns. Mechanisms responsible for
lower atmosphetic CO; include lower polar ocean temperatures, increased salinity due to
lower ocean volume, more ¥ CO; i the deep ocean due to erosion of shelf organic
material, increased alkalinity in deep ocean layers and an increase in primary production
of phytoplankton because of increased upwelling (Takahashi, 1989).

Increased organic carbon production in surface waters absorbs oceanic CO; hy fixing C
in organic material. This lowers the pCO2 of the ocean surface which draws down CO;
from the atmosphere (Figure 2.3) (Corfield, 1994; Howard and Prell, 1994). The
increase of biologieal activity results from enhaseed nutrient availability which is
temperature dependant. Analysis- of “N/MN records from ocean cores suggest that
denitrification (degradation of nitrate by bacteria) was diminished during glacial periods,
which would enhance biological activity, resulting in lower CQ; concentrations
(Ganeshram ¢t al., 1995), Thus enhanced upwelling of cold water, as argued for during
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large ice-caps resulting in positive cooling feedback. Fluxes in ive-cap size also alter sea
level, with consequent albedo aud vegetation cover changes {(Williams, 1993).

QOceany are major heat sinks, as well as transfer agents. They are an almost unlimited
source of moisture, although their surface temperature can control the rate at which this
moisture is made available. Oceans also represent massive reservoirs of carbon in
various phases. Their dynamics influence biological activity on a vast scale, which
results in CO; being absorbed or released (Chahine, 1992), It is thus not possible to
isolate one particular factor as being responsible for glactal vycles, as there is such
strong interdependence between all these variables (Williams, 1993),

When examining various boundary conditions, it must be remembered that each
influences in different ways the lags between radiative forcing and climatic response,
Global ice volume lags insalation changes on seales of thousands of years (Harrison ef
al.,, 1992), while greenhouse gas concentrations and ocean circuiation changes respond
on scales of decades to centurics (Hoffert and Covey, 1992). Fast feedhacks with phase
lags of decades or less occ.ir with respect to water vapour, clouds, sea ice and snow
cover (Lorivs o al, 1990) Phase lags occur because changes are in response to
variations in receipts of solar radiatiun, ather than to climate forcing, Thus a relaxively
weak otbital trigger in northern latitucles can, through slow feedbacks associated with
greenhiouse gases, result in synchronous changes in temperature in both hemisphetc.
(Lorius et ad., 1990),

Ice prowth and ocean cooling are similarly diachronistic: it is argued that ice growth al
115 ka preceded ocean cooling by about 4 - 4.5 ka (Ruddiman et al,, 1980; Williams et
al,, 1993) as terrestrial ice-sheet growth was not, initially, paralleled by declining ocean
temperatures, Oceanic thermal inertia dampens the response of the climate to external
forcing (Jones et al., 1985; Berger and Labeyris, 1987), in the case of increased CO» by
between 10 and 50 years,
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CHAPTER FOUR

NADW Formation and the Thermohaline Couveyer Belt

it is penerally aprewl that Quaternmy placial cyeles were dominated by rapid
reorganisations of the ocean-atmosphere system that were driven by orbitally fnduced
changes in Tresh witter tnsport, which affected the salt strueture of the sea (Broecker
and Deaton. 1989). Greenlaomd clinate changes are driven by oscillations in the salinity
ol the Atlantic Ovean which modulate the stremgth of the Athantics conveyor eircnlation
(Broecker or o, 19907, mxd as Greenlund is situated elose o the region of most intense
modery NADW lormsation. it is wel] situied 10 record elimatie events associnted with
chunges in this (rocess (Sakai and Peliler, 1995), Oscillations of up to 7°C witliin # 50
year period oceorred ton freguently and abruptly 1o be direetly forced by ehanges in
solation (Lehman and Keipwin, 1992a% s sudden chianges in the rate of
thermohaline overtuenr in the North Atlantie could aceount for the documented chimpes
in tamperatuie, Sporadic shatdown of NADW s recopnised in sediments arownd the
world, which also show the diminished Importance of NADW during glacinl perioids
{Berger and Vineent, 1986} Suggestions have been mode that the cunveyor would affect
gouthern hemisphers elimates by madulating Antarctic sea fce volumes (Karr, 19930y
Leluman, 19934),

The Nowth Atlantie jx characterised by an excess of evaporation over precipitation,
resulting in salt enrichment (Broveker of o, 1983), Denser, salt eoriched water sinks to
depths of about 1 000 m (Clarke, 1992) and drives the conveyar belt (Lelman, 1993u),
although an altermative view supgests that thermad foreing due (o ntense heat loss
doniinates the haling foreing (Weaver, 1993), The cold, dense, deep water flows aroumd
Alvicu and upwelis Iv the wlian and Pacifiv Ocenns (Lehman, 1993a) (Figare 4,10,
Further, it i believed that witer evaporated oll the Atlantle s precipitated over the
Pacific (Broccker of af. 1085), prantly beeause north of 30°N (he Pacifie is cooler (han
the Atlantic,
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Acropora palmata veefs, which docinnent eatastrophic sea-level 10 events {Blunchon
and Shaw, 1993).

Work by Fronval ot af. (1993) supposts the ideas of Bond and Lotti (1995), Studies of
the Viring platenu revealed that flu stuations in the Norweglau Sea are in phase with
changes in temperature over CGreenland, with reduced temperutures over Greenland
cortesponding with glacial debris inereases in the Norweginn Sea. This analysis sugpests
4 close relationship between oceanie heat flux and Scandinavian ice-sheet variability.
Lividetice of joebery discharges from the Fennoscandian ice-sheet was found, implying
that this ice-sheet and ity Laurentide counterpart fluctuated coherently on shorter time
scales thnn Milenkoviteh cycles,

Problems that confront current research are whether jce-shect dynamics or climate
forcing, affecting the themmohaline cireulation or the polar cirealation index, are
responsible for the iceberg dischmges (Mayewski of al, 1994). Although Heinrich
events partially explain the hntensified cooling at the culmination of the bundled
Dansgaard=Oeschyger eycles, the macimnism behind fhe intervening Dansgaard-Oeschper
osclilations inn air temperatures hug still to be identified. The salt-induced ocean
circulation oscillations as a result of ocean-Seandinavian ice-sheet intetaction has been
hypothesised s a possible solution (Bond ot al., 1993). Recent researelt suggests thes the
North Atlantie oscillations eon explain only 30% of the magnitude of temperature
chinge over Greenland, and further climatle processes need to ba invoked to account for
the balence (Charles of al., 1994), Collapse of the North Americun fue-sheet, upwind of
the Aflantie, cannot easily be explained by this process (Fairbanks, 1993). Finally,
although Heinrich events do not correlnte well with Milankoviteh eycles, it is noted that
joe-ghven must reach o certain size before they become unstable, and this may be
contre el by orbital foreing (Jansen, 1992).
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which indivates an Teelandic source for this event, This suggests that the Lavrentide jce-
sheet and Ivelnndic ice cap unuerwent sy hrotous inereases in calving, which implies
that the peothermnl model cannot apply, eud that {eeberg dischatges result from lowered
air temperature, The study suggeats that Helnrich events nte superimposed on a climate-
forced rhythm of ice-talting events, rather than dominating the North Atlantic ocean
record. The notion that injections of fresh water from Heinvieh event iceberg discharges
alter the conveyor, and subsequently reduce tetperatures, is thus challenged,

) Surnlt lea gorg {EAF; YM2-081
Sy :
12%1! .‘"'""'""""‘“"'B.,_ ST, S— E—'—.,...m.':mm.“’“-' 10
A, eing = :
wi'® ! g Hr ' o 4 ;
= TN £
S nierptagial ot g_ .
g 20 # ﬂu:{gordhl " : %M -
2 i d: o .
k- LS i winmriie b aunnvam e ——r = rﬂﬂ
L) . by
i a4 &“m wtnadviffenannemm g :, g
Tn § ¢ wmegmmmne=™ o 2
g 4 G 28 8
g mﬂ'\n“ EoLILTLY -+ [ETEEPPTY N
- E.
i 32 5 § : e a— Paauawsu - i :
Y 5:) b
i e awen ranuun "Li"!m ?-:.lﬂ
5‘3! ¥ rowaniaiOR - = 2t r.
L} 5 e e TR - -«%— :
RS - -1";-"'# -
98 “ 0 E‘i v vuasn v ussem g}h’ww mw._.?; _nﬁ
]
e 3 ==
n ' |
a - weira LR AT LTI T ) ; ’::La? i-
.mjj-—”::‘:n oo, 1!'
Yot iy T i y;—rw-—-—!——i ;M-‘ =
<98 38 Wi Wl T o8 ] 80 180
& 190 {por mil} 108 ikl gralaafy % . pachyderma (np.)

Tig, 316 Comyurison of dre oxyiren Isotope record nnd age model for the GRIP lve
core, Susunit, Greepdancdle with menswrements of Jithie concontratlons ond
percentupes- of the planktle torantalfers Neaglebaguadring pachydermy (ginlsteal),
A stetking mateh between the lithle concentratlon cyeles and the temperature cyeles in
the jee core exists: the muteh of e lithie cyeles to the ocean surface temperniures,
howaver, 13 much poorer {Rond and Lutt, 1995),

It is possible that the Dansgrard-Qesehger coolings reflect a reeurring climate-driven
mechanistn, where climate seems to be the trigger of the iceberg discharges, (hoth the
smaller fequent dischorges and the clossicnl Heinvich events), which is subsequently
amplified by the ocean's response to the meliwater input (Bond and Lott, 1995).
Blanchon and Shaw (1993) suggest that thermohaline activation results from air mass
exponsion during atmospherie recrganisation, and that the atrnosphere flips between
glacial and interglacial modes, regulating deglaciation by switehing the thermohaline
circulation from one mode to anvther. This conclusion 15 dravwn from analysiug drowned
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Cuatastrophic ice dam collapse hns also been suggested as the cause of the Dansganrds
Oeschger and Heinrdeh ovents (Johoson and Laaritzen, 1995), These “jdkulhlaups”
release vast amounts of meliwater into the oceans, with nssocinted cireulation changus.
These events cannot, however, be reconcited with Fennoseandian ice-sheet eollapse, nor
~ with southern lLie.aisphere temyperature conelations. '

Paillard {1995} neted a hicrarclics) giructure to the Hempich »vents which he
- subsequently modelled, Every 7 000 « 10 000 yems the ice-sheet collapses during
temperature srinima, Abrupt warming then follows: oseilintions Insting between 1 000
and 3 000 yenrs subesguently oeeur, which correspond to the Dansgaard-Oeschger
events in the iee record, The model exhibits intornal oscillations embracing ice-sheet
growth, basal lee welting and ieeberg discharges, Massive fresh water inputs stop the
thermohaling cirevlntion causing coaling, whichi is followed by the reinitiation of the
thermohinline circulation and associated warming (Paillard, 1995), This model is in
conformity with the work by Bond and Lotti (1995), who identified & linked rliythm
between large sl smalter dischuge events,

A recent study of Dansganrd-Ousehiger and Heinrich events by Bond and Lottd (1995) .
hag revealed jeaberyg culving events at 2 000 to 3 000 year intervals (Figure 3.16), These
more frequent svents correlate well with the Donsgaard-Oeschiger cvents and are
decoupled from $STs. The study also identified carbonate graing in the H3 IRD layers,
but FI3 is different from other events in its uausually low concentration of lithie grains,
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relatively warm and deglaciation was about to begin, but reduced calving subsequent to
cooling when the climate was very cold. It was concluded that Heintich events did not
generally reflect o divect response of the Lourentide {ee-sheet to climate cooling
(Trerfemans, 1993).

In models developed by Nakamura ¢ 4. {1994), to tnke into account feedbacks between
the thermohaline cireulation and atmospherie moisture transport, the “eddy moisture
trausportthermolialine cireulation (EMT) feedback™ was identified. Reduced high-
Jotitude sinking eaused a reduetion in oceanie heat transport, resulting in an increased
meridional temperature madient, This caused an increase in northward transport of
tare, Wit inereased (deereased) net precipitation in high (Jow) laitudes causing a
drerense in hiphelatitude salinity and reduced high-latitude sinking. Thus the
k. ~dback resnlts in o higher sensitivity of the thermohaline circulation in the
goupted veean-attmosphers syste to destabilising factors (Nakamura of al,, 1994),

An alwersative gxplanation of these events is that geothermal heat fluxzs cause long
periods of jee yrowth that alternate with shore perlods of rapid disehiarge. ice builds up
o-er 4 period of about 7 700 years, but geothermal heat slowly warms the glacial bed
il the thawed base factlitaes the rapld flow and collapse of the ice.sheet into the
Notth Atlanti~ (Figure 3.18) (Alley and MucAyeal, 1994), This binpe/purge model
needs no external foreing which could solve the dilemyma posed by the observed timings
of these events (Ocrlemans, 1903). With the collapse of the ice-shest, cold winds would
abate and subsequently evaporation would increase saline deposition, switching the
conveyor on and resulting in rapid warming (Kerr, 1993a), Further, as the number of
jechergs beging to decrease, salinity wouldl incrense and the convevor would restme
(Bond ef ¢, 1993), Although this suggestion is tentntive, models of ice-sheet decay
under geothermal foreing have produced a 7 000 year cycle.

A serfous problem with this hypothusls Is that it ennnot aceount for the synchroneity
between goutherm and northert hemispherie elimate oseiliations, as registercd by glavier
advances in the Andes (Broecker, 1994b) aud other locations. Further, a mudel proposed
by Verbitsky ond Saltzman (1994), demonstentes that perfodic ice surging ean be
explained by the internal thermo-hydrodynamigal instability of ice-sheets, aud concludes
that three types of surging could ovgur, During uxtremely cold perlods, surface
conditions of the ice-sheet are very vold, but basal frletion i3 at its maximum, cavsing
melting and swrging. During warmer periods, thinper ice allows surface hemt to be
advected to the base, with resultant melting and swiging, Durlng perods of ice-gheet
growth. particles of lve can “remember™ warmer conditions and basal friction can once
rgain cruse melting (Verbitsky and Saltzman, 1994),

A later model by Verbitsky and Saltzmon, (1993), which compares ice-shoet collapse
due to geothermal fluxes, with collapse due to fietion and advection, favours the
friction/advection seenario. This imples that iee elevation, atmospherie CO;, and
surfhce temperature are key elements in determining vuln rability to basal sliding, as
these are transmitted to the bottom of the ice through time (Verbitsky and Saltzman,
1995).
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Fig. 3.14 Correlation vetween milleninl 88T chonges of the subpolar Notth
Attantic, Danspaard-Oaesehger temperaire eycles in the Greentand cares, longer-
tenn sawsouthied wmpetature eyeles (Bond cyeles), Helnrich events. and
biogenle carbonate clianges in the subtroplcal Atiantle supgesting lowerad
NADW production during colder perlods (Lehman, 1993a),

A model developed by Maslin et al. (1995), to caleulate sea surface salinities (S8S), and
densities (SSD), from $STs and plunktie fornminifn. 5'°0, reconstructed deepwater
formation due to SSI) changes between 45 ka and 30 ka, interrupted by ¥13 and H4 at 27
ka and 38 ka, mul from 13 ka to the prosent. Between 30 ka and 13 ka deepwater conld
not form owing to the input of nieltwater causlng reduced SSS. The model Indieated
climatic rebounds after each Flelnrich event, which persisted for 2 000 years, Event I1}
seems to be unique, ns it ocours dwring the northern hemisphere insolation inerease,
coeval with Fennoscandinn fee-sheet meltlag. The input of meliwater during H1 reduced
deepwater formation and delayed northern hemisphere deglaciation by 1 500 years
(Maslin af ad., 1993).

Oerlemans (1993), using a model of the Laurentide ice-sheet driven by orbitally forced
insolation variations, argues agalnst a simple temperature - iceberg calving correlation.
The model predicted Incrensed calving subsequent to cooling if the climate was
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Dunspssard-Oesehper eyeles, amd abropt shils e matkedly warm interstodinds. 11s
refer to Heinvleh evets (dond ot al., 1994,

Bond e e, (1992), and Grousset of of, (1993) hypothesised that the Heinrich deposits
are the result of n two stage process, fiestly o drop in 8STs, and secondly a rapid,
massive, discharge of feebergs oceuring within, but not spanning, e inteeval of Jow
S8Ts. The mehing of the jeehergs would result it lowered salinity as suggested by the
low planktonic 80 values, 1t s noted that the salinlty drop eould be sufficient to shut
dowat the Nowth Atlantie thermobaline eireulation (Bond ez gf., 1992)
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Fig. 3.12 Two different trajectory madels can be proposed to reconcile HL
pattenis ond [RD souree veglons: Durh  evenes 1,24 and 5, feebergy were coming
fiom the Bubin Bay. driftiug acrosy the Labrador Basing during event 3, they were
coming from the "Avetie” repion, deifting across the Irminger Basin (Grousset o
al,, 1993),

Heinrlch events have been equated with the Dansganrd-Oes uger events (Bond et ol
1993), Dansgamd-Oeschger events have been recognised through the nnolysis of ice-
core data and ocean core records and constitute a number of cycles comprising a gradual
soaling to full glacial temperatwre depression, followed by abrupt Jumps to wamm
temperatures on i scale of 300 to 2 000 years, The ice armacdas ocourred during the
coidest phase of the Dansgoard-Oeschger cycles, which were then followed by
prominent warming which initinted the next Dansgaard-Oeschger cycle (Broscker,
1994b), These ¢ycles resulted in air und ocean tempernture shifts characterised by shamp
botndaries, asymmetrical shapes and strong amplitudes of up to 5°C (Kew, 1993b), and
support the notion that the atmosphere and ocean have beert a tightly coupled system for
at least the lost 80 000 years. The events are independent of ice volume chianges duting
glaciation, glacial maxima and the inception of ice-sheets (Bond et wl., 1993; Dansgaard
et al., 1993), Bvidence of reduced surfnce salinities is recorded in large decrenses in
planktic 8'%0, probably caused by melting fcebergs duting very cold stadinls.
Subsecquently, after the rucduction ity fcoberg swarms as {ce-sheets diminished in size,
galinity levels increased causing the thepmohaline elrculation to commence, resulting in
rapid warming of norern Lititudes (Bond e gl 1993),

Dansgasrd-Oeschper events can be Auther bundled into longer, progressively cooler
eycles termed Bond eycles (Figure 3.13) (Bond e al,, 1993), which end with an abrupt
shift to warmer temperatures associsted with n Heinrich event (Figure 3.14) {Lehman,
1993n; Ker, 1993a). Bond cyeles are probably caused by changes in the strength of the
ocenn conveyor belt circulation system (Leluman, 1993a),
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counted only between 50 and 330 om (Grousses et al., 1993),
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Greenland, An analysis of the incrense in dust in the ice cores on Greenland suggests
that the atmosplieric eireulation during certain stadials expanded in aerjal extent, As sea
salt levels did not increase concomitantly, Increased wind speeds cannot alone account
for the dust ingrense, Important locations for the incorporation of dust are regions of
strong cyclogenisis that form along marine and atmosphetic thermal gradients. It is
argued that atmospheric thermal gradients were significantly steepened by the radiative
influence of jce-gheets during the last glaciation, and that the presence of continental ice
led to an increage of sea ice production in the North Atlantic. As primary sources for
dust would be south of the main jce cover, their incorporation into Greenland ice
suggests that the air masses would have covered areas further south (Mayewski er af,,
1994),
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Correspondenwes bulween peaks con be proposed on the bagis of
biostratlgraphic augoments (doshed nunbered lines) (Grousset ef af., 1993),
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Flg, 3.9 Loeation of cotes containing Helnrich deposits, fuli circles indieate
eatbonate-tich IRD is present in all Helnrich deposits identified; haif-filled
citeles that some i3 presem: open squares indleate no presence of earbonate-
rich IRD. Solid black shading represents the extent of limestone and dolomite
bedrock, Thick solid line represents the muximuwn extent of ice-sheets during
the Inst glociation. Arrows ropresent possible paths of lcebergs (Bond et al,,
1991,

Helnrich (1.28), initially cotrelated the IRD layers with northem hemisphere
precessional insolation minima (precessional angle IT = 20° and IT=270°), although he
did acknowledge a problem in that ice-sheet construction and decay cannot occur
simultaneously, A suggested solution was that decreasing stability of continental ice-
sheets could occur during enhianeed ice accumulation, with faster lateral progtession and
subsequent discharge intc the ocenn (Reeh, 1985; Jansen, 1992).

An analysis by Bond ¢f al. (1992) produced revised dates viz, 14,3 ka, 21 ka, 2. . .

ka, 52 ka, and 69 ka. The intervals between these revised dates do not correlate well
with insolational cyeles, indicating that some other mechanisra is responsible for the
cooling, Nepented advances of the Lourentide jce-sheet, possibly comuected to redueed
alr temperatures, could be the cause of the events, Reconstructions of the Laurentide ice-
gheet suggest that the Hudson Steait diained 3-4 x 10° km? of the ice producing 10°km¥a
of meltwater during the deglaciation (Andrews ef gl,, 1994). The analyses pointed to
swface water charncterised by low temperature and low salinity at the time of
deposition, Domination of Neogloboquadrina pachyderma (sinistral) in the IRD layers
of the cores indicates deep southward penetration of polar water at the time of
deposition.

The {ecberg digeharges have been comrelated with expanded sea ice and changes in the
size and intensity of the polar cireulation index (PCI) (Mayewski ef al., 1994). The PCI
refers to the size and intensity of the circulation system that transports air masses to
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Fig, 3.8 Core recotd of Me69-17 from the western peak of the Dreizack. The
amiount of lee-rafted debris is given ag part of the total split (IRD + Forams). The
amount of ane wpecies 15 glven us part of the sum of planktonic forams in a split,
The right side of the [RD recovd shows the stratigraphic markers (Ash I and 11,
osygen-isotope stage boundaries) {Helnrich, 1988},

Subsequent work by Bond et e, (1992), traced the Heinrich deposits in cores across the
North Atlantic and Labrador Sea {Figure 3.9), using fast digital scanning of the grey
reflectance of the sediments, Grousset er ol (1993), conducted low-field magnetic
susceptibility analysis on the cores and observed well-marked peaks corresponding to
the IRD belts (Figures 3,10 and 3.11), which correlate well with the grey levels,
MoManus ot al, (1994), discovered a finther five Heinrich events which confirms
Heinrich’s (1988), postulation of eleven events during the last climatic cycle. The spatial
extent of the IRD accumulation suggests o zone between 40°N and 55°N stretching
across the entire North Atlantic, The pattern is characterised by a west to east gradient,
except for event H3 which is orientated north-west to south-east. Analysis of the IRD
revenled a layer with abundant detrital carbonate that seems to have accumulated rapidly
in the cote. A suggested source is the limestone and dolomite bedrock in the Hudson
Strait (Figure 3.9}, Event H3 could have a different source (Scandinavian) 43 it contains
low levels of detrital carbonate (Figure 3.12 ) (Grousset ef al., 1993),

It seems that Heinvich events are global, as they correlate with cycles evident in the
Vostok ice~core and mountain glacier retreat in the southern Andes (Kerr, 1993b).
Hrinrich events bave also been correlated with the Chinese loess climate record,
suggesting a Iink through the westerlies (Porter and Zhisheng, 1995), and are linked with
fluctuations in Lake Tulane in Florida (Grimm et «., 1993),
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termination of the Last Glacial Maximum, nor aceount for the Younger Dryas cooling,
Veum of af. (1992) muointain tha strong waenting during reduced thirmohaline
circulution took place, as reveuled in a high resolution record obtained “um the
Norwegian Sea. The tecord snggests that NADW was only reinstated 1 000 v ar after
the mieltwater anomaties in this region had ended. Lowell of e, (1995) cite evigunce that
Nordie ¢ sepwater production may have begun causing rapid warming in the far northern
Atlantic reglon t 300 years before the major North Atlantic thermohatine eirculation
resumed,

Evidence oltained from the 8°C benthie recorl in the Greenlmd, Iveland and
Norwegion (GIN) (Figure 4.10) seas for the Younger Dryas points to a elreulation
similar to that of the present, and very different from that dwing the LGM: this was
characterised by good ventilation, and high 8C (Veum et af, 1992), The strong benthie
§1¢ pradient butween the Norwegian Sea and the northecast Atlantic before 12.5 ka
indicates that the nutrient-poor GIN seas did not ventilate the deep regions of the
Atlantic untll 12,6 ka (Veum of al, 1992), High values of 3°°C from epibentliic
foraminifers indicate that the GIN sens were hiphly ventilated as np?nsed to the North
Allnatic, which was under the influence of mutrient-cnviched, low-81"C' southem source
waters (Veum «f e, 1992), Highly ventilated GIN seag were a probable source of
nutrient-depleted glavial intermediate water, which did not contribute to the formation of
deop woter, a8 Is the case at present (Veum o7 o, 1992),

Models of the thermohaline cireulntion

The conveyor belt has been successfully modelted (Kerr, 1993d; Weaver mnd Hughes,
1994), throwing light on the importance of massive ice-sheets in destabilising the
conveyor {Kerr, [993qa; Lehnan, [9930; Broecker, 199:4n), The postulated effcts of this
elrculntion system are in general agreement with the temperature changes inferred over
Europe and Asia (Lelunan and Keigwin, 1992a). It is malntained that Late Glacial
climate oselliations, including the Younger Dryas, can be explained by the models
(Alley ¢ al., 1993; Daplessy ¢f al.. 1992), und changes it the position of the Arctie
frontal system have besn tinked to these ocenn changes (CONMAP Members, 1988).

A simple ocean model soupled iy an jce-sheet surging model produced a break down of
the themmoluline cirewlation as swging cebergs caused a meltwater influx, which
subsequently resulted I a eooling of the North Atlantie region. Rap:d reswmption of the
circulation followel, leading to abrupt warming (Paillord and Labeyrie, 1994; Bender ot
al,, 1994).In a model by Boyle and Weaver (1904), the conveyor was pertutbed by o
fresh water input at high kultudus, which orlefly reduced convection. Subsequently, the
convection was restored, hut was characterised by a shallower Nurth Atlantie eonvection
coll, with a steonger deep inflow of AABW beneath it. The associated climate was
colder than at present (Tigure 4.11) (Boyle and Weaver, 1994),

A model by Rahmstor! {1994) realistically reproduces an AABW cell under the
NADW gel! caused by caltler temperatures in the Southern Ocean (Figure 4.12). A
meltwater input at S6°N interrupted the conveyor temporarily, cansing temperatures to
drop by 2.6°C north of 48°N and by 3°C north of 56°N, and salinity o drop by 1%
before it recovered, NADW tlow had become shallower and AABW filled the abyssal



PAGE - 40

attributed directly to varying strengths of NADW production, and it is proposed that
these changes promoted the reorganisation of global climate, Records from the Behguela
sugeest thal post ghicial wanning was interrupted at 12,5 ka but resumed at 11 ka,
reaching a maximuwmn at 10.5 ka ~ 9 ka (Pether, 1994),
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Not all agree that NADW fluxes are responsible for climate oscillations. It is maintained
by some that rapld chonges In the thermolinline circulation did not initiate the
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100 years (Lebman and Keigwin, 1992a); thereafter the area was influenced by southern
water until 9 ka.
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Fip. 4.4 Location of BOFS core sited and core V23-81, The paths of
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Water, vk UNADWY (MeCuve of o, 19958,

The benthie 8¢ record from core RC 11-83 indicates that deglacinl chonges in the
nutrient chemistry of the desp Southem Ocean were rapld and lnrge, Tt is suggested that
littlo or no NADW entered the Southern Ocean durlng the 1.GM and that the Southern
Ocean had a greater influence on the chemistry of the deep Atlantic than today (Oppo
andl Fairbanks, 1987). A high 8%°C value was recorded at 13.]1 ka, followed by a
dramatie drop at 12,7 ka. From 12,6 ka to 12,2 ka an abrupt s2ift In 8”C from fow to
high values oceurred, interrupted by a return to low values at 11.5 ka, The high 8°C
values for the Younger Dryas perfod in RC 11+83 could ba 2 record of & shallower
NADW flow, which would not reflect reduced LNADW formation (Lelunan and
Kelgwin, 1992a), Between 12.2 ka and 10 ka, a number of oscillationy of differing
magnitude occurred in 8C values (Charles and Falrbanks, 1992), These oscillations are
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Fig. .8 Convergence of deep Southermn Oceon and Criribbean 8°C records,
with AMS M¢ dand levels indleated by arows, marks the *nun on™ of NADW
{dashed line). The timing of this event cin he comparad with the fee-sheer
meltwater dischurpe curve (ealeulated o3 the fest derivative of the Barbados seax
level curve), the change in pollen assemblages in Swisy kike sediments, and June
insalution at 60°N amd 70N, provided thit o conunon timescale [s established,
The top seale Iv calendar years, and the bottom seule Is M€ yoars (Charfes i
Fairhanks, 1942},

The cores indicate that at 1:1.5 ka surface waters were fresh with low productivity and
cooler eonditions thon at 18 ka and NADW production was at its Jowest since 20 ka
(Keigwin il Letunan, 1994), Atlnntic water began entering the Norwegian Sea at 13.5
ka and NADW levels vose from their glaclal minimum to modern levels; near
interglneial lovels were reached by 13.1 ka, persisting untit 11,7 ka (Lehmn and
Keigwin, 1992a). A nuniber of brief reductions in flow oceurred between 12,6 ka and
12,2 ka, but the major decrease occurred at 11,7 ka and at about 11.5 ka, NADW ebbed
to a level only slightly higher than glacial levels (Boyle and Kelgwn, 1987), 'C and Cd
data suggest that nutdent enriched water of southemn origin occurred botween 11,5 ka,
and 9 ka, in the Nogth Atlantic (Oppo and Fairbanks, 1087). However at 16.5 ka oeean
cooling ended, with the resumption of sutface inflow from the Atlfarttic occurring within
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Flg, 4.8 Convergence of deep Southers Ocean and Caribbean S1C records,
with AMS NC dated Jovels ndleated by arrows, marks the “turn on® of NADW
{dJashed line). The timing of this cvent can be compared with the jee-gheet
mieltwarer diseharge curve fealouluted ns the flyst dedvative of the Barbados sen-
level eurve), the hanpwe in pollen assemblapes it Swiys loke sediments, and June
{nsulation at 60°N and 70N, provided that & coetmoen tlmescnle is established,
The top seale §s calendar years, and the bottom sale 1s ME yeors (Charles and
Bplrbuanks, 1092,

The cores indicate that at 143 ka surlace waters were frash with low produgtivity and
cooler conditions than at 18 ka and NADW production was at its lowest sinee 20 ka
{Kelgwvin aud *ehman, 1994), Atlantie water began entering the Norwegian Sea at 13,5
ka and NADW levels rose from theilr glacial minimum to modern levels; near
interglacial levels were reached by 13.1 ka, persisting until 11.7 ka (Lehman and
Kelgwin, 19925}, A number of brief reductions in flow occurred between 12.6 ka and
12.2 ka, but the major deerease oceutred ot 11,7 ka and af about 11.5 ka, NADW ehbed
to 1 level onty slightly higher than glaclal levels (Boyle and Keigwin, 1987), ¥C and Cd

data guggest that nutrient entiched water of southern origin oceurred between 11.5 ka,
and 9 ka, in the North Atlaatic (Oppo and Fairbanks, 1987). However at 10.5 ka ocean
gooling ended, with the resumption of sutfice inflow from the Atlantic oceurring within
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Fig, 4.7 Reconstiuetion of the varistions in the salisity conveyor belt (SCRY over
the tast 20 ka (ealendar) years, SCB Intensity is dedueed from 8"C  differences
between past tne siives and the Recent, converted into gigatons of sarbon stored in
excess of taday In the east Atluntie below 2 000 m depth. The 80 curve s based ot
gly stacked hiph-resolutlon benthle regords from the spme depth range in the easten
Atantic. Thin mrows mark positons of "¢ platenus and wide arrows indicrte
mejtwater events {Rarttheln of al., 1994),

One problem with the so called "meltwater mode™ i3 that the mode precedes the
meltwater pulses ut 12 ka and 9.5 ka docwumented by Fairbanks (1989) (Figure 4.8) in
both instances. The prominent low 8C vatue at 13 ka is documented by Jansen and
Veum (1990) in core V 23-81; they muwintain that the low values indicate recdiced
NADW farmation due to the fresh water input, and increased influence and subsequent
replacement by AABW, They acknowledge that the low §"C value centred on 13 ka
geeurs 1 000 years before the large melt water input at 12 ka reflects the reduction of
NADW (Jonsen and Veuw, 1990), but explain this discrepanc . as betay within the error
limits of the timeseales for these records,

An analysis of grain sizes in sedim~: faken from cores 1 the Rockail Bank area
(Fignre 4.9) (MceCave er of., 1995) as nn index of palaeocurrents for the last 25 000 years
suggests that glacial intermediate water flowed rapidly at depths of 1 100 m and 2 000
m, but that deep water elrculation was shuggish at the LGM. At the start of termination
1A flow speeds decrensed fo & minimum between 14 kn and 13 ka and were
accompanjed by a 3C minimum, suggesting a reduced influsnce of northern source
whter, probably caused by event I, Subsequently, both grain size and 8'*C values
increased reflecting a return to more vigorous deep-water circulaiion during the Allered
{12 ko) (McCave of al., 1995),
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Atlantic (Sarnthein ef «f, 1994), The Iolocene/interglucial mode (Figure 4.4) is
characterised by a strong soutbward bound flow of NADW, originating in the
Norwegian-Greenland Sen, and is similar to that of today. The glacial mode (Figure 4.5),
which was active until end of the lnst glacial, includes n weakened southward bound

NADW end~-member which forms south of Ieeland, underain by vary cold AABW -

whicn upwells near the Azores Fractore Zone and markedly dilutes the NADW from
below,
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Fig, 4.4 Bonthic (The Meliwater Mode®) profiles across the east Atlantie; 8.350 «
4,100 ka. (The 'Huluceneﬂntemluciﬂl Mude'y W.R. = Walvis Ridge, S.LR. =
Slerra Leone Rise, LER. = Island-Faerce Ridge {Rtippied shndmg = AAIW,
Vertical wide line shading = NADW, Vertieal narrow shading = MOW, Qpen
stippled shadiag ~ WSEW} (Surathein of af,, 19543,

The meltwater mede consists of poorly ventilated AABW up o 2 000 m, above which
no NADW or NAIW was formed, overlain by n meltwaier lid (Figure 4.6). This third
mods is encountered twice; once between 13.6 ka and 13.4 ka, and between 10,3 ka and
9.6 kn. However, this type of circulation is difficult to detect, ns it oceurs over short
periods and {s only recorded in a small number of very high resolution corgs, The fact
that other “meltwater modes” are not documented does not imply that they did not
occur, Similar, but very short lived, mod:.s may have occurred, but were too rapld to be
observed In the sediments, Furihier, "*C “plnteans” (defined as intervals when *'C ages
remaitt constant over several hundred calendar years) (Figure 4.7) make absolute dating
diffieult (Saxnthein et al., 1994),
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deep water elrculation was sluggish during the last glaciation, but increased after
deglaciation. Deep current strengths declined again dusing termination IA and during the
Younger Dryas (MeCave ef al., 1995), Folocene and glacial carbon isotope data of
benthic foraminifera from shallow to mid-depth cores from the north-enstern Atlantic
show that this region was highly stratified, with ’C enriched GNAIW overlying "*C
depleted SOW (Oppo ond Lelunan, 1993).
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Fly. 4.3 Core locations in the cast Atlantie, Dashed line separates core locations
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oh the Sierra Leotie Rise have prefix ENOGG- (Sarntheln ef e, 1994),

An examination of 95 epibenthic 8°°C records covering the last 30 000 years (Figure
4.3) suggests that there are three distinet miodes of deep water circulation in the North
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1594}, A decrease in salinity woubd make it more difficult for very dense water to form
in the North Atlantic, and the production of intermediate water would occtr (Boyle and
Keigwin, 1987). An analysis of micropalaeontological records of foraminifera by
Duplessy et al, (1992), revealed that a primary forcing factor for sutface salinity was the
injection of meltwater into the North Atlantic, which led to decreasing SSTs and
intensified stratification. These twa effects resulted in decreased evaporation, increased
precipitation and reduced poleward [fux of salty, warmn water. Broecker of al, (1983),
recognised that NADW production was reduced dwing gloclal maxima and was
rejuvenated Juring warmer periods. Later work by Broecker (1994b), sugpested a
shallower conveyar wather than a complete brenkdown of the system, as shown from
evidence in MC/C ratios in atmospheric CO; for the Younger Dryas, NADW
production formation was not completely suppressed, but continued during the Younger
Dryas, with variable rates of formation (Edwards ef al., 1993), while the source region
shified to lower latitudes (Broecker, 1994b), Tt is possible that the conveyor is still
opetative in the "off" mode, but runs much slower and forms a nearly closed cireulation
loop within the Atlantic itself (Broecker ¢f al., 1990),

Heimich events could cause the dilution of the salt, resulting in the suppression of
NADW fotmation, and thus cause the associated sharp cooling (Kerr, 1993b). Keigwin
and Lehman (1994), anafysed a core from the Mid-Atlantic Ridge at about 43°N and
noted the existence of Heinvich layer 1 (H1) which was associated with maximumm rates
of sedimentation, IRD, surface water cooling and minimum rates of NADW production.
The most striking feature of the carbon isotope record of the core is the abrupt increase -
possibly within a 100 years - of 5°C at the end of HI1, associated with an Increase in the
percentage of Neogloboguadring pochyelerma (sinistral), Keigwin ef al. (1994),
maintain that deep ocean changes occur too frequently (on millennial scales) to be
caused solely by HMeintich events, and suggest changes in meltwater flux and
'evaporation’p:ecxpltatlon Gwdgets over the North Atlantic as forcing agents, An

alternative view, based on avatiable proxy nutrient data which indicates o coincidence of
minimum NADW and lowered sea surface salinity in the North Atlantic region, suggests
that salinity changes could be & product of conveyor variability ather than & cause
thereof (Keigwin and Jones, 1994),

Surface organisms take up '*C in preference to *C and also absortb Cd, resulting in
surface waters char'zctumd by high ¥C and low Cd levels, whlle bottorn waters are
high in Cd and low in ¥C (Boyle, 1990). NADW has high S C because it contains a
large amount of upper yeean water wlhich lias been ensiched in °C as a result of isotopic
fractionation by marine plants prior to deep~water formation (Oppo and Fairbanks,
1987; Qppo and Fairbanks, 1990), Benthic data fmm a core in the northern Atlontic
show glnelal decp water (4 450 m) to be depleted in ¢ and enriched in Cd, suggesting
& Jower proportion of northem source water relative to southern source water (Boyle and
Kelgwin, 1987).

High C waters over the Rockall Plateau formed north of the glacial polar front,
possibly indicating that the deep Norweyian Sea was a source for Gllacial Notth Atlantic
Intermediote Water (GNAIW) (Oppo and Lehman, 1993). During the last glaclation,
NADW was replaced by Southerms Ocean Water (SOW) in the northemn and tropleal
Atlantic and GNAIW filled the ocean above 2 000 m (Qppo and Lehman, 1993). Glacial
intermediate water flowed rapidly at depths of between 1 100 m and 2 000 m, whereas
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with the Younger Dryas may be related to the cessation of LNADW formntion, +ather
than oscillations in NADW tate and depth, which are controfled by meltwater discharge
from the Fennoscandion ice-sheet (BEdwards ef al., 1993). Further support for the
importance of the Norweglan seas comes from the work of Cortijo ef al. (1994), who
document sharp decreases in SST and SSS in the Norweglan seas which reduced the
ventilation of the region to about 2 300 m, and enbanced the SST gradient between this
water mass and the North Atlantic, NADW would still be formed, although LNADW
formation would have ceased. This thermal gradient could enhance the formation of
major atmospheric depressions assoclated with winter snow and increased .ce-sheet
growth (Cortijo et al,, 1994),

Tt is well documented that the lower belt ceased operating during the lnst glaciation, and
was replaced by AABW, while the upper belt persisted but shallowed slightly from its
present depth, It is maintained that the history of the lower belt is responsible fur the
changes in climate in the Greenland region (Lehman and Keigwin, 1992b), and because
of the high rate of heat loss during the formation of LNADW, it is suggested that tlds
water mags is the pre-eminent deep water mass in controlling surface climate in the
Atlantic region {Lehman and Keigwin, 1992q).

Studies indicate that the conveyor belt is a selfisustaining circulation which can
collapge when disturbed and which can have multiple stendy states, As the conveyor is
density driven, a perturbation in the snit content can destabilise it; thus changes in
precipitation, evaporation, or ice-sheet, iceberg or sea ice melting rates, as well as
changes in the rates of advection and mixing in the Atlantic Ocean (Duplessy ef al.,
1992; Kerr, 1993¢; Lehman, 1993a; Broecker, 1994a), conld act to dampen the conveyor
ot shut it down (Kerr, 1993¢c). The density change created by an increase of ~ one
salinity unit (1° /o) is enough to tlf the balance between the conveyor “off" or “on”
situations (Broecker ef al,, 1990), When the density becomes sufficiently fow in the
northemn Atlantic, the deep water cannot force itself into the Southern Ocean and the
conveyor stops (Broecker et ai,, 1990), Slight decreases in surfuce water salinity could
have slackened deep water formation in the Norwegian sea within a few decades,
affecting the thermohnline cireulation and deep convection (Cortlio ef al., 1994), As the
circulation is shut down, the associated enirainment of warmth s suppressed and
cooling will set in, halting melting and allowing salt to build up to levels which will
allow renewed deep water farmation (Leluman and Keigwin, 19921), A large meltwater
Input could shut down the conveyor completely, with the resulting difference between
the warm and cold conveyor being about 30% in heat transport (Rahmstorf, 1994),

While surrounded by ice-sheets, the Atlantic Ocean's thermohaline circulation was
vulnerable to meltwater induced mode switches, which were responsible for large
tempernture changes in the land surrounding the northern Atlantic (Broecker, 1994a).
Since the beginning of the Holocene, when large ice-sheets have been absent, it appears
that the global thermohaline clreulation has been more stable because of the absence of
meltwater induced miode switches (Broecker, 1994a), This conclusion is supported by
the work of Kelgwin et al. (1994), who observed no variations in NADW formation
during substage Se of the Eeminn when magsive {ce sheets were absent,

The trigger for the mode changes is not completely understood, although Heinrich
events or Milankovitch cycles have been suggested (Ketr, 1993b; Weaver and Flughes,
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The rate of NADW production i ahowl 20 §v (20 000 000 m’s™). Surface water cools
from 10°C to 07C as § descends ofT Greenland, and to about 3.57C as it descends off
Cannda. In ereat. ¢ NADW, § x 10" cal of heat are relessed in notthem latitudes,
cottesponding o »0% of inselation over the Atlantle Ocean north of 35°N (Broccker ef
ul., 1985 Street-Perroll mud Perrott, 1990; Lehman and Keigwin, 1992 ab). In the
region of nbout S5°N, the warm, salty surtice (Tow splits into iwo subsurface belts of
NADW referred to as upper NADW (UNADW) and lower NADW (LNADW) (Figure
4.2), The upper belt is Ted primarily by open ocennt conveetion in the Labrador Sea,
and the fower by convection in the Norwegin Sea basin, Although 88Ts at the two
sources are nearly {dentical, the cooling associated with the LNADW production in the
vichnily of 70N is twice as gprent as that further south, resulting in a release ol 40% more
heat per unit flux, making it a more coffective climate forcing agent (Lehman nad
Keigwin, 19920,b).

Fig, 4.2 Schiemaiic represeniation ol e compotients of NADW, Temperatures refer
to surfice waters betore convection, and fosver waters ofler convection. When Lhe
NADW censes Lo flow, AARW Hows nopth (Lebhman msd Keigwln, 1992h),

At present, a combination of cold ale and restricted sea jee promotes deep water
formation in the Norwegion Sea, and drives n compensatory sutface flow of warm
Atlantic water into the busin, Deep waters formed in the Norwegian Sea flow
southwards inte the deep Atlantic, [orming the densest and deepest component of
NADW, INADW (Lehman amd Kelgwin, 1992a), 3t is maintained that during
interglacial stages, the Atlontic Ocean is characterised by the formation of high and low
density NADW, wilh LNADW pencitating southward o the equator, while Upper
Cirewmpolar Water (UCPW) and UNADW dominate the mid-depth wropical Atlantic,
During full placiations little or no LNADW is formed, UNADW is restricted to above 2
000 m. and (he deep veean contaits n mixtare of seutherm and northem waters (Oppo
and Fairbanks, 1998). Deglacial shills In the poleward flow of warm Atlantic surface
walers can oceur very wapidly (within 40 years), resulting in §ST increases of $9C; these,
in {urn, cause rapid changes in atmospheric temperatures, in thermohaline cireulation
and in jee-sheel melfting rates (Lehman and Keigwin, 1992a), The cooling associnted
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civeulation was tmueh greater than present (Partridge, 1997) and occurred at a time of
Incresed reglonal pressure gradients (Lancaster, 1989). Interaction between the South
Atlantie and South African anticyelones is cited as a possible explanation to the pattern
of aliguments of the southwestern Kalahari dunes. The present day October cireulation
pattern, when the refative strengtis of the two antleyelones is about the same, produces
winds parallel to the dunes: it appears that e similar circulation regime may have formed
the dunes (Lancaster, 1989),

From 30 ka wntil about 28 ka all regions reflect lower temperatures than present, and
except for the Namib and Kalahard, were crier than present (with up to 502 less rainfull)
(Partridge, 1995). The Southwestern Cape experienced a 3°C « 5°C drop in temperatures
on the basls of an mualysis of dissolved gases (N and Ar) in an artesion aquifer near
Ultenhage (Heaton of al., 1987) and analysis of a stalagmite from Canga Cave (Talma
and Vogel, 1992), Cautlon has been advised in accepting that the Nanib and Kalahuj
were arld during this interval (Partridge, 1993b), ny good evidenee for humidity exists at
Khommabes and Narabeb between 30 ka and 26 ka (Deacon et of, 1983). Speleothem
formation in Réssing Cave occurred between 42 ka and 265 ka (Heine and Gegh,
1984}, with no subsequent development of the sinter, Tufa deposits in the Kuiseb River
at Hudaob and ealeified rootcasts and caleretes are further evidence for inereasad loval
molsture avadiability during this period (Vogel, 1989), High water levels in pans fn the
south-west Kalabori suggest increased rainfull and recharge of aquifers at abour 27 ka
(Lancaster, 1989}, aithough it must be remembered that precise dating is problematical,
a8 groundwater recharpe may lng rainfall by sonte time (up to thousands of years for
large aquifers} ¢ Lancaster, 1986),

Evidence for Isotope Stoge 2 (21 kn - 10 ka) I relatively detailed, owing to the
impreved dating resolution for the peried. Although the eirculation regimes praducing
winter and summer rainfall are quite different, the effect of the Glacinl Maximum
seems to have oeen similar in both regions, although sites in the winter rainfall region
of the cowntry are relatively fow, From 20 ka « 16 ko, it appesrs that the entire
subcontinent wos wniformly much colder and drier than at presenr \Scatt, 1988) with
coldest temperatures oceurring between 20 ka and 17 ka, (Figures 6,3 « 6.5), reaching,
valtes of about 5°C - 6°C below present. These valuas for the Last Glacial Maximum
comwe from the Ultenhage aquifer (Hoaton ef al, 1986) and the Congo Cave speleothvin
(Talma and Vogel, 1992), During this interval conditions became drier over the whole
sub-continent, (Partridge ef af, 1990) with estimates of annval rainfall varying from
20% to 80%% of the present mean, In tha Namib, the Homel silts oceur to heights of 37
m above the Kulseb river, indicating reduced flow and increased axidity (Vogel, 1989).
1t has, However, been suggesind that conditlons may have been somewhnt wetter in Jde
Trangvanl, based on pollen spectra from Wonderkrater (Seott and Thackeray, 1987).

Although conditions remalned cold between 16 and 13 ka, the end of the LGM in
Africa is generally placed no later than 16 ka and mesic sonditions followeds from 17
ka to 13 ka iFigures 6.6 - 6.9) there is some evidence of incronsed rainfall over the
whole subcontinent, ineluding the Kalalwei and Namib (Lancaster, 1981). Kalshari
lakes rettined to former Jevels (Shaw of ., 1988}, and conditlons in the Namib were
also wetter, The reach of the Tsondab tiver was extonded westwards, renc..ed tufi
formation oceurred in a gorgo of the Kuisels rivery, and the Homeb silts were extensively
incised (Vogel, 1989), Evidence from the south westem Cope (Cederberg Range and
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CHAPTER SIX
RESULTS

Southern African Paldaeoelimate sinee 40 000 B.I%,

The trends shown by the proxy dats are mapped below, Althiough each map represents
a time slize of 1 ka. some time slices are grouped to facilitate meaningful discussion.
On a number of maps which combine both the newer PASH data and supplementary
datn detived from a review of post-1986 publigations, « number of anonmlous sites
have emerged (showing opposing trends in proximily fo each other). In peneral, these
anomalles have heen resolved by examining the weight of evidence from other nearby
sites, before deciding the probable dominant eomponent, In some cases the data
received or published may in fiet be subject to errors, or there may be dating
problems. Further, not afl the maps bave an equal number of sites.

For each of the Are/Info-gencrated South Afvica maps, the reader is invited to refer to
Flgure 6.1 which gives the key to the symbols used in the maps, along with estimates
of the actual differences they show. There s, on the whole, good agreement between
the published datn postlating 1986 and those from the PASH database. The material
gathered to date will undoultedly be o vafuable resource for cimate researchers, both
locally and internationally.

Beforo discussing the patterns revended by the maps, note should be taken of problems
af dating, Iz Quatetnary studivs liwavy relintee s placed on the use of absolute dating
techitiques, Although seveinl different techniques are used routinely, the most readily
available methed is radivearbon doting, which has o limited range and requires
calibration based on both global and reglonal departures fromt theorstically and
empirieally determined relativnships. "¢ dating §s possible only for the last 40 ka of
Bayth history; this i3 retlected in the paueity of data for perfods beyond 40 ka. A
detailed necownt of dating and vther refated problems is given In Appendix One,
where the data from individual sites are deseribed in detail.

The palaeaclimates of seuthern Afvica have been investigated through the medium of
severel different diseiplines, and a fair understanding of temporal and spatial changes
aver the subcontinent hus been achioved (Dencon and Lancaster, 1988; Vogel, 1984
Tysom, 1986; Pagtridpe o o, 19903, In order to piace the analysis of the lust 20 ka in
proper perspeetive, It Is necessary to review the chinges preceding this pericd. As the
emphasis of this work s on the Inst 20 ky, the period from 40 ka to 21 ka hus not been
analysed tn tornis of synthethe mups.

From nbout 40 ka to 30 k. the general tremd indieutes lower temperatures and wetter
eonditions than at present (Pavirklge o ol 1990), Tlowever, dune formation associated
with inerensed aridlity ocewrred during this period in north-western Botswana, scuthern
Angola, and Nomibia, As dunes form only where annual rainfull 18 less thau about 130
i - 200 mm, palacodunes in these rogions indicate mo rement of the 150 mm isolyet
by up to 1200 km north-cast of #ts prosent position. Although the Inferredt extent of the
shitts hag boen revised {Luancaster, 1988), it is clear that the intensity of the antieyclonie
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SECTIONTWO
CHAPTER FIVE
SOUTHERN AFRICAN PAY AROCLIMATES
DATA and METHODOLOGY

In an attempt to link pust responses of southern Afvican environments to global
changes, it is essential to know what the conditions in various patts of the country
were during selected key timeeslices. To this end the gathering of a substantial
database is necessary. This vhjective fors part of the Palaeoclimates of the Southem
Hemisphere (PASH) project. Although data from the whole of southem Afvica are
being accumulated, the nresent study fosuses on Afriea south of 22°8. The last twenty
thousand years (20 ka) are considered in detail.

Quaternary selentists, who have carried out primaty resenich, have supplied data using
a G-page data capture form which was submitted to the Climatology Research Group
at the University of (e Witwaterseand, The trends in hydrologieal and thermat
paranieters for each period, as interproted by the generators of the primary data, were
then eompiled on maps of Aftiea south of 22°S, using the Are/Info Geographic
Information System, The maps were aoalysud to determine trendls in rainfall and
teperature for the different time-slices and regions. This analysis was compared to
existing summaries of pulaveenvironmental trends and to possible mechanisms that
could account for the observed trends. Modem-day mechanisms were also
Investignted to determibie whether or not they are analogous with those which
prevailed in the past.

The data cited here will ultimately be part of o palococlimate database for the southern
hemisphere, which is currently belng assembled under a collaborative intenational
project of the Internationnd Union for Quaternary Research, The database uses Oracle
software, which ailows for the assimilation, manipulation and updating of datasets
through the use of multiple spread-sheets. These provide templaies for the vntry of
dntn into the dotabase and allow the ereation of scenarios mnd the retrieval of
Informatlon in terms of specitied parametors. Sprend-sheets are ereated using object-
priented progenmming in & Windows environment, thus aveiding the complications of
- gpecial programme writing. Once all data for o specific palacoclinatic site are entered,
they are saved « . a Unix-based system ot the University of the Witwaterstand, frow
which they can be accessed anywhere in the world through the Internet. Those sites
which must be emburgoed (because their data are currently unpublished) can be
hidden from view, and searches can be made for sites vsing any one of a series of
unique, primary keys which detine that site, e.g. researcher's name, site number, time-
slice and climatic parameters,
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Although it is generally argued that melt water pulses resndt in salinity decreases, an
nnalysis based on dinoflngellate-vyst assemblages in cors recovered from the shelf
break at the outlet of the St Lawrence suggests that the melt water pulses did not affeet
gen-surface salinity (SS8), and the melt water pulse cannot be a tripgee for the YD (de
Vemal of al,, 1996). Work by Dupiessy et af. (1992) on core NA 87-22 on the Rockall
Platenu showed no additienal salinity decrenses during peaks of meltwater discharge,
and sharp negotive salinity anomalies were associated with the Younger and Older
Dryas cold cvents, Tt is argued that these negative anomalies resulted either from a
reduction in the strenpth of the thernohaline cireulation, or from a strong freshwater
injection owing to chenges In the precipitation/evaporation budget, Although these
fluxes vannot account for the low salinity values, they can result in a weakening of the
thetmoballne  conveyor by reducing NADW formation. This led to decrensed
gvaporation, inereased preeipitation and reduced poleward advection of salty subtropieal
water, which amplified the initial signal resulting In a further decrease In NADW
formation (Duplessy ef al.. 1992), It was concluded that, despite the injection of glacinl
meltwater during warmer episodes, SSS and 88T remuined positively correlated during
the deglacintion. Cold, low salinity events occurred during the emly stages of
deglacintion, (14,5 « 13 ka) and the Younger Dryng, but minor injections of meltwater at
high latltudes are Insufflcient to account for the observed salinity changes. It is necessary
to Invoke an additional foedback from changes In the hydrological eycle and in
advection to trigger changes in the thermohatine circulation (Duplessy et al., 1992).
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Deglaciations and Melt Water Pulses

Deglaciations are triggered by re-organisations of the ocean-atmosphere systenw. In
paricular they point to the swlden resumption of conveyor elrculation in the Atlantic as
n ey ingredient of such reorganisations, The conveyor brings vast amounts of warm
water to the surfhce of the northern Atlantic, and jts resumption would explain the
rapidity and magnitude of the change associated with Termination I (Broecker et ol.,
1990). Receat peochemical data have challenged the view that rapid climare
fluctuations iy the North Atlantic were caused by the thermohaline circulation being
switched on or off, and indicate rather that eirculation switehes between a warm deep
mode and a shallow cold mode were associated with different sites of deep
convection, The mechanism for the transition is the rearrangsment of convection in
the North Atlantie. triggered by brief melt water pulses (Rahrustorf, 19943,

Melt water pulses are characterised by low 8C values and reduced flow speeds. It has
been inferred that high Cd'Cu ratios in benthie foraminifera deposited on the Bermuda
Rise reflected deamatically redied NADW production at 14.5 ka in response to a
widespread flug of meltwater in the Norweginn Sea (Keigwin, and Lehman, 1994),
After the start of Tormination 1A (14 ka) flow speeds abruptly decreased and reached a
ruininmn at between 34 ka and 13 ka, ns indicated by a pronounced mininum in $9°C,
values which suggests a decreased influence of northern soutce water. This decline is
colncident with Heinrich event 1 and the associated melt water input (McCave er al.,
1995), It is maintained thut this meltwater pulse at 13,5 ka induced the “meliwater
motle®, which shut down NADW production, and balted the thermolialine conveyor belt
(Samthsin et al, 1994}, The result was a major vooling in Europe, (the Older Dryas).
Subsequent renewal of NADW production reversed the cooling in a fow hundred years
and gynchronously released vast amounts (120 Gt} of carbon, which accounts for the
eatbott “plateaus™ at these times (Sacuthein ef al., 1994), The melt water pulses centred
at 12 ka and 9.5 ka (Figawe 4.16) were also characterised by very low 8'°C values,
(Figute 4.17) os determined from an acewate chronology of core EN120GGC],
presumably owing to reduced NADW {nfluence at the site (Fairbanks, 1989). The
Younger Dryos cold epoch, does not, however, seem to have resulte.. from a similar
oceanic eireulation regime. a situation similar to that of the present existed during the
event (Figure 4.19), According to the data, a meltwater pulse precuded the YD by 1 ka
(Figure 4.18) (Bard, e al., 1996): this pulse, nithough larger than that at 13.5 ka, seems
not to have impacted on the crucial site of deep water production in the GIN seas
(Saenthein ef af., 1994). Subsequently, at 10.3 ko, towards the end of the Younger Dryas,
o melt water mode accurred (Samthei ¢f al., 1994),
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three eyuilituda, (a) the notal ‘present-gay® conveyor, (b} the weak ‘volder”
conveyor, (<) the strotg *wamer' convayor, The x-axds i3 the latttude with positive
pod tepative values ndeating "N ane 28 respectively, Positive nnd negative contottrs
Indiate glockwise and eounterclockwise clroulations, respectively, with fand 1,
indler * i foead anaxdmit and minfma, respectively (Weaver and Hugles, 199:4),
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Flg. 413 Latinwesdepth distibution of *he stresm function which represents the
meridimal overturning in the Notth Atlantie in valts of sveedrups averaged over (i)
yeary SH = 600 of the control expetitient, {b) years 19 and 20 and (¢) years 291-300
of the [eshwater expeviment, {Depth I3 given in kny, orens of elockwise cirulation are
shadedy, During the few initiel decades, the THC in the Norte Atlantle markedly
weakrts and becomes shallower (compare (1) ond (b). allowlng o stronger deep Inflow
of AABW, The [nitlal enppring of the Atlantie Qeenn by the Jow-tenslty, fresh surface
water chokes off the heat exchange between the atmosphiere and the ocean and ralses
the lomiperature of the subsurthce water, rapldly weakening the THC (Manabe and
Stoulley, 1995).
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medium mode, 25 Sv: strong mode), Cycles involving millenium-long in*=rvals,
during witich the strong conveyor mode Is operative are induced; these terminate in
sharp transitions to the weak mode, followed immediately by a more geadual shift to a
millenium-long medium mode. The cvele ends with an abrupt shift back to the strong
conveyor (Broecker. 1994a),

]
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Flg, 4.12 Zonally integrated meridional nass transport in 10°m* 5™ in the Atlantie madel basin: (a) for

the spin-up convayor state, {b) for the equilibrium reached afler the first fresh water perturbation: ()

fur the equitibrivinn after the seeond perkrbation. These three coupled equilibria exist vnder the same

Soteing. Note that i () aml (€1 the NATYW cell does not tench down to the bottoin of the North
ilantle (Ralimstart, (994),

A model by Stocker ef al. (1992b). (Figure 4.15) produced four steady states of the
thermohaline circulation wnder identical boundaty conditions, One of these states is
when the Atlantic circulation is reversed, witly deep water only being formed in the
Southern Ocean. Atlantic SSTs are 4°C cooler in this mode than in the norma)] conveyor,
and result in atmospheric temperature changes of 2,6°C at 70°N,

Common to ali the ocean cirenlation models is the sensitivity of the ocenn circulation
to small chunges in surface foreing, particularly to buoyancy fluxes in regions of deep
water formation in high latitudes (Hasselmann, 1991). Differences In the circulation
regimes may be attributed to different relative rates of deep water formation in the
North Atlantic aud in Antarctica, The experiments produce a continuous transitlon
from & cireulation regime in which most of the deep water s formed around
Antarctica to o cireulation regime similar to the ¢onveyor belt circulation, in which
deep water is forined mostly in the North Atlantic (Hasselinann, 1991}, Further, all
models tend to repligate the tight coupling between the strength of the conveyor belt
and changes in temperature in the northem hemisphers,
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Atlantic to high northeru latitudes, The model predicted a drop in SST of up to 5° C
within 10 years. The rate of NADW production remained the same, but cold
conditions were ngsocinted with NADW sinking to intermediate depths only, while
AABW pushed notth to fill the entire abyssal Atlantic (Rahmstotf, 1994),

Southern Attantle
ocaan ~ Ocaan

Deaan surface
Om

2,500 m

- 5000m
Otean bottam

0% 359 70N

Flg, 4.11 Schematic dingram of North Atlantle Decpy Water overlying deeper
Antaretie Bottom Water, Top, present-day vircttlntion: bottom, pessible elreulation

~in the Lnst Glacial Maximum, with a shallower Novth Atlantic conveyor and
stronger flow of AABW (Bovle aud Weaver, 1994),

Manabe and Stouffer's (19935) coupled model reproduced the abrupt osecillations
observed in ice and ocean cores when subjected to ftesh water inputs (Figure 4,13
Their model caused the thermohaline circulation to weaken dramatically, and then
intensify, followed by a further weakening which subsequently recovered gradually.
During the weak thermohaline sirculation, AABW moved notth and filled the ocean
to 60° N up to 2 000m. The oscillations occurred over n time seale of centuries and
produced large temperature variations in the northern high latitudes, but had less of an
effect on the rest of the world.

Many models exhibit multiple states of operation. Weaver and Hughes' (1994) simple
two-basin ocean model, (Figure 4.14) driven by freshwater fluxes in high latitudes
exhibits theee stable states, all characterised by two Attantic circulation cells, a shallow
conveyor driven by deep water formation at its northern end, and a deep conveyor in the
opposite seuse driven by deep water formation in the Southern Qcean (Broccker.
19940). By releasing excess fresh water at the surface of the model’s northern
Atlantic, sudden swi . s in circulation from one mode to another oceur, The states
differ in the relative strengths of the circulation cells (1.5 Svi ~ weak mode, 10 Sv
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PALAEOCLIMATE MAPS OF SOUTHERN AFRICA
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In southern Afiica, data from 23 sites wete compared for signals reflecting the Little
Iee Age. The temperature series fiom Cango Cave speleothem (Talma and Vogel,
1991} and another derived from analyses of planktonic foraminifera off the coast of
Walvis Bay suggests that the Little Ice Age started in 1300 AD and ended in about
1850 AD, with a warmer Interval at 1550 or 1600 AD. Further palaconvitonmental
evidence from shell middens at Elands Bay indicates cooling between 1300 and 1550
AD (Cohen ef al., 1992). Evidence from the interior of South Africa suggests that the
maximum cooling was ut about 1400 AD (Scott, 1991),

The 1400 AD cooling is supported by an analysis of tree ring data from the western
Cape {Cedarberg) and Natal (Karkloof), The tree ring series also reflect the warming
at about 1600 AD (Tyson and Lindsay, 1992), and indicate that regional differences
did exist, Evidence of the Little [ce Age is also forfhcoming from Namibia (Vogel and
Rust, 1987), where the Amspoort silts buried a riverine forest which grew during the
- earlier warm period.

Conclusion

The climatic history of southern Aftica matches that of ofher parts of the world in its
general characteristics; the cold, arid climates of Isotope Stage 2 were followed by
ameliorating conditions during Stage 1 (the Holocene), with temperatures peaking in
the Holocene Altithermal, A climate reversal is evident in the record, similar in both
temperature and rainfali patterns to the Younger Dryas of the northern hemisphere. Tt
appears, however, to predate its northern hemisphere counterpart by a thousand years
in terms of its initiation and termination, although the dating control is less precise
than could be wished.
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The onset of wetness over Namibia, the Notthern Cape and Transvaal dates to between
7.5 ka and 6.5 ka, but south of 29°8 it ocowurs no earlier than 5.5 ka and as late as 3.5 ka
ity the Southern Cape (Scott, 1993). The influence of the Agulhas current, associated
with a southward shift in the Subtropical Convergence, is inferred in conirolling this
diachronism (Partridge, 1997).

From 5 ka to 3 ka, rainfall throughout the interior of South Africa became higher than
at present, while the Namib and southern Kalahari became drier (Figures 6.18 - 6.19),
Some caution may be necessary when interpreting certain southern Kalahari sites, as
they consistently indicate moisture trends opposite to those from nearby areas, for
which no ready climatological explanation is available. Some of these sites rely on
dating of pedogenic calcite which may significantly postdate the features in which it
has formed. Central sites suggest wetter conditions at 4.5 ka (Scott and Cooremans,
1990), while eastern sites became wetter at 2.4 ka (February, 1993), Tempsratures in
the summer-rainfall region were higher at 4 ka, but Cape coastal sites reflect lower
temperatures at 3 ka (Cohen et al,, 1992; Talma and Vogel, 1992). The same
temperature regime obtained until 2 ke, except for a possible cooling in the far
northern Transvaal, Some sites in the summer-rainfall region show a cooling after 3
ka and rainfall decreased in the winter-rainfall region (Meadows and Sugden, 1991)
and in the eastern Cape, This desitcation seems to havs spread info Natal before 1 ka,

After 2 ka, the regional differences evident in the previous period continued, but were
less .marked (Figures 6.20 - 6.22), In the southern part of the winter rainfall region,
there was a decline in available moisture, but the western Cape became wetter during
this period with a decrease in summer rainfall, A decline in moisture over the Transvaal
is also apparent_especially at about 1 ka (Scott and Brink, 1992), Within this interval
two petiods have been extensively documented: the Mediaeval Warm Epoch, and the
Little Jee Age (Tyson and Lindsay, 1992). Although there were climatic fluctuations
on oven smaller time scales within each period, there is good agreement between
several sites with continuous records in western half of the country. The Mediaeval
Warm Epoch was characterised by warmer, wetter conditions, while the subsecquent
Little Ice Age was subject to a climate colder and drier than any since the Younger
Dryas.

The Mediaeval Warm Epoch oceurred from about 900 to 1300 AD. The Cango Cave
temperature series records a peak in temperature at around 900 AD (Talma and Vogel,
1991), while the oxygen isotope analysis and aragonite-to-caleite ratio of Puatella
gramilaris and Patella granating shells from Elands Bay show a warming from about
1000 to 1300 AD (Cohen et al., 1992). Evidence front the interlor at Wonderkrater,
Tate Vondo, Scot Spring, and Rietvlei Dam suggests that the warming took place
between 900 and 1300 AD (Scott, 1991). Tree ring analyses from Natal suggest that a
warm petiod oceurred before 1300 AD (Tyson and Lindesay, 1992).

The Little Tee Age was a globally-extensive cool perfod, and is well documented in
many sites in the southern hemisphere. It is prominent in the ice-core record from
Quelecaya in South America, and is evident in other Patagonian glacial series. In New
Zealand, the event is recorded in speleothems and glaciers; it is also registered in the
Antarctic records from Law Dome (Tyson and Lindesay, 1992).
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South Africa some thousand years before the Younger Dryas in the northern
hemisphere. This accords well with recent work carried out in the Andes, and New
Zealand (Lowell et al., 1995), although the accuracy of the dating control may be
questionable in the case of some of the South African sites.

The number of localities for which warmer climates than at present have been inferred
increases again between 11 ka and 10 ka (the interval embracing the Younger Dryas in
the northern hemisphere), aithough this period seems to have remained dry (Figure
6.12). The warminyg seerus to have followed the same pattern ag the 13 ka - 12 ka
interval, {.e. occurring first in the Karoo and Drakensberg, and tnus indicating three
regions of climate response. After 10 ka, the escarpment and winter-rainfall regions
seem to have experienced higher rainfall, while the interior and Eastern Cape
remained dry, From 10 ka to 9 ka (Figure 6.13) conditions warmed slightly, possibly
interrupted by a brief cooling between 9 ka and 8 ka (Figurs 6.14) (Partridge ef of.,
1990). Evidence of drier, warmer conditions from about 9 ka is forthcoming from the
analysis of polleniferous sediments at Wonderkrater (Scott and Thackeray, 1987) and
Clarens (Scott, 1988), corroborating the evidence for warming at the Uitenhage aquifer
at 9 ka (Heaton er o/, 1986). The maps suggest that the warming occurred in the eastern
interior accompanied by wette: conditions, while the southern Kalahari remained dry.

- The Namib experienced a wet interval that ended at about 8 ka; this being inferred from
renewed tufa formation in the Kuiseb river at about 9.8 ka and evidence derived from
the Natab Sitts (Vogel, 1989).

After 8 ka, the north eastern port of the summer rainfall region and the southern
Karoo/escarpment became markedly dler, and wete characterised by temperatores
warmer by 2°C than present (Figures 6,15 - 6.17) (Partridge, 1995). This Holocene
Altithermal was associated with protracted aridity in the Namib, based on evidence from
the Natab silts and the shorter reach of the Kuiseb river (Partridge, 1993a). Dry
conditions continued on the escarpment, the south coast and it the Namib until 5 ka
BP, while the interior was wetter, except for the north-east. Howevet, by 6.5 ka,
rainfall in the Namib may have increased on the basis of increased grass cover at
Mirabib (Avery, 1993); these moist conditions for the high lying areas of Namibia
between 7 ka and 5.5 ka are also reflected by waterlogged conditions at a spring in
Windhoek (Scott ef al., 1991). Evidence from the Pretorin Saltpan suggests wetter
conditions over the Transvaal (Parttidge ef al., 1993) in agreement with pollen analysis
from Wonderkrater (Scott and Thackeray, 1987), This evidence is, however, in conflict
with micromammalian evidence obtainied from Jubilee Shelter further south and
Wonderwerk Cave on the Kulahari margin (Avery, 1993), The south western Cape
coast (as determined from coastal cave bone fossils) may also have been drier (Klein,
1990}, This distinctive patterning of wet and dry regions in South Aftica is one of the
new findings of this project.

It is argued that the southern part of the region responded differently, with a change in
rainfall seasonality (Partridge, 1993b), Thus the southern Cape may have experienced
mote summer rainfall at about 6.2 ka (Avery, 1993), while year round rain in the rest of
the Little Karoo commenced at about 5 ka (based on renewed speleothem growth) and
lasted until 2 ka (Talma and Vogel, 1986), A lack of synchroneity between chuanges in
wetness between the northem and southem parts of southern Aftica is thus apparent.
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coastal caves) suggests moister conditions were initiated at about 14.6 ka (Klein, 1990;
Meadows and Sugden, 1991).

After 13 ka, temperatures began to rise to levels higher than present in the Karoo and
Drakensberg (Figure 6,10). Although no deposition took place on the Cango Cave
stalagmite between 13 ka and 5 ka, proxy data from Boomplaas and Wonderkrater
confirm this trend (Partridge, 1995), The Kalahari and Namib became wetter, but dried
again after 12 ka, The earliest proxy evidence for temiperatures miore than a degree
above preserit levels is between 13 and 12 ka, in the Karoo and along the foothills of
the Natal Drakensberg Escarpment, Analysis of sediments from Clarens suggest that
the warming at 13 ka was accompanied by moist conditions (Scott, 1988). Opposing
trends are in evidence in the winter rainfall region, Changes in deep water control
were such that NADW and LNADW reached a peak in formation at about 13 ka,
while AABW was very much reduced. Current theory holds that when NADW
prodiction rates are high, southern hemisphere temperatures increase (Bender et ai.,
1994; Jouzel et al., 1995); the relatively warm upwelling of NADW promotes sea ice
melt back around Antarctica (Crowley, 1992). This may move belts of Antarctic
climate sorthwards and thereby increase the poleward transpor of heat through the
atmosphere (Bender ef af,, 1994).

In the period 12 ka - 11 ka (Figure 6.11) all sites show reduced temperatures,
suggesting a brief return to near-giacial conditions during that time. Evidence
suggesting that one site (Swartkolkvloer) expsrienced a temperature increase is
probably questionable, Cooling associated with a soulhesn Aftican climate reversal is
also evident from shell isotopes along the Atlantic seaboard, and from ostrich eggshells
from the interior, although this cooling is dated at 11 » 10 ka (Cohen ef af,, 1992;
Partridge, 1997) which is more in keeping with global trends spanning the Younger
Dryas interval. {In a later publication, the cold interval along the coast is dated to
between 12 ka and 10 ka (Cohen and Tyson, 1995)). NADW suddenly declined, while
AABW increased from 12.6 ka to 11,5 ka with a small reversal in the trend around 12
ka. These changes in deep water formation may explain the apparent diachronism
between the two hemispheres. The increase in AABW is attributed to increased sea ice
formation around Antarctica, owing to decreased insolation at about 12 ka, Increased
AABW would subsequently reduce the flow of NADW reaching the southem
hemisphere, or reduce its formation rate further north (vide {nffa). Southern hemisphere
cooling would thus precede cooling in the northern hemisphere,

Except for the castern parts of the country, there is a marked decline in rainfall
coincident with the temperature reduction. Sites in the interior (Aliwal Nortl) (Scott
and Cooremans, 1990) and vegetation changes near Wonderkrater {(Scott und
Thackeray, 1987) record drier conditions at this time, Although weiness for the period
14 ka and 10 ka is suggested by a study of calcareous lacustrine sediments at Narabeb
and Khommabes in the Namib (Teller et al., 1990), a regional period of dessication
betweent 11,9 ka and 10.7 ka is evident from calcification and desiceation of * --d beds at
Conception Bay and Meob Bay in the Namily (Vogel, 1989), Evidence frou. iakes and
caves in the Kalahari suggests arldity at about 11 ka (Shaw ef al., 1988), while inner
dune formation at pans subjected to falling water tables is apparent at 12 ka (Lancaster,
1986), Two south western Cape sites suggest an incrense in moisture over parts of the
- winter ramnfall area, If this interpretation is correct, a climatic reversal occurred in
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AABW Formation and the Rale of sa-taretic Sea Tee

It 15 penctally maintainetl that northern hemispliere ecan-atmospliere dynamies control
the global pattem of elimatic change Oirough the interaction of NADW production and
the global thermohaline ereulation, An onalysis of southern hemisphere dynamies
Follows which demonstrates the vital role played by the southern acean and Antaretica in
mchulating global climate chanpe, This atalysis wlso proposes mechanisms that explain
southern Altican climate variability.

Antareticn and ity surrounding ocenn bave a unique inflienee on plabal climate, In that
the ceean completely swrounds the continent. In contrast to the sitwation in the nortbern
hemisphere, the Sonthern Ocenn nteracts dynamically with the Adantic, Pacifle and
Incdian oveans (Figure 7.6) (Budd, 1991: White wx Peterson, 1996} via the deep water
Antaretie Circatapolar el {extending From the surface to about 4 000 m, (Corliss,
19813, which fTows at 130 v, Swrlace winds aver the Southern Osenn have important
elitets on west ganst fomperatures (Bugdd, 19913 some vonsider the inteplay between
tropleal Australosia and Antwreticn to e the key to south Pacilic palacoclimatie
dynamies (Markgral of af., 1992),
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enstern regions of the country at about 7 ka. From 3 ka to 3 ka, all sites, except a few in
the Kalaharl and Namib, reflect a teturn to wetter conditions in agreement with SST data
for the period 4.3 ka to 2 ka (Cohen and Tyson, 1995) and temperatures were higher
except in the southemn Cagpe, Unfortunately, a hiatus exists for the period 2.4 ka to 650 a
B.P, in the Nelson Bay Cave data, subsequently SSTs at 650 a B.JP. were lower
suggesting wetter conditiorn.”, Conditions below the escarpment in the Namib were
consistently drier from 10 ka and remained so until the last millenium, This is at
variance with the findings of Cockeroft er al.(1987), who report wetter conditions from
9 kato 4 ka,

Cockeroft et al, (1987), conchwle that their spatial reconstruction accords well with the
theoretical expectations that follow from the Tyson (1986) moslel, In general, the results
of this work do not contradict their conclusions; many of the differences may be an
artefact of the time-slices cliosen, However, the period between 8 ka and 4 ka shows too
many variations to be considered a5 & single time-slice, and their conclusion that the
period betwesn 12 la and 10 ka was marked by lower rainfall, but otherwise similar
elimatie conditions, may need ~-examination, The results of this work reinforce the
concept of southern African climates being closely connpected to ENSO events, and the
nssociated Antaretle teleconnection, on time scales varying from decades to milienia,
The inferences proposed by the conceptual model of Cohen and Tyson {1995 are
generally borne out by the climatie reconstructions based on the PASH dato,
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According to Cockeroft et al., the interval from 14 ka to 12 ka was wetter, with drier,
possibly anomalous, conditions, 11 the east. The present analysis suggests that from 14
ka to 13 Ka, the whole country except for the southern Cape constal littoral was
characterised by wetter conditions. The wetter tendency continued until 12 ka, except
that the drying spread further north, and west. The dry Namib postulated by Cackeroft of
al, 1987, is not apparent; the Namib sites reflect increased wetness for the whole peried
under discussion, possibly owing to the warmer S8T's resulting from Agulhas intrusions,
The incursions of warm Agulhas water into the Benpueln are indicated by ocewtrences
of shells of east coast taxa in the Benguela region between 13.5 ka and 12 ka (Pether,
1994). Considerable agreement is, however, appagent in inferred temperature trends,
with a warming {rend apparent between the Caps Fold nrountains and the central Karoo;
this trend tends to recur within the wetter regions, The analyia. of Algoa taxa, and the
proxy data suggess that this period was charncterised by warm, moist conditions, with
opposing trends eccurring in the winter rainfall aven, The madel, however, suggests that
dry spell conditions should have prevailed at this time,

The return to warmer, wetter conditions was interrupted by a climatic reversal butween
12 ka and 11 ka when most sites Indicate a return to cooler and dyier conditions. Sites in
the enstern third of the country aud the Namib reflect wetter conditions, This finding Is
in agresment witl that of Cockeroft et al,, (1987). Subsequently, between 11 ka and 10
ka, warniing similae to that observed from 13 ka to 12 ka is apparent; the corresponding
return to wetter conditions did not, howsver, aceur, Since Cockeroft ef al, (1987), do not
map the interval 12 ka to 11 ka as o single time-slice, it is difficult to make meaningful
comparisens. The data from Nelson Bay cave dated prior to 9 ka containg no Patella
tabudaris shells, and the area was colonised by cold-water species, suggesting decreased
SSTs associated with wet-spell conditions (Cohen and Tyson, 1995),

According to Cockeroft e al, (1987), a wet phase characterised the west of the country
from 9 &n, while the southern and eastern areas remajned dry; fromt 8 ka to 4 ka the
country as o whole, except for the south western Cape, experienced moister conditions
than present, These conclusions are corroborated by recent work on SSTs off the south
const, Bvidence of §ST' fluctuations above the Agulhgs Bank off South Africs using
Patella tabulariy shell from Nelson Bay Cove wos obtained for the period 9 ka to
present (Vohen and Tyson, 1995). The record suggests lower S8Ts between 8.6 kn and
6.3 ka, and wet-gpell conditions are inferred, Evidence fiom this study suggests that
between 9 ka and 8 ka no olear trends are evident; the southern Cope was possibly
wetter, and many sites show evidence of warming, Contrary to Cockeroft et al. {1987),
and Cohen and Tyson (1995), 8 ka to 7 ka was drier, except i the southem Cape, The
wet conditions in the western Cape were reversed from 7 ka to 3 ka,

Evidence from this study suggests that the eastern half of the country experienced dry
conditions from 7 ka to 5 ka, with some areas showing cooler conditlons. Cohen and
Tyson {1995) maintain that their results are In conflict with syntheses baged on terrestrial
proxy rainfall data in enrlier reviews (Cockroft et al., 1987; Partrldge of al., 1990) As
S8Ts between 6 ka and 4.7 ka were higher than present, dry-spell conditions arc
inferred, with a wetter winter tainfall area, The PASH maps corroborate this inference
and show drier conditfons at many sites for the peried 6 ka to 5 ka, with incrensed
wetniess at some southwestern Cape sites, The drying trend seetns to have started In the
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the soutl west of' the continent could be associated with changes in the upper westerly
troughs. In recent wuk highlighting the associations between SSTs around South Aftica
and rainfall (Muason, 19935). high SST's, owing to a poleward shift in the zone of surface
westerlies, in a broad zonal band between 15°8 and 3578 and i an aren inmediately to
the south of southern Aliica. are associated with wetter conditions over the summer
rainfall ares. This is due to ennanced stmospheric baroclinicity and lence cyclogenesis
assoefated with both tropical and temperate synoptic systems (Mason 1995), Although it
is mnintained that ST variations off the west coast are of minimal climatic significance
to South Africa, except localiy along the west coast (Muson, 1995), an area in the
subtropical latitwdes of the astern South Atlantic Ocean between 13°S and 30°8, and
15°W and 18°W may fnfloence rainfall in that it encompasses an area subject to the
lookage of warmn Agulhas waters in the forrn of Agulhas rings, which result in
anomalously warnt pools of water within this aren (Figure 7.2) (Pether, 1994; Mason,
1995}, The warm water may result in 2 weakening of the South Atlantic Anticyclone
which has been associated with drier conditions over South Aftica (Mason, 1995), and
wetter conditions prevailing along the west coast,

Comparisen between the PASIT maps and contemporary modelling studies,

Cocleroft er e, (1987). and subsequently, Cohen and Tyson (1995) have attempted to
explnin southern Adiican variability using Tyson's (1986) wet and dry speil model, The
model proposes that wet-gpell conditions (as defined by Tyson 1986), are associated
with negative S5T anvmalies in the eastern Agulhas Bank region caused by upwelling,
higher volume transports of the Aguthas Current and redueed influence of winds from
the southwest, At the sane time, the stronger southeasterly winds along the west coast
would enhance southern Bengueta upwelling with low SSTs. Dry-spell condition. on
the other hond, are assoclated with positive SST anomalies caused by reduced
upwelling, onshore adveetion of warm surface plumes, and decreased volume transport
owing to wenketied attmospheric circulation over the southwest hdian Ocean (Flgure
7,3} (Cohen and Tyson, 1995), Using the available literatues, a number of maps (Figures
7.4 and 7.5) of palacorain’all and temperature were compiled for significant time slces
by theses authors.

The results of the study (Cockeroft ef al 1987) suggest that from 25 ka to 20 ka, and
from 18 ka to 15 kn, the broad climatie pattem appears to have been cooler and wetter,
‘The findings of the present analysis are in apreement with teepect to the temperatute
tendencies, but swgpest the existence of drier conditions at neardy all sites until 17 ka,
with the exception of enstern sites between 20 a0 g 19 ka (Figure 6.1), Inctensed winter
raiufall is also not apparent until 17 ka (Figures 6.4 & 6.5). The assertion that the present
day dry spell anatogue would have prevailed for the petlod 25 ka to 15 ka, with an
equatorward displacenent of the ciclation is corroborated by this work. The lack of
winter minfall over the wusten Cape during this period may be an artefact of
insufficlent data for thwt perdod; alternatively, desiccation may have prevented the
gecutnulation of good, datable material such as pollens,



PAGE - 83

level by Antarctic sea fce variability through the SO, If this is the case, past climates
may have been influenced in a similar way.
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An investigation using spectral analysis of SSTs around South Africs sugpest that
associntions between present day SST fluctuations and rninfall oscillations exist (Mason,
1990). The rainfall variability is thought to be modulated with local SST anomalies
through a mid-latitude atmospheric response, Further, the position of the $ST gradient to
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North of 208, the Inter-[ropival Convergence Zone (ITCZ) has a pronounced affect on
summer weather patterns; the vertical movement of air in this region produces closed
tropical lows, troughs and ridges assoclated with convective activity, The ITCZ moves
in an annual cycle with the passage of the sun, and the rain belts move accordingly,
Cyclonic and anticyclonic perlurbations in the mean flow ocour in all seasons, The core
of highest frequency of anticyclones experiences a seasonal meridional displacement of
about 4° (Tyson, 1986).

The Southern Oscillation is an important feature of southern hemisphere climates,
During the high phase, pressue rises over the easterm Pacific, and falls over Indonesia.
Surfuce easteriles and upper air westerlies complete the cell, termed the Walker
Circulation. Thwing the low phase, the cireulation weakens, the surface easterlies
decrease in Intensity, or reverse, and the 200mb westerlies weaken, The sub-tropical jet
streamt in both hemispheres intensifies duting the fow phase, while the Pacific Hadley
cell weakens during the high phase, resulting in weaker jets and less meridional flow in
the Hadley cell. The Southern Oseiilation Index (SOI) has been positively correlated
with summer rafnfall over South Afiica, accounting for about 20% of the variance. In
general, more wetter years were assoclated with high phases, than drier years with low
phases (Tyson, 1986).

Correlations with circulation ndices indicate significant links between the SOI and
circulation over South Altica. The $OI modulates tropical easterly flow over low
latitudes during summer, and s significantly correlated with changes in summer
westerly flow to the south of the country, Geopatential heights over southern Afiica are
correlated, with lower heights oceurring during the low phase, and vice versa. Qver the
ocean, pressure tends to rise during high phase, wud weakens duting the Jow phase, The
consequence of these pressure reversals s a weakened poleward and meridional pressure
gradient during high-index summess, and an enhanced gradient in low-phase summers,

- Sumuner temperature fiehds show & similar correlation, Hiph-intex summers ate
nssociafed with weakened poleward temperature gradients, and vice versa, A negative
correlation between the SO! and the zonal wind ecomponent at 200mb exists, Diring
high phase. wind anmualies become easterly, except over Muorfon Isiand where
westerljes strengthen. Durbig low phase the opposite occurs, Meridional wind
components at 200mb durlng high phase become more southerly over tropical Afifen,
and more novtherly over the sub-tropies. During the fow phase, the reverse accurs, with
upper alr convergence enhancing swiface divergence over ceniral southern Aftlen
{Tyson, 1986),

The Southern Oscillation 8 a quasi-periodic phenomenon, with a mesn recurrence
interval of 3.2 yenes, anl the length of o typical event is between 18 and 24 months.
Peala in southern African raintall spectea at 2-3, 3-4, 5+6, and 1012 years are echoed by
identlesl peaks in the SOU speeteal penks (Tyson, 1986). Recont work has suggested that
ENSO c¢ignals in the Antarctic sea ice have been previously underestimated (Yuan,
1996}, 40.% of varfance in Antarctic sea ice anomaliea is attributed to ENSO, and the
sea joe has high correlations with precipitation over tropical land arens (28°N to 28°S,
85.5°W to 152.5°F) and with S8Ts in the equatorial Indian Ocean, However, the physics
of the connection iy not well understood (Yuan, 1996). It is tempting to speculate that
present day climate vaiability over southern Afiiea may be influenced at o significant
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mallusean taxa, are correlated with decraased trade winds and reduced upwelling off the
coast of Namibia (Pether, 1994).
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Presently, the dominant feature of the southern hemisphere circulation is the large
tropospheric circumpolar vortex of westerly winds, and the associated pressure fields,
The surface is dominated by large semi-permanent anticyclones which vary in pasition
on a seasonal scale, The South Atlantic Anticyclone and South Indian Anticyelone have
a slpnificant influence on South Africa’s climate, although it is maintained that
anticyclogenesis in u poleward stream of subsiding alr originating in the Indian monsoon
system affects South African winter weather {Tyson, 1986),

The wind field over southern Africa is dominated by the inter-annual variation of mid-
latitude westerlies and tropical ensteilies, The westerlies dominate the subtropies (30°S)
in winter, and the jet core migrates to 40°S in sumimer, while the ensteriies strengthen
and move poleward. The meridional component of the wind field, while not os large as
the zonal component, is important in transporting water vapowr; mass, heat, and
mormentum (Tyson, 1986).
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CHAPTER SEVEN

Present Day Southern Hemisphere Climates

A number of mechanisms have been invoked to explain the changes outlined above. A
short synopsis of the main variables affecting present day southern African climate is
necessary before an attempt can be made to explain palacoclimates of the region in
terms of regional atmospheric and oceanic circulations. This synopsis is necessarily
brief; the reader is referred te Tyson (1986) for more detail.

Int general, sonthern hemisphere climates are determined principally by the asymmetrical
digtribution of land and sea. ~ the small area of land and the very cold polar region
(Makgraf er al., 1992). Changes in minfall over time may result from changes in the
frequencies of min producing systems crossing a repian, changes in rainfull receipts
from a system, or changes in the type of system affecting the reglon (Harrison, 1938).
These changes are determined by variations in circulation under different boundary
conditions, '

The three most important boundary conditions uniquely affecting southern Africa are
8873, ocean currents distributions and Antarctic sea ice extent., At the Last Glacial
Maximum (L.GM) Southern Ocean SSTs wete reduced in conformity with increased
Antarctic sea fce, The Agulhus current was weaker, while the Benguels upwelling
incrensed locatly, leading to reduced SSTs. Orbitally forced changes in insolation altered
the seagsonal distribution of wdiation (Markgraf e al., 1992), Latitudinal temperature
gradients were stronger { Harrison, 1988b; Markgraf ef 4l,, 1992) and the westerlies were
enhanced and displaced northwards, Easterlies may also have been stronger; aeolian
deposits in western Amozonia have been ascribed to enhanced trade winds during colder
periods (Thompson er al.. 1993), as have the palacodunes between the Okavango Delta
and Etosha Pan (Lancaster, 1981), Evaporation rates over the Indian Qcean would have
been reduced in response o decreased 88T, while increased upwelling along the west
coast would have accentuated aridity (Harrison, 1988b), As sea level fowering extended
the land area of the Australasian region, the influence of the ENSQ phenomenon would
have changed (Markgraf ¢f el 1992),

Since the late Miocene. upwelling along the west const of Namibin has hind an important
influence on the coastal hinterland; this followed the development of the East Antarctic
ice sheet around 13,7 Ma (Oberhtingli, 1991). During periods of intensified upwelling,
the advent of water from greater depths results in cooler S8Ts (Oberhilnsh, 1991).
Fluctuations in upwelling show perfodicities at seasonal to Milankoviteh frequencies;
increased upwelling cccurred during stadials, snd vice versn. The upwelling also
changed in extent, reaching 17°S during glacials, and retracting to 20°§ during
interstadials, before the cold water retroflected westward (Figure 7.1) (Diester-Haas,
1987), The Benguela currant flow is controlled mainly by the trade winds and the
position of the ITCZ, Weaker trades in the Indian Ocean resnlt in a reduced flow of the
Aguthas current, decreasing south-easiward retroflection and incteasing penetration into
the Benguela regime: this results in warmer SSTs, and in stronger onshore winds,
Incursions of wanin Aguluas water into the Bengueln, as determined from an analysis of



-

The Last Thousand Years

Fig. 6.22 Soutlorn Afvies, Tenperalme and Rainfhil: 1 ko,

6L -HDVd



Fip. 6.21 Southern Afrlen, Tompernture and Rafnfull: 2 ™

8L -30Vd



PAGL - 101

One possible explanation for the lack of synchroneity between the Novth Atlaatic and
elsewhere is that a statronary pulae front was located at avound 45°N, which efiectively
insulnted arens to the noith fram global waeming, During the last glaciatar i w fauna,
consisting almost exclusively of Neogloboguadring pachyderma {sinist. v, spread
throughout the basin indicating that the polar front had advanced to about 45°N
(Lelr 1an, and Keigwin, 19920}, The polar front moved northward at about 14 700 years,
just before the onset of the Balling period, The Barbados coral reeord indicates melt
water pulses associated with ice sheet collapse at 14 500 and 11 500 years, and the
migration of the front seems to be synelironous with the renewal of NADW (Sowers and
Bender, 1995),
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(Lorius ef o, 1992}, The warting trend over Southern Africa identified on the PASH
maps for the period 13 ki to 12 ka may be a reflection of an increase in CHy,
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Fig, 7,13 Antaretie (oueve A) and Greentnod [eurve 13) isotepe records. Curve C
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seale. Curve B shows the benthle foraminiferal 5°C record from core RUT1-83,
(Ajnes are calendar vears BRI (Sowers and Bender, 1995),

The interhemispheric symmetry of the abrpt atmoespherle event that initiated the last
termination abcut 14 ka s not easily explained by orbital seasonad foreing, which is in
the opposite sense ot mid-latitudes in the two polar hemisplieres (Lowell ¢ af., 1995).
Further, the plobal glaclal pulses are not obviously connested with known thermohaline
switches In the North Atlantic, The Younger Dryas glacisl advance in New Zealand
cannot be expiained by o NADW flux, as the souther hemisphere chronalogy implies
that the last termination occurred before the switch to modern modes of NADW
produetion in the Notth Atlantic and eould thus not result from this switch, The same
difticulty exists for southern hemisphere advances at 14 890, 17 720, 21 000, 23 060, 20
9440, 29 600 yems (Lowell o al, 1995), The switel to a modem type of deep water
formation in the northern Atlantic basin npparently did not ocowr until after bi-
hemispherie glacial collapse, when southern glaclers had ~'eady shrunk significantly
compated to their extent during the LGM (Lowell et al., 1995).
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reduced insolation would reduce water vapour Jevels in the atmosphere, which would
lead to covling owing to fess longwave foreing, The affect of water vapour changes, in
concert with COs and thermohaline variations, could account for the interhemispheric
synchroneity of global termperature oseillations (Guilderson ¢f al., 1994),

As methine is a very efficient preenliouss gas (molegule for molecule, 21 times as
powerful us COg), it may also play a significant role in transmitting glacial/deglacial
sighals nevoss the globe (Peel, 1993), Methane Juctuations may amplify weak orbital
forcing, and may constitute the link between the two hemispheres (Lorlus ef o, 1990);
atmospheric water vapour aud sua-ice are two fast feedbacks that can be associated with
methane forcing (Lotlus ef al, 1992), Methane concentrations in the atmosphere are
limited by photochemically derived OLL radicals (Peel, 1993): it is hypothesised that
varlations i monsoonal rainfall owing to insolation changes contvol methane
concentrations through the expansion or contraction of wetlands and herbaceous
swamps {Street-Perrot, 1994}
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Fip, 7.11 Variadon during the Inst climate cycle, us derived from measurements
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Methane. levels In the GRIP and GISP 2 ice cotes do parallel the Inferred temperature
changes in the cores (Flgure 7.11 and Figure 7.02), and a 24 ka and 19 ka periodicity is
gvident in the Vostok core (Street-Perrot, 1994), It is calculated that CO and CHy
changes may account for up to 30% of the glacial-interglnciul chatge at a global seale
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Southern Hemisphere ~ Northern Hemisphere Synchroneify

The rapidity and mnplitude of glacial-interglacial transitions and the fnteshemisplieric
synchroneity of climatic chunge are difficult to explain in term of solar insolation
changes alone (Charles and Fairbanks, 1992). Experiments show that northern
hemisphere ice sheets have little influence on atmosphieric processes and SSTs in the
southern hemisphere, and it is unlikely that regicnal foreiog mechanisms will impact
plobally (Lowell et ¢l., 1995). It was initially believed that the atmospliere cannot be the
link between northern hemisphere insolation fluxes and southern hemisphere climate
changes. and that the link must be through oceanic eirculation changes (Genthon ef al.,
1987). Two mechanismy that may link the hemispheres are changes i CO» and changes
in the flux of NADW. CO; fluxes are correlated with orbital variations, and may have
important sffects on sea joe coverage (Howard and Prull, 1992), However, NADW is
not the only regulator of southern hemisphere climates, accounting for only 20% of
the Antarctic varfance (Crowley, 1992}, Evidence from the southern hemisphere
plies that southern warming antedated the resumption of NADW (Lowell vt al.,
1995}, and could not therefore be a result of it. Changes in southern hemisphere S8Ts
fre coherent at ¢he Milankoviteh orbital frequencies, but precede northern hemisphere
fce volume changes, and southern SST warming precedes increases in NADW in the
precessionat and eceentricity bands (Howard and Prell, 1992),

Work on interhemisplieric links by Lowell ef al. (1993) suggests that interhemispherie
coupling implies a global atmospheric control, possibly through varlations in
atmospheric water vapour, mather than o North Atlantic or Lawrentide fce-sheet trigger,
Southern hemisphere polar climates have had tight teleconnections to subtvopical
climates during the periods of early monsoon intensification at 13,5 ko when methane
levels increased over the subtropies while Antarction experienced a concomitant
deglacinl change in wind teajectories and dust levels (Sirocko e eaf, 1996), It is
suggested that water vapour sxports to high latitudes may exploin the coeval, but
hemispherically asymmetrical evolution of subtropical elimntes with polar glimates,

Recent estimates of tropical SSTs at 16 ka indicate that temperatures were 5°C colder
than present. These new estimates, although in conflict with those of CLIMAP, are in
agreement with other tropical temperature indices (Thompson et al., 1995) and the
present analysis. The recent SST analysis incdientes that significant warming occurred
between 16 ka and 12.5 ki, and that this was interrupted between 12.5 ka and 11,5 ka
by a temporary cooling, possibly of up to 4°C, coincident with melt water pulse 1A
(Thompsen ¢r al.,, 1995), The PASH data maps show no discernible warming for the
period 16 ka to 13 ka, however, n wanning trend is identified at Boomplaas wid
Wonderkrater from about 16 ka (Parwidge er al, 1990; Thackeray, 1990); this
warming over Southern Aftloa may have osewred at a tate of 1°C per millenium
(Thackerav, 1990),

Another prominent change i temperature oceties at about; .5 ke, just after nielt water
pulse 1B, These temperature variations are ascribed to radistive changes, possibly
owing to the equutorward displacement of biohly reflective clouds, The resultant
cooling vould reduce tropical SSTs and amplify the extent of high latitude glaciation
(Guilderson et al., 1994), The resulting radintive imbalance in the teiples caused by
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cireulation, and notth of 45° N heat tansport deereased fo zero owing to the
southward shift of the polar thermal front. These responses agree with reconstruetions
of the Atlantic eirculation during stadials as derived fronm: measurements of Cd/Ca
ratios and ¢arbon isotope ratios in benthic foraminifera shells (Fichefet et al., 1594),
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In a simulation where satinities at 62.5°S and 65N were set at 35 Yy the Atlantic
circulation became weaker and shallower as AABW occupied the entire deep ocean
below 3 000 o1 and penetrated north to about 55°N (Figure 7.9) (Stocker et ol., 1992a),
Surface forcing of the Southem Qcean not only determines the properties of AABW, but
also directly influences the sttength and depth of NADW formation (Stocker et al.,
1992a). Modelling by Rind er ol (1995) indicated that increased southemn sea ice does
not result in northeen hemisphere cooling theough atmrospheric elimatic processes, but
the mode] does not include the affects of nlterations in AABW, and thus southern sea ice
could affect narthem locations tlrough sich a mechanism (Rind e al., 1995).

The intensity of the Atlantic thermohaline overtuming is controlled by the density
differences between surface waters in the northern North. In a model developed by
Fichefet «f al, (1994), deep-water formation in the high-latitude North Atlantic under
glacial boundary conditions censed because of steatification due to the lower salinities,
Decteasing the salinity anomalies by 0.4 "oy in the north Atlantic, or increasing them
by the same amount in the south in the vicinity of Antarctic continent, leads to a
significant weakening of thermohaline overtwrning and to a more pronounced
intrusion of AABW (Figure 7.10) (Fichefot ef al., 1994).
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Fig, 7.10 Contours of the anmual mean meridional overtwndpy stresm-fusetion ki the
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Around JO°N, the surfacw-water salituly was suffisiently high to permit deep
convection to a maximum depth of 2 500 m as s source of glacial NADW.
Thermohaline overturing of moderate strength (11 Sv) confined to nortls of 40°8
oecurred with only I Sv of glacial NADW escaping south, Below 2 500 m most of the
Atlantie basin filled with AADW, The intensity of the Antarctic thermohaline cell
Incrensed by % 10% and resulted in a decp Atlantie temperature reduction of 2 « 3°C,
accompanied by an enhanced notthwerd flow of bottom water in the three ocean
basins, with AABW replacing relatively warm NADW (Fichefet et al, 1994),
Northward heat transport was reduced as a consequence of the weaker thermohaline
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attendant upon waxing and waning of the Antarctic sea ice must be considered.
hereasing salinity in the formation region for AABW can cause it to flow much finther
northward into the Atlantic, and can make NADW formation weaker and shallower,
NADW during the Last Glacial Maximum (LGM) was shallower than today, and the
AABW penetrated much further north, Work by Fichefet er af, (1994), suggests that
the glacial production of AABW was slightly higher than present, whereas that of
NADW was reduced by 40%. Increasing AABW density relative to NADW results in a
~ state similar to that obseryed during the LGM (Stocker ef al., 1992a), as demonsirated in
a model in which states of the thermohaline circulation can be varded from NADW
control of the deep ocean to AADW dominanee.
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Flp. 7.9 Latitudssdepth sections of the overturning stream functlon In Sv, potentinl
temperature, salinity, percent concentration of AABW, AAIW, mud NADW,
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elreulation 1n the world ecenn, The deep ocems 18 cocler e more galine than the
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~water orlglnating dom the Southern Oeenn, :nd streuger vertieal property grudients
ase present (Stocker of ¢l , 1992a)
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AABW forms in the Eckman layer on Antarctic continental shelves by the process of
salt rejection during sen jce formation (Kellogy and Kellogg, 1986; Hoffert, 1990,
Stockei et al, 19922), and is not formed from the direct effect of cold surface
temperatures. However, open areas in the sea ice {polynyss) ean also create bottom
water directly (Floffert, 1990). Salt rejection due to sea ice formation enhances
deepwater formation, which acts as g sink for gases, especially CO3 (Figure 7.8) (L.ucas
and Lindesay, 1991}, As the water freezes, it is calculated that 70% - 80% of the salt is
rejected (Hoffert, 1990), The AABW flow rate induced by the seasonal sea ice cyele is
of the order of 30 -~ 40 times the sea ice freezing rate, resulting in between 30 and 40 Sv
of AABW for every Sv of sea ive formed (Floffert, 1990).

There are three significant regions of moderm AABW formation: the south west corner
of the Weddell gyre, which is the largest confributor and produces the coldest and
densest water, the Ross Sea and the Adelie Const {Jolmson, 1983). Eddies fiom the
eircumpolar current flow into the Ross and Weddell scas forming clockwise gyres.
Water in these gyres is subjected to intense cooling, especinlly in winter, and is enriched
in salt as ice formation oceurs. The resulting dense salty water («1.9°C. »34.52%q) flows
down the Antmetic continental slope where 18 mixes with Cireumpolar Desp Water
(CDW), attaining an increased density, and subsequently sinks as AABW (Kellogg and
Kellogg, [986), Total present day AABW volume is estimated to be in the vieinity of 13
Sv {Gordon, 1988),

Variable rates of formation of NADW have also been suggested as a mechanism
through which chianges in the flow In the oceanic conveyor could modulate the amount
of seq fce around Antarctica and thus alter southern temisphere climates (Kerr, 19930L).
Faunal data show that the glacial-interglacial oscillations of the Antavutic Cireumpolar
Current (AACC) are very similar to those of the North Atlantic, and suggest reduced
influence of NADW on CDW during glacial intervals (Corliss, 1983). One hypothesis
holds that changes in area of Arctic sea jee due to oaital variations reduce NADW
production. which leads to an increase in sea ice arousnd Antarcties (Rind ¢f al., 1995).
There ore some problems with such a simple norther/southem hemisphere link.
Modelling studies suggest that the influence of NADW on the sea ice field of the
Southern Ocean is modest and NADW can nccount for only 20% of the ebserved glacial
«to-insterglacial change in the South Atlantic (Hodell, 1993), It i thus possible th.t the
observed relationship between NADW and Southem Ocean sutface water properties is
not one of cause and effect (Hodsll, 1993),

Although present day AABW receives much of its salt from NADW, a total shut down
of ITADW naad not lead to a cessation of AABW formation, AABW nnd NADW do non
co-vary, there s evidence of AABW formation when NADW was shut off (Johnson,
1985). An alternative source of salt is available fiom the western Incian Qcean, and
evidence exists that indicates that there wos o southward flow of hypetsaline ware.. .
the Indian Ocean during the Quaternary (Johnson, 198%), During glaclatlons, the most
important arca responsible for the formatlon of eold, global botton: water may have been
the Southern Ocenn around the glaciated Antarctic continent owing ta a graduat butld-up
of sea ice s the global climate cooled (Foffert, 1990), However, vagdations in AABW
formation may not have a simple glacint-interglacinl signature (Crowley, 1992).

Wien considering possible influences on the aperation of the convoyor belt, effects
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cycle (Hoffert, 1990}, Bottom water is formed very differently in the two hemispheres,

with the present day NADW source being the Ieelandic and Greenland seas in a region
of high salinity created by an excess of evaporation over precipitation (Stocker et af.,
1992a), Northern hemisphere seasonal ice formation oceurs mostly in the landlocked
Arctic Qcean, which communicates very weakly with the North Atlantic (Hoffert, 1990),
and unlike the Antarctic is not primarily responsible for bottom watet formation,
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Flg 7.8 A schematie rebresantntlon of (a) winter, ond (b) summer thermotatine
convactlon nnd anticipated €O, fluxes nesoclnted with sea-lee formation and retreat,
(Lukas and Lindesay, 1991),

AABW is the densest, coldest and deepest hottom water, wnderlying all the oceans
{Hoffert, 1990), All around Antarctica AABW flows down the Antarctic continentn)
shelf towards the Atlantic Ocean angd moves northwards along the bottom (Thurman,
1991), Currently, AABW is a combination of NADW, Circumpolar Water (CPW) and
Weddell Sen Shel! Water, in which NADW supplies the salt necessary for the
formation of the deep water (Johtson, 1984), The warmer NADW cools ps it upwells to
the surface layer as a result of contnet with the atmosphete and by the Antaretic

Circumpolar Curvent, and subsequently sinks as cold water masses around Antarctica
{Gordon, 1988).
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sheet; this enhances the growth rate (Squire, 1994; Wadhams, 1994), The most
important consequence of sen ice formation, and especially of that in the polynyas, is a
salinity itierense which causes the dense, cold water to sink along the shelf to form
AABW (Figure 7.7) (Gordon, 1988; Wadhams, 1994),
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Fig. 7.7 L atent heat, constal polyny. Strong wind blowlng off Aatarctica removes
sed Jee of the constal region, The open water now exposed to the cold atmiosphere,
results in forma-fon of new lee, As this lee is also removed by the wind, o persistent
coastal polynya forms. These poiynyas are mointained by the wind, with the heat
flux from ocean to amosphere supplied by the Iatent heat of fusfon, Massive
amounts of sea fee may form within- the constal features, Note the formation of
AABW through the process of sult ¢jection (Gordon, 1958).

During the lost glaclal, sea ice expanded to 35 x 10* km? during winter (Hodell, 1993),
and summer sen ice may have extended to 55°S as a consequence of a different heat
budget induced by polar cooling, which enhaneed sea ice formation (Corliss, 1983).
Some explanations for the changes invoke CO, variations, whieh are important for the
expansion of Antarctic sen ice and orbital insolation variations (Crowley, 1992),
Expanded sea {ce around Antarctica {s supported by the suppression in productivity of
open ocean distoms (Eucampia antarctica), as noted in cotes from the Southern
Ocean (Shemesh er al, 1994). A drastic decrease in this diatom at about 12 ka has
been documented (Jouzel et al, 1995), This sigaifies o major change in the climate of
the Southern Ocean between glactal and Interglacial periods (Flodell, 1993), and ocours
coevally with the southern bemisphere climate reversal suggested by the Southern
Aftiee 1 pfoxy data.

The sinking of cold, salty, well ventilated, surface waters to the bottom of the oceans
drives the thermohrline circulation and affects dissolved constituents and the carbon
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has & frequency of between 4-5 years and takes between 8 and 10 yenss to cirele the
globe (White and Peterson, 1996).

Sea ice affects the salinity and temperature profiles of the upper ocean layers both in the
region of generation and melt (Gordon, 1988; Wadhams, 1994); on Jonger time scales,
sea ice formation influences bottom water formation which is important for global
climate change {Lukas and Lindessy, 1991; Yuan ¢ al, 1996), Further, Antactic
Bottom Water (AABW) flows into the northern Acdantic, especinlly when NADW
production is reduced, and this could have an effect on northern I nisphere climate
dynamics (Lehman and Keigwin, 1992b),

Preseny day sea ice formation correlates well with southemn hemisphere solar heating
cycles, although it is phase-lngged by three months, A 1°C cooling creater about 5 x
10" m? of sea ice, and thus 15 x 10'* m® of sea jce is created betvicen March and
September, correspondmg 1o a 3°C cooling of the mean oceanic surface tempernture As
sea fce depth varies between fm and 2 m, about 1 = 1.5 x 10% m® of ice is produced
(IIoffert. 1990, Variations in tha aren of sea ice from 4 x 10% km” in February to 20 x
105 km® in September (Wadbams, 1994) almost double the size of the continent,
supplying & high albedo surface to about 60°8 by spring (Carleton, 1992). According to
the Milankovitch theory, the seasonal and geographical redistrlbution of insolation is
amplified through the affect of albedo (Lorius and Oeschger, 1994), which mcreases
sitbstantinlly from about 10% to 80% ns sea ive 1s formed (Budd, 1991). Further, models
of the northern hemisphere suggest that increased seasonality ag n result of the
precessional ¢ycle results in colder winters with thicker sea ice (Phillipps and Held,
1994}, The southem hemisphere should react i & similar manner,

Seq ice acts as an insulator, reducing air~sea heat exchange (Stocker ef ¢, 19923), and
affects moistwre and momentum exchanges between the ocean ond atmosphere
(Wadhams, 1994), In areas of incrensed sea ice formation, high cloud formation is
suppressed, which leads to greater cooling and malntenance of the sea ice cover
{Carleton, 1992), Mode! simulations show that the affect of seq ica is lnrger in a cooling
climate than in o warnting climate, and that if solar irradianee is 1educed by 2%, sea ice
increases by 150% in the southern hemisphere; its formation can account for 39% of
cooling in the model (Rind et al, 1995), When the ice melts, however, it results in a
strong positive feedback during subsequent warming (Budd, 1991).

The wave field (Squire, 1994), sea surface tempetature and heat flux (Rind ot o/, 1995)
affects the formntion of sea ice. In the regions dominated by ocean pyres (Weddell and
Ross Seas) annual sea fce production is strongly controlled by winds and currents, and
the aanval variation of seq ice volume is large (Carleton, 1992), The sea ice zone is a
product of nir-sen teractions where strong, very cold, dry katabatic winds persistently
blow off the continent resultiug in the sea ice moving away from the coast (Wadhams,
1994}, This process creates coastal polynyas where, owing to latent heat release, more
fce is formed rapidly; this is transported away quickly, to allow further freezing and
more ive formation (Gordon, 1988; Squire, 1994), The growth rale in noastal po'ynyas is
also ephanced by the fhct that the ire grows as frazil which does not eut off the surfice
water from the atmosphere (Wadhnms, 1994), The wave field of the Southern Qcean is
the most intense in the world and causes the advancing winter ice edge to sxist as & bel
of high concentration pancake ice more than 259 km wide, rather than a3 a continuous
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Poleward of the current Hes 30 x 10° km® of ocean exposed to the harsh poler
ai  hese and isolated from exposure to warm surface water from the subtropices,

The wosition of Antatctica fnfluences atinospheric circulation as muasses of cold air
spread away from the centre (Gordon, 1988; White and Peterson, 1996) and plays a
critical role in the global climate gystem via its continental ice-shieets, floating ice
shetves and sea jee zone, Variability in the Antarctic may change the rate of formation of
deep and bottom waters, and affect the heat transfer between the ocean and stmosphere
(Yuan et al.. 1996).

High surface altitudes of 2 3000 m, a high surface albedo (0,85), low atmospheric water
vapour cottent, and lack of eloud cover, (< 4 -5 tenths), results in the aren having » 1ot
radiation deficit of about ~28Wm™, The intense rediative cooling results in mean
temperatures of between ~60°C and -70°C and strong surface based inversions of up to
25°C, The radiation deficits, slope of the ice surface, and semi-permenent inversions
promote a persistent gravitational katabatic flow in the lowermost 100 m of the
atmosphetic boundary layer, with directional consistency at most ccastal areas arpund
Antarcticn (Carleton, 1992). These cold winds impose temperature and saiinity
alterations on the surounding surface ocean water as sea ice forms, releasing lteat ink
the atmosphere (Gorcon, 1988).

The Antarctic sea ice Is a sensitive component of the global climate system and
amplifies temperature changes by strong positive foedbacks (Budd, 1991). Since there
are no constrainis on the equatorward extent of the ice, the Antarctic is involved
thermodynarmically in the oceanic and atmospheric circulations of the middle and lower
southern latitudes (Carleton, 1992), The influence of the formation of sea ice arouad
Antarctica is one of the most climatically important features of the southem hemisphere
(Denton, 1985; Wadhams, [994), a4 is the formation of polynyas (large Iee free areas
along the coast or within the sea ice) (Gordon, 1988), Antarctic sen fue is linked to the
Subtropical Convergence (STC) and the Antarctic Polar Front (APF) through its affect
on the eircumpolar westerly winds (FHoward and Prell, 1992}, Reduced sea ice extent
results in weaker westerlies in adjacent latitucles (Carleton, 1992).

The advance of gea ice may reinforce baroclinic conditions near the ice edge,
intensifying synoptic scale cyclones. Sea ice extent varintions influence the frequency of
mid-latitude cyclones, and the meridional extension of the subtropical high in the South
Pacifict this high being n finction of the intensity of the Hadley circulation, The Hadley
cell shows elose associations with SST zonal anomalies in the Pacific (Catleton, 1992),
Sea jce circulation anomalies may manifest a larger climate teleconnection such as
ENSQ; evidence suggests that the efficiency of Southerm Ocean cyelones in transporting
eddy sensible heat imnay vary according to the phase of the SOI (Carleton, 1992), It has
been suggested that in contrast to the view that ENSO forces the sen lee, ENSO may be
a result of foreing from Antarciic Intitudes (Carleton, 1992).

Recently, it has been suggested that the sea ice is linked to El Nino/Southern Oscillation
(ENSQ) events through the Antarctic Cireumpotar Wuve (ACW), an interannual wave
comprising a disturbance in sea ice extent, SSTs, surfnce wind speeds, and sea level
atmospheric pressure. The proj.agation speed of the ACW la the same in all three media,
suggesting strong interannual coupling (Yuan et al,, 1996). This iwo-wavelength wave
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above, by an invrease in AABW owing to inereased Antaredc sen lee, or some
combination of botl, cannot be determined for certain.

Ineursions of Amibas water into the Benguela based on the occurrence of Algoa
molluscan taxa probably oceurred during the pw..nod 13.5kato 12 ka nlldjllbt after 10 ka
{Pether, 1994), The itterval 12 ka to 10 ke iy choracterised by 4 hintus in the Algoo
molluscan taxa recotded near Kleinzee (Figure 7.2) (Pether, 1994) colneident with
cooler 85T5 as suggested from the analysis of Putell granularis along the west coast
{Cohen and Tyson, 1995), The wost coast coolimg eould bo a result of stronger trade
wiinds and increased upwelling (Cohen ¢f ol., 1992) caused by increased austral winter
insolatlon (Pether, 1994). Both Agulhas intrusions and upwelling may have oveurred
during the period 12 ka to 11 ka, with upwelling occurring preferentially during the
winter, while redueed austral summer insolation ossociated with treduced {rades would
allow for the Agulhns intrusions (Pether, 1994). This woull explain the increases in
local moisture along the west ¢oast during this time, Warny water species are absent
fram the Nelson Bay Cave deposits prior to 9 ka (Cohen wind Tyson, 1995)% this moy
infor that SST's between 12 ka and 11 ka were too low for their survival along the Algoa
coast and thus in the Agullas intrusions, explaining the observed hintus {Pether, 1994),

Subsequen’ Youngar Dryas cooling in the northern hemisphere may, in fact have been
trigeered by events nround Antaretiea, Amplificd AABW formation, following the
accelerarad development of sea ice, may have caused AABW to wedge in under
NADW, reducing the strength and depdy of the thermwhaline efrculation. IF e AABW
sulses were sufficiently large, LNADW formation muy have been halted (Lehman ang
Keigwin, 1992a), resulting in the dramatic temperature decroases recorded in the ice
cores. It i3 therefore sng[fte:.ted that decrenses in the NAOW index could be driven by
increases in the flux of ¢ depleted southen waters (IToward and Prell, 1994). This
could explain » reduction in NADW independent of melt water pulses; these oveurrad
too early (12 ka) o¢ tao lnte (9.5 ka) to be the direct trigger bt the northern climatic
reversal (Faitbanks, 1989). It Is. in any case, likely that melt water disch‘uge wis
reduced by 80% dueing the Younger Dryas (Jansen and Vetun, 1990} and the isotope
record off the 8¢ Lawrence shows na shift that gould be atieibuted to dilwtion tlwough a
meltwater pulse (de Vernal ez ol., 1996}, Enhanced sen iee formation would restrict €Oy
outgassing it the Southemn Oeean (Figure 7.8) (Lucas awml Lindesay, 1991), and
wpwelling of AABW would increase oceanle productivity and subsequent €Oz
absorption.

When insolation increased in the southern hemisphere, sea fce me'ting would reducs
AABW production, and NADW formation would be rapluly enhaneed, reversing the
termperature teonds. Southern Affican rainfall and temperaare patterns would
subsequently revert to interglneial mode as temperatue geadients decreased, The above
argument may help to resolve some of the enigmas that have bedevilfed attempts to
explnin the Younger Dryas; these include the southern hemisphere lead in temperature
decline. the need for a source of conig during a peak in solor insolation reeeipts, and
the postulation of an unambiguous telgger of the ocennic clrew) Hon RAuxes, The
difference in §C values between the GIN seng and the Nocth Atlontie (Veum ef a/,
1992) may also he explnined by an increase in botlom water production in the southem
hemisphers,
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1t is proposed that the diachronistic Southern Aftican "Younger Dryas” coolings are a
direct result of the Jn.o'ational minimua that occurred between 13 ka and 9.5 ka when
the aphelion occuited i the southera sunumer, Austral susmnter insolation was 4% lower
thau at pesent, whil. winter insolation was between 3% and 6% higher at 40°8
{(Markgeat of al,, 1992), Decreased insolation at high latitudes owing to fucreased axial
tilt (Liw, 1992), and reduced swnsmer melting owing to aphelion at the southern summer
solstice, may have erthanced Antarctic sea ice development, Increased arcas of sea ice
would have steepened the thermal gradient and increased the strength of the westerlies,
as well an that of semi-permanent anticyclones and could be the eause of lower Southern
Ocean S5Ts (Haudson, 1988b; Markgeaf ef al., 1992},

A southern hemisphere precessional trigger could also account for the asymmetrical
hemispheric teleconnections betweent subtroplenl monsoons and high Intitndes, as the
monsoonal frequencies observed In an Arabinn sep core arg hormonic tones of the
precessional cyele which tie in with global climate oscillations (Sirocko of of,, 19%6), A
precessional eovariation of the African monsoonal systems and summer rainfall over
South Africa has recently been documented (Partridge ot ol 1997),

The cooling suggested from the Vostok cores, $8Ts and other southern hemisphere data
is apparent in the PASH data for the period 12 kn to 11 ka. All sites except one indicate
reduced temperatures, the majority of stunmer rabnfall sites concomitantly experienced
reduced rainihll; exceptions Inelude northeastern sites and Nunib sites. In agreement
with theoretical models (Cockroft af «/., 1987; Cohen snd Tyson, 1995), the winter
rainfall sites record increased rainfall, Exeluding the localised Algoa upwelling (Cohen
and Tyson. 1995), low S8Ts to the south ot the country, cooval with low Indian Ocean
S5Ts, are associated with drier conditions over the summer rainfall area (Mason, 1995)
owing to reduce avaporation rates (Fnrrison, 19880) resulting ln less wminfalt over the
subcontinent from the suppression of both tropical and temperate synoptic systems,
Redused §5Ts off the east coast of Southern Afriea have been associated with a wedker
Agwhas Current, Minited to subtropical Intitudes (Preil er gl 1980),

The strength of the Agnlbas Current is determined by the steength of easterlies blowing
out of the South Indinn Antleyclone (Cohen and Tyson, 1995). A retum to glacial
conditions characterised by n steeper meridional temperature gradient, steonger
westerlies, intensified Hodloy cells, extended subtropicnl nnticyclones (Cockroft ef i,
1987) and reduced S8Ts in the Southern Ocean (Lobeacherie ¢ al, 198%; Pichon of al.,
1992y, would result in o wenker Apullins Current, Displaced ecsterlics would affect
summer rainfall patterns over southern Aftien, while winter rminfall would inerease
mxder the influence of more frequatt mid-latitude disturbances (Markgeaf ef d,, 1992).
Further, the wenker Agulhas restlts in & more wertward retroflection (Lutjeharms and
van Ballengooyen, 1984), allowing Aputhas rings to intrude into the Benguela, Reduced
Agulhias heat input to the southern Benguela has besn assoclated with n reduction in
NADW production {(Colien ¢t al., 1992), core evidence suggests that NADW inercnsed
from a minimum at 13 ko to o moximum at 12 ke, coeval with Southem African
warming, followed by n decrease centred on 11.5 ka, Thus the assosintion of increased
(decreased) NADW and southern warming (cooling) is confirmed, however, whether the
NADW reduction I8 a result of meltwater inputs (Fadrhanks, 1989), o, ns suggested
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81 values from cote RC11-83 in the Southern Ocean record tapid oscillations in water
mass composition, Besides the general gl'\cmlfmter%l'\cnl signature, small seale but
mgmhuant oscillations occurred, with an inci.se in 3'°C values oceurting fom 13,1 ka

2.7 ka, and decreases at about 11.5 ko (Charles ond Fairbanks, 1992). Similar
oscillations are also recorded in other cores from the Southern Ocean (RC13-229 (Oppo
and Fairbanks, 1987, 1990)), as well as the north Atlantic (EN120GGC! (Fairbanks,
1989} V23-81 (Junsen and Veurn, 1990) HM52-43 (Veum et o, 1992) and CHN§2-20
(Keigwin and Lehman, 1994)) (Figure 8.4) (Figure 4.10) (Figure 4.9) (Jnnsen and
Veum, 1990), The perlod covering the Younger Dryas is not characterised by any strong
anvraaly, but small seale varfations do occur in the cores. Comparison of the fce core
records from Greenland and Antarctica with those from ocean cores do, however,
u\dlc'\te that temperature minima aceord with §'°C minima, even though the amplitude
of the §*C variations is not very large (Figure 8.5) (Jouzel et ., 1995).

S8Ts from the Indian sector of the Southern Ocean supgest a lead in cooling of 1 ka,
compared to the northern hamisphere, ocouring between 12 ka and 11 ka (Figure 8.6)
(Labrachetie «f al,, 1989), Furtler, the SST flukes documented at 12 ka are large (up to
6%) and rapid (Labracherie er al, 1989), and oceur coevally with the Dome B
temperature reductions, the RC11-83 $MC minimum at about 11.5 ka (Figure 8.5)
Jouzel et wl. 1995) and the insolwtion minimum in the southern hemisphere, This
evidence points to a period lasting for a thovsand years when the warming trend in the
seuthern emisphete was reversed, coincident with an unstable thermohaline eirenlation,
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Although southern hemigphere cooling corresponding to the Younger Dryas has a low
arplitude in the Vostok core, (indicrHng a smaller magnitude of cooling), it is dated 1
ka before the northern hemisphere elimatic reversal in Greenland (Genthon er l,, 1987;
Sowers and Bender, 1995), Analyses of a new core at Dome B also demonstrate the
gxistence of an Antavetic cold reversal antedating the northern cooling. ‘This reversal is
not as large as that in Greenland during the Younger Dryas (Jouzel ef al., 1995), It may,
however, been characterised by a rapid change in temperature (Mayewski et al,, 1996).
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Fig. 8.5 Age profiies of (from top to bottom) the §°°0 GRIP profile, the Dome B
profile, the §C profile in RC 11.83 South Atlantic deepesea core and the deglachstion
rate. The vertleal line cocvesponda to the end of the dust peak ot Dome B (Ages in
CAL yours) (Jouzel of o, 1993),
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The SST rise docutnented in cores in the Southern Oceon (Labeyrie ef al., 1986) started
at about 14.2 ka, coincident with temperature rises over Antarctica, but preceded
northern deglaciation signals by up to 3 300 years (Sowers and Bender, 1995),

At abowut 14 ke southern hemisphere glacial readvances to new limits gceurrxd
subsequent to the retreat which began at '8 ka, us shown in data from New Zealand and
the Andes (Lowell ef af, 1995), Soon after 14 kn, reteeat again occurred, but was
interrupted by a readvance between 12 ka and 10 ka as revealed in data from Africa,
New Zealand, New Guinea and the Andes, In South Georgla wastage of the Antarctic
fuli-glacial ice cap between 12 ka and 10 ka was interrupted by & readvance of outlet and
valley glaciers of between 2 km and 6.5 ki, thie laegest since the LGM (Clapperton ef
ol,, 1989}, Data frons the lower latitudes of South America (Colombin, Ecuador. and
Peru) suggest colder olimates and cooling associated with glacier advance from 12 ka to
10 ka (Heusser and Rabassa, 1987), Antaretic sea ice extension may have caused the
cooling over the Fueglan archipelago, as indicated by moraine formation between 11
850 years and 10 510 years (Heusser and Rabassa. 1987). This cooling manifests a
number of fluctuations documented by morainic assemblages which indicate glacier
advance on three or four occasions (Clapperton, 1990), The readvances are coineident
with evidence of cooling from Antarctic cores as seen in the dust, O and deuterium
profiles (Clapperton, 1990). Buetween 12 ka and 10,5 kn a small osecillation towards
colder conditions is evident in the Byrd record as well as other Antaretic records
{Sowers and Bender, 1993).
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water itass difforences al iime of deposition may conmreomise the conclusions (Jansen
and Yeun, 1990 md tie rapid abeupt changes tnswwsd in deep water composition
could mean that t.hnm.es in CA/Ca ratios and 8¢ values in the cores are nod being
acowntely recorded in (e sediments (Sarathein ¢f wf, [994), From the 11u1~;pu.lwc. of
benthic §'C datn, Southern Ocenn mechanises that create the depleted 8¢ values do

not seem to affeet the values of CdrCa; this diserepaney is not yet uaderstood (lmbirde of
af.. 1992,

Ty Antaretica, the Initial lenmperature tnereuse associated with Termination 1 began at 17
ki, (Sowers and Bender, 1995), Analysis of deuterlum (312 ffom the Botae 13, Dome €
aml Vostok cores, and analysis of 80 from the Byrd core in Antarcticn reveals n
watrming trend from £5, kaw 12 ka and from 16,8 ka to 9.5 ka, interrupted by a conling
lasting about 1 ka (Figure 8.3 and 8.5) (Jouzel of af., 19953, At Byl the first rise in 80
jee levels above the Mghest gineial level was at 18 ka (Sowers and Dendet, 1998),
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sugpesting that the glacial Atlantic was vigorousty ventilated may not be unequivoeal,
however, because of chonges in the preformed nutrient content of surface water,
atmosphese water CO; equilibrivum and carbon inventory (McCave ot al., 1995),

T vo minitma in §*C values in core V23-81 ocour, however, at 11.5 ka and 10 ka
(Jansen and Veun, 1990}, and Cd data from EN120GGC1 suggest that nutrient enriched
water of southern origin characterised the ocean between 11,5 ka and 9 ka (Boyle and
Kefgwin, 1987), Current strengths, as inferred from particle size dat, also decrensed
from Allerssd values at the start of the Younger Dryas; these ehanges are coincident with

the 8'3C decreases (McCuve et al., 1995).

Notwithstanding the above, it Is therefore postulated that mpid chenges in the
thermohaline cireulation did not initiate Younger Dryas coolipg, nor can circulation
changes account for the termination of the Last Glacial Maxiowm (Vewn et of,, 1992),
NADW formation did not stop during the Younger Dryas (Jansen and Veunt, 19907 but
LNADW may have been suppressed, as indicated by high Cd/Ca ratios and low §°C
values in core EN120GGC] even though there are some osciilations to higher §'C
vahies (Figure 8,2} (Fairbanks, 1989; T.ehman and Keigwin, 1992q).
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Flg. 8.2 Cd/Ca ratlo (ol per mol) in benthie foramintfern from Barmuda Rise
corg EN120-GGCT a) correlated to Troll faonal results, b) showing that after 13.5
ka the Row of LNADW way restrfoted when the Norweglan Sea was cold, ©)
Rentlde §"0 iy Troll 3.1 mainly reflects the melthy histury of the Fenroscandian lee-
sheet. The solid lines berween b) and ¢) shows thit evidence for Inereased melting
immediately precedes funal evidence fur cooling. ) Planktonie 80 resalts for Troll
3.1 refieet primadly the binpaet of Laurentide fee~shoes melting on the §%0 of the
open Atlantie; ¢) the record of global icewgheet melting rote (Lehnian and Kelgwin,

1992a).

High 8"C values are not easily reconciled with high Cd/Ca ratios, as they indicate
opposite water fypes. This implies that imprecise dating, core depth differcnees, and
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Younger Dryas, salt levels wonld have increased until the conveyor was relnitiated and
warming recommenced {Broecker et al., 1990),
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Fig. 8,1 The 3"*0 (per mil), calebuns {parts per billion) and chlovine (party per biftion)
series covering the period 16 ka e 10 ka ftom Taylor Dome and GISP 2 (Mayewski of
al., 1996),

Work by Broecker (1994b) has sugge. ted o switch to a shallower conveyor, rathet than a
complete breakdown of the system; this inference is supported by denmatically lowerad
§1C in atmospherie CO» during the Younger Devas (11 -10 kn), The low atmospherle
M€ 1s cited as evidence of increased ventilation of the uveean during this period, which
is consistent with high rates of NADW formatioa within a shallow loyer (Edwards et al.,
1993) and with a source region shifted to lower latitwdes (Broecker, 1994b), This is
substentinted by the oceurrence of low §'C values at 13 kn » 12 ka and 10 ka -0 ka In
the Norwegion benthic and planktonie records fiom core HEM52-43 In the Norwegion
Sen, in contrast to higher 8'*C values during the Younger Dryas. The conclusions
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CHAPTER EIGHT

The Younger Dryas Cold Epoch and its Southern Iemisphere Counterpnrt

The Younger Diyas was a dramatic reversal of the general warming after the Last
Glacial Maximum, Temperatures deopped to glacial values and glacial retreat was halted
and often rewersed, Analyses of Globigering bufloides (a cool water planktonic
foraminifer) during the Younger Dryas indicate that %0 values were lower than at the
LGM (Bard er al,, 1987), The polar front moved southwards during the Younger Dryas
{Leliman, and Keigwin, 1992a), before retreating ta its present position. This change
could have taken place in Jess than 400 years, aithongl the fce core record indicates that
it may have taken less than 40 yeurs (Lehman, and Keipwin, 1992q),

The Younger Dryas is marked by an increase in Neogloboguadring puchyderma
(sinistral} in cores, indicating raduced inflow of warm Atlantic water (Lehman, and
Keigwin, 1992a). The Neogloboguudring pachvdermu {nistenl) dominance also
indicates SST drops of € $°C in less than 40 yoars, which would have resulted in
marked surface air temperature redustions over Lurope, Recent work in tie southern
hemisphers indicates that a climate reversal, although similay in length, but not coeval
with the nortliern hemisphere cooling, oceurred. Coolings were documented in South
America, New Zealand, Antarctien, and the Southera Qcean; recent studies suggest that
there may have been regional differences (Labracherie ef of., 1989; Jouzel et al, 1995,
Lowell et al., 1995; Mayewski et al., 1996). This work confims its existence in South
Aftfen, The cooling in Antarctica, ard subsequent fluctuations, have been shown to be
possibly as rapid as that documented in the Greenland cores (Figure 8.1) (Mayewski o
al., 1996).

No single hypotheses satisfhetorily explains the enigma of the Younger Dryns, or its
southern hemisphere counterpact called the Antarctic Cold Reversal (ACR) (Mayewski
et al., 1996). Evidence from the ice cores indicates that the changes in temperature were
large and very rapld. The oceurrence of a synchronous insolation maximum rules out 2
northern henisphere orbital trigger, One of the first explanations Involves a meltwater
diversion from the Mississippd into the St Lawrenee River; the onset of the Younger
Dryas was associnted with the resulting lowering of novthern Atlantic salinity which
supre ssed NADW formation and heat entrainment from lower latitudes (Edwards et
al, 93} This hypotheses hus been questioned as recent evidence argues against such a
seenario (de Verual 2 al,, 1996).

Most modem hypotheses invoke oceanie explanations, in which oscillations in the
thermohaline conveyor belt and NADW fluxes e linked to changing melt water inputs
from receding ilce shests (Keigwin and Jones, 1994)., During the preceding warm
interval & combination of meltwater input and salt export steadily reduced the salt
content of the Atlantic, culminating in a conveyor shutdown which resulted in depressed
temperntutes. Slight decreases in surfice water salinity conld have slackened deap water
formation in the Norwegian sea in o faw decades, affecting the thermohaline cirevlntion
and deep conveetion (Coriljo ef al, 1994), Cd/Ca analysis suggest thot the NADW
reduction that oceurred during the Younger Dryas was similar in magnitude to the
NADW reduction that occwrred at 70 ko (Keigwin and Jones, 1994). During the
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encrgy balances, sea ice leads ond sen ice transport, among othet atmospheric
interactions. shows that it is possible to initiate large scale ice sheet growth at periods of
very low sutnmer solstice solar radiation because of the dominance of the decrease in
summer ablacdon of the ice aver changes in fce accurmmlation (Ledley and Chu, 1995).
Although it is maintained by Pichon er af (1992) that the qualitatively apparent southern
insolation influence on Vostok air temperatures cannot be demonstrated on statistical
gromlds. high frequency Ructuntions of S§T's and planktonic foraminifera %0 observed
in southern ocean cores suggest that S8Ts are influenced Jocally by changes in southern
summer insolation which may drive part of the sea ice distribution, Investigations of the
sensitivity of climate models to solar radiation changes have shown that the climatic
response is always greatest during sutnimer, as orbitatly induced radiation changes are
most profound at this time (Felzer et al., 1995),

Good covariance exists between air terperature changes at Vostok and S8Ts, as derived
from radiolarian transfer functons obtaived from core RC11-120 (Pichon ¢ al., 1992},
The oceanic core incicates that large changes in ice accumulation rates occurred
between warm and cold periods (Pichon ef o, 1992), The Vostok dust record was also
compared to the maguetic susceptibility of the marine core RC11-120, Three well
marked peaks ocour in the marine core that agree with the Vostok dust record, The
higher nagnetic susceptibility of the marine core could be attributed to increased erosion
of the ocean floor and more efficient transport of material by enhanced AARW
formation. Erosion of smectite from volcanic areas gush o5 the Kerguelen platenn by
AABW could produce the higher magnetic susceptibility seen in the marine core (Figure
7.14) (Petit ot al,, 1990).

Further evidence suggesting a strong insolation influence in southem climatic
oscillations comes from an analysm of cosmogemc n]3:3 in fee cores. The Dome C and
Vostok cores contain two peaks in cosmogenic °Be, probably associated with low
precipitation during glacial troughs at sround 60 ka and 35 ka; each spans a period of
about 2 000 years (Raisbeck et al., 1987). Although contr - sy surrounds the two '“Be
spikes (Beer e al.,, 1990; Ralsbeck ¢f al.,, 1990), it has been nrgued that the two spikes
¢ould result from a significant supply of aerosols from lower latitudes (Thou reny ef al,
1993), The two intervals of enhunced °Be deposition, whiclh may be interpreted s
reflecting changes in solar modulation, occur when the precessional angfe IT=270°, ie.
duritg o southern hemisphere summer insolation mininwim when the earth is at aphelion
(Hleinvich, 1988). The precessional angle for the Younger Dryas, and the “Be peaks at
35 ka and 60 ko is IT= 270° (Heinrich. 1988), which suggests a similarity in forcing for
these three periods, Reeent rainfall data from the Pretorin saltpzm (Partridge, 1995) show
well defined, periodic (23 ka) vatlations with rainfall minima that correspond with
insolation peaks and troughs for the 200 ka coversd by the coie. Significant, well
defined minima in the rainfall record oceur at 35 ka and 60 ka coeval with the ""Be
deposition (Figoee 7.15) (Raisbeek ot al., 1987),

e i
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It is possible that southern hemisphere climatic oscillations are strongly influenced by
southern insolational variations, indicating astronomical foreing as the initial cause of
the cycles (Lotius er af,, 1992). Raiofall oscillations in South Africa, as reconstructed
from the Pretoria Saltpan data, are coherent with precessional fiequencies (Figure 7.13)
(Partridge, et al., 1997). Spectral analysis of the Vostok core shows that temperature
fluctuations are dominated by a strong 40 ka component, and to a lesser degree 2 20 ka
component (Jouzel et al.,, 1987; Lorius et i, 1992), and that the Vostok dust record
revealed a 90% confidence level for a precessional signal suggesting orbital forcing
nssociated with inereased wind intensity and increased aridity (Petit ef af, 1990)
Changes in total insolation at 78°8 correlate with the Vostok isotope record, while
November insolation at 60°% is thought to be important in controlling sea ice extent
around Antarctica (Genthon et of., 1987), A precessional signal may be evident ii: Arctic
jce formation since Isotope stags 4 (Mangerud ef al., 1996).
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Fig. 7.14 Compurlson between the Vastok and RC11-120 records over the last 180 ka
and the possible correspondence throuph the dust events, (n) Vostok tenmermm ng
derived from stable-sotope mensureraents, (b) Vostok dust flux (10 e &™) after
smoothing by a cuble spline function, {c) RC11+120 magnetic-susceptibllity *fux' and
the estimated quartz fux vasiotion for the Holscene and the LOM (i relative units),
{dy SPECMAP normalized oxygen [zotops eurve {Patit ef af., 1990),

A coupld energy balance climate-thermodynamic sea lce model that coasiders
sondustion within the fee and snow, penetration of solar tudiation into the ice, surface
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palacoraintull regimes were deduced, Cool, moderately hunia esuditions prevailed
during the late Pleistocene. The en-ly Holoecen-, was characterised by warmer, drier
conditions, but from 7.5 }a climatic vonditions were shnilar to today, although some
variation in conditions is apparent. {(See: Klein, R.G.. 1986: Quat, Res, 26, 153-170
and Klein, R.G, er af,, 1991: Quat, Res, 36, 94-119) (Scott, 1987).

The Gorrokop site comprises a succession of tufas located on the Ghaap escarpment.
Dating of the wfa supplied a history of its development, and Inferences about the
palacoenvironmetttal conditions were possible. There I3, however, some debate on the
conditions assoclated with intervals of rapid tufa growth. It is argued that rapid tufa
growth oceurs under mesic cycles, the waning plmes of pluvial cycles, semiarid
intervals or periods similar to the present, Fusther, *C dating of tnfa is problematicat
due to its aponge-like structure when fresh, This makes the material susceptible to
contaminntion by lime subsequently introduced, ot by means of moisture permeating,
through the formation.

Notwithstanding the above caveats, ‘relisble’ (' ages for the Gotrokop tufis are
available, These include the 34 m thick Tufa 4 Iaid down between 123 ka and 11 ka,
with some addition at 8 ka and after 1 ka. Relating this evidence to that from Kathu
Pan, Tquus Cave and Wonderwerk Cave, n palacoenvirormental history has been
deduced, From 19 ka to 14 kan, low rainfell tesuited in tufa aceretion being impeded or
interrupted. From 13 ka to 11 ka an acceleration of tufa Formation suggests increased
rainfall and rising water tables, From 10 ks, increased rainfall associnted with storms
masked the spring-seep contribution and resulted in net erosion of the formation,

The tendency for this site’s data to oftenn contradict the balance of evidence on the
maps may indicate a problem with some of the conclusions drawn, but the analysis
does support the theory that tufa aceretion oceurs during the waxing phase of n mesic
cyele in an otherwise ovid environment,

SITE 35: WONDERWERK CAVE  27°50'00"S, 23°33'00"E
Site Deseription: CAVE

Data Source: EQUID TEETH

Thackeray, J.F.& Lee-Thorp, 1.A., 1992: PaL3 99,141-150

Wonderwerk Cave s o large cave In the Kurumaen Hills on the western edge of the
Glinap platean and contains well preserved fawna in a continuons sequence of
deposits, Mammalion microfavna were examined to reveal polasoclimatic trends
thrmtgh an apalysis of ox?:gen 1sotope tatios in bone phosphate. Specifically, an
isotopic analysis of the C/*C and “N/MN ratios in equid teeth was undertaken.

Modern equid samples were analysed to determine o frame of reference, against which
fossil smmples eould be compnred, Factors that insfluence the carbon isote Pe ratlos in
equid teeth inchicde the type of grass consumed; Cs grnsses are enriched in C and are
found mainly in sunmer tainfall areos, whoress Cx grasses are depleted in 1*C, and are
found mainly in winter rinfall arens. Varmbxhty In rainfail affects nitrogen ratios in
the collagen; the teoth become entiched In YN during times of water stress. It is
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bones at a number of sites in the southern Cape was undertaken to determine
palacorainfall patterns, (A number of other locations, viz. Spoeg Rivier Shelter,
Elands Bay Cave, Tortoise Cave, Sea Harvest, Elandsfontein Main, and
Byneskianskop Caves 1&3 were also examined by the nuthor. Owing to the close
proximity of the sites, and the simitar palacorainfall resuits, only Die Kelders Cave 1,
and Elands Bay Cave were used in the preparation of the elimate maps), It Is argued
that gize variations in dune molerats is a function of mossture rather than temperature.
Evidence along the west coast of South Aftica, where rinfall ranges from 750 mum in
the south to 125 mm in the north, supports this lypothesis. Dunerat size, along with
vepetation density, inereases (decreases) with incrensing (decteasing) precipitation
recelpts. The molerat inhabits sandy, near-coastal habitats in this area where
temperature variations are limited to about 1°C,

Az dune molerat size and rainfull are shown to be meaningfully correlated, rainfall
flugtuations ean be inferred from mean bone size in fossil sites. It is thus argued that
conditions from 14 ka to 8 ka were moist, with a drier interval occurring between § ka
anct 4 ka. It must be noted that fossif dune molerat size {3 more useful in detecting
moist intervals, as very dry periods are often characterised by depositional gaps in the
fossil record,

Note that Elands Bay Cave has also been studiad by other resenrchers exomining
moltuse shells, and charcoal, (Refer to Cohen, A.L., ¢f o, 1992: Quat, Res, 38, 379-
385 and February, E.C., 1992: SAJS, 88, 291.292)

SITE 15 EQUUS CAVE  27°37'00'S, 24°3700"%

Site Description: CAVE

Data Source: COPROLITES

Scott, L., 1989: Palaeo 3. 70,345-353, and Scott, L., 1987:Quat.Res. 28, 144-1‘16

SITE 16: GORROKOP 28°05'00"8, 24°30'00"E
Site Deseription: TUFA DEPOSIT

Datn Source: CALCIUM

Beaumont, P.B.&Vogel, J.C,, 1993: SAJS, 8§9,195-198

Equus cave is located on the Ghaap Escarpment near Taung in the southern Kalahari,
The escarpitent is & Precantbrien dolomite suvsta with a face averaging between 70 to
120 m in height. In maty places It is covered by sheets or lobes of tufn originating
from the evaporation of carbonnte-charged spring waters durlng times of accelerated
spring discharge or conditions no moister than the present (Klein e al,, 1991). Caves
are located within the tufa and these contnin sediments rich In fossils. Climate at the
site is semi-arid, with most rainfull derived from thunderstorms during summer,
Precipitation in this region vailes from 100 mm to 1000 mm, with an average of 450
mm (Kleln et e, 1991),

The site, containg 2.5m of sediments, rsch in bones and hyena eoprolites, There is little
potten except for that derlved from coprolites, Pollen from coprolites reflects diet as
well ns vegetation over the large arens frequented by hysnas, Tn contrast, pollen from
the cave sediments reflact the local vegetation. From this, palacotemperatures and
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between linear dunes, The underlying bedrock comprises Ecca shales and sandstones
of the Karoo system. In the lower Molopo valley, in the southwestern Kalahari, a
concentration of pang exists. Low, fluctuating ground water levels promoted the
deflation of clays and sands to form lunette dunes; this process only occurs during
periods of high salinity and evaporation in hiot, windy climates, It is argued that phases
of deflution may be associated with higher, but fluctuating groundwater levels in this
nreay this would keep pan surfaces free of vepetation and promote rapid salt
wetthering of pan surfice sediments, Ground water conditions are determined by
rainfall regimes, although aquifer recharge lags rainfull changes by periods of up to
thousands of years for large aquifers,

SITE 10: DRIEHOEK VLEID 32°26'00"8, 19°0500"E

Site Desetiption: SWAMP

Duta Source: CEDAR POLLEN

Meadows, M.E,&Sugden, J.M,,1990: Pal. Afi, 21,269-281; Meadows, b ..1,,&
Sugden, JL.M., 1991: SAJS,87,34-43

Driehoek Vlei lies in the Cedarberg Range in the south western Cape, Ralnfall ocetirs
in winter; vegetation is largely determined by undetlying geology (quartzites of the
Table Mountuin Group). The altitude of the site is about 1 100m. There is marked
local relief, with broad linear valleys separated by high ridges, In the largest of these
valleys, in the headwaters of the Drichoek River, deep otganic gediments are located;
these have been sampled for pollen analysis. According te radiocarbon analysis of the
core, (and of a companion core at Sneeuberg vief), the cores are siratigiphically
consigtent, suggesting that no major hiatus or distirbance has oceurred during the
period of sedimentation, The base of the Driehock Viel core is dated to 14.6 ka,
Sedimentation rates vary: 25 cnvka for the period (4.6 ka to 3.2 ka, and 80 envka
from then on, -

The initiation of sedimentation at 14.6 ka suggests a shift to moister conditions,
possibly as a response to the general climate amelioration after the LGM, The pollen
diagram derived for Driehoek suggests no major changes in the vegetaton history at
tha slte, atthough xerlc conditions are identified at 3.2 ka.

SITE 9: DIE KELDERS CAVE 1 34°.200"8,19%22'00"E
Site Description: MIDDE 18

Dota Source: MOLERAT BONES

Kleln, R.G., 1991: Quat, Res. 36, 243256

SITE 13: ELANDS BAY CAVE  32°18'00"3, 18°20'00"E
Site Description: COASTAL CAVE

Data Source: MOLERAT BONES

Klein, R.G. 1991: Quat, Res, 36, 243-256

Die Kelders Cave 1 1s a large constul cave with Middle and Late Stone Age middens
rich In molerat bones and other fossils, Elands Bay Cave is o coastal cave with
fossiliferous deposits spanning the interval 20 ka to 300 a. An analysis of molerat
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The Elim site is a swamp near the upper reaches of the As River in the Rooiberge,
Two distinet sediment units exist, situated on a north fac-ng slope: a basal unit about 6
m thick consisting of dark coloured silts and an upper chaanel fill of light coloured
coarse grained sediment about, 1,3 m thick. Dates from the lower sequence covers the
interval from 23.4 ka to 20.4 ka. The analysis of pollers from this sequence suggest
that conditions in this area were cold and dry at 18 ko, and that wanning at 13 ka was
accompanied by moist conditions.

SITE 8: DEELPAN  29920'00"8,25°45'00"E

Site Descriptiom: PAN

Data Source: POLLEN

Scott, L.&Brink, 1.8., 1992: SA Geographer,19,22-34

It is argued that although pans are not ideal sites for the preservation of organic
material, fossils of plants and animals may be found in cleposits associated with them,
Most pany in South Afiies are deflation features, and sediments trapped in them are
oftent removed or recyeled by wind or erosion, resulting in young strata in relation to
the basin in which they oceur (Scott and Brink, 1992). Pans contain pollen from a
variety of plant commuwmities in and around the pan, ns well as wind born potlen fiom
the surrounding arens. Fossils {n pans also docnment the fauna of the wider
environnent, being o source of water and salt for migratory ungulates and their
predators, Pans also provided o specialized local habitat for aquatie and non-migeatory
animals (Scott and Brink, 1992),

The pans that have the higliest potential for palynological research are those
containing with veaty deposits associated with local springs or high water tables.
Unforfunately, 1.esh roots assoclated with spring environments ¢an contaminate peats
and prevent accurate dating, Sancy and clayey deposits may contain bones, but are
usually puor in pollens {except when found In coprolites), Caleretes associated with
pans lack pollen or have concentrations too low for reliable dattng, Pan floor deposits
da not preserve pollen it subjected to seasonal wetting and drying, but pan floors in
“wetter areas ean be pollinferous (Scott and Brink, 1992),

Deelpan is n pan in the Ornnge Free State where anslysis was undertaken on pollen,
motluses, ostrich shells and vertebrate remaing, Results from annlysis of pollen in one
metre organic deposits refluet environmental changes since 4 ka, At 4 ka good gruss
cover existed, which was interrupted by deier conditions at about 1 ka, Further, bone
assemblages contain the clawless ofter, suggesting wetter conditions at this time (Scott
and Brink, 1992).

SITE 22: MOLOPO PANS  27°30'00"S, 20°15'00"E;
Site Description: PANS

Data Source: CALCITE DEPOSITS

Lancaster, N., 1986: Palaccol. Afr, 17, 5967

- Pan development in the southwestern Kalahari seems to be strongly influenced by
changes in groundwater conditions. The pans ovcur within the interdune corridors
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Botswana, and the western Orange Free State, All these deposits are interpreted s
having aceumulated during periods of stronger anticyclonic circulation.

SITE 6; CORNELIA 28°30'00"8, 28°25'30"E
Site Description: EROSION CHANNEL

Duata Sowrce: POLLEN

Scott, L., 1989: §,AfrJ.But , 55,107-116

SITE 7: CRAIGROSSIE 28°31'45"8, 28°28'15"E
Site Description: RIVER BANK

Data Source; POLLEN

. Scott, L., 1989 S.Afi.J.Bot., 53,107-116

SITE 14: ELIM 2892845"8, 28°25'00"E
Site Description: SWAMP

Data Source: POLLEN

Scott, 1., 1989: 8.Afr.J.Bot., 55,107-116

Clarens in the Qrange Free State 1s loeated in o mountainous area in the foothills of the
Drakensberg, Current rainfnl is about 700 mm, ocenrring in sumitier, and severe frost
oceurs in winter, The topography of the area is controlled by the bedrock, which
consists mostly of sandstone of the Clarens Forimation, ovetlain by penks of basaltic
Java of the Drakensberg Group. Mudstones mnd snndstones of the Elliot Group
underlie these formations, and these have been exposed nlong deep valleys into which
Quaternary alluvium has been deposited,

Seme caution must be exercised when using surface pollen spectra as o controf for the
interpretation of fossil spectra, Studles of moder vegetation dytamics in the aren
ghow that marked changes in vegetatlon have vecurred i twenty years.

Cornelia is a swamp deposit north of Clarens near the top of a drainage line. The site
is situnted in o channel which s deeply Incised into Pleistocenc alluvial sediments.
The sediments studied ace part of o 3,5m tetrace in this channel. Radiocatbon dates
show that the organic sediments range in nge between 20 ka and 12,6 ku
Unfortunately, the poor resolution of the sequence hoere between 17 ka and 13 ka
precludes reliable deductions concerning that period.

Craigrossie is situated about 20 kun west of the source of the Little Caledon River, in
the foothills of the Drakensberg, Sediments contain pollen from locnl swanps, and
potentially from flood or slack water, The upper drainage basin includes slopes above
2500 m in oltithde. The pollens were obtained rom an anomelously wet organic
sequence of sediments belonging to a 10 m terrace on the south of the stream, The
soturated sedinients do not seem to be the result of reworked orgonic materinl from
upstream deposits, a8 these are largely inorganic. The Cralgrossie site can be divided
into 8 sedimentary units dating from about 10 ka, It is suggested that conditions before
10 ka were wet with intermediate temperatures, After 9.5 ka, conditions warmed, but
remnined dry, although the nuthor advises caution as few spectea are available.
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SITE 2: BADSFONTEIN  30°30'00"S, 25°48'00"E
Site Description: HOT SPRINGS

Data Souree: POLILEN

Seott. L.& Cooremans, B.,1990; SAJS, 86,154-156

Badsfontein is o warm sulphur spring located in mudstones of the Karoo sequence
nssociated with dolerite intrusions, It is Jocated at Venterstad in the Orange Free State,
where rainfall is about 500 mm occurring in summer; frost is common in winter, As
the peat has been disturbed by fire, a core was recovered about 30 m west of the
spring eye, which ¢ould be divided into a sequence comnieneing with a base of hard
green silt, overlain by yellowish clayey-silt, grey spring sifts, and 130 em of black
peat. The base of the peat provided a rachocarbon age of 4.45 ka at about 112 em
depth, 1t is suggested that difer conditions occurred at this site from about 8 ka to 4.5
ka, which were replaced by wetter conditions in the late Holocene.

Even though Aliwal North and Badsfontein are in close proximity, it is not possible to
view the t& 2 sites as one composite profile, because dating at Bads™ntein Is inadequate
and does sot provide o good link between the two profiles, The Aliwal Nouwth sequence
suggests cooler and moister conditions than the oldest part of the Badsfontein section,

SITE 3: BUFFELSFONTEIN 31°23'00"S, 26°%41'00"E

Site Description: SAND DEPOSIT

Data Source: LITHOLOGY

Marker, ME..& Holmes, P.J., 1993 A%, Barth.$ci 17479

Tnland localities of red sands are uncommon outside of the Kalakari and the jsolated
outlier of red sand loeated near Buffelsfonteln in the northeastern Cape {s unique in
the region, and is not a product of gurrent geomorphic processes. It Is at « altitnde of 1
800m above the Great Escarpment, on the southern margin of an upland basin ringed
by hills. The deposit forms « narrow pseudo-terrace extending 2000 nx aloag the foot
of an arcuate tidge of Elliot Formation sandstone capped by Clarens Formotion
sandstone. The sands extend notth downslope beyond the topographic terence for
- fbout 1000 m (Marker and Holmes, 1993). The deposit consists of two parts, the
upper of which forns o topographic bench, sloping at 8% which subsequently flattens
to bitween 4° and 59, The novthern part extends as a footslope fan at 4° which has bee
modified by cultivation and erosion, The deposit topography does not mirror the
underlying bedrock slope, and has a distinet topographic form of Its own (Marker and
Holmes, 1993). This partly lithified red sand deposit is in an incipient state of
dingenesis,

In vertical section, the main deposit conslsts of horizontally, well-bedded sandstone
with incipient joints. All beds dip at 4° parallel to the surface. Oceasionally cross
bedding occurs. The deposit was dated uging thermoluminescence, and is about 20.5
ka ald, The physical location of this deposit prechudes a fluvial origin, and it is argued
that the sand is an aeolion deposit dating froni the hypothiermal, The sand texture
suggests that it Is not from the locnl Clarens formation, and that it is a remmant of a
fo ter more extensive aeolian deposit, The red colour suggests that the sand is similar
3 that found further west, similor to deposits in Namibia, the northwest Cape,
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two cores sugpest that conditions prior to 12.5 ka at Dunedin, and 11.8 ka at Salisbury
were much drier than present (possibly 50% less precipitation); this arid phase was
subsequently reversed and at 8 ka moister conditions than present prevailed.

SITE 28: SWARTKOLRVYLOER  30°45'00"8, 20°05'00"E
Site Description; PAN

Data Source: SHELLS

Kent, L.E.& Gribnitz, K., 1985: SAJS, 81, 361.370

Swartkolkvloer is a large pan (10 km by 8 km) near Brandvlei in the north west Cape.
I is one of the southernmost pans of a group which occupies a large ili-defined
Interfluve butween the Fish and Sak river system fo the east, ard the smaller rivers
that drain directly into the Atlantie to the west, Although it is presently linked to the
Fish river, the outlet is has becn eut in recent times, and the pan was probably a closed
system for most of its existence, The pan les on flat-lylng shales of the Feca Series
which are eut by dykes and sills of Karoo dolerite. From an analysis of surtounding
topography, it is suggested that the pan is quite old. It contains many gastropod shells
and reveals evidence of high water stands at 6 m, 9 m and 18§ m. The shells date to
about 13.7 ka and the species (Tomivhin ventricosa) are very sensitive to moisture
changes in seasonol eycles, but are adaptable to any environment from fregh water to
hyper saline, as loug ns enlcium 1s available,

The sequence of events suggested by this site Is that conditions prior to 17 ka were
cold and dry with some ameliotation at 15 ka. By 13.7 ka minfoll had increased.
resulting in fhe Iake level reaching a +6 m lovel, Subsequently dessication was
initiated in this arcn, Temperatures incrensed between 12 ka ond 11 ka, although
conditions remained dry.

SITE 1: ALIWAL NORTH  30°45'00"S, 26°45'00"E
Site Deseription: HOT SPRINGS

Data Source: POLLLN

Scott, L.& Cootemans, B.,1990: SAJS, 86,154-1506

Four peat cotes were recovered from hot springs near Aliwal Nowth, these wers
between 10.2m and 7.5m in depth, Rich pollen spectra could only be obtained froin
levels below J my; the overlying black peaty elay ond upper fibrovs peat (dated at 4.3
ka) were generally barren. Pollen in the organie loams and silts were analysed; these
doted from 9 ka to 12,6 ka, and revealed six stages of alternating cool, moist and
warm, dry events associated with shifts in the grasslend/shreblond border. The
sequence suggests thai before 12.6 ka, cool moist conditions provailed, gradually
becoming warmer and dry between 12 ka and 11 ka before recovering at about 9.6 ka.
The period between 12 ka and 11 ka in the Aliwal North sequence ls the most
prominent of the dry cycles in the record, but seems to be of low intensity when
compared with the lower secuion of Badefontein,
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1wo ceres suggest that conditions prior to 12,5 ka at Dunedin, and 11.8 ka at Salisbury
were much drier than present (possibly 50% less precipitation); this arid phase was
subsequently reversed and at 8 ka moister conditions than present prevailed.

SITE 28: SWARTKOLKVLOER  30°45'00"S, 20°05'00"E
Site Description: PAN

Data Source: SHELLS

Kent, L.E.& Gribnitz, K.H., 19835: SAJS, 81, 361-370

Swartkolkvloer is a large pan (10 km by 8 km) near Brandvlei in the north west Cape.
It is one of the southernmost pans of a group which occupies a large {ll-defined
interfluve between the Fish and Sak river system to the east, and the «maller rivers
that drain directly into the Atlantic to the west, Although it is presently linked ta the
Fish river, the outlet is has been cut in recent times, and the pan was probably a ¢losed
system for most of its existence. The pan lies on flat-lying shales of the Ecca Series
which are cut by dykes :nd silly of Karoo dolerite. From an analysis of surrounding
topography, it is suggested that the pan is quite old, It contains many gastropod shells
and reveals evidence of high water swnds at 6 m, 9 m and 15 m. The shetls date to
about 13.7 ka and the species (Tomichin ventricosa) are very sensitive to moisture
changes in seasonn) cycles, but are adaptable to any environment from fresh water to
hyper saling, s long as ealcium is available.

The sequence of events suggested by this sife is that conditions prior to 17 ka were
cold and dry with some amelioration at 15 ka, By 13.7 ka rainfall had increased,
resulting in the lake level reaching a +6 m level, Subsequently dessication was
initlated in this area. Temperatures increased between 12 ka and 11 ka, although
conditions remained dry,

SITE 1; ALTWAL NORTH  30°45'00"S, 26°45'00"E
Site Description: HOT SPRINGS

Data Source: POLLEN

Seott, L.& Cooremans, B.,1990: SAJS, 86,154-156

Four peat cores were recovered from hot springs pear Aliwnl North, these were
between 10.2m sud 7.5m in depth, Rich pollen spectra could only be obtained from
levels below 5 my the overlying black peaty clay and upper fibrous peat (dated at 4.3
ka) were generally harren. Pollen in the organie loams and silts were analysed; these
dated from 9 ka to 12.6 ka, and revealed six stages of alternating cool, moist and
warm, dry events associated with shifts in the grasstand/sheubland border. The
sequence suggests that before 12.6 ka, cool moist conditivns prevailed, gradually
becoming warmer and dry between 12 ka and 11 ka befuie recovering at about 9.6 ka.
The period between 12 ka and 11 ka in the Aliwal North sequence is the most
prominent of the dry cycles in the record, but seems ts be of low intensity when
compared with the lower section of Badsfontein,
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SITE 5: COLLINGHAM SHELTER 29°27'35%8, 20°4745"E
Site Description: CAVE

Data Source: CHARCOAL

February, E.C., 1993: Quat. Res. 42, 100-107.

SITE 21: MEHLWAZINI CAVE 29°02'52"8, 29°23'23"E
Site Description; CAVE

Data Source: CHARCOAL

February, E.C., 1993: Quat. Res. 42, 100-107.

Climatic conditions can be reconstructed from an analysis of the measurement of
xylem vessel size and frequency in archaeological charcoal samples. Wood maintains
its anatomical structure when burned and ean be identified to genus or species level by
the characteristic arrangement of different cell types. It is asswmed that the charcoal
assemblage in a site should reflect the woody vegetation in the vicinity of the site, and
that the types of vegetation reflect the climate of the region. Further, the vessel
diameter increases witl increased moisture, while vessel frequency decrenses.

Collingham shelter and Mhlwazini Cave are located at a height of 1 800 m in ke
Drakensberg foothills it Natal, and were occupied by hunter-gatherers for 1 500 years
before 1 600 AD, Six ussemblages of charconl were chosen for analysis from each
cave, The study revealed a wetter phase at 2.4 ka becoming drier townrds 1.3 ka, A
return 1o moist conditions occurred between 600 a and 200 a.

SITE 11: DUNEDIN 32°17'00"S, 26°40'00"E

Site Description: MARSH

Data Source: POLLEN

Meadows, M.E. & Meadows, K.F.; 1988; SATS,84,253.259

STTE 27: SALISBURY 32°16'00"S, 26°30'00"E
Site Dessription: MARSH

Datn Soureet POLLLN

Meadows, M.E.&Meadows, X.E,, 1988: SAJS,84,253-259

The Winterberg escarpment is made up of a number of dolerite peaks containing vlei
areas in the undulating plateau, While much of the south-eastern Cape ig too arid for
the accumulation of sediments, the climate of the Winterberg s cooler and wetter,
allowing the development of polleniferous sediments, Most precipitation is orographic
and ex' seds 1000 mm.

Vleis on the farm Salisbury and Dunedin in the Winterberg mountaing were cored for
polleniferous sediments, A 175 cm core was recovered from the marsh at Dunedin,
and 2 300 em core was recovered fiom Salisbury, Pollen recnvered from the cores was
analyzed and dated. Three main zones were identified; a grassy open community .
indicative of drier conditions, followed by a community dominated by sedges
suggesting moister conditions. The third zone comprises elements of montane forests,
but ig still dominated by grass and sedge pollen, The palneoclimates inferred from the



PAGE- 116

Appendix 1

Site Descriptions ~ Literature

The sites documented below are not in numetical or alphabetical order. Where
possible, similar types of sites have been grouped together to facilitate more
reasonable discussion. A table listing the sites in alphabetical order is attached betow
(Table 1),

SITE 4: CANGO CAVE 33°23'00"8, 22°13'00"E
Site Description: CAVE

Data Source; STALAGMITE

Talmu, A.S. & Vogel, §.C., 1992; Quat, Res. 37, 203-212

The temperature at which caleium carbonate is precipitated can be inferred from an
examination of the oxygen isotopic composition of the carhonate deposits. This is
because the isotople fractionation that ocours during precipitation is temperature
dependent, Valid results can be obtained if the carbonate precipitate was in isotopic
equilibrivin with the water at time of deposition, and the oxygen isotopic content of
the water is known. Further, no diagenic alteration of the isotope récord must have
oceurred, and the deposit must be properly datable, Stalagmites are most likely to
fulfill the above conditions. In a poorly ventilated cave, equilibrium precipitation
would occur ag the velease of COz from cave drip water would be sufficiently slow. If
the stalagmite Is compact and nonporous, subsequent isotopic alteration is unlikely.
To determine the isotopic composition of the water ar ine time of deposition. an
examination of confined and dated groundwater was undertaken, The stalagmite was
dated using radiocarbon and ionium dating,

Cango Cave is a cave system formed in limestong in the foothills of the Swartberg
mountains, The stalagmite was located 1 100 m from the opening where temperature
remaing constant {17.5°C) and relative humidity exceeds 95%. The temperatute
recorded reflects the average outside temperature, and the position of the stalagmite is
such that it conforms to the conditions necessary for it to be a suitable specimen for
meaningfil palacotemperature analysis. The stalagmhe sampled also consisted of
large, contpact crystals with no evidence of resolution or diagenesis or cavities likely
to contain fluid inclusion waier, Unfortunately, no development occurred between
13.8 ko and 5 ka, and it is suggested that this i3 a result of a local, or regional hiatus in
cave drip water supply. The study suggests that temperatures between 30 ka and 13.8
ka were between 4° and 7° C cooler than present, with the coldest interval batween 19
ka and 17 ka, From 5 ka, temperaturer varied within +1°C to -2°C of present
temperatures with lower temperatures between 5 ka and 2 kn and warmer temperatures
from 2 ka, No conflicting duta are available to confradict the results of this study.
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Holocene Altithermal, characterised by warmer, drier conditions from 8 ka to possibly 6
ka. Subsequently, moisture indexes increased from 5 ka to about 2 ka, when conditions
reflect the typical wet spell situation, Although some sites reflect cooler conditions,
tempetature variations remained small or localised until the Mediaeval Warm Epoch
and subsequent Little Ice Age cooling. The diachronism identified in the onset of
wetness in the higher Southern Aftican latitudes may well be a function of variations in
the strength of the Agulhas Current, The Younger Dryas in Europe may have been
initiated by the cooling in the southern hemisphere, the signal being transferred through
reduced CH,, COs, and increased AABW formation and decreased LNADW formation.

General agreement between the results of this sudy and the conceptual models
developed to account for southern African climate vatiability exists, elthough some
anomalies remain, Southern African moisture trends seem to be tightly coupled to 88Ts,
the reiative strength of the westerly and easterly winds, (which may be controlled to
some degree by Antarctic sea ice fluctuations) and the associated insolation forcing,
Changes in southern Africa’s climate are genetally coeval with switches from a
dominance of NADW to a dominance of AABW in the deep ocean: wanmer, wet spells
are associated with NADW influence, and colder, dry periods with AABW inf sence,

The results of this study demonstrate the pivotal role of orbita. veriations in controlling
glacial cycles in Loth hemispheres through the interplay of insolation receipts, and
oceanic and atmospheric yesponses, especiaily in relation to fluxes in COp and CHj. The
importance of Worth Atlantic ocean vatiations modulated By Dansgaard-Oeschger cycles
and Heinrich events is confirmed; however, southern hemisphere climates may bhe
influenced to a significant degree by local insolation receipts, through the formation of
gea ice, and subsequently increased AABW. This in furn may impact on globnl climate,
and challenges the view that glacial cycles are controlled solely by northern hemisphere
dynamics. The forcing behind the change from NADW to AABW contro] of the desp
ocean vannot as yet be conclusively demonstrated;, a southern hemisphere control
through Antarctic sen ice fluctuations has been hypothesised, since southern African
climates seem to be tightly coupled to these variations, Further, the fluxes in the
formation of NADW and LNADW and the occurrence of Heinrich events may be the
consequence of atmospheric or oceanic processes occurring in both hemispheres, as
suggested by the CaCOs, 8'°C and Ca/Cd fluxes in the Southern Ocean, As meltwater
pulses may not necessarily control NADW fluxes, the assertion that the thermohaline
tlrculation is stable in the absence of these pulses may requite re-examination; the
benign climate of the Holocene may unleash gome unexpected cold periods, as did the
Eemian 115 000 years ago. Global warming may yet revert to global cooling in an
unexpected and unforeseen way.
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Conclusion

The major trends from 20 ka to present comprise a general warming over Souther
Africa which may liave been initiated at about 16 ka subsequent to the global covling
phase of the LGM. The cold, dry conditions typical of the glaclal climate at 17 - 18 ka
were replaced by moister and increasingly warm conditions which reached a local
maximum at about 13 ka to 12 ka. Tlie Southern African proxy data is in agreement with
the general global tendencies recorded by COs '°0, CHj, SSTs and sea level
fhuctuations, An interhemispheric diachronism, whereby the southern hemisphere leads
this deglacial phase by at least 1 kn, is apparent,

The period 13 ka to 12 ka is characterised by evidence suggesting opposite climatic
trends. On the one hand, the terrestiial PASH proxy data suggests warns, moist summer
rainfail conditions typical of a wet spell situation coincident with reduced winter
rainfall. Increases in CH documented over the subtropics (Sirocko ef al,, 1996) and a
werming maximum documented at Wonderkeater at 13 ka (Partridge, ef al,, 19%0)
support this inference. The oceanic evidetice suggests that regional lowering of SSTs
only commenced at 12 ka (Labracherie ef ol,, 1989). In contrast, molluscan evidence off
Kleinzee (Pether, 1994), and increased localised west coast moisture argues for the
intrusions of Agulhas rings from 13.5 ka to 12,5 ka, typical of a dry spell situation, It has
been suggested that reduced summer ingolation would reduce the meridional
temperature gradient, resulting in weaker trade winds, This would reduce the volume
flux of the Agulhas Current, enhancing its tendency to round the Cape, and suppress
summer Benguela upwelling, thus allowing the Algoa taxa to colonise the west const
(Pether, 1994), To reconcile the apparent inconsistencies, it is possible that Agulthas
intrugions can ocour during both wet and dry spell conditions,

The warming was suddenly and dramatieally reversed, in agreement with the northern
hemisphere Younger Dryas reversal, with a return to near glacial conditions being
recorded in most records, but especially in S8Ts, 5'°C fluxes in the oceans (suggesting a
change in NADW production) and the proxy terrestrial data, Once again, a lead in
warming in the Southern Memisphere is apparent, in that the southern hemisphere
cooling appears to antedate its northern hemisphere counter Eart by up to 1 ka. Good
evidence for this is found in palneo-SSTs and oceanic §”C fluxes; the terrestrial
southern African proxy data are in agreement, but caution is necessary as dating control
is insufficient to permit unambiguous coaclusions. The cduse of the southern
“hemisphere climate reversal is attributed directly to the reduced southern hemisphere
insolation that occutred between 13 ka and 9 ka, and the subsequent increases in sea ice,
and reductions in Southern Ocean SSTs and LNADW (caused possibly by enhancud
AABW formation, coincident with meltwater pulses), reduced trades and stronget
westetiies.

Subsequently, while Europe returned to the neo-glacial . uditions associated with the
Younger Dryas, conditions in the southern hemisphel., taproved, as indicated by the
terrestrial proxy data, SSTs and 8°°C evxdence. Temperatures increased until the
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This site is a peat deposit near Tate Vondo in Venda which lies at a height of 1 100 m
in a high rainfall arca, Average temperaturey exceed 25° C and the area is virtuzlly
frost free, The large peat uep s, covering an aren of 30 000 m?, is located in a swamp
fed by a spring which Juvns 1y a river. A peat profile of 2.1 m was examined for
pollen. The base of the boring is dated to about 12 ka, and three time zones were
identified; a grassland with fynbos elements interspersed with forests in mountain
tavines comprise the oldest from 12 ka «10 ka; the second is indicative of a dry
savanna environment with reduced forest and fmbo: dating from 10 ka - 6.5 ka, while
the thita is made up of swamps and woodlid elemants suggesting moister conditions
from 6.5 ka to present. The peneral cor.lusious are in accordance with other
Transvaal sites, such as Wonderkrater, Rietvlel and Moreletta River,

SITE 12: ELANDS BAY CAVE 32°18'00"S,18°20'00"E
Site Description: COASTAL CAVE

Data Source: MOLLUSC SHELL

Cohen, A.L., et al,1992: Quat, Res. 38, 379-385.

An analysis of marine molluse shells from coastal middens on the west coast was
undertaken to determiine the thermnl history of the southern Benguela region, The
middens ave locnted in and near Elands Bay Cave. Two techniques to determine
paleaotenperatures were used: oxygen isotopes and aragonite-caleite ratios, The
ambient seawater isotope composition and the sea temperature during shell accretion
will determine the oxygen isotope composition of skeletal carbonates, The aragenite-
calcite ratio is tempernture dependent, ag the percentage of aragonite is directly
proportional to temperature. In the limpet species Patelle granularls, discrete
arngonite and calelte layers are easily identified und can be mensured,

Three diserete periods of isotope enrichment in the shells were recognised covering
the petiods 11 ka to 10 ke, 3 kn to 2 ka and the Little Jce Age. The arogonite/caleile
ratios suggest a drop in temperature of between 1°C and 2°C at ihe site during the
cooler periods. A hiatus in the midden covers the peiiod from 7.9 ka and 4.3 ka.
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dunes were formed under a circulation pattern similar to that of the medern July
pattern further south, It is suggested that the year-round clreulation was similar to the
present winter circulation,

The southern dunes were formed as tlie result of the interaction of the South Atlantic
anticyclone, which may have been stronger, and South Aftican anticyclone, A modern
analogue would be the present QOctober circulation pattern, a circulation pattern
common during modern drought years, when the relative strengths of the two
anticyclones are equal,

These conditions, resulting in expanded aridity over southern Africa, have probably
oceurred repetitively during the Quaternary, Wetter periods when the dutes becane
fixed by vegetation, and eroded by runoff, intervened, It is maintained that the dune
patterns visible today represent the most recent arid episodes, Dating dunes Is
difficult. but three neriods of dune formation can be identified, The oldest, associated
with the Group A notthemn dunes, probably predutes 30 ka, and may I “een as
early as 38 ka. The second perjod agsociated with southern dune and n.  eastemn
Botswana dune activity, postdates & major fluvial and lacustrine petiod in the northern
Kalahori. Conditions from 20 ka 10 16 ka were dry, followed by a cool, humid phase
between 15 ka and 12 ka. Although conditions in the northemn Kalahari may have
ameliorated at 12 ka, the southern Kalabari became orid and windy and the inner
dunes of the pans were probably formed at this time, sssocinted with falling water
tables (Lancaster, 1986). The southern dunes were probably reformed at this time, a
process witleh continued into the easly Holocene,

SITE 2¢: LELIEHOEK SHELTER 29°10'00"S, 27°27'00"E
Site Description: SANDSTONE CAVE

Data Source: CHARCOAL/MICROMAMMALS
Esterhuysen, A.B., 1992: Palaecol.Afr,23, 193-201

Lelichoek Shelter is located at n height of 1 640 m in the montane belt, formed in the
¢ave sandstone of the Clarens formation near Ladybrand, A mountain stream flowed
through the back of the shelter, It was occupied, as many stone tools, bone and ostrich
shells are present, Once leached to remove contaminating resin, the ostrich shells were
dated and the charconl and micro-faunn were analysed to reveal palacaclimatic trends.
It is suggested that at ebout 4.5 ka increased rainfall enhanced the flow of the stream
with an attendant change in vegetation, Results tend to concur with those for
neighboring areas, and suggest mesic conditions durlng the Holocene with dense
vagetation capable of supporting humans, while much of the Interior of South Africa
was uninhabited,

SITE 29: TATE VONDO  22°53'45"S, 30°19'36"E

Site Deseription: MARSH

Data Source; POLLEN

Scott, L., 1987: Rev. Palbot/Palynology,53, 1-10, and Scott, L., 1989: Palaeo 3.
70, 345-353
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SITE 31 KALAHARI DUNES 28°8 TO 16°30'3
Site Toscription; FIXED DUNES

Dtz Sowrce: DUNE ALIGNMENTS

Lancaster, N., 1981: Palaso 3. 33, 327346

The Kalahari sands cover a large part of the southern African intetior, extending from
16°30" S to 28°S, Through the years they have been formed into an extensive system
of fixed, parallel, linear dunes, with local areas of transverse dunes, As the pattern of
dune alignments at a reglonal scale reflects the regional pattem of sand-moving winds,
the alignment and morphologies of the dunes may be used to infer palueowind
directions, and palacomoisture indlees associated with the palseocirculation patterns
may also be deduced, This is based on the assumption that lineur dunes extend parallel
to the dominant wind direction, Active continental sand dunes occur in areas with lesg
than 100 mm rain per annum, where sand conditions permit, Vegetated dunes indicate
that the former arid environments have been replaced by wetter climates, as vegetation
takes hold once rainfall exceeds 150 mm, The Kalahari dunes form a large
gemicircular arc with a radius of 1000 km, corresponding approximately to the pattern
of winds around the South African anticyclone. Two distinct subsystems exist,
separated by the Ghanzi ridge and the central Kalahari watershed (Figure Al)(pg340
figd).

The northetn dunes, comprising two groups, A and B are nligned E-W to ENE-WSW.
The group A dunes ar¢ remarkably straight, and continuous up to 200 km in somne
cases, The dunes are extensively degraded, and are covered in open tree savauna or
savenna woodlapd associated with precipitation ranging from 600 mm to 300 mm,
The dunes are comparable to the linear dunes of the Namib sand sen in size and
spacing and wete formed by easterly winds, The group B dunes consist of low sand
tidges nligned ENE-WSW, commonly 50 km long and are covered by open tree
savianna under a rainfall of 500 « 600 mm,

The southern dunes are located In aren extending from the highlands of Namibia to the
Otange river at Upington and cover a belt between 100 km and 200 km in width, The
dunes comprise parallel linear ridges with NW or NNW to SE or SSE alignments, The
dunes are covered in vegetation compriging grasses, scattered trees and shrubs, The
dunes resemnble those in the Simpson Desert of Australin, which is marginally arid
with rainfull between 150 mm and 200 mm,

The extent of the dunes described above indicates that the 100 mm isohyet must have
been focated 1 000 « 1 200 km northeast of its present position in order for the
notthern dunJs to have formed. The scuthem dunes would have needed a 230 ~ 300
km shift of the 100 mm isohyet. This suggests that considerable change in the
simospheric circulation took place, including an expansion of aridity and latitudinal
displacements of circulation potterns,

The northem dunes, comprising group A, were probably deposited under a regime of
southeasterly winds that penetrated further into the subcontinent that at present, This
implies a stronger anticyclone with a greater circulation radius. A modern analogue i3
when the South African antleyclone occasionnily assumes a more southerly,
continiental position; this may have ocourred more frequently in the past, The group B
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subsequently from 7 ka to 2 ka, conditions were wet and relatively warm. The
previous perfod may have been dry.

SITE 23: NARABER 23°49'24"S, 14°55'00"E

Site Description: LAKE DEPOSIT

Data Source: SEDIMENTS

Teller, 1.T,, et af., 1990: Quat. S¢i. Rev. 9, 343364

SITE 19: KHOMMABES  23°30'00"S, 15°02'00"E
Site Description: LAKE DEPOSIT

Data Sowce: SEDIMENTS

Teller, J.T., et al,, 1990: Quat. Sci, Rev, 9, 343-364

SITE 32: WEST PAN A 23°33'15"S, 14945'00"E
Site Description: LAKE DEPOSIT

Data Source: SEDIMENTS

Teller, J.T,, et al,, 1990: Quat, Scl. Rev, 9, 343-364

Narabeb, West Pan A, and Khommabes refer to eleven sites in the Namib sand sea.
These sites containing calcareous lacustrine sediment located in the interdune areas
were studied. Samples were malysed for minerolopy, grain size, water-soluble
content, and acid-soluble content, Caleified reed casts, gastropods, diatoms and
ostrocods are present in some places, which were analysed for 8°C and §'°0. Dating
of the sites was achieved through an analysis of the carbonate in the playas, and
although there is some uncertainty as to the accuracy of the dates, it is maintained that
they do reflect the age of sedimentation at the playa sites,

The beds are typically less than a metre thick, and comprise calcareous sandstones,
mudstones and sandy limestones. At the Narabeb site, six calcarcous mudstones
represent six long periods of ponding, allowing precipitation of caleite along with the
clasfic muds, It is maittained that the deposits are indicative of increased moisture in
this hyper-arid environment. The intervening thick sands represent aeolian deposition
tluring dry phases, The water responsible for the deposits may be the result of ponding
at the end of the Tsondab river, flooding by the Kuiseb rver, ground water seepage or
increased rainfall, There is no evidence of major increases in rainfall in the area, but
small increases in the headwaters of the rivers may recharge aquifers, cause flooding
or extend the end points of some rivers further west,

The sequence of moisture fluxes in this area suggests that the period between 14 ka
and 10 ka miay have been wetter than today (Teller et al,, 1990), although it is
generally held that wet conditions ceased at about {1 ka (Teiler and Lancaster, 1986),
It is mnintained that the t¢rminus of the Tsondab River refreated from Nurabeb by 14
ka, and maintained its present position suon after 13 ka.
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The Natab Silts are a number of fluvial uaits occurring at vatious locations between
Gobabeb and Homeb along the Kuiseb River in the Namib Desert. Some of the silts
indicate valley filling of up to 10 m above the present river bed, representing a stage
that post-dates the remaoval of the Homeb silt accumulation from the river channel,
They are overlain by a thir. layer of pebbles (the Gobabeb gravels), which suggest
increased flood energies ¢ ior to the re~excavation of the silts to their present levels,
Analysis of any dateable material was undertaken, as well as interpretation of
sedimentological and pedologicn] features to determine palacoenvironmental
conditions. The silts suggest that a dry spell from 8.3 ka to 4.2 ka occwrred after which
run-off increased producing the Gobabeb pravels., (Other sites in close proximity to
the Natab Silts, which have longer records, were included in the Natab Silts data set).

Great Hudaob is located 55 km upstream from Gobabeb on the Kuiseb river. It is a
tufa deposit formed from seepage draining out of a side gully. Its formation
documents local changes in moisture availability, which peaked at 34 ka to 30 ka and
later at 9,8 ka.

Evidence at the coast at Coneeption Pay and at Meob Bay, where remmants of a flat
elevated surface capped by an extensize calcareous crust exist, provide evidence of
elevated groundwater and viei conditions, A drop in the water table associated with
reglonal dessication occurred between 12 ka and 10 ka, resulting in calcification of the
surface, The caleifiad crusts give dates of between 10.7 and 11.9 ka.

SITE 25: PRETORIA SALTPAN  25°34'30"S, 28°04'59"E
Site Description: CRATER LAKE

Data Source: POLLEN

Partridge, T.C., et /., 1993: Palaeo 3,,101, 317-337

The Pretoria Salt Pan is a circular crater 1130 m in diameter near Prstoria, The
maximur 1im elgvation above the crater floor is 119 m and its height above the
surrounding plain averages no more than 60 m, Presently, largely owing to
excavations, the crater floor is slightly below the level of the local water table, and a
shatlow (3 m) lake cavers the base, Before exploitation of the soda brines, a shallow
seasonal pool occupied the crater, The crater has an Infilling of 90 m of fine lacustrine
sediments, resting on 61 m of conrse clastic .lebris, The sequence covers about 200 ka
and a high-resolution palnevenvironmental record has been reconstructed for the site
through pollen and sediment analyses,

The presence of an unbroken, raised rim around the erater, and its oocurrence within a
uniform ganite lithology have ensured that the erater has functioned as a closed
system, from a surface hydrologienl viswpoint, containing a homogeneous source of
clastic sediment. Unfortunately, no pollen is preserved between 70 and 34 m, and
again between 12 and 6.5n; thus no reconstructions of vegetation at these times is
possible, although the authors intend studylng the phytoliths in the core, which may
shed some light on grass cover at these times. Thus fluctuations In the principal
constituents of the lacustring sequence are a function climatic changes, and record
local arldity indexes, From 8 ka to 7 ka, sonditions were dry and moderately warm,
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SITE 24: NATAB RILTS  23°33'15"S, 15°10'00"E
Site Description: SILT DEPQSITS

Data Source: CALC DEPQOSITS

Vogel, I.C., 1989: Palaeo 3. 70, 355-366

SITE 17: FOMEB SILTS  23933'15"S, 15°1000"E
Site Description: SILT DEPOSITS

Data Source: CALC DEPOSITS

Vugel, 1.C,, 1989: Palaeo 3, 70, 355-366

SITE 18: HUDAQB CALC-TUFA  23°33'00"S, 15°30'00"E
Site Description: TUFA DEPOSIT

Data Source: CALC DEPOSITS

Vogel, 1.C,, 1989: Palneo 3, 70, 355-366

The Namib Desert is a hyper-atid coastal desert along the west coast of Namibia
covering a distance of about 2 000 km from north of the Orange River (31°8) to
beyond Mogamedes in Angola {14°S). The desert is quite narrow in lateral extent,
about 100 km at its widest, and experiences advection fog, which provides about 32
mm of precipitation annually near coastal sites, but this decreases to zero at the base
of the escatpment. A tumber of dry river beds traverse the desert, which occasionally
carry floodwater to the sea. Most of the water carried sinks into the sandy riverbeds as
the dvers tend to drop their loads along specific stretches of the rviver beds; this
corresponds to the average reach of the floods, Smell changes in flood intensity
caused by changes in precipitetion lead to a redistribution of sediment along the river
course and relicts of these fluvial sediments document such changes accurately. Past
environmental conditions are especially well preserved in the Namib Desert because
of the exireme aridity of this area. Fluvial silt deposits show virtually no secondary
slteration by weathering, and dead trees hardly decay over centuries,

Reliable dates were obtalned from plant material, but often less reliable sample
material had to be dated such as caleified crusts or calcretes, Elere caution is necessary
in the interpretation es caleium carbonate may have an initial apparent age of 2 ka, and
all ages related to cnicium carbonate may have errors of about 500 a, even after a
correction of 1 ka has been made, Secondly, host material may be contuminated by
lime of much older age.

The Homeb silts comprise a number of remnants of fine-grained silts and are located
in embayments of the Kuiseb river between Fomeb and Gomkaeb, They are
horizontally bedded deposits interdigitated with small aeolian sand lenses, and some
levels contain desiccation cracks and caloified crusts. Formation of these silts took
place under a regime of low energy deposition over a long perled. At Homeb, the silts
ars 37 m above the present river bed. Radiocarbon dates were cbtained from calcified
crusts, snails, and Interbedded plant material, suggesting that the sediments
sccumulated between 23 ka and 19 ka, This has been interpreted as representing
sphemeral flooding, or ponding during this interval (Teller ef al., 1990) with reduced
competence of the Kuiseb River resulting in the silt load being deposited at this
location (Vogel, 1989),
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of the spring area, it became more accessible, or was in greater dernand, especially
when conditions became regwonally drjer.

SITE 30: UITENHAGE 33°40'00"8, 25°28'00'E
Site Description: ARTESIAN AQUIFER

Data Scurce: INERT GASES

Heaton, T.H.E,, et al,, 1986: Quat, Res. 25, 79-88

The temperature at which water entered the ground may be determined through the
measurement of inert gases such as Na or Ar in groundwater, and thos
palaecotemperatures may be defermined if the water can be dated. Water in contact
with the atmosphere has concentrations of gases dissolved in it related to solubility, a
funetion of temperature, and partial pressure in the atmosphere, Below the water table
the groundwater is isolated from the atmosphere, and gas concentrations will remain
constant until sampled. The calculated recharge temperature represents the earth
temperature at the base of the unsaturated zone, i.e, the point at which the ground
water was last in contact with the almospliere. At this depth, (few tens of metres) the
seasonal temperature fluctuations are completely damped and the temperatures reflect
the mean annual temperature, regardless of season of rainfall, Temperatures of the
earth a few metres below the surface are typically 1° - 2°C warmer than the air
temperature.

Na and Ar dissolved in groundwater from an artesian aquifer near Uitenhage in the
castern Cape were analysed and reliable palacotemperatures for the region were
obtained., The geology of the area comprises fractured Qrdovician quartzites which
outerop on high ground, but are overlain and confined to the east by impermenble
Jurassic-Cretaceous shales and sandstones. The quartzites contain low salinity
groundwater which was sampled from deep boreholes in the confined artesian section
of the aquifer. The aquifer is recharged at the quartzite outerop area, and the water
flows slowly through the artesian section reaching ages of up to 28 ka at the coast.
Contamination of the water by Na derived from denitrification, or radiogenically
derived Ar by K in the aquifer tocks, is low enough to be considered unimportant,
The tesults of this analysis suggest that between 28 ka and 15 ka, recharge
temperature was about 14°C, while temperatures between 9 ka and 300 a were about
19.5°C.
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suggested that Cy grasses predominated during the Holocene at this location,
indicating increased moisture during this period,

SITE 26; RISTVLEI DAM  25°45'00"S, 28°20'00"E
Site Description; SPRING

Data Soutee: POLLEN

Scott, L., 1989: Palaeo 3. 70,345-353

SITE 34: WONDERKRATER 24°30'00"S, 28°45'00"E

Site Description; CAVE

Data Source; POLLEN

Scoit, I .& Thackeray, J.F., 1987: SAIS, 83, 03-98, and Scott, L., 1989: Palaco 3,
70,3:45-353,

Pollens frow: the Rietviei Dam spring site were analysed to determine
palasoenvironmental conditions. It is located in grassland adjacent to the Bushveld
Basin, Springs may be contaminated by younger roofs, Wor? ** s a thermal
spring near Naboomspruit containing a long, particutarly well preserved sequence of
poilen samples dating back to 35 ka, Ten zones were identified, supplying a detailed
temporal record of palaeoclimates in terms of both temperature, and moisture, Mesic
conditions are inferred from Rietvlel Dam and Wonderkrater at the end of the
Pleistocene (11 ka??). Dry conditions occurred at 8 ka while temperatures continuved
to rise. Wetter climates returned after maximum temperatures were reached at about
6,5 ka.

SITE 33: WINDHOEX 22934'00"s, 17°06'00"E
Site Description: SPRING DEPOSIT

Data Source: POLLEN

Scott, 1., et 0/,1991: The Holocene, 1, $-13

The town of Windhoek is located in the Khomas Hochland at 1700 m, and receives
about 363 mm of rainfall. Before the development of the town, a deep civcuiating hot
groundwater spring supplied water from a north-gouth running fault to & swamp with
fush vegetation, in contrast to the dry Hochland savanna in the surrounding hills.
During recent excavations, a number of spring deposits comnprising 40 em of light
grey sand, overlain by 140 om of dark grey spring silts, 120 cm of grey diatornceous
materdal, including 35 om of black and dark grey silts, were unearthed,

The age of the present hot spring water {s about 20 ka, as determined by carbon in the
water, Aquaetics lving in the water would thus reveal similar apparent ages,
compleating the dating of the sediments, However, the HC content of the dated
matertal is not derived from aquaties, and the dates are considered reliable, Analysis
of the potlens derived from the sediments reveals the following succession of events.
. The bage of the sediments are dated to about 7 ka and the pollens suggest waterlogged
conditions until 6 ka. Between 6 ka and 5.5 ka, drying is evident, Distutbance by
grazers and their hunters is evident at the site, suggesting that owing to partial drying
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SITE 66: DZATA  22°52'10'], 30°08'30"E
Site Description: ARCHEOLOGICAL SITE
Data Sowrce; CHARCOAL

Height: 830m, Rainfall; 482mm

February, E.C.

SITE 67: ROSE COTTAGE CAVE 29°13'00"8, 27°28'00"E
Site Description: CAVE

Data Sourge: MICROMAMMALS

Avery, DM,

SITE 68: ADRIESGROND CAVE  32712'00"S, 18°52'00"E
Site Description; ARCHEQOLOGICAL SITE

" Data Source: MICROMAMMALIAN REMAINS

Height: 327mm, Rainfall: 1370m

Avery, D.M.,

SITE 69: BLINK KLIP KOP 28°18'00"S, 23°0700"E
Site Description: ARCHEQLOGICAL SITE

Data Source: MICROMAMMALIAN REMAINS
Height: 327mm, Rainfill: 1370m,

Avery, D.M,

SITE 71 UMHLATUZANA ROCK SHELTER ~ 29948'00"8, 30°45'00"E
Site Description: ARCHEOLQGICAL SITE

Data Source: MICROMAMMALIAN REMAINS

Height: 867mum, Rainfall: 330m

Avery, DM
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SITE 58: VERLOREVLEI  23°49'24"8, 14°55'00"E
Site Description: SWAMP/MARSEH

Data Source: POLLEN

Height: Om, Rainfall: 329mm

Haman, R, Meadows, M,

SITE 59; STEENBOKFONTEIN  31°40'52"8, 18°39'23"E
Site Description: ARCHEOLOGICAL SITE

Data Source; MICROMAMMALIAN REMAINS

Height: 50m, Rainfall: 145mm

Avery, DM

SITE 60: COMPASSBERG 31°45"37"§, 24°32'22"E
Site Description: SWAMP/MARSH

Data Source: POLLEN

Height: 2000m, Rainfail: 329mm

Haman, R, Meadows, M,

SITE 61: POWER HOUSE CAVE  27°32'00"S, 24°38'00"E
Site Description: CAVE

Data Source: MICROMAMMALIAN REMAINS

Heightt 1220m Rainfall: 440mm

Avery, DM

SITE 62; SPOEG RIVER CAVE  5u’17'00"8, 17°16'00"E
Site Description; CAVE

Data Source: MICROMAMMALIAN REMAINS

Height: 10m, Rainthil: 630 mm

Avery, )M

SITE 63: ABBOT'S CAVE  31°27'00"S, 24°39'00"E
Site Deseription: ARCHEOLOGICAL SITE

Datn Source: MICROMAMMALIAN REMAINS
Heightt 1450m, Rainfall: 360mm

Avery, DM _

SITE 64: LAKE FARM 34°00'00"S, 25°30'00"E
Site Description: STREAM DEFOSIT

Data Source: POLLEN

Height: 150m, Rainfall: 780mm

Haman, R, Meadows, M

SITE 65: BOKKRAAL 3201 5'3578, 22°1 90 E
Site Deseriptions MARSH

Duta Source: POLLEN

Helght: 304mm, Rainfail: 1820 m

Haman, R, Meadows, M
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'SITE 50: OPPERMANSKOP 31°15'00"S, 25°02'00"E

Site Deseription: HYRAX MIDDEN
Data Source: POLLEN

Height: 1650m

Scott, L,

SITE 51: SCOT 22°5700"S, 29°24'00"E
8ite Deseription: SPRING DEPQSIT

Data Source: POLLEN

Height: 823 m

Seott, L

SITE 52: EKSTEENFONTEIN 28°50°00"8, 17°15'00"E
Site Description: HYRAX MIDDEN

Data Source: POLLEN

Heighi: 600m,

Seott, L.

SITE 53: COLWINTON & RAVENSCRAIG SHELTERS 31°07'45"S, 27°44'22"E
Site Description: ARCHEOLOGICAL SITE

Data Source: CHARCOAL

Height: 1860m, Rainfall: §38un

February, E.C.

SITE 54: NORGA PEAT  33°57'00"§, 22°23'00"E
Site Description: PEAT /MARSH DEPOSIT

Data Source: CHARCOAL

Height: 200m, Rainfall: 1142mm

February, E.C, :

SITE 55: LIMEROCK 28°33'00"S, 24°00°00"E
Site Description: CAVE

Data Source: MICROMAMMALIAN REMAINS
Height: 330mm, Rainfall; 1200m

Avety, DM

SITE 36: FLORISBAD 32°46'00"8, 26°04'00"E
Site Description: MARSH

Data Source: POLLEN

Height: 1272m, Rainfall: 482mm

Brink, 1.S.

SITE 57: JUBILEE SHELTER 25°42°00"S, 27°55'00"E
Site Description: ARCHEQLOGICAL SITE

Data Source: MICROMAMMALIAN REMAINS

Height: 1350m, Rainfall; 550mm

Avery, D.M
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SITE 41: NKUPE SHELTER 28°09'00"8, 29°56'00"E
Site Description: CAVE

Data Source: MICROMAMMALS

Reinfall: 924mm.,
Avery, DM,

SITE 42:MGEDE SHELTER 28°10'00"S, 29°41'00"E
Site Description: CAVE

Data Source: MICROMAMMAILS

Avery, DM,

SITE 43: SANI TOP 29°36'00"S, 20°15'00"E

Site Description: VALLEY SEDIMENTARY SEQUENCE
Data Source: POLLEN

Height: 2950m Rainfall:1095mm

Marker, M.E,,

SITE 44: BONAWE 31920'37"S, 27°46'30"E
Site Deseription: ARCHAEOLOGICAL SITE
Data Source: CHARCOAL

Height: 1450m Rainfall:761 mm

February, E.C.

SITE 45: PAKHUIS PASS SHELTER 32°05'00"S, 19°05'00'E
Site Description: HYRAX MIDDEN

Data Source: POLLEN

Height: 450m

Scott,L.,

SITE 46: KILLMORE BOKSPRUIT 30°57'00"S, 27°56'20"E
Site Description: PERIGLACIAL FORMATIONS

Data Source: GEOMORPHOLOGICAL ANALYSIS

Height: 2000m, Rainfall: 686mm

Lewis, C,,

SITE 48: TLAEENG PASS 209°50'00"S, 28°46'00"E

Site Description: CUTTING SEDIMENTARY SEQUENCE
Data Source: POLLEN

Height: 3100m, Rainfall: 1334mm

Marker, MLE,,

SITE 49: MEERKAT SHELTER  31°15'00"S,25°05'00"E
Site Description: CAVE HYRAX MIDDEN

Data Source: POLLEN

Height: 1650m,

Scott, L,
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Appendix 2
Site Descriptions - From PASH Data

For the full references for the PASH data, see Appendix 3.

SITE 26: RIETVLEIDAM  25%45'00"S, 28°20'00"E
Site Description; SPRING

Data Source; POLLEN

Scott, L., 1989: Palaeo 3, 70, 345-353

SITE 36: BOOMPLAAS 32°23'00"S, 22°11'00"E
Site Description: CAVE

Data Source! POLLEN

Thackeray, F

SITE 37: SNEEUBERGVLEI32°26'48"S, 19°0828'55"E
Site Description: SWAMP

Data Source: POLLEN

Height: 1440m, Rainfall:1000mm

Haman, R, Meadows, M

SITE 38: LAKE TEZA 28°20'00"8,32°07'00"E
Site Description: COASTAL LAKE

Data Source: POLLEN

Height: 30m,

Seott, L.

SITE 39: BLYDRFONTEIN STREAM 33°15'00"8, 25°05'00"E
Site Description: VALLEY DEPOSIT

Data Source: POLLEN

Height: 1650 m, Rainfall: 330mm

Scoit, L.

SITE 40: WINTERBERG MOUNTAINS 32°26'00"S, 26°45'00"E
Site Description: MARSH-

Data Source: POLLEN

Height: 1400m, Rainfall: 940mm

Haman, R, Meadows, M,
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