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ABSTRACT 

The climat c evolution o f  the Sahara has been studied very intensely 
during the l a s t  decennium. 
palynological investigations have been published on the region. All 
this research was mainly concentrated on the Late Quaternary. 

The environmental evolution o f  the Sahara region was dominated in 
Late Pleistocene and Holocene times by the energy balance between the 
bipolar glaciations. The dras t ic  lowering i n  temperature which occur- 
red during the l a s t  glacial maximum over Europe and the adjoining 
seas brought  heavy cyclonic winterrains accompanied by a cool climate 
to  northwestern Africa. The central Sahara and particularly the 
Sahara mountains also received rainfall  by the intervention of tropi-  
cal depressions while the r e s t  of the Sahara was arid.  This t ipe  of 
ra infa l l  persisted until  ca. 6500 B P ,  af.ter which the monsoon rains 
of sahelian type invaded the southern and central Sahara until ca. 
4400 BP. 

The various stages o f  t h i s  process are discussed for  the different 
regions using geomorphol ogi cal , biogeographical, palynological and 
oceanographic evidence, The sediment sequences of the central Sahara 
mountains and the lakes of the southern Sahara have provided invalua- 
ble material fo r  the dating and correlation of these events. 

THE GLACIAL CLIMATE 

The repeated cooling of the Arctic i n  Quaternary times and the de- 
velopment of extensive ice  sheets since 2.5 M Y ago had a profound 
ef fec t  on the geology, 
Hemisphere and for  tha t  matter on the en t i r e  globe. 
glaciation the ice sheets i n  North America were much larger than 
those in Europe and the Alps. 
covered w i t h  fluvioglacial deposits, tundra and loess steppe, while 
the deciduous forests of Europe were driven f a r  away into a great 
number of n i  ches and she1 tered habi t a t s  i n  the mountains bordering 
the Medi terranean. 

the data on palaeotemperatures tha t  has been .published. 

Prior t o  t h i s  time only some important 

the climate and biogeography of the Northern 
During the l a s t  

South of the glaciers vast plains were 

The change i n  climate was extraordinary as can be concluded from 
Permafrost 
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occurred i n  Europe as f a r  south as southern France and the Black Sea 
from which a decrease i n  temperature of 15 - 18OC has been inferred 
by Butzer, (1976). 
s h i f t  of the Arctic t ree  l ine  from northern Scandinavia t o  southern 
France and the central Volga Basin over a distance of 3000 km implies 
a drop i n  summer temperature of 7 - 10' C y  while the winters were 
much colder. 

The f i r s t  results of the Climap Project,  which are concentrated on 
the simulation of the climate dur ing  the l a s t  glacial maximum 18 O00 
years ago, show tha t  the temperature o f  the surface water o f  the 
oceans was lowered significantly,  b u t  the decrease was o f  an en t i re ly  
d i f fe ren t  degree i n  different parts of the world (McIntyre, ,1z76J.j 
The oceanic polar fronts were displaced equatorwkl=e?%lly i n  the 
North Atlantic, which north of 42' N ,  was transformed into a polar 
sea. Permanent pack ice  covered the seas around Labrador, Iceland 
and Scandinavia and winter sea ice extended in the North Atlantic t o  
approximately 45" N (McIntyre e t  a l ,  1975). In the Southern Ocean 
conditions were i n  winter much more severe and sea ice  reached much 
lower lati tudes than a t  present (Hays e t  a l ,  1976). The fac ts  tha t  
permafrost i n  southern France reached 45' N l a t i tude  and the Arctic 
Ocean moved t o  42" N make i t  plausible tha t  the western Mediterranean 
was 10 - 12' C cooler than a t  present. In the eastern part of th i s  
sea the temperature decrease was probably only 1 - 2 . 
J97.6*), 
t o  be found on the northern slopes of these mountains where two hori- 
zons of 'cold landforms' occur below the present level o f  2440 m 

[Couvreur, 1965). 
Important proof of cold conditions along the Med'terranean coast 

has come forward from Cyrenaica where Hey (1972) w d c r i % r T - x r i &  
o&tV_e fros~ypclli~g_oQleistocene screes,  viz. from 50 Op - 
43 O00 BP and from 32J~O.&QQO.-BP. The process was-I%E-active m>2 the  second fGriodYaaprobably because the climate of Cyrenaica 
was dry during the l a s t  Wurm maximum. The current winter temperature 
i n  t h i s  northern part of Libya i s  14' C which confirms the former 
dras t ic  deterioration of the climate, 

These enormoug changes in temperature can only be explained j n  
tems of changes in the Earth's energy budget and the results o f  such 
changes were o f  an l 'ntricate nature as they affected the up er atmos- 
cated with some confjdence as i s  shown I'n the general study o f  Rognon 
( í § r e )  on the l a t e  Quaternary of the Sahara (see also: Rognon & 
W i  l l'i ams, 1§77), 

These changès must have had a dramatie dnfluenee on the palaeoenvl- 
renment of the Meditèrranean eeast and the Sahara region, This can 
be substantiated by the simuläted differences in July sur#aea a i r  
tèmpewtures ad 18 O00 E3P (Gates, 1976) I Although this da ta  has net 
reached i t s  fina9 form and has te  be upgraded the information so far 
shows UnequiVseal~y tha t  i18 000 BP the e n t i r e  region eempris4ng E u r ~ p @ ~  
tha  northern At1 anti G~ th@ westarn Madi terranean and ths nertham 
Sahara was trensfeni?d inte  a Sargs very oeld t.6 e669 perf; of tha 
w6rld [Basko f f  @t a l ,  Ig7'7'), Ths E6tîs@qU@n& 6 f  this sitUaf;i0n fñUst 
have been tha t  the climatic system had changed profoundly. 

The same author estimates tha t  the southward 

' I  

The decrease in temperature fo r  the Atlas was even 13' C (!$ats> 
The consequences of t h i s  considerable drop  in temperiture are 

"I 

pheric circulation, ln a number of cases correlations can 1 e indi- 

The stable 
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h i g h  pressure system of the ice  cap extended i t s  influence well over 
the western Medi terranean and the descending di vergent cold air 
b rough t  a r id i ty  t o  t h i s  region. 

THE NORTHERN AND EASTERN MEDITERRANEAN COASTLANDS 

The Mediterranean coastlands have supplied important circumstantial 
evidence on environmental changes which occurred in the northern 
Sahara. 

I t  has fo r  a long time been assumed that during glacial times the 
deciduous fores t s  of Europe migrated southward and covered the Iberian, 
I ta l ian  and Balkan peninsulas. Pollen analysis of deposits of glacial 
age has, however, shown tha t  this assumption was to t a l ly  wrong. 

Round Lago d i  Monterosi near Rome the vegetation consisted ca 
25 O00 BP and l a t e r  of a t ree less  dry steppe ( In  l i t .  Beug, 1967). 
Similar conditions existed i n  Granada in southern Spain, where some’ 
pine t rees  occurred widespread i n  the open vegetation ( Ib id) .  

In eastern Macedonia the evergreen oak fores t  of the Eemian was 
from 60 O00 t o  14 O00 BP replaced by dry open steppe i n  which Kochia 
and Eurotia indicated tha t  the environment was much colder than a t  
present and resembled present day conditions i n  the Pamir i n  Central 
Asia (Van der Hammen, e t  a l ,  1971). 
higher elevation on the mountain slopes which received more r a in fa l l .  

The Artemisia - Chenopodiaceae steppe also occuyred i n  S.W. Turkey 
between 20 O00 and 10 O00 BP and was gradually invaded by t rees  when 
the climate became more humid and warmer i n  Late Glacial times (Van 
Zeist e t  a l ,  1975). The fores t  became established here only a f t e r  
8000 BP. 

Even i n  western Iran treek were completely absent in the steppe 
round Lake Zeribar between ca. 23 O00 and 14 O00 BP (Van Zeist ,  1969). 

All these studies of foss i l  pollen lead t o  one conclusion viz. 
tha t  during the l a s t  glacial maximum the northern and eastern border 
lands of the Mediterranean were exposed t o  a very cold, dry and windy 
climate. 

Forest remnants occurred a t  

THE NORTHERN ÁND WESTERN SAHARA DURING QUATERNARY TIMES 

I t  is  very d i f f i c u l t  t o  subdivide the vast Sahara region in to  areas 
which had a more or less uniform climatic history. The central 
Saharan mountains and a l so  the southern par t  o f  the desert each form 
def in i te  e n t i t i e s  while the r e s t  of the desert and the extensive 
coastal areas belong t o  a f a r  less  homogenous section. 

and western Sahara, especially by French researchers such as: 
Alimen, F. Beucher, P. Chamard, C. Conrad, R. Coque, P .  Elouard, 
tl. Faure, P .  Michel and several others, many problems have no t  ye t  
been solved. 

In some periods during the Pliocene, particularly the uppermost 
part warm and semi -arid’ condi t i  ons prevai 1 ed i n  the northern Sahara 
and extensi ve lacustrine\ deposits were 1 aid down between the Hoggar 
and the Atlas mountains (Conrad, 1969b; Maley, 1978). 
basins of the Ahnet-Mouydir and of the N . W .  Sahara were a t  one stage 
united t o  one extensive lake. region was 

Although a remarkable amount of work has been done i n  the northern 
H. 

The l a r g e ,  

The climate i n  t h i s  vast 
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Fig .  1. Locality map o f  the Sahara. 



ranging from tropical i n  the south t o  mediterranean temperate i n  the 
north. 
present very limited. In the course of the upper Pleistocene a c l i -  
matic amelioration can be detected which made i t  possible for Acheulian 
people and probably also f o r  plants and animals t o  spread i n t o  the 
desert ,  as has been observed in Mauritania, the Saoura (Conrad, 1969c) 
a t  Bilma (Maley e t  a l ,  1971), i n  the Djebel Uweinat (de Heinzelin e t  
a l ,  1969), i n  the southern Libyan desert (Haynes, 1977) and i n  Nubia 
(Wendorf, 1968, 1977). (FI 9.1).  

In the central Sahara a f t e r  a new a r id  cycle a sub-arid t o  sub- 
humid phase followed from ca. 40 O00 t o  20 O00 B.P. ,  which was proba- 
bly sub-divided into two or three stages (Conrad, 1969; Servant, 1973; 
Maley, 1976). These different phases may have been related t o  rain 
caused by tropical depressions (Maley, 1976, 1977a). From th i s  period 
dates the extension of different cul tures in the Sahara, particularly 
the Aterian (Camps, 1973; Clark e t  a l ,  1973) and the f i r s t  industries 
which showed characterist ics of the upper Palaeoli th ic ;  assemblages 
of this l a s t  type are known from Bilma (Maley e t  a l ,  1971), Nubia 
(Wer8dorf, 1968) and Libya (Mc Burney, 1967). 

The extensive ice  sheets of the Northern Hemisphere certainly had 
a dominating influence during this in te rs tad ia l  and the strong anti-  
cyclone over northern Europe together w i t h  the low temperature i n  
the Arctic activated the atmospheric circulation. The cyclonic tracks 
were forced southward and brought  much precipitation t o  the Maghreb 
(Rognon, t h i s  volume) while the northern Sahara proper as f a r  as the 
Red Sea coast o f  Mersa Alam (25' N ;  Butzer, 1972b) d i d  n o t  receive 
much r a in fa l l .  

The climate deteriorated dras t ica l ly  d u r i n g  the ensuing l a s t  cold 
maximum o f  the Würm. The considerable lowering i n  temperature over 
the en t i r e  region of Europe and the northern Atlantic has already 
been alluded to.  The central Atlantic was also cooler than a t  pre- 
sent (Gates, 1976). According t o  the Climap simulation model the 
West African coastal waters between the la t i tudes  of 22 and 15" N 
were 6 - 8" C colder in February than a t  present (McIntyre e t  a l ,  
1975; Rognon, 1976). The Canaries Current, which is  accompanied 
by cold upwelling, flows a t  present near the coast between 30" N 
and 21" N .  
ward dur ing  glacial times j u s t  as i t s  southern counterpart the 
Ben uela Current (Bornhold 1973; van Zinderen Bakker, 1967, 1975). 

over the Maghreb and Israel where they caused high ra infa l l  enhanced 
in the Atlas by orographic precipitation (Rognon, 1976). 
Maghreb and the desert region south of the Atlas lakes persisted f o r  
a long time. They received much water from the mountains through a 

and mediterranean elements t o  lower a l t i tudes  (Beucher, 1975, p.  265). 
The hygrophyllous and mountain vegetation represented i n  the pollen 
spectra i s  therefore not representative fo r  the overall climatic con- 
dit ions ( i b i d . ) .  The climate of the desert proper was according t o  
Conrad (1969) semi-arid during the period ranging from >39 O00 - 
14 500 BP, while Chamley e t  al  (1977) indicate tha t  this desert re- 
gion north of 20" N was f a i r ly  humid,  i n  contrast w i t h  further south 

Geological data on the lower and middle Pleistocene i s  a t  

This data indicates tha t  the current was forced equator- 

?he cyclones originated a t  an unusual low la t i tude  and travelled 

In the 

profusion of oueds which a l so  transported pollen of mountain plants /. 
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. where the climate was dry. 
Palaeobotanical studies have provided valuable evidence fo r  former 

environmental conditions. The pollen spectra from southern Tunisia 
indicate a semi-arid and cool climate w i t h  a steppe vegetation con- 
sisting of Compositae, Gramineae, Artemisia and Chenopodiaceae (Leroi- 
Gourhan, 1958; Van Campo & Coque, 1960). 

Coque (1969) also concludes tha t  the climate must have been colder. 
He describes foss i l  gelifraction from a l t i tudes  of 900 - 1000 m on 
S.E. slopes i n  Tunisia and mentions foss i l  pollen of Cupressus and 
Erica which demonstrates 1 ower temperatures. Si mi 1 a r  evi dence fo r  
cold conditions has come from Algeria where Baudrimont (1974) showed 
tha t  d u r i n g  the l a t e  Pleistocene ("3me pluvial froid") cosmopolitan 
and eurytherm diatoms replaced the tropical species i n  the waterbo- 
di es.  

A new situation developed d u r i n g  the warming up  i n  Late Glacial 
and Holocene times. A short  ra infa l l  peak occurred i n  the Maghreb 
round 12 O00 BP and again between 10 500 and 10 000, while a real 
maximum i n  precipitation s ta r ted  a t  9000 B P 
northern Sahara s t i l l  remained f a i r l y  dry dur ing  the beginning of 
the early Holocene (Conrad, 1 9 6 9 ~ ) .  

During the early Holocene, u n t i l  6500 B P 
t i l e  deposits were numerous th roughou t  the central Sahara; t h i s  humid 
phase during which the evaporation was lower than the precipitation 
could have been caused by tropical depressions (Maley, 1977b). The 
simultaneous appearance of Neolithic pottery from ca. 8100 B P on- 
ward right through the central Sahara from Nubia t o  the Hoggar i s  
a phenomenon of great importance (Maley, 1977b). An important arid 
phase with dune formation i n  the plains (Wendorf, 1977) has in te r rup-  
ted t h i s  humid phase near 7500 B P 

BP, humid conditions penetrated the en t i r e  Sahara. 
tropical depressions were replaced by the  monsoon which reached the 
central Saharan regions regularly. 
unti l  4400 B P .  

t i an  of the West African coast (Elouard, 1973). 
face supplied more water vapour which the monsoon could transport f a r  
i n t o  the continent as the northern anticyclone held i t s  most northern 
position and was weakened (Beaudet e t  a l ,  1976). 

The end of the  temperature optimum can be dated a t  about 5 O00 B P 
The Climatic Optimum terminated a t  a time coeval with the f i r s t  part 
of the Priora glacier advance i n  the Alps between 5 300 and 4 900 
B P (Patzelt ,  1974). Frenzel (1968) describes a coinciding sudden 
cooling of the Northern Hemisphere between 5 O00 and 5 400 B P and 
Van Zinderen Bakker (1969a) mentions dates fo r  t h i s  period between 
5 500 and 4 700 B P The cooling marks the beginning of the Subboreal 
i n  Europe, a period w i t h  less precipitation, colder winters and warmer 
summers. This cooling will have been responsible f o r  the strenghte- 
n i n g  of the anticyclone and probably f o r  some ar id i f ica t ion  i n  the 
Sahara. B u t  afterwards conditions again became favourable as can be 
concluded from many neol i th ic  s i t e s  i n  the central and meridional 
Sahara which date unt i l  4 400 B P 
subsequently u n t i l  3 600 B P (Maley, 1977a). 

B u t  i t  seems that the 

lacustrine and fluvia- 

Near the time of the Climatic Optimum of Europe, a f t e r  ca. 6500 
A t  this time the 

This more humid period lasted 

The Climatic Optimum was marked by a high sea-level, the Nouakchot- 
The warm ocean sur- 

An important arid phase occurred 

The Holocene climatic evolution along the western coastal region 
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o f  t h e  Sahara depended on t h e  s h i f t s  o f  t he  cyc lon i c  t racks  an! t h e  
monsoon, the f i r s t  b r i n g i n g  w i n t e r  r a i n  and t h e  l a s t  ' t r o p i c a l  
summer r a i n .  
improved so much t h a t  N e o l i t h i c  people could l i v e  along the  coast 
( O r t l i e b  and Peti t-Maire, 1976; Pet i t -Mai re,  1972). The vegetat ion 
was then marked by Chenopodiaceae, Gramineae and Cyperaceae. 
2 O00 B.P condi t ions resembled the  present day dry  deser t  ( P e t i t -  

A f t e r  t h e  mid-Holocene; ' p l u v i a l '  condi t ions had again 

By 
- -  

Maire e t  a l ,  1977). 

s tud ied  the  o r i a i n  o f  seed croD a a r i c u l t u r e  i n  the  Dhar T i c h i t t  r e -  
This data i s  corroborated by the  f i n d i n g s  o f  Munson (1976), who 

gion i n  centra leMaur i tan ia.  
l a r g e  lakes e x i s t e d  i n  the  area. These d r i e d  ou t  completely and were 
fo l l owed  by a new l a c u s t r i n e  phase which l a s t e d  from 3 500 - 3 O00 
B P. 

Studies on desert dust blown i n t o  t h e  ocean o f f  t he  West coast o f  
A f r i c a  a l so  g ive i n t e r e s t i n g  i n fo rma t ion  on the  mer id ional  movements 
o f  t h e  Sahara dur ing the  Quaternary. 
co lde r  per iods o f  t h e  l a s t  1,8 MY the  southern Sahara must have been 
more a r i d .  Cores taken o f f  t he  coast o f  S i e r r a  Leone (8' 38' N) and 
near the  Cape Verde Is lands o f f  the coast o f  Maur i t an ia  conta in  many 
more opal P h y t o l i t h s  and f reshwater  diatoms blown i n  from the Sahara 
i n  t h e  g l a c i a l  sect ions than i n  those o f  i n t e r g l a c i a l  age (Parmenter 
& Folger, 1974). 

Chamley e t  a l .  (1977) along the  same coast corroborate these f i n d i n g s  
f o r  t h e  l a s t  g l a c i a l ,  These cores were c o l l e c t e d  between 15 - 27' 
N l a t i t u d e  and the  sect ions o f  Holocene and Middle Würm age contained 
a h igh  percentage of deser t  qua r t z  and CaCO , except i n  t h e  Senegal 
area where r i v e r  a c t i o n  i n d i c a t e d  a humid cfimate. During the  c o l d  
Ear l y  and Late Würm t h e  r i v e r s  south o f  17' N had apparently ceased 
t o  f l ow  and the  vegetat ion n o r t h  o f  20' N cons is ted o f  a steppe w i t h  
Ephedra, Ar temis ia  and Chenopodiaceae which po in ts  a semi-arid c l i -  
mate (Michel, 1969; Burke e t  a l ,  1971). 
has been described by Olausson (1972) f o r  the Somali bas in on the  
eas t  coast  o f  A f r i c a .  

QUATERNARY PALAEOENVIRONMENTS OF THE SAHARAN MOUNTAINS 

The vast  mountain complexes o f  t h e  Ahaggar o r  Hoggar,, the T i b e s t i  
and the  Kir o f  t he  c e n t r a l  Sahara have i n  recent  t imes been the  
focus o f  extens ive i n v e s t i g a t i o n s  o f  a geolog ica l ,  b i o l o g i c a l  ,and 
archaeologica l  nature. These mountains occupy a very except ional  
p o s i t i o n  as they are i n  many ways i s lands  which d i f f e r  i n  every re-  
spect from the surrounding sand ocean. They a re  r i c h  i n  Quaternary 
deposits which are i nva luab le  f o r  t he  understanding o f  the changes 
which took p lace i n  the  vas t  surrounding desert.  

The research i n  these mountains has mainly been organised by t h e  
" I n s t i  t u t  de Recherches Sahariennes" ( f c r  the Hoggar), "das Geomorpho- 
log ische Laboratorium der  F r e i e  U n i v e r s i t ä t  B e r l i n "  i n  the  Bardai 
Oasis ( T i b e s t i ) ,  t he  ORSTOM ( O f f i c e  de l a  Recherche Sc ien t i f i que  e t  
Technique Outre-Mer) and the B r i t i s h  Expedi t ion t o  the A i r  Mountains 
(Adrar Bous). I n  t h i s  sec t i on  extens ive use w i l l  be made of t he  
repo r t s  o f  these a c t i v i t i e s .  

Dur ing the  p e r i o d  p r i o r  t o  4 O00 B P 

It appears t h a t  du r ing  t h e  

Recent i n v e s t i g a t i o n s  by Diester-Haass (1975, 1976, 1977) and 

A broadly  s i m i l a r  p a t t e r n  

An absolute chronology i s  un fo r tuna te l y  
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only available from Late Glacial times onward. 

dry desert b u t  near the end of that  epoch the climate became cooler 
and deep, extensive lakes occurred i n  the uplands of Tibesti ( Maley 
e t  a l . ,  1970),the Hoggar 
Chad (Servant, 1973) and the Afar (Faure & Williams, 1977). Rognon 
(1967) describes the climate of the Atakor in the Villafranchian as 
more humid as a consequence of prolonged steady rain and more mountain 
fog. These conditions favoured the development of a dense vegetation 
cover and the growth of forests i n  sheltered habitats a t  higher a l t i -  
tudes. Fossi 1 records i n d i  cate t h a t  the tropical fauna d i  sappeared 
during this cooler period. During the Pleistocene, a t  h i g h  a l t i tudes  
snow f e l l  regularly and 'cold landforms', characterised by gelifrac- 
t ion,  névés and so l i f luc t ion ,  developed on an enormous scale.  
certain slopes even rock glaciers appear t o  have occurred. 
however, questionable whether truly periglacial conditions and perma- 
f ros t  existed dur ing  any of the glacial periods on the high Tibesti 
o r  Hoggar (Butzer, 1973). 

In the lower valleys swamps and lakes developed. This favourable 
climate was, however, limited t o  the h i g h  mountain areas as the ex- 
tensive surrounding plains were s t i l l  semi-arid. 

The Hoggar i s  si tuated i n  a marginal position so that a t  certain 
times i n  the early Quaternary tropical climate accompanied with heavy 
rainstorms could invade the mountain region. During the transit ion 
periods leading from a warmer humid climate with intensive weathering 
t o  a cold episode extensive erosion took place and fluvial  terraces 
were b u i l t  up. The heavy storms were responsible for  the downslope 
transportation on the pediments of rocks of considerable s ize .  
the  following dry phase of the cycle the surrounding ergs were ac t i -  
vated. 
recognised. 
age, was less severe o r  was of a shorter duration than the two pre- 
vious ones. 

In the Saharan mountains the chronology of events older than the 
Late Würm i s  uncertain. Rognon (1967) describes a tropical humid 
phase i n  the Hoggar which is followed by an a r id  period. 
phase may partly belong t o  the Middle Würm (Rognon, 1976) or warm 
Kalambo interstadial  of East Africa (Coetzee, 1967). Rognon (1976) 
assumes tha t  the central mountains of the Sahara dur ing  tha t  period 
were under the influence of a narrow anticyclonic zone, while the 
southern Sahara received much r a in fa l l .  A comparable dry period of 
Kalambo age has been described fo r  the Adrar Bous i n  the N . E .  Aïr 
(Clark e t  a l ,  1973). 

During the l a s t  WUrm maximum the f a i r l y  sudden cooling of the 
northern Atlantic and Europe resulted i n  a very d i s t inc t  pluvial i n  
the central Sahara, particularly i n  the h i g h  Saharan mountains as a 
consequence of the interaction of the polar f ront  and surges of the 
monsoon, which caused tropical depressions (Maley, 1977b) .  
temperature gradient between the Arctic and the equator accelerated 
the wind  system, while the climatic zones were compressed meridi,onally 
and moved equatorward. The ra infa l l  which these depressions brought 
t o  the Hoggar was responsible for  cold water diatoms in lakes and 
large névés, probably dated fo r  t h i s  period, were found a t  alt i tudes 

In Pliocene times the southern Sahara had evolved t o  a tropical 

Ethiopia and i n  the now arid lowrands of 

On 
I t  i s ,  

During 

In the mountain some of these dry-wet-dry cycles have been 
The l a s t  cold period, which was of Mousterian-Aterian 

This dry 

The steep 
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above 2 300 - 2 400 m (Rognon, 1976). 

impor tant  (Messerl i ,  1972, 1973), b u t  humid condi t ions must have ex- 
i s t e d  the re  as the  Trou au Natron showed a h igh  l ake  l e v e l  probably 
from 17 O00 - 18 O00 B P onward. Two metres o f  d ia tomi te  have been 
deposited here under a hor izon dated a t  about 15 O00 B P 
1969). 

I n  Upper Egypt, near I sna  (25' 22' N), a t  11 km from the  N i l e ,  
p r e h i s t o r i c  s i t e s  con ta in ing  an i n d u s t r y  o f  Upper p a l a e o l i t h i c  type 
w i t h  l a r g e  fauna ( i nc lud ing :  Bos, Hippopotamus, Hartebeest, Gazelle, 
Rabbit, e t cJ ,  have been discovered. 
17 980 & 330 BP and 17 590 * 300 B P 

t i v e l y  between 20 O00 and 18 O00 B P 
a l l u v i a l s  were i n t e r s t r a t i f i e d  w i t h  impor tant  aeol ian deposits 
(Bal lana Formation) (Wendorf, 1968; Wendorf and Schi ld ,  1976). 
sequently the  aeol ian a c t i v i t y  appears t o  have spread southward. The 
s tud ies  o f  f l u v i a t i l e  deposits i n  Nubia (Butzer and Hansen, 1968; 
Wendorf and Schi ld ,  1976 and i n  t h e  T i b e s t i  (Geyh and Jäkel, 1974; 
Jäkel , t h i s  volume; e tc .  1 have produced evidence on an jmpressive 
sequence o f  c l i m a t i c  changes which have been very w e l l  dated. From 
thesedates i t  appears t h a t  t h e  so -ca l l ed  'Middle Terrace' was l a i d  
down between ca 17 O00 - 18  O00 B P t o  ca. 5 O00 - 5 500 B P.  
(Maley, 1977b). Jäkel ( t h i s  volume) p o i n t s  o u t  t h a t  t h e  T i b e s t i  was 
exposed t o  a cool humid c l ima te  w i t h  c y c l o n i c  r a i n s  o f  a mediterra- 
nean type from 16 O00 u n t i l  8 O00 B P , w h i l e  the southern monsoon 
a f f e c t e d  i t  from 13 O00 t o  5 O00 B . P .  Maley (1977b) us ing  geologica l  
and pa lyno log i ca l  data proposed another i n t e r p r e t a t i  on, v i z .  t h a t  
between ca. 17 O00 and 6 500 B P.  t h e  r a i n s  were p r i m a r i l y  due t o  
t r o p i c a l  depressions caused by t h e  i n t e r a c t i o n  o f  t h e  p o l a r  f r o n t  
and surges o f  t he  monsoon du r ing  the  in termediate seasons o f  s p r i n g  
and autumn. He contends t h a t  a f t e r  6 500 B P u n t i l  ca 4 400 B.P 
t he  monsonal r a i n s  o f  sahel ian type predominated. 

More t o  t h e  west Conrad (1969c)has shown t h a t  i n  the  e r g  Chech 
(ca. 26 - 27'N - 2OW) l a c u s t r i n e  deposi ts  r e s t i n g  on aeol ian sands 
form a continuous sequence between 15 O00 and 8 O00 B C 
- 10 O00 B P ). 
adjustment o f  t he  water  t a b l e .  
lakes con ta in ing  Cardium have been i n  ex is tence i n  the  Ahnet - Mouydir 
basin, 

3 t op  considerably younger than 18 O00 B P 
18 O00 B P , I' Conrad, i b i d . )  T h e i r  water supply was r e l a t e d  t o  
p r e c i p i t a t i o n  on the  bas in (Conrad, i b i d . )  

P r e h i s t o r i c  s tud ies showed t h a t  a f t e r  7 O00 B P u n t i l  about 4 O00 
B P nomads w i t h  t h e i r  c a t t l e  herds cou ld  move i n t o  the  grass-covered 
p l a i n s  o f  t h e  c e n t r a l  Sahara. 
which they l e f t  behind from t h e i r  f i r e  hearths s t i l l  t e s t i f y  o f  t h e i r  
former presence (Gabriel,  1976, 1977). 

It i s  i n t e r e s t i n g  t o  note t h a t  a t  10 O00 B P .  the c l ima te  was con- 
s ide rab ly  co lde r  than a t  present  and t h a t  c o l d  water diatoms p e r s i s t e d  
i n  Lake Chad till about 6 600 B P .  (Servant - V i l d a r y  , 1977 and t h i s  
volume; Maley 1977a). 

I n  the G u l f  o f  Guinea t h e  analys is  o f  a core taken n o t  f a r  away 

I n  the T i b e s t i  t he  p e r i g l a c i a l  phenomena were apparently much less  

( c f .  Faure, 

These s i t e s  have been dated 
(Wendorf and Schild, 1976). 

Maximum aeol ian a c t i v i t y  o f  t he  c e n t r a l  Sahara occurred approxima- 
Dur ing t h i s  pe r iod  the  N i l e  

Sub- 

(ca. 17 O00 
These could have been formed as a consequence o f  t he  

S l i g h t l y  more t o  the south (25' 35") 

The base o f  t he  deposits i s  o l d e r  than 35 O00 B P and t h e  
(" largement pos té r ieu r  1 

The widespread assemblages o f  stones 
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from the Niger delta has shown tha t  an important warming o f  the ocean 
water happened shortly a f t e r  6 750 k 410 B P 
Further important information on temperature changes is  tha t  a t  the 
end o f  the mid-Holocene, the temperature must have been lower near 
5 100 B P 
the  world wide cold spell  from about 5 500 - 4 700 B P 
n i n g  of the cool Subboreal. 

A climatic sequence covering the l a s t  30 O00 years, has been de- 
scribed f o r  the Adrar Bous i n  the  Aïr Mountains (Clark e t  a l ,  1973). 
The continuous occupation by prehistoric man from the Upper Acheul i an 
through the Middle Stone Age t o  the Aterian shows tha t  conditions 
must have been f a i r l y  favourable. I t  i s  of in te res t  t o  note tha t  a t  
the end of the Aterian, humid conditions i n  the Adrar Bous must, ac- 
cording t o  well dated lake levels,  have persisted a t  l eas t  unti l  
11 O00 B P 

Pollen analysis of Pliocene samples from different parts of the 
Sahara has shown that the xerophytic vegetation was already es tab l ihed  
(Maley, 1978). These pollen spectra contain a certain percentage of 
mediterranean or temperate taxa, which are probably of long  distance 
origin. 

Several studies have been conducted on the wind  transport of pol- 
len in the Sahara (Cour e t  a l ,  1971), Tibesti (Schulz 1974, 1976), 
round lake Chad (Maley, 1972) and particularly an extension survey 
on air-borne pollen has been organised from Oran (34' N )  t o  the 
southern Sahara (20'N) (Van Campo, 1973; Cour e t  Duzer, 1976). 
All these investigations show tha t  the following long-distance pollen, 
coming from as f a r  as Europe, can occur i n  small percentages i n  the 
present day spectra o f  the Sahara and can cause misleading interpre- 
tations of foss i l  pollen spectra: Alnus , Betula-Carpinus, Castanea, 
Cedrus, Corylus, Fagus, Fraxinus, Juglans, Mercurialis, Phyllirea, 
Pinus, Platanus, T i l i a ,  Ulmus, Vi t i s ,  etc.  

ments i n  Tibesti w i t h  ages dating from 14 O00 t o  6 O00 BP the occur- 
rence of galery fores t  along the wadis with medi terranean macchi a 
growing on the mountain slopes, the higher parts being covered by 
deciduous oaks and other trees.  He also implies t ha t  the plateaux of  
an a l t i tude  of 2 O00 - 2 200 m were dominated by a dry grass - Cheno- 
podiaceae - Artemisia steppe. I t  could be argued that part of the mdi- 
terranean type pollen had an extra- Saharan origin.  

I t  has been suggested tha t  mediterranean vegetation could d u r i n g  
the Holocene migrate from the Maghreb t o  the mountains of the central 
Sahara (Pons and Quézel, 1957; Quézel and Martinez, 1961). 
migrations are s t i l l  equivocal as certain pollen o f  mediterranean or 
temperate type cou1 d have been transported by atmospheric ci rcul a t i  on 
as aeropalynological studies under present day conditions have shown. 

These recent findings do not change the palaeoclimatic conclusions 
significantly as these are also based on geological evidence and 
autochtonous pollen, b u t  they prove tha t  pollen analysis i s  a sensi- 
t i ve  tool which can lead t o  misinterpretations. 

I t  can be concluded tha t  the Quaternary climatic evolution of the 
different central Saharan mountains i s  s imi la r  i n  broad outline and 
only d i f fe rs  somewhat i n  t i m i n g  i n  the various mountains. 

(Pastouret e t  al , 1978). 

(Jäkel, 1977 and th i s  volume). This event coincided w i t h  
a t  the begin- 

(Clark e t  a l ,  1973). 

Schulz (1972, 1974) infers from pollen found in f luv ia t i l e  sedi- 

Such 

' 
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THE QUATERNARY LACUSTRINE PHASES OF THE SOUTHERN SAHARA 

The southern Sahara has become a classical  s i t e  fo r  the  study of the 
l a t e  Quaternary climatic evolution of Africa. During the late-Pleis- 
tocene and Holocene, and probably in e a r l i e r  times, lakes covered 
vast areas between the lati tudes of 13 and 20’ N i n  Mauritania, Niger, 
Chad and Sudan. The many stages which are known of these lakes i n  t h i s  
extensive desert  be l t  are generally of the same age. The Sahara in- 
vaded the Sahel during the l a s t  great arid period (ca. 20 O00 - 13 O00 
BP)  and moved 400 - 800 km southward. 
events i n  the different lakes i t  must be noted tha t  the hydrology 
and morphology of the lake basins d i f f e r  (Faure, 1969; Servant & 
Servant, 1973). The detailed correlation of the  different lake levels 
before 20 O00 BP i s  hampered by the uncertain ’“C-age determinations, 
which have mostly been done on calcareous crusts or nodules and other 
material l ike ly  t o  contain different quantit ies of old carbon. 

Bilma), Chad and the Afar can be compared very well. 
curred i n i t h i s  region during the warmer Middle Würm o r  Kalambo Inter- 
s tad ia l  and the f i r s t  part  of the cold Late Würm (ca. 40 O00 - 20 O00 
BP)  (Servant, 1973; Rognon & Williams, 1977). In the Afar desert and 
i n  Chad psychrophilic diatoms have been found i n  the deposits of these 
former lakes (Gasse, t h i s  volume; S. Servant, ibid) some 15 palaeo- 
a r c t i c  species occur i n  Chad i n  deposits w i t h  an age of % 36 O00 and 
of % 26 O00 - 20 O00 years BP.  These species may, however, n o t  be 
such r e l i  able indicators of palaeotemperatures as they occur only in 
oligotrophic water (Gasse, op c i t . ;  Servant, op c i t . )  
these psychrophilic species disappeared i n  the Holocene near 6 600, BP 
when the climatic regime changed and the lake became eutrophic. The 
pal aeoarcti c di  atoms di  sappeared much earl  i e r  i n  the Afar 1 akes 
(Gasse, 1976, p. 215). 
and water chemistry d i d  n o t  change, a r i s e  i n  temperature can be i n -  
ferred,  eg. a t  11 700 BP a t  Chad (S. Servant, t h i s  volume). 

Rognon (1976) gives a very intriguing explanation f o r  these humid 
conditions which occurred during the Würm in te rs tad ia l ,  
t h a t  the j e t  stream, because of the extensive ice  masses, which even 
dur ing  this in te rs tad ia l  covered N .  America and Europe, was forced 
i n  a southward position. 
Atlantic and then moved equatorward along the African coast. Subse- 
quently i t  could have crossed the Sahara region from the S.W. t o  the 
Near East. This configuration would have b rough t  rain in the south- 
ern Sahara as this region was situated well south of the h i g h  pres- 
sure system. 

During the very cold l a s t  glacial maximum the situation changed 
and the j e t  stream moved equatorward which b rough t  ari  di  f i  cati  on south 
of the Saharan mountains. The present day southern Sahara and Sahel 
were a t  t h a t  time under the influence of  the very strong dry N . E .  
trades. The lakes dried o u t  completely i n  Mauritania (during the 
Ogolian), Chad ( d u r i n g  the Kanemian) and also i n  the Afar. 
a r id i ty  spread f a r  south i n to  the Sudanese and Guinea zones (Burke 
e t  a l ,  1971; Maley, 1976) in to  the Congo basin (De Ploey, 1969; Van 
Zinderen Bakker, 1976b) and even as f a r  as the region of the Red Sea 
and the Gulf of Aden (Deuser e t  a l ,  1976). 

In comparing the lacustrine 

The sequence o f  events i n  Mauritania, eastern Niger. (Facchi, 
Deep lakes oc- 

In Lake Chad 

In some instances where the diatoms disappared 

He assumes 

I t  made a northward bend over the North 

, 
, 

The 
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Practically a t  the same time when the Camp Century isotopic tempe- 
rature curve shows tha t  the world temperature was rising a t  about 
12  400 BP,  (Dansgaard e t  a l ,  1971) the BØlling Interstadial  s e t  i n  in 
N . W .  Europe, coeval w i t h  the Xanthi Interstadial  i n  eastern Macedonia 
(Van der Hammen e t  a l ,  1971). From that time onward the once hyper- 
arid southern desert zone, stretching from the Atlantic via S.W. Iran 
t o  the  Thar desert ,  received much more rain and lakes s ta r ted  to  de- 
velop. This synchronous lacustrine phase was interrupted d u r i n g  the 
short  cold Younger Dryas s tad ia l  o f  N . W .  Europe, between about 10 500 
and 10 O00 BP (Van Zinderen Bakker, 1972) .  The lacustrine maximum 
which followed lasted from about 9 200 t o  about 4 O00 BP. The lake 
Chad which developed d u r i n g  this period attained between 6 O00 and 
5 O00 BP the approximate s i ze  of the present Caspian Sea. 

Between about 6 500 and 4 400 BP the monsoon coming from the equa- 
to r ia l  Atlantic, probably w i t h  some minor interruptions,  penetrated 
so f a r  into Africa tha t  i t  brought rain t o  the central Sahara. Early 
Holocene deposits are we1 1 known from Mauritania (Chamard, 1973), the 
Chad basin (Faure, 1966 ; Servant, 1973), and the Sudan (Williams, 
1966, Williams e t  a l ,  1975a. 197513). The Holocene levels of lake 
Chad and the associated climatic conditions have recently been studied 
w i t h  the aid of fossi 1 pollen by Maley (1977a). 

i n  Mauritania between ca. 3 600 - 3 O00 BP and ca. 2 500 and 2 O00 BP 
(Elouard, 1973). 
the present hyper-arid T6nW (Faure, 1966; Servant, 1973) , . i n  
Mauritania and Mali (Alimen e t  a l . ,  1966; Munson, 1976; Petit-Maire 
e t  a l ,  1977). 
widely in to  the Sahara (Camps, 1974). 

Th i s  impressive sequence of events which was caused by changes i n  
temperature and rainfall  is  not eas i ly  explained. 
e a r l i e r  the hydrology of the various lake basins d i f fe rs  (Faure, 1969) 
which can explain certain differences in lake levels.  A very impor- 
tan t  fac tor  fo r  the survival of a lake, especially in a tropical coun- 
t ry ,  i s  the r a t io  rainfall  : evaporation (Faure, 1969; Servant & 
Servant, 1973); t h i s  r a t io  has been.positive dur ing  some periods of 
Holocene age, 

DISCUSSION 

During the l a t e  Holocene two climatic optima have been recognised 

During the f i r s t  optimum lakeswere formed again i n  

Man and large game could d u r i n g  these two optima spread 

As mentioned 

The discussions on the climatic history of the Sahara lead t o  the 
conclusion tha t  the term 'p luvia l '  i s  very inadequate as i t  has no 
quantitative or quali tative parameters. More detailed investigations 
of the different humid periods are needed before a better terminology 
can be coined. Geomorphologists a re  inclined t o  abandon the pluvial 
concept and t o  concentrate instead on the geologically s t ab i l i s ing  or 
dynamic characterist ics of certain periods (Rohdenburg, 1970). 

Looking a t  the events i n  a broader context i t  i s  c lear  tha t  the 
energy budget of the Earth and therefore temperature changes of a 
world wide nature have., as the primary causes, been responsible f o r  
the climatic osc i l la t ions  which took place. 
mined the steepness of the temperature gradient from the poles t o  
the equator, the position of the j e t  stream and consequently the 
geographic p o s i t i o n  of  the h i g h  pressure ce l l s .  (Flohn, 1966). 

These variations deter- 
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These factors drive the oceanic and atmospheric circulations , deter- 
mine the evaporation and f ina l ly  the ra infa l l  of a certain area 
(Van Zinderen Bakker, 1969b, 1972, 1976a). The interplay of many pro- 
cesses resu l t s  i n  sh i f t s  of climatic systems which do not always take 
place i n  an orthodox meridional direction. These s h i f t s  are n o t  so 
easily understood as has sometimes been anticipated. 

The time difference which ex is t s  between the end of the Middle 
Würm and the onset -of the Late Wirm desert  phase shows tha t  these 
broad correlations are n o t  of a simple nature. The pluvial and non- 
pluvial phases seem, however, t o  be f a i r l y  closely correlated w i t h  
important steps i n  the trend o f  the world temperature curve (Marner, 
1973). 
throw "the baby o u t  w i t h  the bath water" because of  certain cont,radic- 
tions. 
energy - temperature fac tor  and the pluvial phases of the Saharan and 
also the East African lakes (Van Zinderen Bakker, 1972) has already 
been mentioned f o r  the s t a r t  of the 12 O00 BP - pluvial. The maximum 
o f  the early Holocene pluvial coincided w i t h  the Climatic Opt imum of 
Europe, while the world wide cold spell  from about 5 500 - 4 700 BP 
(Van Zinderen Bakker, 1969a) coincided w i t h  the onset of the cool 
Subboreal of N.W. Europe. Although we do n o t  ye t  know the nechanism 
of the chain reactions concerned, these fac ts  can hardly be fortuitous 
coi nci dences. 

Many processes are involved i n  climatic changes and the i r  in te r -  
actions and feedbacks are not ye t  understood i n  quantitative terms. 
I t  i s  certain tha t  the position and the strength of the subtropical 
anticyclones o f  both hemispheres f ina l ly  has a very great influence 
on the surface climate of the Earth (Maley, 1973a & b )  (Rognon & 
Williams, 1977). In this connectiqn very different si tuations have 
existed d u r i n g  the Quaternary. In pre-glacial Quaternary times the 
Antarctic must have had a dominating influence on the equilibrium 
between the two hemispheres (Maley, 1978). An en t i re ly  d i f fe ren t  
si tuation existed d u r i n g  the l a s t  glacial maximum when the low tem- 
perature of the Antarctic and i t s  enlarged albedo ef fec t  we?e over- 
ruled by the much larger northern ice  sheets. The Antarctic events 
pushed the Antarctic Polar Front northward (Hays e t  a l ,  1976) , b u t  
the influence of the Arctic, especially i n  the Atlantic section, 
forced the thermal equator southward. In mid-Holocene times the 
bipolar equilibrium had changed completely a f t e r  the Arctic i ce  sheets 
had practically disappeared. 

Th i s  combined influence of the two hemispheres on the atmospheric 
ci rcul ation of the tropical zone cou1 d perhaps expl ain the compl exi t y  
of t h d  cliniatic variations. 
geological evidence (Faure, 1966; Servant, 1973), as well as diatom 
(Servant-Vildary, 1977) and pollen data from the Chad basin, comes 
t o  the conclusion tha t  i n  the course of the Holocene climatic changes 
have often been out of phase between the tropical dry zone ( the  Sahel) 
and the tropical semi-humid zone ( the  Sudanese-Guinean Zone). The 
Sudanese Zone ac ts  l i ke  a "hinge-joint" in this process. 
curve giving the climatic evolution of the Sudanese-Guinean zone 
follows i n  general terms the curve of the warming up of the Tardi- 
glacial w i t h  a maximum between ca. 8 O00 and 5 O00 BP. 
r i n g  the secondary periods of lowering i n  temperature,especially near 

I t  would be very unwise t o  ignore this correlation and t o  

Compulsory evidence f o r  a f a i r l y  close correlation of the 

In e f fec t  Maley (1977a, b ) ,  using 

The pollen 

However, du- 
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7 500 BP,"  the Sudanese-Guinean curve presents strongly opposi t e  ten- 
dencies. The climatic evolution i n  the Sahelian zone i n  contrast 
closely follows the temperature fluctuations of the Northern Hemis- 
phere, sothat the climatic optima coincide w i t h  periods of warming 
up .  In th i s  way o u t  of phase climatic stages can develop between 
the Sahelian and the Sudanese-Guinean zones. For instance around 
7 500 BP when severe a r id i ty  spread over the Sahelian zone, precipi- 
t a t ion  increased i n  the Sudanese-Guinean zone; the Chari and Logone 
r ivers ,  which originate here, increased t h e i r  run off t o  Lake Palaeo- 
Chad causing a lacustrine transgression. These out of phase climates 
are not constant as during certain periods of decrease i n  temperature 
the decline i n  precipitation not only affected the  Sahel, b u t  also the 
Sudanese and the Sudanese-Guinean zones, as was the case ca. 4 O00 BP 
and again during the drought  of recent years. 

In the course of the l a s t  millenium an o u t  of phase climatic de- 
velopment can be shown a t  the beginning o f  the L i t t l e  Ice Age (17th 
century). A relatively h i g h  lake level o f  lake Chad would have existed 
dur ing  t ha t  period ( a t  about 286 m )  and originally (Maley, 1973) th i s  
h i g h  level was attr ibuted to  a general r i s e  i n  humidity i n  the dif-  
ferent climatic zones of the Chad basin and especially i n  the Sahelian 
zone. The explanation was mainly based on n o t  dated hearsay evidence 
according t o  which a ranqe of vil lages existed south of the Ténéré 
betweenFachi and the Bornu. (Fig.1). This extension of the occupation t o  
the north would have occurred d u r i n g  t h i s  important lacustrine trans- 
gression. 
thened over the Sahelian zone and the southern Sahara d u r i n g  a phase 
of lowering i n  temperature. B u t  t h i s  explanation is  now untenable 
as the study of other h i s tor ic  data of the' Chad region and the bend 
of the Niger, as well as the reinterpretation of pollen data on a 
new basis has shown that the climate o f  the  Sahelian zone was arid 
during the 1 7 t h  century (Maley, i n  preparation and 1977a). 
fore appears a t  present that  the h i g h  level of lake Chad i n  the 1 7 t h  
century was only due t o  the southern f l u v i a t i l e  influx, in other 
words t o  an increase i n  precipitation i n  the  tropical semi-humid zone, 
which i s  essent ia l ly  the Sudanese-Guinean zone. This situation must have 
been comparable, f o r  instance, t o  what happened round 7 500 BP (Maley 
1977a) or  again towards the middle of the f i r s t  millenium AD (Maley. 
i n  preparation). 

One of the causes of these out of phase si tuations could perhaps 
r e su l t ,  amongst others, from the combined and more or less antagonis- 
t i c  action a t  different time scales of the atmospheric circulation of 
the two hemispheres (Maley, 1977~) .  
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