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Abstract Hydrological fluctuations of spectacular amplitude took place in
Africa during the past millennia. Changes in precipitation result from
changes in the Earth’s orbit and from complex interactions between the
different climate subsystems, the atmosphere, the ocean and the vegetation.
The paper successively presents: (a) a brief overview of the long-term
hydrological changes that have occurred over the past 21 thousands of years
at the time scale of 10” years; {b) some Holocene palaeohydrological records
from North Africa which illustrate short-term (10* years), abrupt changes
superimposed on the general trends; and (¢) changes in water quality through
space and time in palaeolakes from the Sahara and the Sahel.

INTRODUCTION

Africa has experienced dramatic changes in water resources during the late Quater-
nary. Generating famines, migrations, civilization foundations and collapses, their
consequences for human populations were of utmost importance. This is evidenced
by a huge amount of data derived from a large variety of archives, i.e. historical and
archaeological records, studies in hydrolegy and hydrogeoclogy, geology, palynology,
macro- and microfossils.

In the tropics and subtropics, the primary cause of hydrotogical changes is their
fundamental dependability on the monsoon that sets the yearly rhythm of life in both
the African monsoon domain and a large part of East Africa influenced by the Indian
monsoon. The monsoons follow the seasonal latitudinal migration of the Intertropicat
Convergence Zone (I'TCZ). In summer, monsoon winds are driven by the differential
land-ocean heating responsible for an atmospheric pressure gradient which draws the
monsoonal air flow inland. Past monsoon fluctuations may thus be related to (a)
changes in seasonal distribution of solar radiation, (b) changes in the sea surface
conditions of the subtropical oceans, and to (c) chamges in tropical land surface
conditions. Solar radiation distribution follows the cyclic variations in the Earth’s
orbital parameters (Berger, 1978). The precession of the equinoxes (23 000 and
19 000 year cycles) changes the season of perihelion and thereby the season of
maximum and minimum solar radiation. Increased summer solar radiation results in
enhanced land-sea confrast and thus in monsoon strengthening, expected ¢ have
occurred every 23 000-19 000 years, but out of phase in the northern and southern
hemispheres. Tropical sea surface conditions are closely related to high-latitude
boundary conditions, i.e. polar ice sheets and sea ice extent, intensity of the oceanic
thermohaline circulation. Vegetation on land depends on climate, but is also a
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climate factor through feedbacks to the atmosphere. Hydrological fluctuations in
Africa thus result from orbital forcing and from complex interactions between
atmosphere, ocean and vegetation.

Much of the available palacohydrological records are based on “C dates. In the
sections below, we thus used the radiocarbon chronology. Ages are given in kyears
BP (10° *C years before present).

LONG-TERM HYDROLOGICAL CHANGES OVER THE PAST 20 kyears BP

The past 20 kyears encompass extreme climatic conditions, including the last glacial
maximum (LGM) arcund 18 kyears BP ago and the early-mid Holocene (10-4.5
kyears BP) when monscon rainfall in the northern tropics was considerably
reinforced in response to orbital forcing.

It is now well established that clirmate was cooler and drier than today in tropical
and subtropical Africa during the LGM. The tropical sea surface (e.g. Bard ef al.,
1997) and ground surface temperatures (Bonnefille et al., 1992; Stute et al., 1997)
were lower than at present, and the monsoon circulation was attenuated. A tendency
towards aridity is observed even in the southern hemisphere despite high summer
insolation (Gasse & Van Campo, 1998). Sedimentological studies from the Pretoria
Saltpan (South Africa) suggest a decrease in precipitation of about 17% compared to
modern times (Partridge er al., 1997). In equatorial East Africa, pollen-inferred
precipitation was 11% lower than today {Bonnefille er /., 1992). Lake Tanganyika
was at least 300 m below its present level. Precipitation in its basin was estimated at
about ~11 o -15% (compared to modern times) using a water and balance energy
model (Bergonzini et al., 1997). Many lakes from equatorial and northern Africa
were dry, e.g. Lake Victoria, or much lower than today (Street-Perrott ef al., 1989,
Johnson & Odada, 1996}, The Sahara was hyperarid and sand dunes advanced along
its northern and southern margins (Taibot, 1981}.

Post-glacial warming was associated with monsoon reactivation. From about 15-
13 kyears BP till now, the general envelope of changes in precipitation (and/or in the
precipitation minus evaporation balance) can be primarily accounted for by changes
in summer insclation which reached its maximum at 10-9 kyears BP in the Northern
Hemisphere, while it was weaker than at present in the southern Hemisphere. A
detailed review of Holocene vegetation, lake levels and climate of Africa is given by
Street-Perrott & Perrott (1993). Closed rift lakes lying north of the July ITCZ in East
Africa underwent water-level rises as high as 100-200 m above their present-day
level, that culminated between about 9 to 6 or 4.5 kyears BP (Fig. 1(a), 1(b)). Early
Holocene increases in precipitation, derived from palaeolake data in East Africa
using water and energy balance models, were estimated at ++15 to +25% (compared
to modern times) in Kenya (Hastenrath & Kutzbach, 1983). An estimate of +86%
was proposed for the Lake Chad basin (Kutzbach, 1980). In the Sahara, a multitude
of shallow freshwater lakes occupied interdunal depressions; a grass cover developed
and grazing herbivores migrated (Petit-Maire ef al., 1997). Human migrations into
the Sahara occurred successfully. Mortars and grinders, rock engravings and pottery
artefacis show that Saharan Neolithic civilizations flourished in an environment with
accessible water and substantial food.
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The early-mid Holocene was also a period of intensive recharge of the aquifers
in the Sahara and the Sahel. The reconstructed initial heavy isotope content of
Holocene precipitation which recharged the aquifers is very low (8'%0 = -10 to
11%e vs SMOW; Fontes et al., 1993; Edmunds & Wright, 1979; SMOW means
standard mean ocean waier). In the northern Niger and northern Mali, these low
values were attributed to convective showers generated by squall lines that develop
along the ITCZ, implying an ITCZ northwards movement of about 500 km.
Groundwaters recharged during the Holocene contained up to 45 mg kg of nitrate,
indicating biologically active soils. This confirms that typical Sahelian environments
occurred during the Holocene up to 500 km north of the present limit (Fontes ef al.,
1993).

After 6-4.5 kyears BP, an overall trend towards aridity is observed to the north
of the ITCZ (Fuly position), while the interior of South Africa became wetter after 6
kyears BP. The Saharan-Sahelian aquifers progressively shrank, trapping the early-
mid Holocene groundwater as a mining resource tens of metres below the ground
surface. A renewed expansion of the Sahara took place, generating human migrations
out of the desert which reached its present-day limit between 3 and 2 kyears BP
(Petit-Maire et af., 1997). In Ancient Egypt, the collapse of centralized government
in about 2200 BC coincided with the reduced Nile flood discharge and the invasion
of the Nile Valley by sand dunes (Hassan, 1997). The Egyptian civilization decline
was thus linked with the decrease in precipitation in Ethiopia and Equatorial Africa,
the sources of Nile floodwater.

ABRUPT POST-GLACIAL HYDROLOGICAL EVENTS IN NORTH AFRICA

The general climatic trends observed over the post glacial period were punctuated by
several sudden shifts towards aridity. This is illustrated through some lake-level
records selected from east to west across northern Africa (Fig. 1}. Detailed
information on individual lake records and sclection criteria are given in Gasse &
Van Campo (1994). The lake-level curves were derived from detailed
geomorphological observations, and from the sedimentclogical, palacobiological
and/or geochemical study of numerous natural exposures and/or, in some cases, from
cores taken from the modern lakes.

In northern East Africa, the records (Fig. 1{a), 1(b)) derive from lakes which
depend, hydrologically, on the Ethiopian highlands: Lake Abhé in the desertic Afar
depression and the Ziway-Shala lake system in the semiarid Ethiopian Rift {(Gasse &
Street, 1978; Gillespie ef al., 1983). Both lake systems are mainly supplied by
surface runoff. The two records show remarkable similarities, although signals of
larger amplitude were observed from Lake Abhé which received the overflow of the
Ziway-Shala lake during moist Holocene periods.

In the western Sahara and the Sahel, numerous studies conducted by different
authors (Servant & Servant-Vildary, 1980; Hillaire-Marcel ef al., 1983; Gasse et al.,
1920; Baumhauer, 1991; Fontes & Gasse, 1991) provide consistent information on
the climatic evolution over the region, illustrated by the examples of the Bilma and
Termit palaeolakes (Servant & Servant-Vildary, 1980; Fig. 1(c), 1{d)). 85% of the
flow in to Lake Chad (282 m a.s.1.) is supplied by the Chari River which drains the
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Fig. 1 Water-level fluctuations of some lakes in the northern tropics of Africa. After
Gasse & Van Campo (1994). See text for original references.
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Sudanian and Sudano-Guinean zones. Thus it depends mainly on southern climatic
zones. The large endoreic depression of the Pays-Bas receives the overflow of lake
Chad through the Bahr-el-Ghazal River when the lake level rises to 283 m a.s.l.
Water-level changes in the Bahr-el-Ghazal (Fig. 1(c)) thus register changes in the
water (P — E) balance of the entire Lake Chad basin (Servant & Servant-Vildary,
1980).

In Ghana, Lake Bosumiwi occupies a meteorite impact crater in the semi-
deciduous rain forest zone, with 1500 mm of anmual precipitation. Multi-proxy
analysis of sediment cores allowed lake-level changes to be inferred (Talbot ef al.,
1984; Fig. 1({f)).

Lake data show substantial evidence of several short-term dry periods from 13
kyears BP to present in Africa, the major ones occurring during the following
intervals 11-9.5 kyears BP, 87 kyears BP, 6 kyears BP, and 4-3 kyears BP. The
pre-10 kyears event broke off the re-establishment of wet conditions following the
arid LGM, and fitted in with the Younger Dryas which is a sudden cooling event
well recorded in high latitudes (Bard & Broecker, 1992). The 8-7 kyears dry spell
interrupted a generally humid episode, while the youngest one fingerprinted the
overall return towards aridity. Apparently synchronous dry spells were also
identified in the Tibet Plateau, suggesting causes acting at large geographical scale
{Gasse & Van Campo, 1994). However, although several hypotheses were proposed,
these smail-scale fluctuations may be caused by several mechanisms and are not
understood yet.

TEMPORAL AND SPATIAL CHANGES IN WATER QUALITY IN THE
SAHARA-SAHEL

Lacustrine sediments may preserve a record of past water chemistry through their
mineralogy and biological remains. Transfer functions, established from a data set of
about 300 modern diatom and water samples from North Africa (Gasse ef al., 1995)
allow past water conductivity, pH, and major ion ratios to be inferred from fossil
diatom assemblages. They were applied to 12 Holocene groundwater-fed palacolakes
lying along a meridian transect from Nigeria to south Algeria (PALHYDAF sites,
Fontes & Gasse, 1991; and samples kindly provided by Street-Perrott for Nigeria and
by A. M. Aucour for Mali). The spatial distribution of chemical facies (Fig. 2)
clearly reflects a latitudinal gradient: from the carbonate-bicarbonate/alkaline type in
the Sahel to the chloride-sulphate/alkaline earth type in northern Sahara. This may
be due to the geological nature of rocks weathered by rain waters, and/or to the
source of water vapour leading to various contents in chloride of marine origin in the
precipitation that supplied the aquifers.

Along individual profiles (Fig. 3; Gasse ef al., 1997 and unpub.), conductivity
can be interpreted in ierms of evaporative concentration, provided that neither
weathering of salt crusts nor seepage of heavy brines through a permeable lake
bottom, had occurred. The chemical profiles were compared with changes in the
relative frequency in planktonic diatoms which roughly reflects water depth, and
with changes in the 5'®0 content of carbonates. Negative 5'°0 shifts indicate rises of
the supplying aquifers depleted in heavy isotopes, while increasing values reflect a



102

Frangoise Gasse

Conductivity (log pS cm1)

2 3 4 5 6
5 - . -
+
6
7 .
x B8
o
9 4
10
11
South Algeria
2 3 4 5 8| o HASSIEL MEJNAH
2 ' ¥ 2 fm 0 HASSI CHEIKH
! North Mali
ko 4 <
S 003?;"08 °® A TAOUDENN]
o . 8800, o WADI HALIAD
il g o North Niger
o O g o
; = IQU +a A o ADRAR BOUS
g Pt 2 . A TIN OUAFADENE
o O ] - L
£ x 0 g AR S *oq s' Southeast Niger
< 4+ ﬁﬂ ‘e‘ .
; Fo o NGUIGMI
N‘q e + BWOR]
8 ~ ARI KOUKCURI
= a TERMIT
South Niger
Cation ratio N'. BO.UGDOUMA
igeria
(Nat + K*)I[Ca2:+M92+) B SOUTH MANGA
-1 0
-2
&
t
Q
9
g8
X
s =
= o
§ 9
e T 0- &
< + f
&
©
o
Q
1 +

Fig. 2 Diatom-inferred water chemistry of 12 groundwater-fed lakes lying along a
transect from south Algeria to Nigeria, illustrating the latitudinal gradient in chemical
facies. The ages ol the samples range from 13 to 0 kyears BP.
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decrease in the freshwater input/evaporation ratio. The profiles show: (a) enormous

changes in water quality, from fresh water during stages of aquifer rise,

to

hypersaline conditions during the short-term dry intervals identified above, and after
4.5-4 kyears BP; (b) in the Sahel, increases in conductivity are accompanied by
changes in the chemical facies associated with the precipitation of trona and natron in
desiccating ponds; (c) extremely low 8'%0 values, ¢.g. at Tin Quaffadene around 9--8
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Fig. 3 Changes in diatom-inferred water chemistry along three Holocene lake profiles
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kyears BP suggest that precipitation supplying the aquifers was strongly depleted in
heavy isotopes and fell as squall showers, in agreement with groundwater data.

CONCLUDING REMARKS

Climate models have been used to examine how the changes in Earth’s orbit result in
the differences between the climate of today and that of the past. One of the most
spectacular palaeohydrological change in Africa was the development of a wet and
green Sahara during the early-mid Holocene. Atmospheric models (1.¢. Kutzbach et
al., 1993) underestimated observed climatic differences. Coupled atmosphere—
vegetation models (Texier er al., 1997) supported the hypothesis of positive
feedbacks between climate and vegetation, and coupled ocean-atmosphere models
(Kutzbach & Liu, 1997) demonstrated that some of the differences might be
explained by changes in ocean temperatures. However, simulations from these
models show only partial agreement with palacodata. Recently, a coupled
atmosphere-ocean—vegetation model {(Ganopolski er al., 1998) revealed strong
synergetic effects between the different climate subsystems and provided results in
better agreement with palacoclimatic data. However, further work is urgently needed
for a better understanding of the mechanisms of water storage and losses in the
surface and groundwater reservoirs, and for obtaining more detailed pictures of
climatic changes in Africa through more high resolution well dated records, and
through development of climate-system model with finer spatial and temporal scales.
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