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Abstract

Variations in the temporal and spatial distribution of solar radiation caused by orbital changes provide a partial
explanation for the observed long-term fluctuations in African lake levels. The understanding of such relationships is
essential for designing climate-prediction models for the tropics. Our assessment of the nature and timing of East
African climate change is based on lake-level fluctuations of Lake Naivasha in the Central Kenya Rift (0°55’'S
36°20’E), inferred from sediment characteristics, diatoms, authigenic mineral assemblages and 17 single-crystal “*Ar/
¥Ar age determinations. Assuming that these fluctuations reflect climate changes, the Lake Naivasha record
demonstrates that periods of increased humidity in East Africa mainly followed maximum equatorial solar radiation
in March or September. Interestingly, the most dramatic change in the Naivasha Basin occurred as early as 146 kyr
BP and the highest lake level was recorded at about 139-133 kyr BP. This is consistent with other well-dated low-
latitude climate records, but does not correspond to peaks in Northern Hemisphere summer insolation as the trigger
for the ice-age cycles. The Naivasha record therefore provides evidence for low-latitude forcing of the ice-age climate
cycles.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tropical African climate is mainly controlled
by the strength of the African—Asian monsoonal
circulation and the position and seasonal migra-
tion of the Intertropical Convergence Zone
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(ITCZ) (Fig. 1a). The zone of maximum rainfall
follows the latitudinal position of the overhead
sun with a time lag of about 4-6 weeks. This
results in one rainy season in most of the northern
and southern sectors of the continent, whereas the
annual cycle of rainfall in equatorial East Africa
is bimodal with rainy seasons in April-May and
October—November. During the Pleistocene, Afri-
can climatic changes on time scales of thousands
of years were apparently paced by periodic (23—
19 kyr) variations in insolation resulting from
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Earth’s orbital precession [1-3]. Due to the geom-
etry of precession, changes in summer solar radi-
ation are in antiphase between hemispheres, caus-
ing maximum monsoonal circulation and moister
climate every 23-19 kyr in North and South Afri-
ca [4-7]. In contrast, periods of increased humid-
ity in equatorial East Africa occurred at 10-11
kyr intervals following maximum equatorial inso-
lation in March and September [8§].

The timing of climate change in Africa during

the last two glacial-interglacial cycles is still
poorly known. This is partly due to the fact that
few paleoclimate chronologies extending back to

~ 200 kyr are available. These records are usually

well-dated for the last ~40 kyr but uncontrolled
in the older parts, mainly because of the temporal
limitations of the radiocarbon method [6,9,10].
Few records provide some evidence for a period
of high lake levels and increased humidity at

~ 135 kyr BP, well before the intensification of

the monsoon system after the penultimate glacial
[11-13].

Recently, high-quality chronologies of tropical

Fig. 1. (a) Location of sites mentioned in the text. (b) Kenya Rift showing Lake Turkana, paleo-Lake Suguta, Lake Naivasha
and Lake Nakuru-Elmenteita and Lake Magadi. (c) Naivasha Basin showing location of the Ol Njorowa Gorge, the Olkaria,
Mt. Eburru and Mt. Longonot volcanic complexes. The Gilgil and Malewa rivers are the main water sources of modern Lake
Naivasha.

climate have become particularly important in the
discussion of a tropical forcing of deglaciation
[14,15]. The key argument of this hypothesis is
that tropical sea-surface temperatures (SSTs) lead
high-latitude Northern Hemisphere ice volumes
by several thousand years [16,17]. A tropical forc-
ing of deglaciation could also help explain why ice
ages occur in both hemispheres simultaneously
although the changes in solar irradiance from or-
bital variations have opposite effects in the north
and south [18]. However, these assessments are
based on marine records, which are often difficult
to date beyond the radiocarbon time scale.

Here, we present a precisely dated high-resolu-
tion lacustrine sequence of climate-induced hydro-
logical changes from the closed Naivasha Basin
(Central Kenya Rift) extending back to 176 kyr
BP (Fig. 1b). A first compilation of the sediment
characteristics and *°Ar/*Ar ages has been pub-
lished in [8] and [19]. We present: (a) a more de-
tailed description of the sedimentary sequence, (b)
detailed statistical analysis of the geochronologi-
cal information, and (c) a discussion of the timing
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of the environmental changes during the last two
glacial-interglacial cycles (marine isotope stages
(MIS) 6-1). Our data provide important insights
into tropical climate change and the role of the
tropics in global climate change.

2. Setting

The present climate patterns in East Africa in-
clude several major air streams and convergence
zones, superimposed upon regional factors associ-
ated with topography, large lakes, and maritime
influence [20,21]. Regional wind and pressure pat-
terns include the Congo air stream with westerly
and southwesterly air flow, as well as the NE and
SE monsoons. In contrast to the Asian SW mon-
soon, both monsoons over East Africa are rela-
tively dry. In contrast, the Congo air stream is
humid and associated with rainfall. These major
air streams are separated by the Intertropical
Convergence Zone (ITCZ) and the Congo Air
Boundary. Rainfall in East Africa is mainly linked
to the passage of the ITCZ causing a strongly
bimodal annual cycle [21]. The period during
April-May is considered to be the ‘long rains’
while the October—November period is called the
‘short rains’, following the latitudinal position of
the overhead sun with a time lag of about 4-6
weeks. Fluctuations in the intensity of precipita-
tion are linked to E-W adjustments in the zonal
Walker circulation associated with the El Nifio/
Southern Oscillation (ENSO), but these may be
more directly a response to SST variations in
the Indian and Atlantic Oceans, which in turn
are modulated by ENSO [21].

Located at 1890 m above sea level, Lake Nai-
vasha is the highest lake in the Central Kenya
Rift (0°55’S 36°20'E) (Fig. 1c). To the west the
Naivasha Basin is bounded by east-dipping nor-
mal faults of the Mau Escarpment and by Mt.
Eburru volcano; to the east the basin is bordered
by west-dipping faults that separate the intrarift
Kinangop Plateau from the eastern rift shoulder.
To the north the basin is also limited by normal
fault scarps, whereas the southern boundary com-
prises the trachytic Mt. Longonot volcano and
the rhyolithic Olkaria Volcanic Complex (Fig.

1). The history of the Naivasha Basin began at
about 320 kyr BP, when lava flows at Olkaria
closed the southern basin outlet between the
flanks of the 400 kyr old Mt. Longonot and the
Mau Escarpment [22,23]. However, stratigraphi-
cal relations in the Ol Njorowa Gorge in the tran-
sition between the Olkaria Volcanic Complex and
Mt. Longonot show that a large lake did not exist
before ~ 146 kyr BP [8].

The majority of the volcanic units at Olkaria
are younger than 20 kyr [23] and cover the pre-
dominantly lacustrine section exposed within the
Ol Njorowa Gorge (Fig. 1). The gorge is the site
of an outlet of a Holocene lake and was cut by
headward erosion [24]. The lacustrine succession
is 60 m thick and unconformably overlies the old-
est rhyolithic lava flows and pyroclastics of the
Olkaria Volcanic Complex [8,19] (Fig. 2). The de-
posits in the gorge are mainly yellow to buff
waterlaid tuffs with altered lapilli. Diatomite and
laminated siltstone are also common, as are inter-
calations of coarse clastic fluvial sediments and
pyroclastic deposits indicating intermittent subae-
rial conditions. Except for major erosional uncon-
formities at the top and base of the section, the
lake sediment sequence is conformable. The base
of the profile at 1840 m is 50 m below the present
lake level. No sediments of similar age were found
in the Naivasha Basin due to the lack of exposure
[25].

Modern Lake Naivasha contains ~ 0.85 km? of
water over an area of about 170 km?. Around
12% of the lake surface is covered by papyrus
swamps. Whereas most of the Kenya Rift lakes
such as Lake Elmenteita (1776 m) and Lake Na-
kuru (1758 m) are highly alkaline, Lake Naivasha
is fresh and has a relatively low pH of ~ 8.1 [26].
Since the lake area receives only 600 mm yr—! of
rain and potential evapotranspiration is about
1800 mm yr~' [23], this is most likely related to
significant southward and northward ground-
water seepage combined with a recharge by the
Malewa and Gilgil rivers [22,26]. These two
streams drain a large catchment area of 3200
km?, which includes areas of high elevation on
the eastern rift shoulder (i.e. the Kinangop Pla-
teau and the 4400 m high Aberdare Range, where
rainfall exceeds 1750 mm yr~! [23,27,28]) (Fig. lc).



300 M.H. Trauth et al. | Earth and Planetary Science Letters 206 (2003) 297-313

3. Methods
3.1. ®4r° Ar geochronology

We sampled a 60 m thick sedimentary and py-
roclastic sequence in the Ol Njorowa Gorge,
which was incised and exposed after the last
lake-level highstand at around 10-6 kyr BP [24].
Anorthoclase and sanidine phenocryst concen-
trates from 16 tuff beds (ignimbrites, air-fall tuffs
and reworked tuffs), and one lava flow were dated
by the laser-fusion “*Ar/3° Ar method (Figs. 2 and
3). The sampled units ranged stratigraphically
from comenditic lava at the base of the volcani-
clastic section in the Njorowa Gorge, to the
prominent yellow tuffs forming the top of the
section. Where feasible, phenocrysts were sepa-
rated from hand-picked pumice lapilli.

Two variants of the laser-heat **Ar/** Ar meth-
od were employed. The first is the ‘total-fusion’
technique (TF), in which individual crystals or
small populations of grains (three to eight crys-
tals) are fused in a pseudo two-step sequence. The
first ‘step’, which is not analyzed, is a low-power
outgassing of the grain surface using a defocused
beam, primarily to strip away much of the adher-
ing atmospheric argon. The second step consists
of a rapid heating of the sample to fusion using a
focused laser beam. Ar released by this step is
analyzed in a magnetic-sector noble gas mass
spectrometer to produce a date. Both Ar-ion
and CO, lasers have been used as heating devices
in this study. The second variant of the laser-heat-
ing “°Ar/3°Ar method involves incremental heat-
ing and analysis of the 25-75 mg of sample at
progressively higher power levels using a defo-
cused CO, laser (IH technique). In this arrange-
ment, the laser beam is passed through a special
integrator lens to produce a square, 6 X6 mm
beam at the focal point, with a nominally uniform
energy profile [29].

Samples were irradiated in the Cd-lined CLI-
CIT facility of the University of Oregon TRIGA
reactor for 3045 min in two batches. Sanidine
from the Fish Canyon Tuff of Colorado (28.02
Ma) was used as a flux monitor [30]. Additional
details of the analytical technique can be found in
[31,32]. To facilitate comparison of dating results,

Change from Lake Level “°Ar/%°Ar  Lithologic units
present High—>Low ages
lake level (m)
Post-lake airfall tuffs
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Fig. 2. Sediment profile of Ol Njorowa Gorge showing major
lithologic units, “°Ar/*’ Ar ages and inferred lake-level flucta-
tions based on diagenetic mineral phases and diatomites.

14C ages were converted to calendar ages as pub-
lished in Radiocarbon 40, no. 3 (1998).

3.2. Reconstruction of lake-level fluctuations

The paleoecology of the basin was recon-
structed using authigenic mineral phases (e.g. cha-
bazite, clinoptilolite and analcime) [33-37] and
siliceous algae (diatom) assemblages [38]. Bulk
mineralogy was obtained from X-ray diffraction
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using standard techniques. Silicic pyroclastic de-
posits in the profile allow an evaluation of lake
alkalinity by means of the degree of alteration of
volcanic glass and the presence of authigenic sili-
cates. Authigenic silicates such as zeolites and po-
tassium feldspar are common in ephemeral water
bodies in arid or semiarid regions where high pH
conditions result from concentration of sodium
carbonate—bicarbonate due to evapotranspiration
[33-37]. Similar to other lacustrine environments
with alternating phases of water chemistry, verti-
cal variations of authigenic mineral phases in the
Naivasha sediment sequence thus define lake-level
fluctuations and alkalinity changes through time
[8,19]. Freshwater phases are characterized by di-
atomite, unaltered volcanic glass and absence of
authigenic silicates. In contrast, silicic glass with
perlitic cracks, glass shards with montmorillonite
rims, occasional chabazite and phillipsite repre-
sent the transition to alkaline conditions with a
pH of about 9. Even higher alkalinity results in
the formation of clinoptilolite, and extremely al-
kaline pore waters lead to the precipitation of
analcime [8,19].

4. Results
4.1.  4rP° Ar geochronology

Table la—c summarizes analytical data for the
Ar/PAr incremental-heating analyses; Fig. 3a
graphically portrays these experiments as cumula-
tive % 39 Ar release spectra. Most samples exhibit
a broad plateau encompassing more than 90% of
the total ¥Ar released, with the exception of sam-
ple NJOR94-8, in which the plateau covered only
65% of the gas release, and sample NJOR94-7,
which failed to generate a plateau (defined in Ta-
ble 1la—c). Plateau ages are indistinguishable from
integrated ages, the age generated when all steps
are mathematically recombined to simulate a to-
tal-fusion experiment. Inverse isochron analyses
(°Ar/*Ar vs. PAr/*Ar, corrected for decay,
mass spectrometer discrimination, and isotopic
interferences) of the plateau regions yield ages
which agree with the plateau ages (Table la).
The ‘trapped’ “°Ar/*®Ar component derived from

the inverse isochron analysis yields values within
error of the expected atmospheric composition of
295.5 [39], suggesting that excess argon is not
present in these samples in detectable amounts.
The generally excellent “°Ar/*Ar release charac-
teristics and analytical parameters of these sam-
ples suggest that they are unaltered, homogeneous
materials that should yield accurate ages. The best
age for these samples amongst the three ages ob-
tained for the IH experiments (integrated age, pla-
teau age and isochron age) is taken to be the
isochron age, since this computational procedure
inherently accounts for deviations from ideal at-
mospheric composition in correcting for ‘trapped’
YOAr/3Ar components.

Fig. 3b shows age—probability density spectra
for the total-fusion analyses, with summary ana-
lytical data provided in Table 1b. A principal mo-
tivation for pursuing the single-crystal or small-
population approach is to examine the grain-to-
grain reproducibility of the samples. Homogeneity
is verified by the generally near-Gaussian shape of
the age—probability density spectra, in which only
a single well-defined mode is present. Weighted
mean ages of the TF experiments agree with TH
ages within analytical error. Uncertainties in the
weighted-mean TF ages are typically much great-
er than the corresponding uncertainties for the TH
experiments, reflecting the inherent advantages of
expelling adsorbed atmospheric argon in the early
phases of an IH experiment (thus requiring a
smaller correction for atmospheric argon), and
increased measurement precision derived from
greater gas yields during incremental heating of
multi-grain samples. Ages derived from inverse
isochron analyses of the TF data are generally
in agreement with the conventionally calculated
TF ages. As with the IH results, the best ages
for the TF samples are taken to be those derived
from the isochron analysis. Table 1c is a compi-
lation of the ages used in the interpretation of the
Ol Njorowa Gorge record.

4.2. Reconstruction of lake-level fluctuations
The oldest units exposed in the Ol Njorowa

Gorge are silicic lava flows and intercalated pyro-
clastics, several tens of meters thick. The lateral
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Fig. 3. (a) Results of IH analyses for the Ol Njorowa Gorge tephra. (b) Age—probability spectra for the Ol Njorowa Gorge teph-
ra. The vertical axis of the plot is a relative probability measure of obtaining a particular age for given sample, based on the
sum of the Gaussian errors of the individual single-crystal analyses. The location of the weighted mean and 1o standard error of
the weighted mean are also shown for each sample, and for the overall distribution.
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Fig. 3 (Continued).
extent of these lava flows is 6.5 km N-S and pos- by the oldest deposits of the Naivasha Basin. This

sibly greater E-W. The youngest lava flow, dated lowest part (—58.0 to —47.0 m below the recent
at 322+20 kyr BP (Table lc, sample 5-1612-92), water level of Lake Naivasha) of the 60 m thick
is heavily eroded, and is unconformably overlain basin deposits consists of well-stratified airfall
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Table la
Summary “°Ar/* Ar incremental-heating (IH)
Sample Lab ID# IH results ‘Inverse’ isochron analysis®
Integrated age® Plateau age® °Ar in plateau MSWD4 (PArPAr),© Age
(katlo) (katlo) (%) (katlo)
NJORY4-10 20521C 62+3 59+3 100 0.5 299+4 58+3
2408916" 21688 813 80t4 66 1.0 295.8%+1.0 81.7%£0.8
NJORY94-7 20517C 101+30 - — — -
NJORY4-8 20519C 66112 738 65 1.5 294+2 79+9
NJORY94-9a 20524C 20+5 93+2 92 0.9 296£2 93+2
NJORY4-6 20514C 11314 1094 96 0.5 296+3 1094
NJORY4-5 20512C 116%2 116%2 100 0.5 303+18 115£2
NJOR%4-1 20503C 140£2 137£2 94 0.2 307+ 14 13414
NJORY4-2 20505C 147+2 144 +2 92 1.1 295+ 12 144+3
NJORY%4-4 20510C 159+6 162+6 100 0.4 286+ 11 164£5
NJORY4-3 20507C 177£2 178 £2 93 0.3 31011 176 +2

All uncertainties in ages incorporate error in calibration of J (0.3-0.6%), the neutron flux parameter. Sanidine from the Fish
Canyon Tuff of Colorado was used as the monitor mineral, with a reference age of 28.02 Ma [80].

2 “Inverse’ isochron is least-squares fit line to an isotope correlation diagram in which °Ar/*°Ar is plotted against *Ar/*’Ar,
after corrections for neutron-induced interfering isotopes and mass spectrometer measurement bias (discrimination) are per-
formed.

b Integrated age is obtained from the weighted mean “°Ar*/*Ar ratio of all steps, in which the weighting factor is the fraction
of 3Ar released in a individual step relative to the total 3 Ar released.

¢ Plateau age is obtained from the weighted mean “°Ar*/**Ar ratio of all plateau steps, in which the weighting factor is the in-
verse analytical variance of an individual step. Plateaus are defined as three or more contiguous gas fractions whose ages do not

differ at the 95% confidence level, and which in sum comprise at least 50% of the total *Ar released from the sample [81].

d Mean sum of weighted deviates.
¢ (VArPOAr), is ‘trapped’ *Ar/*Ar.

f The bulk IH result is substantially older than the total-fusion, single-crystal result, possibly resulting from the presence of
anomalously old grains (xenocrysts or grains bearing excess Ar) similar to those noted during the single-crystal experiments. This
IH result is not incorporated into the table of combined results (Table 1c).

tuffs and pyroclastic flow deposits containing
fresh dark-gray lapilli. A coarse-grained lapilli
tuff in this lowermost sequence (—54.5 m) yielded
an age of 176+2 kyr BP (sample NJOR94-3),
documenting prevailing subaerial conditions dur-
ing the earliest basin history. The youngest pyro-
clastics (—47.0 m) of this early subaerial sequence
were dated at 161 +4 kyr BP (sample NJOR94-4).
Marked erosion followed deposition of this unit.

The first manifestation of lacustrine conditions
is provided by a 1.2 m thick bed of reworked
pyroclastic material (—47.0 to —45.8 m) that un-
conformably overlies the airfall tuffs. These buft-
colored deposits mainly consist of obsidian clasts
and rare lapilli in a fine-grained matrix of ash and
diatomaceous clay. The ages of the lapilli are be-
tween 151+5 and 14416 kyr BP (Table la,b,
sample NJORY94-2) with a best estimate of
1462 kyr BP (Table lc). The 146+2 kyr old

diatomaceous clays grade upwards into a 3.3 m
thick diatomite bed (—45.8 to —42.3 m). The dia-
tom assemblages within these clays are dominated
by Epithemia adnata, E. sorex and Fragilaria con-
struens and indicate a shallow freshwater lake
with an approximately neutral pH [38,40]. In ad-
dition, planktonic species such as Nitzschia lancet-
tula and Aulacosira granulata occur as minor con-
stituents. The diatom flora and facies patterns
indicate a marginal environment which is a large
lake that deepened northwards (highstand V). A
tuff (—44.9 m) within this pure white diatomite
yields an age of 1413 kyr BP as the best esti-
mate (sample NJOR94-1). Interestingly, all diato-
mites in the section are cemented by halite; no
carbonate was observed in these sediments. The
diatom assemblages between —45.8 and —42.3 m
are dominated by planktonic species such as Au-
lacoseira granulata and A. goetzeana, suggesting a
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Table 1b
Summary “°Ar/*Ar total-fusion (TF) results
Sample Lab ID# TF results ‘Inverse’ isochron analysis®
Ca/K nlng Wtd. mean age MSWD MSWDP (*OArPOATr)© Age

(kat1c)¢ (katlo)
NJORY4-10 20521 0.070 12/13 573%1.3 0.7 0.4 28219 61£3
2208916 21686 0.043 16/17 653 1.5 2.0 300+ 3 59+4
24089110 21676 0.024 40/41 75.1£1.7 1.6 24 298.2%+1.4 727+ 1.8
2408916 21690 0.025 18/19 813 1.5 1.1 299.7+1.0 72+3
NJORY4-7- 20517 - 8/10 (77%9) 1.8 3.8 295+9 (77£11)
NJORY94-7 20517 0.037 212 90x7) - - - -
22089115 21673/4 0.043 18/19 82+3 1.5 2.5 297+2 81+4
NJORY4-8 20519 0.130 12/14 85+4 1.1 0.8 2918+ 1.6 98t6
NJOR94-9¢c 20528 0.038 717 89+4 0.5 0.3 295+2 89+4
NJORY94-9a 20524 0.013 8/8 90£2 1.0 1.0 299+4 88+3
NJOR94-9b 20526 0.069 6/7 94+2 0.5 0.2 298+3 93+3
303927 7279 0.050 10/11 107+4 1.4 1.8 312£15 97%9
2502923 21687/91 0.058 21/22 1164 1.5 22 299+3 1087
NJORY4-5- 20512 - 919 108 £4 1.2 1.6 295+15 108 £8
NJORY4-5 20512 0.030 10/10 1073 2.3 5.5 292+4 108+3
NJORY4-1- 20503 0.000 9/10 138+4 0.8 0.6 280+ 14 1468
NJORY%4-1 20503 0.000 14/14 147£3 1.2 1.4 28517 152+4
NJORY94-1- 21388 0.002 17/20 137+4 0.9 0.8 284+ 10 1425
NJORY4-2- 20505 0.001 10/11 151£5 1.5 2.0 324+22 144t 6
NJORY4-2- 21384 0.004 20721 150£2 1.3 1.6 3047 148£3
NJORY%4-4 20510 0.007 7/10 164+3 1.4 1.8 327%26 1558
NJORY4-3 20507 0.002 11/11 1762 1.2 1.6 2988 1754
5-1612-92- 7277 0.010 10/10 33617 1.0 1.1 309+26 322120

“’ indicates results from single crystals; all other TF results are from analyses of small populations of grains (three to eight crys-
tals). Ca/K is obtained from 3’Ar/*’Ar using a calibrated multiplication factor of 1.97; where indicated by ‘-, the value could
not be determined due to excessive decay of 7Ar. ‘n/ny’ indicates number of analyses accepted as reflecting only primary juvenile
feldspars (and used in the subsequent statistical analyses), over the total number of analyses performed. The weighted mean TF
age is calculated using the inverse variance of the individual analyses as the weighting factor; the uncertainty is the 1o standard
error of the mean, derived from the maximum of either the conventional weighted standard error of the mean formula [82], or a
formula that incorporates excess scatter beyond that predicted by the analytical uncertainties alone [83]. See Table la for addi-
tional notes.

2 “Inverse’ isochron is least-squares fit line to an isotope correlation diagram in which 3°Ar/*°Ar is plotted against *Ar/*’Ar,
after corrections for neutron-induced interfering isotopes and mass spectrometer measurement bias (discrimination) are per-
formed.

b Mean sum of weighted deviates.

¢ (PArPAr), is ‘trapped’ “Ar/*°Ar.

d Integrated age is obtained from the weighted mean “°Ar*/*’Ar ratio of all steps, in which the weighting factor is the fraction
of ¥Ar released in an individual step relative to the total *Ar released.

large lake with circumneutral pH. At approxi- imentation rates for diatomite are usually lower in
mately —43.6 m, fossil diatoms document the low- most lakes (much less than 1 mm yr~!, [41]), rates
est pH (7.2) and highest lake level of the entire in East African rift lakes may be as high as 10
record. mm yr~! due to enriched silica supply from hot

Assuming that the average sedimentation rate springs [42]. Taking into account the uncertainties
for diatomites is I mm yr~!, the timespan between in “Ar/*Ar dating and determination of sedi-

the deposition of the 141 £3 kyr BP tuff and the mentation rates, the best estimate for the peak
1.3 m higher diatomite sample is in the order of highstand is between 139 and 133 kyr BP.
1300 yr, i.e. at about 139 kyr BP. Although sed- Termination of the lake-level highstand at
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Table Ic
Combined laser-fusion and integrated-heating “*Ar/*’Ar ages
Sample Strat. interval Age

(m) (ka + 16)
NJORY4-10 +2.4 602
2208916* 59+t4
24089110* 72.7+1.8
2408916 (tf)* 73+3
22089115* 81+4
NJOR94-8 —16.6 92%5
NJOR94-9c* —19.0 89+4
NJOR94-9a —19.5 91%2
NJOR94-9b* —19.7 93%3
303927/NJOR94-6 —22.9 to —32.9 107 £4
2502923* 108 +7
NJOR94-5 —38.8 11312
NJORY%4-1 —43.6 141£3
NJORY%4-2 —44.9 1462
NJORY4-4 —45.8 161+4
NJORY%4-3 —53.3 176 £2
5-1612-92* <—60 322+20

Stratigraphical interval is referenced to present lake level at
1890 m asl. Ages are a weighted mean combination of the
IH and TF isochron results. Errors are derived from the con-
ventional weighted standard error of the mean formula [83].
Sample NJOR94-7 yielded equivocal results for both the TF
and TH experiments, and is not included here. (*) denotes to-
tal-fusion results only.

about 141 3 kyr is indicated in the upper part of
the diatomite bed by fluvial deposits, rare sponge
spicules, phytoliths (Cyperaceae) and diatom frag-
ments, topped by a 1132 kyr BP old tuff
(NJORY94-5). The interpretation of a major drop
in lake level is further substantiated by the pres-
ence of authigenic clinoptilolite and analcime. The
disappearance of authigenic analcime and the ap-
pearance of chabazite toward the top of the unit,
however, suggest a trend toward less alkaline con-
ditions in a very shallow water body by the end of
this lowstand. This is superseded by highstand IV,
indicated by the deposition of the previously men-
tioned laminated diatomite bed, 1.6 m thick, with
tuff layers containing fresh glass (—39.3 to —37.8
m). Diatom assemblages, dominated by Gompho-
nema angustatum and G. gracile, indicate a large
shallow freshwater lake with an approximately
neutral pH [40]. The diatomite bed is overlain
by several beds of partly reworked, unaltered py-
roclastic material (—37.8 to —33.8 m), reflecting
sustained freshwater conditions during deposition.

The lowermost member (—37.8 to —36.4 m) of
this pyroclastic unit was dated at 108 =7 kyr BP
(sample 2502923). However, in the upper part of
this unit (—36.4 to —33.8 m) perlitic cracks in
glass shards, abundant phytoliths and erosional
unconformities herald a major regression.

Subaerial or extreme shallow-water conditions
appear to have been attained at least along the
periphery of the basin, immediately before a 10 m
thick, 107*4 kyr BP old welded tuff (Kedong
Valley Tuff) was deposited (—33.8 to —23.8 m)
(samples NJOR94-6 and 0303927). This unit is
overlain by a 2.5 m package of laminated silt-
stones (—23.5 to —21.0 m) containing chabazite
and clinoptilolite, indicating prevailing alkaline
conditions. These horizons are overlain by partly
reworked pyroclastic deposits with unaltered vol-
canic glass (—21.0 to —20.5 m). In comparison
with severely altered glass in other layers, the pris-
tine condition of the glass indicates deposition in
a freshwater lake, inferred to correspond to lake-
level highstand III. Glass shards with perlitic
cracks and montmorillonite rims indicate deposi-
tion in a freshwater lake with a pH between 8 and
9, i.e. conditions slightly more alkaline than those
of the older highstands IV and V. The absence of
diatomite beds during this highstand may be a
function of pronounced volcanic eruptions and
high sedimentation rates. The age of this high-
stand is constrained by three intercalated, rela-
tively unaltered tuffs (—20.6 to —20.5 m, —20.5
to —20.0 m and —20.0 to —19.9 m, respectively)
dated at 933, 912 and 89 £ 4 kyr BP (samples
NJOR94-9a, b and c). Deposits associated with a
superseding lake-level lowstand contain chabazite,
clinoptilolite and analcime (—19.9 to —13.4 m).
Finely laminated siltstones and siltstones with
mud cracks and impact marks of airfall lapilli
suggest alternating subaerial and shallow water
conditions. A thin tuff layer (—17.2 m) was dated
at 92+ 5 kyr BP, providing an age for the most
extreme lowstand (sample NJOR94-8).

Toward the top, three diatomite beds, up to 16
cm thick and intercalated by 81+4 kyr BP old
tephra (—13.1 m, sample 22089115), document
highstand II. The diatom assemblages are charac-
terized by Fragilaria construens, F. brevistriata
and F. pinnata, which reflect shallow freshwater
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Fig. 4. Correlation of East African high lake levels and insolation changes. (1) South African paleo-precipitation record from the
Pretoria Saltpan [6], (2) East African Central Kenya Rift lake-level records including data from Lake Naivasha, Lake Nakuru
and Lake Elmenteita ([8,19,45] and this work), (3) North Africa Monsoon Index from deep-sea sediment core RC24-07 [5]. Inso-
lation data from [4]. Squares indicate age control points from “C, fission track and “’Ar/Ar dating; for the Central Kenya
Rift lakes, empty squares indicate age data from the Nakuru-Elmenteita Basin, filled squares represent ages from the Naivasha
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conditions along the southern basin margin. The
presence of Aulacosira granulata and related spe-
cies suggests a connection to deeper lake water
farther north. However, in contrast to the older
diatomites the occurrence of Thalassiosira faurii,
Mastogloia smithi, M. elliptica and Anomoeoneis
sphaerophora documents slightly alkaline condi-
tions with a pH just above 8. Diatomite deposi-
tion was terminated by increasing volcanic activ-
ity, as recorded by several tuff layers in the —12.8
to —6.9 m interval. Clinoptilolite and analcime in
the lower part of this pyroclastic section docu-
ment rapidly increasing alkalinity in the course
of lake regression. Numerous fluorite concretions
attest to an increasing influence of hot-spring ac-
tivity along the lake shores. Intermittent, less al-
kaline phases are represented by the substitution
of analcime by chabazite within partly reworked
tuff layers. However, severe alteration and forma-
tion of analcime above these layers shows a return
to strongly alkaline conditions and a pronounced
lake-level lowstand. Dated horizons at 73+ 3 and
72.7+1.8 kyr (samples 2408916 and 24089110)
constrain the timing of this interval of shallow
lake conditions and higher alkalinity (—11.4 to
—9.6 and —8.2 to —7.2 m, respectively).

The upper part of the 5.5 m thick pyroclastic
sequence as well as overlying reworked tuffs (—6.9
to —5.2 m) contain unaltered glass shards, repre-
senting a renewed freshening of the lake (pH <9).
This is interpreted to correspond to lake-level
highstand 1. Above this unit follow subaerially
deposited gray airfall tuffs, 4.5 m thick and
59+4 kyr BP old (=52 to —1.1 m, sample
2208916), with an intense yellowish hue in the
uppermost horizons. These zones contain anal-
cime, similar to an overlying waterlaid tuff. The
overlying pyroclastic and siltstone beds (—1.2 to
+2.4 m above the recent lake level) contain vari-
able amounts of authigenic silicates. Yellow tuffs
in excess of 10 m thickness in the upper part of
this sequence (>2.4 m) attest to a pronounced
period of high alkalinity during a major drop in
lake level at 60 =2 kyr BP (sample NJOR94-10).
These yellow pyroclastics are strongly eroded
along the top. By about 60 kyr the ultimate Pleis-
tocene regression of the lake shore was complete
[8]. Intense volcanic activity created the comen-

ditic flows and eruptive centers of the Olkaria
Volcanic Complex, which were partly inundated
by the lake-level highstand at 10-6 kyr BP, form-
ing well-preserved shorelines and sediments [24].

5. Discussion and conclusions

Structural relationships in the Naivasha Basin
show that this region was not affected by pro-
nounced tectonic movements or volcanic activity
after the closure of the basin at 322 £20 kyr BP
and before the rhyolithic Olkaria Volcanic Com-
plex had formed at ~20 kyr BP [8,23,43,44].
Eruptive activity of the adjacent Mt. Longonot
trachytic volcano during this timespan produced
most of the waterlaid tephra exposed in the Ol
Njorowa Gorge [19,23]. However, since Mt. Lon-
gonot is located in the southeastern corner of the
Naivasha Basin and the major part of the catch-
ment lies to the northeast of the present lake, we
infer that this volcanic activity did not generate
important changes in drainage patterns and lake
levels (Fig. 1c). The lake-level fluctuations re-
corded in the 60 m thick Ol Njorowa Gorge sedi-
ments therefore reflect important changes in the
precipitation and evaporation balance. Together
with lake-level records derived from several sedi-
ment cores from the Naivasha and Elementeita—
Nakuru basins [45], this chronology provides a
paleoclimate record for equatorial East Africa
for the last two glacial-interglacial cycles, i.e.
MIS 6-1 (Fig. 4). Interestingly, after the forma-
tion of the Naivasha Basin, there is no evidence
for a larger lake during the interglacials corre-
sponding to MIS 9 (~336-305 kyr BP; [46])
and MIS 7 (~237-228 kyr BP; [47]). The first
highstand of Lake Naivasha occurs at the MIS
6-5 transition and persists for 25 kyr (between
146 and 120 kyr BP, with a maximum at around
139-133 kyr BP), which correlates with high-
stands in other rift-valley lakes (Fig. 1). Ura-
nium-series ages for hydrothermal deposits re-
cording geothermal activity in the Suguta Valley
(Northern Kenya Rift) suggest elevated water ta-
bles and increased availability of meteoric water
associated with more humid climate as early as
133+ 11 kyr BP [13]. High lake levels can be in-
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ferred from shorelines in the Magadi—Natron Ba-
sin in the southern part of the rift, where littoral
stromatolites provide U-series ages of 13510
kyr BP [12]. There is also corroborative evidence
for lake highstands in Lake Turkana around 130
kyr BP [I1]. The younger periods of increased
humidity at around 113-108, ~91 and ~ 66 kyr
BP as recorded in the Naivasha sediments have
not been reported from other East African lake
basins.

There is no clear evidence for high lakes in the
Central Kenya Rift (i.e. Lakes Naivasha, Nakuru
and Elmenteita) between 60 and 30 kyr BP. The
oldest highstand after 30 kyr BP is documented in
the Nakuru-Elmenteita Basin between 30 and
28.5 kyr BP [45] (Fig. 4). During this time, slightly
higher lake levels were reported for Lake Many-
ara some 400 km south of Lake Naivasha, as
indicated by diatom assemblages, clay minerals
and stromatolites 20 m above the present lake
[48-51]. Similar histories are known for Lake Al-
bert [50,52,53] and paleo-lake Suguta south of
Lake Turkana [54]. The Naivasha record by Rich-
ardson and Dussinger [45] begins at around 24.5
kyr BP, from which a higher water level at 21—
17.5 kyr BP can be inferred. This highstand cor-
relates with a higher precipitation/evaporation ra-
tio in the Tanganyika Basin at about the same
time [55]. The most recent highstand in the Cen-
tral Kenya Rift occurs between 10 and 6 kyr BP
[24,45,56], which correlates with a humid period
as documented in other East African lake basins
[55] and ice cores from Mt. Kilimanjaro [57]. Dur-
ing this highstand, Lake Naivasha and Lake Na-
kuru-Elmenteita were more than 100 m deep, the
areal extent of the lakes was larger by a factor 3—
4, and the volume of the water bodies 50-60 times
greater [25]. Lake-balance modeling suggests a
16-32% increase in precipitation during the Early
Holocene [25,58,59].

The chronology of highstands at 10-11 kyr in-
tervals suggests a strengthening of both spring
and fall rains, which were triggered by increased
March or September insolation on the equator at
every half-precession cycle (Fig. 4). This suggests
that orbitally induced changes in solar radiation
certainly account for a large part of hydrological
changes in East Africa. Such radiation changes

could cause a relatively large increase in spring
temperatures over land and therefore an intensifi-
cation of the intertropical convergence and con-
vective rainfall in this region. Water-balance mod-
eling of the ~ 135 kyr old paleo-Lake Naivasha
suggests a minimum 11% increase in precipitation
compared to the modern values [25]. Including a
vegetation feedback into the model, the basin
could have received even 28% more rainfall. These
simulations also suggest that evaporation is an
important factor in the hydrological budget. In
the modern lake area, potential evapotranspira-
tion is three times higher than precipitation [27].
The extremely low solar radiation during the dry
season between 139 and 133 kyr BP causing re-
duced evaporation may also have contributed to
the positive hydrological budget of paleo-Lake
Naivasha [4,25]. Whereas the climate dynamics
during the penultimate deglaciation and the last
interglacial between 146 and 60 kyr BP seem to be
similar to the modern conditions, the causal links
between East African climate and insolation after
60 kyr BP were different from today (Fig. 4). The
minor highstand at around 21-17.5 kyr BP seems
to be consistent with a strong ITCZ caused by
maximum March insolation on the equator. In
contrast, highstands at 30-28.5 kyr BP and 10-6
kyr BP suggest a more complex link between in-
solation and climate change in East Africa. These
well-dated periods of increased humidity are out
of phase with maximum March insolation and
significantly lead maximum December insolation
on the equator. A potential mechanism to explain
this phenomenon could involve an enhanced
moisture transport caused by maximum Northern
Hemisphere June-July insolation and a stronger
boreal summer monsoonal circulation.
Compared to other records of African climate
change, the most relevant other continental record
comes from Lake Abh¢ in northern Ethiopia and
only extends back to ~70 kyr BP, with good age
control to ~40 kyr BP [9]. The timing of humid
and dry periods appears to be consistent with a
strong summer monsoon controlled by Northern
Hemisphere summer insolation. Such a link be-
tween insolation and North African climate has
also been proposed by Molfino and Mclntyre [5]
based on fossil faunal assemblage variations in
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deep-sea sediment core RC24-07 (Fig. 4). This
record contains two 4C ages of 18.7 and 9.4
kyr BP at 73 and 33 cm core depth, whereas the
older part of the chronology was tuned to the
SPECMAP chronology [60]. The Pretoria Saltpan
time series of summer precipitation in South Afri-
ca [6] covers approximately the last 200 kyr, but
only provides radiocarbon ages to about 43 kyr
BP (Fig. 4). The lower part of the record was
tuned using a fission-track age for the formation
of the Saltpan Basin of around 220+ 52 kyr BP.
A new record for environmental change in the
southern tropics over the last 150 kyr derives
from Lake Tritrivakely, Madagascar, but is tuned
to the Vostok 8D isotopic temperature records
beyond 41 kyr BP [10]. These records correlate
with the chronology of arid episodes recorded in
eolian sediments from the Mega Kalahari sand
sea [61], suggesting strong coupling between cli-
mate and Southern Hemisphere summer insola-
tion, out of phase with North African paleo-mon-
soon indices [1,5,62] (Fig. 4).

The Naivasha lake-level record also has impor-
tant implications for the current discussion of a
tropical or Southern Hemisphere forcing of degla-
ciation. The key argument of this hypothesis is
that tropical SSTs lead high-latitude Northern
Hemisphere ice volume by several thousand years
[16,17]. Traditional Milankovitch theory [63] sug-
gests that summer insolation at mid-latitudes (60—
65°N) in the Northern Hemisphere directly trig-
gers ice-age climate cycles. Based on this hypoth-
esis, the widely quoted SPECMAP timescale [60]
for Pleistocene ice-volume variations (as recorded
by marine 8'%0) uses a value of 127 kyr BP as the
midpoint of the penultimate deglaciation (i.e. Ter-
mination II, [64]). However, new U-Th age deter-
minations from corals and associated sediments in
western Australia [65,66], Papua New Guinea
[67,68], Indonesia [69] and the Bahamas [14] sug-
gest a more complex linkage between insolation
and the ice-age cycles, most likely including pro-
cesses sourced in the tropics or the Southern
Hemisphere [14,16]. The coral-reef terraces and
glacio-eustatic sea-level change recorded therein
provided U-Th ages greater than 130 kyr in sev-
eral regions [14,66-68]; however, the best estimate
for Termination II as determined by Henderson

and Slowey [14] is 135%x2.5 kyr BP. This age
seems to be consistent with early Vostok chronol-
ogies placing the age for Termination II in the
80 record at ~133 kyr [70,71], i.e. after a
2 kyr lag due to the atmospheric residence time
of O, [64]. Atmospheric warming again leads
global ice volume by ~3—4 kyr as recorded in
the Vostok 8D record, suggesting the midpoint
at 139-138 kyr [70]. In contrast, the 142 kyr BP
midpoint of the well-dated Devils Hole record
[72,73] is still significantly older than the marine
8'30 chronologies.

The Naivasha record at Termination II is fully
consistent with these new chronologies and inter-
pretations. The most dramatic change in the pa-
leo-hydrology occurs as early as at 146 =2 kyr BP
at the beginning of the lake-level highstand be-
tween 139 and 133 kyr BP. Synchronous major
shifts toward increased humidity have also been
determined in northern and southern Africa,
where several lacustrine records and coastal ma-
rine cores suggest positive hydroclimatic condi-
tions at around 135 kyr BP [6,10,74-76]. These
African records strongly support the concept of
a direct relationship between increased insolation
heating and convective rainfall over low-latitude
land masses and a less direct connection with
melting of Northern Hemisphere ice sheets. Sev-
eral hypotheses have been proposed to explain
how variations in Earth’s precession and environ-
mental changes in the tropics can account for the
termination of glaciations [77-79]. One potential
mechanism attributes the changes in higher lati-
tudes to precessional forcing of the interaction
between an altered seasonal cycle and the ENSO
[77]. A strong ENSO at the end of the penulti-
mate glacial could reduce the Hadley circulation
and therefore the intensity of poleward transports
of heat and moisture, which in turn could help
explain the decay of ice sheets in North America
[77]. An alternative mechanism for tropical forc-
ing of deglaciation involves variations in methane
(CH4) sources in Africa and South America
[78,79]. Tt has been shown, for example, that
CH, fluctuations recorded in Greenland ice cores
coincide with episodes of drought in tropical Afri-
ca and Tibet at the time of Termination I [78,79].
Taking into account the early change in African
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climate at Termination II, the latter hypothesis
could also provide a potential mechanism for
a tropical forcing of deglaciation at around 135
kyr BP.
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