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ABSTRACT

During the LGM, important river erosion and slope wash affected the Butare
plateau, Rwanda. But the typical convex hill form, still preserved today,
results from widespread creep and slow earth flow processes, active between
only + 15 000 and + 5 000 years ago. Compared to the dry conditions of
the LGM, the annual precipitation became more evenly distributed over the
year. Evapotranspiration rates were lower than today and a savanna-like
natural vegetation can be inferred. This period spans the post-LGM lake
extensions in East and West Africa and the Holocene climatic optimum.
About 5 000 years ago, the water table in the hills lowers and the slopes
stabilize. Peat growth occurs around 3 000 BP and at 1 865 BP. After this
date, erosion starts with tree exploitation for iron melting and culminates
in the anthropogenic desertification-like landscape degradation, observed
today.

INTRODUCTION

The Butare-Ngozi plateau in Southern Rwanda and Northern Burundi forms
a succession of convex hills whose summits merge into an imaginary
‘Gipfelflur’ at = 1750 m asl. The annual precipitation varies between 1 000
and 1 400 mm and is distributed over the months February-May and
September-December. About 40% of the total precipitation falls during March,
April and May (Prioul and Sirven, 1981). The geological substrate of the
plateau (Fig. 1) contains shales and phyllites, seated in the roof of a granite
batholith, but sound rock outcrops are rare. In most cases, the laterised or
deeply weathered shales and phyllites are overlain by a mantle of red earths,
several meters to tens of meters thick. Hills, covered by this red clayey mantle,
are convex in form with flat summits and steeply ending sides (Plate 1). In
the case of phyllite outcrops, the red earths are often well developed in
hillslope valleys. From there, the red-earth bodies bulge out in the flat and
wide valley bottoms between the hills (Plate 2), their nose displaying the
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same convex form as hillsides which are completely covered by this material.

Also wide and thick lobes of red earths often extend from topographic

hillslope hollows far into the valley (Plate 3). The red earths show no visible

stratification, contain sometimes coarse, mostly quartzite debris, variable in

size and form. Their clay content (< 2 pm) varies between 15 and 24%. They

are clearly separated from the weathered but in situ phyllite rock by an often

thick sand-gravel debris layer with a clay content often above 30%. Because
of this stratigraphical separation from the weathered substrate, the red-earth

mantle is considered as displaced material.

The intact and smooth convex hill form, as illustrated above, is rather
rare. In most cases the convex hilislopes obviously appear to be in a state
of disequilibrium with the ongoing geomorphological processes. An erosion
survey in southern Rwanda (Moeyersons, 1989a) revealed the occurrence
of a very large array of erosion processes, including hill-slope and valley
gullying (Moeyersons, 1991), interrill- and rill erosion (Moeyersons, 1983;
1990) and several forms of rapid mass wasting (Moeyersons, 1989-1990).
Without any exception, these processes tend to dissect and fragment in a
number of ways the preexisting smooth convex hill topography. The erosion
survey also amply demonstrates land use by man to be the ultimate cause
of this geomorphic activity. _
~ The question arises whether geomorphological process could have led
to the development of the convex hill form in former times. A process-based
explanation of hill-form evolution in southern Rwanda and its

palacoenvironmental significance in late Pleistocene and Holocene times
is discussed.

EVIDENCE FOR CREEP AND SLOW FLOW AS PRINCIPAL
MORPHOLOGIC AGENTS IN THE RECENT GEOLOGICAL PAST

The non-erosive nature of the convex hill shoulders in Southern Rwanda

Convex landforms in the unconsolidated red earths of the study area might
be explained in two ways. They could be erosion features, resulting from
increasing river incision, by analogy with the waxing development theory
(Penck, 1924). Another possibility is that long-term soil creep and related
slow flow give rise to convex slopes or slope segments (Schumm, 1956;
Hurault, 1971; Tschierske, 1979).

Several geological sections in the study area clearly show that the convex -
hill shoulder on red earths continues below the ground surface. One section
at the southwestern foot of Rwaza Hill (Fig. 2 and Plate 4) 1s discussed here.
The underground part of the convex hill shoulder is visible. Against the nose
of the convexity a succession of five complex layers is deposited. It comprises
the upper silt complex, the upper peat layer, the middle silt complex, the
lower peat layer and the lower silt complex. These deposits fill a former
Kadahokwa channel. Further downstream in the valley, the upper peat layer
has been dated at 1865 * 80 BP (Roche, 1988). On the base of the findings
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of peat deposits in the Akanyaru basin (Roche, 1988), to which the
Kadohokwa belongs, the lower peat layer in the Kadohokwa channel would
be about 3 000 years old and the channel might have started to fill up at
about 5 000 BP.

The contact between the channel and the convex nose is not erosive at
all. Most of the layers in the edge of the channel are slightly bent, as if
they were smoothly deposited on the steep convex edge of Rwaza Hill. The
non-erosive contact between the red-earth lobe and channel calls for a non-
erosive explanation of the convex hill form.

The long-term morphological effects of creep as deduced from field
measurements

One geomorphological process, not mentioned in the introduction because
it differs in so many aspects from the other processes active today, is soil
creep (Griggs, 1936). The occurrence of soil creep in southern Rwanda has
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Figure 1. Lithological map of Rwanda (Ministére des ressources naturelles, Rwanda,
1981), showing the phyllites and shales in the Butare region. 1: granites; 2: sandstones,
quartzites, schists; 3: granitic rocks with inclusions of shales and phyllites; 4 schists
and quartzitic micaschists; 5: volcanic rocks; A: marshlands; B: surface waters.
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Figure 2. Section at the foot of Rwaza Hill. Stratigraphical explanation of Plate 4 (for
location see Fig. 3).

been exhaustively proved by a high number of measurements using different
measurement techniques (Moeyersons, 1988; 1989b), applied at Rwaza Hill
(see Fig. 3). The red-earth mantle body creeps downslope in a hillslope valley
which is actively undercut by the Kadahokwa river. The combined Young-
pit (Young, 1960) and iron stake measurements show that the bigger part
of the creep movement takes place in the clayey gravel layer, separating
the base of the red earths from the top of the phyllites at 3 m depth. Big
Eucalyptus trees have been shown to undergo this deep seated creep
movement. The secondary creep movements, occurring close to the surface
of this red-earth ‘flow’ have been described elsewhere (Moeyersons, 1988).

The study shows that the morphological effect of long-term creep compares
with the horizontal stretching and vertical compression of the upper half
of a flat-lying ellipsoid of constant size, representing a cross section through
an imaginary hill. Long-term creep, therefore, implies a gradual morphological
change of the hills by flattening and lowering of the hilltop, the slope toes
diverging away from the hill centre, creeping over the valley and showing
increasingly convex bulging during the process (Moeyersons, 1989a). In
the case of hillslope valleys, the creep behavior of the red-earth body is
comparable with the one of a glacier. Finally, it is assumed that differential
deep seated creep movements contribute to the formation of wide ‘lobes’,
protruding from wide and diffuse hillslope depressions and even to the
formation of biconvex hills when the phyllites are present at small depth
below the hilltop. The idea that deep seated creep (Hurault, 1971) and/or
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slow ‘flow’ (Tschierske, 1979) might explain the convex or multiconvex
form of hills is not new but the data from Rwaza are the first field
measurements to confirm the former theoretical considerations.

The major conclusion of the creep measurements in southern Rwanda is
that creep, active between 2 and more than 4 m deep in the thick red-earth
mantle, has a geomorphological effect, opposite to all the other processes,
active today in the region: it does not lead to destruction but to the further
moulding and development of the preexisting convex landforms.

Stratigraphical evidence for the former occurrence of wide-spread creep

Ample and convincing stratigraphical evidence supports, directly or indirectly,
the idea that creep and slow flow were very active in the geological past.
1. First of all, there is the stratigraphical evidence, already mentioned above:
the mantle of red earths covers the greater part of the hill from where it
originates but it also overlays fossil river beds often present near the base
of the hill side. Moreover, the convex border of the mantel, the so-called
convex hill shoulder, seems not to be an erosional feature. Such a situation
1s difficult to explain unless the red-earth mantle underwent deformation by
deep-seated creep or slow flow, giving rise to thick earth lobes, slowly
invading the valley.

Red earths from the hillsides did indeed invade the valleys as they often
rest on old fluvial deposits or on old laterite soils. Cases have been described
where the underlying fossil lateritic soils have been pushed and deformed
in their upper part by the creep movement of the red-earth glacier-like body
over it (Moeyersons, 1989a). In the case of the section at the foot of Rwaza
Hill (Fig. 2; Plate 4), the red-earth body covers an older valley floor slightly
incised by a gravel riverbed with a high terrace, visible (Plate 4), and a low
terrace, hidden below the Holocene riverbed. The red color of the creep lobe
contrasts with the light brown color of the fossil valley bottom and related
gravel riverbed. However, the latter does not show any disruptions or
deformations that might be related to the installation of the creep lobe above
it. This case illustrates that a creep lobe does not always provoke mechanical
destruction and erosion of the surface over which it moves. It is thought
that the creep lobe toe not necessarily slid over its substrate. It rather might
have rolled over it in a caterpillar-track fashion, much like solifluction lobes
are known to progress (Elliot, 1996).

2. Other stratigraphical evidence of creep of the red-earth mantle over the
~ weathered substrate is generally to be found in the gravelly-clayey transition
layer between the two lithologies in midslope position. Many of the coarse
debris inclusions have their long axes parallel to the slope lines and also to
the upper and lower boundary of the transition layer. Furthermore, the fines,
including quartz sands and micas, often show a pseudostratigraphy, due to
a comparable orientation. Such orientation characterizes creep-like and

solifluction-like deformation (Glen, Donner and West, 1957; Harris and Ellis,
1980).
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3. The occurrence of the stone-line-like clayey transition layer between the
red earths and the very weathered substrate might be an argument in favor
of creep movements. The origin of the thick red-earth mantles, sometimes
showing an important humic illuviation horizon on top, remains a matter of
speculation. But the weathered substrate below the transition layer is in many
places very similar in macromorphological appearance and variegated
coloration to the vesicular laterite which covers the African Surface (Maud,
1965). Subsequent weathering gave rise to the transformation of this ‘laterite’
into a thick humic ferallitic soil (Maud, 1965; Partridge and Maud, 1987),
having most of the macromorphological and coloration characteristics in
common with the mantle of red earths from the study area. It is hypothesized
that these red earths started to creep over the clear hydraulic discontinuity
between their base and the unweathered “African” laterite underneath. The
stone-line-like gravelly-clayey transition layer below the creeping mantles
has been developed by squeezing out of the coarse debris (Pierson, 1980;
Takalashi, 1981; Nieuwenhuijzen and Van Steijn, 1990; Bertran and Texier,
1994) and by other mechanisms of subsurface stone concentration in creeping
grounds (Moeyersons, 1989c¢). Unlike other stone-lines in the region (Peyrot,
1983), the gravelly-clayey transition layer below the red-earth mantle never
contains stone-artifacts, suggesting it never formed a surficial lag deposit.

Morphological evidence for the former occurrence of wide-spread creep
and slow flow

Creeping earth-flows also occur today in many places in the world. The
characteristic bulging at their toe and their potential to dam rivers and lakes
have been abundantly described (Crozier, 1984).

The morphographic map of part of the Butare plateau (Fig. 3), made on
the base of aerial photographs and entirely checked in the field, shows the
hillside convexities, creep tongues and lobes as the major constituents of
the hilly topography in the area. The map shows several places of former
valley blocking or valley narrowing and the general mono- or biconvex
character of the hillslopes.

This map and the justifying geological sections in the field have been
discussed elsewhere (Moeyersons, 1989a) and show overwhelming evidence
for a topography still having preserved the characteristics of a landscape
deeply affected in recent geologic times by very wide-spread creep and slow
flow.
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LANDSCAPE DYNAMICS IN LATE PLEISTOCENE AND
HOLOCENE TIMES

Soil mechanical conditions for creep and their palaeoenvironmental
significance

Deep-seated creep in the study area has been measured on slopes, actively
eroded at their toe by a river. This is a classical case of slope destabilization
(Zaruba and Mencl, 1969). The section at the foot of Rwaza Hill (Fig. 2;
Plate 4) and several other sections in the study area show that the pre-creep
valleys between the hills were wider than today. Valley widening by braided
river systems and related slope pedimentation (Rohdenburg, 1969) are
considered as active in Rwanda during that time (Peyrot, 1983). Today, local
lateral river erosion is sufficient to reactivate creep above undercut slopes.
Therefore, the general valley widening during the pre-creep period, related
to the fossil braided river beds below the edge of the red-earth mantle, would
have resulted in massive mass wasting, if the soil mechanical conditions
during that time and today were similar. But the complete absence of
stratigraphical or morphological indications for such activity is an indication
that the gravelly-clayey transition layer was more stable than today, what
implies a much lower water table than today.

On the other hand, the subsequent period of creep seems to be characterized
by much wetter soil conditions. Mono-axial tests on soil samples from the
basal layer between the red earths and the substrate show that plastic flow
can affect slopes of less than 23° (Moeyersons, 1989a). However, increasing
thickness of the overlying red earths and their increasing water content can
lead to a drastic reduction of this angle to below 12°. Creep of the red-earth
mantles in southern Rwanda, if not destabilized at their toe, necessitates a
much higher long-term red-earth water content than today.

It is also interesting to note that diffuse erosion at the surface, as well as
deep hillslope gullying are creep stabilizing factors. The first might reduce
thickness and weight of the overburden of the transitional gravelly-clayey
layer. The latter contributes to the permanent lowering of high water tables.

The landscape dynamics prior to the period of creep and slow-flow mass
wasting

Section Fig. 2 and other sections (Moeyersons, 1989a) show:

- the valleys were wider than today, in some places only a few meters, in
other places apparently by tens of meters.

- the valleys were occupied by rivers with important gravel bedload. Flood
and minor beds seem to have been present. Such river bed morphology is
in strong contrast with the peat bearing river channels of Holocene times.
The channel form and load indicate an environment with very contrasting
seasonal, or even irregular, precipitation patterns (Reid and Frostick, 1989),
environments considerably drier than the one in southern Rwanda today.
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Figure 3. Morphological map of part of the study area near Butare. For location see
Fig. 1. D: manifest valley damming; N: manifest valley narrowing.
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Plate 1. Intact convex hill shoulder, Rwaza Hill (see Fig. 3). In the viéinity of the inci-
sion of the Guharura river, the shoulder is creeping further in the valley at a rate of 0.5
cm a year (Moeyersons, 1989a).

‘Plate 2. Perched hillslope valley, ending with a marked nose or toe, reflecting the former
glacier-like advancement of the red-earth body in the valley in front. Sholi (see Fig. 3).



Plate 4. Section at Rwaza, showing the continuation of the convex hill shoulder below
the surface. The late Holocene peat-bearing Kadohokwa channel leans against the lobe.
The whole rests on a former gravel riverbed. The actual arroyo-like incision of the
Kadohokwa is visible on the right part of the picture (for location see Fig. 3; further
explanation in Fig. 2).



- the rounded river gravels are mainly composed of quartz and quartzite,
the least alterable materials, found in the Kadohokwa basin. This material
might be a lag deposit, liberated from the fine-earth weathering product of
the phyllites, which would indicate strong water erosion on slopes.

If at that time, the water table would have been at the level of today,
mass wasting should probably have resulted in a complete loss of the red-
earth mantle. Its preservation until today argues in favour of dry, arid
conditions during the pre-creep period.

Creeping earth-flows and valley damming

The drier conditions with a very low water table and important water erosion
have been followed by a marked change in landscape dynamics. The pre-
existing thick mantles of red earths started to creep or to flow slowly from
the hills. The flat valley bottoms, probably still widening during the former
period, are now invaded by creep lobes and the toes of slow flows. Examples
of narrow river sections, apparently old broken barriers, occur at several places
in the study area. It has been calculated (Moeyersons, 1989a) that the blocking
of a 100 m wide valley by creep and slow flow should take several thousands
of years. Rivers apparently did not tend anymore to erode laterally. The
resultant topography, shown in Fig. 3, might bridge a time span of the order
of ten thousand years. On the other hand, as argued above, the period of
creep was characterized by higher soil water contents than today, the red
earths being saturated over a considerable part of their thickness. Important
hydraulic slope erosion can be ruled out during that time because the
developing convexities would have quickly incised and fragmented.

Such a situation is incompatible with the water balance and slope hydrology
of today. In the nearby Burundian Karuzi basin (Bodeux, 1972), more than
83% of the annual precipitation of 1175 mm evapotranspirates. This gives
rise to annual water shortages during the dry season. Runoff, estimated at
about 4% of the annual precipitation, causes appreciable hydraulic erosion.
The period of creeping earth-flows experienced, therefore, an infiltration
rate approaching 100%, a source hydrograph fed by deeply percolating waters,
showing only low variation over the year, and very restricted source erosion.
Assuming annual precipitation to be of the same order as today, a natural
vegetation cover, able to prevent runoff, but keeping evapotranspiration
percentages lower than measured today, has to be postulated. Not much about
the environment and vegetation of that time can be deduced from these few
elements. But as a general rule, evapotranspiration losses in similar climatic
and soil conditions are higher in forests than in grasslands (Larcher, 1995)
and a more savanna-like vegetation instead of forest-like vegetation is likely.
Pollen and peat analysis (Roche, 1988) confirm, indeed, that the central
plateau in South Rwanda saw since the end of the arid LGM about 15 000
years ago, the development of grass savanna vegetation, became increasingly
forested during Holocene times before 5 000 BP.
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The Holocene natural environment and growing human impact since
5 000 years ago

The deposition of peat bearing channel layers started, as mentioned before,
maybe + 5 000 BP. The stabilization of the creep lobes points to a lowering
of the water table in the red earths. The non-erosive character of river flow
is attested by the contact between creep lobes and channels. Three periods
of silt deposition alternate with two mayor periods of peat development. The
latter point to clear water and negligible erosion on the hills. On the other
hand, silt deposition in an otherwise not eroding river channel might indicate
incomplete vegetation cover in the catchment and hydraulic slope erosion.
It has been well established (Van Grunderbeek, Doutrelepont and Roche,
1984) that the base of the upper silts above the + 1 865 years old peat layer
corresponds with intense use of wood for iron melting and associated forest
clearing. Future research might shed some more light on the origin of the
other late-Holocene silts. Since the period of iron melting, the landscape is
believed to have been under slow, but increasing human pressure, by the
introduction of agro-pastoral activities at + 2 000 BP (Roche, 1996).
Deforestation is known to lead to a runoff increase and infiltration reduction,
high enough to decimate source discharge (Geomines-Somirwa, 1981). A
study of actual erosion processes (Moeyersons, 1989a) illustrates the direct
and side-effects of man induced runoff in the region of Butare. Today runoff
is so important that gully- and arroyo-like (Leopold, Wolman and Miller
1964) stream incisions develop. The Kadohokwa (Plate 4), makes no
exception.

REGIONAL CONTEXT

There are some marked similarities in the environmental evolution of the
Butare plateau and the palaco-climatic data derived from Kivu and Tanganyika
lakes some 200 km to the West. Haberyan and Hecky (1987) show that both
lakes experienced late Pleistocene low stands around 15 000 BP. However,
the subsequent rise in water level took several millennia before culminating
at 9 400 BP with the overflow of Lake Kivu into Lake Tanganyika. The
situation has been disturbed by volcanism and hydrothermal activity in Kivu
around 5 000 years ago. More recent research on the water-level fluctuations
of Lake Tanganyika (Gasse et al., 1989) shows that the re-establishment of
a positive water balance occurred during the first step of deglaciation, but
that the level rise shows irregularities at 13 000 and 10 600 BP. Another
study (Vincens et al., 1993) shows that postglacial wet climatic conditions
were established by 12 700 BP, temperature and wetness further increasing
from this date onward. It appears that the water level fluctuations of Lake
Tanganyika, being in phase with oceanic changes during the last glaciation
and deglaciation (Gasse et al., 1989), resemble the evolution of many other
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East-African lakes. The general lake level rise and the period of maintenance
of these high lake levels in the Western (Haberyan and Hecky, 1987) and
Eastern (Butzer, Isaac, Richardson and Washbourn-Kamau, 1972) Rift appear
to coincide with the rise and maintenance of high water tables in the red
earths on the Butare Plateau.

The gradually drier conditions since about 5 000 BP are well documented
in a broad belt of Africa between 4°S and 33°N (Goudie, 1996) and even
beyond (Moeyersons, et al. 1999). The nature of this environmental change
is more and more questioned in the light of the debate concerning the
anthropogenic factors in environmental degradation in prehistoric times. In
the case of Rwanda, the latest Holocene erosion phase started around 1 700
BP with wood exploitation for iron melting. The two other erosion periods,
represented by the silts below the peat layers of respectively + 3 000 BP
and + 1 800 BP, are, however, not documented. Taking into account the
presence of lithic archaeological material (Nenquin, 1967), human impact
on the Holocene environment can not be ruled out a priori, because of the

difficulty of separating natural from human factors governing slope erosion
(Goudie, 1981).

CONCLUSIONS

1. Before 15 000 BP, including the LGM at 18 000 BP, the Butare Plateau
in southern Rwanda underwent slope and river erosion, resulting in con-
siderable valley widening. The water tables were appreciably lower than
today.

2. The post-LGM period, with the general rise of lake levels in eastern Africa
and western Africa, was characterized in southern Rwanda by a considerable
rise of the water tables, very reduced hydraulic slope and river erosion, and
probably reduced evapotranspiration compared to today. Thick pre-existing
red-earth mantles, covering most hills, started creeping and flowing. Many
lobes eventually dammed the valleys. This situation started some 15 000 BP
and continued during the climatic optimum of the Holocene, to end around
5 000 BP.

3. About 5 000 BP, mass wasting ends as a result of water-table lowering.
Peat growth around 3 000 and 1 850 BP indicates stable environments with
a complete protective vegetation cover. These two periods of peat growth
intercalate between 3 silt layers, indicating some slope erosion as a result
of openings in the protective vegetation mantle. At least the upper silt layer,
at its base less than + 1 800 BP, results from human activities (Roche, 1996).
No evidence is forwarded that the silt layers below the 3 000 and 1 850 BP
peats would result from anthropogenic erosion.
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