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Abstract

Inherited saprolite stores and continued weathering in Quaternary time juxtapose abundant clay and fresh rock in tropical
landscapes. This influences sediment fluxes and affects the interpretation of sediment sequences derived from tropical
watersheds. Detrital kaolinites derive from inherited saprolite sources as well as from soil clays and appear in delta and ocean
sediments. These sediments appear to correspond with sub-Milankovitch, millennial-scale cycles of climate change, but may
also record century-scale episodes of rapid warming (Dansgaard—Oeschger events). Destabilisation of sediment sources and
increased sediment fluxes in the Late Quaternary followed millennia of climatic deterioration (cooling/aridity) and vegetation
change and led to altered patterns of sedimentation during the Last Glacial Maximum (LGM). Sediment yield from slopes
increased 10 X around the LGM, when rainfall was reduced by 30—60% and led to fan building and braided channels. Rainfall
increased 40—80% from the LGM to the Early Holocene maximum and this led to channel cutting and major sediment fluxes to
delta and ocean sinks. Vegetation recovery lagged the rapid warming by several millennia and was interrupted by (Younger
Dryas) YD aridity, influencing slope and stream behaviour. Holocene sedimentation has been by both vertical and lateral

accretion, increasing floodplain sediment stores.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The availability and supply of sediment to fluvial
systems are of key importance to the understanding of
sedimentary facies downstream. The downstream fin-
ing of channel sediments derived from stores of coarse
material such as moraines or rock bars is generally
understood. Fine sand and silt are consequently often
considered as the products of mechanical comminu-
tion of coarser particles due to the time spent in the
fluvial system, or to glacial grinding in glacier-fed
rivers. In many tropical and some non-tropical river
systems, sediment is sourced in the weathered mantle,
which may contain core boulders more than 1 m in
diameter, as part of a saprolite comprising variable
amounts of sand, silt and clay.
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Classic interpretations of sedimentary clays come
from the work of Millot (1970), who related the
sediment sequences in NW Africa and in the basins
marginal to the Hercynian massifs of Europe to the
dismantling of ancient weathering profiles as a con-
sequence of Early Cenozoic uplift. Millot used the
term siderolithic facies to describe basal Palacogene
and Eocene sediments and described the formation of
the widespread Continental Terminal sediments in W
Africa as an “invasion par la kaolinite détritique”.
Blanc-Valeron and Thiry (1997) have more recently
extended this analysis to Palacogene deposits through-
out northern France and made reference to similarities
with the Chad Basin in NW Africa. Goldberry (1979)
described such sediments as laterite derived facies
and Pye (1983) considered them a specific type of red
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bed sediment. Others have traced the origins of silts
not to glacial scour but to chemical weathering
(Nahon and Trompette, 1982). More recently, Paquet
and Clauer (1997) have cited a wide range of relation-
ships between soils and sediments in different envi-
ronments. Thus, many interpretations trace these
materials back to deep, ferrallitic weathering profiles
(Duchaufour, 1982; Geological Society, 1990). In
temperate and present-day arid areas, these clay-rich
sediments are common in Palacogene formations and
the clays are assumed to have formed beneath Meso-
zoic or Early Cenozoic landsurfaces of low relief. In
humid tropical areas, however, clay-rich saprolites are
found in landscapes of younger age.

These interpretations have proved to have wide
applicability to the internal and marginal basins of
tropical cratons on all continents. Widespread, poorly
structured, clayey sediments predominate and can
seldom be described in conventional terms. Doubts
about their age and processes of formation have been
frequently expressed. The sediments result from the
erosion of deeply weathered crystalline rocks and have
accumulated since the break-up of Gondwanaland.
Sediments such as the Barreiras Formation in the
Amazon Basin and the Continental Terminal in West
Africa illustrate this problem (see Thomas, 1994a). In
the humid tropics, other sediments representing either
in situ or transported residues of advanced weathering
have led to much debate. Two of these are the Belterra
Clay formed over ferrallitic (or lateritic) weathering
profiles (Truckenbrodt et al., 1991) and white sands
that appear to be the products of tropical podzolisation,
whether or not they have been subsequently trans-
ported and redeposited (Heyligers, 1963; Fairbridge
and Finkl, 1984; Thomas et al., 1999).

All these are instances of the pervasive influence of
chemical weathering and pedogenesis on the character
of sediments in the humid tropics, but perhaps the most
important aspect of this phenomenon is the vast store of
saprolite beneath the older landscapes of the tropics and
sub-tropics. Continued weathering at rates relevant to
the Quaternary timescale is also a significant factor.

2. Regolith as a sediment source

Regolith studies have been advanced by recent
reviews, mainly from Australia (Ollier and Pain,

1996; Taylor and Eggleton, 2001), but the immediate
connections between regolith and sediment properties
are seldom defined. In any case, floodplains of large
river systems, deltas and offshore sediment fans
integrate many different sediment sources upstream,
including mountainous headwaters draining fissile
and often soluble rocks with thin regoliths. These
headwater areas influence downstream sedimentation
for very long distances, even where the river traverses
lowland terrain, as in the Amazon basin (Gibbs, 1967,
Franzinelli and Potter, 1983; McDaniel et al., 1997).
In other catchments the mountain influence may be
dominant, as in the Ganges—Brahmaputra system
(Goodbred and Kuehl, 2000).

Over much of the humid tropics, however, rivers
drain from non-orogenic terranes, underlain by a
weathered mantle most of which can be described as
saprolite (Becker, 1895; Taylor and Eggleton, 2001).
This, often clay-rich, material is not only found
beneath extensive and ancient plateau landforms, but
also within dissected country. It is also extensive
beyond the tropics, well into the warm-temperate zone
along eastern continental margins. Mantles of less
advanced weathering, with low clay contents, charac-
terise most of the crystalline massifs of cooler cli-
mates and are found in tropical areas of steeper slopes,
or where ferrallitic saprolites have been partially
stripped. When developed from granites these feld-
spathic sands are commonly known as grus (Migon
and Lidmar-Bergstrom, 2001; Migon and Thomas,
2002).

Deep saprolite mantles tend to develop on all
feldspathic rocks from granites to ultramafic igneous
suites, within metasediments and metavolcanics of
greenstone belts, and in many other sedimentary and
metamorphic rocks. Thickness varies widely from a
few metres to more than 100 m, and the mantles are
characterised by abrupt variations in depth that often
juxtapose hard rock and sandy clay (Branner, 1896;
Falconer, 1911; Willis, 1936; Ollier, 1960; Thomas,
1966, 1978, 1994a). Bakker (1957) pointed out that
the juxtaposition of fresh rock, often in the form of
granite domes or inselberge, and deep saprolite con-
taining large quantities of clay, in the landscapes of
Surinam, meant that the sediments derived from such
landscapes would not conform to facies models de-
veloped for temperate regions. Nor would they con-
form to the models developed by Millot and his
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followers to describe the progressive stripping of
ancient weathering profiles. This is because an abrupt
transition from fresh rock to a clay-rich saprolite
characterises many of the crystalline terranes in the
humid tropics. The juxtaposition or mixing of fine and
very coarse sediment is a likely result of denudation in
these landscapes. Fresh rock and saprolite may also
alternate along river channels (Tricart, 1955), which
can form meandering reaches over saprolite, but
develop anastomosing patterns, where rock outcrops
break the thalweg in an almost imperceptible manner
(called sulas in Brazil, Zonneveld, 1972); elsewhere,
they become the sites of rapids and waterfalls.

Great depths of saprolite occur beneath duricrusted
plateaus and summits, but are also present in areas of
moderate dissection, especially beneath convex hills
developed in granitoids (e.g. the meias laranjas relief
of eastern Brazil). Less well recognised are the saprolite
occurrences along escarpments and within piedmont
and foothill zones. Typically, a transect of an escarp-
ment will traverse an upper and deeply weathered
plateau via zones of partial stripping, to a steep and
rock strewn escarpment with frequent outcropping
rock. But, wherever the escarpment slopes lessen
(significant regolith can be retained on slopes exceed-
ing 25°) and particularly towards the lower slopes, the
saprolite may thicken to 5—10 m. In granite terrain, a
stepped relief may develop (Wahrhaftig, 1965), be-
neath the treads of which there will be deeply weath-
ered rock. On a regional scale, larger catchments may
drain through a series of weathered basins alternating
with rocky reaches, a phenomenon found in all climates
(Godard, 1977; Hall, 1991; Thomas, 1994a, Fig. 11.3).

3. Formation and renewal of regolith stores

Much of the thick saprolite mantle that extends
across the plateaux of Brazil, Africa, India and Aus-
tralia reflects the geological history of Gondwanaland
and may have origins in the Mesozoic, even the Late
Palaeozoic in the case of Australia (Bird and Chivas,
1988). But the weathering systems were probably
reactivated by the dissection of the continents during
the Cenozoic and many profiles have returned Miocene
ages, using *’Ar/°Ar data from manganese oxides
(Vasconcelos et al., 1992, 1994). However, doubts
surround the interpretation of these age determinations

and other authors have provided evidence for the neo
formation of specific minerals during the Quaternary
(Benedetti et al., 1994; Mathieu et al., 1995). This
indicates the continued geochemical evolution of sap-
rolite through time, and makes it difficult to use a single
mineral species to provide the ‘age’ of a regolith.

3.1. Saprolites and sediments in humid tropical
environments

It has been argued that in the Southern Hemisphere
tropics climatic aridity, corresponding with the early
formation of Antarctic ice, may have ‘switched off’
the weathering systems in the Mid Miocene (Alpers
and Brimhall, 1988; Vasconcelos et al., 1994). But it
is difficult to apply this reasoning to the equatorial and
Northern Hemisphere tropics, where there is good
evidence for continued formation of saprolites during
the Neogene. Miocene intrusive rocks (granodiorites)
in NW Borneo (Kalimantan) have been deeply weath-
ered following exposure and 30+ m saprolite profiles
are exposed in low convex hills (ca. 200 m asl) in an
area of 900 m relief. The landscape lowering since the
Miocene, and the widespread gibbsitic saprolite found
below the multi-convex relief, suggest that weathering
has continued during the Neogene at rates of 40—50
m/Ma (Thomas et al., 1999).

Much of the alluvium in this area consists of
white sands and intercalated pale, kaolinitic, clays
(Thorp et al., 1990). These materials can be inter-
preted as products of advanced tropical podzolisation
(Dubroeucq and Volkoff, 1998; Thomas et al., 1999),
involving the lateral eluviation of clay from kaolin-
itic saprolite. Some of the white sands form amor-
phous fan-like bodies of sediment, directly linked to
adjacent hillslopes and minor catchments; others
form clear fans and terraces and contain evidence
for strong water flows, that have modified the
sedimentary structures during sedimentation.

One issue here is the time required to reduce a
feldspathic crystalline rock (of Miocene age) first to a
gibbsite-rich saprolite and then to a quartz sand
residue. Others have discussed such issues but have
not been able to place them into a time frame (Stallard
and Edmond, 1981, 1983, 1987; Chauvel, 1977,
Lucas et al.,, 1987; Boulet et al., 1997; Dubroeucq
and Volkoff, 1998). Estimates of the rates of weath-
ering penetration into bedrock range over at least an
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order of magnitude. Pillans (1997) calculated the rate
of soil formation on Quaternary basalts in NE Queens-
land as 2—4 m Ma, but rates of 20-40 m Ma are
offered in other studies (Cleaves, 1989; Benedetti et
al., 1994; Mathieu et al., 1995; Thomas et al., 1999).

Continued weathering penetration beneath pre-
existing regoliths is conditional on the water regime
and dissection during the Neogene will have acceler-
ated water movement beneath many landscapes, en-
abling the weathering reactions to continue. The
formation of new weathering profiles may, however,
take much longer. A fresh basalt flow will have no
water-retentive soil cover and initial rates of weather-
ing will be slow, and studies from Japan have dem-
onstrated an increasing rate of weathering with time
(Oguchi et al., 1999). Volcanic materials also exhibit
major variations in susceptibility to weathering.

This issue is important, because renewal of the
regolith during Quaternary time ( ~ 2 Ma) will influ-
ence sedimentary outcomes. Clearly, 40 m of weath-
ering penetration in 2 Ma would imply significant
renewal of regolith stores during this period. In
glaciated areas, repeated stripping of saprolite during
each glacial cycle and lack of significant renewal
during the interglacials has led in some areas to
sediment exhaustion. In extra-glacial areas and espe-
cially in the tropics and sub-tropics, the store of pre-
glacial regolith was almost certainly deeper and more
intact at the onset of the Quaternary. However, the
loss of weathered material due to surface stripping
during the (glacial) cycles of climate change was
probably more incremental, and the weathering sys-
tems will have remained active across most of the
zone, even if temperatures were depressed by 5 °C
and rainfalls by 30—60% at the glacial maxima. The
wider point here is that weathering systems are
continuous in their operation and the Quaternary is a
more or less arbitrary slice of geological time (Stal-
lard, 1995; Thomas, 1994b).

4. Saprolite as a source of colluvium and alluvium

4.1. The escarpment zone in NE Queensland,
Australia

Many areas of coastal-plain sedimentation are de-
rived from rivers either crossing inland escarpments or

generated on their steeper slopes, and their sediments
will reflect this setting. Studies of the escarpment and
coastal plain around Cairns in NE Queensland (Nott
et al., 2001; Thomas et al., 2001) provide a clear
illustration of the influence of these sediment source
zones on the coastal plain sediments. The area is
underlain by metamorphosed sedimentary rocks
(mostly siltstones and greywackes) and by granites.
Cenozoic, often Quaternary, lavas are widespread on
the inland plateaux. Where the escarpment (relief ca.
500—600 m) slopes decline to below ca. 20°, a red
saprolite, at least 5 m in depth has developed. But if
slopes increase to 30—40°, the rocks show only
incipient decay and break off into large angular
boulders. Major rivers draining the plateau have also
eroded gorge sections through the escarpment zone,
exposing the fresh rock.

Fronting the escarpment is a series of alluvial fans,
debris flows and a more amorphous apron of fine
colluvium. Small catchments draining the steeper
slopes have supplied very coarse sediments to form
fanglomerates. These are crudely but clearly stratified
(Fig. 1), containing frequent clasts of 40—100 cm
diameter. Streams generated on the mid-lower slopes,
by contrast, have supplied mainly fine sediment (Fig.
2), and in addition a direct connection between the
saprolite and colluvial deposition from adjacent,
unchannelled hillslopes can be demonstrated. This
indicates widespread slope erosion during the cool—
dry climates of the Last Glacial Maximum (LGM), to
which these sediments have been dated (Nott et al.,
2001; Thomas et al., 2001; Moss and Kershaw, 2000).
Several rivers drain the hinterland (Atherton Table-
land) and have formed gorge sections several kilo-
metres in length. In these systems, boulder beds give
way to finer sediments and large fan-terrace units in
front of the escarpment.

4.2. The Bananal basin, Rio de Janeiro, Brazil

The formation of a widespread sandy-clay colluvi-
um in tropical landscapes is very common, and
estimates in Sdo Paulo State, Brazil suggest that it
may cover 50% of the land area (Ferreira and Mon-
teiro, 1985). In the Bananal basin (Rio de Janeiro), a
programme of radiocarbon dating has established that
most of the alluvium and colluvium is Early Holocene
in age (Coelho-Netto, 1997), and is derived by local
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Fig. 1. Coarse fanglomerate, N of Cairns, NE Queensland, Australia. Coarse angular blocks dominate scarpfoot fans derived from short, steep
catchments (slopes >27°) with no saprolite cover.
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Fig. 2. Fine laminated sediments, S of Cairns, NE Queensland, Australia. These sediments resemble colluvium and are dominated by sandy
clays derived from scarpfront saprolite stores (slopes generally <20°).
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colluviation from multi-convex relief compartments
that are underlain by deep saprolite (ca. 20 m). A
‘synchronous aggradation cycle’ is described as hav-
ing started ca. 10 4C ky BP, terminating abruptly
around 8 *C ky BP (ca. 11.2-9 cal. ky BP). Only a
few hillslope deposits in this area date to the late
glacial period, 38—17 '*C ky BP (20 cal. ky BP).

4.3. East central African plateau

The age of the main colluvium in NE Queensland
corresponds to a period bridging the LGM (ca. 27—-14
ky TL), but studies of colluvium from east—central
Africa (Tanzania, Serensen et al., 2001; Zambia,
Thomas and Murray, 2001) have demonstrated that
the sediments span most of the Last Glacial Cycle
(LGC). How much sediment has also been eroded
from these slopes during this period is unknown, but
an incremental growth in sediment storage has been
the principal result of landscape change. In Eastern
Zambia, the colluvium (Thomas, 1999) is derived
directly from the slopes of residual hills, which retain
a thick saprolite (ca. 30 m), formed in Archaean
granulites, probably in the Late Mesozoic or Early
Cenozoic.

These examples demonstrate the importance of local
saprolite sources and sediment stores in tropical land-
scapes and show clearly some of the complexities in the
Late Quaternary chronology of sediment transfers.

5. The chronology of Late Quaternary alluvial
sedimentation

Changes in regime and sediment markers for
tropical rivers during the Late Quaternary have been
documented from many different tropical rivers and
some general patterns have emerged (Thomas and
Thorp, 1995; Thomas, 2000). However, we have
few records beyond the limits of the '*C timescale.
TL dates for sediments in central Australia have
indicated increased discharges and sedimentation dur-
ing Isotope Zones 7, 5 and 3 (Nanson and Price, 1998;
Nanson et al., 1991), but we only have corroboratory
information for the last of these. The Middle Plen-
iglacial or Isotope Zone 3 (58—27 ky BP) appears to
have been cool but moist across much of the tropics,
in contrast to the cold—dry conditions of the preceding

Stage 4 and following LGM. Dupont et al. (1998)
detected high oceanic productivity alongside weak
atmospheric circulation during this period, which also
began with significant climate warming (Jouzel et al.,
1987). Scattered long-range radiocarbon dates have
recorded a prolonged period of sedimentation cor-
responding with these conditions, in S America (Van
der Hammen et al., 1992; Servant et al., 1993) and in
Borneo (Kalimantan) (Thorp et al., 1990).

Prior to ca. 28 ky BP rivers across Africa, and also
in tropical S America and NE Queensland, had
experienced humid forested conditions for 10* years.
The sediments from this period are only occasionally
well documented but many rivers had stable channels
contained within thick overbank deposits. Organic-
rich swamp sediments have been dated from the river
terraces of West Africa (Thomas et al., 1985). Pro-
gressive cooling of tropical climates and widespread
reductions in rainfall characterised the period leading
to the LGM (22/21 cal. ky BP), and these conditions
persisted for a variable time period according to the
response of regional climates to early climate warm-
ing. In the inner Congo, Preuss (1990) recorded a
switch from braided to meandering river behaviour by
18.5 cal. ky BP, but this remains an isolated case and
most rivers appear to have adapted to low rainfall and
increased sediment yields over a period of 5—7(10)
ky. Often, there is a problem of missing data for this
period. In West Africa, no sedimentary units were
dated to the period between 22 and 15.3 cal. ky BP
(Thomas and Thorp, 1980; Hall et al., 1985), and this
hiatus has been recorded in several Amazon tributary
catchments (Van der Hammen et al., 1992; Latrubesse
and Rancy, 1998). This evidence also corresponds
with many lacustrine pollen records (Ledru et al.,
1998). In other accounts, braided conditions persisted
during all or part of this period (Preuss, 1990; Turcq et
al., 1997). The fan deposition in NE Queensland
(discussed above) is dated to this cool, dry period
between ca. 26/27 and 15 ky TL. It can be attributed
to loss of stream power and increased sediment yield
in a region of high rainfall (3000+ mm years™ ') that
experienced a reduction at the LGM estimated at 64%
(Moss and Kershaw, 2000). The fans were trenched
after ca. 15 ka, with the recovery of the climate (Nott
et al., 2001; Thomas et al., 2001).

The changes brought about by the climate warming
and increased rainfall following the last Termination
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were fundamental. A period of erratic climates
brought flooding and erosion to many river systems,
and rapidly melting glaciers also caused a major
influx of sediment to rivers such as the Amazon,
and the Ganges—Brahmaputra system, where Good-
bred and Kuehl (2000) have recorded the rapid build-
up of the Early Holocene delta. Considerable land-
scape instability appears to have characterised this
period, until the recovery of the rainforest in humid
tropical areas was fully accomplished between 11 and
10 cal. ky BP (Maley, 1992, 1996; Moss and Ker-
shaw, 2000).

The long delay in re-establishing the rainforest
vegetation was probably due to a number of causes.
Major increases in rainfall appear to postdate 15.5 cal.
ky in many records, though warming began earlier
and wetter conditions may have returned to the inner
Congo basin before this time. However, the warming
trend with increasing rainfalls, indicated by many
lake-level records, was interrupted by the Younger
Dryas (YD) (13.2—11.5 cal. ky), which appears to
have been cool and dry across most of the tropics.
Recovery of the lowland forest then took another
millennium to accomplish. The erratic transitional
climates of the Late Pleistocene were probably not
conducive the rapid spread of forest taxa to areas that
had been open woodland or savanna for several
millennia. The soil cover would have been modified
with the loss of organic matter and clays, and the
remaining soils would have been less moisture reten-
tive. It is possible that the climates were also either too
seasonal or too erratic to sustain a rainforest ecosys-
tem with its continuous, high evapotranspiration
demands, until the Early Holocene Pluvial period that
followed the YD. Under these conditions, fire, either
as wildfire or induced by human populations, would
have been an effective factor delaying forest recovery.

The Early Holocene Pluvial lasted from before 11
until around 7.8 cal. ky BP. During this period,
precipitation may have been elevated 20—35% above
recent means (Hastenrath and Kutzbach, 1983; Dong
et al., 1996) and a major expansion of African lakes
occurred (Thomas and Thorp, 2003). Many records
indicate a marked drying of climates after ca. 8 cal. ky
BP, corresponding with Greenland ice-core evidence
and the appearance of cool—wet conditions in the N
Atlantic, but the most severe Mid Holocene aridity
occurred after 5 cal. ky BP, reaching its peak around

4.5—-4 cal. ky BP. At this time, hyper-aridity became
established in the Sahara and cool—dry conditions
penetrated the humid tropics (Guo et al., 2000; Gasse,
2000; Lamb et al., 1995). De Menocal et al. (2000)
refer to the ‘African Humid period’, which lasted from
14.8—5.5 cal. ky BP according to their analysis of the
ocean core site 658C off the Mauritanian coast. The 8-
and 4-ka events have been attributed to a weakened
monsoon system (Gasse and Van Campo, 1994). After
3 cal. ky BP, it becomes difficult to distinguish
climatic signals from the impacts of land use at many
sites.

6. The record of off-shore sediments

The analysis of off-shore sediments of major rivers
such as the Amazon, Congo and Niger has provided
some additional evidence. It is known that sediment
influxes to the ocean from tropical rivers increased
rapidly after ca. 11.7 '*C ky BP (15.3 cal. ky BP) and
that changes in the clay mineral content of the sedi-
ments were concomitant. A change from smectites to
kaolinites has been detected in the Niger delta, as
climates became wetter (Pastouret et al., 1978; Zabel
et al., 2001). Broadly similar records exist for the
Congo (Giresse and Lanfranchi, 1984; Giresse et al.,
1982; Jansen and Van Iperen, 1991; Marret et al.,
1999), Nile (Rossignol-Strick et al., 1982) and Ama-
zon (Damuth and Fairbridge, 1970; Damuth, 1977;
Showers and Beavis, 1988).

A widespread grey clay layer has been identified
from ODP cores in the western equatorial Atlantic
(Biscaye, 1965; Showers and Beavis, 1988; Broecker
et al.,, 1993; Hemming et al., 1998). This has been
interpreted as either a product of continental erosion,
or a result of shelf erosion during post-glacial sea
level rise. It has been dated to ca. 16—14 ky '*C BP
(ca. 19—17 cal. ky BP) (Hemming et al., 1998). Close
to the Amazon delta, the sediments were clearly of
Andean provenance, but off NE Brazil the proportion
of kaolinite to chlorite in the fine sediments was
greater, suggesting to the authors erosion from the
deeply weathered Brazilian shield. A more detailed
data set from the ocean sediments off NE Brazil has
recently been interpreted in terms of millennial-scale
climate changes and their impacts on the supply of
terrigenous sediment to the ocean (Arz et al., 1998).
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The authors note a correspondence between in-
creased sediment influx, elevated Ti/Ca and Fe/Ca
ratios, and patterns of Heinrich events and Dans-
gaard—Oeschger cycles or interstades as revealed in
GISP2 ice-core records for the last 85,000 years.
These data were interpreted as showing that millen-
nial-scale warming led to pulses of sediment con-
taining higher amounts of kaolin clays due to
renewed soil formation. Estimated rates of soil
renewal by termites in the tropics range from <10
to >20 cm 10° years (see Thomas, 1994a). This
means that over centuries a few centimetres of
kaolinitic saprolite could be added to the surface,
while some smectites could also be weathered to
kaolinite with loss of Ca in the same period. How-
ever, it is more likely that most of the kaolin has
come from erosion into the saprolite mantle on the
Brazilian plateau during periods of enhanced dis-
charge, as suggested by Hemming et al. (1998).
During the cool, dry stadials, the deposition of
smectite clays may reflect more widespread loss of
surface soil. Since NE Brazil has a dry climate, this
interpretation is easier to justify than the neoforma-
tion of kaolins during periods of rapid warming
lasting 107 years.

7. Coupling of sediment sources and stores

If kaolins had formed during humid phases and
found their way into ocean sediments of similar age,
this would imply a rapid coupling of soil clay
formation, erosion and ocean sedimentation. The term
‘rapid’ here is taken to infer a transfer and linkage
between sediment source and sediment store within
the millennial scale of sub-Milankovitch cycles. In
the North Atlantic, the rapid warming associated with
Dansgaard—Oeschger events is found to occur every
ca. 1500 years (Bond et al., 1993, 1997; Campbell et
al., 1998). According to Arz et al. (1998), these
cycles are accurately reflected in tropical ocean
sedimentation and it is possible that the rhythm itself
is a response to insolation forcing in equatorial
regions (Broecker, 1995; Curry and Oppo, 1997).
Warming episodes within this periodicity appear to
have taken only decades or centuries (Stuiver et al.,
1995; Taylor et al., 1993, 1997), while subsequent
cooling was more gradual. This asymmetry in the

pattern of global climate change must also have
importance in the context of rates of Quaternary
erosion and sedimentation.

When applied to the rapid warming of climate
during the Pleistocene—Holocene transition, the argu-
ment for rapid transfer of sediment to the ocean
encounters a number of problems. These include:

* Climate warming and increased humidity at the
end of the Pleistocene took place, in many areas of
Africa, at least one millennium prior to the change
in sediment fluxes and clay mineral dominance
recorded offshore (see Thomas and Thorp, 1995).

e Large rivers such as the Amazon, Congo, Niger
and Nile have major sediment stores within
extensive floodplains, and all have tectonically
determined basins in their middle courses that
function as sediment sinks.

* In the cases of the Niger and the Nile, the delta
areas had no connection to important headwater
areas for much of the Pleistocene, and were not re-
connected until 2—4 ky after the establishment of
post glacial warming.

¢ Hillslope-channel coupling occurs where there is a
high drainage density and moderate to steep slopes,
conditions that obtain mainly in mountain head-
waters and along escarpment zones or dissected
passive margins of continents.

e In continental interiors long-term (10*~10° years)
storage of fragile colluvium and alluvial fills
implies a lack of coupling between these areas
and coastal sedimentation on the millennial time
scale.

* The major exceptions to this will be tectonically
active systems with direct linkage to the ocean
such as the Ganges—Brahmaputra system (Good-
bred and Kuehl, 2000) and short, steep catchments
in orogenic areas.

e The rapidly rising sea level during the Early
Holocene is likely to have disturbed sediments on
the ocean shelf areas confusing the signals for
sediment movement from continental areas.

However, the evidence presented by Arz et al.
(1998) requires explanation and two factors may
reduce the objections listed above. First, kaolinite
clays derived from saprolite mantles in eroding areas
may bypass the major sediment sinks and accurately
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reflect fluvial discharges. Second, the increased fluvi-
al discharges will have entrained stored sediment in
channels and floodplains. This material probably
contained small amounts of clay, accumulated in
backswamps or developed in the soil cover. However,
these sources are unlikely to have contributed more
than a small proportion of measured fluxes to the
ocean.

As a general observation catchments can be divid-
ed into those within plateau settings and those with
mountain headwaters. Of course many systems are
complex and the distinction is mainly illustrative.

These attributes (Table 1) are deceptively simple,
and clearly rivers that drain from elevated but gently
sloping watersheds will acquire some attributes of
mountain systems when crossing (and dissecting)
escarpment zones. Upper catchments of plateau rivers
will derive mainly fine-grained sediment from sapro-
lite stores and from floodplains, but as the trunk rivers
cross the escarpment zone coarse sediment from
channel scour and from slope failures in rocky gorge
sections will alter the nature of the sediment load.
Downstream sorting will, however, modify this effect
within a few kilometres (Pickup, 1984).

As Bull (1991) has pointed out, most rivers
actively erode their channels in the long term and,
therefore, episodes of major sedimentation require
explanation. Observations indicate that, even in many

Table 1
A comparison between mountain and plateau catchments®

Mountain catchments Plateau catchments

Short, steep catchments;
coastal plain sedimentation

Slope-channel coupling
through mass movement

Long channels, low gradients—
even in headwater zones
Slope-channel coupling mainly
in escarpment zones of
dissection

Many rock barriers and
waterfalls

Extensive basins of weathering
and/or sedimentation
Extensive floodplains with
major sediment storage

( 10* years)

Long delays in sediment
delivery

Rapids but few waterfalls

Sediment storage in intra-
and sub-montane basins
Limited floodplain storage

Otherwise rapid delivery
of sediment to ocean sink

? The category of ‘lowland river’ common within the sedimen-
tary basins of Mesozoic—Cenozoic origin, as found in NW Europe,
is not considered here.

deeply weathered terrains, perennial streams have
excavated bedrock channels (Thomas, 1966). In the
northern Sierra Leone diamond fields, rocky channels
predominate in the headwater drainage within a low
relief zone (50—150 m), but some features indicate
active bedrock weathering below thin residual quartz
sands (Teeuw, 1991; Thomas and Thorp, 1980,
1985). Where rivers flow over a weathered mantle,
this is usually due to alignment along shatter-zones,
very low gradients or ephemeral flow. As noted
above, many rivers traversing crystalline rocks, pass
through a succession of weathered basins and rock
thresholds.

There is some evidence to support the view that
many tropical rivers excavated deep rocky channels as
a result of high discharges during the climate warming
episodes at the during the Pleistocene—Holocene
transition. This also led to some coarse depositional
units in the rivers of West Africa, for example
(Thomas and Thorp, 1980; Thomas et al., 1985; Hall
et al., 1985). In many instances, these channels have
subsequently become infilled with sediment and ex-
perienced frequent, but lesser, cut-and-fill episodes
during the Holocene. In Sierra Leone (8°N lat.),
excavations have revealed coarse sediments of post
15.3 cal. ky BP (12.7 "C ky) age, embedded within
the corestone zone of granite weathering profiles
(Thomas, 1994a). In southern Ghana (6°N lat.), a
buried channel occurs on the Birim River and contains
sediments of comparable age (Thomas and Thorp,
1993). These events tracked the postglacial rise of
nearby Lake Bosumtwi (Talbot and Johannessen,
1992), but preceded by one to two millennia the great
increase in terrigenous muds recorded in offshore
sediments derived from the Nile, Congo and Niger
basins (Rossignol-Strick et al., 1982; Pastouret et al.,
1978; Giresse and Lanfranchi, 1984; Marret et al.,
1999; Talbot et al., 2000; Williams et al., 2000).
Increases in freshwater discharge to the Amazon cone
also began after ca. 16 cal. ky BP and reached a
maximum between 13.5 and 10.2 cal. ky BP accord-
ing to Showers and Beavis (1988). Although the grey
clay layer discussed by Hemming et al. (1998) has
returned older radiocarbon dates (19—17 cal. ky BP),
its origin remains uncertain. These authors also
recorded a minimum of carbonate abundance prior
to 11 '*C ky BP (13 cal. ky BP), which would be in
agreement with other records for freshwater influx.
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8. Rapid climate change and the destabilisation of
sediment stores

Sub-Milankovitch cycles of climate change during
the Late Quaternary have been determined from
analyses of ice-cores and evidence of iceberg surges
in N Atlantic sediments. These have revealed a
millennial-scale oscillation (Heinrich events) and the
periodicity of rapid warming (Dansgaard—Oeschger
events) (Vidal et al., 1997; Bond et al., 1993; Camp-
bell et al., 1998). It has also been suggested that these
events may have been a response to insolation forcing
in tropical regions (Broecker, 1995; Arz et al., 1998;
Curry and Oppo, 1997). Within the millennial scale of
climate oscillation, warming episodes may have had a
duration of centuries or only decades (Stuiver et al.,
1995; Taylor et al., 1993, 1997). Periods of cooling,
however, were more protracted, taking place over 10°
years. The nature of these climate rhythms and the
asymmetry in the pace of change must have had
important impacts on sediment fluxes.

A number of recent studies have drawn attention
to issues surrounding the interpretation of clastic
sediments in NW Europe, arising from high ampli-
tude climate changes during the Quaternary (Fard,
2001; Lewis et al., 2001; Vandenberghe and Maddy,
2001; Veldkamp and Tebbens, 2001). All of these
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have focused on a millennial scale of enquiry as
being appropriate to the nature of fluvial response to
climate change. Vandenberghe and Maddy (2001), for
example, ask whether the Younger Dryas cold period
(ca. 1100 years) in northern Europe lasted long
enough to evoke a fluvial response. The nature of
this discussion is quite different from the construction
of a high-resolution ‘event stratigraphy’ based on
sediment couplets or other evidence for individual
storm events lasting hours or days and analysed
within a spectrum of decadal fluctuations in dis-
charge. Research in fluvial geomorphology that con-
centrates on these shorter timescales, is inevitably
concerned mainly with the impacts of individual
storm events. But the pattern of system behaviour
is seldom fundamentally changed by single extreme
events, providing other parameters remain constant.
On the other hand, if vegetation or land-use changes
take place, shifts in system response to events over a
range of magnitude and frequency may occur (Knox,
1993, 1995). On the scale of Quaternary climate
change, shifts in rainfall patterns have been accom-
panied by vegetation changes. However, regional
vegetation change may lag climate change by 107,
even 10° years, and both the spectrum and the impact
of extreme events may change along this time se-
quence (Figs. 3 and 4).

Sediment yield -
S +200%7?

10 ky

Fig. 3. Schematic diagram to illustrate the delayed (or lagged) response of fluvial systems to climate and vegetation changes, as shown by
sediment yield, and based on the major decline in rainfall over a 10-ky period. Vegetation decline and major changes to sediment yield lag

climate change by up to 1 ky.
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Slope and channel responses

A | Channel responses
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Fig. 4. Schematic diagram to show that extreme events (‘fluctuation’ curve) are likely to have more severe and widespread effects on sediment
production when they follow some period (possibly 10>—10° years) of climate change (‘trend’ curve). Extreme rainfalls indicated by A on the
fluctuation curve cause flooding and channel responses, but at B comparable or lesser events may lead to catchment-wide slope and channel

changes.

Cooling of climate during glacial advance is
characterised in most records as taking place over
10°~10* years and, in the tropics, this cooling is
associated with a reduction in the strength of the
Intertropical Convergence (ITC), weakened mon-
soons and lessened cyclone activity. This scenario
would bring with it reduced annual rainfall totals and
fewer large storms, but may have increased seasonal
contrasts. Records from NE Queensland show that
vegetation cover changed towards sclerophyll wood-
lands and, in many parts of Africa and S America,
open woodlands or forest-savanna mosaics replaced
the rainforests. But these changes must have taken
place very gradually and differentially between sites
in the landscape. Natural and anthropogenic fires
probably became effective in former rainforest areas,
exposing fragile soils to erosion. Increased slope
erosion combined with reduced peak discharges
and the loss of dry season flows would account for
fan building, braided channel systems, and an ab-
sence of sedimentary units according to regional and
local environmental controls.

There is some consensus concerning a major step-
wise warming and recovery of the monsoon in trop-
ical Africa and the Indian Ocean: post 18/17; around
16/15.5 and 11.5/11 cal. ky BP (Gasse, 2000).
Changes to river regimes can be tentatively related
to these events. The Congo may have adopted a
meandering course as ecarly as 18.5 cal. ky BP,
possibly because of an early extension of the rain-
forest from core areas (refugia) within the basin
(Preuss, 1990; Runge, 2001) . But most rivers in the
tropics appear to have responded to rapid climate
change around 15.5 cal. ky BP. Between 6° and
8°N latitude in West Africa major changes took place
after ca. 15.3 cal. ky BP and were reinforced after 13.5
cal. ky BP, when East African lakes also overflowed
into the Nile and Congo headwaters (Thomas and
Thorp, 1995; Talbot et al., 2000; Williams et al.,
2000). The YD intervened before further warming
and increases in rainfall took place after 11.5 cal. ky
BP, initiating the Early Holocene Pluvial.

The sedimentary records of large drainage sys-
tems can be ambiguous, where cores are taken from
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delta deposits. This is due less to the impact of post-
glacial sea-level rise than to the way in which rivers
such as the Niger or Congo integrate the responses
of many hundreds of tributary catchments across
several climatic and ecological zones. A diachronous
recovery of climate following the LGM has been
indicated across latitudinal zones in NW Africa with
the appearance of humid conditions in the Sahel
being delayed by 3 ky, when compared with equa-
torial Africa. There may also be a hemispheric
asymmetry due to the early warming of Antarctica
(18.5 cal. ky).

8.1. Sediment fluxes and rates of denudation

Major sediment fluxes are related to these events,
but for each period it is necessary to specify the
sediment sinks, if not also the sediment sources (on
which we lack data). An illustration of this is the
response of rivers draining the Atherton Tableland
towards the Coral Sea in NE Queensland, Australia.
Climate here deteriorated sharply after 79 ka and
again post 38 ka, Varieties of vine forest survived
until 27/26 ky BP (Kershaw, 1976, 1978, 1992; Moss
and Kershaw, 2000), when sclerophyll woodland
began to dominate the vegetation. Estimates of the
reduction of rainfall reach 64% at the time of the
LGM. A series of alluvial fans dominates the coastal
plain, characterising the main rivers as well as the
short streams draining the escarpment. TL and AMS
dating of these sediments has shown (Nott et al.,
2001; Thomas et al., 2001) that fan deposition began
some time before ca. 26 ka TL and continued until ca.
15—14 ka TL, when incision of the fans by the present
linear drainage system took place. Thus, the sediment
flux that characterised the 10—12 ky of dry climates
led to a marked accumulation along the scarpfoot
zone. An important aspect of this sedimentation is
the contribution from weathered hillslopes. Fine-
grained colluvium extends from the hillfoot zone all
along the escarpment with thicker and coarse deposits
marking the exits of small streams.

This makes it possible to estimate the rate of
erosion. If the sediments in fans derived from local
drainage form a wedge, thinning from 10 m to 0 over
a distance of 1 km, and they derive sediment from a
500-m scarp face, then 10 m of sediment has been lost

from the escarpment in 10 ky, at a rate of 1 m ky ™ '.

This estimate is obviously very crude and makes no
allowance for the seaward projection of fan sediments,
or loss of fines to former lower areas. By comparison
steep catchments in Switzerland (Ahnert, 1998, Table
3.1) with mean slopes of ca. 24°, return contemporary
rates of denudation of 0.42/43 mm years '. Using
Ahnert’s (1998) equation relating slope angle to
denudation rate (d=0.967sinz — 0.007 m/1000 years)
indicates that these catchments should erode at a rate
of 0.42 m ky ™~ '. However, these figures are based on
temperate comparisons in high relief areas and could
be misleading. Short-term (1963—1965) catchment
studies were undertaken in the Cairns area by Douglas
(1973), who obtained a range of figures for total
sediment yield from small E flowing catchments of
10—44 (270) m? km~ 2 years~ '. Mountainous regions
in the humid tropics can produce <500 to >2000 m’
km~ % years™ ! of sediment (see Douglas and Spencer,
1985). This is equivalent to a rate of groundsurface
lowering of 0.5-2.0 m ky~ '. However, this ignores
the sediment delivery ratio, which expresses the
percentage of sediment reaching the catchment outlet.
This was calculated for NE Queensland by Neil and
Yu (1996) as 0.19, but is probably higher for many
scarpface streams. These authors also indicate the
total sediment yield in this area as 51 t km ™~ > years™ .
The specific gravity of the sediments may approach
the rock average figure of 2.7 in the steep catchments,
but will be much lower where sediment is derived
from regolith stores (<2.0). Using all these figures
gives a denudation rate of 0.1 m ky ' (£ 15%),
which is one order of magnitude less than calcu-
lations of the late glacial rate for fan accumulation.
For comparison, a figure of 1.5 m ky ' was derived
from the 11.2-9 cal. ky BP aggradation cycle in
the Piracema valley in the Bananal basin (Brazil)
(Coelho-Netto, 1997).

Methodological problems make direct comparisons
between these figures dangerous, but it is possible to
conclude that the rates of erosion represented by the
alluvial fans were far higher than known rates of
denudation under present-day conditions of extensive
forest cover. Furthermore, estimated rates of scarp
retreat over geological rime periods tend to produce
figures from ca. 10-25 m my ' (Nott et al., 1996),
which is two orders of magnitude less than short-term
rates or estimates of Late Quaternary sediment flux.
The widespread apron of colluvium found along the
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scarpfoot zone also makes it difficult to argue that the
stream sediments are derived mainly from channel
erosion and, therefore, record valley deepening rather
than slope erosion.

Initial warming and recovery of the ‘postglacial’
climates would have preceded the recovery of the
forest vegetation by several millennia, possibly in-
creasing the sediment yields further for a significant
period. In many areas, there is evidence for channel
cutting early in this phase. In West Africa, coarse
gravels were deposited in newly excavated bedrock
channels after 13.5 cal. ky BP (Thomas, 1994a;
Thomas and Thorp, 1995; Thorp and Thomas,
1992), while in NE Queensland the alluvial fans were
trenched post 14.5 ky TL. In records worldwide, too
numerous to detail, Holocene floodplains are incised
below ‘late glacial’ terraces, and a switch from
braided to meandering streams also took place in
the Early Holocene. Major sediment fluxes associated
with the Early Holocene have been recognised at
many different scales: in small headwater streams in
Sierra Leone (Thomas and Thorp, 1980), in tropical
rivers with significant floodplains (Adamson et al.,
1980; Hall et al., 1985; Van der Hammen et al.,
1992), and in the deltas and off-shore fans of the
Amazon, Ganges—Brahmaputra, Congo, Niger and
Nile as discussed above.

Several aspects of temporal change appear to
determine these outcomes. These include:

e long-term (10" years), step-wise changes in climate
such as that culminating with the cool-arid
conditions of the LGM.

¢ the periodicity of climate change on a millennial
(10% years) scale, recorded as Heinrich and DO
events, interpreted as Bond cycles of ca. 1500
years duration.

e the amplitude of these changes and whether they
led to major changes to vegetation cover.

e the impact of century (10° years) scale, rapid
warming phases.

e the rate of change over decades (10" years).

¢ the magnitude and frequency of individual events
(10°-10" " years) occurring within longer-term
changes.

The role of extreme events in remodelling the
landscape depends on four further factors: (a) their

magnitude or intensity, (b) their recurrence intervals,
(c) where they occur on the curve of climate and
vegetation change and (d) the time required to restore
system equilibria (relaxation time) (Fig. 4). The last
of these is the most problematic, because previous
equilibria may never be restored and new equilibria
may be sensitive to lesser, and more frequent, events
in the future, or may resist change over long time
periods.

The impact of rising sea level on sediment sinks
has been clearly demonstrated for the Ganges—Brah-
maputra systems (Goodbred and Kuehl, 2000), and
there is evidence that Holocene sediment supplied to
the Coral Sea in NE Queensland has accumulated
behind the Great Barrier Reef (Heap et al., 2001a,b).
The effect of rising sea level on shelf deposits was
probably highly variable, according to the wave
energies experienced. Hemming et al. (1998) have
discussed this as a possible explanation for the redis-
tribution of ocean clays off the Atlantic coast of NE
Brazil. However, in semi-enclosed seas such as the
Sunda Sea between Borneo and Sumatra, a suite of
undated sediments that contain important cassiterite
placer deposits appear to record the complex history
of sea level change without evidence for major
episodes of marine erosion (Aleva et al., 1973; Aleva,
1985).

9. Conclusions

Late Quaternary climates in the tropics were sub-
ject to prolonged cooling leading towards the LGM,
but also experienced the rapid changes in temperature
and rainfall seen in high latitudes as Heinrich and
Dansgaard—Oeschger events, which may in turn have
had their origins in the tropical ‘moisture pump’
(Broecker, 1995; Arz et al., 1998). The vegetation
changes brought in train with these climatic oscilla-
tions were probably critical to any explanation of the
climatic impacts on erosion and sedimentation pat-
terns during this period.

Humid tropical areas are characterised by an ex-
tensive mantle of saprolite that extends well beyond
the confines of both the tropics and of the humid zone,
as a consequence of both climatic changes over
geological eras and of prolonged weathering in tem-
perate zones. This mantle represents a vast store of
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material available to erosion and sedimentation pro-
cesses and strongly influences sediment properties
and distribution. In humid areas, rates of chemical
weathering are sufficient to renew weathered material
on slopes within Quaternary time, thus further influ-
encing the sediment fluxes from these areas (Benedetti
et al., 1994; Thomas, 1994b; Thomas et al., 1999).

Although ocean sediment signals document many
of the climate changes during this period, and rivers
delivered greatly increased sediment loads to the
ocean, rising seal levels contributed decisively to
deltaic accumulation. Moreover, the most spectacular
examples of these sediment fluxes come from systems
with major mountain catchment areas or, as in East
Africa, where major lakes overflowed into headwater
areas. Over tectonically quiescent terrain, represented
by the Gondwanaland fragments, much of the sedi-
ment flux comes from plateau areas (Table 1) and
such areas are characterised by long-term (10%*—10°,
even 107 years) sediment storage. Subsiding foreland
and intra-cratonic basins account for much of this
storage on major river systems such as the Amazon
and Nile, but the local patterns of sediment accumu-
lation are also significant.

Sediment transferred from erosional catchments
and from hillslopes, to piedmont fans and as collu-
vium characterises escarpments and residual hills. In
the wet tropics, increased seasonality of discharges
combined with reduced plant cover led to the wide-
spread development of braided channel systems and
alluvial fans around the LGM. In the drier tropics
(savannas), by contrast, lower rainfalls probably led
to reduced rates of sediment transfer, and increases
in sediment flux may have occurred during periods
of rapid warming and precipitation increase. The
elevation of Early Holocene rainfalls, perhaps by
25% above present day averages, represented an
increase in precipitation of 50% to >80% from the
LGM minima in many areas. Large floods resulted
from lake overflows into some major African rivers.
Elsewhere, both erosional scour and deposition of
coarse sediment are recorded, for example, from
rivers in W Africa after 15 cal. ky BP (Hall et al.,
1985; Thomas et al., 1985). This presumably
reflected intensified storm activity associated along
the ITCZ. These changes were sufficient to desta-
bilise many landscapes across the tropics and led to
reorganisation of fluvial systems, from fan building

to incision and, after several millennia, from braid-
plains to single-thread meandering channel systems
in the Early—Mid Holocene. This transition was
almost certainly mediated by recovery of the rain-
forest after ~ 10.5 cal. ky BP and by the stabilisa-
tion of post-glacial rainfall patterns.

The sensitivity of the landscape to change is
influenced by these rates of change as well as by
their periodicity and amplitude. Individual, extreme
events are superimposed on these changes, and their
impacts may well depend on when they occur on
longer timescales of change that bring about altered
plant cover (Thomas, 2003). Vegetation recovery from
aridity may be delayed by many factors, and in the
postglacial period by instability in the climate itself.
This included the Younger Dryas, which was cool and
dry for 1 ky, and appears to have delayed the
regeneration of the rainforest. Delay may have been
caused by many other factors including the absence of
soil organic matter, depletion of ground water stores,
frequent fires (quite possibly anthropogenic) and a
slow rate of seed dispersal and migration from Pleis-
tocene ‘refugia’.

The Late Quaternary sedimentary record in the
tropics and near-tropics, therefore, reflects the influ-
ence of saprolite sources, continued weathering, multi-
scaled climate oscillations, and sea level changes. In
addition, the complexity of response by major river
systems, such as the Amazon, Congo, Niger and Nile,
to these factors inevitably complicates ocean sediment
signals based on interpretation of terrigenous sediment
fluxes.
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