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Abstract

Data from stalagmites in the Makapansgat Valley, South Africa, document regional climatic change in southern Africa in the
Late Pleistocene and Holocene. A new TIMS U-series dated stalagmite indicates speleothem growth from 24.4 to 12.7 ka and from
10.2 to O ka, interrupted by a 2.5ka hiatus. High-resolution oxygen and carbon stable isotope data suggest that postglacial warming
was first initiated ~ 17 ka, was interrupted by cooling, probably associated with the Antarctic Cold Reversal, and was followed by
strong warming after 13.5ka. The Early Holocene experienced warm, evaporative conditions with fewer C4 grasses. Cooling is
evident from ~6 to 2.5ka, followed by warming between 1.5 and 2.5ka and briefly at ~AD 1200. Maximum Holocene cooling
occurred at AD 1700. The new stalagmite largely confirms results from shorter Holocene stalagmites reported earlier. The strongest
variability superimposed on more general trends has a quasi-periodicity between 2.5 and 4.0 ka. Also present are weaker ~1.0ka
and ~100-year oscillations, the latter probably solar induced. Given similarities to the Antarctic records, the proximate driving
force producing millennial- and centennial-scale changes in the Makapansgat record is postulated to be atmospheric circulation

changes associated with change in the Southern Hemisphere circumpolar westerly wind vortex.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Until recently no continuous, multi-millennial, high-
resolution terrestrial proxy climate records existed for
southern Africa. In 1999 the first, derived from stable
isotopes from two stalagmites taken from Cold Air Cave
in the Makapansgat valley in north-eastern South Africa
(Fig. 1), provided a 3.5ka record of 8'®*0 and 8'°C
variability at a resolution of about 10 years (Holmgren
et al., 1999). The record was later extended to 6.6ka
(Lee-Thorp et al., 2001). In order to verify the results
obtained from one continuous (T7) and one semi-
continuous specimen (T9), a third stalagmite (T8), taken
about 10m from T7, has been analysed and provides a
high-resolution record back to 24.4 ka. In this paper, the
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comparability of records is examined, the chronicle of
climatic change and variability contained in T8 is
considered for the past 24.4ka, and the results are
compared with those from other sites, primarily in the
Southern Hemisphere.

The availability of highly resolved and reproducible
records from the Makapansgat Valley, with excellent
time control during the Holocene in particular, permits
comparisons with similarly well-dated records elsewhere
and, in some cases, allows the problem of leads and lags
to be addressed. A great deal of argument has
surrounded the question of whether climate shifts within
the Northern and Southern Hemispheres are asynchro-
nous or not, but data series, particularly terrestrial ones,
with the requisite resolution to resolve the synchroneity
problem are rare. A possibility raised by the stalagmite
evidence presented here is that some events may be
globally synchronous while others may not.
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Fig. 1. Location map showing places mentioned in the text. Polokwane was formerly known as Pietersburg, Mokopane as Potgietersrus, Modimolle
as Nylstroom, Mookgopong as Naboomspruit, and Bela Bela as Warmbaths. Pretoria per se has retained its name, whereas Greater Pretoria is now

known as Tshwane.

2. Methods and data

Cold Air Cave is situated in the Makapansgat Valley
(24°1’S, 29°11'E) in the summer rainfall region of South
Africa (Fig. 1), where over 90% of the mean annual
rainfall (521 mm) at the nearest major weather station in
Polokwane (formerly Pietersburg) is experienced in
summer (October—April) (Schulze, 1984). The southern
Indian Ocean is presently the major atmospheric
moisture source area. The climate is mild with a mean
mid-summer daily maximum temperature of 27°C, a
mean mid-winter daily minimum temperature of 2.4°C,
and a diurnal range of 11.3°C and 17.1°C in mid-
summer and mid-winter, respectively. The valley is
characterised by a vegetation of North-Eastern Moun-
tain Sourveld type, transitional to Sourish Mixed
Bushveld (Acocks, 1953) or Mixed Savanna (Scholes,
1997), which includes a large C4 grass component.

Cold Air Cave is located in a dolomitic karst system.
The sampled stalagmites were located some 100 m from
the narrow entrance, and 10 m apart beneath separate
fissures within the dolomite roof of the cave. Each
fissure is marked by a line of small stalactites, and acts
as a separate conduit from a small surface catchment
above the cave to the growing speleothems below. The
cave climate close to the stalagmites has been monitored
semi-continuously over 2 years as part of an ongoing
project. Relative humidity, temperature and shifts in the
amounts of dripwater have been recorded, and drip-
water samples were collected for analysis of '%0/'°O

ratios. In addition, groundwater samples of recent and
fossil ages were obtained 120-150km south-west of
Makapansgat from hot springs at Bela Bela (formerly
Warmbaths) and from boreholes near the Settlers village
30km east of Bela Bela (Fig. 1). The samples were
analysed for '0/'°O composition in order to establish
general trends in the composition of past precipitation
and of drip water feeding the stalagmites. Ages were
calculated from the '*C content of the groundwater
using an initial content of 0.85 to account for dead
carbon dilution and calibrated with INTCAL9S (Stuiver
et al., 1998), extended with a calibration curve derived
from a stalagmite from Cango Cave in the southern
coastal region of South Africa (Vogel and Kronfeld,
1997).

Thirty 2-3 g samples were taken along the growth axis
of the 1.4-m T8 stalagmite and dated by high-precision
thermal ionisation mass spectrometry (TIMS) using
standard procedures (Jaffey et al., 1971; Cheng et al.,
2000). In this case dating by the *°Th/***U method
yields ages in calendar years before AD 2000. Small
(<0.1mg) samples were drilled for stable oxygen and
carbon isotopic analysis at approximately 1-mm inter-
vals along the stalagmite growth axis, using a 0.6-mm
diamond-tipped drill. All stable isotope analyses on
water and carbonate were performed using standard
equilibrium techniques on a Finnigan Mat 252 mass
spectrometer. Measurements were calibrated using NBS
standards 18 and 19 and inter-laboratory standards
Carrara Z and Lincoln Limestone. Isotope ratios are



K. Holmgren et al. | Quaternary Science Reviews 22 (2003) 2311-2326 2313

expressed in the & notation relative to PDB for
carbonate and SMOW for water, in parts per mil.
(%o)." Precision as determined on multiple determina-
tions of carbonate standards is better than 0.1 per mil.
for both §"°C and §'°0.

The analysis of patterns of variability was undertaken
using wavelet transform analysis. This involves a trans-
form from a one-dimensional time series (or frequency
spectrum) to a two-dimensional time—frequency image
(Lau and Weng, 1995; Torrence and Compo, 1998). A
wavelet analysis will thus clearly show frequency and
amplitude modulation of climatic oscillations over time.
Several choices of wavelet functions exist. We have
chosen to use the Morlet wavelet and continuous
wavelet transform, rather than the discrete wavelet
transform, since the greater number of scales at which
continuous wavelet transform can be calculated (for a
given data set) aids in the visual interpretation of the
results. The real wavelet function was used (instead of
the complex wavelet function), which resulted in a
continuous wavelet transform whose coefficients are
contoured as a function of time and frequency in the
figures (following an adjustment to convert scale to
the centre frequency of the wavelet). Instead of
establishing the temporal continuity of the signal by
plotting the absolute value of the continuous wavelet
transform as some do, contouring of the signed
coefficients themselves was employed here to establish
the phase relationships between the different frequency
components. This facilitates a clearer interpretation of
the data and provides a useful distinction between
positive- and negative-amplitude peaks. A persistent
oscillation appears as an unbroken ridge of positive
values in the standard presentation, but as a series of
positive and negative values in the presentation used
here, with the instantaneous sign of the oscillation
indicated by the sign of the wavelet transform. In order
to overcome the problem of irregular time intervals
between data points in the stalagmite record, linear
interpolation was used to provide regularly spaced data.
This has little or no effect on the frequency of any
oscillations that may be present in the data, but has the
effect of diminishing their amplitude and rendering the
wavelet analyses slightly more conservative. Whether
oscillations should be tested for statistical significance is
a moot point (Nicholls, 2000), especially in the case of
exploratory studies (Flueck and Brown, 1993). Such is
the case here and it can be argued that null hypothesis
significance testing may actually be misleading (Cohen,
1990; von Storch and Zwiers, 1999), especially when the
total data population and not just samples of it are being
considered (Nicholls, 2000).

18" 0pps.  smMow = (Rampie/Reer — 1) x 1000, where R="%0/'°0.
5d13CPDB. SMOW:(Rsample/Rref - 1) X 1000, where R= ISC/IZC-

3. Results
3.1. Groundwater

The ground water isotope data form three groups:
a recent group ("*C>100pmc; age <50 years) with
80 from —1.5% to —2.9%., a Holocene group
(**C 40-100 pmc; age 50-5000 years) with 8'*0 from
—3.7%0 to —4.4%0 and a Late Pleistocene group (older
than 14ka) with 3'%0 from —4.4%. to —5.2%o (Fig. 2a).
The high and variable 'O content of the recent group
can be explained by the fact that these water samples
are derived from urban areas or recently developed
agricultural lands where there is much opportunity for
evaporation enrichment. The '®0O content of the
Holocene group is closer to that of rainfall of the region
(sampled at Pretoria, 120km south of Bela Bela and
averaging —3.7%o for 1958-1985 (IAEA, 1992)) and is
assumed to represent natural recharge processes com-
parable to that of the Late Pleistocene group. On this
basis a local groundwater 8'*0 curve was constructed,
comprising values between —3.6%0 and —4.4%. for the
Holocene and between —4.4%0 and —5.2%o for the Late
Pleistocene (Fig. 2b). The general pattern of 'O
between Late Pleistocene and Holocene is similar to
that obtained from artesian water in Uitenhage (Heaton
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Fig. 2. 3'80 content (in %> SMOW) of groundwater samples from Bela
Bela hot springs (Verhagen, 1980) and Settlers boreholes as a function
of radiocarbon content (a) and against calibrated ages (b). The §'*0
composition of artesian water from Uitenhage (Heaton et al., 1986) is
shown for comparison.
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et al., 1986) (Fig. 2b), which is about 1000km to the
south of Makapansgat along the Eastern Cape coast

(Fig. 1).

3.2. Cave environment

Preliminary results of the climate monitoring study
show that relative humidity remains at ~100% in Cold
Air Cave throughout the year, temperature remains
between 18.5°C and 19.0°C, and that seepage water
responds rapidly (within 6 weeks) to onset of the rainy
season. Dripwater amount declines markedly in the dry
(winter) season. Isotopic values of dripwater samples
near the stalagmite locations have a mean value of about
—4%o, remaining relatively stable throughout the year in
spite of the large seasonal changes in dripwater quantity.
Indications are that values may be slightly higher (by up
to 0.5%o) at the end of the dry winter season. It appears
that the isotopic composition of the dripwater remains
consistent except for brief changes after extreme
precipitation events. A major flood event in February
2000 resulted in a transient change of —1.0%. at the
next collection.

Table 1

3.3. Age of stalagmite TS

Results of the 2*°Th/>**U age determinations are
presented in Table 1. No samples display sufficient >**Th
contamination (**°Th/***Th <20) to affect the age
determinations. Stalagmite growth occurred over the
past 24.4ka. For the period 0-12.7 ka, T8 is composed
of aragonite, like the previously analysed TS5 and T7
stalagmites from the same cave. Rapid growth rate
(11mm/100 years), high chemical yields and well-
resolved energy spectra resulted in precise age determi-
nations for this period. An age model (Fig. 3) was
produced by linear interpolation between dated intervals
for the period 0-10.2ka. A large age gap between two
closely spaced high-precision dated samples indicates
the presence of a 2.5ka hiatus at 10.2-12.7 ka. Between
12.7 and 24.4ka the stalagmite is composed of calcite
and dating precision is poorer owing to the low U
content and slow growth rate (2 mm/100 years). For this
section the age model was derived by linear regression
over the whole period (Fig. 3). Excellent dating precision
of +6-160 years was achieved for the period 0-12.7 ka;
prior to this, precision declines from about 500 years at
13 ka to about 3000 years at 24.4 ka.

TIMS uranium series dates of stalagmite T8, Cold Air Cave, Makapansgat Valley. Ratios are activity ratios expressed with 2¢ (numbers in brackets

give the statistical uncertainty of the last significant digit)

Sample mm U (ppm) B4y By 20h 24y 230Th/232Th Age (year)
T8-21 21 1.502 (5) 11.78 (6) 0.00150 (3) 269+5 11346
T8-20 43 0.942 (2) 8.72 (3) 0.0034 (1) 531420 321428
T8-19 62 0.854 (4) 8.95 (5) 0.00429 (10) 14142 418414
T8-18 101 0911 (2) 9.66 (3) 0.00646 (4) 740+ 5 65449
T8-17 117 1.095 (3) 9.61 (4) 0.00728 (10) 690+ 10 744424
T8-16 181 1.026 (3) 9.57 (7) 0.01337 (10) 81444 1411417
T8-15 215 0.924 (3) 9.75 (5) 0.01549 (10) 959+15 1644+ 14
T8-14 234 1.040 (4) 10.36 (6) 0.01670 (10) 1054+5 1778 422
T8-13 258 0.909 (5) 9.9 (1) 0.01772 (20) 29742 1890437
T8-12 276.5 0.990 (5) 9.24 (8) 0.01903 (30) 1450426 2034+73
T8-11 296 0.927 (2) 9.09 (4) 0.01986 (30) 859+ 14 2170471
T8-29 363 1.475 (5) 10.06 (5) 0.02637 (10) 154348 2845431
T8-08 502 0.968 (2) 10.57 (3) 0.03236 (30) 2624427 3549457
T8-07 602 1.474 (8) 10.48 (9) 0.04277 (30) 8334456 4674474
T8-28 650.5 2.258 (9) 10.49 (7) 0.04655 (30) 10,421 450 5100459
T8-06 812.5 2.246 (4) 9.73 (3) 0.060758 (30) 12,377+65 6748+ 31
T8-27 887 2.56 (1) 6.78 (5) 0.06819 (40) 11,7174+ 46 7558488
T8-05 977 1.95 (1) 6.09 (5) 0.07649 (60) 14,903+ 127 8556+ 145
T8-26 1039 1.3298 (2) 6.17 (1) 0.08396 (20) 5276+28 9378456
T8-04 1131.5 0.863 (4) 6.81 (5) 0.09016 (70) 38943 10,141 4160
T8-31 1135.5 1.2349 (7) 7.70 (8) 0.11182 (70) 8867452 12,687+ 160
T8-03 1160 0.03703 (6) 7.39 (4) 0.10849 (580) 250+13 12,280+ 1366
T8-32 1166.5 0.03969 (9) 7.21 (4) 0.12680 (130) 39224177 14,4744 331
T8-25 1175.5 0.0380 (1) 7.06 (4) 0.11608 (250) 116+2 13,145+ 584
T8-2b 1191 0.0983 (2) 7.59 (4) 0.11092 (180) 19943 12,580 +422
T8-02 1205.5 0.02220 (6) 6.99 (6) 0.14583 (100) 39443 16,726 +243
T8-24 1217.5 0.02551 (4) 7.46 (4) 0.13061 (510) 255410 14,880+ 1225
T8-23 1289.5 0.0426 (2) 8.05 (5) 0.16194 (300) 303+6 18,691 +735
T8-34 1326.5 0.0274 (3) 8.27 (12) 0.21611 (330) 1087+13 25,571+854
T8-22 1360 0.0250 (2) 8.9 (1) 0.20082 (370) 242+4 23,554+930
T8-01 1384.5 0.02254 (2) 7.56 (2) 0.18638 (300) 10942 21,777 4759
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Fig. 3. Absolute ages with errors (2¢) and interpolated growth for the
T8 stalagmite from Cold Air Cave, Makapansgat Valley.
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for stalagmites T7 (Lee-Thorp et al., 2001) and T8 resolved at 50-year
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3.4. Stalagmite isotopic composition

The above age model allows an average isotope
sample resolution of 9 years for the period 0-10.2 ka and
of 50 years for 12.7-24.4ka. The T7 and T8 5'%0 and
8'3C records can be compared where they overlap for
the past 6.5ka (Fig. 4). The two records compare well
for both 3'*0 and 8'*C; the frequency of occurrence of
peaks or troughs of opposite sign in the two data series
is less than 5%. It may be concluded that the stalagmite-
derived stable isotope proxies provide a robust signal of
local climatic and environmental change. Caution must
be exercised, however, since discrepancies do occur, e.g.
in the case of 8'®0 at 2.6-3.5ka. These may be a result

of small differences in the age models leading to
differences in apparent ages for given periods, or may
reflect real differences between the records due to local
variations. The full 0-24.4ka 5'0 and 8'*C records for
T8, plotted at 50-year intervals, are given in Fig. 5.
Because aragonite and calcite have different fractiona-
tion factors, in order to be comparable with the calcite
section (12.7-24.4 ka) values for the aragonite section in
the stalagmite (0-12.7ka) have been corrected by
—0.6%0 for 880 and by —1.8%0 for 8'°C (Tarutani
et al., 1969; Grossman and Ku, 1986). Since the 3180
signal is derived from rainfall and ultimately oceanic
source, the 3'®0 record is further corrected for global ice
volume following Guilderson et al. (2001), in order to
ensure comparability across the entire period.

3.5. Variability

Wavelet analysis of both 8'%0 and §'3C variations in
the 24.4ka Makapansgat record reveals complex
changes in climatic variability. The general pattern of
changes given by the T7 and T8 'O records for the
6.5ka overlap period is similar, though not identical
(Fig. 6). Some of the distinctions are likely influenced by
the different lengths of the two records. In the case of
the T8 8'80 record for the 24.4ka period the most
apparent changes in variability occurred in the range
2.54.0ka. Frequency modulation appears to have
occurred regularly over the whole period of record.
The pattern of changes, together with amplitude
modulation, is much clearer in the Pleistocene section.
Less strongly developed, but appearing in both 8'*0 and
8'°C records for Makapansgat, is an oscillation in
climate at around 0.75-1.25ka, hereafter called the
quasi-1.0ka oscillation. It underwent considerable
frequency modulation with the shortest period of
around 750 years occurring earlier than 20ka and the
longest period at around the time of the Early Holocene.
At the higher-frequency end of the variability spectrum
for the Makapansgat record, a clear ~ 100-year oscilla-
tion is evident. First reported for the last 3.5ka for the
T7 stalagmite (Tyson et al., 2002a), the oscillation is
confirmed (though in a weaker form) in the T8 data and
is present intermittently throughout the last 24.4 ka.

4. Discussion
4.1. The Makapansgat record

Variation in 8'®0 in speleothems is governed by the
5180 composition of the feeding water, which is, in turn,
determined largely by isotope effects in precipitation,
including moisture source, air temperatures and storm
tracks. It is further governed by the temperature-
dependent fractionation factor between the water and
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Fig. 5. The Makapansgat T8 §'%0 and 8'>C records for the last 24.4 ka years resolved at 50-year intervals. The aragonite section (0-12.7 ka) has been
corrected by —0.6%o for 8'80 and by —1.8%. for 8'°C to be comparable with the calcite section (12.7-24.4ka). In addition, the 8'%0 record has been

corrected for global ice volume following Guilderson et al. (2001).

the carbonate (Schwarcz, 1986; Lauritzen, 1995). If the
3'"%0 composition of both the carbonate (c) and its
feeding water (w) is known, then temperatures can be
estimated using the (Craig, 1965) equation

T =169 —4.28"%0, — 8"0,) + 0.13(3"* 0, — 8'0y)*.
(1

The overarching problem in speleothem isotope studies
is the estimation of past dripwater 8'*O composition. In
this study, 8'®0 ratios from groundwater samples
represent average values integrated over several thou-
sands of years. It is unlikely that §'8O ratios in
precipitation have remained stable over such long
periods. Consequently, it is not possible to use these
average values for estimating temperature variations at
the 9-50-year resolution of the Makapansgat §'°0
record. However, it is possible to use the mean values
of 3'%0 ratios of carbonate and groundwater for the
Holocene and Late Pleistocene to obtain an estimate of
the temperature difference between the two periods.
Given that the Holocene mean values for carbonate
(corrected to calcite values) and water are —3.86%o
and —4%o, respectively, and those for the Late Pleistocene
are —3.21%o0 and —4.8%o, mean temperatures of 16.3°C

and 10.6°C can be derived for the Holocene and Late
Pleistocene. The difference of 5.7°C compares well with
previous estimates of 5-6°C obtained from analyses of
dissolved gases from fossil aquifers in South Africa and
Namibia (Heaton et al., 1986; Stute and Talma, 1998).
The assumption that the 8'®0 composition of rain-
water has remained constant at finer timescales in the
past may be tested by comparing temperatures calcu-
lated from the groundwater and speleothem data, using
Eq. (1), with the observed meteorological record for the
last century (Fig. 7). The curve thus constructed shows a
cooling of 5°C from 1950 to the present, in contrast to
an observed warming of nearly 1°C for the same period.
It may be concluded that 3'O shifts in rain have
overprinted the temperature-dependent fractionation
from seepage water to carbonate, implying considerable
variation in the 8'®0 content of the rain. The oxygen
isotope composition of precipitation is controlled by
Rayleigh distillation of atmospheric vapour, driven
primarily by changes in air-mass temperature (Rozanski
et al., 1993). We propose that the observed variability in
3'%0 is probably a consequence of changes in the
frequency of intense convective high-altitude storm
events, on the one hand, and persistent mid-altitude
rain during wetter seasons. Convective rain and hail
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Fig. 7. Twentieth century observed temperature anomalies from the
1960-1990 normal (upper) and the speleothem-derived temperature
reconstruction (lower) based on the assumption that precipitation
5'%0 has been constant.

originating in the upper troposphere is markedly
depleted in 3'%0 (Rozanski et al., 1993). The frequency
of such storms increases significantly during relatively
dry summers (Harrison, 1986) that are associated with
the equatorward expansion of the atmospheric circum-
polar vortex leading to cooler, drier conditions over the
summer rainfall region of South Africa. With the
poleward expansion of tropical circulations that accom-
panies a contraction of the vortex, warmer, wetter
conditions prevail (Tyson, 1986; Tyson and Preston-
Whyte, 2000). This generalisation does not preclude
different combinations of conditions, such as warm and
dry, as the dynamics of the atmosphere gave rise to
different responses that masked the expanding—con-
tracting vortex effect for extended periods of time.
Support for the notion of an expanding—contracting
circumpolar vortex is evident from the Antarctic Taylor
Dome sodium (salt) record (see later in Fig. 9), which
shows a severe weakening of the vortex beginning at
around 16 ka and a reversion to the modern-day limit at
around 12ka (Steig et al., 2000).
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Changes in the Makapansgat record are therefore
ascribed to changes in the 8'®0 content of precipitation.
For some time it has been known that palaeoclimatic
changes in precipitation have resulted from changes in
the relative balance of tropically induced rainfall and
that originating in the westerly disturbance-associated
expansion of the circum-Antarctic atmospheric vortex
(Tyson, 1986; Cockroft et al., 1987). In wetter periods,
the high frequency of persistent warm rainfall from
middle-level stratiform cloud bands is assumed to
produce less '*O depletion in the rain than that occurs
in dry times. During drier spells, annual average rainfall
is less than in wet years, but thunderstorms and hail
increase in frequency, as may the rainfall amount in
single rainfall events. Thus, both the rainfall type
(storms, hail) and the amount effect (more with a single
event, but less on an annual basis) may contribute to
lower 8'80 values. The most plausible and internally
consistent interpretation of the Makapansgat 'O
record is that higher 3'*O reflects generally warmer,
wetter conditions while lower values imply cooler, drier
conditions. We have considered the alternative inter-
pretation that lower 8'®0 values are caused by the
amount effect and indicate generally wetter conditions
as is suggested by data available from the GNIP data
base on the isotopic composition of precipitation in
Pretoria (IAEA/WMO, 1998). This explanation is
rejected on the basis that, first, it is not consistent with
the general atmospheric circulation pattern described
above and, secondly, it is not compatible with the
observed positive correlation between measured regio-
nal temperatures and 8'*0 in the T7 stalagmite for the
last 100 years (Lee-Thorp et al., 2001), nor with the
observed correlation between measured regional tem-
peratures/precipitation and stalagmite colour/layer
thickness and 8'®0 (Holmgren et al, 1999). These
independent lines of evidence provide strong confirma-
tion that lighter 5'0 is representative of generally drier,
colder conditions in the Makapansgat Valley.

It is apparent that a drastic and abrupt change in
climate/environment occurred at 12.7 ka: a sharp change
in crystal form from calcite to aragonite was followed by
a 2.5ka hiatus after which higher growth rates, higher
concentrations of uranium and enrichment of stable
isotopes are observed in T8. The shift in stalagmite
mineralogy indicates the breaching of a threshold. The
balance between the two forms is controlled both by Mg
content and temperature/evaporation (Murray, 1954).
Since Mg is available from the dolomite bedrock, it may
be concluded that, in this case, temperature or evapora-
tion forced the mineralogical change. After correction
for global ice volume, the mean 3'%0 value for 24.4-
12.7ka is 0.3%o lower than the Holocene mean value
(Fig. 5). The unexpectedly small change in 8'*0, despite
a mean temperature change of 5.7°C between Late
Pleistocene and Early Holocene, results from the

temperature-dependent fractionation factor between
water and calcite dampening the '®0 signal in
precipitation.

Speleothem &'°C signals reflect the isotopic composi-
tion of the soil carbonate, which in turn depends on type
of vegetation, but the signal is also influenced by carbon
bedrock composition and degassing processes (Schwarz,
1986; Baker et al., 1997). The excellent replication of the
T7 and T8 §'°C records suggests that 8'°C provides a
robust indicator of local vegetation conditions. Further-
more, their close correspondence to the Late Holocene
trend in 8"°C from the Cango Cave stalagmite in
southernmost South Africa (Talma and Vogel, 1992)
indicates the presence of a regional signal that trans-
cends local effects. Speleothem carbonate with §'°C
values of about —13%o reflects an environment domi-
nated by vegetation following the Cs photosynthetic
pathway (including trees, small shrubs, etc.), whereas
carbonates with 8'*C values around + 1%o denote a pure
grassy Cy-biomass (Talma and Vogel, 1992). C,4 grasses
are adapted to high radiation and temperatures in the
growing season and grow preferentially where growing
season temperatures are above 22°C and minima are not
less than 8°C (Vogel et al., 1978; Ehleringer et al., 1997).
Furthermore, C4 grasses out-compete Cz grasses when
atmospheric CO, levels are low (Cerling et al., 1997;
Ehleringer et al., 1997). Variations in 8'*C thus reflect
changes in atmospheric CO,, temperature, moisture
conditions and seasonality of rainfall. The stalagmite
8'3C content, varying between ca —3.2%0 and —6.5%o
(Fig. 5), implies a continuous, significant presence of C4
grasses. In this context, small amplitude short-term
variations are inferred to reflect changes in the relative
proportion of C, grasses. Higher 8'°C values in the
stalagmite indicate good grass cover and therefore
optimal summer rainfall conditions, while low values
most probably indicate sparse grass cover associated
with drier conditions, although this may not be true in
every instance. The slightly higher 8'*C average for the
Pleistocene part of the record is probably a reflection of
lower atmospheric CO, levels in which C,4 grasses are
favoured. This interpretation is consistent with pollen
records at Wonderkrater, which show low Pleistocene
woody components, but higher proportion of woody
vegetation in the Holocene (Scott, 1982).

4.2. Palaeoclimatic inferences and comparison with other
records

The Late Pleistocene Makapansgat stalagmite record
indicates drier conditions, lower temperatures and
sparser grass cover at about 23-21, 19.5-17.5 and 15—
13.5ka (Fig. 5). Both the Makapansgat 8'®0 record and
a pollen-derived temperature index from nearby Won-
derkrater (Fig. 1) (Scott, 1999), based on a new age
model (Scott et al., submitted), show rapid warming
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Fig. 8. A regional comparison of the Makapansgat 50-year interval
stable isotope records (smoothed with a 9-term binomial filter) with
Wonderkrater pollen-derived temperature and humidity indices (Scott,
1999).

after a subdued cold event at 17.5ka, a return to colder
conditions around 15ka and renewed warming after
about 13.5ka (Fig. 8). Maximum cooling occurred at
17.5ka with the Wonderkrater pollen sequence indicat-
ing a 1000 m drop in vegetation zones, i.e. depression by
5-6°C (Scott, 1982). These findings accord with various
less detailed regional proxy records indicating generally
drier and colder conditions at this time (Partridge, 1997,
Thomas et al., 2000).

Bearing in mind the large age uncertainties for the
oldest part of the Makapansgat record, the record can
be tentatively compared with others in regions beyond
South Africa. The maximum drying and cooling at
17.5ka precedes the Heinrich 1 event and corresponds
with similar conditions reflected in the Taylor Dome
3'%0 (Steig et al., 2000) (Fig. 9) and Vostok deuterium
(Bliinier et al., 1998) ice-core records and by lowstands
in tropical Lake Victoria (Stager et al., 2002). The rapid
warming and associated wetter conditions beginning
after 17.5ka correspond to similar trends in the South-
ern Hemisphere polar and tropical ice-core records
(Thompson et al., 1995; Bliinier et al., 1998; Steig et al.,
2000). Concurrent warming is observed in terrestrial
lake sediment records from southern African mid- to
low-latitudes (Gasse and Van Campo, 1998; Johnson
et al., 2002); this hemispheric signal apparently leading
that in Northern Hemisphere records by about 2.0ka
years. The return to colder/drier conditions in the
stalagmite record, from 15 to 13.5ka, appears to be a
local reflection of the Antarctic Cold Reversal recorded
in ice cores from Antarctica (e.g. Blunier et al., 1998)

with the exception of the Taylor Dome record (Steig
et al., 2000; Fig. 9).

The hiatus from 12.7 to 10.2ka precludes the
reconstruction of environmental conditions based on
isotopic variations, but the Wonderkrater temperature
index shows an interruption in the warming trend
centred on 11.3ka (Fig. 8). High abundance of the
pollen taxa Chenopodiaceae and Amaranthaceae sug-
gests the prevalence of strongly evaporative, but not
necessarily low-rainfall, conditions between ca 12 and
10 ka (Scott, 1982; Scott and Holmgren, submitted). The
hiatus in Makapansgat stalagmite growth probably
reflects the cessation of drip coincident with the onset
of these conditions. Drier environments have been
inferred in many regions in Africa during this interval,
which in northern Europe and elsewhere is defined as
the Younger Dryas chronozone. Low lake levels are
observed in Lake Victoria at around 12.5ka (Stager
et al., 2002) and in northern Africa at around 12.4ka
(Gasse, 2000). Both cool and dry conditions between 12
and 10.3ka are suggested by low mass accumulation
rate of biogenic silica in Lake Malawi (Johnson et al.,
2002); this interval was followed by an abrupt reversion
to warmer wetter Holocene conditions and increasing
mass accumulation rates. All these findings accord well
with the South African record of changes. However, the
explanation of the Lake Malawi changes being forced by
a southern migration of the ITCZ during Late
Pleistocene times (and hence more northerly winds over
northern Lake Malawi) flies in the face of the proposed
compression of the subtropical high-pressure belts
towards the equator with equatorward expansion of
the circumpolar vortex during glacial times over south-
ern Africa and elsewhere (Lancaster, 1981, 2000). Other
lake records from equatorial and northern Africa
indicate, however, that humid conditions were estab-
lished already at ca 11.5ka (Gasse, 2000) or do not show
any evidence at all of dry conditions at the Lateglacial/
Holocene transition (Thevenon et al., 2002).

After the hiatus in the T8 stalagmite, the growth rate
increased markedly. The Cango Cave stalagmite from
southernmost South Africa (Talma and Vogel, 1992)
shows a longer hiatus separating the slow growth rates
during the Pleistocene from higher rates during the
Holocene; the latter indicate amelioration of environ-
mental conditions on a regional scale and a rapid
increase in vegetation cover, with a corresponding rise in
soil CO, production and enhanced bedrock weathering.
Both the 3'®0 stalagmite record and the Wonderkrater
temperature index indicate generally warm conditions
between 10 and 6 ka (Fig. 8). This precedes the southern
African Holocene altithermal identified in previous
studies (Tyson et al., 2001), but accords with the Early
Holocene warming documented in Antarctic ice cores
(Masson et al., 2000), in marine cores in South Atlantic
(Hodell et al., 2001) and in the recently recovered
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Fig. 9. Comparison of the Makapansgat 5'*0 record (50-year intervals and filtered with a 9-term binomial filter) with Taylor Dome 5'*0 and sodium
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are indicated. Inset figure shows the Taylor Dome sodium record for the Holocene at an enlarged scale, together with the Makapansgat record for

easier comparison.

Kilimanjaro ice cores (Thompson et al., 2002). The §'3C
record shows a rapid decrease after 10.2ka to reach its
lowest values at 9-8.4ka, indicating either increased
abundance of C; woody vegetation and/or a sharp
reduction in C,4 grass cover (Fig. 5). This depletion in
8'°C coincides with an exceptionally white section of the
stalagmite, reflecting low organic content and support-
ing the inference of a vegetation-poor, considerably
drier environment. Further evidence for regional desic-
cation at that time comes from the Wonderkrater pollen
record (Fig. 8). After 8.5ka increased grass cover is
indicated at Makapansgat while the Wonderkrater
moisture index, which is not dependent on the abun-
dance of grass pollen, suggests a continuation of dry
conditions (Fig. 8). Grass pollen does, in fact, increase at
Wonderkrater (Scott et al., in preparation), but the
pollen spectra indicate a dry, grassy, sparsely wooded
ecosystem similar to that of the present semi-arid
Kalahari Thornveld. The increase in grass pollen
coincides with a sharp decrease in Cyperaceae pollen,
indicating shrinking of the Wonderkrater swamp (Scott,

1982; Scott et al., in preparation). Linear dune
construction in Zambia at 10-8ka (O’Connor and
Thomas, 1999) argues for more widespread arid condi-
tions. These conditions correspond to a period of low
sunspot activity (Stuiver et al., 1998) preceding the
“8.2ka cold event” observed in the North Atlantic (e.g.
Alley et al., 1997; deMenocal, 2000; Peterson et al.,
2000). They also correspond to a precessional minimum
of solar radiation over southern Africa. Equatorial and
northern Africa lake records (Gasse, 2000) and the
Kilimanjaro ice-core record (Thompson et al., 2002)
document a short but strong dry event at about 8.2—
8.3 ka within an overall humid Early Holocene.

Both the Makapansgat 3'*0 record and the Won-
derkrater temperature index show a gradual mid-
Holocene cooling between 6 and 3ka (Figs. 5 and 8).
The 8'°C values indicate variable but mostly dry
conditions. This part of the T8 8'%0 record does not,
however, accord precisely with the corresponding
section of stalagmite T7 from the same cave (Fig. 4).
Care must therefore be exercised in postulating
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teleconnections at that time. However, it should be
noted that the T8 record accords with the global
evidence for mid-Holocene cooling; in the Southern
Hemisphere this temperature decline has been docu-
mented in the Antarctic ice cores (Masson et al., 2000),
in South Atlantic marine sediments (Hodell et al., 2001)
and by glacier expansion in New Zealand (Porter, 2000).
The dune record from Zambia (O’Connor and Thomas,
1999) indicates arid conditions at 6-2ka. Evidence for
colder, drier conditions in equatorial Africa comes from
the Kilimanjaro ice cores (Thompson et al., 2002) and
from glacier expansion on Mt Kenya (Karlén et al.,
1999). A biome reconstruction for Africa (Jolly et al.,
1998) indicates drier than present conditions in eastern
South Africa and equatorial Africa starting at 6ka
(uncalibrated radiocarbon years) at the same time as
wetter conditions occurred in northern Africa, suggest-
ing a poleward shift of the north African monsoon.
Many lake level records from equatorial and northern
Africa, however, suggest that regionally widespread
aridity did not occur until after ca Ska (Gasse, 2000).
The mid-Holocene trend towards lower 8'*0 values at
Makapansgat mirrors the increase in Na concentrations
and lower 8'%0 values recorded at Taylor Dome (Steig
et al., 2000) (Fig. 9). Once again a strong connection
between an enlarged circum-Antarctic vortex and
declining temperatures over South Africa is indicated.

The detailed Makapansgat T7 stalagmite record for
the last 3 ka has been analysed previously (Tyson et al.,
2000) and accords with the lower-resolution Wonderk-
rater pollen record. High grass and Asteraceae pollen
counts support the inference from the isotope record of
a cool, grassy environment at 3-2 ka. In contrast, warm,
wet conditions and a bushy environment occurred from
1.2 to 0.6 ka. The most recent cool, dry event was that
associated with the Little Ice Age from about AD 1500
to 1800.

4.3. Variability

Wavelet analysis of both 8'%0 and §'*C variations in
the 24.4ka Makapansgat record reveals complex
changes in climatic variability over the region. In the
case of the 8'®0 record, the largest changes in variability
occurred with quasi-periodicities in the range 2.5-4.0 ka
in pre-Holocene times (Fig. 6). Frequency modulation
of this oscillation appears to have occurred regularly
over the whole period of record. In contrast, amplitude
modulation was much more pronounced in pre-Holo-
cene times. Variability with a period of about 4.7 ka has
been observed in marine cores from Indian Ocean
(Pestiaux et al., 1988) and North Atlantic (Bond et al.,
1997; Alley et al., 2001). A global ~2.5ka oscillation
has been reported from glacier fluctuation (Denton and
Karlén, 1973), ice cores (Dansgaard et al., 1984; O’Brien
et al., 1995) and marine cores (Pestiaux et al., 1988;

Rohling et al., 2002). Variability in this range has been
ascribed to non-linear responses to the precession cycle
(Pestiaux et al., 1988) and solar forcing (Davis et al.,
1992; Stuiver et al., 1995), as well as to stochastic
resonance of Dansgaard/Oeschger events every 1500
years, or multiples thereof (Ganopolski and Rahmstorf,
2002).

Less strongly developed, but appearing in both §'%0
and 8'°C records for Makapansgat is the oscillation in
climate at around 0.75-1.25ka, the quasi-1-ka oscilla-
tion. It underwent considerable frequency modulation
with the shortest period of around 750 years occurring
earlier than 20 ka and the longest in the Early Holocene.
The most pronounced change in the pattern of
variability occurred at around 6 ka. At widely separated
localities elsewhere in the world, variability with a quasi-
period of around 1.0-1.5ka has been reported by many
workers. Monsoonal climates show high-frequency
variability with intervals of 1.8, 1.45 and 1.15ka
(Sirocko et al., 1996). North Atlantic deep ocean cores
reveal Holocene climatic shifts with a period of
1.5+0.5ka (Bond et al., 1997, 1999, 2001; Bianchi and
McCave, 1999). A faunal record of sea-surface tem-
perature variations off West Africa also suggests
variability within the range 1.0-2.0ka (deMenocal
et al., 2000) and geochemical and clay parameters in
mineral marine cores from the continental slope off
Chile show bands of variability at ~0.9 and 1.5ka years
(Lamy et al., 2001). Eleven ice cores from a variety of
coastal and central Antarctic sites typically show
oscillations of 0.8-1.2ka, with a reduced spacing
between warm events (~800 years) and an enhanced
spacing (~ 1200 years) during cooler periods (Masson
et al., 2000). The Makapansgat record suggests the
opposite, in that the highest frequencies (with a quasi-
period of ~750 years) occurred earlier than 20 ka and
the lowest (~ 1250 years) during the Early Holocene.
Climate oscillations in the range 1.5+0.5ka have been
thought to result from changes in the thermohaline
circulation of the North Atlantic and its connectivity
with the global thermohaline conveyor (Bond et al.,
1997; Bianchi and McCave, 1999), from vegetation-
albedo positive feedbacks (deMenocal et al., 2000), from
stochastic resonance (Ganopolski and Rahmstorf, 2002)
and perhaps most persuasively, from variations of solar
output (Stuiver et al., 1995; Bond et al., 2001).

At the higher-frequency end of the spectrum, the
~ 100-year oscillation, prominent during the first 3500
years of the T7 record (Tyson et al., 2002a), can be
discerned weakly and intermittently throughout the
24.4ka T8 record. It is also observed in long tree-ring
records from South Africa and in a run-off record for
the Zambezi River at the Victoria Falls (Tyson et al.,
2002a). The ~ 100-year oscillation (often referred to as
the ~80-year oscillation) is evident in a number of long
records, such as the Greenland Camp Century oxygen
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isotope record (Dansgaard et al., 1973), the Nile River
flood series (Hameed (1984) quoted in Hoyt and
Schatten, 1997), in cosmogenic isotopes in tree-ring
series (Hoyt and Schatten, 1997), as well as in central
England temperatures (Burroughs, 1992) and Chinese
rainfall (Zhu and Wang, 2002). Furthermore, significant
variability has been found to reside in the 60-80-year
band in simultaneous historical Northern Hemisphere
surface air temperature and sea-level pressure (Mann
and Park, 1994, 1996), in global sea-surface temperature
data (Folland et al., 1998) and in joint empirical
orthogonal function analysis of historical sea-surface
temperatures and mean sea-level pressures around the
globe (Allan, 2000). It has been suggested that the
variability at around 100 years may be related to
changes in solar output associated with the Gleissberg
cycle of around 80 years, which is, in turn, linked to high
and low phases of the 11-year solar cycle (Lean et al.,
1992, 1996; Hoyt and Schatten, 1993, 1997; Harrison
and Shine, 1999). The T8 Makapansgat data indicate
that the 100-year rhythm in southern African climates
was considerably more long lived than was previously
thought to be the case.

4.4. Major forcing mechanisms

Long palacoenvironmental records within and around
southern Africa clearly demonstrate the interplay
between Milankovitch solar forcing and influences
originating from local components of the global
thermohaline system, as well as from elements of the
circum-Antarctic atmospheric circulation (Partridge,
2002). Both of the latter forcings probably arise from
non-linear responses to orbital influences (Curry and
Oppo, 1997), but are separated for the purposes of this
discussion. It has been shown that precessional forcing
has produced clear climatic responses in the continental
interior of southern Africa during the last 200,000 years
(Partridge et al., 1997). As the precessional signal
weakened, so regional influences became more impor-
tant, and after about 50ka climatic changes appear to
have been driven increasingly by stadial/interstadial
cycles (Partridge, 2002). The precessional low, which
occurred at the beginning of the Holocene, is reflected
particularly clearly in the antiphase response of African
lakes on either side of a line some 10-15° south of the
equator: south of this, low lake levels reflect dry
conditions associated with the Early Holocene decline
in incoming solar radiation, while around the equator
and in areas to the north lake levels were high in
conformity with a northward shift in the position of the
ITCZ (Partridge and Scott, 2000; Tyson and Partridge,
2000). The southern African precessional low is, as must
be expected from the more evaporative conditions which
it brought, reflected in the Makapansgat Holocene
record before about 7ka. This response of the isotope

record to orbital precession is in accord with the findings
of Wang et al. (2001) from the longer speleothem time
series in China where, however, an inverse correlation is
evident because of the Northern Hemisphere location of
the site.

The onset of cold stadials at high Ilatitudes is
manifested in two ways over southern Africa. The
extension of Antarctic sea-ice shifts the oceanic Antarc-
tic Convergence northward; this increases the diameter
of the atmospheric circumpolar vortex. At the same time
a steepened thermal gradient across Antarctica increases
the intensity of the circulation. The net result is an
extension northwards of the mid-latitude westerlies and
an associated equatorward displacement of the sub-
tropical highs with their attendant weather-suppressing
subsidence. At the same time the influence of preces-
sional forcing via the tropical easterlies is diminished.
Precipitation responses in the summer rainfall region are
a decrease in annual rainfall receipts and an increase in
the small winter rainfall component (but without a
change in overall seasonality). This atmospheric re-
sponse is virtually instantaneous.

In the context of the thermohaline circulation,
slowing or cessation of the North Atlantic Deep Water
formation (e.g., during the Younger Dryas or the first
Heinrich event) restricts heat transfer from the western
Indian Ocean into the eastern South Atlantic via the
Agulhas current (Zonneveld et al., 1997; Lutjeharms
et al., 2001). This involves a significant time lag; its effect
is to lower sea-surface temperatures along the west coast
of southern Africa as well as to amplify and prolong arid
interludes, particularly over the western parts of the
subcontinent. These oceanic changes are analogous to
the millennial-scale, ENSO-like shift in sea-surface
temperature distributions that have characterised the
tropical Pacific Ocean during the past 3.0-7.0ka
(Koutavas et al., 2002; Stott et al., 2002).

In southern Africa, centennial-scale teleconnections
of an ENSO-like character (similar to those observed
with individual ENSO occurrences during the period of
instrumental record) have been observed between Kenya
and South Africa (Tyson et al., 2002b) adding credence
to the notion that long-period changes in secawater
temperature and salinity variability in the tropical
Pacific Ocean may have regional implications and
manifestations far beyond the source area.

In the case of the Makapansgat record, these oceanic
influences are clearly evident in the intervals of depleted
8'*0 which occurred after about 23.5, 19ka, and again
after about 15.5ka. Similar shifts are observed in the
Mozambique Channel marine core record (Bard et al.,
1997). In Antarctica, similar trends are observed in the
Taylor Dome ice-core record, but at higher amplitudes
and not with complete synchronicity (Steig et al., 2000).
Shifts in the Makapansgat record appear to lead those in
the Antarctic cores. However, the association must be
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treated with caution because of the large error limits
applicable to the Pleistocene segment of the Makapans-
gat record.

5. Conclusions

The 24.4ka, high-resolution and near-continuous
Makapansgat T8 record documents climate change in
southern Africa from the Lateglacial period through the
Holocene. The record has an extremely good chronol-
ogy for the Holocene and a somewhat less secure, but
nonetheless good, dating control for the Pleistocene.
Together with the nearby pollen record and ground-
water isotope data, the Makapansgat speleothem record
provides the basis for a robust high-resolution palaeo-
climatic reconstruction for the region.

Mean temperature conditions for the Holocene and
Pleistocene have been calculated, using mean oxygen
isotope data from the aquifer and the stalagmite. The
mean temperature difference is 5.7°C and compares well
with similar estimates of 5-6°C in other parts of South
Africa and Namibia.

Low Makapansgat 8'%0 values place the coolest
period of the record at around 17-18 ka preceding the
Heinrich 1 event. The Antarctic Cold Reversal is evident
and is centred about 13.5ka. Formerly thought to be
unique to southern polar records, this reversal is an
event traceable from pole to equator in the Southern
Hemisphere. The initiation of strong postglacial warm-
ing is clearly evident in the Makapansgat record, but its
character is lost in the 2.5ka hiatus in speleothem
growth at 10.2-12.7 ka. This hiatus is coeval with the
Younger Dryas or Heinrich 0 event. The neighbouring
Wonderkrater pollen record suggests that evaporative
conditions prevailed at this time. The Early Holocene is
characterised by regionally pervasive dry, evaporative
conditions. The more recent Holocene shows an overall
trend towards lower §'80, with a number of sharp
negative excursions from about 5.2ka. Clear mid-
Holocene cooling is evident in the Makapansgat T8
record between about 2.5 and 6ka. Warmer periods
occurred between 1 and 2ka and were followed by a
resumption of the declining trend. Evidence for medie-
val warming is present. The Little Ice Age covered the
four centuries between AD 1500 and 1800 and at its
maximum at AD 1700 represents the most pronounced
negative 5'%0 deviation in the entire record.

Superimposed on long-period changes, a spectrum of
climatic variability is apparent in the Makapansgat
record. Evidence of change at Milankovitch scales is
forthcoming. More pronounced is variability in the
range 2.5-4.0ka. During the Pleistocene part of the
record amplitude modulation is particularly apparent.
Wavelet analysis clearly reveals the continuity of the
oscillation despite frequency changes, and illustrates the

difficulty of determining the quasi-periodicity of such
variability using traditional methods of spectral analy-
sis. Also present in the record is a weaker signal at
around 1.0ka that may be an echo of the Bond cycles
reported for the North Atlantic region.

Comparison of the Makapansgat record with the
Taylor Dome sodium record corroborates the hypoth-
esis that an expanding—contracting atmospheric circum-
polar vortex, by shifting the westerlies and their
attendant weather-producing disturbances equatorward
and poleward, did much to control the changing
patterns of climate over southern Africa over long
periods of time. With retreat of tropical circulations
equatorward with an expanding vortex, the summer
rainfall region of South Africa became cooler and
drier (in contrast to the south-western winter rainfall
region of the subcontinent which became wetter
and cooler). With contraction of the vortex and pole-
ward advance of tropical circulations the opposite
occurred.

A clear understanding of earth system functioning
from the last glacial onwards is hampered by a paucity
of good, high-resolution terrestrial records from the
Southern Hemisphere. Such a record is now available
from the Makapansgat stalagmites. It allows a detailed
interpretation to be made of climatic change and
variability in the summer rainfall region of South
Africa. The record is robust and representative of a
much larger region of southern Africa. Furthermore, the
new findings from South Africa provide a vital link in
the chain of events that have taken place over the last
24.4ka years between the tropics of the Southern
Hemisphere and high latitudes of Antarctica.
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