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Abstract

A large number of landslides have occurred in pelitic schist areas, which seems to be related to the
weathering of pelitic schist; pelitic schist is easily weathered to become thin flakes, which is probably the reason
why landslides in crystalline schist areas used to be called shear-zone slides. However, the relationships between
the weathering and the landslide of pelitic schist have not been fully understood, because its weathering zone
has not been characterized hence its weathering processes and mechanisms have not been elucidated. We made
analyses on physical, chemical and mineralogical properties and observed petrologic textures of pelitic schist
samples from fresh to highly weathered parts. These samples was obtained by using a sophisticated drilling
technique, stiff-foam drilling from Sambagawa metamorphic belt in Tokushima Japan, and characterized the
weathering zone and discussed the weathering processes and mechanisms in relation to landslide.

The weathering profile of pelitic schist is divided into 5 zones in the study site. These zones are, Zone
Ia: a zone of fresh rock, underlying the weathering zone: then, to the ground surface, Zone Ib: a zone of rock
exfoliated along schistosity; Zone Ic: a zone of dark gray, clayey materials; Zone IIa: a zone of light yellowish
gray, clayey materials; and Zone IIb: a zone of light yellowish gray rock with low clay content. Zone Ia and
Zone IIa form a sliding zone of the landslide.

The weathering of the pelitic schist is summarized as follows. Microfractures along schistosity are
concentrated along the top of fresh zone (Zone Ia), probably by unloading in conjunction with water-rock
interaction as will be suggested later. Thus Zone Ib is made on top of Zone Ia. Exfoliated pelitic schist is
further fractured by shearing due to landslide to form a clayey zone on Zone Ib; chemical reaction also proceeds
to increase the clay contents. This clayey zone is divided into a lower gray-black colored zone (Zone Ic) and
an upper light yellowish gray colored zone (Zone IIa). The boundary between Zone Ic and IIa is a well-defined
oxidation front. Oxidizing rainwater easily reaches to the clayey zone because the overlying Zone IIb is highly
permeable, consequently oxidation front is made within the less permeable clayey zone. At the oxidation front,
chlorite is altered to Al-vermiculate, carbon and pyrite are depleted, and goethite precipitates. Pyrite is also
slightly oxidized in Zone Ic, which retains reducing color, probably because pyrite is oxidized by Fe3+. Sulfuric
acid yielded by the pyrite oxidation at the oxidation front and underlying Zone Ic, percolates further downward
and intereacts with rocks and accelerates the weathering in zone Ib.
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Introduction

A large number of landslides have occurred in the areas of pelitic schist, which is widely distributed
in regional metamorphic belts in Island arcs, such as the Sambagawa metamorphic belt and the Sangun meta-
morphic belt in Japan. One of the causes of landslides in the pelitic schist area is the mechanical properties
of pelitic schist due to its schistosity; when microcracks open along schistosity, groundwater percolate through
rock and interacts with rock-forming minerals, decreasing the shear strength along the schistosity. Weathering
processes is thus supposed to be closely related to landslide occurrences. However, the relationships between the
weathering and the landslide in the pelitic schist area have not been fully understood, because its weathering
zone has not been characterized hence its weathering processes and mechanisms have not been elucidated.

In this study, we made analyses on physical, chemical and mineralogical properties and observed petro-
logic textures of pelitic schist samples from fresh to highly weathered parts obtained by using a sophisticated
drilling technique, and characterized the weathering zone and discussed the weathering processes and mech-
anisms in relation to landslide. This paper proposes a weathering model of pelitic schist, especially relations
between weathering process and the development of landslide.
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Fig. 1. Index map of the sampling points and variations of landslides.

Fig. 2. Geologic cross-section of the sampling points with zoning and water table.

Geologic setting and sampling

Investigation site of this study is a pelitic schist area of Kurara, Yoshinogawa city, Tokushima prefec-
ture, Shikoku Island in western Japan (33◦59.9′E, 134◦16.5′N). Annual average temperature in 1979∼2000 is
13.9 ◦C and annual precipitation 1393.3 mm in Ikeda point at elevation of 205 m a.s.l. This area is underlain
by the alternated beds of pelitic schist and siliceous schist, which belong to Sambagawa metamorphic belt
of Jurassic accretionary terrain. Bedding-parallel schistosity develops; it trends NW-SE and dips NE in the
central and southern part of Fig. 1, and dips SW partly in the northern part. There are many landslides, which
moved parallel to the dip direction of schistosity around the investigation site (Fig. 1).

Sampling drill holes are aligned along a downslope line within a landslide in the middle of Fig. 1
(BV15-1 and BV15-2 in Fig. 2). These two drill holes percolated colluviums, light yellow weathered rock,
through fresh rock.

The fresh rock appearing at the bottom of these drill holes consists mostly of black pelitic schist with
thin light green pelitic schist, both of which are rich in muscovite, quartz, and chlorite. The dips of the
schistosity ranged 20◦∼50◦, in accordance to the general trends observed on outcrops. The shallow light yellow
weathered rock from the drilled core is inferred to have an origin of black pelitic schist, which is supported by
nearby outcrops and the structure. The schistosity of the weathered rock is locally very steep, indicating that
the rock is deformed by landslide.
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Fig. 3. Vertical variations of physical properties: bulk density, solid density and porosity with zoning.

We classified drilled cores by colors and rock textures into 5 classes: Colors were divided into two,
dark gray and light yellowish gray. Dark gray rocks were divided into 3 types; fresh and intact rocks (type Ia),
rocks being easily exfoliated along schistosity (type Ib), rocks rich in fine fractions (clay or silt) and fragments
(type Ic). Light yellowish gray rocks were divided 2 types; rocks containing high fine fractions (type IIa), rocks
containing low fine fractions (type IIb). According to this classification, drilled cores except for colluviums
were separated into 5 zones; each is dominated by one rock types above described. From the bottom of the
drill holes upward, they were Zones Ia, Ib, Ic, IIa, and IIb. The boundaries of these zones were nearly parallel
to the slope surface and also to bedrock schistosity. This configuration of the zones is commonly observed in
other drill holes in and around this landslide.

Methods

For the analyses of physical properties, chemistry and mineralogy, we sampled rocks from the drilled
cores generally at 2 m intervals with shorter intervals within narrow zones and near the boundaries between
two different zones.

Physical properties we measured were bulk dry density, solid density and porosity. Bulk dry density,
which is a density of whole rock containing solid substance and pores, was measured by paraffin method. Solid
density, which is a density of only solid substance of rocks, was measured by using gas pycnometer. Porosity
was calculated by means of bulk density and solid density.

Mineral analyses were identified by using optic microscopy, X-ray diffraction, and spectrophotometric
colorimetry. X-ray diffraction analysis was carried out for bulk powder samples, and for oriented clay fractions.
Treatments by heating (300◦C, 600◦C for 1 hour), hydrochloric acid, and ethylene glycol were made to identify
clay minerals. Spectrophotometric colorimetries were carried out for bulk powder samples to identify and
detect iron minerals according to Nagano and Nakashima (1989).

H2O(−) was measured as a weight loss by heating at 110◦C for 24 hours and weight loss of ignition
(LOI) was measured as a weight loss by heating at 900◦C for 3 hours. Major chemical elements of SiO2, TiO2,
Al2O3, Fe2O3, FeO, MnO, MgO, CaO, Na2O, K2O, P2O5, S, N, and C were analyzed. First 10 major chemical
elements were determined by X-ray fluorescence analysis. Sulfur, nitrogen, and carbon were determined by
CNS elemental analyzer. We differentiated inorganic carbon (INC) and total carbon (TC).

Rock texture was observed by optic microscopy. We fixed fragile samples with cyanoacrylate resin for
thin sections or with paraffin for cross sections.
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Fig. 4. Vertical variations of oxides/TiO2 ratio.

Results

Fig.3 shows the vertical variations of physical properties (bulk density, solid density, and porosity)
along with zones Ia to IIb. A remarkable vertical change is decrease in bulk densities from 2.7 g/cm3 in Zone
Ia to 1.9 to 2.1 g/cm3 in Zone Ic. In contrast, solid densities do not change abruptly, indicating that decreases
of bulk density between the top of Zone Ia to Zone Ic are due to increasing pore spaces, which is also shown
in Fig.3.

Fig.4 shows vertical chemical changes. The contents of each element in this figure are shown as ratios
against TiO2 contents, in order to estimate gain or loss of each element. Assuming that TiO2 is immobile,
these ratios show loss or gain of each chemical component during weathering (e.g. White et al. 1998; Chigira
et al. 2002). However, Fig.4 does not indicate consistent changes in any elements in the weathering zones,
especially Fe2O3 and Al2O3 showed little change. Fig.5 shows vertical changes of H2O(−), LOI, C, N, and S;
sulfur, nitrogen, carbon (INC), and carbon (TC-INC) are contained in LOI. Carbon (TC-INC) is total carbon
except inorganic carbon. The concentrations of these elements were very small, so their values are shown not
divided by TiO2 contents. The most sensitive vertical changes of chemical compositions were sulfur and carbon
(TC-INC). S and C (TC-INC) slightly decreased between Zone Ia and Zone Ic, and then depleted in bottom
of Zone IIa. The contents of S and C (TC-INC) are highly correlated as shown in Fig. 5.

Primly minerals identified by X-ray analysis were quartz, albite, muscovite, and chlorite; they were
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Fig. 5. Vertical variations of H2O(−), LOI (at 900◦C), Nitrogen, Sulfur, Carbon(Total C – inor-
ganic C) and Carbon(inorganic C).

detected in all samples. Actinolite was also detected in some samples. Pyrite was found in fresh rock, and
sphene was commonly identified in both fresh and weathered rocks. Black lines and bands were observed by
optic microscopy and they are inferred to be graphite. Secondary mineral identified by X-ray analysis was
Al-vermiculite, which was indicated by an X-ray reflection of 0.14 nm that moved 0.12 to 0.11 nm by heating.
Goethite was identified in yellow weathered rock samples by spectrophotometric colorimetry.

Fig.6 shows vertical variations of primary and secondary minerals.
Relative amounts of minerals are indicated as histograms of 5 steps, which correspond to the intensities

of reflection peaks by X-ray diffraction, except for goethite. Fig.6 shows the remarkable mineralogical changes
have occurred from Zone Ic to Zone IIa, where chlorite decreased and Al- vermiculite and goethite formed.
These mineral changes correspond with color change from dark gray to light yellowish gray. In addition, black
lines and bands of graphite disappeared there (Fig.7), and goethite generated around particles of chlorite in
yellowish gray color weathered rocks.
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Fig. 6. Semi-quantitive amounts of minerals indicated by the X-ray diffraction analysis and of
goethite indicated by spectrophotometric colorimetry.

Discussion

Weathering mechanisms of pelitic schist
Vertical changes of physical properties, mineralogy, and chemistry described above can be interpreted

by a sequential water-rock interaction, which is weathering. Fig.8 shows a schematic model of weathering of
pelitic schist on the basis of our data.

Fresh rocks in zone Ia have few open cracks but the rock in zone Ib is exfoliated along schistosity
probably due to opening of numerous micro cracks by unloading. Because pelitic schist is made in deep earth
crust under high pressures, it would undergo large stress release when it is uplifted and gets close to the ground
surface. Elastic constants are different between quartz-rich layers and muscovite-chlorite-rich pelitic layers, so
micro cracks may be made between these layers. Microcracks are significant for chemical weathering, because
they produce new reaction surfaces.

Zone Ic above Zone Ib and Zone IIa form a sliding zone, consisting of fractured and clayey materials,
within which, P-shear structure (Kano and Murata, 1998) was found (Fig.9). These clayey materials in Zone
Ic and IIa were made by shearing of exfoliated rocks of zone Ib during landslide. The color boundary between
Zones Ic and IIa is an oxidation front (Chigira, 1990), where the rocks turned to yellowish color by goethite
crystallization, and by depletion of sulfur and C (TC-INC) by oxidation. In case of pelitic schist, most sulfur
is contained as pyrite, C (TC-INC) in unoxidized zone is as graphite; C(TC-INC) in the colluviums may be
contained as organic carbon).

The depletion of pyrite at the oxidation front means that sulfuric acid is produced at the front as
shown in the following equation (1) (Stumm and Morgan, 1981).

FeS2 + 7/2O2 + H2O = Fe2+ + SO2−
4 + 2H+ (1)

At the oxidation front, chlorite is also transformed into Al-vermiculite. The origin of some goethite may be
chlorite because goethite was crystallized around chlorite. The formation of Al-vermiculite from chlorite may
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Fig. 7. Opened nicol photomicrographs of thin section from fresh rock (Zone Ia) and yellow color
weathered rock (Zone IIb).

Fig. 8. Schematic sketch showing the weathering mechanism of the pelitic schist.

be due to oxidation and/or dissolution by sulfuric acid.
Figure 5 showed that sulfur has decreased in Zone Ic below the oxidation front, which may be attributed

to the oxidation of pyrite by Fe3+ as shown in equation (2) (Stumm and Morgan, 1981).

FeS2 + 14Fe3+ + 8H2O = Fe2+ + 2SO2−
4 + 16H+ (2)

The rate of reaction (2) is higher than Fe2+ oxidation by oxygen. Thus, Fe3+ (from soluble iron hydroxide
(III)) is rapidly reduced to Fe2+, hence, goethite does not crystallize under the condition where pyrite is present
enough to reduce Fe3+. This may be the reason why pyrite contents were reduced below the oxidation front.

The sulfuric acid yielded at the oxidation front and below it is dissolved in groundwater, and percolates
further downward and intereacts with rocks and accelerates the exfoliation in zone Ib.

Interactions between rock weathering processes and landslides
Weathering profiles we studied had only one sliding zone, which was zone Ic and zone IIa in the depths

from 17 m to 23 m. There was no sliding zones in Zone IIb above IIa. This fact indicates that the sliding
zone was made primarily in those depths and not shifted downward stepwise. On the other hand, weathering
proceeds downward, deepening the oxidation front, and deteriorating rock strength at the front and just below
it due to the filtration of sulfuric acid. This may cause a shear failure near the base of weathering zone when
shear strength there decreased to a stress state at that depth, which is determined geomorphologically and
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Fig. 9. Cross -section samples at boundary between Zone Ic and Zone IIa

Fig. 10. Schematic sketch showing the interactions between weathering process and landslide occurrence.

maybe also by tectonic stress. Once shear failure occur, fracturing and pulverization of rocks proceed and form
clayey materials, which prohibit downward filtration of oxidizing water through them. Then, thickening rate of
weathering zone dramatically decreases. If this filtration barrier, that is a sliding zone, is breached, weathering
proceeds again downward and then another sliding zone could be made in a deeper part.

Conclusions

We characterized the weathering zone of pelitic schist, which is one of the typical bedrocks of landslides
in Shikoku Island, western part of Japan, and we discussed the weathering processes and mechanisms in
relation to landslide by using stiff-foam drilled core samples from a landslide body. Oxidation of pyrite at the
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oxidation front and yielded sulfuric acid is found to be an important chemical process of weathering. Chlorite
is transformed into Al-vermiculite; graphite and pyrite are depleted at the oxidation front. The oxidation
front was located in a sliding zone consisting of clayey materials and rock fragments, probably because the
oxidizing water reached to the zone and was retarded from further downward filtration due to low permeability
of the zone. Sulfuric acid yielded by pyrite oxidation by oxygen at the oxidation front and by Fe3+ below
the oxidation front, percolates further downward and intereacts with rocks and accelerates the weathering in
deeper zones. Such a weathering processes makes a basic condition of landslides, which may occur if a shear
strength at a given depths is decreased by weathering to the stress state there. Once landslide occurs, shearing
proceeds and forms clayey materials in a sliding zone, which prohibits downward filtration of oxidizing water
downward.
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