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19(7). Gingele (1996), suggests that higher precipitation, owing to an intensification of
the north African monsoonal system during the 12 ka - 11 ka precessional !'linimum in
the southern hemisphere. resulted in increased sedimentation off the Nigel' l'j""r. The
observatious do indicate, however, that the tropical climntic response 011I.y reaches a
maximum thousands of years nfter the solsf ce-perihelk -n alignment (Short and Mengel,
1(86).

Until about 1.0 Ma the dominant cycle during the Quaternary was the 41 ka period.
Since then the 100 ka periodicity has become dominant and resulting glaciation periods
have been characterised by greater intensity than before. and in rapid deglaciation, with a
few abrupt returns to cooler conditions; in contrast. glacial cooling is slow and uneven
(Williams ei al., 1993). If two of the orbital forcing mechanisms are in phase, as was the
case at 22 ka, when obliquity and eccentricity were both low, glacial maxima are
especially intense (Erniliani, 1993).

The situation is, however, more complex than the above summary may suggest. Firstly,
orbital forcing only triggers the onset of an ice-age; further development depends on the
internal dynamics of the ocean-ice-atmosphere system (Emiliani, 1993). It has been
suggested that contributlons of the various components of this system Were: land ice
O.9ClC, sea ice O.7°C, decreased water vapour 1.5°C, altered cloud COVerO.7°C, reduced
C02 O.CiQCand reduced vegetation 0.3°C (Rind, 1987). C02 and CEo! changes observed
in the Vostok core suggest that relatively weak orbital forcing is amplified by changes in
these gases, and that they may constitute the link between the hemispheres (Lorius at al.,
1990) Further, tip to 50% of the glacial-interglacial change at n global scale nH\Y be
attributed to these two gases (Genthon at al., 1987; Lorlus et al. 1992), Secondly,
deglaclatlon of the southern hemisphere is nearly in phase with the northern hemisphere.
both with respect to initiation and rate, although it has been argued that orbital forclng
would haw a lesser effect ill the smIth because of the oceanic nature of the southern
hemisphere's higher latitudes, Processes such as minor destnbllisntion of grounded icc-
sheets 01' the long-range effects of ocean currents have been suggested to account for
southern hemisphere deglaciation (Williams, 1993). In contrast, summer insolation at
600S and 78\)S could play an important role in sea ice extent around Antarctica;
variations ill the Vostok isotope record display similarities to variations in annual
Insolntiou rcceipis at 78°S (Genthon et at.• 1987).

Atmospheric compositions and 11::'5S can be regarded as constant except for the
Greenhouse gases C02! 014. rhO 03. volcanic aerosols and dust. C02 fluxes affect sea
surface temperatures with positive feedbacks, ill t11<\twarmer oceans release C02 as their
capucity to hold dissolved CO:\ is reduced. C02 is dircctly linked to atmospherlc
warming as it absorbs longwave radiation. Changes in water vapour affect cloudiness
and involve both positive and negative feedbacks with respect to warming, but moisture
availability is affected primarily by ocean temperature. Moisture reduction also affects
icc-sheet stability, in that continental icc ..sheets are starved du-ing times of lower
moisture availability (Williams. 1993). 802 emitted from volcanoes easily converts to
sulphate particles, which reflect solar radiation and act as cloud condcnsntlon nuclei
(Chahlne, 1992; 1{ol'!', 19930).

Ice-cap size fluxes effect tho equator-pole temperature gradient, resulting in changes in
wind strength and oceun current intensity (Williams, 19(3). Albedo is also affected, with
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The last maximum angle of obliquity was at 9 kn, while the last minimum was at 29 ka
(Liu, 1992). The effect of the shift in perihelion does not alter the redistribution of
annual insolation, but increases seasonality at lower latitudes (Phillipps and Held, 1994;
Mangerud at al., 1996). Each major glacial advance has been closely correlated with a
minimum in the precession index; this is clearly demonstrated in the fluctuations of the
Scandinavian ice sheet (Mangerud et 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 suggests that this cycle is 110t caused by
eccentricity variations, but by changes in the inclination of the orbital plane, Variations
in the Inclinarion do not cause changes in insolation, but could, through the
extraterrestrial accretion of meteorites and dust, bring about changes in the U1110tUlt of
solar radiation reaching the Earth (Figure 2.2) (Mullet' and Muclrcnald, 1995).

t=--~----.-

Fig. 2.2 Comparison of orbital Incllnatlon (solid line. logged by 3j kn) und 6180
climate data (dotted line) {Muller and MacDonald, 19(5).

Milankovitch theory has, since the 1970s, received much support, especially since the
papel' by Hays et at" (1976), and the Nato advanced research workshop Oil Milankovitch
and climate (Berger et al., 1984). Milankovitch orbital variations were compared with a
number of indices from ocean cores including planktonic 8180, SSTs, and the
percentage of G.'yclodophol'a davisiana, and it was concluded that frequencies observed
in the geological sedimentological record matched orbital frequencies to within 5%
(Hays at al., 1976), Recently, the Mllnnkovltch theory has been unsuccessfully
challenged (Imbrie £'t al., 1993; I~miliani, 1993). Results of model experiments linking
the atmosphere. ocean, sea ice and other factors showed that 70% of northern
hemisphere ice volume is related to astronomicnl forcing and related changes ill albedo.
while only 30% is related to C02 changes. Euch time a decrease in insolation occurs,
positive feedbacks amplify the response of the climate system, often with time lags 0[\11'
to thousands of years (Berger at al., 1(93). Monsoonal systems, as modelled in GeMs,
have been linked to precessional variations: thermally forced monsoon circulations are
enhanced by the strengthened seasonal cycle of solar heating that results when the
summer solstice occurs ncar the perihelion (Phillipps U11d Held, 1994; Pal'tddge at al.
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CHAPTERrwo

Milankovitch, Boundary Conditions and Phase Lags

Climatic change at any scale must be considered in the light of certain boundary
conditions 01' external forcing factors Stich as solar input, atmospheric composition, ice-
sheet distribution, local relationships between land and sea, ocean currents and sea-
surface temperatures (Rind, 1987; Prell and Kutzbach, 1987; Harri son at al., 1991;
Williams et al., 1993).

Boundary conditions are external variables which influence climate on a particular
timescale. When considering climatic change; over the last 20 thousand years (ka),1
position and size of continents can be regarded as constant, as can solar output.
Although solar output may be regarded as constant at source, the amount of insolation
received by the Earth may change over time. primarily because of orbital variations
which govern the relationship between Earth and sun, The orbital variations have three
major components: the obliquity of the earth with respect to the ecliptic plane, wh', h
varies by some 1.5° around a mean of 23.11) and has a period of about 41 kll, the
eccentricity of the Earth's orbit with a period (If about 100 ka, and the precession of the
equinoxes, which affects the longitude of the perihelion and has a period of about 19 ka
to 23 ka (Figure 2.1).

r-----------------

Fig. 2.1 The major CoiupouclltS "r the Milunkovitch cycles: (0) variatiollSi!i the
obliquity of the ecliptic, (b) rhe eccentricity of the Earth's orbit and (0) the
precession of the equinoxes, (Llndesnv, 1990).

These changes ill the Emth's eccentricity, axial tilt and longitude of the perihelion have
given rise to glacial cycles with simllar periods (Borger at al., 1984; Prell and Kutzbneh,
1987: COHMAP Members. 1988; Lindesay, 1990; Liu, 1992). A largol' angle of
obliquity results in greater seasonal changes, and is associated with rapid deglaclatlons
(Berger et '11., 1984), and its effect is greatest at higher latitudes (Phillipps and Held,
1994).

IAll dates cited ill this review ore l~C years, where nc~essnry, calculntlone follow the formuln used in
Jouzel at al., (1995) l.e. Cnl yrs '"'1.24(nge "c ·0.84): or conversions used in Blanchon and Shuw, 1995).



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
Informatlon 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 usc in the PAGES programme of the
IGBP and it" Pole « Fquator • Pole (PEP) transects, Africa and its surrounding oceans
can thus make u significant contribution to the understanding of global palaeoclimatic
dynamics,

AIMS OF THE RESEARCH

111e aim of the study is to determine the mechanisms underlying repetitive glacial-
interglacial cycles during thl~Quatemary, with specific reference to the warming phase
following the Last Glacial Maximum (LGM). The relationship between changing sea
surface temperatures (SSTs) and changing rainfall and temperature patterns over
southern Africa will be given prominence in order to determine whether present
correlations accord with those which prevailed in the past, and to explore further the
factors controlling local patterns of atmospheric circulation over land and sea,

This dissertation is based 011 a review of palaeoclimatic literature covering global
climatic trends, and a review of literature pertaining directly to palaeoclimatic trends
over Southern Africa, An analysis of palaeoclimatic maps of Southern Africa bused 011
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
understandlng the patterns of 1'Oinfullunci temperature changes over southern Africa.
Topics that are reviewed include Milankovitch orbital variations, boundary conditions
and phase lags that control and modulate recurrent glacinls and interglacials: recent work
OIl tho Greenland ice cores pertaining to the dynamics of climate changes: research on
the thermohaline circulation and the formntlcn of North Atlantic Deep Water (NAI)W)
find Antarctic Bottom Water (AABW). the role of carbon dioxide in relation to climate
changes find melt water pulses.
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SECTION ONE

CHAPTER ONE

INTRODUCTION

Climatic change, both ill the long and short term, is the focus 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 documentation
of these events. Research enabling us to propose future climatic scenarios is of critical
importance and relies not only on modelling, but on a clear understanding of how the
climate operated ill the past.

The climate of southern Africa over the last 20 000 years has been investigated using
proxy indicators, and changes in temperature and moisture have been documented at a
substantial number of sites (Vogel, 1984; Partridge and Williams, 1993;,
Notwithstanding this progress, a cursory examination of the literature suggests that
considerably less information is available for southern Afrlcn than for 1110stareas of the
northern hemisphere (Figure 1.1) (COHMAP, 1988) .

.-, .
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Fig, lTIocntion of sites in the COHM•.\'P-giobal palacocllmnre dntobl.1;,c-
(COHMAP Members, 1(38),

Climate is a global phenomenon lind an understanding of southern hemisphere dynamics
with respect to ocean-atmosphere interactions is as important as an appreciation of
northern hemisphere processes for proper comprehension of the whole. It is ill this light
that the lNQUA Project 011 Palaeoclimates of the Southern Hemisphere (PAST'I) was
initiated, under the leadership of Professor T,C. Partridge of the Climatology Research
Group, in order to better document southem 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 to provide an accurate as possible
understanding of southern Africa's palaeoclimnte, Regional climates are a product of
global I'limate interactions between the ocean and the atmosphere and it is vital to
understand global climate forcing mechanisms especially in terms of variations in
atmospheric composition and oceanographic dynamics over time.

Chapter 1 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 dynamics (Milankovitch theory) that effect climate changes. TIle
role of carbon dioxide is investigated especially in relation to ocean atmosphere
internctions, Chapter 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 current understanding of global ocean dynamics in terms of the
thermohaline conveyor belt and the formation of deep water, A review of current
modelling studies 011 ocean dynamics is included in this section. The relationship
between deglaciations and melt water pulses concludes the chapter.

Chapter 5 introduces the focus \.Ill the southern African palaeoclimates, and describes
the data and methodology.used in the production of the maps that follow, Chapter 6
reviews the palaeoclimate of southern Africa since 40 ka. This is based 011 the maps and
a review of the available current literature, Chapter 7 summarises current southern
African climates and compares the trends derived from the maps to contemporary
modelling studies, The chapter then examines the role of Antarctic deep water formation
and the role of sea ice in regulating southern Africa's climate, 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 hemisphere
.ounterpart before concluding the dissertation,

This study has been initiated as part of the Palaeoclimates of the Southern Hemisphere
(PAST-I) project, as detailed ill Chapter 1. Except where specified, the convention
adopted for time reference is as follows: dates are given in ka BP (103 years Before
Present) with present defined as AD 1950, and 14e dates are uncalibrnted.

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

The palaeoclimate of southern Africa for the last twenty thousand
years is investigated through the production of palaeoclimate maps
based on an analysis of literature and data from the ongoing PASH
project. The trends from the maps are compared with published
reviews and modelling studies of the region' s palaeoclimates, and
are contextualised in terms of global palaeoceanographic and
palaeoclimatic dynamics. The changes evident in the past climate
of southern Africa tend to mirror global climate changes, however,
evidence exists that the timing of climate changes between the two
hemispheres are not quite synchronous, and may 110tfit present
theories of global palaeoclimate dynamics,

.,-



ii

I declare that this dissertation is my own, unaided work. It has not been submitted
before for any other degree 01' examination at any other University,

MARIO BARBAFIERA

University of the Witwatersrand, 1997



AN EXAMINATION OF PALAEO-SEA SURFACE
TElVIPERATURES AND THEIR INFLUENCE ON SOUTHERN

AFRICAN PALAEOCLIMATES OVER THE LAST 20000 YEARS

Mario Barbafiera

A Dissertation Submitted to the Faculty of Science, University of the Witwatersrand,
Johannesburg, for the Degree of Mastel' of Science

Johannesburg, 1997



PAGE ~ 18

Dnnsgunnl-Oeschger Events nnd Heirr ich Events

Heinrich events nrc a recoul of massive dlsehnrges of icebergs across the North Atlantic
ocean which leit layers of ice raltt.)d debris ORO) as they melted. In 1988, Heinrich
published the results of (In analysis of 13 piston cores collected from the Drelznck nnd
surrounding deep plain (Figure 1.7). The cores were analysed in terms of the
ccmposltlon of the coarse fraction nnd dated using oxygen-isotope stratlgraphy. The
analysls was restricted to the last 140000 years due to discordances below the stage GIS
boundary ill the cores. Above this boundary, the C01'OS were all uniform, showing six
distinct peaks of ice rafted debris l'l111tJ;ingin size from 180 um to 3000 um (Figure 3.8).
Sedimentation rates vuricd between 2 cm/! 000 nand 3 c111/1 (\00 a,

F-ig, 3:n3affi>:;;wtlT~'rn7i!~{.~;lr~\inrof 11; ui;;\'u;'ouml the l)rclzuck scumoutit
(19°40'W, ·17°2~'N) tihowine core locetlons, Contour Interval cc SO In (Heinrich,
1c)S8),

An analysis of the planktic foraminlfera in the cores was also undertaken in order to
determine palaeo-Ss'Is. The nbsoiute abundanee of foraminifcru is low durin]; those
events, and it is now accepted that a mlnhnum in fOl'lll11inifempel' gram is acceptable as
evidence of a Hemrlch event (Kelgwin nnd Lehman, 19(4). Concentrntlons of
Ncogloboqlladl'illcl ])Gldl,\'&'1'1I1(1 (slnlstml), u cold water (polar) species, however,
correlate nearly perfectly with the ice rafted debris peaks. Not all tnerenses in polar
fomminift't'(l are, however, associated with !RD, although nlllRD layers UfO associated
with lnci .US~1S in tht.)point' fomminlfcrn, Thus iceberg surges correlate with cold oceans,
but cold seas alone nrc insufflcleut to produce IRD (McManus et al. 1(94).
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haw been absent, it appcnrs that the global thermohaline circulation is more stable
because of the absence of'meltwater-lnduced mode switches (Broecker, 1994b).

The questlons that the Summit cores pose me why the Holocene climate has 110t
oscillated in a similar fashion to the Eemian, and how a mode switch can be sustained
fot' between 70 years and 5 ku after it has initially been triggered by a higher frequency
oscillation ill the atmospheric system of 1 ·2 decades duration (GRIP Members. 1993).
The search is now on for possible causes of large temperature oscillations that occur
within short time pl!l'iods (Charles et ul .• 1994); boundary conditions such as insolation,
ocean salt budgets, atmospheric CO~ concentrations and ice-sheet size are considered
unlikely to change rapidly enough to afford an explanation (Alley et al., 1993; Grcotes
at al., 19(3). However, fresh water input from surging ice-sheets could affect the
thermohaline circulation of the North Atlantic (Johnsen at al., 1995). Other forcing
agents which can change rapidly, i.e. on decadal time scales, are water vapor, clouds, sea
ice and SIlOW COWl' (Lorlus 1;( ClI., 19(0); these arc possibly forced hy changes in the
North Atlantic Ocean mixed layer and resulting changes in SSTs (Chnues at al., 1994).

What ice cores do tell us, is that ('OJ and other greenhouse gases and changing climate
are strongly correlated (Lorius t't ,II" 19(0). and that dustiness and temperature arc also
linked, with increased dustiness assoclated with lower temperatures (Lehman, 1993b;
Taylor at al .• 1993a). These markers indicate that interglacials begin abruptly ~within a
few decndes - but terminate gradually in a stepwise fashion (Johnsen at ClI., 1992; Peel,
1992), The transitions arc not smooth, but alternate between preferred states. It is
probable that a re-ordering of :!'!llosphcl'ic circulation - taking into account factors such
as wind speeds, surface moisnue and ulr mass routing - could account for these repeated
mode changes (Taylor ct at.. 1993(\: Johnson, 1993). Trigger mechanisms possibly lie in
the North Atlantic climate system 01' in n gradual slow down. (but abrupt resumption), of
NADW formation (Alley et al., 19(3).



nonetheless be accurate since the section spanning the Eemlan is 200 m above the
bedrock contact, and may thus not have been affected by icc movements, despite the fact
that the positioning of the divide may have changed slightly sl- .'::0 the Eemlan, Visual
examluatlon of the COl'1.! reveals 110 disturbance of the ice layering until after Eemian
times (GRIP Members, 1993). In contrast, Scuchez at al. (1995), argued on the basis of
(til analysis of C02 and Cll, records, that ice near the bottom of the GRIP core has been
subjected to flow-induced mixing. Johnsen ct al, (1995), analyzed the stratigraphic
continuity of the Eemian layers and 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 Summit arc a does 110t occur as
the bedrock is gently sloping (::r. 40 m/km) (Dansgaard (;f al. 1993); nOI' has it been
possible to find two layers of identlcnl isotopic ami chemical composition, i.e. 6180,
acidity, and concentrations of dust and nitrate, that would suggest duplication by folding
(Johnsen ('f ell" 1995), Independent reports from Central Europe suggest that the
postulated Eemian instabilities 111<1)' be real, in that pollen records from that area reveal
similarities both in structure and timing to the changes observed ill the GRIP core (Zafm,
1994).

Kelgwin at al. (1994)" record SST changes in the North Atlantic that correlate closely
with the Greenland ice core record for the period 70 ka to 130 ka. No changes inNADW
formation during substage 5e were ideutlfled, suggesting either that the Eemlnn
fluctuations arc 011 artifact (11' icc now, or that the presence of large ice sheets may be a
prerequisite for abrupt varintions ill NADW. Eemlau climate instability may, however,
have a different origin from thnt associated with later climatic events. Weaver md
Hughes (1994), suggest tl1m increased varlnblllty ill the h)'ttrologicul cycle associated
with n wanner Eemlan climate could account for the rapid climatic oscillations observed
ill the cores, although the variability is Ilnked to changes :n the thermohaline circulation
forced by freshwater fluxes which are not necessarily connected to icc-sheets.

Johnsen et al. (1995), suggest that Greenlnnd may have- experienced periods of cold
while the rest of EUt'(lPC remalned relatively warmer. This could occur if the location of
deepwater formation changed. If deepwater formation moved closer to Europe, the
wef:wl'lic:, itt middle and high latitudes would gain a stronger northward component,
increasing the intensity of the Gulf Stream (Inti cold East Greenland current. This
seennrio is supported b>' an annlysis of Norwegian Sea sediments and the ev idence of
more southerly extent of sea icc off the Greenland coast. Eemian coo lings could thus be
the result of longitndlnul rnovemonts in flow pnttcrns, as opposed to lntltudinnl changes
associated with glacial periods (Johnsen et al., 199 ~).

Assuming that the GRIP record is accurate, Eemian temperatures oscillated between
much cooler and significantly warmer states with decadal rates of temperature change
(White, 1993). Climatologists arc concerned that this could, by analogy) be taken (IS n
nOl'IU fOI' the Holocene and that raphl, drnmatic temperature oscillations could OCCU1',
especially now that man is pert1mning the "gteenhouse experiment' (Broecker, 1987;
White, 1993). Evidence 1)'0111 Southern Africa suggests that the postglacial wanning
occurred 'at a rate of about 1°C per mlllcnlum; present day rates of warming calculated
for the perlod 1950" 1985 were as high as 0.2°C • O.7°C pel' decade (Thackeray, 1990).
It is now believed that the last 8 ka have been "strnngely stable 11 (GRIP Members, 1993).
On the other hand, since the beginning of the Holocene, during which large ice-sheets
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Fig. 3.5 Profiles of five pnrarncrers through 'event 1'. a rapid climatic oscillation
(:1:70 a duration) at the culmlnntion of tht.! Ecmial1 lntc:rglnciul at 115 ku, (a)
Deuterium CXCI;SS: (hl oxygen isotope ratlo: (~.) same as (b), but deconvolutcd to
account Cot' difth~hlll; (d: acidit) meusured by ECM in mlcrcequlvnlects per 'iII'C; (c)
dust concentration mcusured from scattered laser light and callbrated by Coultl.ll·
Counter by lntcgmting sizl) ,listl'ibutio!1. (0 calcium iOI\ concentration (GRIP
Members, 19(3).
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by EeM, .\ st, deuterium tlXC\.1SS. sodlum ami sulphate tbrough 'event 2' I a
climate oscillation sustalned for ~t7:iOn in the initial stnges of the ucmiall
intllrglnciul at UI ka (GRIP Mumbl.)1'8,1993).

The validity of these conclusions is dependent 011 ccrrcborntlcn from the GlSP2 core, At
this depth. the cores do not correlate well. possibly becnuse within the GISP2 core (28
km fmthol' west of GRIP (It the lee divide) the lowermost layers (about 10% of the core)
may hnve been distorted by ice movement (Appenzeller, 1993; Boulton, 1993: GRIP
Members, 1993; Grcotes tJt al., 19(3). The picture provided by the GRIP core may
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Fig, 3.4 (a. 1.l),~E..q;andcdr:.dJrC'C"Or'dsOfrcl)' .t climate transitIOns ploUcdnguitl.l!
depth (bottom axis) with one sample pCI' millimetre of depth. ;:a) Stmt of Hoiocene.
end of Younger Dryas, (b) St(U't of Younger Dryas, (c) I2nd of lnter-Allered cold
period. (d) Start of lnrer-Allcrod cold period, (e) Tmnsitlon. The top axes nrc age. in
years BP. At this scale the annual signal in the EC'M enn occasionally be resolved as
small local peaks that occur once pCI' year, During the transition at 14,060 (e) three
annual peaks can be resolved, The annunl layer thickness is :h 6 em PCI'year during
warmer, less dusty conditions und 3 em per YC(ll' during colder, dusty conditions,
O'casillnally the number ofEt'M annual peaks and annual layers in n given segment
diffcr slightly because particulate nnd visual suatlgrnphy records were also considered
when amuul lnyers WCN identified ('raylo!' £11 al., 1993b),
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However, the gradual decreases in accumulation rates during cold periods and rapid
increases from cold to warm periods may be ascribed to NADW fluxer (Alley et al.,
1993).

Summit
.,",,_ .. 1 ~.. , ..,,,,,,,,,,.

Camp .,; Henland.
CenhJrY ~. .{

r 11.5
I

!
i

-45 -40

Fig. 3.1 Contlml0Ug -OlijO-~ along sections of four Greenland icc cores from
Summit (Cl!t1tl'ai). Dy\l 3 (Southeast). COlllP Cl!l1tury(Northwest) and Reuland (Host
Greenland), Hpal\l1ing m:arly the snme time interval. The four records nrc all plotted
on linenr dllpth scales, of whid\ only the Summit depth scale is shown to tilt' left
along with a Summit time scale. The heavy and thin vertleal tincs indicate estimated
8 levels cheracterlstte of Inte-gluctal cold and mild stages respectively. The Ilgures
close to these lines define a suggested numbering of significant mid- and late-glacial
lnteratndlala (Johnsen cl al., 1992).

Detailed analysis of the Bcmlan Interglaclnl (135 ka ~ 115 ka) as revealed in the GRIP
core, using electrical conductivity and dust (Cn) content, revealed that climate and
clrculntion patterns wen: similar to the present. However, three warm substages of
marine isotope stage (MrS) Se, where temperatures were 2°C warmer than present. are
diseernlble in the ice record, and are charncterlsed by a w.ry different overall pattern.
High-amplltude, high-frequency oscillations in the constituents of the COl'O suggest the
occurrence of two large (lOOe • 14°q decreases in temperature that lasted for 70 and
750 years respectively. followed by It rapid return to previous conditions (Figure 3.5 and
3.6) (GRIP Members, 1993).
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CHAPTER THREE

Recent EVI:dellCC from Icc-cores

Reconstructions of past climates from icc-cores have many advantages in that numerous
indices of temperature and available moisture are trapped in the ice (Lorius et al.• J 985).
IBO data, the chemical composition of atmospheric air bubbles and dust content can be
interpreted along the core (White, 1(93); high temporal resolutions have been obtained
recently. A number of cores have been extracted from Greenland, the most important are
two taken from the icc divide. at the so-called Summit sites (Johnsen et al., 1(92). These
two C01'CS, denoted as Greenland Ice Core Project «(iRIP) and the Greenland Ice Sheet
Project 2 (GI8P2), are located at a point where horizontal ice movement is minimal
(Johnsen et al., 1992; Kerr, 1993a) except at the bedrock boundary (Boulton, 1993).
Further, temperatures seldom rise above freezing point, which prevents distortions in the
record due to pest-depositional changes (Johnsen et al., 1992). Thus an undisturbed
climatic history of at least 95 kn can be obtained from the total of 1S0 ka ~ 200 ka
spanned by the cores (Boulton, 1993; Peel, 1993 iTaylor at al., 1993a).

A comparison of the 1801\6() ratio (denoted b>, 5180) of the various cores trom
Greenland (Figure 3.1) was undertaken, The cores are closely correlated, ruling out
disturbed stratigraphy us a cause of the 8180 shifts. An accurate record of climatic
changes has been preserved where high 8180 levels indicate mild lntersmdials and low
15180 levels indicate stadials (Johnsen at (11., 1(92). Most importantly, a temporal
resolution of decades can be achieved, which provides to climatologists an
unprecedented level of palaeoclimatic detail (Peel, 1993). Further, the cores correlate
well with other records from various sources (Figure 3.2) (Dansgaard, at al.,
1993).Usillg current conversions of 0180%0 to temperature, the cores reveal that cold
stadials were some 7°C colder titan mild stadials, und between 12°C and 13C1C colder
thnn the present. Recent analysis of the borehole temperature and ice-core isotopic
composition has revealed that the warming from average glacial conditions to the
Holocene was lip to 1S'}C. and tha; the coldest periods were possibly 21°C colder than
present over the Greenland ice sheet (Cuffey ct (II., 1995). The cores also reveal that
interstadials last from 500 to 2 000 years, beginning abruptly (withil1 decades) and
terrninatlng gradunlly in a stepwise fashion (Johnsen at (1/., 1992).

The ability to resolve climatic change to decades has unleashed some surprises, For
example, the Younger Dryas event ended very abruptly, within about SOyears according
to Johnsen at al. (1992) and :0 years accordiug to Mayewski at CIt. (1993). Massive,
frequent and short-term changes in atmospheric composition me documented in the
cores; these (Ire probably the result of changes in the size of the pol at' atmospheric cell.
An analysis of the annual layers in the cores showed that snow accumulation doubled
over n period of 1 ·3 years at the Younger Dryas/Preboreal boundary (Alley at ClI •• 1993)
and that the change in nccumulatlon ..rate from the Older Dryas to the B011ing Allerad
was large and abrupt (Figure 3.3). Climate may, ill fact, have switched from glacial to
interglacial conditions within a period of 3 to .5 years (Fail'banks. 1993). Taylor at al.
(1993b), using electrical conductivity measurements from the G181>2core, documented
fluctuations in the order of 5 ~ 20 years (Figure 3.4) which reflect changes in the dust
content of the atmosphere. Only very rapid reorganization of the oceanic and/or
atmospheric circulation can account for such rapid oscillations ill dust content.
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The above hypothesis is supported by a detectable increase in organic carbon
production, as deduced from 813e, increased sedimentary C concentrations and burial
rates, (Archer and Maler-Reimer, 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 glacier, resulting in a shift from calcite
towards siliceous production. Estimations of oceanic _pH as 0.3 units higher during the
last glaciation (Sanyal et al., 1995) tends to StiPP ,1't the CORO/CaC03 ratio change
hypothesis.

Contrary to the above suggestions nrc indications that the Antarctic Ocean was
characterised by lower productivity during the last glaciation, which would not favour
lowering of the pCO:! of the ocean (Mortlock et al., 1991). The CORO/CnC03 ratio
theory is also in contrast to the "coral reef hypothesis It, which suggests an increase in
CaC03 burial rates during glacials when coral reef growth is suppressed as ocean
temperature and levels drop (Archer and Maier-Reimer, 1994).

It has been suggested that Southern Ocean deep water chemistry is controlled by
variations in North Atlantic Deep Water (NADW) formation, Lew NADW production
initiates a decline in CaC03 with the attendant C02 reduction. NADW and CaC03
minima are correlated (Howard and Prell, 1994), but CaC03 minima precede NADW
reductions In 111allYinstances, and generally CnC03 chemistry changes lead NADW
fluxes.
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the LOM (Barnolu et al., 1987), or cooler ~:STs, will result in C02 absorption (Keller
and Goldstein, 1995), with the reverse occurring with warmer SSTs (Corfield, 1994).

CO;ll'eacts with water to form H::COJ, HC03 "and C03 -2. The biological pump transports
carbon in the form of biogenic debris to lower depths, and as this debris decomposes,
C02 is released Into the water (Takahashi, 1989; Corfield, 1994). Studies of CaC03
preservation in deep sea sediments (Archer and Maler-Reimer, 1994) and ocean pH
(Sanyal et al., 1995), suggest that a control of glacial pC02 is the changing ratio between
organic carbon (CORO)and calcite (CaC03) in the oceans. Degradation of COROin
sediments promotes the dlssolution of CaC03 which absorbs C02 and subsequently
lowers the oceanic peo,:; with respect to the atmosphere. C03 -2 released when CaC03
dissolves, reacts with 1I20 and CO.~to form HC03-; the pH of the ocean is subsequently
increased through the reaction CO~+ C03··~+ H20;::: 2HC03- (Figure 2.4) (Hasselmann,
1991).

(I "."'~~"<i"' ...'.-",.~-~=".~"""- ., II
_.- 1\1 C MI't7I1

Fig. 2.3 Schemntlc of the oceanic vertical isotope gradient showing the relationship
between increasing productivity, intt.!nsityof the sub-surface oxygen minimum and
marine and atmospheric CO2• A '" low productivity ocean, B :::::high productivity
ocean (Corfield, 1994).
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CO2 and Temperature Cycles

CO2 fluxes have been unambiguously correlated with temperature changes (Barnola et
al., 1991), with atmospheric CO2 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 C02 changes are not a consequence of climatic
change, but a mechanism linked to the orbital variations which induce these changes;
thus CO2 would lag orbital forcing, but lead ice volume. Research suggests that climatic
changes are triggered by insolational changes which ate amplified by CO2 forcing
(Genthon at al., 1987; Lorius at al., 1993). It has been noted that high latitude winter
insolation changes associated with Iatitudmal shifts in bottom water formation increase
phytoplanktonic growth and result in CO2 decreases (Lindstrom, 1990). Analysis of the
C02 curve at Vostok shows a clear 21 ka peak but no clear unambiguous 41 ka obliquity
cycle (Barnola et al., 1987). The precise phase relationship between CO2 levels and
glacial-interglacial transitions is 110t fully resolved, with the suggestion that C02
increases are in phase with, or lag slightly (1 ka), the onset of glaciations, but post-date
by up to 4 ka the onset of deglaciations (Barnola et al., 1991). This would imply that
C02 changes are a result of cooling 01' warming, rather than the cause thereof. The 30%
decrease in partial pressure of C02 (pC02) at the LGM was probably caused by an
increase in productivity or a change in ocean circulation patterns (Veum et al., 1992); a
redistribution of nutrients from intermediate water to deep water may provide a
drawdown mechanism for atmospheric CO2•

The oceans are tl~' largest reservoirs of C02, containing 50 times more than the
atmosphere and 20 times more than the biosphere (Takahashi, 1989). Atmospheric C02
fluxes are primarily due to ocean carbon cycle changes, with vegetation changes playing
a secondary role (Ryabchenko, 1989). The interaction of the ocean and atmosphere with
respect to oceanic absorption or outgassing of CO2 depends on a number of factors,
including temperature and biological activity (Corfield, 1994). The ability of the ocean
to hold C02 is governed by the chemical properties of C02 in sea water, the downward
biological PUl';\P,and ocean circulation rates and patterns. Mechanisms responsible for
lower atmospheric C02 include lower polar ocean temperatures, increased salinity due to
lower ocean volume, more ~ C02 hi the deep ocean due to erosion of shelf organic
material, increased alkalinif in deep OCe(l11layers and an increase in primary production
of phytoplankton because of increased upwelling (Takahashi, 1989).

Increased organic carbon production in surface waters absorbs oceanic C02 by fixb,s C
in organic material. This lowers the pC02 of the ocean surface which draws down C02
from the atmosphere (Figure 2.3) (Corfield, 1994; Howard and Prell, 1994). The
increase of biological activity results from enhanced nutrient availability which is
temperature dependant. Analysis of lSNl14N records from ocean cores suggest that
denitrification (degradation of nltrate by bacteria) was diminished during glacial periods,
which would enhance biological activity. resulting in lower C02 concentrations
(Ganeshram at ai., 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 ice-cap size also alter sea
level, with consequent albedo and vegetation covel' changes (Williams, 1993).

Oceans 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. Theil' dynamics influence biological activity on a vast scale, which
results in CO2 being absorbed or released (Chahine, 1992). It is thus 110tpossible to
isolate one particular factor as being responsible f01' glactal cycles, as there is such a
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 insolation changes on scales of thousands of years (Harrison et
al., 1992), while greenhouse gas concentrations and ocean circulation changes respond
011 scales of decades to centuric; (Hoffert and Covey, 1992). Fast feedbacks with phase
lags of decades 01' less OCC U' with respect to water vapour, clouds, sea ice and snow
covel' (Lorius at al., 1990). Phase lags occur because changes are in response to
variations in receipts of solar radiation, rather than to climate forcing. Thus a relatively
weak orbital trigger in northern Iatitudes can, through slow feedbacks associated with
greenhouse gases, result in synchronous changes in temperature in both hemisphere;
(Lorius et al., 1990).

Ice growth and ocean cooling are similarly diachronistic: it is argued that ice growth at
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, inltially, paralleled by declining ocean
temperatures. Oceanic thermal inertia dampens the response of the climate to external
forcing (Jones at al., 1985; Berger and Labeyrie, 1987), in the case of increased C02 by
between 10 and SOyears.
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('11APTER FOUR

NADW Furmutlun und the 'I'hcnuohuliuc ('OIlV(.·YO)' Belt

It is generully agreed that (,hmt~'IJ1[II'Y glacial cycles were dominated by rapid
rcorgnnisatlons of the ocenn-utmosphcrc system that were driven by orbitally induced
changes in fresh water truuspurt, which ullccted the snit structure or the sea (Broecker
and Denton. II)HI)), (ilc~'nlatld climate ~'hallgcs are driven by oscillations ill the salinity
(l1'III\" Atlantic Ocean whicl: nuululntc the sln:nglh ofthe Atlantic's conveyor circulutlon
(Bl'l1l!ckl.)l' 1'1 III .• 1()()()I. and as t irecnkuul is situated close to the rcglon olmost intense
modern NAI)W formation. it is well situated to record climatic events associated with
chunges in this pl'O~'(:SS (Sakai alld Peltler, JI)I)5), Oscilla(iolls of liP to 7"(' within n SO
year period OCCUlTed ton fh:qulc'lllly uud abruptly to be directly forced by changes in
lnsolatlon (I,1.)(1I1lill1 and Keiuwin, I ')1)2a): thus sudden chan!\C1l ill the rate of'
thermohaline OWI'(111'11 in the North Atluntie could account Ior the documented changes
in tempemturc. Spuradk slntnlown or NAJ>W is recognised ill sedinwll('; around the
world. which also show the diminished imporuutce or NAI>W timing glacial periods
(Berger und Vincent, I (JH(l), HU~I,!"eslions have been mudc that the COIlVCY(lI'would nm'..:t
southern (1Clllisphcl!~ dillHltes by modulating Antarctic sen icc VO!lI111~'S (1\(')1'1" !I)<),"b:
1.chmnn, 1\)t)Ja).

The North Atlantit: iii dlal'll\.'lc";Sl'd by ,111U7\I.!CSS (If evaporation over precipitatioll.
resulting in sail enricluncnt (llroccker (" ul., IlJ8S). 1)(')I1SI.)I', salt enriched water sinks to
dl~plhs or abollt I (Jon 111 « 'larke. Il)t)2l lind drives the conveyor belt (Lehman. 1<)()3a),
ulthoug.h an ulternutlve view sIWl.\I.'sls tluu thermnl Iorcing due to lnteusv heat loss
domluntcs the hnlinc Ihn:illf' (Weuver, !l}IJ3). The cold, douse, deep water flnws around
Afric« und upwell, ill the lndiuu und Paclflc Oceuns (Lelunnn, 1993a) (Figul'e 4.1),
Further, it is believed that water C\ aporutud or!' the Atlmulc is prcclpltntcd OWl' (he
Pacific {Broeckcr (,' nl., I ()H~l. parll~ because north of' :'O"N the Pacific is cuoler thnn
lhe A.tlnnth:.
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Acropora paltnata I'C efs , which document catastrophic sea-level use events (Blanchon
and Shaw, 1995).

Work by Fronval et al. (l99S) supports the ideas of Bond and Lotti (1995). Studies of
the Vering plateau revealed that ill .tuuticns in the Norwegian Sea arc in phase with
changes in tempetnture over Greenland, with reduced ternpcratures over Greenland
corresponding with glacial debris increases in the Norwegian Sea. This analysis suggests
a close relationship between oceanic hent flux and Scnndinavian lee-sheet variability.
Evidence of iceberg discharges from the Pennoscandian ice-sheet was found, implying
that this icc-sheet and its Lanrentide counterpart fluctuated coherently on shorter time
scales than Milankovitch cycles.

Problems that confront CUl1'Imt research art! whether ice-sheet dynamics or climate
forcing, affecting the thennolmline circulation 01' the polar circulation index, nre
responsible for the iceberg discharges (Mayewsk] at al., 1994). Although Heinrich
events partially explain the intensified cooling at the culmination of the bundled
Dausgaurd-Oeschger cycles. the """;!Jnnislll behind the intervening Dansganrd-Oeschgcr
oscillations in ail' temperatures has still to be identified. The salt-Induced ocean
circulation oscillations as a result of ocean-Scandinavian icc-sheet interaction has been
hypotheslscd as a possible solution (Bond ~ltul.• 19(3). Recent research suggests th:),t the
North Atlantic oscillations can GX111nin only 30% of the magnitude of temperature
change OVCr Greenland, and further climatic processes need to be invoked to account for
the balance (Charles et al., 199.~1. Collapse or lite North American ice sheet. upwind of
the Atlantic, cannot easily hI.! explained by this process (Fairbanks, J 1)1)3). Finally,
although Heinrich events do not correlate well with Milankovitch cycles, it is noted that
lce-ahecn. must reach ,\ certain size before they become unstable. and this may be
COI1t1'(,' 1".1 by orbital 'forcing (Jansen, 1992,).
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which indicates an lcelandlc source till' this event, This suggests that the Laurentide ice-
sheet and Icelandic ice cap 1I1Wt.!l'W~l1l :;yL 'hronous increases in calving, which implies
that the geothermal model cannot apply, and that iceberg discharges result from lowered
nit' temperature. The study suggests that Heinrich events are superimposed on a climate-
forced rhythm of ice-raftlng events. rnthcr than dominating the North Atlantic OCCUlt

record, The notion that injections of fresh water from Heinrich event iceberg discharges
alter the conveyor, and subsequently reduce temperntures, is thus challenged.

'--'-iiTg:1J6"('~l'is(lnoftl;~ox;~;;T~(ltOi)u;'()cofi~~ipr;;c-='-~'
core. Summit, Greenland. with mensurements of lithic eonccnrrntlons und
pCl'CcntageH of the planktic tln'ul1Iinii\)!'(l Neog/ollOljlladl'illtl pat'hydc/'IlItI (sInIstral).
A striking match between tho lkhle coneenuntlon cycles and the tClllperntul'C eycles in
the icc COI'\) \)xi~ts: the match (It' the lithic cycles to the ocean sm'facc tiHnpcl'nttU'CS,
however, iN much poorer (Bond (illd Loui, 199$).

It is possible that the Dnnsgnal'd·Ol.)schgel' coollngs reflect a recurring cllmnte-drlven
mechanism, where climnte seems to be the trigger of the iceberg discharges, (both the
smaller frequent disclwl'ges and the elnssicnl Heinrich events), which is subsequently
amplified by thl.1ocean's response to the meltwater input (Bond unci Lotti, 19(5).
Blanchon and Shaw (1995) suggest that thermohaline activation results from nit' muss
expansion during ntmospherlc recrgunlsntlcn, and that the atmosphere flips between
glacial and intcrglncla! modes, regulating deglaciation by switching the thermohnlluc
circulation from one mode to another. This conclusion is drawn from una lysing drowned
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Wilh a blll!j\)lplll'gc c>ell) \)1' the I aurcutlde Ice-sheet when debris is crurained into the
lee stream by u simple lh:u/,C'\lll lllechani,m (Alley and MacA/cal. 19(4).

Catastrophl» icc dam collapse hns also been suggested as the cause of the 1)(\113g(\(\1'd-
Ocschger UIIt[ Ileinrich events {JohllHOI1 and Lauritzen, 19(5). These 'jUkulhlnups"
release vast umounts of meltwater into the oceans, with associated circulation changes.
These events cannot, however, be reconciled with Fennoscandiun icc-sheet collapse, nor
with southern he. aisphcre tcmpcmture couclntlons.

Pn illard (1995) noted n hlcrarchical structure to tho Ilemrlch events which he
subsequently modelled. Evc1'Y '7 OO() • 10 000 years tho icc-sheet collapses timing
ternpernture minima, Abrupt warming then follows: oscilluticns lusting between 1 000
and :.'! 000 ycn\'s sllbQ':'lual1t)y occur, which correspond to the Dnnsganrd-Oeschgct
events in the icc record. The modal exhibits internal oscillations embracing ice-sheet
growth, basal ice melting and iceberg discharges, Massive fresh water inputs stop tho
thermohaline circulntiorr causing cooling, which is followed by the reinitiation of the
thermohaline circulation and associated wnt'llling (Pu illard , 19(5), This model is in
conformlry with thl,) work by Bond nnd LCltti (1995), who ldentifled u linked rhythm
between large and smaller discharge events.

A recent 5tudy of Dansgaard-Oeschger and Helmich events by 130nd and Lotti (1995)
has revealed iceberg cnlvlng events at 2 000 to 3 000 year intervals (Figure 3.16). lhasa
more frequent events correlate \VIJIJ with the Dal1sgat\l'd.Ocscilgcl' events and arc
decoupled from SS·fs. The study also ldcntiflcd carbonate grnlus in the H3 IRD layers,
but 1'13 is different from other events in its unusually low concentration of lithic groins,
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relatively warm and degluciatio.i was about to begin, but reduced calving subsequent to
cooling when the climate was very cold. It was concluded that Heinrich events did not
generally reflect n direct response of the Laurentide ice-sheet to climate cooling
(Oel'h.!l1lans. 1(93).

In models developed by Nakamura l'l d. (199·~). to take into account feedbacks between
the tlll~rll1t)halinl! clrculatlon :ml1 atmospheric moisture transport, the "eddy moisture
nnnsport-thermeballuc clreulatlon (EMT) feedback" was identified. Reduced high-
latitude sinking. caused a reduction in oceanic heat transport. resulting in an increased
mer'dlonu! tcmperuture gradient. This euused an Increase in northward transport of

I\ll'!;!, \\h. increased (decreased) net prcclplrutlon in high (low) la Itudes causing a
d'\ct'c(lSC in hlgh-lutltude salinity and reduced high-latitude sinking. Thus the

L "dbm:k results in a higher sensitivity of the thermohaline circulation ill the
cnuplc,t nccan-unnospherc syste.u ttl destablllslng factors (Nakumura et al.• 19(4).

An nlter-ntive explanation (.I these events is that geothermal heat fluxes cause long
pariod, of h.:c growth that alternate with SlUllt pcricos of rapid dischnrgc. Icc builds lip
o"cr l\ period of ubout 7 700 years, but geothermal hll(tt slowly Wat'J115 the glacial bed
until tilt: thuwud base facllitates the rapid f1~)W and collapse of the icc-sheet into the
North Atlanti" (Figure 3.15) v\lIcy and MaeAyeul, 1994). This binge/purge model
needs no external fOl'l.!ing which could solve the dllemmn posed by the observed timings
of these events (Ocrltnnuns. 19(3). With the collapse of til a Ice-sheet, cold winds would
nbate and subsequently evnporation would increase saline dcpositlon, switching the
conveyor on and resulting in rapid \V(ll'ming (Kerr, 1993a). Further. as the nurnber of
Icebergs begins to decrease, s,:\1!nity would Increase and the conveyor would resume
(Bond Of ol.• 19(3). Although this suggestion is tentative, models of icc-sheet dec a:'
under geothermal forcing have produced a 7 000 year cycle.

A serious problem \vith this hYP('l\ll.lsis is that it cunnot UCCQtUlt fQr the synchrol1eity
between southern and northern hemispheric climate oscillations. l1S registered b)' glacier
advances in the Andes (Broecker, 1t)l)4b) nud ()th~l' Iecatlons. Further. a model proposed
by Vcrbitsky am! Saltzman (199·~). demonstrates that periodic ice slll'ging can be
explained by the internal thcrmo-hydrodynem ical instability of Ice-sheets, (mel concludes
that throe types of surging could occur, During extremely cold periods. surface
conditions of the icc-sheet nrc very cold, but basa! friction is at its mnxirnum, causing
melting and surging. During warmer periods, thinner icc allows surface heat to be
adveetcd to the tV!!;C, with resultant melting and smging. During periods of icc-sheet
growth, particles of lee can "remember" warmer conditions and basal friction can once
again cause melting (Vel'bitsky and Saltzman, 19(4).

A Intel' model by Vcrbltsky and SU!tZ!l1(111. (1995), which compares icc-sheet collapse
due to geothermal fiuxes, with collapse due to frlction and advection. favours the
friction/advection scenario. This implies that ice elevat.en, utmospherlc CO~. and
surfhce tempemture are key elements ill determining vuln l'ubility to basal sliding. as
these nrc trausmittcd to the bottom of the icc through time (Vol'bitsky nnd Saltzman.
19(5).
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Fig. 3,14 Correlation between mlllculn! SST changes of the subpolar North
Atlantic. Dansgunrd-Oeschger tC111PCI'(\\\II'C cycles in the Greenland cores, longer-
term snw-toorhed temperamrc cycles (Bond cyclee), Helnrlch events. and
biogenic carbonate changes in the subtropical Atll\l\tic suggesting lowered
NADW production during eokler perlods (L~hman. 1993(\),

A model developed by Mnslin at al. (1995), to calculate sun surface salinities (55S). and
densities (SSD). from SSTs and planktic fornmiuifch 3180, reconstructed deepwater
formation due to SS!) changes between 45 kn and 30 kn, interrupted by H3 and H4 at 27
ka and 38 kn, (lilt! from 13 ka to the present. Between 30 ka and 13 ka deepwater could
not form owing to the input of meltwater ~1111singreduced SSS. The model indicated
climatic rebounds after each Heinrich event, which persisted for 2 000 years. Event HI
seems to be unique. us it occurs durlng tho northern hemisphere lnsolation increase,
coeval with Fennoscandian icc-sheet melting. The input of'mcltwnter during HI reduced
deepwater formation and delayed northern hemisphere deglaciation by 1 500 years
(Maslin at t11., 1 C)1)5),

Oerlemnns (1993). using n model of the Laurentide icc-sheet driven by orbitally forced
insolation variations, argues against a simple temperature • iceberg calving correlntiou,
1110 model predicted lncrensed calving subsequent to cooling if the climate was
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Bond et (II. (1992), and Grousset ,'f al. (1993) hypothesised that the Ileinrich deposits
are the result of n two stnge process, firstly It drop in SSTs, (\11dsecondly a rapid,
massive. discharge of' Icebergs occurring within. but not spanning. the interval 01' low
SSTs. The molting of tbe icebergs woukl result in lowered salinlty ns suggested by the
low planktonic l)lHO values. It is noted that the salinity drop could be sufflclenr to shut
down the North Atluutlc thcrmohnlinc circulation (Bond (It ul., 19(2)
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Heinrich events hnve been equated with the Dnuaganrd-Oei. uger events (Bond at al.,
1993). Dnnsganrd-Oeschger events have been recognised through the analysis of ice-
core data and ocean core records nne! constitute n 1111111,ber of cycles comprising a gradual
cooling to full glaclnl temperature depression. followed by abrupt jumps to warm
temperatures on n scale of 500 to 2 000 yenrs, The ice armadas occurred during the
coldest phase of tho Dansgaard-Oeschger cycles. which were then followed by
prominent warming which Inltlated the next Dansgaard-Oeschger cycle (Broecker,
1994b). These cycles resulted in nil' lind ocean temperature shifts characterlsed by shall'
boundaries, usymmetrlcal shupcs and strong amplitudes of up to SoC (Kerr, 1993b), and
support the notion that the atmosphere aud ocean have been (l tightly coupled system for
at least the last 80 000 years. The events ure independent of ice volume changes during
glaciation, glacial maxima and the inception of ice-sheets (Bond at al., 1993; Dansgaard
ot at" 1993). Evidence of reduced surface salinities is recorded in large decreases in
planktic 0180, probably caused by melting icebergs during very cold stadials.
Subsequently. niter the reduction in iceberg swarms as ice-sheets diminished in size,
salinity levels increased causlug tlte thenuobnllne circulntion to commence, resulting in
rapid warming of nonhern latitudes (Hond ot al .• 1993).

Dnnsgaard-Oeschger events can be farther bundled il1to longer, progressively cooler
cycles termed Bond cycles (Figure 3,13) (Bond at al., 1993), which end with an abrupt
shift to warmer temperatures assoclnred with n Heinrlch event (Pigure 3.14) (Lehman,
1993a; Kerr, 19930). Bond cycles nre probably caused by changes in the strength of the
ocean conveyor belt circulation system (Lehman, 1993n),

Fig. 3.1:rTWO~dTi;t·\!I\nlt tnl~~tol'y~.;can be proposed to reconcile Ill.
puuerns and IRD source regions: DUl'iI I,)W1l!S 1,2,4 and 5, Icebergs were coming
from the Baftin Ba~. ddtting (1<':1'088 the Lnbrador Bnsln; during event 3, they were
coming from the "Al'~tic" region, driftlng across the lrmlnger Basin (Grousset et
al. 1993).
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Fig. 3.11 Core su~7fi~;'"'on the UpPQI'most 400 em; (a) ~l pUlleni'
along with low-fleld magnetic susceptibility flux (in 10.6 electromngactlc units em"
kn·I).nark bauds highlight the Hefnrlch tUYCI'D (HL); (b) proportion of lithic grains
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counted only between 50 and 320 em (GI'OllSSel at ol., 1993).
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Greenland. An analysis of the increase in dust in the ice cores on Greenland suggests
that the atmospheric circulation during certain stadials expanded in aerial extent. As sea
salt levels did not increase concomitantly, increased wind speeds cannot alone account
for the dust increase, Important locations for the incorporation of dust are regions of
strong cyclogenlsls that form along marine and atmospheric thermal gradients. It is
argued that atmospheric thermal gradients were significantly steepened by the radiative
influence of icc-sheets during the last glaciation, and that the presence of continental ice
led to an increase of sea icc production in the North Atlantic. As primary sources for
dust would be south of the main ice cover, their incorporation into Greenland ice
suggests that the air masses would have covered areas further south (Mayewski et al.,
1994).

INSIDE TilE IRD DELT:

OUl'SIOF rue IRO IlELT:
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,II'OON 41 '02N 54'oaN
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Fig. 3.TIr-E~=Of low-field n;iignetie susceptibility profiles 011
uppennos: 3 III in cores located inside and outside tho ice-rafted detritus belt.
Correspendes.ea b\~1ween peaks can be proposed on the basis of
billstrnt!gl'nphh: mglllllcn!S (dashed numbered lines) (Grousset at al.• 1993).



PAGE- 20

----------

Heinrich (1: J8). initially correlated the IRD layers with northern hemisphere
precessional insolation minima (precessional angle rr ::= 90Q and 11 ::;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 enhanced ice accumulation, with faster lateral progression and
subsequent discharge lute the ocean (Reeh, 1985; Jansen, 1992).

An analysis by Bond et al. (1992) produced revised dates viz. 14,~ ka, 21 ka, 2,.
ka, 52 ka, and 69 ka, The intervals between these revised dates do not correlate well
with insolational cycles, indicating that S0111eother mechanism is responsible f01 the
cooling. Repeated advances of the Laurentide ice-sheet, possibly connected to reduced
ail' temperatures, could be the cause of the events. Reconstructions of the Laurentide ice-
sheet suggest that the Hudson Strait drained 3-4 x 106 km2 of the ice producing 103knhn
of meltwater during the deglaciation (Andrews et al., 1994). The analyses pointed to
surface water characterised 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.

Fig. 3.9 Lucutlon ~~fCOI'I!~ containing Heinrich deposits, full circles indicate
caruouate-rlch IRD is present In all Heinrich deposits identified; half-filled
circles that some is present; open squares indicate no presence of carbonate-
rich IRD. Solid black shading represents the extent of limestone and dolomite
bedrock. Thick solid line represents the maximum extent of ice-sheets during
the last glaciation. A11'OWS represent possible paths of icebergs (Bond et QI.,
1992).

The iceberg discharges have been correlated with expanded sea ice and changes in the
size and intensity of the polar circulation index (PCl) (Mayewski et al., 1994). The PCl
refers to the size and intensity of the circulation system that transports air masses to
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Fig. 3.8 Core record of Mc69-17 from the western peak of the Dreizack. The
amount of lee-rafted debris is given as part of the total split (lRD + Forums). The
amount of one species is given as part of the sum of planktonic forums in a split.
The right side of the lRD record shows the stratigraphic markers (Ash I and II.
oxygen-isotope stage boundaries) (Heinrich, 1988).

Subsequent work by Bond et (II., (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 et al, (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.
Mclvlanus et al, (1994), discovered a further 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 a zone between 40(lN 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
revealed a layer with abundant detrital carbonate that seems to have accumulated rapidly
in the core. A suggested source is the limestone and dolomite bedrock In the Hudson
Strait (Figure 3,9). EVent H3 could have a different source (Scandinavian) HS it contains
low levels of detrital carbonate (figure 3.12 ) (Grousset et al. 1993).

It seems that Heinrich events nrc global, ':'IS they con-elate with cycles evident in the
Vostok ice-core and mountain glacier retreat in the southern Andes (Ken', 1993b).
Hr :mich events have also been correlated with the Chinese loess climate record,
suggesting a link through the westerlies (Porter and Zhisheng, 1995), and are linked with
fluctuations in Lake Tulane in Florida (Gri111111et al., 1993).
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termination of the Lust Glacial Maximum, nor account tor the Younger Dl'ym, cooling.
Veum or al. (1992) maintain tll.lt strong warming during reduced tJl!;I'llhJ\lalil1(')
circulation took place. il~;l't'n uled in a high resolution record obtaine-) '1)'11 the
Norwegian Sea. The record !illggcsts that NADW was only relnstnted 1 000 ,I .Jr', aile!'
the meltwater anomulies ill this region had ended. Lowell v( al. (1 ()95) cite evloence that
Nordic (1 eepvvater producrlon mny have begun causing rnpkl warming, in the tar northern
Atlantic region 1 ~(JO yenrs before the mejor North Atlantic thermohaline circulation
resumed.

Evidence obtained from the 8'\' benthic record in the Greenland, Iceland and
Norwegian (GIN) (Figure 4.10) seas fOt· the Younger Dryas points to a circulation
similar to that of the present, and very different from that duilng the LOM: this was
characterised by good ventilation, and high 81.'C (VCl1l11l't al., 19(2). The strong benthic
S13C gradient between the Norwegian Sea and the north-cast Atlantic before 1:.5 kn
indicates that the uutricnt-poor GIN seas did not ventiluto the deep regions of the
Atlantic until 12.6 ka (Veum ct al., 19(2). High values of BDe from epibenrhlc
foraminifers indicnte that the CHN seas were highly ventilated us opposed to the 1\o1'th
Atlantic, whieh was under the Influence of nutrlent-enrlched, !()W·81~Csouthern source
waters (Veum l't al., 19<)~). Highly ventilated GIN seas were a probable source of
nutrlent-dcplered glm:ial iutcrmedlate water, whh;h did not contribute to the formation of
deep woter, as is the case at present (Veum at al., 19(2).

Models of the thurmnhnlinc clrculntion

Tho conveyor belt has been successfully modelled (Kerr, 1993d; Weaver and Hughes,
19(4). throwing light on the importance of massive icc-sheets in dcstnbllising the
conveyor (Kerr. 1()lJ3u: Lehman, 1993a; Broecker, 1<)c)4a), The postulated effects of this
circulation system nrc in general ugrccment with tho temperature changes inferred over
Europe and Asia (Lehman and Keigwiu, 1992(\). It is maintained that Late Glacial
climate oscillntions. including the Younger Dryas, can be explained by the models
(Alley Qt a!.• jl)t)3; Daplcssy et al.. 1()92), and changes in the position of the Arctic
frontal system have been llnkcd to these ocean changes (COlIMA!> Members. 1(88).

A simple ocean model coupled VI an lee-sheet surging model produced " break down of
the thermohaline cin.:ulatitm (\:> surging icebergs caused a meltwater influx. which
subsequently 1'I.:sulted ill it ~lll\ling of the North Atlantic region. Rap!d resumption of the
circulation followed, leading to abrupt warming (Paillnrd and Labeyrle, 1994; Bendel et
al., 19(4). In n model by Boyle and Weaver (1994), the conveyor was perturbed by u
fresh water input at high latitude», which Ill'icfly reduced eonvectlon, Subsequently, the
convection was restored, hut was chnractcrlscd by a shallower North Atlnntic convection
cell, with a stronger decp Inflow of AABW beneath it. The associated climate was
colder than at present (Figure <L11) (Boyle and Weaver, 1()t)4).

A model by Rulunstorf n (1)·n renlistlcally reproduces en AABW cell under the
NADW cell caused b)' colder temperatures ill the Southern Ocean (Figure 4, 1~). A
meltwater input (It 56°N interrupted the conveyor temporarily, causing temperatures to
drop by 2.60(' 1101'th of 48(jN and by 3°(: north of 56°N, and snlinity \0 drop by 1%u
before it recovered. NADW nnw had become shallower and AABW tilled the abyssal
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attributed directly to varying strengths of NADW production, and it is proposed that
these changes promoted the reorganisation of global climate. Records from the Benguela
sugeest that post glacial warming was interrupted at 12.5 ka but resumed at 11 ka,
reaching 1I maximum at [O.S ka- <) ka (Pether, 19(4).

A~o (kyr)

~I'lg:':~r(;~t:~I~lp~T-r~ol~~n~'b'K'()i;n~m;;(;i-'c7;Fr;~;;t11ic101;~i;;il1);~7{C)1TH()~alld-
(d) at \' tnun (Uml>,s~tilll' the planktonic ouunlntfer Nl'ogloboljutldl'flltl [!tlc!tl'dt"'lIIti
(sini~tml). (c) filial tlux of planktonic !l1l'llminil~~I'II.(1) rclntlvc occurrence of
NL'og/phtJIIIIO.il'illd /1<1t'llydl'l'Il1tl (~iniHtra11.in %, The vertical shaded nreu marks the
Yl.lUI1Ut:t'1)1)';\:i ehronozonc (veum et al; 1)1)2),

Not all agree that NAD\V fluxes are l'cspOlllliblcfor climate oscillations, It is maintained
by some that rapid changes in the thermohnllne circulation did not initiate the
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100 Yl:Ul'S (l.clnuan and Keigwin, 1992a); thereafter the area was influenced by southern
water until 9 kn.

The benthic t)1\, record from core RC' 11·83 indicates that deglacinl changes in the
nutrient chemistry of the deep Sourbem Ocean were rapid and large, It is suggestc j that
little 01' no NADW eutered the Southern Ocean during the LGV1 and that the Southern
oceen had a grouter inflncnce on tho chcmistl'Y of the deep Atlnntio than today (Oppo
and }iuil'bul1ks. 1()87). A high ()I~C value was recorded at l3J ka, followed by a
d!'nmntie drop at 12.7 kn, From 1:!.6 kn to 12.2 kn on abrupt s ~ift in 81:1(' from low to
high values occurred, interrupted hy (\ return to low values at 11.5 kn. Tb~ high 51~C
values for the Younger DI)'oS period in RC 11·83 could be :t record of 0 shallower
NADW flow, which would not reflect reduced LNAr)W formation (Lehman and
Kcigwln, 1992(1). Between 12.2 ka and 10 ka, n number of osclllations of dlffcring
magnitude eccurred ill al:lc values (Charles and Fairbanks, 199:n. These osclllations are

"=}:re~-:G) T:lCatrilllut'"'I3CWiS';"S\ws.'lIId'corev2'3-:rr.Th;;pati;S"oT-w"
mujur deep-water currents m'e Sllll\\11 (IS dashed and dotted lhes (LDW

Lower Deep W\1t~r. :l derivative of AABW, I.SW C' L1bradm' SCII
Wal,!!', Ill' t !NAnWIIl\l~('ilw l'I ~d. 1t)95),
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CnlenJnr uge (k)t ap)

F'ig, .L~<:;~i;~\cnc;;~'S-;titii~';loc;;in4midCaribbean one records.
with AtvlS 1,'(' dntud levels indh:atcd by arrows, marks the "tU111 on" of NADW
(dashed line), The timing of this event can be compared with the ice·s[lt.:ct
meltwator disc;hal'gllCUI'VIl (culeuluted as the Ilrst derlvatlvc of'the Barbados sea-
level ~LtrVI.!), the chunge in pollen assemblage» in Swiss lake sediments. find June
insolation at 6tJ'lN rlllu 70oN. provided that n common timescale is cstu\)lishcd,
The top scale is calendar yelll's. ami the bottom scale is "c yllffi'S (Charles ami
Fairbanks. l()q~),

The cores indicate that at 1·L$ ku surface waters \VOl'C fresh with low productivity and
cooler condltions than at 18 ka and NADW nroduction was at its lowest since 20 ka
(Keigwln and Lehman. 19(4), Atlantic water began entering the Norwegian Son at 13.5
lw and NADW levels 'l'O50 from their glacial minimum to modem levels: near
interglacial levels were reached by 13. l kn, persisting until 11.7 kn (Lehman and
Keigwln, 199~a). A number of brief reductions ill flow occurred between 12.6 kn and
12.2 ka, but th~ major dccroase occurred at J 1.71<(1and at abou: 11.5 ka, NADW ebbed
to a level (illly slightly higher than glaclal levels (Boyle and Kelgwm, 1(87). t~c and Cd
data suggest that nutrient enriched water of southern origin occurred between 11.5 ka,
and 9 1\(1, in the North Atlantic (Oppo and Fairbanks. 1<)87). However nt 105 ka ocean
cooling ended, with the resumption of surface inflow from the Atlantic occurring within
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Fig. ,GrC:\)'~;~~;;:~llutilcrn O;;;~~C(ll'ibhl)(111 &13(: ~COl'dS,

with AMS 14(' datl!d lt~VI)I~inliil:lItl!(\ bv arrows, marks the hhU11 on" of NADW
td(\:lh~d llne). The timine of thh; ovent can be compared \,ilh the lee-sheet
mett\\m~l' dl:ll.:hal'!W 1:l1l'\'(1(culeulnted as the tlrst derlvstlve of'thc Barbndos sea-
level curve), the I!hangl! in pollen (lssl)mbl(1geH in Swiss lake sedhmmts. and June
insolation lit (lO()N ami 7lloN. provlded that (1 common timescale is established.
The top seale is cll!l:ndm' yeurs, nnd the bottom scale is 14(' years (Charles and
Full'h:1I1ks. 11)\);;).

The COI'I!S indicate that at I·U ka surface waters wore fresh vv'ith low productivity and
cooler conditions thun at 1R ka and NADW production WMI at its lowest since 20 ka
(Keie;~vin alid . ehman, 1(94). Atlantic water began entering the Norweginn Sea at 13.5
ku and NADW levels rose from thelr glacial minimum to modem levels; near
interglacial levels were reached by 13,1 ka, persisting until 11.7 ka (Lehman and
Kelgwin, 1()92c,). A number of brief reductions itt flow occurred between 12.6 kn and
12.2 ka, but the majo!' decrease occurred at 11.7 kn and at about 11.5 kn, NADW ebbed
to a level only sliglitly higher than glacial levels (Boyle and Kelgwln, 1(87). "c and Cd
data suggest that nutrient enriched watet' of southern origin occurred between 11,$ ka,
nnd 9 ka, in the North Atlantic (Oppo and Fairbanks, 1987). However at 10.5 ka ocean
cooling ended. with the resumption of surfhce inflow {loom the Atlantic occurring within
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the last 30 kn (calendar) years, SeB illtensit: is deduced from 0'\: differences
between past time slices and the Receut, converted into glgatons of carbon stored in
excess of t\1\!ay in the cast Atlantic billow 2 000 m depth. The alSo curve is based on
six stacked highorcsolutiol1 benthic records from the Same depth runge in the ,'ast<.:11
Atlantic. T11111i111'O\\B mark positions of' 14C plateaus lind wide Ol'l'OW1 lndicr.te
meltwa!iJl' CViJl)\S(Sal'llthllin ()f ClI., 1994),

One problem with the so called "meltwater mode" is that the mode precedes the
meltwater pulses Ht 12 ka and 9,S kn documented by Fnlrbanks (1989) (Figure 4.8) in
both instances, The prominent low oDe value at 13 kn is documented by Jansen and
Veum (1990) in core V 23·81j they maintain that the low values indicate redi .ced
NADW formntlon due to the fresh water input. and increased influence and subsequent
replacement by AABW. They acknowledge that the low 8t3C value centred 011 13 kn
occurs 1 000 years before the large melt water input at 12 ka reflects the reduction of
NADW (Jansen and Veum, 19(0), but explain this disc-ep.mc. u')h':.l;~within the 011'01'
limits of tho timesenles for these records.

An mwlysis of gmin sizes in sedlm- I taken from cores : 1 the Rockall Bank area
(Figure 4.9) (Mct.nve et (1/,. 1995) as nn index of palaeccurrents for the lust 2$ 000 years
suggests that glacial intermediate water flowed rapldly at depths of 1 100 111 and 2 000
111, but that deep water circulation was sluggish at the LGM. At the start of termination
lA flow speeds decreased to a minimum between 14 ka and 13 kn and were
accompanied by a 513C minimum. suggesting n reduced Influence of northern source
water, probably caused by event HI. Subsequently, both grain size and al3c vollies
increased reflecting a return to more vigorous deep-water circulation during the Allered
(12 kn) (McCt\ve et ClI" 1995).
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Atlantic (Sarnthein et ul., 19(4). The Holocene/interglacial mode (Figure 4.4) is
characterised by a strong southward bound flow of NADW. originating in the
Norwegian-Greenland Sen, and is similar to that of today. The glucial mcde (Figure 4.5),
which was active until end of the last glacial, includes a weakened southward bound
NADW end-member which forms south of Iceland. underlain by very cold AABW
which upwells neal' the Azores Fracture Zone and markedly dilutes the NADW from
below'.
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9.100 ka, (Tlw 'Holocenc/lntergtuelnl Mode') W.R. c: Walvis Ridge, S.L.R. L'

Sierra Leone Rise. I.F.R. Island-Fncrce Ridge (Stippled shading tel AABW.
Vertical wid!,) line $h~,dillgu NADW, Vertical narrow shading MOW, Open
stippk'u shadlag " WSUW) (Sal11thcin ct (II•• 199·1).

The meltwater mcde consists of poorly ventilated AABW up to 2 000 111, above which
no NADW or N.·\'IW was formed, overlain by a meltwater lid (Figure 4.6). Thin third
mode is encountered twice; once between 13.6 ka and 13.4 kn, and between 10.3 ka nnd
9.6 kn. However, this type of circulation is difficult to detect. as it occurs over sho-t
periods and is only recorded in (I small number of very high rcsolntlon cores. '111e fact
that other "meltwater modes" are not documented does not imply that they did not
occur, Similar, but veil' short lived. modes may have occurred, but were too rapid to be
observed itt the sediments. Further, 1.le "plateaus" (defined as intervals when I'le agos
remain constant QVOl' several hundred calendar years) (Figure 4.7) make absolute dating
difficult (Sarnthein et al., 1(94).

1
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deep water circulation was sluggish during the last glaciation, but increased after
deglaciation, Deep current strengths declined again during termination IA and during the
Younger Dryas (l'vIcCavc et al.. 19(5), Holocene and glacial carbon isotope data of
benthic foramlnifera from shallow to mid-depth cores from the north-enstem Atlantic
show that this region was highly strntifled, with DC enriched GNAIW overlying DC
depleted SOW (Oppo and Lehman, 1993),
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Fig ,1.3 Core locutions in the cnst Atluntlc. Dashed line separates core locations
north of -looN below enst ami west Atlantic water masses, Hyphenated nnmbers
011the Siel'l'll Leone Rise have pruflx EN06(j· (Sarntheln et (1/" 1994),

An examlnation of 95 eplbenthic a13c records covering the last 30 000 years (Figure
4,3) suggests that there nrc three distinct modes of deep water circulation in the North
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1(94), A decrease in salinity would make it more difficult for very dense water to form
in the North Atlantic. LInd the production of intermediate water would occur (Boyle and
Keigwin, 1987). An analysis of micropalaeontological records of foraminifera by
Duplessy et al. (1992). revealed that a primary forcing factor for surface salinity was the
injection of meltwater into the North Atlantic, which led to decreasing SSTs and
intensified stratificntiou. These t\VO effects resulted in decreased evaporation, increased
precipitation and reduced poleward nux of salty, warm water, Broecker et al. (1985),
recognised that NADW production was reduced duzing glacial maxima and was
rejuvenated during warmer periods, Later work by Broecker (1994b), suggested a
shallower conveyor rather than a complete breakdown of the system, as shown from
evidence in J'IC/l~C ratios in atmospheric C02 for the Younger Dryas. NADW
production formation was not completely suppressed, but continued during the Younger
Dryas, with variable rates of formation (Edwards et al. 1993), while the source region
shifted to 100vl.!I' latitudes (Broecker. 1C)t)4b).It is possible that the conveyor is still
operative in the "oft" mode, but runs much slower and forms a nearly closed circulation
loop within the Atlantic itself (Broecker e! ClI,. 191')0),

Heinrich events could cause the dilution of the salt, resulting in the suppression of
NADW formation. and thus cause the associated sharp cooling (Ken', 1993b), Keigwin
and Lehman (1994). analysed a COl'C from the Mid-Atlantic Ridge at about 43t~N and
noted the existence of Heinrich layer 1 (HI) which was associated with maximum rates
of sedimentation. IRD, surface water cooling and mlnimnm ratcs ofNADW production,
The most striking feature of the carbon isotope record of the core is tho abrupt increase -
possibly within a 100 years ..~ of 813C at the end of Hl, asscciated with an increase in the
percentage of Neogioboquudrina pachydenna (sinistral). Keigwin at al, (1994),
maintain that deep ocean changes occur too frequently (on mlllennial scales) to be
caused solely by Heln-ich events. and suggest changes ill meltwater flux and
evaporation/precipitation budgets over the North Atlantic as forcing agents. An
altematlve view. based on available proxy nutrient data which indicates a colncidence of
minimum NADW and lowered sea surface salinity in the North Atlantic region. suggests
that salinity changes could be a product of conveyor variability rather than a cause
thereof'(Kelgwln and Jones. 1994).

Surface otgauisms take up l~C ill preference to 13C and also absorb Cd, resulting ill
surface waters charncteiiscd by high l~C and low Cd levels, While bottom waters are
high in Cd and low in l~C (Boyle, 19(0). NADW has high a13c because it contains a
large amount of uppel' ocean water which has been enriched in 13C as a result of isotopic
fractionation by marine plants prior to deep-water formation (Oppo and Fnirbanks,
1987; Oppo and Fairbanks. 19(0). Benthic data from a core in the northern Atlantic
show glacial deep water (4 450111) to be depleted in 13C and enriched in Cd, suggesting
n lower proportion of northern source water relative to southern source water (Boyle and
Kclgwin, 1987).

High DC waters OWl' the Rockall Plateau formed north of the glacio 1 polar front,
possibly it.\dk~athg that the deep Norwegian Sea wall a source for Glacial North Atlantic
Intermediate Water (GNAIW) (Oppo and Lehman, 1993). Durlng the last glaciation,
NAD\V was replaced by Southern Ocean Water (SOW) in the northern and tropical
Atlantic and GNAIW filled the ocean above 2000111 (Oppo and Lehman, 1993). Glacial
intermediate water flowed rapidly at depths of between 1 100 m and 2 000 rn, whereas
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with the Younger Dryas may be related to the cessation of LNADW formation, rather
than oscillations in NADW rate and depth, which are controlled by meltwater discharse
from the Fennoscandian ice-sheet (Edwards et al., 1993). Further support for the
importance of the Norwegian seas comes from the work of Cortijo et al. (1994), who
document sharp decreases in SST and SSS in the Norwegian seas which reduced the
ventilation of the region to about 2 300 m, and enhanced 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 associated with winter snow and increased .ce-sheet
growth (Cortijo at al., 1994).

It is well documented that the lower belt ceased operating during the last 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 flll' 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 tl.is
water mass is the pre-eminent deep water mass in controlling surface climate in the
Atlantic region (Lehman and Keigwin, 1992a).

Studies indicate that the conveyor belt is a self-sustaining circulation which can
collapse when disturbed and which can have multiple stevly states. As the conveyor is
density driven, a perturbation in the salt content can destnbilise 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 et al.,
1992; Kerr, 1993c; Lehman, 1993a; Broecker, 1994a), could act to dampen the conveyor
or shut it down (Kerr, 1993c). The density change created by an increase of ... one
salinity unit (10/00) is enough to til the balance between the conveyor "off' or "on"
situations (Broecker et (/1., 1990). When the density becomes sufficiently low in the
northern. Atlantic, the deep water cannot force itself into the Southern Ocean and the
conveyor stops (Broecker et (/1., 1990). Slight decreases in surface water salinity could
have slackened deep water formation in the Norwegian sen within a few decades,
affecting the thermohaline circulation and deep convection (Cortijo at al., 1994). As the
circulation is shut down, the associated entrainment of warmth is suppressed and
cooling will set in, biting melting and allowing salt to build up to levels which will
allow renewed deep water formation (Lehman and Keigwln, 1992a). 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
temperamre 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 circulation has been more stable because of the absence of
meltwater induced mode switches (Broecker, 1994(1). This conclusion is supporte -\ by
the work of Kelgwln et al. (1994), who observed no variatlons in NADW formation
during substage So of the Eemlnn when massive ice sheets were absent.

The trigger for the mode changes is 110t completely understood, although Heinrich
events or Milankovitch cycles have been suggested (Ken', 1993bi Weaver and Hughes,
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The rate or NADW production is about 20 Sv {20 000 (JOOnr's"). Surface water cools
from lOne to ()'(, us it descends olfGrccnland, and to about 3.5"(' as it descends off'
Canada. In creal. l Ni\DW, S x 10.'1 cal of heat nrc released in northern latitudes.
corrcspundiug to ,)il~il or lnsolntion OWl' the Atlantic Ocean north of 35°N (Broecker ('I
(1/" 1l)1!.": Street-Perrott and Perrott, 19()O: Lehman and Kelgwin, 1992 n.b), In the
region or about SS"N. the warm, salty surface flow splits into two subsurfncc belts or
NADW referred to as upper NA[)W (lINA!)W) and lower NADW (LNADW) (Figure
4.2). The upper belt is red primarily by open ocean convection ill the Labrador Sea,
and the !OWUI' by convection ill the Norwegian Sea basin. Although SSTs at the two
sources arc nearly identical, (he cooling associated with the LNADW production in the
vicinity of70"N is twice as great as that further south, resulting in a release ol'40% 1110l'C

heat pCI' unlt flux, making it a more effective climate forcing agent (Lehman and
Keigwln, 1992n,b).

__ . _._- '_'~"'·""'""~~'''''''''''·",.'''"'--H·'·''''''''.''·.•'··'''·,·',,' -'->_""-:~''''''_''''''"'''_'.>:..~'''.' -... ,,'.•..•._..•.. ,.,"'~ .• '* ...""".'''.;_'''"''"_ _,.,.__ '''__ ...__ ,,..'''..... ,,_,_,_._. _-",_ ....""",

Fig, ,1,2Schcmntlc rcprcscnuuion ot' the cnmpoucnrs orNADW. Temperatures refer
to surface waters helore convection, und lower WU1Cl'S afler convcctlon, When the
NADW ceases to llow.AABW llows north (l.ehnmn nnd Kclgwln, 1992b).

At present. u combination or cold ilit' and restricted sea icc promotes deep water
formatlon ill the Norwegian Sea, and drives a compensatory surface flow of wann
Atlantic water into the basin. Deep waters formed in the Norwegian Sea flow
southwards into the deep Atlantic. Iormiug the densest and deepest component of'
NADW, LNADW (Lehman am! I, cigwln, 1992n). It is maintained that timing
interglacial stages, the Atlantic Ocoun is churnctcrlsed by the fonnatlon of high and low
density NADW, with LNADW penetrating southward to the equator, while Upper
Ci rcu 111)10 1111' Water (UCPW) and lfNADW dominate the mid-depth tropical Atlantic,
During full glaciations little 01' 110 LNADW is formed, UNA D vV is restricted to above :!
000 Ill, and the deep ocean contnln« a mixture or southern am! northern waters (Oppo
and Fairbanks. 19(0). Dcglacial shills in the poleward flow of warm Atlantic surface
Willers cnn occur very rapidly (within ,lO years), resultlng in SST increases of 5'1('; these.
in turn, cause rapid changes in atmospheric temperatures, in thermohaline circulntlon
and in icc-sheet melting rates (Lehman and Keigwin, 1992n). The cooling nssnclated
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circulntlon was mucn greater dum present (Partridge. 19(7) and occurred at a time of
inCI'C'1Scd regional pressure gradients (Lancaster. 1981»). Internction between the South
Atlantic and South Afrlcuu anticyclones is cited as a possible explanation to the pattern
(If nlignrnents of the southwestern Kalahari dunes, TIl() present day October circulation
pattern, when the relative strengths of the two anticyclones is about the same, produces
winds purallel to the dunes. it uppcars that 11 similar circulation regime may have formed
the dunes (Lancaster. 1(89).

From 30 ka until about 2$ kn all regions reflect lower temperatures than present. and
except for the Namib and Kalahari, were drier than present (with up W ~O% less rainfall)
(Partridge, 19(5). The Southwestern Cape experienced a 4c'C ~5"(' drop in temperatures
on the basis of an annlysis of dissolved gases (N~ and At') in an artesian aquifer neur
Uitcnhage (Henton l't ul., 1(87) and analysis of n stnlugmitc from Cango Cave (Talma
and Vogel, 199:!), Caution hus been advised in accepting that the Namib (lnd Kalnhurl
were add during this Interval (Partridge. 1993b). as good evidence for humidity exists at
Khommnbes ami Nal':thcb between 3& ka and 26 kn (Deacon ct nl., 198~). Speleothcn:
formatlcn ill Russing Cave occurred between 4:'1 kn nnd 26.5 kn (Heine and Geyh,
1(84). with no subsequent development ef tlie sinter, Tuilt ;h:p()~its in the Kuiseh River
nt Hudaob and calcified rootcasts and calcretes UfC LlmllOl' evidence for increased Itlt;al
moisture availability during this period (Vogel. 1(89). IIigh water levels in puns in the
south-west K(llallo'~ ,,\:~!qcst increased rninfhll and l'<ll:hal'gc (If aquifers (It about 'J'/ kn
(Lancaster, 1989,. tuthollgi~ it must be remembered that precise dating is pl'Oblcnmtil:al.
as groundwater recharge mny lag rainfhll by some time (up to thousands of years i1Jr
large aquifers) IJ.uncastct" 1(86),

Evidence for Isotope Stage .2 (21 ka • 10 1\(\) is relatively detailed, owing to the
imprcved dating resolution for the period. Althnugh the circulation reghues producing
winter and summer rainfall are q\lite dlfferent, the effect of the Glacial Maximum
seems to have ccen similar in both regions, ulthough sites in the winter rainfhll region
of the country me relatively few. From 20 ka .. 161m. it oP1'c;u's that the entire
subcontinent was uniformly much colder and drler than et present ,SCl)U. 1(88) with
coldest temperatures occurring between 20 ka und 17 ka, (Figut'es 6.3 • (1.5), reaching
values (,1' abour 5°(' • 6°(' below present. These values ilw the Last Glacial Maximum
come from the Ultenhage aquifer (Hcaton e' CIt, 1(86) null the Cnngo Cave spell!othl.;m
(Talmn (lmi Vogel. 1(92). During this interval conditions bcenme drier OWl' the WIHlk
sub-continent, (Partridge ('f ol. 1(90) with estlmate» of nnnual minfall varying [Will
20t,!& to 80% of the present mean, In the Namib. the Homeb Hilts occur to ht.'ightG of 37
m above the Kulseb river, indicating reduced flow (\11(1increased nddhy (Vogel. 191N).
It has. however, been suggesred that conditions mny have been somewhat wetter in dre
Transvaul, based 011 pollen spectra from Wonderkmtcr (Scott and TI\(\cket\\y. 1987).

Although conditions remalnec cold between 16 and 13 kn, the end of the tOM in
Africa is generally placed no later than 1(i ku nnd mesic coudltlons followed: from 17
ka to 13 ku {Figul'es C,,6 .. 6.9) there is Homo evidence of Increased rainfall OYCl' the
whole subcontinent, including the Kalahari and Namil: (1,anolthtc1'. 1(81), Kalahari
lakes returned to former levels (Shaw of GI'l 11)88), and conditiolls ill the Namib were
also wetter. 1111~reach of tho Tsendab river was extended wcstw(m!s. i'CI1c, .. ed tufh
t1muntiotl occurred in n gorge of the Kulscb river, nnd tho Horncb silts were extensively
incised (Vogel, 1989). Evidence from the south western Cape (Cc,lel'ho{g Range and
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CHAPTER SIX

RESULTS

Southern Afrleun Pulaeocllmnte slnce 40 (lOUB.P.

The trends shown by the PIO">' data ure mapped below. Although each map represents
a time slice of 1 ka, some time sli·''<!s :\I\! grouped to fhcilitutc meaningful discussion,
On a number of maps which comblue both the newel' PASH data and supplementary
data derived from a review of pm;t.1986 publication«, .1 number of anomalous sites
have emerged (dlllwlllg nppllsing trends in pl'()ximiiY to each other). In general, these
anomalies have been resolved by cxamintng the weiglit of evidence from other nearby
sires, before (il!ciding the probable dominant component, In some cases the data
received 01' published 11H1) ill tllct be l:mhject to errors, 01' there may he dating
problems. Further. not oil the ll1nps haw an equal number of sites.

For each of the At~/lllth·I;t,memll.)d South Ati'ica mnps, the reader is invited to refer to
Figure (l.l which gives the key to thl! symbols used in the maps, along with estimates
of the actual difference, t!lI.lYshow. There is. ()11 the whole, good ngreemeut between
the published datu pllstdatillg 19!)(l and those from the PASH database. The mntcriul
gathered to date wlll undoubtodly be u vcluuble resource f01' climate researchers, both
locally and intt!l'llatilm:1l1y,

Before dtscusslng the patterns revealed by the maps. Dote should be taken of problems
01' dating. In Quuternnry snulles Jl\!avy rcllance :s placed on tho use of absolute dating
techniques. Although several dlffcrcnt techniques ure used routinely, the most readlly
available method is nnlio~arlml\ dating, which bt\!:! a limited range and requires
cnlibratlon ba'i~d Oil both globnl nn.l regional d~1pal'turos from thcoreticnlly and
empirically determlned relntlonships. 1.1(' dating is possible only fer the last 40 ka of
Earth hibt~ll'Y: this is retlected in the paucity of datu foe periods beyond 40 kn. A
detailed nccount of dating nnd other related problems is given in Appendix One.
where the data th)111 individual sites are described in detail,

The pelaeocllnuues of southcm A1Hcn haw been Investiguted through the medium of
several different disciplil,,,s. and a t1th' umlt')l'}+tall~ling of temporal and spatial changes
over the subcoutlnent hus b~~11nchlevcd (Deacon and Lancaster, 1988: Vogel. 1984:
Tyson, 1986: Partridge Cf ul.. 1m)o). In order to place the analysis of tho lust 20 kn in
propel' perspective, it is Ilcct.:SS(lI'j' to review the chnngcs preceding this period. A~ the
emphasis of this work is on the last 20 kat the period from 40 ka to 21 ka hilS not been
nnalyncd in terms of s~'l1thcth.: mups.

e!'Olll about LH) ku to 30 ku, tilt.: general trend imlicntes lower tcmpcmtares and wetter
conditions than at PI'CSCllt (Pmtl'idgc I't ul, 19(0). I lowever, dune formation associated
with lncreused nrldlty occurred dl1l'in&1this period in nonh-western Botswann, southern
Angola, and Namibia. As dunes fi.ll'm only where nnnnnl rainfall is less than about 150
mm • 200 111m. pal(wndllllCs in these regions Indicate me !ement of the 150 mill isohyet
by tip to 1200 km north-ens: t,t'its present position. Although the il1fel'l'e{!extent of the
shifts has been revised (L:tllt:nstcl'. 1(88), it is clear that the intensity of the antlcyclonic
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SECTION TWO

CHAPTER FIVE

SOUTHERN AFRICAN P..A~AE()CLIMATl~S

DATA and METHODOLOGY

In an attempt to link past responses of southern Afrlcnn environments to global
changes. it is essential to know what the conditions in various parts of the COUll try
were during selected key time-slices, To this cud the gathering of n substantial
database is nCCI.!HStlI'Y. This Illlil.!ctivl.! tbl'lllS putt of the Palaeoclimates of the Southern
Hemisphere (PASIl) project. Although data from the Whole of southern Africa arc
being accumulated, the t11'CSCI1t study focuses on Africa south of 22°8. The last t\\ cnty
thousand years (2u ka) are considered in detail.

Quaternary scientists. who have carried out primary research, haw supplied data uslng
a 6·page dnta cupturc foun whlcn was submitted to the Climatology Research Group
at the University )f the Witwatersrand. The trends ill hydrological and thermal
parameters fOI' each period. 'hi luterprctcd by the generators oHlle primary datu. were
then ccmplled 011 maps of AlH\!t\ south of 22(1S. using the Arc/Info Geographlc
Information System. The maps were analysed to determine trends in rnintal! and
temperature for the different time-slices and regions. This analysis was compared to
exlstlng summarlcs of pukrooeuvironmental trends and to possible mechanlsrns that
could account for the observed trends. Modern-day meehnnisms were also
lnvcstlgatcd to detcnutne \\ hethcr 01' not they are analogous with those which
prevailed in the past.

The data cited here will ultimately be part of a palaeoclimnte database for the southern
hemisphere. which is curreutly being assembled under a collaborative Internntlonnl
project of the Intemutionul t inion for Quntertlnl'Y Research. The dntabnse uses Oracle
software, which uilows for the assimilation. manipulation and updating of datasets
through the nSI! of multiple spreml-sheets. These provide tcmplates for the entry of
dam into tlll.l database nnd allow the creation of scenarios and the retrieval of
information in terms of speci f ell parameters. Spread-sheets arc created using object-
oriented programming ill u Windows environment, thus avoiding the complientions of
special progrnmmc wrltlng, Chloe nil datu for a specific palaeoclimatic site are entered,
they nrc savcd , t\ Unix-bused system at the t.JIliversity of the Wltwntersrand, frot.,
which they can be nccessed anywhere in the world through the Internet. Those sites
which must he el'lbm'gocd (bccnuse their data nrc currently unpublished) can be
hidden from view, and searches can be made for sites \lsing anyone of a series of
unique. primary keys which define that site, e.g. resenrclrer's name, site number, time-
slice and climatic perametcrs.
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Although it is gencl'ul1y mglled tlmt molt water pulses res lilt in salinity decreases. an
annlysls based on tlinoflagcl!ateo\,;yst assemblages in cores recovered fWJl1 the shelf
break (It tho out!t.lt of the St l,(lWI'CIlCC suggests tiwr the melt water pulses did not affect
sen-surface salinity (SSS). and the melt wnter pulse cannot be II trigger for the YI) (de
Vernal et al.• 1996). Work by Duplessy et al. (199~) on core NA 87·:!2 on the Rockall
Plateau showed 110 additional salinity decreases timing peaks of meltwater discharge,
nnd sharp negutlve salinity nnomalles were ussociated with the Younger and Older
Dryas cold events, It is argued that these negative anomalies resulted either from a
reduction in the strength of the thcnuolmllne circulation, 01' from a strong freshwater
injection owing; to changes in the preclpltntion/cvnporaticn budget. Although these
fluxes ....unnot account fbI' the low salinity values. they can result in a wenkenlng of the
thenuohallnc conveyor by reducing NADW formation, This led to decreased
evapomtlon, lncreased precipitation and reduced poleward advection of salty subtroplonl
water, which nmpliflcd the initial signul resulting in n fbrther decrease in NADW
formntion (Duplcssy et ,II .• 19(2). It Was concluded that. despite the it~ection of glacial
meltwater during wnrmcr episodes. SSS and SST remained positively correlntcd during
the deglnciatlon, Cold, low saUnity events occurred during tho early stages of
deglaciation, (14.5 • 13 kn) and the Younger Dryas. hut minot' inicctions of meltwnter at
high latitudes are insufficient to nccount for the observed salinity changes. It is necessary
to invoke (Ill additional feedback from changes in the hydtologlcnl cycle and in
advection to trigger changes in the thermohaline circulation (Duplessy ('f til.. 1992).



Fig. 4.17 c)x~7gcl\(II\d~';~lllis;;~~;~dai(l'~I1Uiul:ore'i(Nl:ffi'O'ClCnor ui;1U~ci"l lnterval, Age
esslgnmcnts nre bnscd un foul' A~IS I~C d(\t~s trom n companion core Ihllt has been ~tratigraphicl\l1;'
corrclnted to ENI:10tiOt·I. {Ising tllis al!~·llll\dd. ~1\'llIinilllU nrc opPl'oxinmtely cotncldent with mwp-
lA umlll1\\1,·Ill, ChlSt:ll s>mhl1b: mark the inlt,)i'vnls "ru\ll\\! l\l\\1)·IA and 1ll\\11·m and Illustrate that
01\, mlnlmn occur during thl.l\midill)~tilln,\l shilts in BIRO(Fairhanks. 1(89).

Fig. 4.1S Th~<ROii(llf(l\)'i;\)P;:;~tlli~II~;8IHtYvUri:liimlli'ni~~lr;1101111.1GilTi' I~~r~~'~;cn'd;ts~IUW the
plnnktonic. n,ll'aminil~l'l\ 1\IH() record or dc1.lpsen core sUSt·IS (raised Iron: 38°N in the north eam
AtiUlHic). Till' strong wUl1lling (6IHO increase (It d:J.l.7 cui kn in the C.lrccnland Icc) at tlrc b~ginning of
the BliJlling/Allcrau OJ/A) lkrllllf iii synchrollous with the sharp wanning In C01'I.l SOS[·IS. MWP·IA
dmed at 14 cal ka is signiticanti)' )'ll\UlgCI' limn the stn)[lg warming at 14.7 enl ka. It corresponds to the
first cold rcversul orthe DiJllingJAlh::I'cd observed in thc GRIP core und (318P2 core (Bard, 111 al.• (996).
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Age (kyr)
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-~,i()=;fhc·l'at~~~'tl;racTalnl~lt:w~i~-;lc111uted fl:0l11tJWBllrlluuOSSClt--
level curve complln.:d tIl summer lnsolntiou, The dlschnrge cui....e (tllick line) is plotted
nccordlru: tu l'allio~arll(lll } 1!<lI'S uncorrected 1(11'seeulur changes in ntmosphcric I~C,
Insulutlun ut (lUoN da~h~d llne aud 70"R clotted lim) me plott!.:dagainst absolute tim\!
~l :,irb.mki. 1t1Sl)),



Deglnciarlous and Melt Water Pulses

Deglaciations nrc triggered by re-organisations of the ocean-atmosphere s),5te111,III
pm><icu!arthey point to the sudden resumption of conveyor circulation in the Atlantic as
n ' .ey ingredient of such reorganisations. The conveyor brings vast amounts of warm
water to the surface of the northern Atlantic, and its resumption would explain the
rapidity and magnitude of the change associated with Termination II (Broecker et al.,
19(0). Recent geochemical data have challenged the view that rapid climate
fluctuations in the North Atlantic were caused by the thermohaline circulation being
switched on or off. and indicate rather that circulation switches between a warm deep
mode and a shallow cold mode were associated with different sites of deep
convection, The mechnnism for the transition is the rearrangement of convection in
the North Atlantic. triggered by brief molt water pulses (Rahmstorf 1994).

Melt water pubes are cluuncterised by low ['iDe values and reduced flow speeds. It has
been inferred thut high Cd Cu ratios in benthic foraminifera deposited on the Bermuda
Rise reflected dl'Hlllaticnlly reduced NADW production at 14.5 ka in response to n
widespread flux of meltwater in the Norweginn Sea (Keigwin, and Lehman. 1994).
After the start of Termiuatlon IA (14 ka) flow speeds abruptly decreased and reached n
minimum at between 14 ka and 13 ka, ns indicated by a pronounced minimum in 613C.
values which suggests a decreased Influence of northern source water. This decline is
coincident with Heinrich \!\ eut 1 and the associated melt water input (McCave at at.•
19(5). It is maintain..:d that this meltwater pulse at 13,5 ka induced the "meltwater
mode", which shut down NADW production. Gild halted the thermohnllne conveyor belt
(Samtheln ot al.. 19(4). The result was n IlltUOl'cooling in Europe, (the Older Dryas).
Subsequent renewal ofNADW production reversed the cooling ill a ftwo' hundred years
and synchronously released vast amounts (120 Ot) of carbon, which accounts for the
carbon "plateaus" at these times (Saruthein et (II.• 1(94). The melt water pulses centred
at 12 ka aad 9.." ka (Flgitrc 4.16) wore also characterised by very low 81~C values,
(Figure 4.17) (1S determined from en accurate chronology of core EN1~OGGC 1.
presumably owing to reduced NADW influence at the site (Fairbanks, 1(89). '111C
Younger Dryas cold epoch. does not, however, seem to have l'esult€:... from a similar
oceanic circulation regime, (I situation similar to that of the present existed during the
event (Flgure 4.19). Acc.:ol'ding to the data, a meltwater pulse preceded the YD by 1 ka
(Figure 4.18) (Bard. et al.. ll)l)6): this pulse. although larger than that at 13.5 ka, seems
not to have impacted 011 the crucial site of deep water production in the GlN seas
(Snrntheln ct ell .• 19(4). Suhsequently, at 10.3 kn, towards the end of the Younger Dryas,
a melt water mode occurred lSnrntheln t't ul., 1994),
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l

Fig, 4, I 5 Three st;u~;'"~~fth\)Aij;titl~~IT\\)l'm·oillilfli\)-..:Vci'llatiOll nile. i(JOOyears of
unomnlous runoff lmo the ~(ll'th Atlnntil.:. (a) tht.: slightly perturbed conveyor, (ll) Till)
Atlantic clrculutlon has r.:\ I!I'St:ll (teuncd southern sinking) (Stockel' III al; 1992bl,
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Fig~~n,i"1'lwAtlanii\'!(i~olli~0vCitU111illg str\!at1lfUn~Y"fu'rlhe
three cquilibl'i.l, (a) the normal 'present-day' conveyor, (b) the weak 'colder'
CtJI\V\lY0I', (I.!l the stl'l1lll) '\\:111111,)1"conveyor, The x-axls is the latitude with posklve
end uegatlvc vulues illd;~'atillg ONanc )~ l'~spc\!tivd> .. Positive lind llegative contllllfil
indil.:,\tc d\ldmisc and l,)\l\lllli)l'"ltlc,;kv,is\lcin:ulnlion:;. l'llspcctiwi)', with Hand L
imlle:, ' Z locnl muxhuu and minima, respectively (Wcavel' lind Hughes, 19~M),
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Latitudo (dogroos)

Fi;4~r:rl;t~:~kiltr;··distributi~ stnmnl~ function which represents the
meridional overturning in thl! North Atlantic in units of sverdrups averaged over (a)
yenrs 501 • (JOO of the control experiment, (b) years 19 and 20 and (c) years 291·300
of the li'tJ,!\wiltcl' experiment. (l)cpth is given in km, nreas of clockwise circulation are
shuded). During Ih\! t',:1\ illitinl decades, the THe in the North Atlantic markedly
weakens and IWCI)IllI!S shullowe:' (compare Ca)and (b). allowing n stronger deep Inflow
of At\B \V. The initial capping of the Atlantlc Ocean by the low-denslty, fresh surface
water Ch\l!\CH 011' the ht.)atexchange between the atmosphere and the ocean and mlses
the tt.!lllpcrallll'l) of the subsurface water, rapidly weakening the 1'HC (Mauabe and
Stouffer. 19\)5).



PAGE ~43

medium mode, 25 Sv: strong mode), Cycles involving millenium-long in'ervnls,
during which t'ie strong conveyor mode is operative are induced; these terminate in
sharp transitions to the weak mock followed immediately by a more gradual shift to a
millenium-long medium mode, The cycle ends with an abrupt shift back to the strong
conveyor (Broecker. 1994a),

·04 ·48 ·~2 ·16 0 10 02 40 6·'
1.:iUtudo (dogrooo)

Fig. 4,12 Zonally intl!gr,tted mcridlonal mass transport In W tn3 S·I in the Atlantic model basin: (artbt'
the spin-up conveyor state. (b) for the equlllbrlum reached nfter Ih\! first fresh water perturbation: (e)
fOl' the equillbrluru utter tht.:second pcrt.rbatlcn. These three coupled equillbrln exist under the RUm\!

forcing. Note that in (h\ :md (el the NAmV cell does not reach down tt' the bottom of the North
tlnntic (Rahmsllll·t: \1)\).1).

A model by Stockel' at al. (1992b). (Figure 4.15) produced four steady states ;,f the
thermohallne clrculation under identical boundary conditlons, One of these states is
when the Atlantic circulation is reversed, with deep water only being formed in the
Southern Ocean, Atlantic SSTs are 4'lC cooler in this mode than in the 1101'11101 conveyor,
and result in atmospheric temperature changes of2.6"C at 70"N.

Common to nil the ocean circulntion models is the sensitivity of the ocean circulation
to small changes in surface forcing, particularly to buoyancy fluxes in regions of deep
WotOl' formntlon 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 nnd in Antarctica, The experiments produce a continuo LIS transition
from a circulation regime in which most of the deep water is formed around
Antarctica to n circulation regime similar to the conveyor belt clroulntion, in which
deep water is formed mostly in the North Atlantic (Hnsselmann, 1991). Further. all
models tend to replicate the tight coupling between the strength of the conveyor belt
and changes in temperature in the northern hemisphere.
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Atlantic to high northern latitudes, The model predicted a drop in SST of up to 5~ C
within 10 YC!m'S, The rate of NADW production remained the same, but cold
conditions were associated with NADW sinking to intermediate depths only, while
AABW pushed north to fill the entire abyssal Atlantic (Rahrnstorf 1994),

Fig, 4.11 Sclwmatic diagramOt' North Atlantic Deep Water overlying deeper
Antarctic Bottom Water, Top. present-day circulation; bottom. possible clrculntlon
in the Last Glacial Maximum, with a shallower North Atlantic conveyor and
stronger flow of AA13W(Boyle and Weaver, 1994).

AlI,lIllieOcuunsouthernOceon ocean surface
Om

Manabe and Stouffer's (1995) coupled model reproduced the abrupt oscillations
observed in ice and ocean cores when subjected to fresl; water inputs (Figure 4.13 \
Theil' model caused the thermohaline circulation to weaken dramatically. and then
intensify, followed by a further weakening which SUbsequently recovered gradually.
During the weak thermohaline circulation, AABW moved north and tilled the ocean
to 60° N tip to 2 OOOm.The oscillations occurred over a time scale of centuries and
produced large temperature variations in the northern high latitudes, but had less of an
effect on the rest of the world,

2,500111

Many models exhibit multiple states of operatlon. Weaver and Hughes' (1994) simple
two-basin ocean model, (Figure 4.14) driven by freshwater fluxes in high latitudes
exhibits three stable states, all characterised by two Atlantic circulation cells, a shallow
conveyor driven by deep water formation at its northern end, and a deep conveyor in the
opposite sense driven by deep water formation in the Southern Ocean (Broecker ..
1994(\). By releasing excess fresh water at the surface of the model's northern
Atlantic, sudden sw! : .:3 in clrculaticn f1'0111 one mode to another OCCtlI'. The states
differ in the relative strengths of tho circulation cells (1.5 Sv: • weak mode, lOS\,:

5,000 m
ocean bottom



t W
'"d
:,Po
@
I

t ~

........---......,,.._-.....------_..__,_----....---.~----_t-----~-..,---'"----------. -----

1 5 1 4 k a BP
ltjg, ().I! Smuhcrn Afrlcn. Tcmpcrmlll'O und Rninfi'lI: I,~kn.



16 15 ka BP

Fig. G.7 Southern Africa, Tempemiurc unci Rllinthll: 161<n.
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Fig. 6.6 Southern Arricll, Temperature and Rninfill1: 17 ka,
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PALAEOCLIMATE MAPS OF SOUTHERN AFRICA
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In southern Africa, data from 23 sites were compared for signals reflecting the Little
Ice Age. The temperature series from Cango Cave speleothem (Talma and Vogel,
1991) and another derived i1'o111analyses 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 wanner interval at 1550 or 1600 AD. Further palaeonvironmental
evidence from shell middens at Elands Bay indicates cooling between 1300 and 1550
AD (Cohen at ClI., 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 (Cederberg) 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 lee Age is also forthcoming 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 Africa matches that of other 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 Altitherrnal. A climate reversal is evident in the record, similar in both
temperature and rainfall patterns to the Younger Dryas of the northern hemisphere. It
appears, however, to predate its 110rthe111hemisphere 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 Northern Cape and Transvaal dates to between
7.5 ka and 6.5 ka, but south of 29°S it occurs no earlier than 5.5 ka and as late as 3.5 ka
in the Southern Cape (Scott, 1993). The influence of the Agulhas current, associated
with a southward shift in the Subtropical Convergence, is inferred in controlling 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). Temperatures 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 ka, 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 desiccation seems to have spread into Natal before 1 ka,

After 2 ka, the regional differences evident in the previous period continued, but were
less .narked (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 OWl the Transvaal
is also apparentespecially at about 1 ka (Scott and Brink, 1992). Within this interval
two periods have been extensively documented: the Mediaeval Warm Epoch, and the
Little Ice Age (Tyson and Lindsay, 1992). Although there were climatic fluctuations
on even 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 subsequent
Little Ice Age was subject to a climate colder and drier than any since the Younger
Dryas.

The Mediaeval Warm Epoch occurred 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-calcite ratio of Patella
granularis and Patella granatina shells from Elands Bay show a warming from about
1000 to 1300 AD (Cohen et al., 1992), Evidence from the interior 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 period occurred before 1300AD (Tyson and Lindesay, 1992),

The Little Ice Age was a globally-extensive (,;001 period, 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. InNew
Zealand, the event is recorded in speleothems and glaciers; it is also registered in the
Antarctic records from Law Dome (Tyson and Lindesay, J 992).
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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 ill
the northern hemisphere), although this period seems to have remained dry (Figure
6.12). The warming seems to have followed the same pattern as 1:11r;: 13 ka - 12 ka
interval, i.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 (Figure 6,14) (Partridge et al.,
1990). Evidence of drier, wanner 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 et ClI., 1986). The maps suggest that the warming occurred in the eastern
interior accompanied by wetter 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 Silts (Vogel, 1989).

After 8 ka, the north eastern part of the summer rainfall region and the southern
Karoo/escarpment became markedly drier, and were characterised by temperatures
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 in the Namib until 5 ko.l
BP, while the interior was wetter, except for the north-east. However, by 6.5 ka,
rainfall ill the Namib may have increased 011the basis of increased grass cover at
Mirabib (Avery, 1993); these 1110istconditions 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 et ClI., 1991). Evidence from the Pretoria Saltpan suggests wetter
conditions over the Transvaal (Partridge et al., 1993) in agreement with pollen analysis
f1'o111Wonderkrater (Scott and Thackeray, 1987). This evidence is, however, in conflict
with micromammalian evidence obtained from Jubilee Shelter further south and
Wonderwerk Cave on the Kalahari 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 Africa 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
1110re S1.U11111el'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 (Tal111aand Vogel, 1986), A lack of synchroneity between changes in
wetness between the northern and southern parts of southern Africa is thus apparent.



coastal caves) suggests moister conditions were initiated at about 14.6 ka (Klein, 1990;
Meadows and Sugden, 1991).

After 131m, temperatures began to rise to levels higher than present in the Karco 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 temperatures more than a degree
above present 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
production rates are high, southern hemisphere temperatures increase (Bender et ai.,
1994; Jouzel et al., 1995); the relatively warm upwelling ofNADW promotes sea ice
melt back around Antarctica (Crowley, 1992). This may move belts of Antarctic
climate sovthwards and thereby increase the poleward transport of heat through the
atmosphere (Bender et al., 1994).

In the period 12 ka - 11 ka (Figure 6.11) all sites show reduced temperatures,
suggesting a brief return to near-glacial conditions during that time. Evidence
suggesting that one site (Swartkolkvloer) experienced a temperature increase is
probably questionable. Cooling associated with a southern African 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 et al., 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
MBW 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
MBW would subsequently reduce the flow of NADW reaching the southern
hemisphere, or reduce its formation rate further north (vide infra), Southern hemisphere
cooling would thus precede cooling in the northern hemisphere.

Except for the eastern parts of the country, there is a marked decline in rainfall
coincident with the temperature reduction. Sites in the interior (Aliwal North) (Scott
and Cooremans, 1990) and vegetation changes near Wonderkrater (Scott and
Thackeray, 1987) record drier conditions at this time. Although wetness 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 at CIt., 1990), a regional period of dessication
between 11.9 ka and 10.7 ka is evident from calcification and desiccation of' ..':d beds at
Conception Bay and Meob Bay in the Namib (Vogel, 1989). Evidence frou lakes and
caves in the Kalahari suggests aridity at about 11 ka (Shaw at 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 increase in moisture over parts of the
winter rainfall area, If this interpretation is correct, a climatic reversal occurred in
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Fig, 6,15 Southern Aft'ion. Tcmpcmurrc nnd RI1!nnlll: 111m.
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Fig, (),14 Southern Africa. Tcmpcratm» and Rainfltll; !) kn.
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AABW Furmutlun uud the Role 0(' ","tnl'clic SCII Icc

II is generally mnintnlued that northern hemisphere occun-atmnsphere dynamics control
the glnhnl paucru of cllmatlc chunge through till' lnternctlon of NAI>W production am!
the globnl thermohaline circulation. All unalysis or southern hemisphere dynamic»
f(lllows which dcmonsuutes the vitnl role played by the southern nccnn and Auturctica ill
modulathtg global clinnue chnnac. This analysis also proposes meehanlsrus that cxplnln
southern Alllcan climate vnrinbillty.

,\ ntnrcticu and its surrounding ocean have n unique lnlluence Oil global climate. in thaI
the ocean completely surrounds the contiuent. III contrast to the situutlon in the northern
hemisphere. the S'llilhel'll Ocean interacts dynamknUy with the Atlantic, Puclllc and
Indian (lCCHnS (Figut'c 'l.c)) (Budd, [l)l) 1: White and Peterson. 19(6) vlu the deep water
Anmrctlc ('iI'ClIlllP<lhll' ('llI'1'CIlI (cxtending Jiolll Ihl.' surface to ubout 4 (jO() Ill. (Corliss.
Il)S.' n. which J1mvH at U() Sv. SlII'lhcl! wlnds over the Southcm Ocean have important
ellbl.!!s on west coast temperatures (Budd, I<)C)(): SOl1le consider the illtl.!l'play between
troplcnl Austrnlusiu and Antarctica (0 he the key tll south Pacllk; palaeoclimatic
dYlHunks (Markgraf l'I al. 1()();.).
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AllI[U'ctir rill'UlI1plllal' l'UIH'lItIl~at;t!;Hlrnll/',Iy wilh other (In',1Il f\):tCh. provldillg cold
\\'(lIN UI\ west ~'l1"!;t!;(Budd. 1<1(11).
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eastern regions of the country at about 7 ka. 1"1'0111 5 ka to 3 ka, all sites, except a few in
the Kalahari and Namib, reflect a return to wetter conditions in agreement with SST data
for the period 4.3 ka to 2 ka (Cohen and Tyson, 1(95) and temperatures were higher
except in the southern Cape. Untortunately, a hiatus exists for the period 2.4 ka to 650 a
B.P. in the Nelson Buy Cave data, subsequently SSTs at 650 a B.P. were lower
suggesting wetter conditior •.'. 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 Cockcroft at ,11.(1987), who report wetter conditions from
9 ka to 4 ka,

Cockcrofr at al. (1987), conclude that their spatial reconstruction accords well with the
theoretical expectations that follow from t !.) Tyson (1986) model. In general, the results
of this work do not contradict their conclusions; many of the differences may be an
artefact of the time-slices chosen. However, the period between 8 ka and 4 ka shows too
many variations to be considered as a single tlme-slice, and their conclusion that the
period between 121m and 10 kn was marked by lower rainfall, but otherwise similar
climatic conditions, may need ~'''·exalllillatioll. 111e results of this work reinforce the
concept of southern African climates being closely connected to ENSO events, and the
associated Antarctic telcconnection, 011 time scales varying from decades to millenia.
'TIle inferences proposed by the conceptual model of Cohen and Tyson (1995) are
generally borne out by the climatic reconstructions based on the PASE data.



According to Cockcroft at (II.. the interval from 14 ka to 12 ka was wetter, with drier.
possibly anomalous, conditions, u the east. The present analysis suggests that from 14
ka to 13 ka, the whole country except for the southern Cape coastal littoral was
characterised by wetter conditions. '111e wetter tendency continued until 12 ka, except
that the drying spread further north, and west. The dry Namib postulated by Cockcroft at
al. 1987, is not apparent; the Namib sites reflect increased wetness f()t· the whole period
under discussion, possibly owing to the wanner SSTs resulting from Agulhas intrusions,
The incursions of warm Agulhas water into the Benguela are indicated by Occurrences
of shells of east coast taxa in the Benguela region between 13,5 ka and 12 ka (Pether,
19(4). Considerable agreement is, however, apparent in inferred temperature trends,
with a warming trend apparent between the Cape Fold mountains and the central Ku1'Oo;
this trend tends to recur within the wetter regions. 1110 analys«. of Algoa taxa, and the
proxy data suggest that this period was characterised by warm, moist conditions, with
opposing trends occurring in the winter rainfall area. The model, however, suggests that
dry spell conditions shoi.ld have prevailed at this time.

The return to warmer, wetter conditions was interrupted by a climatic reversal between
12 ka U11d 11 ka when most sites indicate a return to cooler and drier conditions. Sites ill
the eastern third of the country and tho Namib reflect wetter conditions. This finding is
ln agreement with that of Cockcroft et al. (1987). Subsequently, between 11 ka and 10
ka, warming similar to that observed ft'om13 ka to 12 ka is apparent; the correspondlng
return to wetter conditions did not, however, Occur. Since Cockcroft at al. (1987), do not
map the interval 12 kn to 11 ka as n single time-slice, it :9 difficult tCJ make: meaningful
comparisons. The data from Nelson Bay cave dated prior to 9 ka contains no Patella
tabuiaris shells, and the area was colonised by cold-water species, suggesting decreased
SSTs associated with wet-spell conditions (Cohen and Tyson, 19(5).

According to Cockercft at al. (1987), (\ wet phase characterised the west of the country
from 9 ku, while the southern and eastern areas remained dry; from 8 ka to 4 ka the
country as a whole, except for the south western Cape, experienced moister conditions
than present, These conclusions are corroborated by recent work 011 SSTs off the south
coast. Evidence of SST fluctuations above the Agulhas Bunk off South Africn using
Patella tablllmt~ shell from Nelson Bay Cave: was obtained for the period 9 ka to
present (Cohen and Tyson, 1995). The record suggests lower SSTs between 8.6 ka and
6,3 ka, and wet-spell conditions arc inferred. Evidence from this study suggests that
between 9 ka and 8 ka no clear trends arc evldenn the southern Cape Was possibly
wetter. and many sites show evidence of warming. Contrary to Cockcroft at al. (1987),
and Cohen and Tyaon (1995),8 ka to 7 ka was drier, except in the southern Cape. The
wet conditions in the western Cape were reversed from 7 kn to 3 ka.

Evidence from this study suggests that the eastern half of the country experienced dry
conditions from 7 ka to S 1<"1. witl' some areas showing cooler conditions Cohen and
Tyson (1995) maintain that their results nrc in conflict with syntheses based 011 terrestrial
proxy rainfal! data in earlier reviews (Cockroft at al., 1987; Partridge at (II., 1990) As
SSTs between 6 ka and 4.7 ka were hlgher than present, dry-spell conditions nrc
inferred. with a wetter winter l'ninfall area. The PASH maps corroborate this inference
and show drier conditions at many sites for the peeled 6 ka til 5 ka, with increased
wetness at SOI1,esouthwestern Cape sites. The drying trend seems to have started in the
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'f:1&7.r~\c~~;C~I;;'I'~lillu;~l~rortlWr~'~iW;'s~I)f m:e(lnic ch~cuini1oiiu~t~--
SUl'l:l~C t~ll\PCl'i1t\lIl'" til unuosphcric circulation nnomnlles responsible for extended
wet spells (Al (lnd ~';..tI.)IHk'dtil)' spell:; \In in South AIi'i\)o. All IlSPIlC1S of Ihe
atmospheric clrculatku: lhlpktl!ll here (IN ulter 'lyscn (1986) und COCkl'll1\C( Ill,
11987), Oceanlc 1.)(ll1diliol1:1 in (B) nlsult in nnol\la! lusl)' high SSTs In tho vIcinity of
both Nelson Bay C(lV\l and on the southern Cupc (;(1(l5t and Elnuds Duy Cave Oil the
west COliS!. HO!III'I:!lC SST records have been constructed from isotopic
measurements llt'11l0!lUSI: shdls llfbllth cave sequencea (Cohen ami TYoOil, 19(5).
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the south west of the continent could be associated with changes in the upper westerly
troughs, In recent \WI k highllghtlng the associations between SSTs around South Africa
and rainfall (Mason, 1()9~). high SSTs, owing to a poleward shift in the zone of surface
westerlies. in a broad zonal band between 15°S and 35°S and in an area immediately to
the south of southern Africu. are associated with wetter conditions over the summer
rainfall area. This is due to ennanced atmospheric barocllnicity and hence cyclogenesis
associated with both tropical and temperate synoptic systems (Mnson1995). Although it
is maintained that SST vnriations off the west coast are of minlmal climatic significance
to South Africn, except loculiy along the west coast (Mason. 1995), an area in the
subtropical latitudes of the eastern South Atlantic Ocean between 15°S and 30°8. and
15°W and 15'\\/ may influence rainfall in that it encompasses an area subject to the
leakage of warm Agulhas waters in the form of Agulhas rings, which result in
anomnlously warm pools of water within this Mea (Figure 7.2) (Pethel', 1994; Mason,
1995). The warm water may result ill a weakening of the South Atlantic Anticyclone
which has been associated with drier conditions over South Africn (Mason. 1995). and
wetter conditions prevailing alollg the west const,

Comparlsou between till' PASII maps and contempomry modelling studies.

Cockcroft I!t til, (1987). and subsequently, (,01M1 and Tyson (1995) have attempted to
explaitl southern African variability using Tyson's (1986) wet and dry spell model. The
model proposes that wet-spell conditions (as defined by Tyson 1986), nre associated
with negative SST nnomulies in the eastern Agulhas Bank region caused by upwelling,
higher volume transports of the Agulhas Current and reduced influence of winds from
the southwest, At the samil time, the stronger southeasterly winds along the west coast
would enhance southern Bengucln upwelling with low SSTs. Dry-spell condition ... on
the other hand. nrc nssociated with positive SST anomalies caused by reduced
upwelling. onshore advection of warm surface plumes, and decreased volume transport
owing to weakened atmospheric circulntion over the southwest Indian Ocean (Figure
7.3) (Cohen and Tyson. 1\)95). Uslng the available literature, (\ number of maps (figures
7.4 and 7.5) of palneornin "nil and tempernture were compiled tor signlflcunt time slices
by theses authors.

The results of the study (l'ockl!l'ol1: Of al. 1987) suggest that fi:0111 25 1«(\to 20 ka, and
from 18 ka to 15 ka, the broud climatic pattern appears to have been cooler and wetter.
The findings of the present (\11(\I>'8is are in agreement with respect to the temperature
tendencies, but 8tl!,!gt.!st tile exlstcnce of drier conditions at nearly all sites untl! 17 ka,
with the exception of t.:l1s(\,!1'11 sites between 20 (\I .t 1C) kn (Figure 6.1). Increased winter
rainfall is also not npparcnt until 17 kn (Figures 6.4 & 6.5). '111e assertlon that the present
day dry spell UI1(\!OgUI.! would have prevailed for the period 251m to 15 ka, with an
equatorward displacement of the clrc-lntion is corroborated by this work. The lack of
winter rainfal! over the western Cape during this period may be an artefact of
insufficient data for that period; alternatlvely, desiccation may have prevented the
nccumulatlon of good, datable mnterlnl such as pollens.
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level by Antarctic sea ice variability through the SOl. If this is the case, past climates
may have been influenced in a similar way,

/:
(

I n

Fig. 7.2 1),\1;\ p\)I'ta\l\itiL!~t\;11\;:~faStdegbciation. with dated Algoa taxa (shaded
columns), (u) Estimated summer SSTs in the Southern Ocean, (b) Meltwater
discharge curve, tel i)1\,' record from Southern Ocenn core RCll·83 indicating
vnriations of NAl1\V 11m;. (d) percentages of Neog/ohol]lIC1dl'illtl pachyd(ll'lII(/
(sinistral) in N\ll'\Vl.!ginnSI.!U CON Troll 3.1 us indicator ofretrent of Arctic Polar Front.
(e) Carbonute minlJralog} and m,.'ygunisotop\l changes in Palella shells from Elnnds
Bay Cave (1It,'1111)1'.1 <)<)·1 l •
.

An lnvestlgatlon using spectrn] analysis of SSTs around South Afdca suggest that
associations between present day SST fluctuations and rainfall oscillations exist (Mason,
1990). Tho l'ainf.'lll vnriability is thought to be modulated with local SST anomalies
through a mid-latitude atmospheric response. Further, the position of tho SST gradient to
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North of 20uS. the Inter-Tropical 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 associated with convective activity. TIle lTeZ moves
in an annual cycle with the passage of the sun, and the rain belts move accordingly.
Cyclonic and anticyclonic perturbations in the mean flow occur in all seasons. The core
of highest frequency of anticyclones experiences a seasonal meridional displacement of
about 4° (Tyson, 1986).

The Southern Oscillation is un important feature of southern hemisphere climates.
During the high phase. pressure rises over the eastern Pacific, and falls over Indonesia.
Surface easterlies and upper air westerlies complete the cell, termed the "" alker
Circulation. During the low phase, the circulation weakens, the surface easterlies
decrease in intensity, 01' reverse, and the 200mb westerlies weaken. The sub-tropical jet
stream in both hemispheres intensifies during the low phase, while the Pacific Hadley
cell weakens during the high phase, resulting ill weaker jets and less meridional flow in
the Hadley cell. The Southern Oscillation Index (SOl) has been posltively correlated
with SUIlU11el' rainfall over Smith Africa, accountlng for about 20% of the variance. In
general, more wetter yours were associated with high phases, than drier years with low
phases (Tyson. 1(86).

Correlations with circulation .ndices indicate significant links between the SOl and
circulation over South A Iric ,I. Ihe SO! modulates tropical easterly flow over low
latitudes during summer. and is significantly correlated with changes in summer
westerly flow to the south of the country. Geopotential heights over southern Africa are
correlated, with lower heights occurring during the low phase, and vice versa. Over: the
ocean! pressure tends to rise during high phase, ,,!ld weakens during the low phase. The
consequence of these pl'eSSLIl'Creversals is a weakened poleward and meridional pressure
gradient during high-index summers, and an enhanced gradient in low-phase summers,
Summer temperature fields show a siruilm' correlation. High-index summers are
associated with weakened poleward temperature gradients, and vice versa, A negative
correlation between the SOl and the zonal wind component at 200mb exists. During
high phase. wind anomalies become easterly, except over Marion Island where
westerlies strengthen. During low phase the opposite occurs. Meridional wind
components at 200mb durlng high phase become 1110resoutherly over tropical Africa,
and more northerly over the sub-tropics. During the low phase. the reverse occurs, with
upper nil' convergence enhancing surface divergence over central southern Afdcn
(Tyson. 1986).

The Southern Oscillation is n qunsl-perlodic phenomenon, with a mean recurrence
interval of 3.:l yenrs, and the length of a typical event Is between 18 and 24 months.
Peal ..:1 in southern Afrienn rainfall spectra at 2-3,3-4.5·6. and 10·12 years nrc echoed by
identic«! peaks ill the SOl spectral peaks (Tyson, 1986). Recent work has suggested that
ENSO signals in the Antarctic sea ice have been previously underestimated (Yuan,
1996). 40. % of variance in Antarctic sea ice anomalies is attributed to ENSO, and the
sea ice has high correlations with precipitation over tropical land areas (28°N to 28()S,
8S.SoW to l52.S0E) and with SSTs in the equatorial Indian Ocean, However, the physics
of the connection is not wel] understood (Yuan, 1996). It is tempting to speculate that
present day climate varlnbllity over southern Africa may be influenced at a significant
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molluscan taxa, are correlated with decreased trade winds and reduced upwelling off the
coast of Namibia (Pethel', 19(4),

10 ~ 6 HII

r-------.-.-.-------~------

I:jg:'7TPosilion of th~fflB~l\gucla Current in the interval 10·6 My and 5.2 My to the
present. during glucial ld,,~hcd lines) and interglacial (solid lines) periods, Ncar-
coastal upwelling in glad"l (opel! circles) and interglacial (solid circles) periods,
Glnclal/lntergluclul shilting ofshore-line has not been shown (Diester-Haas, 1987).

IIWJOIJl
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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 seml-permanent anticyclones which vary in position
on a seasonal scale. The South Atlantic Anticyclone and South Indian Anticyclone have
a significant influence 011 South Afrlca '8 climate, although it is maintained that
anticyclogenesis in a poleward stream of subsiding ail' originating in the Indian monsoon
system affects South African winter weather (Tyson, 1986).

\ ~I' 1

The wind field over sOLlth~1'I1Africa is dominated by the inter-annual variation of mid-
latitude westerlies and tropical easterlies. The westerlies dominate the subtropics (300S)
in winter, and the jet core migrates to 400S in summer, while the easterlies strengthen
and move poleward. The meridional component of the wind field, While 110t as large as
the zonal component, is important in trausportlng water Vap0t11', mass, heat, and
momentum (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 mnin variables affecting present day southern African climate is
necessary before all attempt can be made to explain palaeoclimates of the region in
terms of regional atmospheric and oceanic circulations. This synopsis is necessarily
brief; the reader is referred to Tyson (1986) for more detail.

In general, southern hemisphere climates are determined principally by the asymmetrical
distribution of land and sea, - the small area of land and the very cold polar region
(Markgraf et (/1., 1992). Changes in rainfall over time may result from changes ill the
frequencies of rain producing systems crossing a region, changes in rainfall receipts
from a system, 01' changes in the type of system affecting the region (Harrison, 1988).
These changes are determined by variations in circulation under different boundary
conditions.

The three most important boundary conditions uniquely affecting southern Africa arc
SSTs, ocean currents distributions and Antarctic sea ice extent. At the Last Glacial
Maximum (LGM) Southern Ocean SSTs were reduced ill conformity with increased
Antarctic sea ice. TIle Agulhus current was weaker. while the Benguela upwelling
increased locnlly, leading to reduced SSTs. Orbitally forced changes in insolation altered
the seasonal distribution of radiation (Markgraf et al., 1992), Latitudinal temperature
gradients were stronger (Harrison. 1988b; Markgraf et al., 1992) and the westerlies were
enhanced and displaced northwards, Easterlies rnny also have been stronger; aeolian
deposits in western Amnzonia have been ascribed to enhanced trade winds during colder
periods (Thompson et "I.. 1995), as have the palaeodunes between the Okavango Delta
and Etosha Pan (Lancaster, 1981). Evaporation rates over the Indian Ocean would have
been reduced in response to decreased SSTs. while increased upwelling along the west
coast would have accentuated aridity (Harrison, 1988b). As sen level lowering extended
the land area of the Austruinslan region, the influence of the ENSO phenomenon would
have changed (Markgraf I!( al.. 19(2).

Since the late Miocene, upwelling along the west coast of Namib in has had an important
influence all the coastal hiuterlaud; this followed the development of the East Antarctic
ice sheet around 13.7 i\ In (Oberhansli, 19(1). During periods of intensified upwelling,
the advent of water from greater depths results in cooler SSTs (Oberhdnsli, 1991).
Fluctuations in upwelling show periodicities at seasonal to Milankovitch frequencies;
increased upwelling occurred during stadials, and vice versa, The upwelling also
changed in extent, reaching 17°S during glacials, and retracting to 20(lS during
interstadials, before the I'old water retroflected westward (Figure 7.1) (DIester-Haas,
1987). The Benguela current flow is controlled mainly by the trade winds and the
position of the IIeZ. Weaker trades in the Indian Ocean result in a reduced flow of the
Agulhas current, decreasing south-eastward retroflection and lncreaelng penetration into
the Benguela regime: chis results h~ Wanner SSTs, and in stronger onshore winds,
Incursions of wnnn Agulhas water into the Benguela, as determined from an analysis of
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011e possible explanation tor the lack of synchroneity between the North Atlaarlc and
elsewhere is that a statumm';i polar front was located at around 4.5"N, whidl d:p.ctivc!y
insulated arcus to the north from global warming. During the last glaciauo. 'i rr fauna,
consisting almost exclusively of Neogloboquudrina pllchvdcl'ma (slnlst. I'" spread
throughout the basin indicating that the polar front had advanced to about 4S;N
(LI.lIl'HUl, and Keigwln, 19921.1).The polar front moved northward at about 14 700 years,
just before the onset of the B011il1g period. The Barbados coral record indicates melt
water pulses associated with icc sheet collapse at 14 SOOand 11 500 years. and the
migration of the front seems to be synchronous with the renewal ofNADW (Sowers and
Bendel'. 1995).

Pretoria 8altpan Rainfall
(mm/yoar)

•• 11l1l"() ",,,toP,, 1011111,111

July II1nol,\llufl, 30 'n

='=-~=="I~fi'3Tho-ljrcto;fusaTlpanrurnu~ITfii;fUS:=N(;lctll~(l(;r;\rnaUccorprccclliilil~t\I='
variability in the power spectrum of both the UIlI1UlCu and IUIl~d min filII time sorieu
which accounts for .14% (untuned) and -Ill')iJ (tuned) of Ihl.ltotal vlIriubility lPm'lrldgl1
ct Ill .. 199'1).
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(Lorius et ul., 19(2), The warming trend over Southern Africa identified on the PASH
maps for the period J 3 ka to 1:2ka may be a rcflectlon of an increase in CHl•

The Interhemispheric symmetry of the abrupt ntmosphl.!l'ie event that initiated the lust
termination about 1·1kn is not easily explained by orbital seasonul forcing. which is in
the opposite sense at mid-latitudes in the two polar hemispheres (Lowell at al., 19(5).
Further. the global glucinl pulses are not obviously connected with known thermohniiue
switches in the North Atlantic. The Younger Dryas glacial advance in New Zealand
cannot be explained by a NAl)W flux, as the southern hemisphere chronology implies
thut the last termination occurred before the switch to modern modes of NADW
production in the North Atlantic lind could thus not result from this switch. '!11e same
(lift1culty exists fbI' southern heruisphere advances at 14 sqO. 17 720, :; 1 000. 23 060, 26
940, 29 600 years (Lowell I}t GIl •• 19(5). The switch to a modern typo uf deep water
formation in the northern Atlantic basin apparently (lid not occur untl! Idler bl-
hemispheric glnclal collapse, when southern glaciers had "t"cndy shrunk slgnlflcantly
compared to their extent during the tOM (Lowell et al., 19(5),

T11~'7~i2 Anllin:tic(C:~Il'Vc~A)~\llll(jr;~nl~n'7f'(cU;:~~tiYll~;i~~r~;;rjs.-~~'('=
plYIS the atmospheric Cll~ \\1\ the GlSP 2 time scale showing I'l1pid CHI osclllntlons
during the intl.!l'stadia! and Younger Dryas events. Cut'W D plots thl.! Byrd ('(J~
record (circled pluses) nnd the V()~tok CC>zrecord (solid llnc) \HI thi! c\ll'l'\!lat~d tune
scale. C'Ul'W E sh()\\s the bllnlhlc nlt'ut\\initcl\\! (\1)(, 1'~¢IH'd from con: RCll·Sl
(Ag\!,; all) c\\!tJudal' l'l!UI'S HP) (Sowers lind Bender, 19'1S).
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reduced insolation would reduce water vapour levels in the atmosphere, which would
lead to cooling owing to less longwave forcing. The affect of water vapour changes, in
concert with C02 and thermohaline variations. could account for the interhemispheric
synchroneity of global tempcrnture oscillations (Guilderson ct al., 19(4),

As methane is a very efficient greenhouse gas (molecule for molecule, 21 times as
powerful a~;C02), it may also piny a significant role in transmitting glncial/deglaciul
signals across the globe (Peel. 19(3), Metlmne fluctuations may amplify weak orbital
forcing, and l11n!' constitute the link between the two hemispheres (Lorlus IJt al., 19(0):
atmospheric water vapour and sea-ice an: two filst feedbacks that can be associated Wh!l
methane forcing (Lorius ut al., 199:.1).Methane concentrations it! the atmosphere arc
limited by photochemically derived OlI radicals (Peel, 19(3): it is hypothesised that
varlatlous in monsoonal rainfall owing to lnsolatlon changes control methane
concentrations through the expansion 01' contraction of wetlands and herbaceous
swamps (Street-Perrot, 19(4),

j
aoo t i j I 1 j I I I ii, I I

o 50 '00 160
Age (kyr up)

Fig, 7:TT\.inriUilOiidUj·jntthc ~l(\t;~~~\)U ihimmc~surcmcnts
along tht.l 2.083 m Vostok icc core, of the CO~ ntll1oHphlll'icconccnrration, the
nrmcsplicrlc ternperoture ehnngc ()VCl' Anlnl'elien, and the CIl4 utmospherb
coneeutratlon, For CO~ end (,H, the envelope shown hus been ph)ltcd tuking Into
account thc dlftbrcnt sources of unccrminty, whereas the temperature record is n
smoothed curve (Loriua ct ul., 199()),
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Methane.levels in the GRIP and GISP 2 icc cores do parallel the Inferred ternpemtnrc
changes in tho 001'OS (Figmc 7.11 and Figure 7.12). and a 24 ka and 19 ka periodicity is
evident in the Vostok core (Street-Perrot, 1994). It is calculated that C02 and CH4
changes may account for \11' to 50% of the glacial-iutcrglnclul chm.ge at a global scale
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Southern Hemisphere - Northern Hemlsphere Synchroneity

The rapidity and amplitude of glacial-interglacial transitions and the interhemispheric
synchroneity of climatic change arc difficult to explain in term of solar Insolation
changes alone (Charles and Fairbanks, 19(2). Experiments show that northern
hemisphere ice sheets have little influence on ntmospherlc processes and SSTs in the
southern hemisphere, and it is unlikely that regional forcing mechanisms will impact
globally (Lowell et ClI., 1995). It was initially believed that the atmosphere cannot be the
link between northern hemisphere insolation fluxes and southern hemisphere climate
changes. and that the link must be through oceanic circulatiou changes (Genthon et al.,
1(87). Two mechanisms thet may link the hemispheres ere changes in C02 and changes
in the flux ofNADW. CO~ fluxes art! correlated with orbital variations. and may have
important effects 011 SC(l icc coverage (Howard and Prell, 1(92). However, NADW is
not the only regulator of southern hemisphere climates, nccounting for only 2Mo of
the Antarctic variance (Crowley, 19(2). Evidence Ih)111 the southern hemisphere
implies that southern warming antedated the resumptiou of NADW (Lowell er al.,
1(95). and could not therefore be a result of it. Changes in southern hemisphere SSTs
nrc coherent at the Milankovitch orbital frequencies, but precede norther» hemisphere
ice volume changes, and southern SST warming precedes increases ill NADW ill the
precessional and eccentricity bands (Howard nnd Prell, 1(92).

Work on lnterhemlspherlc links by Lowell et (II. (1995) suggests that lnterhemispheric
coupling implies n global atmospheric control. possibly through variations in
atrnosphcric water vapour, rather than 0 North Atlantic 01' Laurentide ice-sheet trigger.
Southern hemisphere polar climates have had tight teleconnections to subtropical
cllmates during the periods of early monsoon intenslflcntion at 13.5 ka when methane
levels increased over tho subtropics while Antarctica experienced a concomitant
deglacial change hi wind trajectories and dust levels (Sirocko et al., 19(6). It is
suggested that water vapour exports to high latitudes may explain the coeval, but
hemispheric ally asymmetrical evolution of subtropical climates with polar climates,

Receut estimates of tropical SSTs nt 161m indicnte that temperatures were SoC colder
than present. These new estimates, although in conflict with those of CLIMAP, are in
ngreement with other tropical temperature indices (Thompson at al., 1(95) and the
present anulysis. The recent SST analysis indicates that significant warming occurred
between 161m and 12.5 ka, and that this was interrupted between 12.5 ka and 11.5 ka
by a temporary cooling, possibly of tIP to 4°C, coincldent with melt water pulse lA
(Thompson et al., 19<)5). The PASH data maps show no discernible warming for the
period 16 ku to 13 kn, however, (\ warming trend is identified at Boomplaas und
Wonderkratet from about 1<i ka (Pnnrldge at (11., 1990: Thackeray, 19(0): this
warming over Southern Africn muy have occurred at n rate of 1°C pel' milleulum
(Thnekerav, 1(90).

Another prominent change III temperature occurs at about ~d ka, just after melt water
pulse 1B. These tempernture varlatlons nrc ascribed to radiatlve changes, possibly
owing to the equatorward dlsplacement of hiohly reflective clouds, The resultaut
coollng could reduce tropical SSTs and amplify the extent of high latitude glaclatlon
(Guilderson at al., 1994). The resulting radiative Imbalnnce in the tl',:;pics caused by
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circulation. and north of 45" N heat transport decreased to zero owing to the
southward shift of the polat' thermal front. These responses agree with reconstructions
of the Atlantic circulation during stadials as derived from measurements of Cd/Ca
ratios and carbon isotope ratios in benthic fornminlfern shells (Fichcfet et al.• 1994).
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In u simulation where saliniries at 62.5°S and 65cN were set at 35 %0 the Atlantic
circulation became weaker and shallower as AABW occupied the entire deep ocean
below 3 000111and penetrated north to about 55°N (Figure 7.9) (Stocker et al., 1992a).
Surface forcing of the Southern. Oct-an not only determines the properties of AABW, but
also directly influences the strength and depth of NADW formation (Stockel' et al.,
1992a). Modelling by Rind et at. (1995) indicated that increased southern sea ice does
not result in northern hemisphere cooling through atmospheric climatic processes, but
the model docs not include the affects of alteratlons in AAI3W, and thus southern sea ice
could affect northem locations through such a mechanism (Rind et al., 19(5).

The intensity of the Atlantic thermohaline overturning is controlled by the density
differences between surface waters in the northern North. In n model developed by
Fichefet et al. (1994), deep-water formation in the high-latitude North Atlantic tinder
glacial boundary conditions ceased because of stratification due to the lower salinities.
Decreasing the salinity anomalies by 0.4 %0 ill the north Atlantic, 01' increasing them
by the same amount in the south in the vicinity of Antarctic continent, leads to a
significant weakening of thermohaline overturning and to a more pronounced
intrusion of AABW (figure 7.10) (Fichefet Of ,,1,,19(4).

(l)t\cH,1 AI!uhH~
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Fig. 7.1 () Contours of the annual mean meridiomllovl!l'tul11il'g srrearn-functlon in the
Atlamic basin and in the three basins taken as U ",'holt, for the co' '1'01 run (a and b) and
tOI' the standard LOM c;o:pcrjmtl!lt (c und d), TI' Ill· ('1' t·;" wmcr is paralle, to the
contours 1lI1d is greatest whe-e contour spacing iq d('.:.·"t T 'nits are Sv (Flchefe] et al.,
Hl9.1).

Around :ocN, the surface-water salimty was ~~lffbielltly high to permit deep
convection to a maximum depth of 2 500 11\ as n source of glacial NADW.
Thermohaline overturning of moderate strength (11 Sv) confined to north of 400S
occurred with only 1 Sv of glaciul NADW escaping south. Below 2 500 111 most of the
Atlantic basin filled with AABW. The intCl'sity of the Antarctic thermohallne cell
Increased by e 10% and resulted in n deep Atlantic temperature reduction of 2 - 3°e,
accompanied by 1\11 enhanced northward flow of bottom water in the throe 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.
Increasing salinity ill the formation region for AABW can cause it to flow much further
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 et al. (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 observed during the LGM (Stockel' et (11., 1992a). as demonstrated in
a model in which states of the thermohaline circulation can be varied from NADW
control of the deep ocean to AABW dominance.
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Fig. 7.9 Latitude-depth sections of the ovel'tlrrningsi;:cam 1\ulction in Sv, pOlcnlial--
temperatwe, salinity. percent concentrntlon of AAnW, AAtW. nud NADW.
concentmtlons exceeding 60% are shaded for the glacial mode of the thennchallne
clrculntlon ill the world occen. 'I'hc deep ocean is cooler and more sallne than the
modern state bOC[IlIS(l AABW is dcmlnant The lnflncnce of NADW in the Paclflc
nnd Indian Oceans is reduced, and the deep North Atbntic is occupied by older
water orlglnatlng ii'om the Southern Ocean, .md stronger vcrtlcal property gradients
arc present (Stocker et ul., 1992(1).
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AABW forms in the Eckman layer on Antarctic continental shelves by the process of
salt rejection during sea icc formation (Kellogg and Kellogg, 1986; Hoffert, 1990i
Stockel' ct al., 1992a), and is 110t formed from the direct effect of cold surface
temperatures. However, open areas in the sea ice (polynyas) can also create bottom
water directly (I Ioffert, 1(90). Salt rejection due to sea icc formation enhances
deepwater formation, which acts as a sink for gases. especially C02 (Figure 7.8) (Lucas
and Lindesay, 19(1). As the water freezes, it is calculated that 70% - 80% of the salt is
rejected (Hoffert, 19(0), The AABW flow rate induced by the seasonal sea ice cycle is
of tho order (If 30 - 40 times the sea icc ii'cezing rate, resulting in between 30 and 40 Sv
of AABW for every Sv of sea ice formed (Hoffert, 1990).

There arc three significant regions of modern AA13W formation: the scuth west corner
of the Weddell gyre, which is the largest contributor and produces the coldest and
densest water, the Ross Sea and the Adelle Coast '(Johnson, 1985). Eddies from the
circumpolar current flow into the Ross and Weddell scm; forming clockwise gyres.
Water ill these gyres is subjected to intense cooling, especially in winter. and is enriched
in salt as icc formation occurs. The resulting dense salty water (.1.9°C. >34.52%0) flows
down the Antarctic continental slope where it mixes with Circumpolar Deep Water
(CDW). att(lining (Ill increased density, and subsequently sinks as AABW (Kellogg and
Kellogg, 1986). Total present day AABW volume is estimated to be ill the vicinity of 13
Sv (Gordon, 1988).

Variable rates of formation of NADW have also been suggested as a mechanism
through which changes in the flow in the oceanic conveyor could modulate the amount
of sen ice around Antarctica and thus (liter southern hemisphere climates (Kerr. 1993b).
Faunal dnta show that the glacial-Interglacial oscillations of the Antarctic Circumpolar
Current (AACC) ore very similar to those of' the North Atlantic, and suggest reduced
influence ofNADW 011 CDW during glacial intervals (Corliss, 1983). One hypothesis
holds that changes in urea of Arctic sea lee due to o. '.)ital variations reduce NADW
production. which leads to an increase in sen icc around Antarctica (Rind et (II•• 19(5).
There are some problems with such a simple northern/southern hemisphere link.
Modelling studies suggest that the influence of NADW on the sea ice field of the
Southern Ocean is modest and NADW can account for only 20% of the observed glacial
-to-intcrglaclnl change ill the South Atlantic (Hod ell, 1(93). It is thus possible tl•.•t the
observed relationship between NADW and Southern Ocean surface water propertles is
not one of cause and effect (Hodell, 1993).

Although present day AABW receives much of its snit from NADW, n total shut down
ofiAADW n e id 110t lead to a cessation of AABW formation. AABW and NADW do not
CO~VU1y, there is evidence of AABW formation when NADW was shut off (Johnson,
1985). An alternative source of snit is available from the western Indian Ocean. end
evidence exists thnt indicates that there was n southward now of hypersaline W(1t~ ...

the Indian Ocean during the Quatemnry (Johnson. 1()8S). During glaciations, the most
important nrea responslble for the formation of cold, globnl bottom water may have been
the Southern Ocean nround the glaciated Antarctic continent 0\\ itlg to a gradual build~up
of sen ice as the global climate cooled (Hoffert, 1990). However, variations in AA13W
fonnation mny not have: It simple glacinl-interglacial signature (Crowley, 1992).

When considering possible influences on the operation of the conveyor 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 Icelandic and Greenland seas in a region
of high salinity created by all excess of evaporation over precipitation (Stocker et al.,
1992a). Northern hemisphere seasonal ice formetion occurs mostly in the landlocked
Arctic Ocean, which communicates very weakly with the North Atlantic (Hoffert, 1990).
and unlike the Antarctic is not primarily responsible for bottom water formation.
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cow pCOI 400!UlCm
mhu "Uh

AAC ,",'raCe ".ferr.

WINTER pCO: 340jlutm

S(ron~ COI nux

pCO: 400).UItm

4~'S so's LATITUDE

LATI'l'UDF.

Fig. 7.8 A sc~mut'iCrcpr()sentntiotl of (n) winter, and (b) summer theI1llohniine---
convection nnd antlctpntcd C02 fluxes associated with sen-ice formation and retreat,
(Lukas amlUndl!sny, 19(1),

AABW is the densest, coldest and deepest bottom water, underlying all the oceans
(Hoffert, 1990). All around Antarctica AABW flows down the Antarctic continental
shelf towards the Atlantic Ocean and moves northwards along the bottom (Thurman,
1991). Currently, AABW is a combination ofNADW. Circumpolar Water (CPW) and
Weddell Sea Shelf Water, in which NADW supplies the salt necessary for the
formation of the deep water (Johnson, 198:1).The WUlmCL' NADW cools as it upwells to
the surface layer as a result of contact with the atmosphere and by the Antarctic
Circumpolar Current, and subsequently slnks 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 increase which causes the dense, cold water to sink along the shelf to form
AABW (Figure 7.7) (Gordon, 1988;Wadhams, 1994).

Fig. 7. 7 ~.atent heat. coastal polynya. Strong '.'lind blowing off Antnrctlcn removes
sea ice of tnc coastal region. The open water now exposed to tho cold armosphere,
results in tcmnrlon ofnew jell. As this ice is also removed by the wind, (I persistent
coastal polYllya forms. These polynyas are maintained by the wind, with the heat
nux f1'0111 ocean to atmosphere supplied by the latent heat of Iuslon, Massive
amounts of sen ice may form within the constal features. Not,· the formation of
MBW through the process of salt ejection (Gordon, 1988).

During the last glacial, sea icc expanded to 35 x 10li km2 during winter (Hodell, 1993),
and summer sea ice may have extended to 55°S as a consequence of a different heat
budget induced by polar cooling, which enhanced sea ice formation (Corliss, 1983).
Some explanations for the changes invoke CO;! variations, which are important for the
expansion of Antarctic sell ice and orbital insolation varlations (Crowley, 1992).
Expanded sen ice around Antarctica is supported by the suppression in productivity of
open ocean diatoms (Eucampta antarcttca), as noted in cores from the Southern
Ocean (Shernesh et al., 1994). A drastic decrease in this diatom at about 12 ka has
been documented (Jouzel et al., 1995). This signifies a major change in the climate of
the Southern OCe(l11 between glacial and interglacial periods (Bodell. 1993), and occurs
coevally with the southern hemisphere climate reversal suggested by the Southern
Afric?.1 Pl:0X:Y data.

The sinking of cold, salty, well ventilated, surface waters to the bottom of the oceans
drives the thermohallne circulation and affects dissolved constituents and the carbon



has a frequency of between 4~5 years and takes between 8 and 10 yCfI'I'Sto circle 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. 1904); on longer time scales,
sea ice formation influences bottom water formation which is important for global
climate change (Lukas and Lindesay, 1991; Yunn Of al., 1996). Further, Antarctic
Bottom Water (AABW) flows into the northern Atlantic, especially when NADW
production is reduced, and this could have an effect 011 northern l' nisphere climate
dynamics (Lehman and Kelgwin, 1992b).

Present Jay sea ice formation correlates well with southern hemisphere solar heating
cycles, although it is phase-lagged by three months, Aloe cooling creates about 5 x
1012 m2 of sea ice, and thus 15 x 101:\ m2 of sea ice is created between March and
September, corresponding to a 3cC cooling of tile mean oceanic surface temperature. As
sea ice depth varies between Im and 2 111, about 1 - 1.5 x 106 m3 of ice is produced
(Hoffert, 1990). Variations in tha area of sea ice from 4 x 106 kl11~in February to 20 x
106 km2 in September (Wadhams, 1994) almost double the size of the continent,
Stlpplying a high albedo surface to about 600S by spring (Carleton, 1992). According to
the Milankovitch theory, the seasonal and geographical redistribution of insolation is
amplified through the affect of albedo (Lorlus and Oeschger, 1994), which increases
substantially from about 10% to 80% as sea ice is formed (Budd, 1991). Further, models
of the northern hemisphere suggest that increased seasonality as a result of the
precessional cycle results in colder winters with thicker sea ice (Phillipps and Held,
1994). The southern hemisphere should react in a similar manner.

Sea ice acts as an insulator, reducing air-sea heat exchange (Stockel' at al., 1992a), and
affects moisture and momentum exchanges between the ocean and atmosphere
(Wadhams, 1994). In areas of increased sea ice formation, high cloud fbrmation is
suppressed, which leads to greater cooling and maintenance of the sea ice cover
(Carleton, 1992). Model simulations show that the affect of sea ice is larger in a cooling
climate than in a warming climate, and that if solar irradiance is reduced by 2%, sea ice
increases by 150% in the southern hemisphere; its formation C(l11 account for 39% of
cooling in. the model (Rind at al., 1995). When the ice melts, however, it results in a
strong posiuve feedback during subsequent worming (Budd, 1991).

The wave field (Squire, 1994), sea surface temperature and heat flux (Rind at (1/., 1995)
affects the formation of sea ice. In the regions dominated by or-can gyros (Weddell and
Ross Seas) annual sea ice production is strongly controlled by winds and currents, and
the annual variation of sea ice volume is large (Carleton, 1992). The sea ice zone is n
product of air-sea interactions where strong, very cold, dry katabatic winds persistently
blow off the continent resulting in the sea ice moving away from the coast (Wadhams,
1994). This process creates coastal polynyas where, owing; to latent heat release, more
ice is formed rapidly; this is transported away quickly, to allow further r'eezing end
more ice formation (Gordon. 1988; Squire, 1994). TIle growth rate in coastal poynyas is
also enhanced by the fact that the icc grows as fl'nzil which does net cut 0ff the surface
water from the atmosphere (Wadhams, 1994). The wave field of the Southern Ocean is
the most intense in the world and causes the advancing winter ice edge to I.:xl:,t as eobelt
of high concentration pancake ice more than 250 km wide, rather than as a continuous
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Poleward of the current lies 30 X 106 k1112 of ocean exposed to the harsh point'
atrn, ohere and isolated from exposure to warm surface water from the subtropics.
The l"(lSitiOll of Antarctica influences atmospheric circulation as masses of cold ail'
spread away from the centre (Gordon, 1988; White and Peterson, 1996) and plays a
critical 1'01e in the global climate system via its continental icc-sheets, floating ice
shelves and set! ice zone. Variability in the Antarctic may change the rate offormation of
deep and bottom waters, and affect the heat transfer between the ocean and ntmosphere
(Yuan et al .• 1996).

High surface altitudes of:!::3000 m, a high surface albedo (0.85), low atmospheric water
vapour content. and lack of cloud cover, « 4 -5 tenths), results in the ar=a having a net
radiation deficit of about -2RW111~2. The intense radiative 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-permanent inversions
promote a persistent gravitational katabatic flow in the lowermost 100 m of the
atmospheric boundary layer, with directional consistency at most coastal areas around
Antarctica (Carleton, 1992). These cold winds impose temperature and salinity
alterations on the surrounding surface ocean water as sea icc forms, releasing heat ;!!~v
the atmosphere (Gordon, 1988).

The Antarctic sea ice is a sensitive component of the global climate system and
amplifies temperature changes by strong positive feedbacks (Budd, 1991). Since there
are no constraints on the eqnatorward extent of the ice, the Antarctic is involved
thermodynamically in the oceanic and atmospheric circulations of the middle and 10wei'
sourhern latitudes (Carleton, 1992). The influence of the formation of sea icc around
Antarctica is one of the 1110st climatically important features of the southern hemisphere
(Denton, 1985; Wadhams, 1994), as is the formation of' polynyas (large ice free areas
along the coast 01' within the sea ice) (Gordon, 1988), Antarctic sea ice is linked to the
Subtropical Convergence (STC) and the Antarctic Polar Front CAPF) through its affect
on the circumpolar westerly winds (Howard and Prell, 1992). Reduced sea ice extent
results in weaker westerlies in adjacent latitudes (Carleton, 1992).

The advance of sea ice may reinforce barocllnic conditions near the ice edge,
intensifying synoptic scale cyclones. Sea icc extent varlatlons influence the frequency of
mid-latitude cyclones, and the meridional extension of the subtropical high in the South
Pacific: this high being a function of the intensity of the Hadley circulation, The Hadley
cell shows close associations with SST zonal anomalies in the Pacific (Carleton, 1992).
Sea ice circulation anomalies may manifest a larger climate toleconnection such as
ENSO; evidence suggests that the efficiency of Southern Ocean cyclones ill transporting
eddy sensible heat may vary according to the phase of the SOl (Carleton, 1992). It has
been suggested that in contrast to the view that ENSO forces the sea ice, ENSO may be
a result of forcing from Antarctic latitudes (Carleton, 1992).

Recently, it has been suggested that the sea ice is linked to El Nino/Southern Oscillation
(ENSO) 'events through the Antarctic Circumpolar Wuvc (ACW), an interannual wave
comprising a disturbance in sea ice extent, SSTs, surface wind speeds, and sea level
atmospheric pressure. The prOl"tgation speed of the ACW is the same in all three media,
suggesting strong interannual coupling (Yuan at al., 1996). This two-wavelength wave
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above, by an Increase in AABW owing to lncrease! Antarcdc sen ice, or some
comblnution of both, cnnnot be determined for certain.

Incursions of Agulhas water into the Benguela based 011 the occurrence of Algoa
molluscan taxu probably occurred during the puriml13.51m ttl 12 ka anti [ust after 10 ka
(Pethel" 19(4). The interval 12 kn to 1() ka is characterised by a hhuns ill the Algoa
molluscan taxa recorded near Kluinzee (Figure 7.2) (Pether, 19(4) coincident with
cooler SSTs as suggested from the analysis of Patella granularis alung the west coast
(Cohen anti TY5011, 19(5). '1111.) west coast cooling could be a result ofstronger trade
winds and Increased upwelling (Cohen ct al., 1(92) caused by increased austral winter
insclatlon (Pethel', 1(94). Both Agulhas intrusions and upwelling may have occurred
during the period 12 kn to 11 kn, with upwelling occurring preferentially dl1ring the
winter, while reduced austral S1lll1111CI' insolation nsscclnted with reduced trades would
allow for the Agulhas tutruslons (Pcthe;.. 1994). This would explain the increases ill
10\:\\\ moisture along the west coast during this time. Wunn water species arc absent
from the Nelson Bay Cave deposits prior to 9 ka (Cohen and Tyson, 19(5); this may
infer that SSTs between 12 ka and 11 ka were too low for their survival along the Algoa
coast and thus in the Agulhas intrusions, explaining the observed hiatus (Pethel', 19(4).

Subsequerr Young,'!' Dryas cooling in the northern liemisnhere 111ay. in fact haw been
triggered by events around Antarctlcu, Amplified AAlfW flJ!'llmtioll. :I:bllowing the
accelerar .d development of sea ice. may have caused AAH W to wedge ill undvr
NADW, reducing the strength and depth of the thermohaline circulation. If che AAHW
;!!.!!:;';swere sufficiently large. LNADW formation may have been halted (Lehman nn«
Kelgwin, 1992a). resulting in the dmmatic temperature decreases recorded ill thl~ icc
cores. It is therefore suggcsted that decreases in the NADW index: could be driven by
increases iii the flux of L1C depleted southeui waters (Howard and Prell, 19(4). T: is
could explain r reduction in NADW independent of melt water pulses: these occurred
too early (12 ku) or too late (9.5 kn) to be the direct trigger or thc northern climatic
reversal (Fairbanks. 1(89). It is, in any case, likely that melt water discharge was
reduced by 80% during the Younger Dryas (Jansen and Vcum, 19(0) nnd the Isotope
record off the St Lawrence shows no shift that could be attributed to dilution through a
meltwater pulse (de Vcrual er "I,. 1996). Enhanced sea ice formntlon would restrict CO;;
outgassing ill the Southern Ocean (Figul'c 7.8) (Lucas and Lindcsny. 19(1). and
upwelling of AABW would increase oceanic productivity and subsequent C02
absorption.

When lnsolntion lncrcused in the southern hemisphere, sea ice m-'tlng would reduce
AABW production, .md NA1)W formation 'would be rapj"ly enhanced, revcrslng the
temperature trends, Southern Afrlenn rninfsll na,l tcmpermure patterns would
subsequently revert to inti)l'gh\\~ialmode as tcmpernture gradients decreased. The above
argument muy help to resolve some of the enigmas that have bedevilled attempts to
explain the Younger Dryas: these include the southern hemisphere lead ill temperature
decline, the need 101'a source e.f cooling during a peak in solar lnsolntion receipts, unci
the posnrlntlon of all unamblguous trigger of the oecnnlc circu: til'll} t1m:cs. The
difference in Sl3C values between the CHN seas lIIvl the North Atlantic (VenIU ct al,
1(92) may also be explained by all Increase in bottom water production in the southern
hemisphere,
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It is proposed that the diachronistic Southern African "Younger Dryas" coolings arc n
direct result of the :a"e1ational minimum that occurred between 13 ka and 9.5 ka when
the aphelion occuired III the southern summer, Austral summer insolation was 4% lower
than at present, whit. winter insolation was between 3% and 6% higher at 400S
(Markgraf EJt al., 1992). Decreased insolation at high latitudes owing to increased axial
tilt (Lin, 1992). (mel reduced summer melting owing to aphelion at the southern summer
solstice, may have enhanced Antarctic sea ice development, Increased areas of sea ice
would have steepened the thermal gradient and increased the strength of the westerlies.
as well :If, that of semi-permanent anticyclones and could be the cause of lower Southam
Ocean SSTs (Harrison, 1988b; Markgraf et al., 19(2).

A southern hemisphere precessional trigger could also account for the asymmetrical
hemispheric teleconnections between subtropical monsoons and high latitudes, as the
monsoonal frequencies observed in an Arnbiun sen core nrc harmonic tones of the
precessional cycle which tie in with global climate oscillations (Sirocko L't al., 1996). A
precessional covarlatlon of the African monsoonal systems and summer rainfall over
South Africa has recently been documented (Partridge at £11.,19(7).

The cooling suggested from the Vostok COI'CS, SSTs and other southern hemisphere data
is apparent in the PASH data for the period 12 ka to 11 ka. All sitos except one indicate
reduced tempemturcs, the majority of summer rainfall sites concomitnntly experienced
reduced minii'll!; exceptions include northenstem sites lind Namib sites. In agreement
with theoretical models (Cockroft et ttl" 1987; Cohen lind Tyson. 19(5), the winter
J'uinthll sites record increased ralnfal), Excluding the localised Algoa upwelling (Cohen
and Tyson. 19(5), low SS'fs to the south or the country. coeval with low Indian Ocean
SSTs, nrc associated with drier conditions over the summer rainfall area (MOSOI1, 19(5)
owing to reduce evaporation rates (Harrlsen, 1988b) resulting in less rainfnll over the
subcontinent from the suppression of both tropical and temperate synoptic systems,
Reduced SSTs off the cast coast of Southern Africa have been associated with n weaker
Agulhas Current. limited to subtl'opicallatitudes (Prell at al 1980).

The strength of the Agulhas Current is determined by the strength of easterlies blowing
out of the South Indian Anticyclone (Cohen and Tyson, 1(95), A return to glacial
conditions chmncterised by n steeper meridional tempernture gmdlent, stronger
westerlies, intensified Hadley cells. extended subtroplcal anticyclones (Cockroft et (11.,
1987) nnd reduced SSTs ill thc Southem Ocean (Lnbracherle et al.• 1989; Pichon et al.•
1(92). would result in (\ weaker Agulhas Current, Displaced ecstetllea would affect
summer rainfall patterns over southern Africa, while winter rainfall would increase
under the influence of more frequent mid-latitude disturbances (Markgraf at al., 1992).
FUl'thel'J the weaker Agulhas reslts ill n 1110re we=wnrd retroflection (Lutjehal'ms and
van Bnllengooyen, 1984\ allowing Agulhas rings to intrude into the Benguela, Reduced
Agulhas h(mt input to the southern Benguela has been nesoclated with 1\ rcdue'lon in
NADW production (Cohen at al., 1992), C01'0 evidence suggests that NADW increased
from a minimum at 1.3 ka to il maximum at 12 ka, coeval with Southam African
warming. followed by !) decrease centred on 11,5 ku. Thus the association of increased
(decreased) NADW and southern warming (cooling) is confirmed, however, whether the
NADW reduction is u result of meltwater inputs (Fairbanks, 1989), 01', as suggested
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61~Cvalues from core RC11~83 in the Southern Ocean record rapid oscillntions in water
mass composition. Besides the general glacial/interglacial signature, small scale but
significant oscillations occurred, with an inci.vse in ol3C values occurring from 13.1 ka
- 12.7 ka, and decreases at about 11.5 ka (Charles and Fairbanks, 19(2). Similar
oscillations are also recorded in other cores from the Southern Ocean (RC13-229 (Oppo
and Fairbanks, 1987. 1(90). as well as the north Atlantic (EN120GGCl (Fairbanks,
1(89); V23-S1 (Jansen and Veum, 19(0) HM52-43 (Veum czal., 19(2) and CHN82-20
(Keigwin and Lehman, 1994» (Figure 8.4) (Figure 4.10) (Figure 4.9) (Jansen and
VCUI1l, 19(0). The period covering the Younger Dryas is not charactcrlsed by any strong
anomaly. but small scale variations do occur in the cores. Comparison of the ice core
records from Greenland and Antarctica with those from ocean cores do. however,
indicate that temperature minima accord with 813C minima, even though the amplitude
of the 813C variations is not very large (Flgute 8.5) (Jouzel ct ClI., 1995).

SSTs from the Indian sector of the Southern Ocean suggest a lend in cooling of 1 ka,
compared to the northern hemisphere, occurring between 12 ka and 11 ka (Figure 8.6)
(Lnbracherle vt al., 1989). Further, the SST fluxes documented at 12 ka arc large (up to
6°) and rapid (Labrncherie et al., 1989). and occur coevally with the Dome 13
temperature reductions. the RCll~83 813C minimum at about 11.5 ka (Figure 8.5)
Jouzel et ul.. 1995) and the insolation minimum in the southern hemisphere, This
evidence points to u period lasting for a thousand years when the warming trend in the
southern hemisphere was reversed. coincident with nn unstable thermohaline circulation.
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Although southern hemisphere cooling corresponding to the Younger Dryas has a low
amplitude in the Vostok core, (Indicr+lng a smaller magnitude of cooling), it is dated 1
ka before the northern hemisphere climatic reversal in Greenland (Genthon et '1/,. 1987;
Sowers and Bendel', 1995). Analyses of a new core at Dome B also demonstrate the
existence of an Antarctic cold reversal antedating the northern cooling. This reversal is
not as large as that in Greenland during the Younger Dryas (Jouzel at cl., 1995). It may,
however. been characterised by a rapid change in temperature (Mayewski et al., 1996).r--_-"~I~:-a--- ~.~"- ..----- ·3J
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The SST rise documented in cores ill the Southern Ocean (Labeyrie et al. 1986) started
at about 14,2 ka, coincident with temperature rises over Antarctica, but preceded
110l'the111deglaciation signals by up to 3 300 years (Sowers ami Bender, 1995).

At about 14 ka southern hemisphere glacial readvances to new limits OCCllIT xl
subsequent to the retreat which began at '8 ka, as shown in data from New Zealand and
the Andes (Lowell at at" 1995), Soon after 141m, retreat again occurred, but was
interrupted by a readvnnce between 12 ka nnd 10 ka as revealed in data from Africa,
New Zealand, New Guinea and the Andes, In Soma Georgia wastage of the Antarctic
full-glacial ice cap between 12 kn and 10 kn was interrupted by a readvance of outlet and
valley glaciers of between 2 k111and 6,5 km, the largest since the LOM (Clapperton et
al., 1989). Data fronr the 10\\101' latitudes of South America (Colombia, Ecuador. and
Peru) suggest colder climates and cooling associnted with glacier advance from 12 ka to
10 ka (Heusser and Rubassn, 1987), Antarctic sea ice extension may have caused the
cooling over the Fuegian 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 011 three 01' four occasions (Clapperton, 1990). The reudvanccs arc coincident
with evidence of cooling from Antarctic cores as seen in the dust. ISO and deuterium
profiles (Clapperton, 1990). Between 12 ka and 10,5 ka a small oscillation towards
colder conditions is evident in the Byrd record as well as other Antarctic records
(Sowers and Bendel', 1995),
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water mass di rtcnmccs at tiiuc or lh:pnsilio!1 mny COJ)1I11'Ollliscthe conclusions (Jansen
ami Veum, 1()1)O) anti the rapid abrupt changes ('lI...,',.:<I in deep water cumposition
could mean that changes in t \IICn ratios and ()I\' values in the cores arc not being
uccurntely recorded in the sediments (Sm.1lhcin et ClI,. 19(4), 1"1'0111 the perspective of'
benthic ()'\' data" Southern Ocean mcchunlsms that create (he depleted l)'\' values do
not seem to ntlcct the values 0('C'd/Cn; this discrepancy is not yet undcrstnod (Imbrie L'I
,II .. 19(2).

III Amnrctlcn, the initial temperature increase associated with l'ermlnutlon I begun nt 17
kn, (SOWl.\l'S ami Bendel', 19(5), Analysis oldcuterlum (i'il» from the Dome B, Dome C
and Vostok cores. and analysis 0[' i)IH{) Irom the llyrd core in Antnrctica revcnls u
warming trend Irum 15. kn to 12 ku und from 1(1.8 I-tI to 9.~ ku, interrupted by (I cooling
Instin)]. about 1 ka (Figure BJ nnd 8.5) r.louzcl <'1111,. 19(5). At Byrd the Ilrst risc in BIRO
lee levels above the h.(ghes[ glacial level was at 15 ku (Sowers and Bender, 1(1)5).
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suggesting that the glacial Atlantic was vigorously ventilated may 110t be unequivocal,
however, because of changes in the preformed nutrient content of surface water,
atmosphere water C02 equilibrium and carbon inventory (McCave et al., 1995).

T '1O minima in OI~C values in core V23·81 occur, however" at 11.5 ka and 10 ka
(Jansen and Veum, 1(90), and Cd dnta from EN120GGC 1 suggest that nutrient enriched
water of southern origin characterised the ocean between 11.5 ka and 9 ka (Boyle and
Keigwin, 1(87). Current strengths, as inferred from particle size data, a150 decreased
from Allercd values at the start ofthe Younger Dryas; these changes are coincident with
the 613e decreases (McCuve at al., 1995).

Notwithstanding the above, it is therefore postulated that rapid changes in the
thermohaline circulation did not initiate Younger Dryas cooling, 1101' can circulation
changes account for the termination of the Last Glacial Maximum (VCUIll et al., 1992).
NADW formation did 110t stop during the Younger Dryas (Jansen and V(;L1l11, 1990) but
LNADW may haw been suppressed, as indicated by high CeVCa ratios and low oDC
values ill core EN120GGCl even though there are some oscillations to higher aDe
values (Figure S.:!) (Fairbanks. 1989: Lehman and Keigwln, 19(20).
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'-FTg:'"t2&iiCU~l per mol) in~ii\lllthil.! f'ol'at1~illiti!ra r;;;m Bermuda Ris\l
core EN120·GGCl 0) correlated to Troll faullal. results, b) showing that aile!' 13.5
ka the now of t.NADW was restricted when the Norwegian Sea was cold. c)
Benthic 8180 in Troll3.l mainly reflects the nwlting hlstory 'lflll'J Fcnnoscnndian lee-
sheet. The solid lines between b) and c) shows Ihtlt evidence for Increased melting
lnunedlately precedes faunal evidence flll' cooling. d) Planktonlc (lIMO results for Troll
3.1 reflect primarily the imilUet of Laurenrlde lee-sheet rnt:lting Oil the 51St) of the
,UI'\l1l Atlantic; c) the record of global lee-sheet melting rnte (Lehman and Klligwin,
1992(\).

High S13C VUhlCS are not easlly reconciled with high C,VCa ratios, as they indicate
opposite water types, This implies thut imprecise dating, core depth differences, and
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Younger Dryas, salt levels would have itlCl'Cnscd until the conveyor W'lS reinitiated and
warming recommenced (Broecker IJt al.• 1990).

Work by Broecker (1994b) has sugge, ted a switch to a shallower conveyor, ruther th111 a
complete breakdown of the system; this Inference is supported by dramatically lowered
614C in atrnospheric CO:\ during the Younge!' Dt':'1\8 (11 ·10 ka). The low atmospheric
slile is cited us evidence of increased ventilation of the ocean during this period, which
is consistent with high rates of NADW formntio.; within a shallow layer (Edwards et al .•
1993) and with a source region shined to lower latitudes (Broecker. 1994b), This is
substerniated by the occurrence of low 813C values at 13 ka .. 12 kn and 10 kn·9 kn in
the Norwegian benthic and planktonic records from core FITv152·43in the Norwegian
Sea, in contrast to higher 813C values during the Younger Dryas, The conclusions
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CHAPTER EIGHT

The Younger Dryas Cold E1)()chand its Southern Hemisphere Counterpart

The Younger Dryas was a dramatic reversal of the general warming after the Last
Glacial Maximum, Temperatures dropped to glacial values and glacial retreat was halted
and often reversed, Analyses of Gloliigcl'incl bulloidcs (n cool water planktonic
foraminifer) during the Younger Dryas indicate that 81~()values were lower than at the
LOM (Bard et al., 1987). The polar front moved southwards during tile Ycunger Dryas
(Lehman, and Keigwin, 1992a), before retreating to its present position. This change
could have taken place in less than 400 years, nlthough tlw l:;e core record indicates that
it may have taken less tha1140 yeurs (Lehmun, and Keigwln, 1992(1).

The Younger Dryas is marked by UI1 Increase in Ncogloboquadrina p,whydeJ'fIlCl
(sinistral) in COJ'cs, indicating reduced inflow of warm Atlantic water (Lehman, and
Keigwin, 1992a). The Neog/oboCjlladl'illa pachy,lcrma (;nistrnl) dominance also
indicates SST drops of::£ 5"(' in less thnn 40 years, which would have resulted in
marked surface ail' temperature reductions over Europe. Recent work in the southern
hemisphere indicates that a cllmatc reversal, although similar in length, but not coeval
with the northern hemisphere cooling, occurred. Coolings were documented in South
America. New Zealand, Antarctica, and the Southern Ocean; recent studies suggest that
there may haw been regional differences (Labracherie et al., 1989; Jouzel at "I., 1995;
Lowell at al., 1995; Mayewski ct ClI., 1996). This work confirms its existence in South
Africa. The cooling in Antarctica, and subsequent fluctuetions, have been shown to be
possibly as rapid as that documented ill the Greenland cores (Figure 8.1) (Mayewskl ct
al .• 1996).

No single hypotheses satisfactorily explains the enigma of the Younger Dryas, or its
southem hemisphere couuterpnrt culled the Antarctic Cold Reversal (ACR) (Mayewskl
at al., 19(6). Evidence from the icc cores indicates that the chnnges in temperature were
Inrge and very rapid. The occurrence of a synchronous insolation maximum rules out a
northern hemisphere orbital trigger. One of the first explanations involves a meltwater
diversion Jt'0111 tll'.1 Mississippi into the St Lawrence River; the onset of the Younger
Dryas was associated with the resulting lowering of northern Atlantic salinity which
supr- ssed NADW formation and hen: entrainment from lower latitudes (Edwards Vi

al. 93). 111[S hypotheses has been questioned us recent evidence argues against such a
scenario (de Vernal et al., 1996).

Most modem hypotheses invoke oceanic explanntions, in which oscillations in the
thermohaline conveyor bl.l!tand NADW fluxes me linked to changing melt water inputs
from receding ice sheets (Kelgwin and Jones, 1994). During the preceding worm
interval n comblnutlon of meltwater input and salt export steadily reduced the snit
content of the Atlantic, c~llmil1ntillg in n conveyor shutdown which resulted in depressed
temperatures. Slight decreases in surface water salinity could have slackened deep water
formation in the Norwegian sea in a few decades, affecting the thermohallne circulntion
find deep convection (Cortijo et al. 1994). Cd/Cn analysis suggest that the NADW
reduction that occurred during the Younger Dryas was similar in magnitude to the
NADW reduction that occurred at 70 ka (Keigwin and Jones, 1994). During the
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energy balances, sea ice leads and sea ice transport, among other atuicspherlc
interactions. shows that it is possible to initiate large scale ice sheet growth at periods of
very low st.nuner solstice solar radiation because of the dominance of the decrease in
slimmer abladon of the ice over changes in ice accumulation (Ledley and Chn, 1995).
Although it is maintained by Pichon et al (1992) that the qualitatively apparent southern
insolation influence on Vostok air temperatures cannot be demonstrated on statistical
grounds, high frequency fluctuations of SSTs and planktonic foraminifera 8180 observed
in southern ocean cores suggest that SSTs are influenced locally by changes ill southern
summer insolation which may drive part of the sea ice distribution. Investigations of the
sensitivity of climate models to solar radiaticn changes have shown that the climatic
response is always greatest during Sll1111l1el"as orbitally induced radiation changes are
most profound at this time (Felzer et al., 1995).

Good covariance exists between air temperature changes at Vostok and SSTs, as derived
ft'OI11 radiolarian transfer functions obtained from core RC 11~120 (Pichon at al., 19(2).
The oceanic core indicates that large changes in ice accumulation rates occurred
between Wtll111 and cold periods (Pichon et (II., 1(92). The Vostok dust record was also
compared to the magnetic susceptibility of the marine core RCl1~120. Three well
marked peaks occur in the marine core that agree with the Vostok dust record. 111e
higher magnetic susceptibility of the marine core could be attributed to increased erosion
of the ocean floor and more efficient transport of material by enhanced AAHW
formation. Erosion of smectite from volcanic areas sucb ,'1) the Kerguelen plateau by
AABW could produce the higher magnetic susceptibility seen In the marine core (Figure
7.14) (Petit et al., 19(0).

Further evidence suggesting a strong insolation influence in 50\\the111 climatic
oscillations comes from an analysis of cosmogenic lOBe in ice cores. The Dome C and
Vostok cores contain two p-aks in cosmogenic lOBe, probably associated with low
precipitation during glacial troughs nt around 60 kn and 35 ka; each spans a period of
about 2 000 years (Raisbeck et al., 1987). Although contr ~l'Sysurrounds the two lOBe
spikes (Beer at al., 1990; Raisbeck er al., 1990), it has been argued that the two spikes
could result from u significant supply of aerosols from lower latitudes (Thou /cny ct al..
1993). TIle two intervals of enhanced lOSe deposition, which may be interpreted as
reflecting changes in solar modulation, occur when the precessional angle n~c'270o,i.e.
during a southern hemisphere summer insolatlon minlmum when the earth is (It aphelion
(Heinrich. 1988). The precessional angle for the Younger Dryas, and the lOne peaks tit
35 ka and 60 ka is Il= 2700 (Heinrich. 1988), which suggests a similarity in forcing for
these three periods. Recent rainfall data from the Pretoria saltpuu (Partridge, 1995) show
well defined, periodic (23 ka) variations with rainfall minima that correspond with
insolation peaks and troughs for the 200 ka covered by the C01C. Significant, well
defined minima in the rainfall record occur at 3S ka and 60 ka coeval with the lOBe
deposition (Fig\11'C 7.15) (Raisbeck et al., 1987).
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It is possible that southern hemisphere climatic oscillations are strongly influenced by
southern insolaticnal variations, indicating astronomical forcing as the initial cause of
the cycles (Lorius et al., 1992). Rainfall oscillations in South Africa, as reconstructed
from the Pretoria Saltpan data, are coherent with precessional frequencies (Figure 7.13)
(Partridge, et CIt., 1997). Spectral analysis of the Vostok core shows that temperature
fluctuations are dominated by a strong 40 ka component, and to a lesser degree a 20 ka
component (Jouzel at CII., 1987; Lorius at al., 1992), and that the Vostok dust record
revealed a 90% confidence level for a precessional signal suggesting orbital forcing
associated with increased wind intensity and increased aridity (Petit et al., 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 al., 1987). A precessional signal may be evident li,Arctic
ice formation since Isotope stage 4 (Mangerud et al., 1996),

Fig. 7.14 COlnpurisoll between the Vostok and l\Cl14120 records over the last 180 kn
nnd the possible correspondence through the dust events, (a) Vostok temperature us
derived from stable-lsotope rncasaremcnts, (b) Vostok dust flux (:dO'~ em «(I) after
smoothing by a cubic spline function. (c) RCll·120 magnetic-susceptibility 'flux' and
.the estlmatcd quarta n\~'(vnrintlon for the Holocene and the tOM (in relative units),
(d) SPECMAP normnlized l)xygcn isotope CUl'VC(Petit a/ al.; 1990).
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palaeorainfall regimes were deduced. Cool, moderately 111.I,nil: e .aditions prevailed
during the late Pleistocene. The eu-ly Holocen-, was cl-aracteriscd by warmer. drier
conditions. but from 7.5 1a climatic conditions were similar to today, although some
variation in conditions is apparent. (See: Klein, ItO" 1986: QUat. Res. 26, 153-170
and Klein, R.O, et al., 1991: Quat. Res. 36, 9·~-119)(Scott, 1(87).

The Gorrokop site comprises a succession of tufas located on the Ghaap escarpment,
Dating of the tufa supplied a history of its development, and inferences about the
pnlaeoenvlrcnmenral conditions were possible. There is, however, some debate on the
conditions associated with Intervals of rapid tufa growth. It is argued that rapid tufa
growth occurs under mesic cycles, the waning phases of pluvial cycles, semlarid
intervals or periods similar to the present. Further, I'c dating of tufu is problematical
due to its sponge-like structure when fresh. This makes the material susceptible to
contamination by lime subsequently introduced, 01' by means of moisture permeating
through the formation.

Notwithstanding the above caveats, 'rellnble' I'\e ages for the Gorrokop tufas arc
available. These include the 3·4 111 thick Tufa 4 laid down between 12 ka and 11 ku,
with some addition at 8 ka and after 1 ku, Relating this evidence to that from Karlin
Pan, Equus Cave and Wonderwerk Cave, a palaeoenvironmental history has been
deduced, From 19 ka to 14 ka, low rainfall resulted in tufa accretion being impeded or
interrupted. From 13 ka to 11 ka nn nceelemtion of tufa formation suggests increased
rainfall and rising water tables. From 10 ka, increased rnlnfnll associated with storms
masked the spring-seep contribution and resulted in net erosion of the formation.

The tendency for this site's data to often contradict the balance of evidence 011 the
maps may indicate u problem with some of the conclusions drawn, but the analysis
docs support the theory that tufh accretion occurs during the waxing phase of a mesic
cycle in (\11 otherwise arid environment,

SITl~ 35: WONDERWERK CAVE :no50'OO"S, 231133'OO"E
Site Description: CAVE
Data Source: EQl rID TEETH
Thackeray, J.r:.& Lee-Thorp, J.A., 199:2: Pul.3 99.141·150

Wonderwcrk Cave is n large cave in the Kurumnn Hills Oil the western edge of the
Ghaap plntcau and contains well preserved fauna in n continuous sequence of
deposits. Mammalian microfaunn were examined to reveal palaeoclimatic trends
through nn analysis of oxygen isot.opc ratios in bone phosphate. Specifically. an
isotopic nnnlysls of the 1"('/12(, and lSNll4N ratios in equid teeth was undertaken,

Modern equid samples were analysed to determine a frame of reference, against which
fossil samples could be compared. Factors thnt Influence the carbon isotope ratios in
equid teeth include the type of grnss consumed: C.\ grnsses are enriched ill 13(;, and arc
found mnlnly in summer minfaU nreas, whereas C~grasses arc depleted in l~C, and are
found mainly in winter rainfall areas, Vn!'inbility ln raiufall affects nitrogen ratios in
the collagen: the teeth become enriched in 15N 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
palaeorainfall patterns. (A number of other locations, viz. Spocg Rivier Shelter,
Elands Bay Cave, 'I ortoise Cave, Sea Harvest, Elandsfontein Main, and
Byneskranskop Caves 1&3 were also examined by the author. Owing to the close
proximity of the sites, and the similar pnlaeoralnfall results, only Die Keidel'S Cave 1,
and Elands Bay Cave were used in the preparation of the climate maps). It is argued
that size variations in dune 11101e1'atsis a function of moisture rather than temperature.
Evidence along the west coast of South Africa, where rainfall ranges from 750 111m in
the south to 125 m111 in the north, supports this hypothesis. Dunerat size, along with
vegetation density, increases (decreases) with increasing (decreasing) precipitation
receipts. The molerat inhabits sandy, ncar-coastal habitats in this area where
temperature variations are limited to about 1"C.

As dune molerat size and rainfall are shown to be meaningfully correlated, rainfall
fluctuations C(\11 be inferred from mean bone size in fossil sites, It is thus argued that
conditlous from 14 ka to 8 ka were moist. with a drier interval occurring between 8 kn
and 4 ka. It must be noted that fossil dune rnolerat size is more useful in detecting
moist intervals, as very dry periods arc often characterised by depositional gaps in the
fossil record,

Note that Elnnds Buy Cave has also been studied hy other researchers examining
mollusc shells, and charcoal. (Refer to Cohen, A.t" et al., 1992: Quat. Res, 38, 379·
385 and February. B.C .• 1992: SAJS. 88,291-292)

SITE 15: EQUUS CAVE 27°371001$,24°3710011E
Site Descriptiont CAVE
Data Source: COPROLITES
Scott, L.• 1989: Palaeo 3, 70.345-353, and Scott, L., 1987:Quat.Res, 28.144·156

SITE 16: GORROKOP 28(105I0011S,24°3010011F,
Site Description: TUFA DEPOSIT
Data Source: CALCIUM
Beaumont, P.B,&Vogel, J,C,. 1993: SAJS, 89,195-198

Equus cave is located 011 the Ghaap Escarpment ncar Tnung in the southern Kalahari.
The escarpment is a Precambrian dolomite cuesta with a fhce nvel'llging between 70 to
120 m in height. In ninny places it is covered by sheets 01' lobes of tufa originating
front the evaporation of carbonate-charged spring waters during times of nccelernted
spring discharge or conditions 110 moister than the present (Klein at al., 1991), Caves
are located within the tufn and these contain sediments rich in fossils, Climate at the
site is semi-arid, with most rninfull derived from thunderstorms during summer.
Precipitation in. this region vades from 100 nun to 1000 111m, with tin average of 450
111111 (Klein et ai" 1991),

The site, contains 2,$m of sediments, nch ill bones nnd hyena coprolites. There is little
pollen except for that derived 1'1'0111 coprolites, Pollen from coprolites reflects diet as
well as vegetation over the large areas frequented by hyenas, III contrast, pollen from
the cave sediments reflect the local vegetation. From this, palaeotemperatures and
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between linear dunes. The underlying bedrock comprises Eccu shales and sandstones
of the Karoo system. In the lower Molopo valley, in the southwestern Kalahari, a
concentration of pans 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 ill hot, windy climates. It is argued that phases
of deflution may be associated with higher, but fluctuating groundwater levels in this
area; this would keep pan surfaces free of vegetation and promote rapid salt
weathering of pan surface sediments. Ground water condition!' are determined by
rainfall regimes, although aquifer recharge lags rainfall changes by periods of up to
thousands of years for large aquifers.

SITE 10: DRIEHOEK VLm 32°26'OO"S, 19°0S'OO"E
Site Description: SWAMP
Data Source: CEDAR POLLEN
Meadows. M.E.&Sugden, J.M .•1990: Pal. At1-. 21,269-281: Meadows, r ..E.,&
Sugden, J.M., 1991: SAJS,87,34.43

Drlehoek Vlei lies ill the Cedarberg Range in the south western Cape. Rainfall occurs
in winter; vegetation is largely determined by underlying geology (quartzites of the
Table Mountain Group). The ultltude 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, itt the headwaters of the Driehoek River, deep organic sediments are located;
these have been sampled for pollen analysis. According to radiocarbon analysis of the
core, (and of a companlou core at Sneeuberg vlei), the cores are stratigraphically
consistent, .mggestlng that no major hiatus 01' disturbance has occurred during the
period of sedirnentntlon. The base of the Driehoek Vlel core is elated to 14.6 ka,
Sedimentation rates vary: 25 0111/ka1'01' the period 14.6 ka to 3.2 kn, and 80 cm/ka
from then on.

The initiation of sedimentation tit 14.6 ka suggests a shift to moister conditions,
possibly as a response to the general climate amelioration after the LOM. The pollen
diagram derived for Drlehoek suggests 110 major changes in the vegetation history at
the site, although xeric conditions are Identified nt 3.2 ka.

SITE 9: DIE KELDERS CAVE 1 34°~~'00"S,19°22'OO"E
Site Description: MlDDE' rs
Data Source: MOLEI\A T BONES
Klein, RO., 1991: Quat. Res. 36, 243-256

SITE 13: ELANDS BAY CAVE 32" 18'OO"S, 18°20'OO"E
Site Description: COASTAL CAVE
Data Source! MOLEI\A T BONES
Klein, n.o, 1991: Quat. Res. 36, 243~2S6

Die Kelders Cave 1 is a large coastal cave with Middle and Late Stone Age middens
rich ill molerat bones and other fossils. Elands Bay Cave is a coastal cave with
fossiliferous deposits spenning the interval 20 kn to 300 a. An analysis of molerat



The Elim site is a swamp Ileal' the tipper reaches ,,1' the As River ill the Rooiberge,
'1\\10 distinct sediment units exist, situated 011 a north fac n&~slope: a basal unit about 6
111 thick consisting of dark coloured silts and an tipper channel fill of light coloured
coarse grained sediment about. 1.3 111 thick. Dates from the lower sequence covers the
interval from 23.4 ka to 20.4 kn, The analysis of pollens from this sequence suggest
that conditions in this area were cold and dry at 18 ka, and that warming at 13 kn was
accompanied by moist conditions.

SITE 8: DEELPAN :'WCl20'OOIS,25°45'OO"E
Site Description: PAN
Data Source: POLLEN
Scott. L.&Brink, J,S., 1992: SA Gcogrnphel'.19.22·34

It is argued that although pans are 110t ideal sites fOt the preservatlon of organic
material, fossils of plants and animals may be found in deposits associated with them.
Most pans in South Afrlcu arc deflation features, and sediments trapped in them arc
often removed or recycled by wind or erosion, resulting in young strata in relation to
the basin in which they occur (Scott and Brink, 1992). Pans contaln pollen from n
variety of plant communities in and around the pan. as well as wind born pollen from
the surrounding areas. Fossils ill pans also document the fauna of the wider
environment, being a source of water nnd salt for rnigratory ungulates and their
predators, Pans also provided a specialized local habitat for aquatic and non-migratory
animals (Scott and Brink. 19(2).

The pans that have the highest potential for palynological research arc those
containing with neaty deposits associated with local springs or high watet tables.
Unfortunately, 1•esh roots associated with spring environments CUll contnrnlnate peats
and prevent accurate dating, Sandy and clayey deposits may contain bones, but nrc
usuully POOl' in pollens (except when found in coprolites), Calcretes associated with
pans lack pollen 01' have concentrations too low for reliable dating, Pan floor deposits
do not preserve pollen if subjected to seasonal wetting and drying, but pan floors in
wetter areas can be pollinferous (Scott and Brink, 1992),

Deelpan is a pall in the Orange Free State where unrdysis W(lS undertaken on pollen.
molluscs. ostrich shells and vertebrate remains. Results from analysis of pollen in one
metro organic deposits I'CJ1t:Ct environmental changes since 4 1(0,At 4 ka good gruss
cover existed. which was interrupted by drier conditions at about 1 kn, Further, bone
assemblages conmln the clawless otter, suggesting wetter condltions at this time (Scott
and Brink. 1992),

SITE 22: MOLOPO PANS 27')30'00''S,2001S'OO''E
Site Dcscriptlon: PANS
Datu Source: CALCITE DEPOSITS
Lancaster, N., 1986: Palnecol, Afr, 17,59 ..67

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

SITE 6: CORNELIA 28°30'OO"8,28Q2S'30"E
Site Description: EROSION CHANNEL
Data Source: POLLEN
Scott, 1,., 1989: S.Afl'.J.Bot, 55,107~116

SITE 7: CRAIGROSSIE 28°31'45"S.28°28'15"E
Site Description: RIVER BANK
Data Source: POLLEN
Scott, 1.,1989: S.Afr.J,Bot., 55,107-116

SITE 14: EUM 28°28'45"S. 281)~5'OO"E
Site Description: SWAMP
Data SOUl'CQ: POLLEN
Scott. L., 1989: S.Afl'.J.Bot., SS,107~116

Clarens in the Orange Free State is located in a mountainous area in the focthllls of the
Drakensberg, Current rainfull is about 700 111111, occurring ill summer, and severe frost
occurs ill winter. The topography of the area is controlled by the bedrock, which
consists mostly of sandstone of the Clarens Formation, overlain by peaks of basaltic
lava of the Drakensberg Group, Mudstones and sandstones of the Elliot Group
underlie these formations. and these have been exposed along deep volleys into which
Quaternary alluvium has been deposited.

Some caution must be exercised when uslng surface pollen spectra as n control for the
interpretation of fossil spectra. Studies of modern vegetation dynamics in the urea
show that marked changes in vegetation hove occurred ill twenty years.

Cornelia is a swamp deposit north of Clarens neal' the top of u drainage line, The site
is situated in a channel which is deeply incised into Pleistocene nlluvlal sediments.
The sediments studied arc part of (I 3.5m terrnce itt this channel. Radiocarbon dates
show that the organic sediments range in age between 20 kn and 12,6 ku,
Unfortunately, the poor resolution of the sequence here between 17 ka and 131m
precludes reliable deductions concerning that period.

Craigrossie is situated about 20 km west of the source of the Little Caledon River, in
the foothills of the Drakensberg, Sediments contain pollen from local swamps, and
potentially from flood or slack water. The upper drainage basin includes slopes above
2500 111 in nltitude. 'D1C pollens were obtained from an nnomnlously wet organic:
sequence of sediments belonging to a 10 111 terrace on the south of the stream. The
snnnnted sediments do not seem to be the result of reworked organic rnaterlul from
upstream deposits, ,:\S these are largely inorganic. The Cmlgrossle site can be divided
into 8 aedimentary units dating from about 10 ka. It is suggested that conditions before
10 ka were wet with Intermediate ternpcrntures, After 9.5 ka, conditions warmed, but
remained dry, although the author advises caution as few spectra Me available,
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srrn 2: BADSFONTEIN 30()50'OO"S.25°48'OO"E
Site Description: HOT SPRINGS
Data Source: POLLEN
Scott. 1.& Cool'emans,13.,1990: SAJS, 86,154-156

Bndsfontein is a warm sulphur spring located in mudstones of the Karoo sequence
associated with dolerite intrusions. It is located at Venterstad in the Orange Free State.
where rainfall is about 500 nun occurring ill summer; frost is common in winter, As
the peat has been disturbed by fire. a core was recovered about 30 111 west of the
spring eye, which could be divided into a sequence commencing with a base of' hard
green silt. overlain by yellowish clayey-silt, grey spring silts, and 130 em of black
peat. The base of the peat provided a radiocarbon age of 4.45 ka at about 112 ern
nepth. It is suggested that drier 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 Aliwul North and Badsfontein are in close proximity, it is not possible to
view the tw '1 sites as one composite profile, because dating at Bads'bntein is inadequate
and does not provide n good link between the two profiles. The Aliwal North sequence
suggests cooler and moister conditions thrm the oldest pur: of the Badsfcnteln section.

SITE 3: BUFFELSFONTElN31"23'OO"S, 26°41'OOIiE
Site Description: SAND DEPOSIT
Data Source: LITHOLOGY
Marker, M.n.,& Holmes. P.J., 1993:J.Afr. Enrth.Sci.17,479

Inland localitles of red sands are uncommon outside of the Kalahari nne! the isolated
outlier of red sand located neal' Buffelsfontein in the northeastern Cape is unique ill
the region, and is not a product of current geomorphic processes. It is at u altitude of 1
800m above the Great Escarpment, on the southern margin of an upland basin ringed
by hills. The deposit forms CI narrow pseudo-terrace extending 2000 m along the foot
of an arcuate ridge of Elliot Formntlon sandstone copped by Clarens Formation
sandstone. The sands extend north downslope beyond the topographic terrace for
about 1000 m (Markel' and Holmes. 1993). The deposit consists of two PU1'ts, the
upper of which forms a topographic bench, sloping at 8° which subsequently flattens
to between 4° end S°. The northern part extends us a footslopc fan at 4° which has bee
modified by cultivatlon and erosion. The deposit topography docs not mirror the
underlying bedrock slope, und has a distinct topographlc form of its OWIl (Marker and
Holmes. 1993). This pnrtly lithlfled red sand deposit is in an incipient state or
diagenesis.

In vertical section, the main deposl; consists of horizontally, well-bedded sandstone
with incipient joints. All beds dip at 4° parnllel to the surface. Occasionally crQSS~
bedding occurs. The deposit was dated using thermoluminescence, and is about 20.5
ka old. The physlcal location of this deposit precludes a fluvial origin, and it is argued
that the sand is em aeolian deposit dating from the hypothermnl. The sand texture
suggests that it is not from the local Clarcns formation, and that it is n remnant of n
fC' mer more extensive aeolian deposit. The red 0010\11' suggests that the sand is similar
to that found further west, similar to deposits ill Namibia, the northwest Cape,
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two cores suggest that conditions prior to 12.5 ka at Dunedin, and 11.8 lea 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'OQIS,2()005'OO"E
Site Description: PAN
Data Source: SHHLLS
Kent, L.E.& Gribnitz, K.B .• 1985: SAJS, S1, 3Gl~370

Swartkolkvloer is a large pan (10 km by 8 km) neal' Brandvlei ill the north west Cape.
h is one of the southernmost pans of a group which occupies a Iarge ill-defined
interfluve between the Fish and Sak rive!' system to the east, ar.d the smaller rivers
that drain directly into the Atlantic to the west. Although it is presently linked to the
Fish riVC1\ the outlet is has been cut in recent times, and the pan was probably a closed
system for most of its existence. The pun lies 011 flat-Iylng shales of the Been Series
which nrc em by dykes and sills of Karoo dolerite. From au analysis of surrounding
topography, it is suggested that the pan is quite old. It contains many gastropod shells
and reveals evidence of high water stand» at 6 m, 9 111 and 15 m, The shells date to
about 13.7 ka and the species (7'omh'lIia ventricosui arc very sensitive to moisture
changes ill seusonnl cycles. but arc udaptnble to (lny environment from fresh wnter to
hyper saline, as long (IS calcium is avallabl, ..,

The sequence of events suggested by this site is that conditions l'rior 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 +6 111 level. Subsequently dessication was
initiated ill this (11'(;11. Tempereturos incrensed between 12 ka and 11 ka, although
conditions remained dry.

SITE 1: ALlWAL NORTH 30"4S'()O"S, 26045'()() liE
Site Description: HOT SPRINGS
Datu Source: POLLEN
Scott, 1..& Cooremans, B.,1990: SAJS. 86,154·156

Foul' pent cores were recovered from hot springs near Aliwnl North, these were
between 10.2m and 7.5m in depth. Rich pollen spectra could only be obtained from
levels below 5 m: the overlying black peaty clay and upper fibrous peat (dated at 4.3
ka) were generally barren. Pollen in the organic lonms 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 ill the gmssirnd/shl'ublnnd border. The
sequence suggests thai. before 12.6 kn, cool moist conditions prevailed, gradually
becoming wanner and dry between 12 ka and 11 ka before recovering at about 9.6 ka.
The period between 12 lea and J 1 ka ill the Allwal North sequence is the most
prominent of the dry cycles in tho record, but seems to be of low intensity when
compared with the lower sec.ion of Badsfbntein,
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1\VO 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"5, 20005'OO''E
Site Description: PAN
Data Source: SHELLS
Kent, L.E.& Gribnitz, K.H., 1985: SAJS, 81, 361-370

Swartkolkvloer is a large pall (10 km by 8 km) near Brandvlei in the north west Cape.
It is one of the southernmost pans of n group which occupies a large ill-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 to the
Fish river, the outlet is has been cut in recent times, and the pan was probably a closed
system for most of its existence. The pan lies on flat-lying shales of the Ecca Series
which are cut by dykes and sille of Karoo dolerite. From an analysis of surrounding
topography. it is suggested that the pan is quite old. It contains many gastropod shells
nne! reveals evidence of high water stands at 6 111, 9 111 and 15 m. The shells date to
about 13.7 ka and the species (Tomichia ventrtcosai are very sensitive to moisture
changes in seasonal cycles, but (Ire adaptable to any environment 11'0111 fresh water to
hyper saline, as long as calcium is available.

The sequence of events suggested by this site 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 +6 111 level. Subsequently dessication was
initiated in this area. Temperatures increased between 12 ka and 111m, although
conditions remained dry.

SITE 1: AUWAL NORTH 30045'OO"S, 26°45'OO"E
Site Description! HOT SPRINGS
Data Source: POLLEN
Scott, L.& Cooremans, B.•1990: SAJS, 86,154·156

Four peat cores were recovered from hot springs near Aliwal North, these were
between 1Q,2m and 7.5m in depth. Rich pollen spectra could only he obtained from
levels below 5 m; the overlying black peaty clay and upper fibrous peat (dated at 4.3
ka) were generally barren, Pollen in the organic loams and silts were analysed; these
dated from 9 ka to 12.6 ka, and revealed six stages of alternating cool, moist and
worm, dry events associated with shifts in the grnssland/shrubland border. The
sequence suggests that before 12.6 ka, cool moist conditions prevailed, gradually
becoming warmer and dry between 12 kn and 11 ka before 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 tJ be of low intensity when
compared with the lower section cf Badsfonteln,
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SITE 5: COLLINGHAM SHELTER 29°27'35"S, 29°47'45"E
Site Description: CAVE
Data Source: CHARCOAL
February, E.C., 1993: Quat. Res. 42.,100-107.

SITE 21: MHLWAZINI CAVE 29°02'52"S, 29°23'23"E
Site Description: CAVE
Data Source: CHARCOAL
February, B.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 can be identified to genus or species level by
the characteristic arrangement of different cell types. It is assumed that the charcoal
assemblage in a site should reflect the woody vegetation ill the vicinity of tile site, and
that the types of vegetation reflect the climate of the region. Further, the vessel
diameter increases with increased moisture, while vessel frequency decreases.

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

SITE 11: DUNEDIN 32°17'OO"S, 26°40'OO"E
Site Description: MARSH
Data Source: POLLEN
Meadows, M.E. &; Meadows, K.F., 1988: SAJS,84,2S3~259

SITE 27: SALISBURY
Site Description: MARSH
Data Source: POLL'k,N
Meadows, M.E.&Meadows, K.F., 1988: SAJS,84,253-259

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

Vie is on the farm Salisbury and Dunedin in the Winterberg mountains were cored for
pollenlferous sediments. A 175 em core was recovered from the marsh at Dunedin,
and a 300, em core was recovered fr0111Salisbury, Pollen recovered 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. TIle third zone comprises elements of montane forests,
but is still dominated by grass and sedge pollen. The palaeoclimates inferred from the
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Appendix 1

Site Descriptions" Literature

The sites documented below are not in numerical 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 below
(Table 1).

SITE 4: CANGO CAVE 33°23'OO"S,22° 13'00 -s
Site Description: CAVE
Data Source: STALAGMITE
Talma, A.S. & "vogel, J.C., 1992: QU'.H. Res. 37,203"212

The temperature at which calcium carbonate is precipitated can be infefted from an
examination of the oxygen isotopic composition of the carbonate deposits. This is
because the isotopic fractionation that occurs during precipitation is temperature
dependent. Valid results can be obtained if the carbonate precipitate was in isotopic
equilibrium with the water at time of deposition, and the oxygen isotopic content of
the water is known. Further, no diagenic alteration of the isotope record must have
occurred, 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 as the release of C02 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 af me 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 limestone in the foothills of the Swartberg
mountains. The stalagmite was located 1 100 Il1 from the opening where temperature
remains constant (17.S°C) and relative humidity exceeds 9S%. The temperature
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 lor
meaningful palaeotemperature analysis. The stalagmite sampled also consisted of
large, compact crystals with no evidence of resolution 01' diagenesis or cavities likely
to contain fluid inclusion water. Unfortunately, 110 development occurred between
13.8 ka and 5 ka, and it is suggested that this is 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° one!7° C cooler than present, with the coldest interval between 19
ka and 17 ka. From 5 ka, temperature: varied within +1°C to ·2°C of present
temperatures with lower temperatures between 5 ka and 2 ka and warmer temperatures
from 2 ka..No conflicting data are available to contradict 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,
temperature variations remained small or localised until the Mediaeval Warm Epoch
and subsequent Little Ice Age coaling. TIle diachronism identified in the onset of
wetness ill the higher Southern African latitudes may well be a function of variations in
the strength of the Agulhas Current, TIle Younger Dryas in Europe may have been
initiated by the cooling in the southern hemisphere, the signal being transferred through
reduced CR.l>C02, and increased AABW formation and decreased LNADW formation.

General agreement between the results of this s udy and the conceptual models
developed to account for southern African climate variability exists, although some
anomalies remain. Southern African moisture trends seem to be tightly coupled to SSTs,
the relative 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 ill southern Africa's climate are generally coeval with switches fi'0111 a
dominance ofNADW to a dominance of AABW in the deep ocean: Walmer, wet spells
are associated with NADW influence, and colder, dry periods with AABW i11[; uence,

The results of this study demonstrate the pivotal role of orbita. variations in controlling
glacial cycles in both hemispheres through the interplay of insolation receipts, and
oceanic and atmospheric responses, especially in relation to fluxes ill CO2 and Cl-}4,The
importance of North Atlantic ocean variations modulated by Dansgaard-Oeschger cycles
and Heinrich events is confirmed; however, southern hemisphere climates may be
influenced to a significant degree by local insolation receipts, through the formation of
sea ice, and subsequently increased AABW. This ill tum may impact on global climate,
and challenges the view that glacial cycles are controlled solely by northern hemisphere
dynamics, 111eforcing behind the change from NADW to AABW control of the deep
ocean cannot as yet be conclusively demonstrated; a southern hemisphere control
through Antarctic sea 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 01' oceanic processes occurring in both hemispheres, as
suggested by the CaCOs, Ol3C and Ca/Cd fluxes in the Southern Ocean. As meltwater
pulses may not necessarily control NADW fluxes, the assertion that the thermohaline
circulation is stable in the absence of these pulses may require re-examination; the
benign climate of the Holocene may unleash some unexpected cold periods, as did the
Eernian 115 000 years ago, Global warming may yet revert to global cooling in an
unexpected and unforeseen way.
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Conclusion

111e major trends from 20 ka to present comprise a general warming over Southern
Africa which may have been initiated at about 16 ka subsequent to the global cooling
phase of the LGM. The cold, dry conditions typical of the glacial 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, TIle Southern African proxy data is in agreement with
the general global tendencies recorded by C02. 180, CH4, SSTs and sea level
fluctuations. An interhemispheric diachronism, whereby the southern hemisphere leads
this deglacial phase by at least 1 ka, is apparent.

The period 13 ka to 12 ka is characterised by evidence suggesting opposite climatic
trends. On the one hand, the terrestrial PASH proxy data suggests warm, moist summer
rainfall conditions typical of a wet spell situation coincident with reduced winter
rainfall. Increases in CRI documented over the subtropics (Sirocko et al., 1996) and a
warming maximum documented at Wonderkrater at 13 ka (Partridge, et al., 1990)
support this inference The oceanic evidence suggests that regional lowering of SSTs
only commenced at 12 ka (Labracherie et al., 1989). In contrast, molluscan evidence off
Kleinzee (Pethel', 1994), and increased localised west coast moisture argues for the
iutrusions of Agulhas rings from 13.5 ka to 12.5 ka, typical of a dry spell situation. It has
been suggested that reduced summer insolation 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 tlze west coast
(Pethel" 1994). To reconcile the apparent inconsistencies, it is possible that Agulhas
intrusions can occur during both wet and dry spell conditions.

The warming was suddenly and dramatically reversed, in agreement with the northern
hemisphere Younger Dryas reversal, with a return to near glacial conditions being
recorded inmost records, but especially in SSTs, 013C fluxes in the oceans (suggesting a
change in NADW production) and the proxy terrestrial data. Once again, a lead in
warming in the Southern Hemisphere is apparent, in that the southern hemisphere
cooling appears to antedate its northern hemisphere counter part by up to 1 ka, Good
evidence for this is found in palaeo-Sfl'Is and oceanic Ol3C fluxes: the terrestrial
southern African proxy data are in agreement, but caution is necessary as dating control
is insufficient to permit unambiguous conclusions. The cause of the southern
hemisphere climate reversal is attributed directly to the reduced southern hemisphere
insolation that OCCUlTedbetween 13 ka and 9 ka, and the subsequent increases in sea ice,
and reductions in Southern Ocean SSTs and LNADW (caused possibly by enhanced
AABW formation, coincident with meltwater pulses), reduced trades and stronger
westerlies.

Subsequently, while Europe returned to the neo-glacial .nditions associated with the
Younger Dryas, conditions in the southern hemisphere klproved, as indicated by the
terrestrial proxy data, SSTs and o13C evidence. Temperatures increased until the
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This site is a peat deposit ncar Tate Vondo in Venda which lies at a height of 1 100 m
in a high rainfall area, Average temperatures exceed 25° C and the urea is virtually
frost free, 111C large peat dt~p,)Si, • covering an area of30 000 m2, is located in a swamp
fed by a spring which to 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
ravines comprise the oldest from 12 ka wlO ka: the second is indicative of a dry
savanna environment with reduced forest and fynbos dating from 10 ka ~6,5 ka, while
the thiro is made up of swamps and woodl-.td elern mts suggesting moister conditions
from 6.5 ka to present. The general con.Iuslona arc in accordance with athol'
Transvaal sites, such as Wonderkrater, Rletvlei and Moreletta River.

SITE 12: ELANDS BAY CAVE 32° 18'OO"S,18°20'OO"E
Site Description: COASTAL CAVE
Data Source: MOLLUSC SHELL
Cohen, A.L., at al .•1992: Quat. Res. 38, 379~385.

An analysis of marine mollusc shells from coastal middens on the west coast was
undertaken to determine the thermal history of the southern Benguela region. The
middens are located in and near Elands Buy Cave. Two techniques to determine
paleaotenperatures were used: oxygen isotopes and aragonite-calcite ratios, The
ambient seawater isotope composition and the sea temperature during shell accretion
will determine the oxygen isotope composition of skeletal cnrbonutes. The aragonite-
calcite ratio is temperature dependent, as the percentage of aragonite is directly
proportional to temperature. In the limpet species Patella gl'allulal'is. discrete
nragonlte and calcite layers are easily identified und can be measured.

Three discrete periods of isotope enrichment in the shells were recognised covering
the periods 11 ka to 10 kat 3 ku to 2 ka and the Little Ice Age, The arogonite/calcite
ratlos suggest a drop in temperature of between 1°C and 2°C at the site during the
cooler periods, A hiatus in the midden covers the period from 7,9 ka and 4.3 kn,



PAGE -131

dunes were formed under a circulation pattern similar to that of the mcdern July
pattern further south. It is suggested t)"\t the year-round circulation was similar to the
present winter circulation.

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

These conditions, resulting in expanded aridity over southern Africa. hwe probably
occurred repetitively during the Quaternary. Wetter periods when the dunes became
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
ditficult. but three y>el'iodsof dune formation can be identified. The oldest. associated
with the Group A northern dunes, nrobablv predates 30 lea, and may 11 '1CC11 as
early as 38 ka. The second period. associated with southern dune and n,. eastern
Botswana dune activity, postdates a major fluvial and lacustrine period in the :101'th<:1'11
Kalahari. Conditions from 20 ka to 16 ka were dry, followed by a cool, humid phase
between 15 ka and 12 ku. Although conditions in the northern Kalahari may have
ameliorated at 12 ka, the southern Kalahari became arid and windy and the inner
dunes of the puns were probably formed nt this time, associated with falling water
tables (Lancaster, 1986). The southern dunes were probably reformed at this time, (I

process which continued into the cady Holocene.

SITE 20: LELIEHOEK SHELTER 29°10'OOIlS, 27°27'OOIlE
Site Description: SANDSTONE CAVE
Data Source: CHARCOAL/MICROMI\MMALS
Esterhuysen, A.B., 1992: Palaecol.Afl'.23, 193·201

Leliehoek Shelter is located (It a height of 1 640 m in the montane belt, formed ill the
cave sandstone of the Clarens forrnatlon neal' 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 res ill, the ostrich shells were
dated and the charcoal and micro-fauna were nnnlysed to reveal palaeoclimatle trends.
It is suggested that et about 4.5 ka increased rainfall enhanced the flow of the stream
with on attendant change in vegetation. Results tend to concur with those for
neighboring areas, and suggest mesic conditions during the Holocene with dense
vegetation capable of supporting humans, while much of the interior of South Africa
was uninhabited.

SITE 29: TATE VONDO 22°53145''8,30019'36''E
Site Description: MARSH
Data Source: POLLEN
Scott, 1..,1987: Rev. PalbotiPalYl101ogy,53. 1~10,and Scott, L., 1989: Palaeo 3.
70,345 ..353
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SITE 31 KALAHARI DUNES 28°S TO 16°30'S
Site CI...3cription:FIXED DUNES
Date Source: DUNE ALIGNMENTS
Lancaster, N" 1981: Palaeo 3, 33, 327-346

The Kalahari sands covel' a large part of the southern African interior, 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 regional scale reflects the regional pattern of sand-moving winds,
the alignment and morphologies of the dunes may be used to infer palaeowind
directions, and palaeornoisture indices associated with the pulaeocirculation patterns
may also be deduced, This is based on the assumption that lineal' dunes extend parallel
to the dominant wind direction, Active continental sand dunes occur in areas with less
than 100 rnm rain per annum, where sand conditions permit. Vegetated dunes indicnte
that the former arid environments have been replaced by wetter climates, as vegetation
takes hold once rainfall exceeds 150 111111. The Kalahari dunes f01'111a large
semicircular 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 Ghanz! ridge and the central Kalahari watershed (Figure Al )(pg340
fig9),

The northern dunes, comprising two groups, A and B are aligned E-W to ENE-WSW,
The group A dunes arc remarkably straight, and continuous up to 200 km in ~01t1e

cases, TIl<;; dunes are extensively degraded, and are covered in open tree savanna 01'
savanna woodland associated wit'i precipitation ranging from 600 m111to 800 mm.
The dunes are comparable to the linear dunes of the Namib sand sea in size and
spacing and were formed by easterty winds. The group B dunes consist of low sand
ridges aligned ENE-WSW, commonly 50 km long and are covered by open tree
savanna under a rainfall of 500 - 600 111111,

The southern dunes are located in area extending from the highlands of Namibia to the
Orange river at Upington and cover a belt between 100 km and 200 km in width. 1111.:
dunes comprise parallel linear ridges with NW or NNW to SE 01' SSE alignments, The
dunes are covered in vegetation comprising grasses, scattered trees and shrubs, The
dunes resemble those in the Simpson Desert of Australia, which is marginally arid
with rainfall between 150 111m and 200 nun.

The extent of the dunes described above indicates that the 100 111m isohyet must have
beet), located 1 000 • 1 200 km northeast of its present position in order for the
northern dun ..s to have formed. The southern dunes would have needed a 250 - 300
km shift of the 100 mrn isohyet, This suggests that considerable change in the
atmospheric circulation took place, including an expansion of aridity and latitudinal
displacements of circulation patterns,

The northern dunes, comprising group A, were probably deposited under n regime of
southeasterly winds that penetrated further into the subcontinent that at present. This
implies a stronger anticyclone with n greater circulation radius, A modern analogue is
when the South African anticyclone cccaslonally assumes n more southerly,
continental position; this may have occurred 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 period may have been dry.

SITE 23: NARABEB 23°49'24"S, 14"55'00"£
Site Description: LAKE DEPOSIT
Data Source: SEDIMENTS
Teller, J.T., et al., 1990: Quat. ScL Rev. 9, 343-364

SITE 19: KHOMMABES 23°30'OO"S, 15°02'OO"E
Site Description: LAKE DEPOSIT
Data Source: SEDIMENTS
Teller, J.T" et al., 1990: Quat. Sci. Rev. 9, 343-364

SITE 32: WEST PAN A 23°33'15"S,14°45'OO"E
Site Description: LAKE DEPOSIT
Data Source: SEDIMENTS
Teller, J.T., at al., 1990: Quat. Sci. Rev. 9,343-364

Narabeb, West Pan A, and Khomrnabes refer to eleven sites in the Namib sand sea.
These sites containing calcareous lacustrine sediment located in the interdune areas
were studied. Samples were analysed for minerology, grain size, water-soluble
content, and acid-soluble content. Calcified reed casts, gastropods, diatoms and
ostrocods are present in some places, which were analysed for (513C and (5lll0. 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'tae 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 calcareous mudstones
represent six long periods of pondlng, allowing precipitation of calcite along with the
clastic muds, It is maintained that the deposits are indicative of increased moisture in
this hyper-arid environment. The intervening thick sands represent aeolian deposition
during 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 river, ground water seepage or
increased rainfall, There is 110 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 may have been wetter than today (Teller et al., 1990), although it is
generally held that wet conditions ceased at about 11 ka (Teller and Lancaster, 1986).
It is maintained that the terminus of the Tsondab River retreated from Narabeb by 14
ka, and maintained its present position soon after 13 ka,
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The Natab Silts are a number of fluvial units occurring rotvarious locations between
Gobabeb and Homeb along the Kuiseb River in the Namib Desert. Some of the silts
indicate valley filling of up to 10 111 above the present river bed, representing a stage
that post-dates the removal of the Horneb silt accumulation from the river channel.
They are overlain by a thir. layer of pebbles (the Gobabeb gravels), which suggest
increased flood energies r: 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 pedological features to determine palaeoenvironmental
conditions. The Gilts suggest that a dry spell from 8.3 kn to 4.2 ka occurred after which
run-off increased producing the Gobabeb gravels. (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 rivet', 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 Conception Pay and at Meob Bay, where remnants of a flat
elevated surface capped by an extensi Ie calcareous crust exist, provide evidence of
elevated groundwater and vlei conditions. A drop in the water table associated with
regional dessication occurred between 12 ka and 10 ka, resulting in calcification of the
surface. The calcified crusts give dates of between 10.7 and 11.9 ka,

SITE 25: PRETORIA SALTPAN 25°34'30"8,28°04'59"E
Site Description: eRA TER LAKE
Data Source: POLLEN
Partridge, T.e" at al .. 1993: Palaeo 3.,101, 317·337

The Pretoria Salt Pan is a circular crater 1130 111 in diameter near Pretoria. The
maximum rim elevation above the crater floor is 119 m and its height above the
surrounding plain averages 110 more than 60 m. Presently, largely owing to
excavations, the crater floor is slightly below the level of the local water table, and a
shallow (3 111) lake covers the base. Before exploitation of the soda brines, a shallow
seasonal pool occupied the crater, The crater has an infilling of 90111of fine Iacustrine
sediments. resting on 61111of course clastic .lebris. The sequence covers about 200 ka
and a high-resolution palaeoenvlronmental record has been reconstructed for the site
through pollen and sediment analyses.

The presence of an unbroken, raised rim around the crater, and its occurrence within a
uniform granite lithology have ensured that the crater has functioned as a closed
system, from a surface hydrological viewpoint, containing a homogeneous source of
clastic sediment. Unfortunately, no pollen is preserved between 70 and 34 m, and
again between 12 and 6.5111: thus no reconstructions of vegetation at these times is
possible, although the authors intend studying the phytoliths ill the core, which may
shed some light on grass covel' at these times. Thus fluctuations in the principal
constituents of the lacustrine sequence are a function climatic changes, and record
local aridity indexes. From 8 ka to 7 ka, conditions were dry and moderately warm,
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SITE 24: NATAB SILTS 23°33'15"S, 15°10'OO"E
Site Description: SILT DEPOSITS
Data Source: CALC DEPOSITS
Vogel, J.C., 1989: Palaeo 3. 70, 355·366

SITE 17: FOMEB SILTS 23°33'15"8,15°10'OO"E
Site Description: SILT DEPOSITS
Data Source: CALC DEPOSITS
Vogel, J.C" 1989: Palaeo 3. 70, 355-366

SITE 18: HUDAOB CALC-TUFA 23~3:5100"S,15°30'OO"E
Site Description: TUFA DEPOSIT
Data Source: CALC DEPOSITS
Vogel, J.C., 1989: Palaeo 3. 70,355-366

The Namib Desert is a hyper arid coastal desert along the west coast of Namibia
covering a distance of about :2 000 krn f1'o111north of the Orange River (31°S) to
beyond Mocamedes 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
nun of precipitation annually Ileal' coastal sites, but this decreases to Zero at the base
of the escarpment. A number 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 rivers tend to drop their loads along specific stretches of the river beds; this
corresponds to the average reach of the floods. Small changes in flood intensity
caused by changes in precipitation lead to a redistribution of sediment along the river
course and relicts of these fluvial sediments document such changes accurntely. Past
environmental conditions are especially well preserved in the Namib Desert because
of the extreme aridity of this urea. Fluvial silt deposits show virtually no secondary
alteration by weathering, and dead trees hardly decay over centuries.

Reliable dates were obtained from plant material, but often less reliable sample
material had to be dated such as calcified crusts 01' calcretes, Here caution is necessary
ill the interpretation ns calcium carbonate may have an initial apparent age of2 ka, and
all ages related to calcium carbonate may have errors of abo lit 500 a, even after a
correction of 1 ka has been made. Secondly, host material may be contaminated 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 Homeb and Gomkaeb. They are
horizontally bedded deposits interdigitated with small aeolian sand lenses, and some
levels contain desiccation cracks and calcified crusts. Formation of these silts took
place under a regime of low energy deposition over a long period. At Horneb, the silts
arc 37 m above the present river bed. Radiocarbon dates were obtained from calcified
crusts, snails, and interbedded plant material, suggesting that the sediments
accumulated between 23 ka and 19 lea. This has been interpreted as representing
ephemeral flooding, or pending during this interval (Teller at al., 1990) with reduced
competence of the Kulseb River resulting ill the silt loud being deposited at this
location (Vogel, 1989).
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of the spring area, it became more accessible, or was in greater demand, especially
when conditions became regionally drier,

SITE 30: UITENHAGE 33°40'00"S, 25"'2S'00'E
Site Description: ARTESIAN AQUIFER
Data Source: INERT GASES
Heaton, T.H.E., et aI., 1986: Quat. Res. 25, 79~8S

The temperature at which water entered the ground may be determined through the
measurement of inert gases such as N2 01' Ar in groundwater, and tnus
palaeotemperatures may be determined if the water can be dated. Water in contact
with the atrnosphere has concentrations of gases dissolved in it related to solubility, a
function 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 atmosphere. 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 ate typically 1° - 2°C Warmer than the air
temperature.

N2 and AI' dissolved in groundwater from an artesian aquifer near Uitenhage in the
eastern Cape were analysed and reliable palaeotemperatures for the region were
obtained. The geology of the area comprises fractured Ordovician quartzites which
outcrop 011 high ground, but are overlain and confined to the east by impermeable
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 outcrop 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 N2 derived from denitrification, 01' radiogenically
derived Ar by 40K ill the aquifer rocks, is low enough to be considered unimportant.
The results of this analysis suggest that between 28 ka and 15 lea, 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 C4 grasses predominated during the Holocene at this location,
indicating increased moisture during this period.

SITE 26: RIETVLEI DAM 25°45'00"S, 28°20'00"E
Site Description: SPRING
Data Source: POLLEN
Scott, 1., 1989: Palaeo 3. 70,345-353

SITE 34: WONDERKRA TER
Site Description: CAVE
Data Source: POLLEN
Scott, I & Thackeray, J.F., 1987: SAJS, 83, 93-98, and Scott, 1., 1989: Palaeo 3.
70,3·\5-353.

24"30'00"S, 28°45'00"E

Pollens fro-r the Rietvlei Dam spring site were analysed to determine
palaeoenvironmental conditions. It is located in grassland adjacent to the Bushveld
Basin. Springs may be contaminated by younger roots. WOl~.J ' ..,.. IS a thermal
spring near Naboomspruit containing a long, particularly well preserved sequence of
pollen 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 Rietvlei Dam and Wonderkrater at the end of the
Pleistocene (11 k:.177).Dry conditions occurred at 8 ka while temperatures continued
to rise. Wetter climates returned after maximum temperatures were reached at about
6,5 ka.

SITE 33: WINDHOEK 22°34'00"S, 17°06'OO"E
Site Description: SPR1NG DEPOSIT
Data Source: POLLEN
Scott, 1.., et al., 1991: The Holocene, 1, 8-13

The town of Windhoek is located in the Khomas Hcchland at 1700 111, and receives
about 365 rom of rainfall. Before the development of the town, a deep circulating hot
groundwater spring supplied water from a north-south running fault to a swamp with
lush vegetation, in contrast to the dry Hochland savanna in the surrounding hills.
During recent excavations, a number of spring deposits comprising 40 em of light
grey sand, overlain by 140 em of dark grey spring silts, 120 e111 of grey diatomaceous
material, including 35 C111 of black and dark grey silts, were unearthed.

The age of the present hot spring water is about 20 ka, as determined by carbon in the
water. Aquatics living ill the water would thus reveal similar apparent ages,
complicating the dating of the sediments. However, the IJC content of the dated
material is not derived from aquatics, and the dates are considered reliable. Analysis
of the pollens derived from the sediments reveals the following succession of events.
The base 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. Disturbance by
grazers and their hunters is evident at the site, suggesting that owing to partial drying
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SITf~ 66: DZATA 22°52'lO'S,30008'30"E
Site Description: ARCHEOLOGICAL SITE
Data Source: CHARCOAL
Height: 850m. Rainfall: 482m11l
February, E.C.

SITE 67: ROSE COTfAGE CAVE 29°13'00"S, 27°28'00"E
Site Description: CAVE
Data Source: MICROl'v1AMMALS
Avery,D.M.

SITE 68: ADRIESGROND CAVE 32()12'OO"S,18"S2'OO"E
Site Description: ARCHEOLOGICAL SITE
Data Source: MICROMAMMALIAN REMAINS
Height: 327mm, Rainfall: 1370m
Avery, D.M.,

SITE 69: BLINK KLIP KOP 28°18'00"S, 23°07'00"E
Site Description: ARCHEOLOGICAL SITE
Data Source: MICRO MAMMALIAN REMAINS
Height: 327111l11,Rainfall: 1370111,
Avery,D.M.

SITE 71: UMHLATUZANA ROCK SHELTER 29"48'OO"8,30"45'OO"E
Site Description: ARCHEOLOGICAL SITE
Data Source: MICROMAMMALIAN REMAINS
Height: 867mm, Rainfall: 530111
Avery, D.M
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SITE 58: VERLOREVLEI 23°49'24I1S. 14°55'00"E
Site Description: SWAMP/MARSH
Data Source: POLLEN
Height: Om, Rainfall: 329trun
Haman, R, Meadows, M,

SITE 59: STEENBOKFONTEIN 31°40'52"8,18°29'23"E
Site Description: ARCHEOLOGICAL SITE
Data Source: MICROMAMMALIAN REMAINS
Height: 50m, Rainfall: 145m111
Avery.D'M

SITE 60: COMPASSBERG 31°45'37118,24°32'22I1E
Site Description: SWAMP/MARSH
Data Source: POLLEN
Height: 2000m, Rainfall: 329mm
Human, R. Meadows, M,

SITE 61: POWER HOUSE CAVE 27°32'OO"S.24°38'00"E
Site Description: C."VE
Data Source: MICRJMAMMALIAN REMAINS
Height: 1220m Rainfall: 440mtn
Avery, D.M

SITE 62: SPOEG RIVER CAVE :~J '17'00"8, 17° 16'00"E
Site Description: CAVB
Data Source: MICROMAMMALIAN REMAINS
Height: 10m. Rainfall: 630 m111
Avery, D,M

SITE 63: ABBOT'S CAVE 31°27'00"8, 24°39'OO"E
Site Description: ARCHEOLOGICAL SITE
Data Source: MICROMAMMALIAN REMAINS
Height: 1450m, Rainfall: 360111111
Avery,D,M

SITE 64: LAKE FARM 34°00'00"S, 25°30'00"E
Site Description: STREAM DEPOSIT
Data Source: POLLEN
Height: 150m, Rainfall: 780ml11
Haman, R, Meadows, M

SITI~ 65: BOKKRAAL 32°15'55"S, 22° 19'40"E
Site Description: MARSH
Data Source: POLLEN
Height: 304mm, Rainfall: 1820111
Haman, R, Meadows, M



PAGE -140

SITE 50: OPPERMANSKOP 310 15'OO"S,25°02'OO"E
Site Description: HYRAX MIDDEN
Data Source: POLLEN
Height: 1650m
Scott, L,

SITE 51: SCOT 22°57'00"8,29°24'00"E
Site Description: SPRING DEPOSIT
Data Source: POLLEN
Height: 823 m
Scott. L

SITE 52: EKSTEENFONTEIN 28°50'00"S, 17°15'OO"E
Site Description: HYRAX MIDDEN
Data Source: POLLEN
Height: 600m,
Scott, L.

SITE S3: COLWINTON & RAVENSCRAIG SHELTERS 31°07'45"8, 27°44'22"E
Site Description: ARCHEOLOGICAL SITE
Data Source: CHARCOAL
Height: 1800m, Rainfall: 638nun
February, E.C.

SITE 54: ~ORGA PEAT 33°57'00"S, 22°23'OO"E
Site Description: PEAT IMARSH DEPOSIT
Data Source: CHARCOAL
Height: 200m, Rainfall: 1 142111111
February, E.C.

SITE 55: LIMEROCK 28°33'OO"S, 24°00'00"E
Site Description: CAVE
Data Source: MICROlY1AMMALIAN REMAINS
Height: 330mm, Rainfall: 1200m
Avel'y,D.M

SITE 56: FLORISBAD 32°46'00"S, 26°04'OO"E
Site Description: MARSH
Data Source: POLLEN
Height: 1272m, Rainfall: 482111111
Brink, .T.8.

SITE 57: JUBILEE SHELTER 25°42'00"8,27°5S'00"E
Site Description! ARCHEOLOGICAL SITE
Data Source: MICROMAMMALIAN REMAINS
Height: 1350m, Rainfall: 550111111
Avery, D.M
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SITE 41: NKUPE SHELTER 28°09'OO"8,29°56'OO"E
Site Description: CAVE
Data Source: MICROMAMMALS
Rainfall: 924m111.,
Avery, D.M.

SITE 42:MGEDE SHELTER 28°10'OO"S, 29°41'OO"E
Site Description: CAVE
Data Source: MICROMAMMALS
Avery, D.M.

SITE 43: SAN! TOP 29°36'OO"S, 29°15'OO"E
Site Description: VALLEY SEDIMENTARY SEQUENCE
Data Source: POLLEN
Height: 2.950111Rainfall: 1095111111
Market', M.E.,

SITE 44: BONA WE 31°20'37"8, 27°46'30"E
Site Description: ARCHAEOLOGICAL SITE
Data Source: CHARCOAL
Height: 145001 Rainfal1:761 mm
February, E.C.

SITE 45: PAKHUIS PASS SHELTER
Site Description: HYRAX MIDDEN
Data Source: POLLEN
Height: 450m
Scott,L.,

SITE 46: KILLMORE BOKSPRUIT 30057'OO"8,27°56'20"E
Site Description: PERIGLACIAL FORMATIONS
Data Source: GEOMORPHOLOGICAL ANALYSIS
Height: 2000m, Rainfall: 686111111
Lewis, C.,

SITE 48: TLAEENG PASS 29°50'OO"S, 28<l46'OO"E
Site Description: CUTrING SEDIMENTARY SEQUENCE
Data Source: POLLEN
Height: 31OOm,Rainfall: 1334111111
Marker, M.E.,

SITE 49: MEERKAT SHELTER 31°15'OO"S,25°05'OO"E
Site Description: CA\'E HYRAX MIDDEN
Datu 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: RIETVLEI DAM 25°45'OO"S,28°20'OO"E
Site Description: SPRING
Data Source: POLLEN
Scott, 1., 1989: Palaeo 3. 70, 345·353

SITE 36: BOOMPLAAS 32°23'OO"S,22° 11'OO"E
Site Description: CAVE
Data Source: POLtEN
Thackeray, F

SITE 37: SNEEUBERGVLEI32°26'48"S, 19°0828'55"E
Site Description: SWAMP
Data Source: POLLEN
Height: 1440111,Rainfall: 1OOOmm
Haman, R, Meadows, M

SITE 38: LAKE TEZA 28°29'OO"S,32°07'OO"E
Site Description: COASTAL LAKE
Data Source: POLLEN
Height: 30m,
Scott, L.

SITE 39: BLYDEFONTEIN STREAM
Site Description: VALLEY DEPOSIT
Data Source: POLLEN
Height: 1650 111, Rainfall: 330111111
Scott, L.

SITE 40: WINTERBERG MOUNTAINS 32°26'OO"S, 26°45'00"E
Site Description: MARSH
Data Source: POLLEN
Height: 1400m, Rainfall: 940nll11
Haman, R, Meadows, M,
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