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76.1. INTRODUCTION

The Atlas Mountains contain the highest mountains of

North Africa and some of the highest mountains that sur-

round the Mediterranean basin, several of which exceed

4000 m a.s.l. The mountains stretch over 1500 km from

central Morocco to northern Tunisia and are commonly

subdivided into the High, Middle and Saharan Atlas

(Fig. 76.1). The mountain chain is situated at the Africa–

Eurasia plate boundary and has been uplifted and deformed

together with its Palaeozoic basement, during the Mesozoic

and Cenozoic. The highest peaks are formed in Palaeozoic

basement granites and extrusive lavas such as basalt, andes-

ite and rhyolite, whilst elsewhere the mountains are formed

in uplifted and deformed Mesozoic carbonate rocks

(Dresch, 1941; Pique, 2001; Pouclet et al., 2007). The high-

est peaks are situated at the south-western end of the range

in the High Atlas and culminate in the Jbel Toubkal massif

(4167 m a.s.l.). North of the Atlas proper are the Rif and

Tell mountains which border the Mediterranean Sea and

extend from northernMorocco to Tunisia. They are a folded

range consisting of carbonates, flysch and crystalline base-

ment rocks (Pique, 2001).

Glacial and periglacial activity has occurred in North

and West Africa on numerous occasions. The oldest

recorded is that of the Ordovician ice sheet, which existed

over what was then western Gondwanaland (Ghienne,

2003). More recent, Quaternary glacial and periglacial fea-

tures are in evidence throughout the Atlas Mountains

(Hughes et al., 2004) like in many other mountains sur-

rounding the Mediterranean basin (Hughes et al., 2006)

and also other high mountains across Africa (Osmaston

and Harrison, 2005; Mark and Osmaston, 2008). However,
no modern glaciers exist although periglacial activity is

thought to be still active above 2000 m (Couvreur, 1966;

Robinson and Williams, 1992).

Climatically, theAtlasMountainsexperiencehumidcon-

ditions in the northern section bordering the Mediterranean

Sea and progressively drier conditions towards the south-

west. The climate is strongly seasonal with dry summers

and precipitation in winter (Delannoy, 1971). In the north,

in regionsbordering theMediterranean, suchas theDjurdjura

massif in the Greater Kabylie area of the Algerian Tell, pre-

cipitation exceeds 2000 mm (Vita-Finzi, 1969, p. 54). At

Ifrane, in the Middle Atlas, Morocco, mean annual precipi-

tation(1961–1990) isalso relativelyhighat1118 mm(World

MeteorologicalOrganisation,1998). Incontrast, atMidelt, in

the lee of theMiddle Atlas at the foot of the northern-eastern

High Atlas, the 1957–1989 annual precipitation average is

just 208 mm (World Meteorological Organisation, 1998),

although totals vary considerably year on year from <100

tonearly500 mm(Rhanem,2009).Precipitationvalues from

thehighest parts of theHighAtlas are rare, althoughMesserli

(1967) notedmean annual precipitation totals of ca. 800 mm

on the north-western flanks of the Toubkal massif. The east-

ern flanks of theAtlas range, draining into the Sahara region,

are particularly arid with annual precipitation as low as

200 mmin thesouth-east foothillsof JbelToubkal in theHigh

Atlas (Messerli, 1967; Rhanem, 2009).
76.2. THE HIGH ATLAS

The highest mountains in North Africa exist in this region,

including the Jbel Toubkal (4165 m a.s.l.), Irhil M’Goun

(4071 m a.s.l.) and Jbel Ayachi (3751 m a.s.l.). Glacial
1065
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FIGURE 76.1 Location map of the Atlas Mountains indicating mountain areas mentioned in the text.
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features such as cirques, troughs, roche moutonée, riegels

and moraines have been noted in all these massifs (Dresch,

1941, 1949; Heybrock, 1953; Mensching, 1953; Wiche,

1953; Awad, 1963; Beaudet, 1971).

The largest glaciers formed in the Toubkal massif,

where valley glaciers emanated from a central ice field

which formed between the two highest summits, Toubkal

(4167 m a.s.l.) and Ouanuokrim (4067 m a.s.l.). The north-

ern outlet glacier draining this ice field extended nearly

10 km to an altitude of just 2000 m a.s.l., ca. 1 km downval-

ley of the shrine of Sidi Chamarouch. Valley glaciers also

formed on the northern slopes of Aksoual and Bou Igue-

nouane. Well-defined cirques are present in the upper

catchments around Toubkal and on the northern slopes of

Aksoual and Bou Iguenouane and these cirques contain

moraines (Figs. 76.2 and 76.3). In fact, at least three sepa-

rate moraine units are present in these mountains, widely

separated in altitude with some moraines present at eleva-

tions as low as 2000 m a.s.l. (Fig. 76.4).

Dresch (1941) estimated that the Pleistocene snowline

was situated at 3600–3800 ma.s.l., whilst later workers have

derived slightly lower estimates at 3400–3500 m a.s.l.

(Mensching, 1953) and at 3300–3400 m a.s.l. (Awad,

1963). However, most researchers have underestimated

the extent of glaciation in the Toubkal area and overesti-

mated the altitude of Pleistocene snowlines. Dresch (1941)

and Mensching (1953) both recognised clear moraines in

the higher valleys but underestimated the extent of glaciation

in some valleys where snowlines are as low as 3000 m a.s.l.

and sometimes lower. In addition, some features have been

misidentified. For example, Dresch (1941) interpreted large

accumulations of boulder debris in some glaciated valleys as
rock glaciers, whereas these features better resemble land-

slides as a result of rock-slope failure. Nevertheless, these

coarse boulder deposits, like at Arroumd (also spelt Aremd

orAremdt), are closely associatedwithglaciation since rock-

slope failures and resultant landslides are common in the

Mediterranean mountains and frequently occur in over-

deepened glacial valleys (Figs. 76.5 and 76.6). Furthermore,

it is possible that rock-slope failures produced a catastrophic

landslideonto the surfaceof a retreatingglacier in this valley.

This is supported by the presence of lateral moraines bound-

ing rock-slope-failure debris on both sides of the valley

(Fig. 76.6). Cosmogenic nuclide exposure ages from boul-

ders on both the surfaces of the landslide debris and the

lateral moraines will help test this scenario further.

A similar mechanism of paraglacial glacier–landslide inter-

action has been suggested for the formation of the barrage at

Lac D’Ifni on the southern slopes of Toubkal (Celerier and

Charton, 1923).

Until recently, the age of the High Atlas moraines was a

matter of speculation. However, a programme of cosmo-

genic isotope analyses is now underway at the UK Natural

Environment Research Council Cosmogenic Isotope Anal-

ysis Facility, at East Kilbride in Scotland. This dating pro-

gramme is focusing on dating glacial landforms in the

Toubkal massif and is applying 10Be analyses to quartz

veins and 36Cl analyses to andesite boulders to provide esti-

mates of exposure history for the moraines in this area. Pre-

liminary ages are calculated using the Dunai (2001) scaling

scheme in the CRONUS-Earth online calculator (Balco

et al., 2008; wrapper script version 2.2, main calculator

2.1, constants 2.2.1 and muons 1.1). Three 10Be ages from

boulders on the highest and stratigraphically youngest



FIGURE 76.2 Glacial geomorphological map of the northern slopes of Aksoual (3912 m a.s.l.), High Atlas, Morocco, with 10Be ages indicated.

FIGURE 76.3 Cirque moraines (Units 2 and 3)

on the northern slopes of Bou Iguenouane

(3877 m a.s.l.) in the High Atlas, Morocco (see

Fig. 76.2 for location).
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FIGURE 76.4 Lateral moraines at ca. 2000–

2200 m a.s.l. on the northern slopes of Aksoual.

The flat light-coloured area to the right of the

moraine crest is an infilled basin containing sev-

eral metres accumulation of lake sediments.

FIGURE 76.5 Landslide deposits resulting

from a rock-slope failure in a glaciated valley near

Arroumd in the High Atlas (see Fig. 76.2 and 76.6

for location).
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moraines in the Azib Mzik and Irhzer Likemt valleys

(Figs. 76.2 and 76.7; glacial unit 3; 12.4�1.6, 12.2�1.5

and 11.1�1.4 ka) suggest that glaciers formed moraines

in the High Atlas during the African Humid Period (14.8-

5.5 ka). Interestingly, these preliminary ages fall within,

or overlap within error, the Younger Dryas (12.9–

11.7 ka)—a well-known cold reversal in the North Atlantic.

It must be noted that despite being the highest moraines in

the Azib Mzik valley, the moraines are very low (ca. 2000–

2100 m a.s.l.) compared with the peak altitudes in this area,
and lower than the equivalent moraines in the Irhzer Likemt

(2900–3000 m a.s.l.). This may be because of strong local

topoclimatic controls on glacier development at this partic-

ular site. Nevertheless, it does raise the question: ‘how large

were equivalent glaciers elsewhere in the nearby mountains

and did Holocene glaciers survive in the highest cirques?’

Another 10Be age, this time from the lowest and stratigra-

phically oldest moraines (Fig. 76.2; glacial unit 1), yielded

an age of 76.0�9.4 ka (uncorrected for erosion). Finally, a
10Be age from an intermediate moraine ridge, between the



FIGURE 76.6 Geomorphological map of the Arroumd valley (Assif n’Imserdane) showing the relationship between glacial sediment units (numbered

1–3) and rock-slope-failure deposits.
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lowest and the highest moraines in the Azib Mzik valley,

yielded an exposure age of 24.4�3.0 ka (Fig. 76.7). These

preliminary results demonstrate that there is a large differ-

ence in exposure history between the oldest and youngest

moraines in the High Atlas. The preliminary evidence of

separate stratigraphical units yielding exposure ages of

ca. 76, 24 and 12 ka suggest evidence for at least three gla-

cial events widely separated in time. However, additional

dating is needed to be confident of the timings of glacia-

tions, and eventually, this will provide a platform from

which to better understand the relationship between glacier

expansions and the climatic state of the Sahara.

Several hundred kilometres north-east of the Toubkal

massif, the glacial features of the IrhilM’Goun and JbelAya-

chi area were recorded by Wiche (1953) and Awad (1963).

Wiche (1953) mapped the cirques and associated moraines

on the northern slopes of both the highest peak of Irhil

M’Goun (4070 m a.s.l.) and on nearby Jbel Ouaougoulzat

(3770 m a.s.l.). On Jbel Ayachi too, cirques are well devel-

oped (Awad, 1963), althoughnodetailedglacialgeomorpho-

logical mapping has been done in this area.

Periglacial features arewidespread in theHighAtlas, and

features such as solifluction lobes, rasentrappen, thufurs,
polygons, stonestripesandfelsenmeerareactive todayabove

ca. 2000 m a.s.l. (Couvreur, 1966). Frosts are frequent, even

in modern times, where in winter, minimum temperatures at

2000 ma.s.l. are often in the range 0 to�10 �Candcan fall to

�20 �C (Robinson and Williams, 1992). Blockfields are

widespread on Jbel Toubkal, and frost-shattered bedrock

forms extensive talus slopes which supply the lower val-

leys with huge amounts of debris. For example, the valley

containing Lac D’Infi (2312 m a.s.l.), to the east of Toub-

kal, is choked with thick accumulations of debris. On

Toubkal, Chardon and Riser (1981) reported an active rock

glacier in the western cirque above the Toubkal (formerly

Neltner) refuge. However, the feature could equally be

interpreted as a rock-slope-failure deposit, and similar fea-

tures occur at a very wide range of altitudes on Toubkal.

Relict rock glaciers have been reported elsewhere in the

High Atlas, such as on Irhil M’Goun and Jbel Ouaougoul-

zat (Wiche, 1953) and at Arroumd and several other sites

near Toubkal (Dresch, 1941). However, in the Toubkal

area at least, many of these ‘rock glaciers’ may in fact

be better interpreted as landslides resulting from rock-

slope failures—possibly in association with glacier retreat

(Celerier and Charton, 1923).



FIGURE 76.7 Glacial geomorphological map of the Azib Mzik area on the northern slopes of Adrar Adj (3129 m a.s.l.) with 10Be ages indicated.
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Even today, in some sheltered cirques on Toubkal, snow

fields are perennial, although the true snowline lies slightly

above the highest peaks, probably at ca. 4200 m a.s.l.

(Messerli, 1967). A notable snowfield exists below the

northern cliffs of the Tazaghart plateau. This feature was

mapped as ‘névé permanent’ on French maps dating from

the 1940s and a large snowfield was observed in July

2008, although whether it is still truly perennial is unclear.

The size and nature of this feature in recent centuries is also

unclear and it would not be implausible to hypothesise the

presence of small niche glaciers at this site and others around

the High Atlas during the ‘Little Ice Age’, as has been found

in other mountains around the Mediterranean basin (e.g.

González Trueba et al., 2008; Hughes, 2010).

76.3. THE MIDDLE ATLAS AND THE RIF

The Middle Atlas lies to the north-east of the High Atlas in

central Morocco. Here, the highest peaks include Jbel Bou

Iblane (3340 m a.s.l.) and Jbel Bou Naceur (3310 m a.s.l.),

both of which show evidence of former glaciation (Dresch

and Raynal, 1953; Raynal et al., 1956; Awad, 1963;
Beaudet, 1971). Periglacial features are also widely

observed in the Middle Atlas as in the High Atlas further

south. Stone polygons, solifluction features and rock

glaciers are described on Bou Iblane and Jbel Bou Naceur

by numerous workers (Raynal, 1952; Dresch and Raynal,

1953; Awad, 1963). Further details on the extensive work

of René Raynal in this region can be found in Joly (2002).

The former regional snowline in theMiddle Atlas is esti-

mated to have been at ca. 2800 m a.s.l. during the most

extensive glacial phase (Awad, 1963). According to Awad

(1963), the most remarkable collection of glacial troughs in

the Atlas Mountains is to be found on the southern and east-

ern slopes of Jbel Bou Iblane. Terminal and lateral moraines

are widely preserved and extend down to ca. 2400–2500 m

a.s.l. (Raynal et al., 1956). Awad (1963) also stated that

rock glaciers are especially abundant between 2100 and

2500 m in the eastern valleys of the Bou Naceur massif,

although, given the doubtful interpretations of rock glaciers

made in earlier literature by other workers in the High Atlas,

caution must be given to these claims until further research

has been undertaken. Further north, the Rif mountains are

thought to have lain beneath the regional snowline,
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although, according to Mensching (1960), there is evidence

for former perennial snow patches and, again, rock glaciers

on the highest mountain Tidirhin-Kette (2456 m a.s.l.).
76.4. ALGERIAN ATLAS

Glacial and periglacial features have been noted in the

Djurdjura massif of the Algerian Tell (Barbier and Cailleux,

1950; Büdel. 1952; Tihay, 1972; Tihay, 1973) and in

the Aurès massif of the Saharan Atlas (Ballais, 1983).

In the Djurdjura massif (2308 m), to the north-west, cirques,

U-shaped valleys and terminal moraines are all in evidence,

according to Barbier and Cailleux (1950). Glacial deposits

extend to exceptionally low altitudes for this latitude, reach-

ing as low as 750 m a.s.l. on the northern slopes and 1270 m

a.s.l. on the west. The formation of glaciers was probably

aided by snow accumulation in dolines—a topographical

situation also identified as important for former glaciation

elsewhere in the Mediterranean (Hughes et al., 2007), and

even today, snow lies in such dolines throughout the

summer above 2000 m a.s.l. This probably arises from high

precipitation of this area, which exceeds 1500 mm, of

which most falls during the winter months. The Pleistocene

snowline here, during the most extensive glacial phase,

was as low as 1900 m a.s.l., although Büdel (1952) puts

the snowline slightly higher at 2100 m a.s.l. As is the

case today, this probably results from the influence of mar-

itime air masses from the nearby western Mediterranean.

South-east of the Djurdjura massif, in the Aurès massif

of the Saharan Atlas, Ballais (1983) noted the presence of

moraines on Jbel Ahmar Khaddou (2017 m a.s.l.) and Jbel

Mahmel (2321 m) above 1600 m a.s.l. However, none were

noted on the highest peak, Jbel Chélia (2326 m a.s.l.). On

the Jbel Mahmel, two phases of glaciation are evident. It

would appear that conditions in this region were marginal

to glaciation and glaciers only formed in exceptional topo-

graphic localities. This is no doubt due to the proximity of

the arid Sahara region and low precipitation levels com-

pared with the Djurdjura massif.

There has been very little glacial research in Algeria

since the early 1980s. The extent and characteristics of

the former glaciers remain very unclear. In fact, the same

is true for the Middle Atlas and the Rif as well as large areas

of the High Atlas, with the exception of the Toubkal mas-

sif—although even here there are still a lot of unanswered

questions as to the extent and timing of past glaciations.
76.5. PALAEOGLACIERS IN NORTH
AFRICA: THEIR IMPORTANCE FOR
UNDERSTANDING PALAEOCLIMATES

The former glaciers of the Atlas Mountains in North Africa

are strategically positioned for understanding Pleistocene
cold-stage atmospheric circulation between the North

Atlantic and the Mediterranean Sea. However, former gla-

ciers in the Atlas Mountains have the added advantage of

being in close proximity to the largest desert on earth—

the Sahara. The nature of the Sahara Desert in the past,

especially during Pleistocene cold stages, has been the sub-

ject of debate. Traditionally, cold stages were considered to

have been drier than interglacials as a result of a cooler

global atmosphere with lower moisture capacity and a large

amount of the Earth’s hydrological budget being locked up

in large ice sheets (Flint, 1971). Thus, deserts such as the

Sahara were considered to have expanded during cold

stages and retracted during interglacials. However, ‘to

equate glaciations with aridity and interglacials with an

increase in desert rainfall is to oversimplify’ (Williams

et al., 1998). Indeed, there is widespread evidence that

the end of the last cold stage over the Sahara region was

characterised by a much wetter climate than present, during

a time known as the African Humid Period (14.8–5.5 ka).

For much of this interval, the Sahara was almost entirely

covered by vegetation, whilst the mid and late Holocene

saw major desert expansion and associated dust flux over

the Saharan region. In fact, moisture supply to the Sahara

region has fluctuated throughout the Pleistocene, and

DeMenocal (2008) indentified several ‘wet’ phases during

the last glacial cycle.

Important palaeoclimatic questions remain unanswered

regarding the sources of moisture supply during glaciations.

For example, did Atlantic depressions deliver moisture

equitably between latitudes 30�N and 45�N during cold-

stage glaciations, or were there major latitudinal differ-

ences? The position of the Polar Front during cold stages

at the latitude of southern Portugal (Ruddimann and McIn-

tyre, 1981) may suggest that cyclogenesis occurred at this

latitude. If so, then one might expect Atlantic depressions

to track through the Straits of Gibraltar delivering moisture

to both North Africa and Iberia (cf. Florineth and Schlüch-

ter, 2000; Fig. 76.8). In the Alboran Sea, just east of the

Straits of Gibraltar, Cacho et al. (1999) have shown that

north-westerly winds were dominant and strengthened dur-

ing stadials associated with Heinrich Events in the North

Atlantic within the last cold stage and it is possible that this

reflects a southerly shift in the track of depressions at these

times. The extent to which Atlantic depressions penetrated

North Africa may be reflected by a marked increase in gla-

cier snowlines between the Middle and High Atlas, for

example. Alternatively, there may be no differences in

snowlines at particular times, and if so, this may suggest

that spatial variations in glacier snowlines were controlled

by precipitation rather than summer temperatures.

Another major question is ‘what were the relative roles

of Atlantic depressions and the West African Monsoon in

delivering moisture to the Atlas Mountains (and perhaps

southern Iberia)?’ Various hypotheses have been put



FIGURE 76.8 Distribution of Pleistocene glaciation around the Mediterranean basin and the postulated track of depressions during Pleistocene cold

stages (Florineth and Schlüchter, 2000).
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forward to explain the African humid periods. One hypoth-

esis is that the West African Monsoon was strengthened

when sea-surface temperatures in the North Atlantic were

much cooler than present, such as during the Late Pleisto-

cene/Early Holocene transition when the vast Laurentide

ice sheet was decaying and releasing cold meltwater into

the North Atlantic. This resulted in a steep thermal gradient

between the North Atlantic Ocean and the Western Sahara,

thereby enhancing the West African Monsoon (Renssen

et al., 2003)—a situation promoted by cold upwelling in

the Atlantic off the coast of North Africa at the end of cold

phases such as the Younger Dryas (12.9–11.7 ka) and the

8.2 ka Event (Adkins et al., 2006). This produced a greater

latitudinal temperature gradient between the tropics and the

mid-latitudes over Africa, which effectively forced the

West African Monsoon further north over the current

Sahara region. Another condition thought to be favourable

to this mechanism during the Late Pleistocene/early Holo-

cene transition was the peak in solar radiation on the preces-

sional orbital cycle at ca. 10.5 ka (DeMenocal et al., 2008).

This effectively intensified tropical heating and thus further

amplifying the temperature contrasts between the North

Atlantic Ocean and the Tropics causing the West African

Monsoon to penetrate far into North Africa, and possibly

into southern Europe (DeMenocal, 2008, DeMenocal

et al., 2008). As noted earlier, DeMenocal (2008) found evi-

dence for this mechanism occurring several times during

the last cold stage, and it is likely that this fluctuation in

the West African Monsoon also occurred during other cold

stages.

In addition to providing an environmental proxy adja-

cent to the largest desert region on Earth, the glacial record
of the High Atlas is also crucial for understanding the

capacity of these mountain areas to support refugial popu-

lations of plant and animal species during Pleistocene cold

stages. The mountainous peninsulas of southern Europe, as

well as the mountains of North Africa, are thought to have

hosted biotic refugia during Pleistocene cold stages

(Hewitt, 2000). It is from these refugial centres that plants

and animals colonised Europe during subsequent intergla-

cials. The presence of glaciers in these proposed refugial

centres during Pleistocene cold stages has important bear-

ing on moisture supply as well as temperature, and large

glaciers in the uplands would have limited the availability

of ‘temperate’ refugial sites in topographically sheltered

sites such as valley floors. Moreover, the strategic position

of the High Atlas, in close proximity to routes of Palaeo-

lithic human migration from Africa to Europe (Gibert

et al., 2003, Finlayson et al., 2006), highlights the impor-

tance of understanding environmental conditions these

mountains during Pleistocene cold stages.

76.6. CONCLUSIONS

The glacial history of the Atlas Mountains is important for

several reasons. First, glaciers have shaped the high moun-

tain landscape we see today and also affected geomorpho-

logical processes long after glacier retreat, such as through

valley oversteepening, which caused subsequent major

landslides and alluvial fans that are still active today. Sec-

ond, evidence of past glaciers also tell us a great deal about

past climate in the Atlas Mountains, which is of major sig-

nificance given the strategic position of these mountains for

understanding palaeo-atmospheric circulation, bordering
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the North Atlantic Ocean and the Mediterranean Sea. Third,

the Atlas Mountains also border the Sahara—the largest

modern desert region on Earth. Palaeoglaciers effectively

act as palaeotemperature and palaeoprecipitation gauges

and documenting their presence, size and altitude at differ-

ent times during the Quaternary is of crucial importance for

understanding palaeoenvironmental conditions in the

Sahara region—especially moisture supply. Finally, the

palaeoclimate record available from evidence of past gla-

ciers in these mountains is important in providing an under-

standing of the environmental conditions endured by plant

and animal species, including early humans, during Pleisto-

cene cold stages. Recent progress towards establishing

detailed geochronologies for the different glaciations will

help constrain the palaeoclimatic and wider palaeoenviron-

mental interpretations that can be drawn from this record

(Hughes and Woodward, 2008). Eventually, this data can

be combined with other glacial records around the Mediter-

ranean basin and used to help in our understanding of the

climatological, geomorphological and biological evolution

of southern Europe and North Africa.
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Juillet-Décembre 1950.

Beaudet, G., 1971. Le Quaternaire Marocain: édat des études. Rev. Géogr.
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Géogr. Maroc 20, 69–106.

DeMenocal, P.B., 2008. Africa on the edge. Nat. Geosci. 1, 650–651.

DeMenocal, P.B., Ortiz, J., Guilderson, T., Adkins, J., Sarnthein, M.,

Baker, L., et al., 2008. Abrupt onset and termination of the African

Humid Period: rapid climate responses to gradual insolation forcing.

Quatern. Sci. Rev. 19, 347–361.

Dresch, J., 1941. Recherches sur l’évolution du relief dans le Massif Cen-

tral du Grand Atlas le Haouz et le Sous. Arrault et Cie, Maitres Impri-

meurs, Tours. 653 pp.

Dresch, J., 1949. Sur des formations de remblaiement continental et la prés-

ence de formes glaciaires dans le Haut Atlas calcaire. CR Sommaire
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