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Introduction

{

ABSTRACT. Evidence from sedimentary deposits and their biogenic com-
ponent shows that aridity on the west coastal margins of southern Africa, south
of 17°S, was established during the late Cenozoic. The parallel evolution of
aridity in Australia suggests that the climatic changes were global. Age corre-
lation relates these events to the history of the Southern Ocean and the Antarctic
ice cap. In the Miocene, the vertebrate fauna was of a pan-African nature and
the environment sclerophyllous woodland and grassland with summer rainfall.
Middle to late Miocene molluscs with a low degree of latitudinal organization
of species show that the coastal waters were undifferentiated. Extensive phos-

phorites indicate the existence of upwelling and a related subtropical anticyclone. -

The earliest evidence of the modern semi-arid environment and winter rain-
fall in the southwestern Cape dates to the Pliocene. Invertebrate and vertebrate
faunas show strong provinciality. Molluscs are indicative of cold upwelling off-
shore south of latitude 32°S; pollens are partly sclerophyllous fynbos (macchia)
suggesting a trend towards winter rairfall. Full semi-arid conditions with winter

rainfall were achieved in the soythwest by the end-Pliocene or earliest Pleisto-

cene. Vertebrate faunas of that age were predominantly of a browsing type.

Aridity in southern Africa was thus fully established in the Quaternary, but
was affected by global climatic oscillations. Laterally-restricted late Pleistocene
warm (hyperthermal) mollusc assemblages suggest a warm hydroclimate in the
numerous lagoons and estuaries created by a marine transgression during a
thermal maximum 120000 years ago. A southward shift of the subtropical
anticyclone and zone of upwelling is inferred. Evaporite deposits indicate
arid conditions and a poleward contraction of the rain-bearing westerly flow.

Conversely, in the succeeding cold interval (hypothermal) there was a 5°
equatorward shift of the climatic belts so that the wintér rainfall area expanded.
Ephemeral rivers on the Namaqualand coast were rejuvenated and palaeo-lakes
filled during the later half of the last major sea level regression. The arid zone,
including the Namib Desert, also moved equatorward. Atmospheric circulation,
and probably aridity, was more intense in the arid core in the north about
20000 years ago.

term cooling trend. In recent years, the most
significant advances have resulted from the

Paleoclimatic reconstruction, involving the study of deep-sea cores, and the salient
interpretation of diverse data, suggests that features of Cenozoic palaeoclimate are now
Cenozoic climate was marked by a long- emerging (Devereux, 1967; Denton et al.,
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1971; Kennett et al., 1975; Shackleton &

"Kennett, 1975a; Savin, Douglas & Stehli,

1975). A‘lowering of temperatures from the
late Eocene until the late Oligocene was
followed by a temperature rise through the
early Miocene. The sudden divergence of

middle Miocene high- and low-latitude oceanic

temperatures accompanied the onset of major

Antarctic glaciation and the development of
the circum-Antarctic Current (Savin et al.,
1975).

Widespread aridity on the western coastal
margins of southern Africa is related to the
upwelling of cold subsurface water. Aridity
becomes more intense northward, culminating

“in the Namib Desert (Fig. 1). But physical,

chemical and biological attributes of Tertiary
and Quaternary strata suggest that this aridity
is youthful, and has developed progressively
since the Miocene. The purpose of this paper

B A

is to describe the development of desiccation
on the west coast of southern Africa through
the late Cenozoic, to show the comparative
youthfulness of the Namib Desert system,
and to show evidence of late Pleistocene
climatic changes.

Climatic and oceanic setting of southern
Africa

The present climate of the subcontinent,
which becomes more arid in a westerly

direction, is controlled by the behaviour of

subtropical anticyclones over the South
Atlantic and Indian Oceans (Schulze, 1965).
The South Atlantic anticyclone lies relatively
close to the west coast, and migrates 4°
equatorward in winter from a summer position
centred at 30°S (Fig. 2a). Persistent summer
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southerly.winds are generated by the inter-
action of this anticyclone with a subsidiary
anticyclone which lies off the’south coast at
35°. The frictional drag of southerly gales,
combined with the rotation of the earth,
causes a net displacement of surface water
away from the coast. Cold Central Water,
derived from the Southern Ocean, wells up
nearshore as the Benguela Current to replace
the warm, offshore-displaced surface water
(Hart & Currie, 1960). The cold water has an
aridifying effect on the adjacent coast by
condensing moist sea air and forming coastal
fog banks (Logan, 1960). The warm Angola
Current flows poleward beside the coast,
as far as 25°S at times, interacting with the
northern decaying end of the Benguela Cur-
rent (Moroshnikov, Bubnov & Butalov, 1970).

In summer, the Indian Ocean anticyclone is
generally far from the east coast, permitting
moist maritime air to penetrate inland and
precipitate orographic rain over the head-
waters of the Orange River. Summer droughts
are associated with a close proximity of the
Indian Ocean anticyclone to the coast. Tro-
pical convectional rain also follows the Inter-
tropical Convergence southward in summer,
bringing rain to the northern catchments of
the Orange River, and to the intermittent
rivers which drain into the Namib Desert.

Mid-latitude westerlies are situated pole-
ward of the two subtropical anticyclones,
associated with a steep pressure gradient. The
equatorward shifting of the westerlies brings
cyclonic winter rain to the southwestern and
southern coasts. These westerlies are more
variable than the trades because they are
affected by cells of low and high pressure
which move eastwards within the basic
wind system (Barry & Chorley, 1968, p. 127).

The warm Agulhas Current off the east
and south coasts (Fig. 2), a southward ex-
tension of the Indian Ocean South Equa-
torial Current, is deflected by the Agulhas
Bank (Clowes, 1950). Agulhas water only
occasionally rounds the Cape Peninsula into
the South Atlantic (Schell, 1969).

Tertiary history

The depositional history of the coastal margin
of southern Africa is closely related to sea-
level history. Eustatic transgressions in the

late Cretaceous, middle Eocene, and middle

‘ to late Miocene are commonly attributed to

oceanic-ridge uplift, consequent upon in:
creased spreading rates (Hallam, 1971
Flemming & Roberts, 1973; Rona, 1973)
But on the west coast of southern Africa"
this history is complicated by local epeiro
genesis. South of the Orange River, thi
only Tertiary transgression complexes are o
middle to late Miocene and Pliocene age
the latter resulting from local transgression
induced by downwarping during a time o
worldwide regression (Tankard, 1975a). Nortl’
of the Orange River, middle to late Eocen
and Miocene transgressions are recordef
(Kaiser, 1926 ; Haughton, 1963, p. 311).

Reconstruction of the palaeoclimates i
based on interpretation of data derived fror
climatically-sensitive components of the tran
gression complexes, or from continent:
deposits of known age. A more thoroug
reconstruction of the palaeoclimate an:
palaecoenvironment awaits detailed study ¢
the biologic components in particular, an
more reliable dating of the stratigraphy.

Pre-Miocene

The only evidence of the nature of tk
pre-Miocene environment is comprised of
pollen and leaf flora from a lacustrine depos
at Banke in Namaqualand, of probable la
Eocene or Oligocene age (Estes, 1978). Bani
was then near latitude 35°S (Axelrod :
Raven, 1978). The flora includes Podocarpu
Gunnera, Myrica, Ficus, a proteaceous gen
similar to Brabeium, and xerophilous-ty)
leaves. An ectonal area between tempera
rainforest and sclerophyllous vegetation, witl
relatively dry climate and summer rainfa
is indicated.

Miocene

Evidence of moist conditions on land, a
warmer waters offshore, is more abundant
deposits of Miocene age. Along the Namaqi
land coast, this evidence consists of extensi
buried fluvial deposits of Miocene—Plioce
age (Carrington & Kensley, 1969). The lar
early* to . middle Miocene vertebrate faw
of the Namib Desert region (Stromer, 192
and Arrisdrift near the mouth of the Orai
River (Corvinus & Hendley, 1978), are w
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FIG. 3. Optimum conditions for formation of
phosphorite. The major locus is an embayed coast-

line adjacent to an upwelling system (cf. Gulbrandsen,
1969).

similar to the contemporaneous fauna of
east Africa. These elements formed part of a
pan-African faunal province. Hopwood (1929)
interpreted the presence of antelopes and
jumping hares in the Miocene Namib Desert
fauna as indicating wooded-grassland (savanna)
conditions, while tragulid remains indicated
riverine woodland. The slightly younger
Arrisdrift .assemblage, including rhinoceros
and ruminants, also suggests the existence of
a wooded-grassland environment (Corvinus &
Hendey, 1978).

A complex suite of Neogene sediments is
preserved at Langebaanweg (Fig. 1). There,
Miocene strata. comprise two peat-bearing
cyclothems overlain by phosphorite. The lower
peat is 3 mm thick and contains a broad-leaf
flora. Wood remains have been identified as
the mesic endemic Curtisia dentata (G. L.
Hartwig, personal communication). Curtisia is
a temperate rainforest tree which cannot
tolerate arid conditions. It survives today as
a relict in moist mountain valleys of the
southwestern Cape.

The autochthonous phosphorites at Lange-
baanweg, of probable middle to late Miocene
age, have been attributed to deposition in a
marine embayment shallower than 100 m
(Tankard, 1974a, 1975a). Although Pevear
(1966) suggested that not all phosphorites
need be associated with upwelling, most
accounts follow Kazakov’s (1937) model of
direct precipitation of marine apatite from
upwelled phosphaterich waters (Fig. 3)
(Sheldon, 1964; McKelvey, 1966; Gulbrand-
sen, 1969; Tooms, Summerhayes & Cronin,
1969; Blatt et al., 1972, p. 551; Tankard,
1974b). The major locus of accumulation of
the Langebaanweg Miocene phosphorites is

NEOGENE
50 m transgression

SALBANHA

Km
10

LATE PLEISTOCENE
7 m transgression

LANGEBAANWEG

FIG. 4. Palaeogeography of the Saldanha region, related to 50 m and 7 m sea level rises, which influenced
Neogene phosphogenesis and late Pleistocene mollusc distribution.
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a shallow basin adjgcent to a belt of active
upwelling (Figs. 3 and 4), a common charac-
teristic of emerged phosphorite: accumu-
lations (Riggs & Freas, 1965; Blatt, Middleton
& Murray, 1972, p. 551).

The composition and distribution of
Neogene mollusc assemblages from southern
African marine deposits probably have climatic
significance. The distribution of modern
mollusc faunas about the present coastline is
strongly provincial, and defines four provinces
(Fig. 2e). The fauna from each of these
provinces is distinctive, and there is a great
diversity of species. In contrast, the Neogene
mollusc assemblages are broadly cosmo-
politan. Although there is a low degree of
regional faunal organization, assemblages from
Namagqualand to Algoa Bay (26°E) are charac-
terized by Glycymeris borgesi, Cardium
edgari, Ostrea atherstonei, Scissodesma speng-
leri, Venus verrucosa, Lutraria lutraria,
Dosinia lupinus, and related species (Tankard,
1975b). A degree of provinciality is also
shown by the restriction of Pecten sapol-
wanaensis, Aequipecten uloa and Amusium
umfolozianum to the Zululand and Mozam-
bique deposits, although these deposits also
have Glycymeris borgesi, in common with the
south and west coasts. King (1953) has shown
that the Zululand Miocene molluscs have
tropical affinities. Latitudinal diversity gradi-
ents possibly existed as today, but a poleward
shift of the faunal provinces resulted in most
‘ of the Cape coastline having a warm temper-
ate to subtropical molluscan fauna with little
species diversity. Addicott (1970) has described
a similar record from the late Tertiary deposits
of California, which are also adjacent to a
modern upwelling system.

To summarize, the marine phosphorites
suggest that upwelling already influenced
the Miocene coast, but that surface tempera-
tures were probably considerably warmer
than today. The coastline was also more
embayed. Cosmopolitan molluscs indicate a
less distinctive latitudinal faunal zonation,
and considerably expanded limits of tropical
water. Vertebrate fossils apparently belonged
to a pan-African fauna and indicate a sub-
tropical and more luxuriantly vegetated mesic
subcontinent. A broad-leaf flora in the south
suggests that temperate rainforest, summer
rainfall conditions prevailed.

‘Pliocene

Marine molluscs
Pliocene transgression complex sediments at
Langebaanweg # suggest the
shallow marine temperatures which were
3—5°C warmer than today (Tankard, 1974a,
b). These molluscs include Cellana capensis,

associated with the

existence of’

Turbo sarmaticus, Barbatia obliquata and

Ostrea atherstonei. Also, an oyster bank-
containing stunted valves of Striostrea mar

garitacea occurs adjacent to the present
open coast north of Saldanha. These taxa alf-
inhabit the present warmer south coast of-
the Cape Province. Contemporaneous shallow
marine deposits on the Namaqualand coasl
contain a mollusc assemblage of tropical west
African affinities (Tankard, 1974b). Althougt
the hydroclimate of the west coast appear
to have been warmer than today in th(
Pliocene, no authigenic phosphorite wa
generated, suggesting a possible temperatur
drop from thegMiocene high. ;

Carbonaceous sands and peats from esty
arine deposits in the Langebaanweg trans
gression complex contain abundant pollen
(Table 1). Van Zinderen Bakker comment
(personal communication) that the ‘presenc
of Restionaceae and Cliffortia, which ar
typical of the Cape Flora and winter rainfal
suggests that this flora was already establishe
at the time of sedimentation. It is interestin
that only about half of the taxa which wei
distinguished could be identified. This coul
be the result of extinction, which wou
suggest that the flora was still very differer
from the present one’. The spectrum includ:
Podocarpus and grass pollens. The dominal
unidentified type (Table 1) is probably:
member of the Aizoaceae.

The large herbivore fossils from the Lang
baanweg deﬁosits suggests a more luxuriant

TABLE 1. Pollen flora identified from Plioce
carbonaceous sands, Langebaanweg (identified &
Professor E. M. Van Zinderen Bakker)

Dominant unidentified type (?Aizoaceae) ~92%
Gramineae (grasses) d ~3%
Restionaceae (reed) ~1.4
Cliffortia (bush) ~1.
Podocarpus (tree) <1%
Myrica (dry area shrub) <19
Chenopodiaceae-type (salt flat bush) <1%
Compositae (flowers) <1%

Other unidentified types (about eight) ~2‘}‘
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vegetated environment, whjch was 'very
different from the modern semi-arid sclero-
phyllous vegetation (Hendey, 1976). Long-
necked giraffes (Giraffa) and the boselaphine
and tragelaphine antelope (Mesembriportax
and Tragelaphus) indicate the presence of
woodlands, while the high-crowned teeth of
the rhinoceros (Ceratotherium), the horse
(Hipparion), and alcelaphine antelopes are indi-
cative of grasslands. Hendey (1973) visualized
an environment of this period characterized
by riverine woodland flanked by grassland,
with seasonal rainfall. This distinctive Plio-
cene fauna shows a trend towards regionalism,
in contrast to the pan-African nature of the
Miocene faunas (Q. B. Hendey, personal
communication). Ceratotherium from the

“.Namaqualand deposits indicates the presence

of grassland in the Pliocene there too (Tankard,
1974b).

The pollen data, and the requirements of
the herbivores, support the suggestion made
by Axelrod & Raven (1978) that the Pliocene
environment was characterized by sclero-
phyllous woodland and grassland with summer
rainfall, but with a trend towards winter
precipitation. Van Zinderen Bakker (1975)
relates the sclerophyllous vegetation to the
development of the modern upwelling system.
Mollusc fossils (stunted Striostrea margaritacea)
indicate the slightly warmer coastal waters,
dominated by the vagaries of the northern
decaying end of the cold Benguela Current.

Quaternary history

Since achieving its present extent and in-
vulnerability to climatic change in the late
Miocene, the Antarctic ice sheet has contri-
buted little to major sea level changes (Shackle-
ton & Kennett, 1975a). High Pleistocene sea
levels are attributed to the combined effect of
alternating glaciation and deglaciation in the
northern hemisphere, tectono-eustasism, and
jocal epeirogenesis (Tankard, 1976a). Shoreline
deposits in southern Africa are important,
however, because they can be equated with
high-latitude interglacials, or hyperthermals.

Early Pleistocene

Sediments of probable basal Pleistocene,
or latest Pliocene, age near Langebaanweg

(Baard’s Quarry) contain a heterogeneous
vertebrate fauna (Q. B. Hendey, personal
communication). A few well-abraded elements
are possibly contemporaneous with the
nearby Pliocene fauna. But the more abundant,
younger, and better preserved assemblage has
affinities with the early faunas from the
Makapansgat and Sterkfontein cave sites of
the Transvaal, which provide the earliest
evidence for human occupation of the sub-
continent (Hendey & Deacon, 1977). In this,
Equus remains suggest a Pleistocene rather
than a Pliocene age, Equus being indicative
of some grassland in the early Pleistocene.
The rhinoceros has shown parallel evolution
through the late Cenozoic, and at Lange-
baanweg the change from the Pliocene grazing
type (Ceratotherium praecox) to the browsing
type in the early Pleistocene (Diceros bicornis)
further suggests a progressive desiccation
from grassland to a more xerophilous vege-
tation (Axelrod & Raven, 1978). Hippo-
potamus remains suggest an abundance of
surface water,ﬁleading Tankard (1974b) to
suggest that the environment was fluvially
dominated.

An absence of warm water taxa in the
early Pleistocene marine deposits on the
Saldanha coastline reflects oceanographic
conditions which were similar to those of the
present (Tankard, 1975c). On the other
hand, the present geographic ranges of mollusc
fossils from contemporaneous deposits on the
Namaqualand coast indicate that early Pleisto-
cene (possibly Milazzian) coastal waters there
were considerably warmer (Carrington &
Kensley, 1969). Most notable is the super-
abundance of the oyster Striostrea margarit-
acea, which forms the laterally extensive
‘oyster line’ (Haughton, 1931). Faunas
from these two regions suggest that the
southern part of the west coast was influenced
by the upwelling of cold Central Water, while
the Namaqualand coast was still north of the
upwelling zone in the early Pleistocene.

Middle Pleistocene

Fossil molluscs associated with the middle
Pleistocene 17m—21m transgression complex
sediments on the Namaqualand coast, com-
prising mainly species which today inhabit
the adjacent coast (Carrington & Kensley,
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FIG. 5. Tropical west African bivalve species common in interglacial estuarine—lagoonal facies of {
southwestern Cape: (a) Nuculana bicuspidata (Gould); (b) Loripes liratula (Sowerby); (¢) Felania ¢
phana (Gmelin); (d) Tellina madagascariensis (Gmelin); (e) Macoma tricostata (Romer); (f) Leporim
hanleyi (Dunker); (g) Venerupsis dura (Gmelin); (h) Panopea glycymeris (Born.). Scale = 1cm.
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1969), indicate an upwelling of cold. water

offshore. No middle Pleistocene marine
sediments are known south of Namaqualand.

A sedimentary complex at Elandsfontein,
near Langebaanweg, contains a heterogeneous
fauna with middle and late Pleistocene
elements (Hendey & Deacon, 1977). The
more primitive middle Pleistocene assemblage
suggests an abundance of surface water
(Hippopotamus), grassland (Ceratotherium,
Equus, antilopine and alcelaphine antelopes),
and an absence of trees (no Giraffa), under
hypothermal conditions. Although a xeric
vegetation, and a semi-arid environment,
were established in the southwestern Cape
by the early Pleistocene, there were periodic
incursions of grassland and temperate rain-
forest during the Pleistocene pluvials which
displaced the sclerophyllous vegetation (Axel-
rod & Raven, 1978).

Late Pleistocene hyperthermal

Mollusc fossils from marine sediments in
the southern part of the study area show
that during the late Pleistocene hyperthermal
(the last interglacial), oceanic waters were
warmer than today (Tankard, 1975d). The
taxa are mostly extant and reflect shallow,
predpminantly intertidal conditions.

The faunal units from hyperthermal
estuarine and lagoonal sediments are comprised
mainly of species which today inhabit the
adjacent coast, but also a significant pro-
portion (> 30% of the individuals) of northern
molluscs (Fig. 5), which lay far beyond
their present-day geographic range end-points.
The present-day southern range end-points
of the tropical west African taxa are at

3
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about 17°S, or the northern boundary of the
Benguela Current (Table 2). In contrast, the
hyperthermal deposits along the open coast
contain no extra-limital species.

Further, tropical and subtropical west
African taxa would have existed at least 16°
south of their normal geographic ranges, by
inhabiting relatively warm sheltered environ-
ments. The presence of all growth stages
of these extra-limital species suggests that
water temperatures were warm enough for
spawning (Tankard, 1975d). A temperature
minimum of about 5°C warmer than today has
been suggested for the hyperthermal estuaries
and lagoons whigh were then present. These
thermally-anomalous mollusc assemblages are
contemporaneous with the thermal maximum,
and a marine transgression to 7m above
present sea 1evel, at about 120000 years ago
(Tankard, 1975c¢). The rise of sea level created
an extensively-embayed coastline, and thus
numerous habitats which suited the molluscs.
But the warm water elements are mainly in-
faunal bivalves, to the exclusion of warm
epifauna, suggesting the necessity of a sedi-
ment cover and an insulator. Thus water
temperatures probably were not much higher
than the minimum temperature tolerance
of the extra-limital molluscs.

While the fossils from open-coast habitats
demonstrate the prevalence of upwelling,
extensive hyperthermal evaporite deposits are
indicative of hot arid conditions. Evaporites
are not forming extensively at present (Tankard,
1975c¢; Flemming, 1977).

Late Pleistocene hypothermal

The hypothermal climate of the western
of the subcontinent reflects the

TABLE 2. Late Pleistocene warm-water taxa compared with their modern distribution

Species

Modern latitudinal range

Nuculana bicuspidata
Loripes liratula

Felania diaphana

Tellina madagascariensis
Macoma tricostata
Leporimetis hanleyi
Venerupis dura

Panopea glycymeris

‘Saldanha latitude

35 30

25 20 15 10 5 0

Upwelling

Tropical
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influence of global refrigeration. The climate
was cooler than formerly and, by inference,
evapotranspiration rates were reduced. Cryo-
clastic debris in coastal caves on the south
coast, at present a frost-free area, indicates
a significant lowering of temperature during
the early hypothermal (Tankard & Schweitzer,
1974; Tankard, 1976b). Butzer (1973)
suggests a 10°C lowering of temperature at
maximum. Red podzolic soils (Butzer &
Helgren, 1972), and deposition into standing
water at Die Kelders cave (34°33'S, 19°
22'E) (Tankard & Schweitzer, 1974), could
be attributed solely to reduced evapotrans-
piration. But a radiocarbon-dated pollen
stratigraphy in the southwestern Cape records
two invasions of temperate rainforest, and two
wet intervals, between 33 000 and 45 000 years
ago (Schalke, 1973). The rainforest, which
included Curtisia, Ilex and Podocarpus, dis-
placed the sclerophyllous vegetation. These
mesic endemics are now largely restricted to
those parts of the coastal Knysna region
(23°E) which receive a mean annual rainfall
of 860 mm with no seasonal maximum, i.e.
a precipitation income double that of the
southwestern Cape. Relict populations of
Restionaceae, Leucospermum, Aspalathus,
Agathosma and Phylica in Namaqualand
also strongly suggest a former moister hypo-
thermal climate there (Rourke, 1972; and
personal communication).

Locally coarse-grained aeolianite sequences
may indicate an intensified atmospheric circu-
lation, such as characterized the Australian
hypothermal (Bowler, 1976). Karst weather-
ing, terra rossa sediments, palaeosols, and
colluvial deposits in the southern part of the
study area all show that at times the environ-
ment was moister than formerly (Tankard,
1976b). Remains of grazing animals from the
south-western Cape, including Connochaetes
(wildebeest), Antidorcas (springbok), and
Ceratotherium (white rhinoceros), suggest an

expansion of grassland (Klein, 1974; 1975);

and a decrease in alcelphine antelopes, with‘i
an increase in Tragelaphus (bushbuck andv

kudu), indicates a concomitant expansion:
of forest vegetation. The expansion of rain-
forest limited the sclerophyllous fynbos, and -
displaced it northwards into the present
semi-desert regions, where relict populations ¥
of it still exist (Axelrod & Raven, 1978). The |
sclerophyllous vegetation only returned south-
wards with climatic amelioration, between j*
12000 and 9000 years ago (Klein, 1974). l’

The upper hypothermal climate of the
continental interior was substantially cooler ¢
and wetter than today. Allowing for reduced *
potential evapotranspiration for an inferred :
temperature depression of 6°C, Butzer et al. :
(1973) have shown that the prevailing annual
rainfall must have been double (880 mm)’
that of the present in order to fill a 19m:
deep palaeo-lake at Alexandersfontein (Fig. 1):
Pollen spectra in the Orange Free State
support this view. Lower temperatures andj
or a considerable increase in precipitatios
during the upper hypothermal is suggested by
the grassland aspect of the Florisbad poller
record. Furthermore, the Aliwal Nort}
pollen record suggests that these condition:.
prevailed until about 12 000 years ago in th
upper Orange River area (Coetzee, 1967}
Moreover, the Alexandersfontein palaeo-lak
was apparently coeval with the first of tw
periods of accelerated spring discharge &
the southwestern Kalahari at 32000 f
14000 BP, and 9700 to 7600 BP (Butzeg
1976).

At the mouths of many ephemeral rlveg
on the west coast, dune plumes occur. Fo
example, the plume of parabolic dunes nort,
of the Swartlintjies River at 30° S (Fig. (
owes its present conflguratlon toa movemet'__,
of the river mouth sediment source, follot:'_
ing the upper Wurm sea-level lowering tog
point 5km to the west and 110 m low
than today, and to the subsequent Flandrii.
trgnsgression. The maximum lowering of ;4

FIG. 6. Aerial photomosaic and interpretation of Quaternary dunes north of Swartlintjies River (Fig. 1)
The vegetated parabolic dune plume (stippled) accreted during movement of the river mouth sednment

source with upper Wiirm sea level regression and transgression. Accretion took place over older degraded
parabolic dunes (open circles). Modern unvegetated barchanoid dunes (clear) override the plume

Bathymetry in metres.
Copyright Authority 5723 of 4 August 1976.)

(Extracts from aerial photographs reproduced under Government Printer” si
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level coincides with the upper Wiirm sea level
minimum of 17000—18 000 years ago (Tan-
kard, 1976a). Plume accretion is attributed to
an increased sediment supply to the con-
tinental shelf as a result of stream rejuvenation,
and the intensified hypothermal atmospheric
circulation. The stream rejuvenation itself
is attributed to the increased precipitation.
Van Zinderen Bakker (1976) has estimated
a 5° equatorward shift of the climatic belts
during the hypothermal winter (Fig. 2d),
and the expansion of the winter rainfall area
to latitude 23°S (Walvis Bay). These Nama-
qualand plume patterns closely resemble
others described from similar latitudes along
the Californian coast (Cooper, 1967). The
parabolic dunes, now stabilized by vegetation,
display the extremely long and narrow ‘hairpin’
shape described by Cooper; however, they are
now overridden by shifting, unvegetated

" barchanoid dunes which are fed by surf

erosion of the older dunes at the coast.

With the equatorward contraction of the
climatic zones in the hypothermal, the arid
zone also migrated equatorward and expanded
inland. The northern Kalahari thus was more
arid at the height of the hypothermal (Van
Zinderen Bakker, 1975). In the Congo Basin
and Angola, Pleistocene dune fields, which are
now forested, show the effects of this ex-
pansion of the arid zone into the equatorial
tropics (Van Zinderen Bakker, 1976).

Discussion

Antarctic glaciation has substantially influ-
enced oceanic circulation (Kennett er al.,
1975) and the climatic processes which
controlled late Cenozoic desiccation in sub-
tropical regions. Glaciation in Antarctica only
reached sea level due to a major cooling close
to the Eocene—Oligocene boundary (Shackle-
ton & Kennett, 1975a). Glaciation persisted

“throughout the Oligocene, but with the ice

sheet still considerably less extensive than
today. It only developed to its present thick-
ness between the early middle Miocene and
early late Miocene. An even thicker ice sheet
in the late Miocene to early Pliocene was
associated with major regression and global
marine cooling (Kennett et al., 1975). By the
late Miocene, the Antarctic ice cap had

Rt AT

achieved its present invulnerability to chmatl
change, and has existed in its present form_,
since. In contrast, a substantial ice sheet onlyi
accumulated in the northern hemlsphere;
about 2.6 million years ago (Shackleton &5
Kennet, 1975b). :
The development of subtropical andlty,l—‘
between the fortieth parallels, is dependent}
upon the genesis of a cold Southern Ocean.f
Although in the early Oligocene, Southern';g
Ocean temperatures were similar to the;
present, the modern climatic and oceanic
circulations date only to the late Oligocene,
when the circum-Antaictic Current developed'i
(Kennett er al., 1975). Savin et al. (1975)
have also attributed the sudden divergence of:
high- and low-latitude oceanic temperatures in: :
the middle Miocene to development of the;
circum-Antarctic Current. Subtropical aridityi
could therefore not predate the late Oligocene.: !
The late Cenozoic climatic data for the
western part of southern Africa, and the
inferred climates, are summarized in Table 3.°
Axelrod & Raven (1978) have shown that:
desiccation has been progressive since the 1atef
Eocene, when temperate rainforest in Nama- i
qualand was depleted, to become mixed with *
sclerophyllous vegetation. A mosaic of sclero-*
phyllous woodland, grassland, and scrub }__
vegetation, attributed to a dry climate with '
summer rainfall, persisted through the late
Tertlary The Miocene vertebrate fauna was .
typlcally pan-African. i
The early Miocene initiation of the .
Antarctic Convergence and increasing bio- t
genic productivity (Kennett et al., 1975), and :
the development of the major ice cap in the |
middle Miocene to late Miocene which caused |
mass extinctions of bottom-dwelling organisms .-
(Hammond, 1976), favoured phosphorite ;’
formation on shallow shelves. The middle to
late Miocene phosphogenesis can be attributed
to a considerably embayed coastline (Fig. 4),
warm surface water, the limited zonation of
the water masses, and the dissolution of
organisms following sudden mass extinctions °
which generated abnormal concentrations of -
phosphorus. A weaker pole-to-equator pressure ’
gradient is inferred for this period prior to
full development of the Antarctic ice cap, and
less intense and less stationary subtropical
anticyclones resulted from lower surface
temperature contrasts between land and sea
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southern Africa

TABLE 3. Summary of climatic indicators and interpretationszfor the Cenozoic of the west coastal margin of

Southwestern Cape

Namaqualand

South West Africa

Late Pleistocene
hypothermal

Late Pleistocene
hyperthermal

Intensified atmospheric
circulation (dunes);
increased precipitation
(cave record and vegetation
change); invasion of grass-
land and rainforest
(grazers, pollens); cold
(cryoclastics); winter rain

Cold open coast with
upwelling, and warm
embayments (molluscs);
arid (evaporites)

Perennial rivers and
intensified atmospheric
circulation (dune plumes);
increased precipitation
(relict macchia vegetation);
winter rainfall

Arid (evaporites)

Perennial rivers
(archaeology and

morphology); winter

rainfall in south
(Van Zinderen
Bakker, 1975)

Arid (evaporites)

Middle Pleistocene

Pluvial grassland (grazers);
? winter rainfall

Cold open coast,
upwelling (molluscs)

Early Pleistocene

Cold open coast,
upwelling (molluscs);
sclerophyllous vegetation
with reduced grassland
(browsers); winter
rainfall

Warm open coast,
limited upwelling
(molluscs); perennial
rivers (fluvial sediments,
peats); ? summer
rainfall

Pliocene

Open coast slightly
warmer than today
(molluscs); grassland
(grazers); sclerophyllous
vegetation (pollens); moist
(perennial rivers, peats);
mainly summer rainfall

Middle to late
Miocene

Warm open coast, up-
welling (phosphorite,
molluscs); little
latitudinal zonation of
the sea (cosmopolitan
molluscs); grassland
(grazers) and temperate
rainforest (wood);
summer rainfall

Warm open coast, no
upwelling (molluscs)

Perennial river drainage

(extensive fluvial
sediments)

Warm open coast, some
upwelling (phosphorite,
molluscs); little
latitudinal zonation of
the sea (molluscs);
summer rainfall

Wooded-grassland
(rhinoceros and
ruminants);
summer raintall

Early Miocene

Wooded-grassland
(herbivores);
riverine woodland
(tragulid remains)
summer rainfall

Oligocene

Ecotonal area between
temperate rainforest and
sclerophyllous vegetation
(pollen and leaf flora);
dry, summer rainfall
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in lower latitudes. Intermittent upwelling,
warmer Central Water in the upwelling system,
and an embayed coastline contributed to
warmer coastal water on the west coast. The
cosmopolitan molluscs therein showed only
limited latitudinal zonation. Kennett et al.
(1975) have suggested that the modern
zonation of the water masses was only estab-
lished in the late Miocene or early Pliocene,
when there was a major increase in upwelling
at the Antarctic Convergence. Cifelli (1976)
has shown that a 10° poleward expansion of
warm gyral water occurred in the North
Atlantic in the Miocene. In the northern
hemisphere, the equatorward retreat of the
limits of the tropics is associated with the
Miocene—Pliocene boundary.

Climatic change is a response to variations
in the nature of atmospheric circulation due
to changing thermal conditions. Aridity on
the west coast of southern Africa is controlled
by the cold Benguela Current A nearly
modern upwellmg system could only be
realized in the late Miocene or early Pliocene,
with the full development of the Antarctic
Convergence, and with the increasing intensity
"and stability of the sub-tropical anticyclonic
circulation throughout the Neogene (Axelrod
& Raven, 1978). Sedimentological, palaeonto-
logical and geochemical studies of deep sea
cores from the Walvis Ridge Abutment show
a marked intensification of upwelling on the
west coast of southern Africa in the early
Late Miocene (Siesser, 1978). In the south-
western Cape, the Pliocene vertebrate fossils
indicate grassland with summer rainfall, the
sclerophyllous flora shows a trend towards a
Mediterranean climate, and the molluscan
evidence suggests an open coast influenced
by the northern decaying end of a zone of
cold upwelling. A relatively weak pressure
gradient, and a more southerly position of
the South Atlantic anticyclone, possibly
induced weak and intermittent mid-latitude
westerly depressions, while southerly ex-
tensions of the intertropical convergence
brought summer cyclonic rains.

The fossil record and sedimentary facies
show that semi-desert regions have spread
mainly since the Pliocene, to replace the
sclerophyllous woodland and grassland. The
sclerophyllous vegetation was derived from
taxa in the retreating vegetation that were

structurally pre-adapted to drought (Axelrodé'
& Raven, 1978). An intensified pressure,
gradient, and a strong, persistent, and stable,.
anticyclone off the west coast were established:

by the end of the Tertiary. With the cond

sequent intensification of seasonal upwelling.i
to present proportions, winter - rainfall and
desert climates then spread in southern:i‘
Africa. Faunal and floral evidence show that
semi-arid conditions were established in the'
south by the end-Pliocene or earliest Pleistoé
cene, although cold upwelling had not fully
influenced the Namaqualand coast then.

The Quaternary climates of southern
Africa are related to the global climatic
oscillations. The
patterns were characterized by periodic
incursions of grassland and temperate rain-
forest during the pluvials, which displaced the
sclerophyllous fynbos. Vertebrate fossil

assemblages show an alternation between:

hypothermal grazer-dominated and hyper-
thermal browser-dominated assemblages.

In the late Pleistocene hyperthermal, ai

slight shift southward of the subtropical;

anticyclones effectively shortened the Benguela: S
Current, and permltted a further southward:

flow of the warm inshore Angola Current

(Fig. 2). This increased the likelihood ofj{
free-swimming tropical mollusc larvae being®

able to colonize the more numerous estuaries

and lagoons created by marine transgression
in the hyperthermal. Addicott & Emerson:
(1959) have shown that in California too,:

thermally anomalous mollusc populations
thrived in last interglacial embayments far
beyond their normal geographic ranges.

Extensive evaporites along the west coast of

South Africa imply more arid conditions
there, and less frequent
(Flemming, 1977), as a result of a corre-

spondmg southerly shift of the westerlies; a -

greatcr southward penetration of summer
cyclonic rain in the northern regions was
also possible.
and less intense atmospheric circulation
favoured lower evapotranspiration rates.

Ice age circulation is characterized by a
greater mobility of the subtropical anti-
cyclones and an intensified circulation of the
westerly flow (Hays et al.,
glacial maximum 18 000 years ago, significant
bhanges in oceanic circulation affected south-

climatic and vegetation:

winter rainfall

A weaker pressure gradient

1977). During the °

R s
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ern Africa. In the South Atlantic, the Southern
Polar Front shifted! 10° northwards (Van
Zinderen Bakker, 1976), the Benguela Current
was colder and had a greater northward flow,
and the east coast was less influenced by the
Agulhas Current (CLIMAP Project Members,
1976).

Both Australia and southern Africa were
affected by a 5° equatorward shift of the
subtropical anticyclones in the late hypo-
thermal (Van Zinderen Bakker, 1975; Bowler,
1976; Bowler et al., 1976). Low hypothermal
temperatures are conducive to the establish-
ment of a a greater intensity of the anticyclonic
high pressure belt (Wyrwoll & Milton, 1976).
The expansion of dunefields in Australia
was encouraged by compression of the tracks
of the anticyclones, which resulted in a
greater frequency of influence of hot con-
tinental air masses, an intensified atmos-
pheric circulation, and increased evapotrans-
piration rates in the vicinity of the anti-
cyclones (Bowler, 1975, 1976). Furthermore,
summer wind patterns then had a stronger
westerly component than today. In Australia,
the peak of aridity was 18 000—16 000 years
ago, when lake levels fell. Aeolianites and
dune plumes in southern Africa also show
the consequences of an intensification of
atmospheric circulation at this time; there
was also a northward shift of the arid zone,
S0 that northern Angola, the northern Kala-
har1 and the Congo Basin experienced greater
aridity than formerly during the glacial
maximum about 20000 years ago (Grove,
1969 ; Butzer, 1976).

Further to the south, the zone of westerly
depressions also moved northward in the
hypothermal. Allowing for the cooler climate,
and reduced evaporation over the oceans, the
southern parts of South Africa experienced
accordingly a greater year-round precipitation,
with a vyinter.‘tmaxi111um (Fig. 2d) (Butzer et
al., 1973;Van Zinderen Bakker, 1975;Tankard,
1976b). An invasion of temperate rainforest
elements displaced the winter rainfall sclero-
phylls into the present Namib and western
Karoo, where relict patches of them still
exist (Rourke, 1972; Axelrod & Raven,
1978). The sclerophylls only returned with
the subsequent expansion southward of the
dry climate 12000-9000 years ago (Klein,
1974). With the consequent reversion to
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ephemeral river flow 9000 years ago, when
sea level had nearly recovered (Tankard,
1976a; Tankard & Schweitzer, 1974), the
mouths of Namaqualand rivers (Fig. 6)
approximately assumed their present positions.

Although the climates of both Australia -
and southern” Africa 18000 years ago .were
characterized by an 1ntens1f1cat10n of the
arid zones and-: stronger westerly wind com-
ponents in the south, the southern African
climate departs from the Australian model
in that the stronger westerlies also brought
increased precipitation to the southern
regions. This departure is attributed to the
greater continentality of Australia, in which
the strong westerly component would have
originated in the arid interior (Bowler, 1975);
in contrast, the westerly component of °
southern Africa would have originated over
the Atlantic Ocean (Fig. 2). Modern differ-
ences in the climates of the two regions are
emphasized by the fact that coastal western
Australia is today not influenced by up-
welling (Meigs, 1966). The climate of coastal
California 12000—17 000 years ago also was
very similar to that of the southern parts of
South Africa, and increased rainfall and run-
off, and a more intense upwelling have also
been attributed to an equatorward shift of the
climatic belts - there (Gorsline & Prensky,
1975).

Available evidence suggests that the Namib
Desert system was established in the Quater-
nary, although Acheulian archaeological re-
mains (Korn & Martin, 1957), and the exist-
ence of dry river courses (Selby, 1976),
indicate that the desert has at times been less
arid than at present. The desert was, however,
never eliminated, bemg ‘shifted latltudmally
in pluvula and during the hypothermal,
desiccation was intensified in the arid core.

Van Zinderen Bakker (1975) has suggested
that the Namib Desert could have originated
in the Oligocene, when cold Antarctic Central
Water first moved northward. As evidence of
the desert’s antiquity, Koch (1960) and Van
Zinderen Bakker (1975) both cite the degree
of endemism of the desert biota, particularly
the Tenebrionid beetles, which comprise
thirty-four genera and 200 species. (Koch
included within the Namib the semi-arid
regions of the southwestern Kalahari and
Namaqualand.) But M.-L. Penrith has com-
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mented subsequently (personal communi-
cation) that the high degree of diversification
in “al.l ecotypes suggests that the Tenebrionidae
probably evolved rapidly, in that their apterous

form would make them strongly susceptible .

to the influence of isolation and would
promote rapid evolution. Other groups
within the Namib (e.g. Carabidae and Scara-
baeidae) are much less diversified. Penrith
(1977) believed that the Namib insects are
largely derived from the northwestern Karroo,
the Kalahari, and the Namaqualand areas.
The Namib insects are all xerophilous, and
their dominance in the present desert is
likely to have been the result of desiccation
eliminating the non-xerophilous insects, which
must have existed in the original fauna; thus
the original potential (pre-adaptation) is more
important than the time factor involved in
faunal selection. The present distribution of
the beetles is apparently controlled more by
the nature of the substrate than by climate, in
that many of the insect groups which have
specialized in the desert are adapted to a
sandy substrate: they are adapted to survive
drought, but do not necessarily depend upon
it. S. Endrody-Younga (personal communi-
cation) also stresses the importance of such a
substrate to insect faunas: he suggests that
the desert as a regional feature is of com-
paratively recent origin, and replaced a
wooded-grassland ecosystem.

Leppik (1957) and Ehilich & Raven
(1964) have emphasized the importance of
plant—herbivore insect (including beetles and
bees) interactions in generating diversity.

. There is a close mutual evolutionary relation-

ship between bee and flower according to
Leppik. In the Namib Desert, a remarkable
insect diversity, including many genera of
beetles and bees, contrasts with an exception-
ally low plant diversity. This again suggests a
comparatively recent inequilibrium, and the
youthful development of aridity.

One further indicator relating to the
origins of aridity is the plant Welwitschia
mirabilis, which is restricted to the Namib
Desert and fringing areas in the north. Typical
xerophytic characteristics including the thick
cuticle, few and deeply sunken stomata, small
or reduced leaves, and the ability to shed or
roll them up to reduce surface area, are
absent in Welwitschia. In fact, Welwitschia

has the longest-lived leaves in the plant’

" kingdom, with enormous surface areas (Born-:

man, 1974). Germination in Welwitschia

is controlled by an inhibitor, which is only

leached by sufficient rain, and young plantsf
are most abundant in the wetter regions!
north of the desert which receive summer’
cyclonic rain. The plant evolved the CAM:
syndrome (Crassulacean acid metabolism,
ie. the ability for photosynthetic. carbon

reduction of organic acids converted from"
nightly absorbed CO,) as a secondary pheno-

menon in order to adapt to progressively .
developing aridity (Bornman, 1977). Succulent

plants, many of which inhabit arid areas, are

characterized by CAM photosynthesis. Born-

man believes that the vortex of Welwitschia

distribution is Welwitschia Flats, north of

the Namib Sand Sea. He suggests that Wel-

witschia may have evolved in a more moderate

temperate or tropical environment, and that

the Namib Desert must be youthful: the

succulents, and desert taxa in general, appear

to have been derived by adaptation of wood-

land and savanna taxa to increasing drought.

Conclusions

The development of aridity on the west |
coastalimargin of southern Africa, and the
origin of the Namib Desert, are related to the .
development of a cold Southern Ocean, a .
circum-Antarctic circulation, a thick Antarctic
ice cap, and intensified Antarctic Convergence :
and latitudinal zonation of the oceans.

Like the Australian model (Bowler, 1976),
the development of aridity in southern
Africa was progressive and comparatively
youthful. Aridity was initiated in the late
Tertiary, but only fully established in the
Quaternary. The effect of Quaternary global
climatic oscillations was to shift the climatic
belts, including the arid zone, rather than to
eliminate the latter.

In the late Pleistocene hyperthermal, the
climatic belts expanded poleward, and tropical
west African molluscs were able to populate
the warm and more numerous estuaries and
lagoons created by a 7 m sea-level rise. Greater
aridity in the southwestern Cape at this time
is attributed to the greater influence of trade
winds and the poleward shift of the westerlies.
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In the succeeding hypothermal, a 5° equa-
torward shift of anticyclone tracks and cli-
matic belts enabled westerly winter rainfall to
reach latitude 23°S. The arid core moved
equatorward, and desiccation within it became
more intense due to the intensified atmospheric
circulation and increased evapotranspiration
rates over the continents, and the decreased
evaporation over the cooler oceans. The
westerly wind component was stronger than
today.

Acknowledgments

The writers would like to thank the following
for helpful suggestions in preparation of the
manuscript: D. I. Axelrod, C. H. Bornman,
J. M. Bowler, R. V. Dingle, S. Endrody-
Younga, Q. B. Hendey, D. K. Hobday, R. G.
Klein, M.-L. Penrith, J. P. Rourke, E. M. van
Zinderen Bakker and V. Whitehead. Drafting
was undertaken by Chrissie Coetzee. We are
grateful to the Director of the Geological
Survey of the Republic of South Africa and
the  Director of the South African Museum
for permission to publish this paper, under the
Government Printer’s Copyright Authorization
No. 5857, dated 23 February 1977.

References

Addicott, W.O. (1970) Latitudinal gradients in
Tertiary molluscan faunas of the Pacific coast.
Pualaeogeogr., Palaeoclimatol., Palaeocecol. 8,
287-312.

Addicott, W.O. & Emerson, W.K. (1959) Late
Pleistocene invertebrates from Punta Cabras,
Baja California, Mexico. Amer. Mus. Novit.
1925,1-33. 5

Axelrod, D.I. & Raven, P.H. (1978) Late Cretaceous
and Tertiary vegetation history of Africa. Monogr.
biol. 31,77-130. '

Barry, R.G. & Chorley, R.J. (1968) Atmosphere,
weather and climate. Methuen, London.

Blatt, H., Middleton, G. & Murray, R. (1972) Origin
of sedimentary rocks. Prentice-Hall, New Jersey.

Bornman, C.H. (1974) Welwitschia mirabilis: obser-
vations on cuticular efficiency. A comparative
study. Madoqua, Series 2, 3, 17-25.

Bornman, C.H. (1977) Welwitschia mirabilis: struc-
tural and functional anomalies. Madoqua, 10,
21-31.

Bowler, J.M. (1975) Deglacial events in southern
Australia: their age, nature and palaeoclimatic
significance. Bull. Roy. Soc. New Zealand, 13,
75—82.

Bowler, J.M. (1976) Aridity in Australia: age,
origins and expression in aeolian landforms and
sediments. Earth Sci, Rev. 12,279-310.

22

Bowler, J.M., Hope, G.S., Jennings, J.N., Singh, G.
& Walker, D. (1976) Late Quaternary climates of
Australia and New Guinea. Quatern. Res. 6,
359-394.

Butzer, K.W. (1973) Geology of Nelson Bay Cave,
Robberg, South Africa. South Afr. archaeol.
Bull. 28,97-110.

Butzer, K.W. (1976) Pleistocene climates. Geo-
science and Man, 13, 27—43.

Butzer, K.W., Fock, G.J., Stuckenrath, R. & Zilch,
A. (1973) Palaeohydrology of late Pleistocene
lake, Alexandersfontein, Kimberley, South Africa.
Nature (Lond.), 243, 328—330.

Butzer, K.W. & Helgren, D. (1972) Late Cenozoic
evolution of the Cape coast between Knysna and
Cape St. Francis, South Africa. Quatern. Res. 2,
143-169.

Carrington, A J. & Kensley, B.F. (1969) Pleistocene
molluscs from the Namaqualand coast. Ann. South
Afr. Mus. 52, 189—223.

Cifelli, }} (1976) Evolution of ocean climate and the
record of planktonic foraminifera. Nature (Lond.),
264,431-432.

CLIMAP Project Members (1976) The surface of
the ice-age earth. Science, 191, 1131—-1137.

Clowes, A.J. (1950) An introduction to the hydro-
logy of South African waters. [nvestigational
Report of the Fisheries and Marine Biological
Survey Division, Union of South Africa, 12,
1-42.

Coetzee, J.A. (1967) Pollen analytical studies in
east and southern Africa. Palaeoecology of
Africa, 3,1—146.

Cooper, W.S. (1967) Coastal dunes of California.
Mem. Geol. Soc. Amer. 104, 1—-124.

Corvinus, G. & Hendey, Q.B. (1978) A new Miocene
vertebrate locality at Arrisdrift in Namibia
(South West Africa). N. Jb. Geol. Palaeot. 1478,
193-205.

Denton, G.H., Armstrong, R.L. & Stuiver, M. (1971)
The late Cenozoic glacial history of Antarctica.
In: Late Cenozoic glacial ages (Ed. by K. K.
Turekian), pp. 267—306. Yale University Press,
New Haven. :

Devereux, [. (1967) Oxygen isotope palaeotempera-
ture measurements on New Zealand Tertiary
fossils. N.Z. JI Sci. 10, 988—1011.

Ehrlich, P.R. & Raven, P.H. (1964) Butterflies and
plants: a study in co-evolution. Evolution, 18,
586—608. ¢

Estes, R. (1978) Relationships of the South African
fossil frog Eoxenopoides reuningi (Anura, Pipi-
dae). Ann."South Afr. Mus. 73, 49—80.

Flemming, B.W. (1977) Langebaan Lagoon — a
mixed carbonate-siliciclastic tidal environment
in a semi-arid climate. Sediment. Geol. 18, 61—
95.

Flemming, N.C. & Roberts, D.G. (1973) Tectono-
eustatic changes in sea level and seafloor spread-
ing. Nature (Lond.), 243, 19-22.

Frerichs, W.E. & Shive, P.N. (1971) Tectonic impli-
cations of variations in sea floor spreading
rates. Earth Planet. Sci. Lett. 12,406—410.

Gorsline, D.S. & Prensky, S.E. (1975) Palaeo-

climatic inferencges for late Pleistocene and

—



] ' Y

336 Anthony J. Tankard and John Rogers

Holocene from California continental border-
land basin sediments. Bull. Roy. Soc. N.Z. 13,
147-154.

Grove, A.T. (1969) Landforms and climatic change
in the Kalahari and Ngamiland. Geogr. J. 135,
191-212.

Gilbrandsen, R.A. (1969) Physical and chemical
factors in the formation of marine apatite.
Econ. Geol. 64, 365—382.

Hallam, A. (1971) Mesozoic geology and the open-
ing of the North Atlantic. J. Geol. 79, 129—
157.

Hart, T.J. & Currie, R.I. (1960) The Benguela
Current. Discovery Reports, 31, 127-297.

Haughton, S.H. (1931) The late Tertiary and Recent
deposits of the west coast of South Africa.
Trans. geol. Soc. South Africa, 34,19-—57.

Haughton, S.H. (1963) The stratigraphic history of
Africa south of the Sahara. Oliver & Boyd,
Edinburgh.

Hays, J.D., Lozano, J.A., Shackleton, N. & Irving,
G. (1977) Reconstruction of the Atlantic and
western Indian Ocean sectors of the 18,000
B.P. Antarctic Ocean. Geol. Soc. Amer. Mem.
145, 337-372.

Hendey, Q.B. (1973) Fossil occurrences at Lange-
baanweg, Cape Province. Nature (Lond.) 244,
13-14.

Hendey, Q.B. (1976) The Pliocene fossil occurrences
in ‘E’ Quarry, Langebaanweg, South Africa.
Ann. South Afr. Mus. 69, 215-247.

Hendey, Q.B. & Deacon, H.J. (1977) Studies in
palaeontology and archaeology in the Saldanha
region. Trans. Roy. Soc. South Afr. 42, 371—
381.

Hopwood, A.T. (1929) New and little-known
mammals from the Miocene of Africa. Amer.
Mus. Novit. 344, 1-9.

Kaiser, E. (1926) Die Diamantenwiiste Sudwest-
afrikas, Vol. 2. Reimer, Berlin.

Kazakov, A.V. (1937) The phosphorite facies and
the genesis of phosphorites. Trans. Sci. Inst.
Fertil. Insectofungic. 142,95—113.

Kennett, J.P., Houtz, R.E., Andrews, B.P., Edwards,
A.R., Gostin, V.A.. Hajés, M., Hampton, M,

Jenkins, D.G., Margolis, S.V., Ovenshine, A.T. &.

Perch-Nielson, K. (1975) Cenozoic palaeo-
oceanography in the southwest Pacific Ocean,
Antarctic glaciation, and the development of the
circum-Antarctic Current. Initial Reports of the
Deep Sea Drilling Project, 29, 1155—-1169. U.S.
Government Printer, Washington.

King, L.C. (1953) A marine Miocene fauna from
Zululand. Trans. geol. Soc. South Afr. 56,
59—-91.

Klein, R.G. (1974) Environment and subsistence of
prehistoric man in the southern Cape Province,
South Africa. World Archaeol. 5,249—-283.

Klein, R.G. (1975) Palaeoanthropological impli-
cations of the nonarchaeological bone assem-
blage from Swartklip I, south-western Cape
Province, South Africa. Quatern. Res. §, 275—
288.

Koch, C. (1960) The Tenebrionidae of southern
Africa. XXXI. Comprehensive notes on the tene-

brionid fauna of the Namib Desert. Ann. Trans-
vaal Mus. 24, 61—106.

Korn, H. & Martin, H. (1957) The Pleistocene in
South West Africa. In: Third Pan-African Congress
on prehistory, Livingstone, 1955 (Ed. by J. D.
Clark & S. Cole),; pp. 14—22. Chatto & Windus,
London.

Leppik, E.E. (1957) Evolutionary relationships
between entomophilous plants and anthophilous
insects. Evolution, 11,466 —481.

Logan, R.F. (1960) The central Namib Desert, South
West Africa. Publ. nat. Acad. Sci. 758, 1—141.
McKelvey, V.E. (1966) Successful new techniques
in prospecting for phosphate deposits. Australian

Mining, S8, 4pp.

Meigs, P. (1966) Geography of coastal deserts.
UNESCO Arid Zone Research, 28, 1—140.

Moroshnikov, K.V., Bubnov, V.A. & Butalov, R.P.
(1960) Water circulation in the eastern South
Atlantic Ocean. Oceanology, 10, 27—-37.

Penrith, M.-L. (1977) The Zophosini (Coleoptera:
Tenebrionidae) of western southern Africa.
Cimbebasia Memoir, 3, 1-291.

Pevear, D.R. (1966) The estuarine formation of
United States Atlantic coastal plain phosphorite.
Econ. Geol. 61,251—-256.

Riggs, S.R. & Freas, D.H. (1965) Stratigraphy and
sedimentation of phosphorite in the central
Florida phosphate district. Amer. Inst. Mining
Engrs. 65H84,1—17.

Rona, P.A. (1973) Relations between rates of
sediment accumulation on continental shelves,
sea-floor spreading, eustasy inferred from central
north Atlantic. Bull. geol. Soc. Am. 84, 2851—
2872.

Rourke, J.P. (1972) Taxonomic studies on Leuco-
spermum R.Br. J. South Afr. Bot. Supplementary
Vol. 8, 1—-194.

Savin, S.M., Douglas, R.G. & Stehli, F.G. (1975)
Tertiary marine paleotemperatures. Bull. geol.
Soc. Amer. 86,1499—-1510.

Schalke, H.J.W.G. (1973) The upper Quaternary of
the Cape Flats (Cape Province, South Africa).
Scripta Geol, Leiden, 15,1—57.

Schell, I.I. (1968) On the relation between the winds
off southwest Africa and the Benguela Current
and Agulhas Current penetration in the South
Atlantic. Dtsch. hydrograph. Z. 21,109—-117.

Schulze; B.R. (1965) Climate of South Africa
Part 8. General survey. Weather Bureau, Depart-
ment of Transport, South Africa, WB28, 1-330.

Selby, M.J. (1976) Some thoughts on the geo-
morphology of the central Namib Desert. Bull
Desert ecol. Res. Unit, 1, 5—6.

Shackleton, N.J. & Kennett, J.P. (1975a) Paleo-
temperature history of the Cenozoic and the
initiation of Antarctic glaciation: oxygen and
carbon isotope analyses in D.S.D.P. sites 279,
277, and 281. Initial Reports of the Deep Sea
Drilling Project, 29, 743—755. U.S. Government
Printer, Washington D.C.

Shackleton, N.J. & Kennett, P.J. (1975b) Late Ceno-
zoic oxygen and carbon isotopic changes at
D.S.D.P. site 284: implications for glacial history
of the northern hemisphere and Antarctica.

4 ey



Late Cenozoic palaeoenvironments of Africa 337

Initial Reports of the Deep Sea Drilling Project,
29, 801—807. U.S. Government Printer, Washing-
ton.

* Sheldon, R.P. (1964) Paleolatitudinal and paleo-
geographic distribution of phosphorite. Profess.
Paper U.S. geol. Survey, 501-C,C106—C113.

Siesser, W.G. (1978) Aridification of the Namib
Desert: evidence from oceanic cores. In: Ant-
arctic glacial history and world palaeoenviron-
ments (Ed. by E. M. Van Zinderen Bakker).
Balkema, Rotterdam.

Stromer, E. (1926) Reste land- und susswasser
bewohnender Wirbeltiere aus den Diamenten-
felden Deutsch-Sudwestafrikas. In: Die Dia-
mantenwitste Sudwestafrikas (Ed. by E. Kaiser),
pp. 107—153. Reimer, Berlin.

Tankard, A.J. (1974a) Varswater Formation of the
Langebaanweg—Saldanha area, Cape Province.
Trans. geol. Soc. South Afr. 77,265—-283.

Tankard, A.J. (1974b) Petrology and origin of the
phosphorite and aluminium phosphate rock of
the Langebaanweg—Saldanha area, south-western
Cape Province. Ann. South Afr. Mus. 65, 217—
249.

Tankard, A.J. (1975a) The marine Neogene Saldanha
Formation. Trans. geol. Soc. South Afr. 18,
257-264.

Tankard, A.J. (1975b) The late Cenozoic history and
palaeoenvironments of the coastal margin of the
south-western Cape Province, South Africa.
Unpublished Ph.D. thesis, Rhodes University,
South Africa.

Tankard, A.J. (1975c) The Pleistocene history and
coastal morphology of the Ysterfontein—Elands
Bay area, Cape Province. Ann. South Afr. Mus.
69, 73—-119.

Tankard, A.J. (1975d) Thermally anomalous late
Pleistocene molluscs from the southwestern
Cape Province, South Africa. Ann. South Afr.
Mus. 69, 17-45.

Tankard, A.J. (1976a) Cenozoic sea level changes: a
discussion. Ann. South Afr. Mus. 71, 1—11.

Tankard, A.J. (1976b) Stratigraphy of a coastal
cave and its palaeoclimatic significance. Palaeo-
ecology of Africa, 9,151—159.

Tankard, A.J. & Schweitzer, F.R. (1974) The
geology of Die Kelders Cave and environs: a
palaeoenvironmental study. South Afr. J. Sci.
70, 365—-369.

Tooms, J.S., Summerhayes, C.P. & Cronin, D.S.
(1969) Geochemistry of marine phosphate and
manganese deposits. Oceanogr. Marine Biol.
7,48—-100.

Van ZinderenBakker, E.M. (1975) The origin and
palaeoenvifonment of the Namib Desert biome.
J. Biogeog. 2, 65—73.

Van Zinderen Bakker, E.M. (1976) The evolution
of late-Cenozoic palaeoclimates of southern
Africa. Palaeoecology of Africa, 9, 160—202.

Wyrwoll, K.-H. & Milton, D. (1976) Widespread late
Quaternary aridity in Western Australia. Nature

(Lond.), 264, 429 —430.

|



