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Abstract

The physiography of North Africa is not greatly changed from that of the Messinian. With the drawdown of the
Mediterranean in the late Messinian the then existing river systems were incised into the landscape and emptied into
Lake Cyrenaica, which occupied the substantially drained Eastern Mediterranean Basin. The record of incision
provides a record of the magnitude of the Messinian river systems. An analysis of these river systems demonstrates
that Messinian rainfall, a consequence of the Zeit Wet Phase, was greatest in east and south-central North Africa, in
keeping with the derivation of the water mainly from the Indian Ocean. In central North Africa the Eosahabi River
flowed from Messinian Lake Chad eroding the East Tibesti Valley and cutting a channel which is especially well
preserved near the coast of the Gulf of Sirt. The penetrated sediments of Lake Cyrenaica and the marginal basins of
the Messinian transgression are known as the Upper Evaporites and are generally fine clastics, gypsarenites and
gypsum/anhydrite. They were rapidly deposited. Underlying them is the halite of the Lower Evaporites. This sequence
of Upper and Lower Evaporites is much like the lower halite of the Tortonian South Gharib Formation and the
overlying clastics and anhydrite of the Messinian Zeit Formation in the Gulf of Suez/Red Sea area. This type of
sequence is termed an evaporitic couplet and, as has been demonstrated for the Gulf of Suez/Red Sea, is a
consequence of a transition from a dry to a more humid climate in a restricted or semirestricted basin. This transition
occurred at about 7.5 Ma in the Gulf of Suez/Red Sea and at about 5.8 Ma in the Mediterranean. The Zeit Wet Phase
manifest in the above events developed in association with the initiation and development of the Asian monsoon and
the drying of the Mediterranean. It can be understood in terms of the development of an evolving monsoon/desert
system. The Asian monsoon was initiated 8^7 Ma in association with the uplift of Tibet; at this time the North
African desert zone was displaced northwards to be over the Mediterranean and central and eastern North Africa
became seasonally humid. A concept is advanced in which the early stage of the development of the Asian monsoon is
seen as having two phases alternating at the precessional ca 21 ka cycle. One phase transferred moisture from the
Indian Ocean mainly to southern Asia, the other phase transferred moisture mainly to North Africa. With the
drawdown of the Mediterranean at about 5.8 Ma the Zeit Wet Phase intensified. A further northward movement of
the humid and desert zones occurred at the time of drawdown. With the Messinian and early Pliocene transgressions
the wet phase ameliorated but a substantial river system still crossed central North Africa. At about 4.6 Ma North
Africa became drier probably in response to the developing dominance of the features of the monsoon that
transferred moisture mainly to southern Asia, features of the monsoon that are well recognised today. > 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

The image of North Africa and the Mediterra-
nean during the Messinian that has held sway
since the discovery of the Messinian Salinity Cri-
sis (Hsu« et al., 1973a) has been dominated by the
idea of aridity or at least varying degrees of arid-
ity. This is natural enough given the magnitude of
the drying of the Mediterranean and the convinc-
ing evidence of the event recorded on Sicily (De-
cima and Wezel, 1973) and beneath the Mediter-
ranean Sea itself (Hsu« et al., 1978b). The accumu-
lation of up to 1500 m of evaporites in the deep
basins of the Mediterranean during the Messinian
has naturally led to the development of a number
of models to explain the occurrence. Benson and
Rakic-El Bied (1991) provide a useful summary of
the main models. It is noted that most models
require distillation, sustained evaporation and in
some cases desiccation to produce the evaporites.
These factors are surely indicators of a dry or arid
climate.

On the other hand, results derived from the
Ocean Drilling Program (ODP), speci¢cally o¡
northwestern Africa by Leg 107 (Ruddiman et
al., 1989) and in the Arabian Sea by Leg 117
(deMenocal and Bloemendal, 1995) seemed to
point in a di¡erent direction, with clear evidence
of humidity being a feature of the Messinian in
North Africa. An examination of the Neogene/
Quaternary sediments of the Gulf of Suez/Red
Sea by Gri⁄n (1999) provided stratigraphic evi-
dence of a humid northeastern Africa during the
Messinian, a period that was termed the Zeit Wet
Phase. The question arises as to how to reconcile
these apparently con£icting lines of evidence. The
present paper does this by seeing the climate of
North Africa and the Mediterranean as being in-
£uenced by the ever evolving desert/monsoon sys-
tem. Within such a context it is quite natural for
aridity and humidity to occur in close proximity
in time and space with seasonal and longer term
cyclical changes emphasising the duality.

The investigation by Gri⁄n (1999) focussed on
the sediments of the Gulf of Suez, the Red Sea
and the Nile Delta and the Messinian sediments
penetrated in ODP sites located o¡ western Africa
and in the Arabian sea. The present study en-

larges the area of investigation to include the
Messinian drainage basins of North Africa and
the basin of the Eastern Mediterranean. It looks
at the larger climatic setting which involves
broadening the geographic scope to include con-
sideration of climatic developments in the Indian
Ocean and southern Asia. In this way it is possi-
ble to trace the Zeit Wet Phase in space and time
and propose the mechanism by which it was ini-
tiated and evolved.

Since its discovery the Messinian Salinity Crisis
has prompted often vigorous debate relating to its
many aspects. These include matters involving the
evaporitic model (Benson and Rakic-El Bied,
1991), deep basin versus shallow basin models
(e.g. Hsu« et al., 1973a; Nestero¡, 1973) and the
degree of glacio-eustatic, climatic and tectonic
control on the initiation, maintenance and termi-
nation of this singular event (Cita and McKenzie,
1986; Benson and Rakic-El Bied, 1991 and Ho-
dell et al., 1994). Some of the debates are ongoing
with the recent two-stage models of event evolu-
tion (Butler et al., 1995; Clauzon et al., 1996)
providing new insights, resolving past problems
and provoking new discussion. In a synthesis of
the present type it is necessary to adopt a partic-
ular interpretation of some of these areas of dis-
cussion in order to provide a framework for re-
gional interpretation. In such cases the author
states the adopted interpretation, brie£y present-
ing the reason for so doing.

In the ¢rst part of the paper the areal extent of
the Zeit Wet Phase in North Africa is examined
by seeing the late Messinian drawdown as a time
when the erosional incision of North Africa re-
vealed the drainage and therefore rainfall pattern
of that time. The sediments that accumulated in
the Eastern Mediterranean at the time of draw-
down and in the marginal basins during the sub-
sequent late Messinian transgression are then con-
sidered; these provide an insight into the climate
prevailing at the time of drawdown and following
transgression. In the ¢nal part of the paper the
observations concerning the areal extent and tim-
ing of the Zeit Wet Phase are related to changes
in the monsoon/desert system of North Africa
and the Mediterranean. These in turn are associ-
ated with the initiation and development of the
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Asian monsoon and the late Messinian drawdown
of the Mediterranean. It is concluded that the Zeit
Wet Phase represents an extreme condition when
much of North Africa was a¡ected by a north-
wards transgression of the seasonal, cyclical in£u-
ence of the monsoon. Today the other extreme
condition prevails with the monsoon con¢ned to
southern latitudes and the African/Asian mon-
soonal systems almost split by the dominant in-
£uence of the uplifted areas of Asia.

2. The late Miocene drainage basins of central and
eastern North Africa

2.1. The Messinian physiography of central and
eastern North Africa

The Tertiary uplifted areas of North Africa (the

Atlas Mountains, the Hoggar, the Tibesti, Darfur
and Ethiopia ^ see Fig. 1) belong to the magmatic
stage extending between 42 Ma and the present
(Stage V of Wilson et al., 1998). The Neogene was
a time of signi¢cant mantle plume reorganisation
in the African^Arabian border of Tethys (Wilson
et al., 1998) and it is evident that by the early
Neogene the major basin architecture of North
Africa was manifest. Certainly by the Messinian
the principal North African drainage basins, seen
today mostly deprived of moisture, would have
been established. For these reasons the North
African physiography of today provides a good
approximation to the Messinian physiography
(Fig. 1). This interpretation is in keeping with
the Tortonian palaeoenvironmental map of Ors-
zag-Sperber et al. (1993b) and the Pliocene/Qua-
ternary palaeogeological map of IGCP Project
No. 369 (see References). Four main drainage ba-

Fig. 1. See the caption on the ¢gure.

PALAEO 2808 29-5-02

D.L. Gri⁄n / Palaeogeography, Palaeoclimatology, Palaeoecology 182 (2002) 65^91 67



sins of Messinian age are recognised in the area
under consideration: the Eonile, the Eosahabi,
the Gabes and the Chad. Only the Nile and the
Chad drainage systems can be considered active
at the present time; the Nile is clearly the most
active system. The area shown as Libyan Basins
in Fig. 1 is a complex area of smaller basins for
which the present analysis is not appropriate;
these basins are commented on brie£y below.

The Gabes drainage basin covered an area of
approximately 1.1 Mkm2 and drained into the
Gulf of Gabes. The drainage basin embraces the
sub-basins, the Grand Erg Occidental, the Grand
Erg Oriental and the western extension of Idhan
Awbari (see Figs. 1 and 2). Although at the
present time these sub-basins drain internally
into the Chott Melrhir and Chott el Jerid (Lake
of the Chotts in Fig. 1) it is reasonable to assume
that during periods of high rainfall the sub-basins
would drain into a lake at the site of the chotts
which would in turn drain into the Gulf of Gabes.
This view is supported by the channel-like topog-
raphy to the east of the chotts. A low divide (el-
evation 400^700 m) to the east of Oued Saoura
separates the Grande Erg Occidental from the
desert basins which drain westwards towards the
Atlantic Ocean.

The Eosahabi Basin covered an area of approx-
imately 0.9 Mkm2 and drained into the Gulf of
Sirt (Fig. 2). The name is taken from the Sahabi
Formation which outcrops some 115 km to the
southeast of the Gulf of Sirt (see Fig. 2) and
which will be discussed below. To the west of
the Eosahabi Basin is an area of small basins
some of which probably emptied independently
into the Mediterranean. These are referred to
here as the Libyan Basins. Three of the basins
are currently recognised as deserts/wildernesses
or sand seas. These are shown in Fig. 2 as Idhan
Awbari, Idhan Marzuq and the Sarir Tibesti. The
drainage from these basins generally arced north-
easterly and then northwesterly towards the Med-
iterranean. These drainage areas record a complex
probable Oligocene and early Miocene history in-
volving the interaction of a major drainage system
and the volcanic areas of Al Haruj al Aswad and
the Tibesti.

The Chad Basin covered an area of approxi-

mately 2.1 Mkm2 and was bordered to the north
by the uplifts of the Hoggar and the Tibesti, to
the east by the Ennedi and Darfur, to the south
by the Bauchi (Jos) Plateau and the low divide
between the Chad and Congo Basins and to the
west by the Air highlands and their subdued
southern extension (Fig. 1). At present monsoonal
rain £ows via the Chari and Logone Rivers into
the endorheic Lake Chad located in the tectonic
centre of the basin. During the Pleistocene/Holo-
cene a large lake occupied the Chad Basin; it had
an overspill into the Benue^Niger river system
(Pachur and Altmann, 1997). It is noted that the
divides on the southern and southwestern £anks
of the Chad Basin have been subject to consider-
able erosion since the Messinian and are now no
doubt considerably lower than during that stage.
The northern divides have been preserved by Plio-
cene aridity.

The Eonile Basin is interpreted to be that part
of the Nile drainage basin to the north of the
Sudd area of southern Sudan (Fig. 1); the Messi-
nian Eonile drained an area of approximately 2.1
Mkm2 and debouched into the Eastern Mediter-
ranean via a substantial delta. Today the Nile is
an active system fed mainly by monsoonal
summer rains falling in Ethiopia and is main-
tained during the spring months by water £owing
from lakes in Kenya and Uganda. During the
Messinian most of the Eonile water was derived
from Egypt itself (Said, 1993) and probably also
northern Sudan.

2.2. Lake Cyrenaica and the major Messinian
rivers of North Africa

In the interpretation that follows the dating of
Messinian events presented by Butler et al. (1999)
is adopted. Krijgsman et al. (1999a) present a
somewhat di¡erent timing of events which assigns
a later start to the evaporitic phase of deposition.
Either interpretation could be used but it is con-
sidered that the Butler et al. (1999) interpretation,
based on sequence stratigraphy, e¡ectively pro-
vides for the deposits of the deep basins, espe-
cially the Upper Evaporites and the very substan-
tial deposits of the incised Eonile (Said, 1993).
The following interpretation also embodies the
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Fig. 2. Messinian Lake Chad/Eosahabi drainage basins. This drainage system dominated central North Africa during the Messi-
nian. Eastern North Africa (Nile drainage system) was also humid while western North Africa was drier. Image scanned from
WorldSat map of Africa, 1996 (WorldSat International Inc., Mississauga, ON, Canada).
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concept that the base level in the Eastern Medi-
terranean fell by about 2000 m during the draw-
down phase of the salinity crisis. For the Eastern
Mediterranean the convincing evidence for low-
stand erosion presented by Ryan (1978) and Bar-
ber (1981) and the evidence of the deep incision of
the Eonile presented by Said (1981,1993) all point
to a substantial lowering of base level. The precise
number of 2000 m for the drawdown is somewhat
arbitrary, but necessary for discussion and the
construction of Fig. 1 and is in keeping with sug-
gested estimates.

By about 5.8 Ma (Butler et al., 1999; 5.6 Ma
referring to Krijgsman et al., 1999a) the Mediter-
ranean had lost much of its water by evaporation
creating a lake which is here termed Lake Cyre-
naica (see Fig. 1). The water level of the lake was
about 2000 m below the previous sea level and as
a result the three main rivers of North Africa
became incised into bedrock to varying degrees.
The intensity of this incision for each river gives a
measure of the magnitude of that river which in
turn re£ects the amount of rainfall the drainage
basin(s) of the river received. The three main riv-
ers are listed below.

(1) The Eonile. The Eonile is the best known of
the rivers and has been discussed in detail by Said
(1981,1993) and is commented on elsewhere in
this paper. It is noted here that it is by far the
most deeply incised of the rivers under discussion.
The Eonile incision reached a depth of 170 m at
Aswan (see Fig. 1), 800 m at Assiut and 2500 m
north of Cairo (Said, 1993).

(2) The Eosahabi river system. This is inter-
preted to be a major river system originating in
Messinian Lake Chad and draining northwards
over a distance of some 1500 km. Evidence for
the existence of the Eosahabi river system is pro-
vided by (a) the Sahabi Formation, (b) the Eosa-
habi Channel, (c) the geomorphology of northern
Libya and (d) the East Tibesti Valley and its ero-
sional form. These features will be discussed in
the next three sections. It is noted that those as-
pects of the river system that belong to the time of
Mediterranean drawdown and transgression will
be referred to as Eosahabi, whereas those aspects
that belong to the Pliocene will be referred to as
Sahabi features. The early Miocene and late Tor-

tonian precursor of the Eosahabi is here termed
the Palaeosahabi.

(3) The Gabes. There is no evidence of onshore
channelling associated with the Gabes river sys-
tem. It is reasonable to assume that the over£ow
of water from the ‘Lake of the Chotts’ crossed the
higher parts of the Pelagian Shelf (Fig. 1) via a
broad valley still evident in the bathymetry of the
area and then passed down the Pelagian Slope via
the Tripolitanian Valley (Fig. 1). The latter is a
feature of the ocean £oor and also recognised by
seismic interpretation of the base of the Pliocene
(Jongsma et al., 1985). There is a good alignment
of the elements of the old river and the work of
Jongsma et al. (1985) has shown that south of
Latitude 35‡N the Messinain surface shows the
erosional features of a riverine system. To the
north of this latitude the base of the Pliocene
shows structure due to the neotectonics of a
wrench fault zone.

3. The Sahabi river system and Messinian rainfall

3.1. The Eosahabi Channel and the Sahabi
Formation

A combination of seismic investigation and
shallow hole drilling enabled Barr and Walker
(1973) to de¢ne a late Messinian sediment ¢lled
channel system near the coast of the Gulf of Sirt
(see Fig. 2) which they termed the Sahabi drain-
age system. The main channel has a maximum
depth in excess of 1300 ft (396 m) and a width
varying from less than 1 km to a maximum of
over 5 km. Fragmentary seismic data available
to the authors indicated a similar ¢lled channel,
near the apex of the Gulf of Sirt which appeared
to have a maximum depth of 1800^2000 ft (549^
610 m). Barr and Walker (1973) postulated that
the Sahabi drainage system was cut during the
drawdown of the Mediterranean, a view that
has not been seriously disputed. The main north
then westward trending channel of this system will
be termed the Eosahabi Channel ; it is shown in
Fig. 2 by the coarse dotted line.

Immediately to the north of the western limb of
the Eosahabi Channel occurs the very early Plio-
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cene Sahabi Formation (de Heinzelin and El-Ar-
nauti, 1987, ¢g. 10). The formation has been
studied in detail by Boaz et al. (1987) and further
discussed by Carmignani et al. (1990) and Boaz
(1996). The four members of the formation to-
gether reach up to 120 m in thickness; their sands
and clays record a cycle of sedimentation which
starts with a shallow marine transgression, passes
to littoral and lagoonal conditions, then deltaic
and £uviatile environments and ends with the de-
velopment of fossil soils. Some 23 plant taxa are
identi¢ed from two members of the Sahabi For-
mation (Dechamps, 1987) with Acacia dominant
in one member and palms in another member.
Based on this £ora, Dechamps and Maes (1987)
identi¢ed ¢ve di¡erent plant associations: open
forest galley, wooded savanna, semidesert grass-
land, oasis or wadi and halophyte. The study of
the fossil wood led these authors to conclude that
the climate was seasonal with a long dry period,
with yearly precipitation possibly in the order of

400^800 mm. For comparison, this approximate
zone is shown between the dotted contour lines in
the global precipitation map of Fig. 3.

The most remarkable aspect of the Sahabi For-
mation is its vertebrate fauna. A full technical
assessment is provided by Boaz et al. (1987).
The formation preserves the remains of 22 fami-
lies of mammals which include 10 species of Car-
nivora (including bears, hyenas and a cat), eight
genera of Bovidae, three species of Suidae and
abundant sea cows, anthracotheres and hippopot-
amus occur at certain horizons. The anthraco-
theres occupy a similar environmental niche to
the hippopotamus. Six families of birds have
been recorded, including pelicans, with eight out
of 10 bird species being water birds with a dom-
inantly fresh water a⁄nity. Nine families of ¢sh
are recorded, with most species belonging to gen-
era whose recent species live in fresh water. The
large size and benthonic habitat of several genera
indicate the presence of a wide stream or river.

Fig. 3. Mean annual precipitation for the globe. The area between the dotted contours receives daily precipitation of between
1 and 2 mm, an amount comparable with that determined from a study of the fossil wood of the Sahabi Formation (Dechamps
and Maes, 1987). Within the area de¢ned as ‘Domain of Monsoons’ the winds alternate between southwesterly during the north-
ern summer and northeasterly during the northern winter. After Schneider (1996).
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Four families of reptiles are recorded including a
snake, a turtle and a very large crocodile, Euthe-
codon. The presence of this crocodile indicates the
presence of large bodies of water such as lakes or
a huge river system (Hecht, 1987). The latter au-
thor also considers the presence of a large, soft
shelled turtle of the genus Trionyx supports this
habitat interpretation. It is noted that most of the
families of birds, ¢shes and reptiles are repre-
sented in the Sahabi Formation by a single spe-
cies.

The occurrence of the Eosahabi Channel and
the Sahabi Formation enables some important
conclusions to be drawn regarding the river sys-
tem that produced these features. First, there was
clearly a major river £owing from the south, emp-
tying into the Gulf of Sirt during the Messinian
and early Pliocene. Further, the great diversity of
the vertebrate fauna and the speci¢c nature of the
£ora of the Sahabi Formation enable one to say
that the early Pliocene river where it entered the
Mediterranean was large, had a proli¢c biota and
was subject to seasonal rainfall. The presence of
the Eosahabi Channel enables the inference to be
made that during the Messinian there was also a
signi¢cant river entering the Mediterranean at the
Gulf of Sirt, draining ¢rst into a restricted sea and
then into an endorheic lake. Rainfall is inter-
preted to have decreased in passing from the Mes-
sinian to the early Pliocene (see Section 6.3); it is
likely therefore that the Eosahabi also supported
a considerable biota where it entered Lake Cyre-
naica.

3.2. The Sahabi river system, Messinian Lake
Chad and the Messinian monsoonal rainfall pattern

Tracing the Sahabi river system southwards
and using satellite imagery as a guide, it is ob-
served that the river system lines up with a de-
pression that curves around the eastern edge of
the Sarir Calanscio; this feature will be referred
to as the Calanscio Depression (Fig. 2). The fea-
ture is probably an old element of the Libyan
drainage system that has been followed by a suc-
cession of Neogene rivers. Moving southwards it
is evident that the Calanscio Depression is in line
with a north-northeasterly trending valley on the

eastern £ank of the Tibesti, which is here named
the East Tibesti Valley (Fig. 2). Lying more or
less centrally in this valley and clearly recognis-
able on satellite images at the scale of 1:15 000 000
is a channel-like feature, some 5 km wide, which
is interpreted to be a surface remnant of the Eo-
sahabi River.

The most logical explanation of the East Tibesti
Valley is that it was eroded by water £owing from
a lake located in the Chad Basin, or by a river
£owing from the east or from the west and turn-
ing northwards along the east £ank of the Tibesti.
A more southerly source can be excluded because
of the tectonic divide between the Chad and Con-
go Basins. The only source of eastern water would
be the monsoonal rains of Ethiopia and there is
no trace of a Messinian river £owing from that
area to the southern Tibesti. The easterly £owing
Radar Rivers of McCauley et al. (1986) are Oli-
gocene to middle Miocene in age. A westerly
source would involve a situation comparable
with that proposed by Boaz (1996) where the pa-
laeo-Niger, unlike the present Niger which drains
into the Gulf of Guinea (see Fig. 1), turns north-
eastwards and eventually drains into the Mediter-
ranean. There is no visual evidence for this and
the subsidence of the Chad Basin during the Neo-
gene (Genik, 1993) favours lake development in
the basin, when rainfall was su⁄cient, rather than
a through-£owing river. It is therefore concluded
that during the Messinian a large lake occupied
the Chad Basin and this lake will be referred to as
Messinian Lake Chad.

If the above interpretation is correct it would
be anticipated that Messinian lake sediments
would occur in the Chad Basin. The succession
in this basin has not been reported on in su⁄cient
detail to allow a de¢nitive statement in this re-
gard. The geology of the basin however certainly
allows for this to be the case. The Cretaceous
history of Chad, Niger, northern Nigeria and
the Central African Republic is characterised by
the development of a rift system, one prominent
component being the northwesterly trending Ter-
mit Rift (Fig. 1) which is partly overlain by Lake
Chad. Marine rocks were deposited in the rift
during the Cretaceous; during the Palaeocene to
Oligocene mainly continental sediments accumu-
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lated (Genik, 1993). Rifting in this part of Africa
then ceased and was replaced by the epirogenic
downwarping of the Chad Basin and internal
drainage. The focus of rifting moved eastwards
to the Red Sea.

The Neogene and Quaternary deposits of the
Chad Basin are generally referred to as the
Chad Formation and where exposed are Pleisto-
cene in age and rest unconformably on older beds
(Wright, 1985). The sediments consist of £uviatile
and lacustrine sandstones and clays with lenses of
diatomite up to a few metres in thickness. Wright
(1985) notes that in the deeper parts of the basin
the Chad Formation probably extends down into
the Pliocene. More recent work based on petro-
leum exploration recognises the 1000 m or so
post-rift sedimentary sequence of the Termit Rift
(central Chad Basin) as being Miocene^Holocene
in age (Genik, 1993). Petroleum drilling in the
vicinity of Lake Chad o¡ers an opportunity to
sample and evaluate the thickest Neogene sedi-
mentary record of the Chad Basin.

Comparison of the drainage basins discussed in
the previous sections enables conclusions to be
drawn regarding the distribution of rainfall in
North Africa during the Messinian. First it is nec-
essary to consider brie£y the factors that would
lead to di¡erences of erosion in the basins being
discussed. Energy required for £uvial erosion is
primarily derived from elevation and the volume
of water £owing (Morisawa, 1985). Elevation in
this context can result from tectonic in£uence or
from base level changes. As previously noted, a
base level lowering of 2000 m is interpreted to
have occurred during the Mediterranean draw-
down. Base level change will in£uence all the
Eastern Mediterranean drainage systems equally.
The question arises: could tilting of the southern
margin of the Eastern Mediterranean serve to fur-
ther in£uence elevation. The most likely tectonic
adjustment following the drawdown of the Med-
iterranean would be uplift, because of the isostatic
response to the loss of water from the basin. It
could be argued that uplift in the east (Nile Delta
area) would produce the deep erosion observed in
this area. Ryan (1978) examined this problem and
concluded, partly on the parallel nature of the
Miocene and Pliocene seismic re£ectors, that

drawdown rather than uplift was the major
agency at work. It is therefore concluded that
tectonic tilting is not a signi¢cant factor to be
considered in the following discussion.

The comparisons that follow are based on the
assumption that £uvial energy, which is re£ected
in the degree of incision of the rivers, is mainly
related to rainfall because elevation, in this case,
is principally a product of base level fall. The
latter is naturally uniform for all the basins. Com-
paring ¢rst of all two areas of comparable size,
the Gabes system and the Eosahabi system, it is
observed that the incision of the Gabes system is
not strong and occurs on the Pelagian Slope while
the incision of the Eosahabi is strong (about 400
m in the Eosahabi Channel) and occurs before the
river reaches the present coast. This implies that
rainfall was greater for the Eosahabi Basin than
for the Gabes Basin or that for the Eosahabi the
water came from areas to the south of Latitude
20‡N. In fact a combination of derived and local
water is probable for the Eosahabi. The physiog-
raphy of the area indicates the former while the
consideration of the ecology of the Sahabi Delta
and its inferred Messinian counterpart (see Sec-
tion 3.1) points towards the latter.

Now the Eosahabi and Eonile Rivers can be
compared north of Latitude 20‡N. Although the
drainage area favours the Eosahabi Basin (ap-
proximately 900 000 km2 compared with 800 000
km2 for the Eonile Basin north of 20‡N) the in-
cision of the Eonile is much greater. Both the
sections of river considered are augmented by
water from the more tropical south, but the con-
trast in incision is great. It is noted that a subdued
Ethiopian Plateau (Yemane et al., 1985) would
contribute to Eonile Flow, as the higher plateau
does for the Nile today, but the information pre-
sented by Gri⁄n (1999) indicates that rainfall for
the basin during the Messinian would be much
more uniform than it is at the present time. All
these factors are taken to indicate that the rainfall
for the northern part of the Eonile Basin was
greater than for the Eosahabi Basin.

The above considerations, although of a gener-
al nature, enable the overall pattern of Messinian
North African rainfall to be envisaged. The lowest
rainfall occurred in the northwest, the Eosahabi
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Fig. 4. The Kufra Basin and the surrounding highlands. Tectonic movements in the eastern Tibesti and Kufra Basin during the
Pliocene have obscured the otherwise straightforward manifestation of the drainage from Messinian Lake Chad preserved in the
East Tibesti Valley (contained mainly within the western half of the box of Fig. 5). Digital elevation data from GOTOPO30,
USGS, Sioux Falls, SD, USA. Initial contouring by Leeuwin Centre for Earth Sensing Technologies, Perth, WA, Australia, and
Earthscan International, Perth, WA, Australia.

PALAEO 2808 29-5-02

D.L. Gri⁄n / Palaeogeography, Palaeoclimatology, Palaeoecology 182 (2002) 65^9174



Basin and Chad Basin received increasing
amounts of rainfall and northeastern North Afri-
ca was the most humid of the these areas. This
pro¢le with a southeasterly and easterly increase
in rainfall ¢ts well with the idea that the Messi-
nian rainfall was monsoonal in origin and for
eastern North Africa derived mainly from the In-
dian Ocean. These concepts will be developed in
succeeding sections.

4. Erosion and neotectonics of the East Tibesti
Valley and Kufra Basin

The concept that the drawdown of the Medi-
terranean resulted in the incision of the rivers
draining into the Eastern Mediterranean Basin
was accepted by Barr and Walker (1973) and
Said (1981,1993). This concept can be used in
the interpretation of the East Tibesti Valley
(Fig. 2 and western half of box in Fig. 4). The
basic assumption made is that the most marked
incision occurred during the Messinian drawdown
and transgression and that the Eosahabi migrated
eastwards during its evolution, from the elevated
Tibesti area towards the depressed Kufra Basin.
The early Pliocene record of the Sahabi River is
interpreted to be also well preserved. The western
part of the valley was possibly eroded by the Pa-
laeosahabi during the late Tortonian and early
Messinian, but the record of this phase has been
obscured to some extent by later events, making
precise interpretation di⁄cult.

Three main stages are recognised in the record
of the eastward migration of the Eosahabi and
Sahabi Rivers during the mid- to late Messinian

Fig. 5. The eastern part of the East Tibesti Valley showing
the record of the eastward migration of the Eosahabi and
Sahabi Rivers during the mid- to late Messinian and
early Pliocene. See text for discussion. The East Tibesti
Valley is the most visible expression of the Zeit Wet
Phase in North Africa. Figure compiled from Landsat 5
images LM5182044008705890, LM5182045008705890 and
LM5182046008705890 available at http://edcwww.cr.usgs.gov/
(adjacent images also available at this site).
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and early Pliocene (Fig. 5). Stage 1: First stage of
incision by the Eosahabi River (during deposition
of the Lower Evaporites?). The river migrated
from the course indicated by Line a^x to that
shown by Line b^bP. It is noted that x, y, z and
zP are the most southerly points at which the Eo-
sahabi/Sahabi Rivers are currently clearly recog-
nised. Stage 2: Second stage of incision by the
Eosahabi River (during the deposition of the
Upper Evaporites including the Messinian trans-
gression?). The river migrated from the course
indicated by Line b^bP to that shown by Line
c^y. The river during part of its history in all
probability £owed between the Messinian expres-
sion of Hamada el Fayoud and Hamada el Akda-
min into a depressed area to the southwest of Al
Kufra (Fig. 4).

Continuing now with the interpreted Pliocene
phase of river migration illustrated by Fig. 5.
Stage 3: Erosion by the Sahabi River that oc-
curred during the early Pliocene. The area be-
tween Lines c^y, d^z and e^zP was eroded at
this time. The river was no longer so deeply in-
cised and possibly at some stage drained east-
wards between the higher rocky areas (Hamada)
into the northern part of the sinking Kufra Basin.
Stage 3 seems to re£ect the diminishing phase of
the Sahabi river system. During the Pliocene the
area Pl was uplifted and the record of the Sahabi
drainage partly eroded. Remnants of the Sahabi
drainage in area Pl are still preserved and can be
observed on Landsat images at the scale of
1:100 000. The light coloured region to the south
of y and z/zP is an area of £exure, ¢rstly, between
the southeastern Tibesti and the elevated area to
the southeast and, secondly, between the Chad
and Kufra Basins (in a southwest/northeast direc-
tion). The area shows evidence of considerable
fracturing and faulting.

The topography of the East Tibesti Valley and
the Kufra Basin have been modi¢ed over the past
7 Myr (see Fig. 4). During the Messinian the low
area or divide between the Tibesti and higher
areas to the east lay in East Tibesti Valley and
as a consequence the valley was a conduit for the
Eosahabi River. In the Messinian neotectonic
processes were initiated which saw an eventual
reversal of the topographic relationship between

the East Tibesti Valley and the areas to the east.
It is interpreted that both uplift of the east £ank
of the Tibesti and subsidence of the area of the
present Kufra Basin led to the situation seen to-
day, where the Kufra Basin is £anked on the west
by the higher East Tibesti Valley. The arcuate
fault slices that de¢ne the present expression of
the Kufra Basin are well seen on satellite images
(e.g. National Geographic Society, 1995 ^ satellite
image of Africa). The neotectonic movements of
the Kufra Basin may have been associated with
Tibesti volcanism.

The Kufra Basin has a long tectonic history
with origins in the Palaeozoic or earlier (Lu«ning
et al., 1999) and the events discussed in this sec-
tion are simply the very latest stage of that histo-
ry. A further example of the more recent tectonic
movements is noted. It can be reasonably as-
sumed that the divide between the Chad Basin
and the northerly draining Libyan Basins is now
in a more northerly position than it was during
the Messinain. This is a consequence of the neo-
tectonics mentioned above and it accounts for the
fact that on the east £ank of the Tibesti in the
area to the south of 21‡N drainage is now to the
south or southeast whereas during the Messinian
drainage in this area would have contributed to
the north-northeasterly £owing Eosahabi River.
The Zeit Wet Phase terminated at about 4.6 Ma
(see Section 6.3) and with this termination the
interaction of prolonged water erosion and tec-
tonic movement ceased on the £anks of the Kufra
Basin.

5. Messinian sediments and the evaporitic couplet

5.1. The Messinian transgression

Traditionally the end of the Messinian Salinity
Crisis has been envisaged as a rapid event involv-
ing a Pliocene inundation from the Atlantic (Hsu«
et al., 1973b; Cita et al., 1978). Recently an in-
creasing number of authors are ¢nding evidence
of a late Messinian transgression less catastrophic
in nature, which would in due course be followed
by a subdued Pliocene in£ux of marine water
from the Atlantic. This type of situation has
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now been described from southern Spain (Riding
et al., 1998), Sicily (Butler et al., 1995; Keogh and
Butler, 1999) and the Nile Delta (Dalla et al.,
1997).

South and southeast of Sicily only thin Messi-
nian deposits occur. In northern Tunisia they are
the silty marls and evaporitic sediments of the
Oued bel Khedim Formation (Wiman, 1980). O¡-
shore Libya on the Pelagian Shelf they comprise
up to 100 m of anhydrite, muds, silty mudstone
and marls (Sbeta, 1991; van Hinte et al., 1980),
while in outcrop in the northern Sirt Basin 18 m
of gypsum, sand and clay are recorded (de Hein-
zelin and El-Arnauti, 1987). These consistently
thin deposits can reasonably be interpreted as be-
longing to the Messinian transgression. Most
Messinian sediments deposited on the stable Pela-
gian Shelf before the transgression would have
been eroded away during the Mediterranean
drawdown.

Recent work enables some conclusions to be
drawn regarding the chronology of the Messinian
transgression. The Messinian transgressive phase
in the Sorbas Basin of southern Spain is consid-
ered by Riding et al. (1998) to have lasted about
200 ka (5.5^5.3 Ma). Quite independently the seis-
mic based 3 D modelling of the Messinian trans-
gressive Abu Madi Formation of the Nile Delta
led to the development of a eustatic curve em-
bodying a 700 m sea level rise over a time span
of 200 ka (van Laer et al., 1994). On Sicily the
Messinian transgressive phase is represented by
the Upper Evaporites of the Gessoso Sol¢fera
Formation (Butler et al., 1995). Magnetostrati-
graphic and sedimentological studies of these
rocks enabled Butler et al. (1999) to interpret a
duration of 200 ka for the Messinian transgres-
sion. The 6^7 cycles of the Upper Evaporites of
Sicily (Cita and McKenzie, 1986) would ¢t well
into the above mentioned time frame, if the cycles
are a product of the ca 21 ka precessional cycle.
Krijgsman et al. (1999b) record eight sedimentary
cycles in the Colombacci Formation of the North-
ern Apennines of Italy. The Colombacci Forma-
tion is thought to correlate with the Upper Evap-
orites and in the view of the authors the observed
cycles are the likely result of precession and its
in£uence on climate.

5.2. The sediments of Lake Cyrenaica and the
Messinian transgression

This and the next section will brie£y discuss the
sediments of the Messinian major regression or
drawdown, the lake phase (Lake Cyrenaica in
the Eastern Mediterranean) and the following
transgression. The deposits of the drawdown can
be referred to as the Lower Evaporite Series (e.g.
Hsu« et al., 1978b, ¢g. 11) and are mainly halite
and gypsum, while the deposits of the lowstand
and transgression can be referred to as the Upper
Evaporite Series (see Fig. 6 for summary of suc-
cession on Sicily). The Upper Evaporites were
considered by Hsu« et al. (1978b) to have an upper
non-evaporitic ‘Largo Mare’ subdivision and a
lower evaporitic subdivision. The following dis-
cussion concentrates on the lake and transgressive
sediments (the Upper Evaporites) and mentions
the Lower Evaporites mainly as an indicator of
a dry climate.

Lithological samples of the sediments of Lake
Cyrenaica have been obtained from the Deep Sea
Drilling Project (DSDP)/ODP sites and from pe-
troleum drilling in the Nile Delta. The former
sediments, the Upper Evaporites of the deep ba-
sin, are described in the Initial Reports of the
DSDP (Legs 13 and 42A ^ Ryan et al., 1973;
Hsu« et al., 1978a) and the Proceedings of the
ODP (Leg 160 ^ Emeis et al., 1996; Robertson
et al., 1998). There are nine DSDP/ODP sites in
the Eastern Mediterranean that penetrate Messi-
nian sediments (see Fig. 1) and it must ¢rst be
noted that except in basin margin locations they
penetrate at the maximum only 15% of the Upper
Evaporites and typically the uppermost 1^10% of
the unit. For the most part the deep basin sedi-
ments of the Eastern Mediterranean consist of
clays, ooze, silty clays, dolomitic mudstone, marls
and marlstone, siltstone and minor sandstone.
Units of anhydrite, gypsum and minor halite oc-
cur at some of the DSDP/ODP sites. Thick sele-
nitic gypsum occurs at Site 378 north of Crete (see
Fig. 1 ^ about 40 m penetrated), but it is noted
that this is in a small, probably restricted basin on
the northern £ank of the Mediterranean. In the
Nile Delta the deposits of Lake Cyrenaica are
represented by the Qawasim Formation which

PALAEO 2808 29-5-02

D.L. Gri⁄n / Palaeogeography, Palaeoclimatology, Palaeoecology 182 (2002) 65^91 77



PALAEO 2808 29-5-02

D.L. Gri⁄n / Palaeogeography, Palaeoclimatology, Palaeoecology 182 (2002) 65^9178



consists of an average 700 m of ¢ne to course
grained deltaic deposits (Said, 1993).

The Upper Evaporites of the deep basin have
also been recognised on seismic records from both
the Eastern and Western Mediterranean (Monta-
dert et al., 1978). The most clearly expressed seis-
mic record has been obtained from the Western
Mediterranean and the record there provides in-
sights not available from the Eastern Mediterra-
nean. In the Western Mediterranean the Upper
Evaporites reach 600 m in thickness and show
an average interval velocity of 3.5 km/s, not dis-
similar from that of the overlying Pliocene sedi-
ments. The Upper Evaporites however show alter-
nations of both high and low interval velocity
presumably indicating the alternation of evapo-
rites and clastic material in the succession. The
interval velocity of the underlying halite bearing
Lower Evaporites is 4.5 km/s. This velocity di¡er-
ence is here interpreted to arise from the presence
of signi¢cant clastics in the Upper Evaporites.
High rates of deposition are implied for the
Upper Evaporites ^ using rounded numbers the
accumulation of an average 200 m of Upper
Evaporites in say 300 ka of the low stand phase
gives an accumulation rate of 67 cm/ka. In the
Eastern Mediterranean it has not generally been
possible on seismic sections to separate the Upper
Evaporites from the Lower Evaporites. The thick-
ness of the evaporites varies considerably (800^
3600 m, Montadert et al., 1978). These factors
no doubt in part result from the greater input of
fresh water into the Eastern Mediterranean, the
irregular bathymetry and the active tectonics of
the region.

The sedimentary record of the Messinian trans-
gression in the Eastern Mediterranean is provided
by the Abu Madi Formation of the Nile Delta
and the thin sediments of the Pelagian Shelf ;

reference to the latter has already been made. It
is beyond the scope of this paper to interpret any
of the sediments of the DSDP/ODP sites in terms
of the Messinian transgression, but a record of
the event could be preserved in the uppermost
Messinian sediments at Sites 374 and 968. The
most signi¢cant sedimentary record of the trans-
gression, however, is provided by the numerous
Messinian marginal basins of the Mediterranean
which have been well documented by Rouchy
(1982). The best known of these is the Caltanis-
setta Basin of Sicily and it is here that an exten-
sive knowledge of the Upper and Lower Evapo-
rites, considered together as the Gessoso Sol¢fera
Formation, has developed, especially over the
past 25 yr. In its simplest expression this forma-
tion can be seen as a lower unit with signi¢cant
halite deposits, up to 550 m in thickness (the
Lower Evaporites) unconformably overlain by a
sequence of marlstone, gypsum and anhydrite
some 200^300 m in thickness (the Upper Evapo-
rites), see Fig. 6. Detailed descriptions of the for-
mation are given by Decima and Wezel (1973),
Schreiber et al. (1976), Butler et al. (1995) and
Keogh and Butler (1999).

It is useful to summarise the sedimentary char-
acteristics of the Upper Evaporites of the Medi-
terranean. Often they show an alternation of ¢ne
clastics (clay, marls, silts) with evaporitic gypsum
or anhydrite. Gypsarenites are common in the
succession and halite only rarely occurs. The cy-
clicity of deposition is well known from the sec-
tions on Sicily where six or seven cycles are usu-
ally present (Cita and McKenzie, 1986). On the
south coast of Sicily a typical cycle is 20 m or
more in thickness (Schreiber, 1997). If this repre-
sents a precessional cycle of ca 21 ka then rapid
deposition is implied ^ 1 m/ka. The rapid deposi-
tion in the deep basins of the Western Mediterra-

Fig. 6. Correlation chart showing the late Miocene/early Pliocene succession of the Gulf of Suez/Red Sea and the Mediterranean.
Also shown are the evaporitic couplets of these areas. The Mediterranean section is a composite with the marginal basins of Sicily
providing a record of the early and late parts of the succession while the deep basins of the Mediterranean provide a record of
the central part of the succession. The latter correlates with a major unconformity in the succession of Sicily (Butler et al., 1995)
between the Upper and Lower Evaporites (see Fig. 7). Butler et al. (1999) provide speci¢c dating for the Mediterranean two-stage
model of deposition shown diagrammatically in the ¢gure.
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nean has already been noted. In the clastic inter-
vals there is much evidence of reworking of the
contained marine fossils (Decima and Sprovieri,
1973; Schreiber, 1997). It is di⁄cult to be precise
regarding the percentage of clastics that occur in
the Upper Evaporites but an estimate of at least
50% is not unreasonable. In the Eastern Mediter-
ranean there are thick sequences (up to 160 m)
where evaporites do not occur, as for example
at the DSDP/ODP drilling sites near Cyprus (Sites
376 and 968), although the dating of these sequen-
ces is problematic (R. Flecker, personal commu-
nication).

5.3. The evaporitic couplet

The Lower and Upper Evaporites of the Med-
iterranean Messinian have a form remarkably
similar to the Tortonian and Messinian evaporites
of the Gulf of Suez and the Red Sea. Both series
of evaporites consist of a lower unit (the Torto-

nian South Gharib Formation and equivalents in
the case of the Gulf of Suez/Red Sea) composed
mainly of halite and an upper unit (the Messinian
Zeit Formation in the Gulf of Suez/Red Sea)
composed of clastics and gypsum/anhydrite (see
Fig. 6). This sedimentary expression of a halite
unit overlain by a unit of clastics and anhydrite
will be referred to as an evaporitic couplet. The
evaporitic couplet of the Gulf of Suez/Red Sea
was interpreted by Gri⁄n (1999) to record a
change from a dry to a wet climate. It is appro-
priate to ask if the evaporitic couplet of the Med-
iterranean records a similar climatic change. An
outcrop expression of the evaporitic couplet is
preserved near Balza Soletta on Sicily (see Fig. 7).

When found in ancient marine evaporites halite
and potassium salts imply a basin almost entirely
surrounded by land in a region of abnormally low
humidity (Kendall and Harwood, 1996). The
presence of abundant evaporites in the Messinian
of the Mediterranean area naturally led to the

Fig. 7. Outcrop expression of the evaporitic couplet near Balza Soletta on Sicily. The Calcare di Base (base of Lower Evapo-
rites), a carbonate autobreccia with pseudomorphs of halite, is eroded and overlain unconformably by channel ¢ll conglomerates
of the basal Upper Evaporites. The halite of the Lower Evaporites is missing but is preserved in the subsurface. The conglomer-
ates pass upwards into gypsarenites, sands and silts of the Upper Evaporites which extend across the right side of the photo-
graph. Annotation by S. Keogh.
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conclusion that the Messinian was an arid time
(e.g. Hsu«, 1983) and this has been the generally
held view since the Mediterranean discoveries of
the DSDP in the early 1970’s. With regard to the
Lower Evaporites the arguments in favour of this
concept are persuasive; as previously noted most
proposed models for evaporite development re-
quire distillation and sustained evaporation. The
Upper Evaporites, however, do not contain sig-
ni¢cant halite and it is reasonable to enquire
whether they are the product of a climate more
humid than the climate that produced the Lower
Evaporites. Some authors have recognised in-
creasing humidity during the deposition of the
Upper Evaporites (e.g. Butler et al., 1995, 1999).
It is proposed here that the abundant clastics (in-
cluding both gypsarenites and siliciclastics), con-
siderable evidence of reworking and the rapid de-
position of the sediments are all indicators of a
humid climate, probably of a seasonal and cycli-
cal nature. The cyclicity of deposition of the
Upper Evaporites, already commented upon,
with evaporitic minerals alternating with intervals
containing abundant clastics, could at least in
part be an indication of medium term (ca 21 ka)
climatic cycles. Krijgsman et al. (1999a) argue
that Messinian cyclic evaporite deposition is al-
most entirely related to circum-Mediterranean cli-
mate changes driven by changes in the Earth’s
precession.

The above factors are interpreted to indicate
that arid conditions prevailed over the Mediterra-
nean Basin during the deposition of the Lower
Evaporites, but at some point in the late Messi-
nian the climate changed and became more hu-
mid, which together with the isolation of the
Mediterranean Basin led to the deposition of the
Upper Evaporites. It is further reasonable to con-
clude that the change in climate occurred at the
conclusion of the drawdown of the Mediterra-
nean, a process it is logical to associate with halite
deposition. This change in climate must therefore
have occurred at approximately 5.8 Ma based on
the chronology of the drawdown adopted by Cun-
ningham et al. (1997) and Butler et al. (1999).
This is approximately 2 Myr later than the change
of climate in the Red Sea area which is interpreted
to have occurred at 8^7 Ma (see section 6).

6. The Zeit Wet Phase in space and time

6.1. The form of the Zeit Wet Phase

Combining the information from the previous
sections it is possible to describe the evolution of
the Zeit Wet Phase in time and space. This brief
overview is presented as a basis for further inter-
pretation. During the Tortonian northeastern Afri-
ca was subject to arid conditions as the develop-
ment of halite and the lack of clastics in the South
Gharib Formation of the Gulf of Suez/Red Sea
demonstrate (Gri⁄n, 1999). With the transition
to the Messinian the area became wet; the evi-
dence for this being the rapid deposition of the
Zeit Formation and the fact that it contains abun-
dant clastics. Also the low dust £ux for the Messi-
nian at ODP Sites 721/22 in the Arabian Sea in-
dicates that the Messinian of northeastern Africa
was humid (deMenocal and Bloemendal, 1995). It
is considered that the central Sahara also became
humid at this time. The Eosahabi river system pro-
vides evidence for this interpretation. By the mid-
Messinian the climate of the Mediterranean Basin
had become drier than during the Tortonian,
which accounts for the development of abundant
halite in the basin once it had become restricted. In
the late Messinian the drawdown of the Mediter-
ranean occurred and this is interpreted to have had
the e¡ect of strengthening the humid conditions in
northeastern Africa; we now see the deep incision
of the Nile River and moderate incision of the
Eosahabi River. Also there is evidence from the
Mediterranean Basin itself, with the deposition of
the gypsum and clastics of the Upper Evaporites in
the deep basins and then the marginal basins, that
the Mediterranean climate changed from dry to
more humid conditions. In the late Messinian the
zone of desert conditions migrated northwards and
resulted in the desiccation of the Black Sea and the
other remnants of Paratethys (Hsu« and Giovanoli,
1979). Transgression in the late Miocene and early
Pliocene returned the Mediterranean to its normal
marine state but humid conditions, somewhat
ameliorated, continued for several hundred thou-
sand years. During the Plio/Pleistocene northeast-
ern Africa was subjected to alternating dry and wet
periods.
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The simplest explanation for the above history
is provided by seeing the Zeit Wet Phase as an
expression of the initiation and early evolution of
the Asian monsoon and its impact on the African
monsoon and associated desert system. These
ideas will be considered in the following sections.
In Section 3.2 it was initially concluded that the
magnitude and geographical focus of the Zeit Wet
Phase makes it very likely that much of its mois-
ture was monsoonal and derived from the Indian
Ocean. This conclusion is reinforced by the fol-
lowing observations. The idea that the moisture
was derived from the evaporating Mediterranean,
as suggested by Said (1993), is not a high proba-
bility because, ¢rstly, the considerable di¡erence
in the rainfall received by the three principal
North African river systems supports the concept
of a mainly eastern source for the moisture. Sec-
ondly, with such a scenario one would expect
complete desiccation at the conclusion of draw-
down, a situation which did not prevail. If it is
assumed that the Mediterranean was under the
in£uence of temperate frontal weather systems,
then one would expect moisture to be transported
eastwards or northeastwards (Barry and Chorley,
1998), a situation that would not contribute to
North African rainfall. Another possible source
for the moisture that can be discounted is Para-
tethys. During the Tortonian central Paratethys
began to disintegrate into a number of smaller
only temporarily connected basins (Orszag-Sper-
ber et al., 1993a) and with the Messinian Medi-
terranean drawdown access to any marine water
would have been eliminated, further reducing Para-
tethys to a series of isolated lakes (Hsu«, 1992).
Paratethys therefore is an unlikely source of water
for the Zeit Wet Phase.

6.2. Monsoons and deserts

The monsoon is expressed in mainly tropical
and subtropical areas of the globe where there is
a strong seasonal wind change, with one season
bringing abundant moisture. Fig. 3 shows that
substantial parts of the Old World including cen-
tral Africa, the central Indian Ocean, southern
and eastern Asia and northern Australia are sub-
ject to the monsoonal wind change. An African

and an Asian component to the Old World mon-
soon are evident, particularly during the northern
summer when a separation or split occurs over the
Indian Ocean with most of the moisture from that
source being diverted to the northeast to the
shores of southern Asia with the area of the Ara-
bian Sea and Arabia itself being deprived of mois-
ture. This feature will be referred to as the North-
ern Monsoon Hiatus. Its e¡ect can be seen in the
mean annual precipitation for the globe (Fig. 3)
and it can be observed developing over the north-
ern late spring and early summer in any series of
maps showing monthly global precipitation.

The focus of the monsoon is the Intertropical
Convergence Zone (ITCZ), the zone in which the
easterlies from each hemisphere converge and as-
cend releasing abundant moisture on the land or
sea below. The ITCZ undergoes an annual cycle
of migration moving northwards in phase with
the development of the northern summer and
southwards in the winter. For Africa and Austral-
asia the migration zone of the ITCZ is approxi-
mately de¢ned by the monsoon envelope shown in
Fig. 3.

Lying between 10‡ and 35‡ polewards of the
monsoonal zone are deserts, also shown by Fig.
3. The deserts of the earth are associated with the
belts of high pressure that encircle the globe and
which are the focus of near surface divergence of
air and sinking motions (Schneider, 1996). Up-
ward motion of air is suppressed and the lower
atmosphere deprived of moisture leads to the des-
iccation of vast areas of North Africa, the Kala-
hari, central Asia, central Australia and other
lands of the low to mid-latitudes. Almost without
exception the subtropical deserts lie in the centre
and/or on the western side of continents, while
monsoonal in£uences are seen at a similar latitude
on their eastern side. Brie£y, this can be explained
as follows. The oceanic subtropical highs are lo-
cated over the eastern half of the large oceans.
The induced atmospheric circulation serves to en-
hance the sinking motion on the east side of the
oceans, leading to heating, reduction of relative
humidity and the development of desert condi-
tions over the west of continents, whereas their
eastern sides receive monsoonal moisture, a con-
sequence of rising motion. One major exception
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to this global pattern is northeastern Africa and
Arabia at the present time and it seems reasonable
to attribute this to the strong and particular as-
pects of the current Asian monsoon ^ a theme
that will be taken up later.

A recent and more sophisticated exposition of
the association of the Asian monsoon and the dry
areas of North Africa and the Mediterranean has
been given by Rodwell and Hoskins (1996). This
involves the concept of diabatic heating in the
Asian monsoon region inducing long waves
(Rossby Waves with a wavelength of several thou-
sand kilometres at elevations of 5^10 km) in the
upper troposphere, which descend with adiabatic
heating (with local diabatic enhancement) over
the eastern Sahara and Mediterranean and over
the Kyzylkum desert to the southeast of the Aral
Sea. However, as Rodwell and Hoskins (1996)
point out, even this mechanism does not fully ex-
plain the arid nature of Arabia.

The universal association of deserts and mon-
soons throws light on the evaporitic couplet, two
views of which are: that it is the lithological ex-
pression of the change from a desert to a humid
climate over a particular region of the earth’s sur-
face where the sediments in question are preserved
in a restricted or semirestricted basin; and that
the lithological change in the couplet records a
shift in climatic zones (e.g. from arid to humid)
at a particular location.

6.3. The Zeit Wet Phase and the development of
the Asian monsoon

As noted previously the simplest explanation of
the Zeit Wet Phase is provided by seeing it as
developing in association with the Asian monsoon
and being modi¢ed by the drawdown of the Med-
iterranean in the late Messinian. During the de-
position of the halites of the Tortonian South
Gharib Formation northeastern Africa lay in the
subtropical arid zone some 3^4‡ south of its
present position (Orszag-Sperber et al., 1993b).
The area came under the in£uence of the global
cooling and drying which commenced at about
15.6 Ma (Kennett, 1995). In the late Tortonian
the central Mediterranean experienced a humid
climate, evidenced by the deltaic sediments and

¢ne clastics of the Tortonian Terravecchia For-
mation of Sicily (Butler and Grasso, 1993). These
sediments were derived from the Calabrian arc
now largely submerged below the Tyrrhenian Sea.

In the late Tortonian at about 8 Ma signi¢cant
uplift of Tibet initiated the Asian monsoon (Mol-
nar et al., 1993) and at about this time northeast-
ern Africa became more humid (Gri⁄n, 1999). In
studies conducted over the past 10 yr or so much
emphasis has been placed on the uplift of Tibet
(Ruddiman and Kutzbach, 1989; Prell and Kutz-
bach, 1992; Molnar et al., 1993) in initiating the
current Asian monsoon but other factors, such as
the area of the plateau, its latitude and the shrink-
age of Paratethys, no doubt played a part, as
emphasised by Ramstein et al. (1997). The mag-
nitude of insolation is another in£uential factor. It
appears that a threshold has to be reached when a
heat source of su⁄cient magnitude displaced suf-
¢ciently north of the equator will trigger the type
of Asian monsoon seen today (Molnar et al.,
1993; Rodwell and Hoskins, 1996). This particu-
lar monsoon will be referred to as the Arabian
Sea southwesterly monsoon, abbreviated in future
references to the SW monsoon.

The late Tortonian/Messinian is a time when
apparently contradictory elements are expressed
in the geological record of the area being consid-
ered. The considerable evidence listed by Molner
et al. (1993) strongly suggests that the climate of
southern Asia and the tropical Indian Ocean
changed in the period 9^6 Ma, monsoonal winds
strengthened and northern Pakistan became more
arid. The relatively sudden uplift of Tibet at
about 8 Ma played an important part in this pro-
cess. The resulting development of what is here
termed the SW monsoon would have reasonably
involved those distinctive features of the modern
Asian monsoon ^ a reversal of the normal west to
east air£ow over the northern Indian Ocean and
southern Asia resulting in meridional (monsoon-
al) circulation (see Molner et al., 1993, ¢g. 24).
In all probability a strong Tropical Easterly Jet
would be developed ^ this is a unique feature of
the Asian monsoon (all the other jet streams of
the northern hemisphere have a westerly £ow). All
these factors lead to moisture being transported
away from northeastern Africa towards southern
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Asia and to the development of the Northern
Monsoon Hiatus. The intuitive concept that a
strong SW monsoon will result in a drier north-
eastern Africa is borne out by the data summa-
rised by Rodwell and Hoskins (1996). Conversely,
there is evidence of northeastern Africa and the
central Sahara receiving abundant moisture dur-
ing the same time period as the early development
of the SW monsoon. A possible resolution of this
situation is provided by recognising the cyclical
nature of the monsoon phenomenon and the in-
£uence upon it of the 19^23 ka precessional cycle.
This concept will be developed in the following
paragraphs.

It is assumed that the SW monsoon develops
when Paratethys is much reduced and the appro-
priate combination of plateau area and uplift, lat-
itudinal position and intensity of insolation are
achieved. Because the SW monsoon depends on
the development of an appropriately placed
strong heat source, this will ¢rst occur at the
part of the precessional cycle with maximum in-
solation. At the insolation low point of the preces-
sional cycle it is possible that insolation is not
su⁄cient to initiate the SW monsoon and instead
a monsoon more focussed on North Africa will
develop. This will be referred to as the Arabian
Sea SE monsoon, abbreviated in future references
to the SE monsoon. The proposed SE monsoon
would be enhanced by the previously mentioned
northwards migration of Africa, because this
would increase the land area of subtropical North
Africa in an area of the world that receives the
maximum summer insolation (Barry and Chorley,
1998). With the development of the SE monsoon
it is envisaged that those distinctive features of the
Asian monsoon, the Northern Monsoon Hiatus
and the Tropical Easterly Jet, would not be sig-
ni¢cantly developed. The monsoon moved north-
wards in response to a strong heat source over
North Africa and a moderate heat source over
Tibet in the same way that the moderate heat
source over southern Africa and northern Austra-
lia bring monsoonal moisture to the eastern parts
of those continental areas during the southern
summer monsoon (see Fig. 3). This northern dis-
placement of the climatic zonal system in the
Messinian brought drier and strongly cyclical con-

ditions to the Mediterranean Basin at about 7 Ma
and when these coincided with the restriction of
the basin ideal conditions were provided for the
deposition of thick deposits of halite (the Lower
Evaporites).

Alternation of the SE monsoon with the SW
monsoon in accord with the precessional cycle
would explain the high variability and strong 19
and 23 ka cycles observed by deMenocal and
Bloemendal (1995) in the dust £ux record of the
Arabian Sea ODP Sites 721/22 between 7.3 Ma
(base of record) and 4.6 Ma. For the period be-
tween 5.9 and 5.4 Ma deMenocal (1995) found
that aeolian dust and indicators of strong coastal
upwelling vary coherently and in-phase with each
other and closely follow the calculated July
(30‡N) orbital insolation forcing. The data dem-
onstrate that aeolian maxima coincide with max-
imum values of upwelling indicators and therefore
re£ect relative increases in the strength of the
Asian monsoon. This is important because it in-
dicates that right hand de£ections of the dust £ux
curve correspond with increased insolation, the
development of a signi¢cant Asian monsoon and
moisture transport to southern Asia. Conversely
the left hand de£ections of the curve signify lower
levels of insolation, humid conditions in north-
eastern Africa and Arabia and by implication
the transport of moisture to the northwest, which
would at least in part explain the Messinian hu-
mid indicators of North Africa.

There are strong indications that the ¢nal draw-
down of the Mediterranean in the late Miocene
led to the strengthening and northern expansion
of the Zeit Wet Phase so that its in£uence was felt
over the Mediterranean Basin. The change from
halite deposition to gypsum/anhydrite plus silici-
clastic deposition indicates that the drying of the
Mediterranean was followed by a more humid
climate in the area. The coincidence of increased
rainfall with the ¢nal drawdown stage of the
Mediterranean suggests that these two events are
related and indeed it can be argued that the sub-
stantially dried Mediterranean Basin would be a
focus of low pressure during the summer which
would serve to strengthen the monsoon. Recent
studies (Ramstein et al., 1997) have shown such
an e¡ect for the drying of Paratethys during the
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Miocene: modelling demonstrates that the en-
hancement of continental warming due to the dis-
appearance of the Paratethys sea increases the
thermal gradient between central Asia and the
Indian Ocean, leading to a large increase in mon-
soon precipitation over the southeastern £ank of
the Himalayas and the middle part of India. The
enhancement e¡ect of the Mediterranean draw-
down would act mainly on the SE monsoon as
this was already bringing moisture into northeast-
ern Africa; this could explain the enhanced cyclic-
ity of the dust £ux record (as shown by the Evo-
lutive Power Spectra ^ see Fig. 8) during the
drawdown phase.

On Sicily the sedimentary expression of the
events discussed is seen in the Upper Evaporites
of the Gessoso Sol¢fera Formation. The strong
cyclicity of these deposits could in part be ex-
plained by the unusual nature of the monsoonal
cyclicity developed during the Zeit Wet Phase.
Eustatic changes may also have contributed to
their particular sedimentary expression (Schreiber,
1997). Because of cyclical in£uences Lake Cyrena-
ica would £uctuate considerably in size and salin-
ity during its early history, the latter part of which
would correspond to Largo Mare of Hsu« et al.
(1978b). The northwards movement of the des-
ert/monsoonal system during the Mediterranean
drawdown in all probability explains the desicca-
tion in the latest Miocene of the Black Sea and
possibly other remnants of Paratethys; these des-
iccation phenomena are discussed by Hsu« and
Giovanoli (1979).

The transgressive re¢lling of the Mediterranean
took place in two stages over some 200 ka span-
ning the very late Messinian and very early Plio-
cene. This must have had an ameliorating e¡ect
on the Zeit Wet Phase but it did not bring it to a
conclusion. Evidence from the early Pliocene Sa-
habi Formation and the dust £ux records at Ara-
bian Sea ODP Sites 721/22 (deMenocal and Bloe-
mendal, 1995) support this conclusion. The dust
£ux records indicate that a signi¢cant change in-
volving fewer humid cycles did take place at 4.6
Ma and this is taken as the appropriate time to
de¢ne the end of the Zeit Wet Phase. The dust
£ux records from Sites 721/22 show this is one of
the most signi¢cant shifts in the record of the past

7 Myr and the record from that time onwards
rarely shows the low values that are so common
in the Messinian record (Fig. 8). The precessional
signal in the record can still be recognised in the
period 4.6^2.8 Ma but other cycles which will
become more dominant suggest that the time of
abundant but cyclical moisture transport to
northeastern Africa had passed.

Relevant aspects of the post-4.6 Ma Plio-Pleis-
tocene climate of northeastern Africa are summa-
rised in Fig. 8. The dust £ux curve can be inter-
preted as indicating during this period a more
consistent development of the SW monsoon ac-
companied by a reduced development of the SE
monsoon. Factors contributing to these develop-
ments could include the slow northwards progres-
sion of North Africa during the Messinian and
early Pliocene and further modi¢cation of the
orography of Tibet. The latter could lead to the
SW monsoon being developed during all occur-
rences of the high insolation part of the preces-
sional cycle and at most occurrences of the low
insolation part of the cycle. An additional factor
leading to the diminishment of the Zeit Wet Phase
is suggested by the dust £ux Evolutive Power
Spectra from ODP Sites 721/22 for the period
4.6^2.8 Ma. In this period they show modi¢cation
which give them a⁄nity with the spectra associ-
ated with Northern Hemisphere cooling, lower
North Atlantic SST’s and the development of
41 ka climatic cycles (see Fig. 8). This could in-
dicate that Northern Hemisphere cooling contrib-
uted to the waning of the Zeit Wet Phase. In the
Plio-Pleistocene of northeastern Africa there were
no sustained wet periods to match the Zeit Wet
Phase, which can now be seen as the prolonged
beginning to an 8 Myr period of alternating dry
and humid times which follows an arid period of
about 4 Myr.

The above considerations lead to the conclusion
that the Asian monsoonal climate as observed to-
day developed in two stages, the ¢rst between
about 8 and 4.6 Ma during which there was a
more or less regular alternation, based on the pre-
cessional cycle, between an Arabian Sea south-
westerly monsoon (the SW monsoon) and an Ara-
bian Sea southeasterly monsoon (the SE
monsoon). The former, comparable with the
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Asian monsoon of today, was a response to peaks
in the insolation cycle, together with the appro-
priate magnitude of uplift and latitudinal position
of Tibet leading to a triggering of meridional
(monsoonal) atmospheric circulation. A Northern
Monsoon Hiatus would be developed in these cir-
cumstances. The alternating SE monsoon of the
precessional cycle resulted from lower insolation
not initiating meridional atmospheric circulation
focussed on Asia. In addition there was a more
equatorial position of North Africa than the cur-
rent position and a strong heat source developing
over North Africa. Signi¢cant developments in
the post-4.6 Ma period were probably the magni-
tude and latitudinal position of Tibetan uplift
being such that at most levels of insolation the
SW monsoon would be triggered, the Northern
Monsoon Hiatus developed and North Africa,
now ¢rmly of subtropical latitude, would experi-
ence long periods of aridity. Contributing to this
process was the cooling Northern Hemisphere
and associated lower North Atlantic SST and
the increasing development of the 41 ka climatic
cycles of the northern ice buildup.

7. Conclusions

Looking at the climatic history of North Africa
over the past 12 Myr the Messinian is seen as a
unique time when the area experienced a pro-
longed wet period brought about by the develop-
ing Asian monsoon and its interaction with the
Messinian lowstand of the Mediterranean. The
association of deserts and monsoons explains
why the Mediterranean could be subjected to des-
iccation while the areas to the south were receiv-
ing abundant rainfall. The Zeit Wet Phase was the
most prolonged period of humidity during the last

12 Myr and it was preceded by a 3^4 Myr period
when desert conditions prevailed over North Afri-
ca. The Tortonian condition of aridity over North
Africa was a time of extreme conditions when the
monsoon and the sahel during the northern
summer were at their most southern latitudes. A
similar situation prevails at the present time,
although for di¡erent reasons. At the height of
the Zeit Wet Phase, with the Mediterranean at a
low stand the other extreme condition prevailed,
with much of North Africa becoming a part of
the monsoon environment.

A concept is developed which sees the Zeit Wet
Phase as a time when the physical aspects of the
Tibetan Plateau such as its degree of uplift, its
size, and its latitude were such that the ca 21 ka
cyclical nature of insolation was expressed in dif-
ferent manifestations of the monsoon. During pe-
riods of high insolation the Asian component of
the monsoon (here termed the SW monsoon) was
emphasised. During periods of lower insolation
the African aspect of the monsoon (the SE mon-
soon) was emphasised and it is the latter which
brought signi¢cant moisture to northern Africa
on a cyclical basis. With a shift in the above men-
tioned aspects of the Tibetan Plateau (increasing
uplift, uplifted area extending northwards, possi-
ble increasing area) and cooling northern oceans,
the Asian aspect of the monsoon became domi-
nant resulting in a more frequent occurrence of
those aspects of the Asian monsoon that distin-
guish it today: meridional atmospheric circulation
and the development of a strong Tropical Easterly
Jet. Concomitant with the increasing dominance
of the SW monsoon the SE monsoon waned.

The Zeit Wet Phase saw the development of the
Sahabi river system, a major system now com-
pletely lost, but leaving a signi¢cant erosional im-
print on the east £ank of the Tibesti and near the

Fig. 8. The Zeit Wet Phase in relation to the changing climate of northeastern Africa over the past 11 Myr. The dust £ux curve
(shown with the associated Evolutive Power Spectra in the ¢gure) together with knowledge of the Tortonian deposits of the Red
Sea enables the Zeit Wet Phase to be interpreted as the most consistently humid (and consistently cyclical) period during the
time represented. This wet phase is essentially of Messinian age but extends into the uppermost Tortonian and the lowermost
Pliocene. The most visible record of the Zeit Wet Phase is the East Tibesti Valley where water from Messinian Lake Chad,
dependent on the wet phase, £owed on the east £ank of the Tibesti (see Figs. 2 and 5). Dust £ux curve and related interpretation
of periodicities after deMenocal and Bloemendal (1995).
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coast of the Gulf of Sirt. The £ooding of the
Mediterranean Basin in the late Messinian and
early Pliocene in all probability ameliorated the
Zeit Wet Phase but it seems that it was not until
a time in the early Pliocene (4.6 Ma) that North
Africa began to experience a drier climate leading
to conditions more like those seen today. During
the Plio/Pleistocene there were alternations of dry
and wet periods, but there was no wet period to
compare in length and intensity with the Zeit Wet
Phase.

These events help to explain the pronounced
cyclicity evident in the Messinian sediments (e.g.
the Tripoli Formation, the Calcare di Base and
the Upper Evaporites). The envisaged precession
based alternating nature of moisture transport in
the early stages of the development of the Asian
monsoon would emphasise cyclicity of sedimenta-
tion in North Africa (and southern Asia). The
drawdown of the Mediterranean, by operating
mainly on one phase of the monsoon cycle, fur-
ther emphasised cyclicity of sedimentation during
the deposition of the Upper Evaporites. It is also
reasonable to expect that the major lakes of the
time, Lake Cyrenaica and Messinian Lake Chad,
would experience £uctuating water levels in re-
sponse to the precessional cycle. In the case of
the former lake, low levels could lead to evaporite
formation while in the case of the latter shore line
shifts and reduced £ow in the Eosahabi River
would result.

A unique aspect of the Zeit Wet Phase lies on
its dependence on two regional interacting factors
^ the uplift of Tibet and the drawdown of the
Mediterranean and the feedback mechanism be-
tween these two events. Seen is the interaction
between a developing monsoon system and a re-
stricted or isolated small ocean basin. The devel-
oping monsoon resulting from the uplift of Tibet
and northwards progression of Africa brought
moisture to North Africa and is responsible for
the development of the evaporitic couplet in the
Gulf of Suez/Red Sea. The drawdown of the
Mediterranean enhanced the wet phase of north-
eastern Africa, which in turn enabled moisture to
be brought to the Mediterranean itself, resulting
in the development of an evaporitic couplet there.
An imprint of these events was left on eastern and

central North Africa in the form of deep erosion
and the rapid deposition of sediments and no
doubt the biosphere responded in ways yet to be
fully revealed.
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