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Abstract

The Serra do Mar complex in southeastern Brazil is subject to frequent landslides especially on
the Atlantic coast. The three-dimensional organisation of the soil was studied in a 56-ha
representative catchment. Upslope in situ soil material has developed from the parent rock, and
downslope the soil has resulted from landslide processes. The soil mantle upslope is mainly
characterised by slowly permeable kaolinitic horizons within a thick gibbsitic weathering horizon.
The field and microscopic relationships between the two suggest that the kaolinitic horizon has
evolved at the expense of the gibbsitic material. Resilication of gibbsite to form kaolinite is
postulated in this environment. The kaolinitic horizons are overlain by a microaggregated horizon.
The difference in porosity and water movement between these two horizons was estimated by
density measurements, mercury porosimetry, image processing and calculation of water retention
and shrinkage curves. The results indicate that water is retained briefly within the microaggregated
horizon during intensive rainfall. Because of the inclination of the kaolinitic horizon, any excess
water within it flows laterally downslope and accumulates in the lowest part of the slope.-This
leads to landslipping, the main process of landform development in the region. © 1999 Elsevier
501ence B V All nghts reserved
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1. Introduction

Landslides are very frequent in southeastern Brazil. Catastrophic examples are
reported almost every year: Rio de Janeiro—RJ (1805, 1966, 1967, 1988), Santos—SP
(1928), Cubatao—SP (1946), Via Anchieta—SP (1956, 1964, 1966), Guaratuba—PR
(1968), Campos do Jordao (1972), Caraguatatuba—SP (1944, 1967) Ubatuba—SP
(1942, 1943, 1949), Tubarao—SC (1975), on the road Rio de Janeiro—Santos (1974,
1975, 1976, 1981, 1982, 1984, 1985) (Bigarella et al., 1965; Felicissimo, 1967; Cruz,
1974; Guidicini and Iwasa, 1976; Guidicini and Nieble, 1976; De Ploey and Cruz, 1979;
de Souza Sobrinho, 1988). Also, there are many small landslides that do not involve loss
of life or damage to property. Their real importance is unknown in areas with sparse
population. Most previous studies have involved statistical estimates of the location of
landsides and the conditions of climate, bedrock geology, slope steepness, vegetation
cover and human occupation leading to their occurrence. This has shown that landslides
occur principally in the Serra do Mar complex, at the end of the rainy season when
rainfall is most intense. Guidicini and Iwasa (1976) showed that the probability of
landsliding is increased when rainfall exceeds 250 mm in 24 h, regardless of antecedent
rainfall. Cruz (1974) emphasised the role of slope steepness slopes exceeding 40%
encourage landslides, regardless of vegetation cover and human occupation. Landslide
processes occur mainly on the lowest third of the slope. Small landslides occur in the
middle slope and readjust the slope topography after the main landslides have occurred
downslope. Therefore, they contribute to landscape evolution. Although more than 99%
of the rainfall infiltrates (Furian, 1987), the flows of water in the soil mantle are
unknown. Even the structure and other profile characteristics of the soil involved in the
landslides are poorly understood. De Ploey and Cruz (1979) concluded that the
hydrology of the slopes should be studied in more detail.

The aim of this paper is to describe the nature and origin of the soil mantle and to
relate these to landslide processes.

2, Site description

The studied area is located at 23°S in the Brazilian humid tropical zone, between the
Serra do Mar and the Atlantic Plateau in the eastern part of SZo Paulo State. The
fieldwork was concentrated on a small (56 ha) catchment of the River Paraibuna in the
district o Cunha, known as the ‘I’ catchment in the Serra do Mar State Park (Fig. 1).
Cunha is part of the granite-gneiss high plateaux of the Serra do Mar. Uplifted since the
Oligocene (Almeida, 1976), these plateaux betong, with the Serra da Mantiqueira, to the
uppermost surface of the block mountains of southeastern Brazil’s Atlantic margin. The
chemical weathering of the crystalline Precambrian basement has: resulted in sandy
loamy regoliths with a maximum thickness of 15 m (Bigarella et al., 1965).

Recent evolution of slopes in the Serra do Mar has been mainly controlled by mass
movements, including slumping and planar slides in the regolith, rockfalls and rock-
slides (De Ploey and Cruz, 1979). Steeper slopes of 70~100% are related to major faults
in the crystalline bedrock. Less steep slopes are 40—60%. The climate belongs to type
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Fig. 1. Location of the study site in the Serra do Mar (southeastern Brazil).
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Cwa of Képpen (Furian and Pfeifer, 1986) with orographic influences. Annual precipita-
tion ranges from 2000 to 2500 mm, with a rainy season from September Eo Marc.:h g1vm%
71% of the annual rainfall. The natural vegetation is rain forest of the ‘Atlantic forest
domain which still covers large parts of the Serra do Mar.

3. Methods

The soil pattern of the slope was studied in detail, emphasising the geome;rical
relationships between the different soil horizons and genesis of thfe soil types (Bou e; et
al., 1982). This approach has often been used to understand the links between morpho-

genesis and pedogenesis (Lucas, 1989; Fritsch and Fitzpatrick, 1994; Furian, 1994

Fig. 3. Box-work structure resulting from gibbsite pscudomorphs (Q = quartz, G = gibbsite. V = voids).
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Boulet et al., 1995). The two-dimensional soil pattern was determined in transects, «
along the crest line (1) and three down the slope (2, 3 and 5) (Fig. 2). A map of the a
was drawn by projecting the limits of the different horizons and selected soil featu
onto a horizontal plane. Soil horizons were identified, described and sampled
laboratory analysis from 47 auger holes and 24 soil pits generally located over late
transitions between horizons.

Undisturbed blocks were collected and impregnated with an acetone-diluted (‘Cn
tic’) polyester resin after dehydration by acetone exchange (Delaye, 1984), and vertic
thin sections (70 X 110 mm) were made and described according to Brewer (1976) a
Bullock et al. (1985). In order to visualise the macroporosity, a fluorescent d
(Ciba-Geigy Uvitex OB) was added on the resin.

Some samples were collected for SEM (XL 20 Philips at 15 kV) observations ai
analyses of aggregates (LINK Analytical eXL energy dispersive X-ray system).
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Fig. 4. Detail of the box-work organisation (G = gibbsite, I = Iron oxide, V = voids).
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Particle density was measured in five replicates of oven dried samples using a water
pycnometer. Bulk density was measured on 251 cm® calibrated cylindrical samples by
weighing soil previously dried at 105°C. Total porosity was computed from these data
and is expressed as a percentage of the soil core volume.

The pore size distribution, between 0.0037 and 100 pm equivalent radii, was studied
with a Carlo Elba 2000 mercury porosimeter using air-dried centimetric aggregates
outgassed at room temperature.

Images from thin sections were captured by reflected UV light (Hallaire and Curmi,
1994), which caused pore space to appear as bright areas on the dark background.
Negative images are presented here. Images were digitalised using the Visilog system
with 768 X 576 pixels, a spectral resolution of 256 grey levels and a pixel size of 10

Fig. 5. Detail of the contact between K and G horizons.
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wm. The pores were identified by a simple threshold partition and the frlacropor.osity
was calculated as a volume percentage from the proportion of pore‘plxels. (Wiebel,
1979). Overall macropore connectivity in each thin section was classified visually as
low, medium or high. .

Water retention curves were determined on 5-10 cm® samples by sorPtlon through
membrane filters according to Tessier and Berrier (1979) for the low suction range (pF
1-3) and by pressure membrane equipment (Tessier, 1978) for greater 51.1ct10ns. The
shrinkage of the soil samples was slight, so the shrinkage curves were estimated .from
the apparent volumes at pF 2 and 6, using the kerosene method developed by Monnier et
al. (1973).

Fig. 6. Scanning electron micrograph of the dissolution pattern of gibbsite at the contact between K and G
g. 6. :
horizons.
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4. Catena organisation

Fig. 2 shows the distribution of soil horizons in sequence 2, which can be divided
into two zones, the upslope and downslope domains.

4.1. Upslope domain

The upslope domain consists of a ferrallitic soil 12 m thick. It is mainly copqpo)seslr lc:i
a sandy gibbsitic weathered material derived from the parent rock (G Horizon).

. ¢
]‘lg. 7. Scamlmg electron nucxogmph .ShOWlllg detail of the dissolution pattern of gibbsite at the contact
between K and G horizons. Former structural faces are recognisable.
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original mineral structures and that of the rock itself are preserved in gibbsite pseudo
morphs. This results in a gibbsitic horizon with a box-work structure (Figs. 3 and 4)
The polysynthetic twinning of plagioclases and the cleavage of amphiboles are alsc
preserved in the gibbsite, indicating that the formation of gibbsite was the first stage i1
weathering of the parent rock. Only quariz and muscovite were unaltered at this stage
The structure of the parent rock is also preserved in millimetric gibbsitic veins tha
probably infilled fissures in the parent rock.

This gibbsitic weathering level (G horizon) is overlain by a pebbly and blocky
horizon composed of ferruginised gibbsitic material. The structure of the parent rock is

e g U

Fig. 8. Scanning electron micrograph of the dissolution patterns of quartz,
horizons.

at the contact between K and G
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still preserved in the blocks. Although the soil fauna has burrowed into the superficial
horizons, it is still possible to identify relics of the millimetric gibbsitic veins.

In the lower part of the upslope domain, a compact clay loam kaolinitic horizon (here
called K horizon) occurs within the gibbsitic horizon (G horizon). It is tongue-shaped
and is truncated by the superficial porous microaggregated horizons (mh! and mh2).
These are conformable with the slope topography. In thin sections, the mhl horizon
seems to have arisen from the destruction of the gibbsitic box-work structure, whereas
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Fig. 9. Scanning electron micrograph of the detailed dissolution patt
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Fig. 10. Remnants of the gibbsitic box-work associated with unweathered minerals such as hornblende, other

]
’ Fig. 11. Distribution of the K and G horizons in the upslope domain, and areas of the downslope domain. Map
amphiboles, microcline, muscovite and biotite (G = gibbsite, Q = quartz, M = microcline, Mu = {

based on sequences 1, 2, 3 and 5. (1) G horizons; (2) K horizons within G horizon; (3) downslope domain; (4)

muscovite). toposequence.
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Table 1
Porosity and water retention at pF 2 and 3 of the gibbsitic (G), kaolinitic (K) and microaggegated (M) horizons
Horizon Gibbsitic Kaolinitic Microaggregated
G horizon K horizon M horizon
‘Total porosity 40% 51% 64%
Hg-porosity (0.001 pm—-100 pm)  bimodal unimodal bimodal
Mode 1 0.1-0.8 pm (49%)  0.06-0.64 p.m (90%)  0.008-" 1 pum (41.3%)
Mode 2 >100 pm (51%) 10-100 pm (59%)
Macroporosity from thin section 24.5% 9.3% 31.6%
image processing
Connectivity medium low high
Water content at pF 3 48% 87% 50%
Water content at pF 2 50% 92% 66%

the mh2 horizon is composed of biofabrics and is burrowed by the soil fauna. A second
clay loam kaolinitic horizon (K horizon) appears downslope at 2—2.5 m depth, also
within the sandy gibbsitic weathering horizon (G horizon) but beneath the first K
horizon.

Detailed study of the contact between the K and G horizons showed that the structure
of the K horizon truncates that of the G material, indicating that the latter developed first
from the bedrock and subsequently changed into a kaolinitic material (Fig. 5). At this
contact, the gibbsite has lost its optical properties becoming isotropic, acquiring a pale
yellow colour, decreasing in crystal size and losing its box-work structure. Evidence of
dissolution of quartz and gibbsite is observed by SEM (Figs. 6-9). Different morpholog-
ical types of gibbsite are observed, from euhedral crystals to those showing extensive
surface etching by dissolution (Figs. 6 and 7). Therefore, the silica and alumina
necessary for kaolinite formation could have been supplied by dissolution of gibbsite
and quartz. Destruction of gibbsite in ferrallitic soils was originally proposed by
Delvigne (1965) in an Ivory Coast catena, and has been observed by Eswaran and Daud
(1980} in gibbsitic nodules in the surface horizon of the Malacca series in Malaysia.
Keller and Clark (1984) observed resilication of bauxite producing kaolin in Arkansas.
Lucas et al. (1989) also described resilication in Amazonian bauxites.

4.2. Downslope domain

The downslope domain (not detailed in Fig. 2) is composed of superficial horizons
overlying a clay horizon with many randomly oriented blocks. The clay horizon rests
directly and abruptly on the hard bedrock. Remnants of box-work gibbsite occur, but are
frequently associated with unweathered minerals such as hornblende, other amphiboles,

microcline and biotite (Fig. 10).
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as a function of calculated pore radius.
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4.3. Mid-slope transition

The upslope soil cover clearly differs from the downslope, and the contact between
the two is abrupt. On the middle part of the slope, the upslope soil cover is truncated
over its whole thickness by the material of the downslope cover (Fig. 2).

5. Genesis of the soil cover .

The observations suggest the following model for gencsis of the soil cover. The
upslope soil cover is derived from in situ gibbsitic weathering of the bedrock, the
structure of which is preserved in the soil, even up to the surface horizons where
gibbsitic veins occur. In contrast, in the downslope domain the blocks do not preserve
the orientation of the parent rock. Gibbsife is associated with unweathered minerals,
indicating a mixture of pedogenic materials which have suffered different weathering
histories. We suggest that the downslope material is colluvial and results partly from
reworking by landslide processes of a material similar to that observed in the upslope
domain.

One of the main features of the whole soil system is the presence of kaolinitic
tongues (K horizon) into the gibbsitic weathering material (G horizon). Fig. 11 shows
the limits of the K horizons and of the colluvium on the slope. The distribution of the K
horizons is complex; they occupy a large part of the soil mantle, but are truncated
downslope by the colluvium.

- 6. Physical properties of the horizons and water circilation in the catena

The dissolution of gibbsite and quartz and the formation of kaolinite generate tongues
arranged like tiles on a roof. They are likely to be slowly permeable and to influence the
flow of water on the slope. Table | shows the physical and hydrological characteristics
of the gibbsitic-weathering horizon (G horizon), the kaolinitic horizon (K horizon) and
the microaggregated M horizons overlying the K horizons. Mercury injection curves,
macroporosity identified by image processing and water retention and shrinkage curves
are presented in Figs, 12—14.

During the fieldwork, waterlogging after rainfall was observed in the M horizons
overlying the K horizons. This suggests a severe decrease in the vertical infiltration rate
at this contact. Density measurements indicated that the total porosity increases from the
G (40%) to the K (51%) and M (64%) horizons, and the mercury injection curves show
that the pore size distributions are also significantly different. The G and M horizons
exhibit a bimodal distribution of pore sizes, corresponding to intra- and inter-aggregate
pores as in other ferrallitic soils (Cambier and Prost, 1981; Curmi et al., 1994), whereas
the K horizon has a unimodal distribution, which is almost entirely microporosity (90%
of the pores intruded by mercury). The image processing also revealed significant
differences in macroporosity, corresponding to 24.5% with medium connectivity in G,
9.3% with low connectivity in K, and 31.6% with high connectivity in M. Circulation of
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Fig. 15. Model proposed for the contribution of weathering and pedogenesis to land.slide processes‘.l.(a) Vc_:r:(lczlT
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(2) M horizons; (3) water flows; (4) 1ateral evolution of the K horizons; (5) landslide.
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M horizon retains only 50% water (Table 1), whereas the kaolinitic K horizon is alm
saturated (87%). This means that a large proportion of the porosity in the M horiz:
could be briefly occupied by water during intense rainfall.

The pore size distribution suggests that some vertical drainage is possible in
gibbsitic material, but that most of the water moves laterally over the K horizo
However, this conclusion should be confirmed by an in situ analysis of the sl
hydrology (Grimaldi and Boulet, 1990).

7. Identification of the landslide risk

All the observations and measurements emphasize the contribution of weathering a
pedogenesis to landscape evolution. The development of the K horizons seems to be t
key to initiation of landslide processes. A three-stage model of increasing developmc
of K horizons (Fig. 15) is proposed. In the first stage (a), the K horizons are thin a-
scparated and vertical drainage in the sandy gibbsitic weathering material predominat
Little lateral flow is observed and the water infiltrates homogencously along the slof
The risk of landslide is low. In the second stage (b), the K horizons are more strong
developed and the proportion of lateral subsurface drainage increases. The risk
landslide then also increases. In the third stage (c), the K horizons are strong
developed and the subsurface lateral drainage predominates, canalizing the wat

- downslope during intense rainfall. The water in the macroporosity of the M horizon c:

create a consequent overload in the lower third of the slope. The mass of retained wate
within a 0.3 m thick microaggregated horizon, increases from 100 kg/m* at pF 3 to 2(
kg/m* at pF 1, increasing the slope instability as described by Moyersons (1989)
Rwanda. The risk of landslide is then very high. As the K horizons evolve laterally ar
upslope at the expense of the G horizon, the mass of water and the risk of landslic
increase with the development of this pedological system.

8. Conclusion

This work emphasises the contribution of the soil system to landslide processes, an
explains the relationships between landslides and environmental conditions. Landslide
occur mainly on the Atlantic margin of the Serra do Mar, generally on the lower third ¢
the slope and at the end of the rainfall season after prolonged heavy rainfall. The soi
cover consists of clay loam kaolinitic K horizons arranged like the tiles of a roof, withis
a thick sandy gibbsitic horizon. The K horizons are overlain by a very porou
microaggregated horizon. On the studied slope, this in situ soil cover is truncate:
downslope by a soil cover arising from landslides, in which many remnants of the
upslope soil cover are preserved.

The measurements of total porosity, pore size distribution, connectivity of macrop
ores, water retention and shrinkage curves and the field observations suggest that the
drainage is vertical into the gibbsitic weathering material (G horizon), but lateral in the
microaggregated M horizons over the kaolinitic horizon (K horizon), thus precluding a
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homogeneous distribution of the water in the soil cover. Retention curves reveal that the
M horizons can retain briefly a large quantity of water during intensive rainfall, and this
overloads the lower third of the slope generating landslides.

This study indicates that a better knov;/]edge of the three-dimensional distribution of
different soil horizons is necessary for good management of the environment. Under-
standing water flow into the soil mantle is necessary for citing a drainage system that
can quickly remove the excess of water during and directly after rainfall.

Various observations in the region around Cunha indicate that this type of soil cover
is widespread in the Serra do Mar. For example, it has also been identified in the
neighbouring Serra da Mantiqueira, where landslide processes are again frequent
(Modenesi and Motta de Toledo, 1996). A simple systematic survey by hand auger
should therefore indicate the extent of areas at risk.
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