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Abstract

Various stages of tropical weathering are described using a number of examples of red soil
formation derived from rift basalts in Burundi and laterite bauxites from plateau basalts of
South Vietnam. The phenomena of decomposition of primary minerals are comparable in the
two regions. Fine-grained montmorillonites, kaolinites, halloysites and hematite were formed
during an initial stage of weathering. The two generations of kaolinites, goethites and gibbsites
are the main products of a more intense stage of weathering. The gradients of chemical
activities in the micro-environment (surfaces of grains, pores, microfissures) seem to be the
controlling factors of weathering.

1. Introduction

The weathering of basalts in the tropics is one of the exogenic alteration
processes of rocks of the highest intensity. The study of the weathering of rift
basalts in Burundi and laterite bauxites from plateau basalts in South Vietnam
helps explain the processes of disintegration of the parent minerals and the
formation of new minerals. There are no genetic relationships between the two
arcas. However both basalts are products of a younger volcanism and lie in
regions with a recent tectonic uplift. In both these cases of tropical weathering the
profiles have been described as well zoned groundwater laterites (according to
Valeton, 1967).

The examples presented give evidence of various stages of this process of
weathering. We have tried to illustrate the progress of tropical weathering from the
initial disintegration of basalts to the final formation of laterite bauxite by comparing
the data of these two examples.

Four profiles with altogether 22 samples from Burundi taken by one of the authors
and three profiles with altogether 23 samples received from colleagues from Vietnam
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have been investigated by X-ray analysis, polarising microscopy, and scanning and
transmission electron microscopy.

2. Geological situation

The Tertiary rift basalts of the Rusizi Plain in Northern Burundi (Fig. 1) are rocks
formed by the volcanism of the western part of the East African Rift System
(Miocene—Pliocene). The youngest rift-tectonics are characterized by a strong uplift
of the rift shoulders. The effusion of volcanic rocks in the western rift was connected
with a raising of the bottom of the graben (Lange, 1986).

These basalts belong to the South Kivu Volcanic Area. The basalt sheets with
thicknesses of about 60 m, consist of six flows of a chemical and mineralogical
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Fig. 1. Sketch map of the North-Burundi geology (simplified according to Radelescu, 1981).
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composition varying from alkali olivin basalt to tholeiite (Tack and Paepe, 1983).
There are tuffitic horizons between the basalt sheets. The weathering products of the
basaltic rocks in Burundi are montmorillonitic—kaolinitic red soils and red—black
soils with thicknesses of one to three meters.

The laterite bauxites from South Vietnam investigated are weathering products of
plateau basalts (Pliocene—Pleistocene) (Tran Quang Tinh and Nguyen Thi Mui, 1986)
of the M’Nong Plateau situated at the borderline to Cambodia. The profiles are
exposed along the National Road No 14 from Ho Chi Minh City to Buong Me
Thuot across the M’Nong Plateau (Fig. 2). The flood basalts consist of tholetites,
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Fig. 2. Basalt plateaus and bauxitic weathering crust in South Vietnam (according to Do Tuyet, 1986).
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andesite basalts and pyroxene basalts. The basalts of this area are dark gray to black
and massive with an ophitic or amygdaloidal texture. There are great differences in
composition and texture between the basalt effusions (Mikhailov et al., 1981). Since
Lacroix (1933) it has been known that two types of basalt occur in Vietnam - a
younger basalt (Q,—H) and an older basalt (N,—Q,). The bauxites were formed only
on the older basalt. The basalt plateaus have risen due to a neotectonic activity (uplift)
since the Miocene (Do Tuyet, 1986). The M’Nong Plateau is characterized by a higher
central bauxitic level and a lower marginal lateritic level (Luzin et al., 1985; Do Tuyet,
1986). The formation of bauxite is influenced by the tectonic uplift of the basalt
plateaus (Bardossy and Aleva, 1990, p. 420).

3. Phenomena of weathering
3.1. Chemical conditions

The comparison of the chemical circumstances of the weathering profiles investi-
gated reveals the following (Fig. 3):

— a strong decrease of alkalies and alkaline earths, as a first stage of disintegration
of feldspars (Holdren and Speyer, 1985)

— desilification and accumulation of aluminium oxide

~ enrichment of iron and aluminium oxide in the red soil profiles of Burundi and
the differentiation of the aluminium oxides from the iron oxides by the formation of
bauxites in Vietnam

— a mutual accumulation of iron oxide and titanium oxide

We correlated the results of the X-ray fluorescent analysis of the red soil profiles
in Burundi and those of the laterite bauxites of Vietnam, and finally correlated
all the data (see curves in Fig. 3). The intensity of mobilization of elements is different
in these two cases. The red soil profiles show a weaker accumulation of aluminium,
iron and titanium oxide and also a weaker decrease of silica, alkalies and alkaline
earths.

3.2. Decomposition

The microscopic phenomena of disintegration of parent minerals in both of the
investigated areas are comparable to one another. The weathering of several mineral
grains started at the surfaces of the crystals. Streaked solution pits and grooves can be
recognized. Relic minerals decomposed into several layers parallel to the crystallo-
graphic orientations. Exfoliation of twinning lamellae of plagioclases (Fig. 4) can be
clearly seen. The preservation of cleavage systems of crystals by newly formed miner-
als filling the cleavage is observable, too (Fig. 5).

During the weathering of the rift basalts in Burundi the primary structures were
dissolved in the zone of decomposition, whereas the relictic basaltic fabric has been
preserved, especially in the laterite bauxites of Vietnam. The primary plagioclase laths
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Fig. 4. SEM: Exfoliation of twinning lamellae of plagioclases.

Fig. 5. SEM: Conservation of relictic cleavage system by newly formed phases.
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Fig. 6. Microsection: Gibbsites/kaolinites pseudomorphic to plagioclases.

are filled with a mosaic of kaolinites and gibbsites (Fig. 6). A distinction between the
two minerals could be made by their differing birefringence.

3.3. Neoformation

The main weathering products in the red soils of rift basalts in Burundi are kao-
linite, halloysite (Fig. 7), montmorillonite, hematite and goethite. The other minerals
like quartz, plagioclase and titaneous minerals seem to be relictic. The mafites of the
rift basalts have been transformed into montmorillonite. The montmorillonites occur
as rosette aggregates. The montmorillonite crystals have various sizes depending on
the structure of the parent rocks. Smali-sized montmorillonite crystals (0.1-0.5 um)
formed on massive basalts, and larger crystals (1-2 um) on amygdaloidal basalts and
tuffites (Figs. 8 and 9).

Kaolinite appears as a newly formed phase already in solution pits on surfaces of
primary plagioclases (Fig. 10). Kaolinites and halloysites are very fine-grained
(<0.1 um). Figures and interpretations are comparable with those given by Gilkes
et al. (1980).

The laterite bauxites on plateau basalts in Vietnam consist predominantly of
gibbsite. According to the kaolinite—gibbsite-relations proposed by Gardner (1970)
they were formed proceeding through a kaolinite stage. Montmorillonite is not con-
tained in these profiles.

At the bottom of the laterite bauxite profiles in the weakly decomposed basalt the
newly formed iron phases build up fine-grained globular goethite crusts. The goethite
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Fig. 7. TEM: Kaolinite and halloysite in red soil horizon.

Fig. 8. TEM: Montmorillonite from a weathered tuffitic horizon.



L. Schirrmeister, M. Storr/Catena 21 (1994) 243-256 251

Fig. 9. TEM: Nontronite and kaolinite from weathered amygdaloidal basalt.

Fig. 10. SEM: Surfaces of a feldspar grain with newly formed clay minerals in solution pits.
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Fig. 11. Microsection: Goethite coats between and across the plagioclases in decomposed plateau basalt.

coats the undecomposed plagioclases and lines the walls of cavities (Fig. 11). Several
plagioclase laths were preserved causing the transformation of the goethite coated
plagioclase into kaolinite and gibbsite to take place in a special microenvironment.

The cavities of the laterite bauxite are filled with gibbsite druses (Fig. 12). The
prismatic aggregates are composed of gibbsite plates (Fig. 13). We have observed
colloform texture of aggregates of clay minerals and iron phases in the red soil from
Burundi as well as in laterite bauxite from Vietnam (Fig. 14). Furthermore, it was
possible to determine two generations of new phases in the laterite bauxite of
Vietnam. Fine-grained and disordered kaolinite, goethite and gibbsite originated
from the weathering of a dense rock matrix. Coarse-grained, well ordered phases
(Fig. 15) were formed in pores, fissures and other cavities. A description of such a
differentiation in grain size and degree of order was given by Eswaran et al. (1977) for
gibbsite, Amouric et al. (1986) for goethite and hematite and Tardy and Nahon (1985)
for kaolinite.

4. Conclusions — some remarks on the weathering process

In the colloform texture of mineral aggregates, part of the formation of new
minerals may have started from amorphous phases (Keller, 1979). But the close
connection between surfaces of parent minerals and weathering minerals (growth,
pseudomorphism) can be interpreted as a direct transformation without intermediate
stage.
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Fig. 12. Microsection: Gibbsite filled druse in the bauxite horizon.

Fig. 13. SEM: Gibbsite in a druse in laterite bauxite.
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Fig. 14. SEM: Collomorphic aggregates in pores of laterite bauxite.

Fig. 15. TEM: Kaolinite crystal from laterite bauxite.
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The decomposition of primary minerals starts at weak points in the crystal lattice
(Schott and Berner, 1983). The Neoformations occur only in very small cavities such
as pits and grooves in which the chemical conditions are different from those of the
rest of the profile (Meunier and Velde, 1979).

The relation of mineral stabilities in the microenvironment and the influence of
water activity depending on pore spaces are assumed to be important controlling
factors of the tropical transformation of minerals (Tardy and Novikoff, 1988; Didier
et al., 1985). Decomposition and neoformation occur simultaneously. The com-
pounds released by decomposition are fixed by neoformation provided they are not
removed with the solutions. For this reason, the gradients of chemical activities
remain nearly stable and the weathering process continues (Chou and Wollast,
1984). The chemical activities in the microenvironment differ very widely from the
macrochemism in the whole profile so that various mineral phases can form on the
grain surfaces, although they are exposed to similar macroconditions (Anand et al.,
1985).

The mineral transformation in tropical weathering of basalts includes a broad
spectrum of reactions — from solid state reactions such as the biotite—kaolinite
tranformation (Ahn and Peacop, 1987) and the olivine—smectite transformation
(Eggleton, 1984) to ionic reactions including the disintegration of feldspar (Holdren
and Berner, 1979). The formation of mixed-layer minerals (Herbillon et al., 1981;
Tardy, 1985) and of amorphous phases (allophane, imogolite; Wada, 1987) is also
part of this spectrum. According to Kronberg et al. (1987) the weathering of rift
basalts in Burundi to montmorillonitic—kaolinitic red soils can be regarded as an
example of the initial stage of tropical weathering, whereas the formation of laterite
bauxites of Vietnam represents an example of the continuation of the weathering
process to an extreme stage (Schirrmeister et al., 1990, 1991).
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