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Abstract

Ž .In the mountains of the central Sahara lat ca. 208 to 228N, long 168 to 198E and particularly in the Tibesti mountains,
Ž .important lacustrine formations developed during the late Pleistocene, primarily during the Last Glacial Maximum LGM .

Two main phases, separated by a brief regression, intervened between ca. 20,000 and 15,500 BP, and between 15,000 and
12,500 BP. Pollen analyses were carried out on four samples of this formation. The high lacustrine levels were associated to
both important precipitations and a reduced evaporation linked to lower temperatures. Similar lacustrine deposits were found
in the Djebel Marra in the south of the Sahara. In the mountains of the central and eastern Sahara, during the same period
and until the middle Holocene, the AMiddle TerraceB Formation was deposited in the river valleys of the Tibesti, Hoggar,
Air and the Red Sea Hills. Since the southern headwaters of the Nile were dry from ca. 20,000 to 12,500 BP, the fluviatile
sediments deposited in the Nile valley in Nubia may have resulted almost entirely from the numerous wadis flowing from
the Red Sea Hills.

The rainfalls which fed these lacustrine and fluviatile formations were related to the Tropical Depressions which are
Ž .formed in the southern part of the westerlies and are linked to the activity of the Subtropical Jet Stream STJ , whose path

remained over the central Sahara from 20,000 BP to the early Holocene. In the Rocky Mountains of the western US, the
palaeolakes Lahontan and Bonneville were very large during the LGM and the main fluctuations exhibit similar chronology

wto that of the Saharan mountains. Broecker Broecker, W.S., 1994. Massive iceberg discharges as triggers for global climate
xchange. Nature 372, 421-424 estimates that these two large U.S. wet events between ca. 20,000–15,500 BP and ca.

15,000–12,500 BP may have been an indirect result of two large ice surges in the North Atlantic, related to Heinrich layers
1 and 2. We can assume, however, that the similar climatic variation of the Rocky Mountains and the central and eastern
Saharan mountains was also a result of the activity of the STJ all along its path, which marks the boundary between the polar
and tropical circulations. STJ activity can apparently produce long-distance climatic teleconnections. During the LGM
similar teleconnections also existed in the Southern Hemisphere between South Africa and Australia. The Tropical
Depressions result from the interaction of polar troughs and the influx of humid equatorial air forming transversal cloud
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bands. The large increase in the intensity of atmospheric circulation during the LGM was responsible for a large increase in
Tropical Depressions in both hemispheres. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of contemporary rainfall variations in
tropical Africa and particularly the large variations
which occurred during the recent drought periods in
the sub-Saharan regions, indicate large scale telecon-
nections with sea surface temperature anomalies in
the Atlantic ocean and also in the global ocean
Ž . ŽIndian and Pacific Folland et al., 1986; Palmer,

.1986; Fontaine and Bigot, 1993 . Thus, climatic
teleconnections can be related to the oceanic circula-

Žtion Broecker et al., 1990; Street-Perrott and Perrott,
.1990 and to particular features of the atmospheric

circulation, for example the Zonal Walker circulation
Ž .linked to the El Nino Southern Oscillation ENSO

Ž .Flohn, 1971; McGlone et al., 1992 , or to the East
ŽTropical Jet Stream Flohn, 1964; Dhonneur, 1974;

. Ž .Fontaine, 1990 . The northern Subtropical Jet
Ž .Stream STJ blows at the boundary between the

tropical and northern polar circulations because its
position and strength is determined by the maximum
thermic contrast between the tropics and the polar
regions. The STJ, which usually blows above the
Sahara during the cool seasons, from autumn to next
spring, may also be responsible for large-scale tele-

Ž .connections Maley, 1977, 1981 .
In the Tibesti mountains, situated in the central

Žpart of the Sahara lat ca. 208 to 228N, long 168 to
.198E , important lacustrine formations developed

during the late Pleistocene and attained very high
Ž .levels during the Last Glacial Maximum LGM

mainly between 20,000 and 12,500 years BP. The
rainfalls that have fed these lacustrine formations
seem to be primarily linked to the activity of the
STJ.

2. Lacustrine and fluviatile formations in the
Tibesti and other mountains of Central Sahara

( )from ca. 20,000 to 6500 years BP Fig. 1

The highest regions of the Tibesti mountains are
composed mainly of volcanic lava flows, especially

Ž .ignimbrite and basalts Fig. 1 . The volcanic activity
extended from the late Cenozoic to the upper Quater-

Ž .nary Vincent, 1970 . The western half of the Tibesti
forms a high plateau at an altitude above 1500 m,
made up largely of ignimbrite lava flows and punctu-
ated by several large craters, which are ignimbritic
calderas formed by subsidence following huge emis-

Ž .sions of acid lava Vincent, 1970 . At the foot of the
Tousside volcano, which culminates at 3265 m, opens´
a caldera with a depth of almost 1000 m and a
diameter of ca. 5 km. This crater is known as the
ATrou au NatronB because of a layer of dried white

Ž .salt natron laid down at its bottom. The crater’s rim
is at an altitude between 2600 and 2300 m and its
bottom at about 1520 m.

Outcrops of lacustrine deposits were observed
Žfrom the bottom up to an altitude of 2040 m Bot-

.tcher et al., 1972, Fig. 3 . These deposits exhibit a
thickness of 3 to ca. 8 m and are composed of

Ž .diatomite Faure, 1969; Maley et al., 1970 and
AcharaceiteB: a lacustrine chalk composed of thallus
and gyrogonites of Characeae which are calcareous

Ž . Ž .algae Soulie-Marsche et al., 1995 . Faure 1969´ ¨
sampled two outcrops: the first outcrop had a thick-
ness of 3 m and was situated at ca. 1850 m and the
second was 2.4 m thick at ca. 1520 m. At 2 m above
the base of the first section and at 1.6 m above the
base of the second section is a thin layer rich in
shells resting on top of a brownish layer rich in

Žorganic matter Faure, 1969; Maley, 1981; Maley et
. Ž .al., 1970 . Ehrlich and Manguin 1970 examined the

diatoms found in the layers rich in shells from the
two sections and determined the same species which
were mainly planktonic, related to oxygenated wa-
ters; some were also littoral and epiphytic. These
authors concluded to a lacustrine phase with a rela-
tively low level. Related to this low level, the under-
lying brownish layer records very probably a short

Žemersion with a swamp development Maley, 1981;
.Maley et al., 1970 .

The shells were radiocarbon dated by Delibrias et
Ž .al. 1969 in Gif CNRS-CEA Laboratory and gave
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Ž . Ž . Ž . Ž .Fig. 1. Map of North Africa. 1 Mountains over 1000 m. 2 Regions under 200 m. 3 Regions between 200 and 1000 m. 4 Maximum
Ž .southern extension of the aeolian activity during the Last Glacial Maximum from Rognon, 1996 .

Ž .14,970"400 BP Gif-380 for the first section and
Ž .14,790"400 BP Gif-379 for the second section

Ž .Faure, 1969 . The dated shells were not altered and
Žcomposed from calcite of biogenic origin Soulie-´

.Marsche et al., 1995 and personal communication .¨
The sediment which includes the shells is composed

Ž .almost completely of fine remains thallus of
Characeae made up also with biogenic calcite; this
sediment was subsequently named Characeite
Ž .Soulie-Marsche et al., 1995 . A new datation was´ ¨
recently performed in LGQ-CNRS at CEREGE
Ž .Aix-en-Provence on the sediment that includes the
shells from the first outcrop. The date obtained,
14,620"300 BP, is very close to that performed on
the shells, 14,970"400 BP, and so give a confirma-

Ž .tion to the first dates Soulie-Marsche et al., 1995 .´ ¨
We can presume also that the high Plateau in which
the crater was dug is entirely composed of volcanic
rocks which are mainly of acid ignimbritic type
Ž .Vincent, 1970 . Hence, no older carbonates exist in
this high plateau. Moreover, when studying the be-

haviour of the carbon isotopes in former lakes of the
Ž .Chad basin, Fontes in Durand et al., 1984, Fig. 4

showed that in oligotrophic and well-oxygenated
lakes, as was the case in this former lake, there is an
equilibrium with the atmosphere and in this case the
measurements of the radiocarbon give true ages.

From these results one can conclude that these
similar datations record the same event: the end of a
short regression, which can be estimated at about
15,000 BP, separating two long transgressive phases.
Based on the highest lacustrine outcrop at 2040 m,
we can conclude also that probably during at least
part of the two trangressive phases, before and after
the short regression situated at about 15,000 BP, the
lake in the ATrou au NatronB was at its deepest 500
m. More datings of lacustrine outcrops at several
different altitudes are nedeed, however, to precisely
determine the maximum extent of these two trans-
gressive phases.

The second transgression ended before the deposi-
tion of a thin calcareous crust of no more than 1 cm
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thick, which covers almost all of the volcanic rocks
outcropping from the bottom of the crater, but comes
to an abrupt end approximately 500 m above the

Ž .bottom Ergenzinger, 1968 . This crust is finely lam-
inated with a coralliform stromatolite facies, result-

Žing probably from the activity of algae Faure, 1969;
.Maley, 1981 . This crust was deposited either in

open air or under a fine pellicule of seasonally
Ž .dripping water Maley, 1981 . A sample taken from

an altitude of ca. 1750 m was radiocarbon dated at
Ž . Ž . Ž12,400 BP Gif-378 by Delibrias et al. 1969 Faure,

.1969 , implying at about this time an important
regression phase, with an almost complete drying of
the previous lake.

The temporal beginning of the first lacustrine
formation is not directly dated. Since the main lacus-

Ž .trine deposits, observed by Faure 1969 , were last

deposited at just prior to ca. 12,400 BP and consider-
ing that a layer in the upper third of the two outcrops

Žwas dated at about 15,000 BP i.e. between ca.
.14,620 and 14,970 BP , we can assume that the

underlying two-thirds of these deposits were formed
during about 5000 years. Therefore, the base of these
deposits can be roughly estimated at ca. 20,000 BP
Ž .estimate updated from that given in Maley, 1981 .

Ž .Ergenzinger 1968 observed in several places
other fine lacustrine deposits lying above the calcare-
ous crust. For this reason this third lacustrine forma-
tion is post 12,400 BP. The highest observed outcrop
of this last lacustrine formation is at ca. 370 m above
the bottom of the crater.

Although the end of the third lacustrine formation
is not directly dated, the study of other lacustrine and
fluviatile deposits in other parts of the Tibesti moun-

Fig. 2. Estimated variations of lake levels during late Pleistocene and early Holocene in the crater of the ATrou au NatronB and in other
Žcraters of the Tibesti mountains. Stratigraphic synthesis of lacustrine and fluviatile deposits with a radiocarbon chronology mainly from

. Ž . Ž .Faure, 1969 and Jakel, 1979; in Maley, 1981 . 1 Lacustrine extension with fine sediments or relatively fine layered fluviatile deposits. 2¨
Ž . Ž . Ž . Ž .Sands and gravels. 3 Pebbles. 4 Calcareous crust. 5 Low lacustrine level or swamp formation. 6 No deposit, arid period. Position of

Ž . Ž . Ž . Ž . Žradiocarbon dates and nature of dated samples: a Charcoal or vegetable remains, b shells, c carbonates, d bone. Adapted and
.completed from Maley, 1981 .
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tains, as in the Zoumri valley at the east of Bardai,
indicates that an important erosive discontinuity was

Ždated around 12,500 BP Maley et al., 1970; Jakel,¨
.1979; Jakel and Schulz, 1972; Geyh and Jakel, 1974 .¨ ¨

This discontinuity could be linked to the end of the
second lacustrine phase of the Trou au Natron. An-
other phase of fluviatile deposits is bracketed be-

Žtween ca. 11,000 and 10,000 BP Geyh and Jakel,¨
. Ž .1974; Jakel, 1979; Maley, 1981 Fig. 2 . Moreover¨

the discontinuity at about 15,000 BP in the lacustrine
deposits of the ATrou au NatronB could be linked to
a short swamp phase observed in the Middle Terrace
of the Zoumri valley, at the east of Bardai, half a
meter below a level dated on shells 14,055"135 BP
Ž .Molle, 1971; Jakel, 1979 . In other craters of the¨
Tibesti Plateau, lacustrine deposits have been dated

Žfrom the early Holocene up to ca. 6500 BP Geyh
.and Jakel, 1974; Jakel, 1979; Maley, 1981 . A¨ ¨

widespread calcareous crust dated at about 7700 to
7200 BP indicates a regressive phase that separated
the two major early Holocene lacustrine formations,
one between ca. 9200 and 7800 BP and the other

Žbetween ca. 7100 and 6500 BP Jakel, 1979; Maley,¨
.1981 . The lacustrine phase between 9200 and 7800

BP was also interrupted by a short regression around
Ž .8200 BP Jakel, 1979; Maley, 1981 . The end of the¨

Ž .last lacustrine formation ca. 7100 to 6500 BP can
be linked to a widespread erosive phase frequently
coupled with the deposit of a thick pebble layer
Ž .Messerli, 1972; Geyh and Jakel, 1974; Jakel, 1979 ,¨ ¨
which is also an indicator of the end of the AMiddle

Ž .TerraceB Maley, 1977, 1981 .
Indeed in the mountains of the central Sahara,

during the entire period of the lacustrine formation in
the ATrou au NatronB described above, fluviatile
deposits were particularly well developed in the river

Ž .valleys of the Tibesti Jakel, 1979; Maley, 1981 , but¨
Ž .also in the Hoggar Messerli et al., 1980 and the Air

Ž .mountains Servant, 1973; Morel, 1983 . From ca.
20,000 to 6500 BP the AMiddle TerraceB was the
typical fluviatile formation of these regions. More-
over older fluviatile deposits were observed also in

Žthese mountains Jakel, 1979; Messerli et al., 1980;¨
.Morel, 1983 . A humid phase bracketed between ca.

25,000 and 20,000 BP is frequently reported through
the lowland and upland regions of central and south-

Žern Sahara Servant, 1973; Maley, 1981; Rognon,
. Ž .1996 , and also in Djebel Marra Section 4.1 and

ŽNubia Wendorf and Schild, 1976, 1980; Schild and
.Wendorf, 1980; Paulissen and Vermeersch, 1987 .

3. Pollen analyses of the lacustrine formations
from the CTrou au NatronD and palaeoenviron-

( )mental interpretations Maley, 1981 .

In the ATrou au NatronB four samples were col-
lected by Faure and Rognon in the 3-m-thick profile

Žsituated at ca. 1850 m about 330 m above the
. Ž .bottom of the crater Faure, 1969; Maley, 1981 .

ŽThe radiocarbon dating or the estimated dating Sec-
. Ž .tion 2 is provided between brackets Table 1 .

For comparison, a present-day pollen spectrum
Ž .from a nearby crater APetit Trou au NatronB is

provided. The pollen spectra of the three samples
Ž .from ca. 20,000 to 15,000 BP no. 688, 687, 689

exhibit very high percentages of spores of pterido-
Ž .phytes and mosses from 94% to 81% and low

Ž .percentages from 5% to 19% of pollen grains from
Ž .phanerogams Maley, 1981 . The abundance of the

pteridophytes and mosses may have been the result
of the wet atmosphere associated with the rainy
season and also due to a regional development of fog
during a large part of the year in relation to the
presence of the large lake. The pteridophytes and
mosses may have colonized extensively the rim of
the crater and the cliffs above the lake. However,
most of these taxa are adapted to xerophytic condi-
tions. This feature can be explained by the lack of
rain during a part of the year. Therefore, the extreme
depth of the lake can only result from a positive
water budget linked to both an important rainy sea-
son and reduced evaporation, particularly during the
dry season. This last feature was due to a lowering in
temperature, primarily as a result of low cloud cover

Table 1
Pollen analyses from the Late Pleistocene and present-day sedi-
ments of the Trou au Natron

Ž .No. 690 near the top of the section ca. 13,000 to 12,500 BP
No. 689 1 m below the top in a thin layer rich in shells

Ž .dated at 14,970"400 BP
No. 687 in the brownish layer just below the layer rich in

Ž .shells ca. 15,500 to 15,000 BP
Ž .No. 688 near the base of the section ca. 20,000 to 19,500 BP .

A present-day sample from the bottom of a nearby crater,
the APetit Trou au NatronB
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and fog. Using an energy balance model designed to
interpret the functioning of the former Lahontan
Ž .Bonneville paleolake in the Rocky Mountains
Ž .western USA , which exhibits late Pleistocene fluc-
tuations similar to those of the ATrou au NatronB
Ž . Ž .Section 5 , Benson 1981 Aconcluded to the funda-
mental influence of cloud cover on changes in the
hydrologic balance of closed basin systemsB.

Several data exist concerning the lowering of
temperature during this period in the Saharan moun-
tains. First the presence of diatoms of the north
alpine type in the lacustrine deposits points out to

Žprobably cold waters Faure, 1969; Ehrlich and Man-
. Ž .guin, 1970 . Messerli 1972 and Messerli et al.

Ž .1980 also observed sediments and numerous geo-
morphological features in the Tibesti mountains that
were related to the actions of snow and ice; for
example, they described a rock glacier. Using pre-
sent-day temperature measurements near the ATrou

Ž .au NatronB and in the Hoggar Assekrem , Messerli
Ž . Ž .1972 and Messerli et al. 1980 were able to make
temperature estimates for the mountains in the cen-
tral Sahara during the LGM. They concluded a mean
temperature lowering of ca. 108C in the winter sea-
son and 68 to 88C in July.

Compared to the present-day pollen spectra and
also to the spectra obtained from Holocene sedi-

Ž .ments Maley, 1981 , the low percentages of
phanerogams between ca. 20,000 and 15,000 BP
seem to be primarily due to the fact that most of the

Žprecipitation was in the form of snow Messerli,
.1972; Messerli et al., 1980 . Snow cover can still

occasionally be observed today on the high plateaus
Ž .Messerli, 1972 . The reduction of Sahara-mountain
vegetation was probably the result of the spreading
of snow and the temperature lowering, which has
forced many taxa to migrate to lower altitudes or to
shelter in isolated stations. The current very dry
climate in the lowlands of the northern and southern
Sahara has also eliminated almost all vegetation
Ž .Maley, 1981 .

Following the lacustrine regression around 15,000
BP, the phanerogams increase abruptly and dominate
with 85% of the pollen grains belonging to au-

Ž .tochthonous present day taxa Maley, 1981 . This
phenomenon may be related to an increase in tem-
perature. However, the spores remained with fre-
quencies of ca. 15%, implying that ferns and Hepat-

ics probably grow once again on the upper rim of the
crater. The temperature increase considerably re-
duced the annual snow cover, but it also increased
the evaporation, which, however, was still lower
than it is today. The persistent high lacustrine levels
probably means that the precipitations were rela-
tively high until ca. 12,500 BP.

4. Comparison with the lacustrine and fluviatile
deposits of other mountain regions of southern
and eastern Sahara

In the mountains of southern and eastern Sahara
similar lacustrine and fluviatile formations have ex-
isted during the same period. While these formations
imply important rains in the mountains, however in
the same time the aridity was maximum in the
lowlands. This aridity was characterized by the for-
mation of large dune fields, which extended also
outside the present-day northern and southern bound-

Žaries of the Sahara Servant, 1973; Michel, 1977;
.Sarnthein, 1978; Rognon, 1996 . In the Chad basin,

for instance, when today the southern boundary
of the active dune fields is situated around the lati-
tude of 168N, during the LGM this boundary shifted
until the latitude of around 108N, i.e. a southern ex-

Žtension of 600 to 700 km Servant, 1973; Maley,
.Ž .1981 Fig. 1 .

4.1. The deposits of the Djebel Marra in Sudan

Ž X .The Djebel Marra lat 138N, long 4815 E is
situated in Sudan near the present-day southern limit
of the Sahara. It is formed by a strato volcano which
culminates at 3042 m and in which are lacustrine

Ždeposits dated from the Late Pleistocene Williams
.et al., 1980 . In the Deriba caldera, which has a

diameter of roughly 5 km, is a residual lake at an
Ž .elevation of ca. 2000 m. Williams et al. 1980 have

described several outcropping lacustrine deposits with
six radiocarbon datings of calcareous crusts. The
oldest deposits they observed dated at prior to ca.
19,000 BP and correspond to the highest shoreline at
q25 m above the present lake level. This first and
oldest lacustrine phase could correspond to the
widespread ca. 25,000 to 20,000 BP humid phase

Ž .indicated above Section 2 . Following a regression,
a second lacustrine formation dated at between ca.
19,000 and 16,000 BP with shorelines between q5



( )J. MaleyrGlobal and Planetary Change 26 2000 121–136 127

and q8 m. After yet another regression, a third
lacustrine formation arose at roughly 14,000 BP with
shoreline at q9 m; a subsequent regression inter-

Žvened later, but was not dated Williams et al.,
.1980 . Based on these data it appears that the last

two lacustrine formations of the Djebel Marra proba-
bly correspond to those of the ATrou au NatronB
dated between ca. 20,000 and 12,500 BP.

4.2. The deposits of the Egyptian Nubia

In the Nubian region of the eastern Sahara and
particularly in the Egyptian Nubia, numerous and
extensive researches were conducted between the
sixties and the eighties on the fluviatile deposits of
the Nile and of some regional wadis. In this region
the Nile valley is at an altitude of around 100 m. We
present there a short account concerning the period
between ca. 20,000 and 10,000 BP based on several
synthetic publications written by the main authors
ŽButzer, 1980; Wendorf et al., 1990; Wendorf and
Schild, 1976, 1980; Schild, 1987; Schild and Wen-

.dorf, 1980, 1989; Paulissen and Vermeersch, 1987
and also by authors who worked in the upstream

Žregions of the Blue and White Nile Adamson et al.,
.1980, 1982 . The present author has had the opportu-

nity to work also in Nubia around the second Cataract
Ž .of the Nile, in northern Sudan Maley, 1969, 1970 .

The main and outstanding problem concerns the
correlations during the LGM between the events in
the Blue and White Nile areas and these along the
lower main Nile in Nubia and Egypt. Indeed during
the period from 19–17,000 to 12,500 BP which was
markedly more arid than today in the areas around

Žthe headwaters of the Nile Basin Adamson et al.,
.1980 , the main Nile in southern Egypt and in Su-

danese Nubia is said to have had a continuous
discharge. All the authors working in Nubia consider
that this discharge can only have come from the
headwaters. However, the two Niles south of Khar-
toum were highly seasonal with very low discharges.
During the LGM and before ca. 13,000 BP the lake

ŽVictoria dried up quite completely Johnson et al.,
.1996 . The extensive sand dunes deposited in the

floor of the White Nile trough south of Khartoum
Ž .Adamson et al., 1982 date probably of this period
and imply at least a long seasonal drying of the river.

With a so low seasonal discharge, one can question
if the main Nile north of Khartoum could have
flowed until the Egyptian Nubia? To resolve this
problem, indeed a part of these different statements
must be wrong.

Ž .According to Butzer 1980 , the fluviatile sedi-
ments deposited along the Nile in Nubia were
AvigorousB and formed braided channels. These bed-
load deposits included exotic pebbles which origi-
nated from Ethiopia or southern Sudan, apparently
implying significant fluvial transport from these re-
gions. Wendorf, Schild and other colleagues
Ž .Wendorf and Schild, 1976, 1980 , among their nu-
merous researches, have worked in the mouth of the
wadi Kubbaniya, a wadi from the western bank of
the Nile between Aswan and Kom-Ombo. In this
place between 10 to 20 m of fluviatile sediments
were deposited between ca. 19,000 and 10,000 BP
and the accumulation of these sediments interfin-
gered constantly with dune accumulation indicating a
pronounced local eolian activity. At no point did the
wadi contribute any sediment to the sequence
Ž .Wendorf and Schild, 1976, 1980 . Paulissen and

Ž .Vermeersch 1987 showed that between about
20,000 and 12,500 BP the slope deposits along the
Nile in southern Egypt were very coarse, confirming
the local hyperaridity. However, Butzer was able to
show that in opposition to the wadis of the western
bank, those of the eastern bank of the Nile were very
active during this period. Butzer described the east-
ern wadi deposits near Kom Ombo and named the
Malki Member of the Ineiba Formation. The Malki
Member began before 17,500 BP and terminated
around 13,000 BP, just before the deposits of the

Ž .AWild NileB see below . According to Butzer, the
Malki Member at Kom Ombo consists of a light
brown, laminated clayey silt, with prismatic tenden-
cies and frequent slickensides. Local gravels are
confined to lenses near the base. The Malki Member
had a thickness exceeding 9 m and is now forming a
q4 to q6 m wadi terrace. Butzer concluded that
these deposits represent suspended sediment carried
to the edge of the Nile floodplain by a large water-

Ž .course the wadi al Kharit flowing from the Red Sea
Hills. The headwater of this wadi culminate at 1975
m. From these data, it appears that the Malki Mem-
ber can be correlated with the other fluviatile and
lacustrine deposits described in this paper from dif-
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ferent mountain regions of the Sahara. The Malki
Member clearly corresponds to the lower part of the
AMiddle TerraceB.

To resolve the problem concerning the dry head-
waters of the Nile which occurred in the same time
of the fluviatile sediments deposited in the Nile
valley in Nubia, one could assume that these sedi-
ments came almost entirely from the numerous wadis
flowing from the Red Sea Hills which in Egypt and
Sudan culminate at altitudes between 1500 and 2200
m. Concerning the exotic pebbles included in the
sediments deposited in the Nile valley one can esti-
mate also that they could have been reworked from
older true Nile sediments.

The return of the true Nile floods and sediments
corresponds to the AWild NileB phase described in

ŽNubia Wendorf and Schild, 1976, 1980; Butzer,
.1980; Paulissen and Vermeersch, 1987 . This Wild

Nile phase was relatively short; it began between
13,000 and 12,500 BP and ended around 12,000 BP;
the flood levels were the highest for the late Pleis-
tocene and the Holocene, around q30 m above the
present-day flood plain in Nubia, i.e. 10 to 12 m

Ž .above the highest levels of the Holocene Arkin
ŽFormation which occurred around 7000 BP Wendorf

and Schild, 1976, 1980; Butzer, 1980; Paulissen and
.Vermeersch, 1987 . This Wild Nile phase implies

enormous annual floods and consequently huge mon-
soon rains in the headwaters of the Blue Nile and
White Nile. The return to wetter conditions in these

Žregions occurred indeed around 12,500 BP Adam-
.son et al., 1980, 1982 . However, the new filling up

of the lake Victoria that began around 12,400 BP
Ž .Johnson et al., 1996 could be the main explanation
of the Wild Nile phase because the new overflowing
of the lake Victoria led to a brutal re-opening of the
upper reach of the White Nile. More to the west in

Ž .the Chad basin Maley, 1981 and in southern
Ž .Cameroon Maley and Brenac, 1998 the return to

wetter conditions indeed intervened around 12,500
BP.

5. Palaeoclimatic interpretations for the Sahara
regions

Ž .Sarnthein et al. 1981 relating to Atlantic marine
data concluded that during both the warm and the

cold climatic stages of the late Quaternary and par-
ticularly during the LGM, the circulation of the
atmosphere over subtropical North Africa retained a
basically stable latitudinal position but was associ-
ated with considerable variations in the intensity.
Accordingly, the centre of the arid belt would have
remained approximately in the same position, but the
belt would have expanded during the cold periods
and contracted during the warm ones. In a recent
study from the Canary Islands and the coastal re-
gions of Morocco, Rognon and Coude-Gaussen´
Ž .1996 showed that during the LGM mobile dunes
moved inland in a west-to-east direction implying
that the westerly wind was much stronger than today.

ŽRelating to inland Saharan data, Maley 1981, p.
.542 reached the same conclusions with arguments

based to the geographic extent of the Middle Terrace
which he linked also to the position of the STJ above
the Sahara.

During the present-day period, the monsoon rains
usually attain the central Sahara only in the summer
where they produce violent storms. However in the
central Sahara the largest rains fall primarily during
the year’s cool seasons — specifically in the spring

Žand autumn, and more rarely in the winter Dubief,
.1963; Wilson, 1978 . The rains during these cool

seasons are linked to Tropical Depressions also re-
Žferred to as ASaharan DepressionsB Flohn, 1971;

.Maley, 1977, 1981; Flohn and Nicholson, 1980 or
ŽAHeug rainsB in the western Sahara Dubief, 1963;

.Le Borgne, 1979 , AKhamsin DepressionsB in the
Ž .eastern Sahara Tantawy, 1969; Pedgley, 1972 and

ASudano–Saharan DepressionsB in the southern Sa-
hara or even rarely in the northern savanna belt
Ž .Suchel, 1980 . While monsoon rains are stormy, the
rains of the Tropical Depressions are usually gentle

Ž .and continuous Delorme, 1963 . Linked to these
gentle and continuous rains, the sediments deposited
in the rivers are fine and well stratified, but follow-
ing stormy rains, the sediments are sandy and coarser.
The size of the raindrops which is different between
these two rain types, explain the correlation between
the granulometry of the sediments and the rain types
Ž .see Fig. 6 in Maley, 1982 . The importance of dust
in the troposhere during the cool seasons also ex-

Žplains the fine character of the sediments Maley,
.1981, 1982 . Therefore, when the rains are associ-

ated to Tropical Depressions, the sediments that
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accumulate in the rivers are predominately fine and
well stratified. When the rains occur in the northern
front of the monsoon, the precipitations are mainly
stormy and the sediments deposited are sandy and

Ž .coarse Maley, 1981, 1982 . So, in studying numer-
ous profiles, the granulometric character of the fluvi-
atile sediments can help the palaeoclimatic interpre-
tation.

Since the Saharan lowlands were very dry with
large extension of eolian activity between ca. 20,000

Žto 12,500 BP Servant, 1973; Maley, 1981; Rognon,
. Ž .1996 Section 4 and since the lacustrine and fluvi-

atile formations developed during this period in the
mountains of the central and southern Sahara were
mainly composed of fine and well-stratified deposits,
therefore these formations cannot be monsoonal in

Žorigin but only linked to Tropical Depressions Sec-
.tions 2–4 . In the lower troposhere, the wind respon-

sible for aeolian activity was very strong and, as a
result, the rains evaporated before they reached the
lowlands; therefore, the rains were only effective in
the upland mountainous regions. The fine character
of these deposits were related to the rain types, as
explained above, but mainly also to the large quan-

Žtity of dust which circulated in the troposphere Ma-
.ley, 1982 . Several authors pointed out to the loessic

Žcharacter of the sediments for this period Maley,
.1981, 1982; Coude-Gaussen, 1987; McTainsh, 1987 .´

Moreover, because the lacustrine deposits formed
during this period in the Djebel Marra were situated
at ca. 138N, one can estimate that during the LGM
the Tropical Depressions reached the present day
southern boundary of the Sahara. In the eastern
Sahara the more southern of these Tropical Depres-
sions could have reached the northern part of the
Ethiopian Plateau and so could have been responsi-
ble for the low discharge of the Blue Nile and other
nearby rivers during the LGM.

In the Tibesti the study of the deposits of the
upper part of the Middle Terrace which accumulated
during the early Holocene shows that the sediments

Ž .were fine before ca. 8000 BP Sections 2 and 4 but
after this date and until ca. 7000–6500 BP they were
progressively enriched with coarse materials, or with

Žalternating fine and coarse layers Maley, 1977,
.1981 . Thus, one can deduce a progressive increase

of monsoon rains during the summer, alternating
with periods exhibiting more precipitations from

Ž .Tropical Depressions Maley, 1977, 1981, 1982 . In
the Eastern Sahara such rain type alternation was

Ž .also estimated by Kropelin 1993 . The mid-Holo-¨
cene erosive phase occurring around 6500–6000 BP
was responsible for the end of the AMiddle TerraceB.
This phase was associated with the domination of the

Ž .monsoon rains Maley, 1977, 1981, 1982 . During
this period the activity of Tropical Depressions was
probably much reduced, but it was then renewed in
the late Holocene following a general cooling after

Ž .ca. 4000 BP Maley, 1977, 1981, 1997 .
The Tropical Depressions are formed in the south-

ern part of the westerlies; these depressions are
therefore cyclonic and controlled by the activity of
the STJ, whose path coincides with the limit between

Žpolar and tropical circulations Ramaswamy, 1956;
Krishnamurti, 1961; Riehl, 1981; Thepenier and´

. Ž .Cruette, 1981 Fig. 4 . During the year’s cool sea-
sons, the axis of the STJ reaches the lowest latitudes

Ž .in northern Africa between 208 and 308N and re-
Žmains above the central Sahara Dettwiller, 1967; De

. Ž .Felice, 1975 Fig. 3 . The synoptic situations which
lead to Tropical Depressions occur as follows: first,
an influx of polar air in the middle or upper tropo-
sphere reach the Sahara and ahead of these cold
troughs are brief invasions of humid equatorial air

Žassociated with a rapid ITCZ undulation Jalu, 1965;
Winstanley, 1970; Flohn, 1971; Flohn and Nichol-

.son, 1980 . This undulation may be a result of the
activity of boreal cold troughs or even surges in the
monsoon linked to perturbations travelling in the

Ž .Southern Hemisphere Dorize, 1974 . After forma-
tion, the Tropical Depression usually travels at an

Žaltitude where its base is at ca. 700 mb approxi-
.mately 2500r3000 m and its top at roughly 300r400

Ž . Ž .mb Drochon, 1971 Fig. 4 . Its trajectory is north-
eastward or eastward and is controlled by the activity

Ž .of the STJ Ramaswamy, 1956; Tantawy, 1969 .
A dynamical convergence intervene in the tropo-

sphere on the southern flank and below the axis of
the STJ’s accelerating path, i.e. usually when the jet
enters above Africa and blows above the Saharan

Žregions Ramaswamy, 1956; Jalu, 1965; Barry and
.Chorley, 1971; De Felice, 1975; Le Borgne, 1979

Ž .Fig. 3 . Because the Tropical Depressions are di-
Žrectly linked to such convergence phenomena Fig.

.4 , therefore we can conclude that the main axis of
the STJ remained above the central Sahara during
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Fig. 4. Cross section of the STJ during the cool season above the
Sahara and position of a Tropical Depression. The arrows indicate
the cross circulation to the Jet with development of dynamical
subsidence or convergence on both sides of the Jet axis. Ac,

ŽAltocumulus adapted from Jalu, 1965 and De Felice, 1975; figure
.from Maley, 1981 .

the gradual accumulation of the Middle Terrace and
other related lacustrine deposits, i.e. from 20,000 BP

Ž .to the early Holocene Maley, 1981 . Fine fluviatile
sediments were deposited also in the northern part of

Ž . ŽIndia ca. 238N during the same period Williams
.and Clarke, 1984 , and so these sediments probably

belong to a similar Middle Terrace formation. There-
fore, we can estimate that during this period and
during the cool season, the path of the STJ was
situated south of the Himalayas. In the loess deposits
of central China, the datations of the two last peaks

Ž .of grain-size maxima Porter and An, 1995 are
synchronous with the two lacustrine and fluviatile

Ž .regressions presented above. Porter and An 1995
relate these grain-size maxima to Atlantic Heinrich

Ž .events Section 6 and also to large increases of
westerly winds, which can be assimilated to the STJ
activity.

6. Teleconnections between the mountains of cen-
tral and eastern Sahara and the Rocky Mountains
in the western US

The STJ corresponds to the upper tropospheric
Žbranch of the main Polar Jet Stream Barry and

.Chorley, 1971 . In the Rocky Mountains, a similar
Ž .palaeoclimatic role Section 4 has been attributed to

the Polar Jet Stream with regard to lacustrine forma-
tions in the large palaeolakes Lahontan and Bon-

Ž . Žneville ca. 408N during the late Pleistocene Be-

.nson and Thompson, 1987; Benson et al., 1995
Ž .Figs. 5 and 6 . The most important aspect of this
comparison is the close temporal similarity for the
main fluctuations of the palaeolakes Bonneville in
US and ATrou au NatronB in central Sahara from ca.

Ž20,000 BP until the beginning of the Holocene Figs.
.2 and 6 . After ca. 10,000 BP the difference in the

variations for these two lakes can probably be related
to the larger influence of monsoon rains in the
central Sahara. From the data and interpretations
presented above, we can conclude that during the
late Pleistocene, the teleconnections between the
Rocky Mountains and the central and eastern Saha-
ran mountains probably resulted from the activity of
the STJ.

Several late Quaternary palaeoenvironmental stud-
Ž .ies, i.e. in central Texas Toomey et al., 1993 and

Žsouthern California Enzel et al., 1989; Spaulding,
.1991; Sirocko et al., 1999 also concluded that the

STJ played a fundamental palaeoclimatic role. Based
on changing orbital parameters and estimated surface

Žboundary conditions for 18,000 BP in January cold
. .season , Kutzbach and Guetter, 1986, fig. 12 and

Ž .COHMAP 1988, figs. 3 and 4 reconstructed the
Žformer path of the main westerly Jet Stream prim-

.arily the STJ above North America and Europe,
including northern Africa. Their reconstruction
showed that the path of the STJ was situated above
the Rocky Mountains and, after crossing the At-
lantic, above the Mediterranean Sea or southern Eu-
rope. This reconstruction is different from that
reached in this study, which shows clearly a path

Ž .above the central Sahara. Bryson 1992, fig. 11 , in
using the AZ-criterionB, which is mainly a function
of vertical and meridional temperature gradients
Ž .Smagorinsky, 1963 , also modeled for the LGM

Žperiod an STJ path above the Sahara i.e. around
. Ž26r278N in February at 500 mb . Bryson 1992, Fig.

.12 predicted also a roughly twofold increase of
rainfalls for this period in northern North Africa at
318 N. Such increase in rainfall, associated with an
important diminution of the evaporation due to a

Ž .large temperature lowering Section 3 , may also
explain the very high lacustrine levels in the Tibesti
described above.

Based on the long-distance correlations presented
in this paper, the conclusions reached by Broecker
Ž .1994 for the US could be tentatively applied to
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Fig. 5. Map showing several LGM radiocarbon-dated records; the location of the ATrans U.S. Wet eventB from the lakes Lahontan and
Ž . Ž . Ž .Bonneville L–B to Florida F ; some palaeoclimatic features apparently related to Heinrich events H ; the Sahara region in north Africa

Ž .figure adapted from Broecker, 1994, Fig. 3 .

North Africa and the Saharan regions. It was shown
in this paper that the major chronological pattern of

Fig. 6. The variations of the level of Lake Lahontan in the Rocky
ŽMountains, western US, during the late Quaternary from Benson

.et al., 1995, in Broecker, 1994 .

precipitation which extended from the Rocky Moun-
Ž . Ž .tains to Florida ca. 298N Grimm et al., 1993 ,

Ž .called the Atrans U.S. wet eventB Broecker, 1994
Ž .Figs. 5 and 6 , also reached the mountains of the
Sahara, especially the Tibesti, Hoggar, Aır, Djebel¨

Ž .Marra and Red Sea Hills. Broecker 1994 inter-
preted the two large wet events between ca. 20,000–

Ž .15,500 BP and ca. 15,000–12,500 BP Fig. 6 as
being an indirect result of two large ice surges in the
North Atlantic. These two massive flows of icebergs
were short events, less than 1000 years, first detected

Ž .by deep-sea coarse, lithic deposits Heinrich, 1988 ,
Žand subsequently named AHeinrich layersB Broecker

.et al., 1992 . The datings of the last two layers, H2
Ž .and H1, center around 20,000 H2 and 15,000 BP

Ž . Ž .H1 Broecker, 1994 . The hypotheses of Broecker
Ž .1994 are based on the fact that the sudden release
of freshwater on the North Atlantic sea surface due
to massive ice surges can disrupt the thermohaline

Žcirculation Broecker et al., 1990; Street-Perrott and
.Perrott, 1990; Broecker, 1994 . Recently Ruhlemann¨

Ž .et al. 1999 showed that these cold events in the
North Atlantic were linked to significant warming in

Ž .the tropical Atlantic southern Caraib region .
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However the palaeoclimatic correlations during
the LGM from the Rocky Mountains to the Saharan
Mountains and until northern India and China can
also be explained by the activity of the STJ all along
its path. The expansion of continental ice sheets
during this period in northern America and Europe
has had a major role in controlling the position and
intensity of the STJ. Moreover the lacustrine regres-
sions dated at ca. 20,000 and 15,000 BP can be
linked to the sudden releases of freshwater and syn-

Ž .chronous tropical warming see above which were
probably responsible for the shortening of the yearly
maximum activity of the STJ. The same phe-
nomenon can also explain the lacustrine regression
dated at ca. 12,500 BP because it intervened at the

Žtime of the first and large monsoon extension Sec-
.tion 4.2 , synchronous with a tropical warming phase

Ž .Maley and Brenac, 1998 .
When we refer to the present day synoptic situa-

Ž .tions leading to Tropical Depressions Section 5 , we
observe that in the Saharan lowlands the wind in-

Ž .creases at ground level aeolian activity and in the
Saharan uplands the importance of rains related to
Tropical Depressions are both linked to the STJ
activity and to the frequency of cold outbreaks in
polar troughs. The origin of the water vapor precipi-
tated by the Tropical Depressions can be regional or
more distant. Indeed, on a synoptic scale, ahead of
the polar troughs were frequently brief surges and
invasions of humid equatorial air, forming transver-

Ž .sal cloud bands Flohn, 1971; Riehl, 1981 . These
surges have their parallel in the Southern Hemi-
sphere and can be linked also to Tropical Depres-
sions associated with the austral STJ and to austral
polar troughs which can occur even during the aus-
tral summer, owing to a much larger Antarctic ice
sheet. One can estimate that during the LGM, the

Žgreater intensity of the atmospheric circulation see,
for instance, the large increase in the aeolian activity

.and the southern extent of the Sahara, Fig. 5 was
responsible in both Hemispheres for a large increase
of Tropical Depressions.

Since the climatology of the STJ in the Southern
Ž .Hemisphere Gentili, 1974 is indeed similar to that

of the northern STJ, we can also assume that there
were comparable rain perturbations during the LGM.
Evidence exists in South Africa for a widespread
LGM humid period in the Kalahari and Namibia

Ž . Žbetween ca. 188 and 308S Lancaster, 1979; Brook
. Žet al., 1990; Heine, 1992 . In Australia New South

. Ž .Wales, ca. 328S Williams et al. 1991 described
Žfluvial, lacustrine with charophyte layers possibly

comparable to the Characeite described in the Trou
. Ž .au Natron and aeolian lunettes formations also

dated from the LGM.
We can therefore conclude that during the LGM

the high frequencies of boreal and austral Tropical
Depressions must have been linked to large increases
of the general circulation, to increased global interac-
tions between the polar–zonal circulation in both
hemispheres and to tropical–meridional or Hadley
circulation.

7. Conclusion

From ca. 20,000 BP to the early Holocene, the
activity of the STJ all along its path, which marks
the boundary between the polar and tropical circula-
tions, was capable of producing long-distance cli-
matic teleconnections, as seen in the Northern Hemi-
sphere between the western US and the Sahara as
well as northern India. Similar teleconnections can
also be traced in the Southern Hemisphere between
South Africa and Australia, and perhaps in other
continental areas as well. During the LGM the path
of the STJ over the Sahara and India was apparently
rather similar to its present-day path. We can concur

Ž .with Ramaswamy 1956 that Athe Subtropical Jet
Stream plays the very important role of producing
large-scale convection in the subtropics all over the
world wherever it overruns on its equator-wide side,
moist air possessing a high degree of latent instabil-
ity.B
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