Science Reports, Institute of Geoscience, University of Tsukuba,
Scction A, (Geographical Sciences), Vol. 23, 2002, pp. 1-40,

Rates of Rock Property Changes due to Weathering: Sandstone
Gravel in Fluvial Terrace Deposits in the Miyazaki Plain

Ken-ichi NISHIYAMA

Abstract

Temporal changes in colour, mineralogical, chemical, physical and mechanical
properties due to weathering during 350,000 years were examined using sandstone gravel
in fluvial terrace deposits with a known emergence time which were distributed i the
Miyazaki Plain, South Kyushu, The time between the age of each terrace formation (20-,
70, 90-, 110-, 120-, 250- and 350-ka) and the present was assumed to be the weathering
period. Naked-eye observation shows that (1) weathering rind is mostly not found in whole
cut sectiens and (2} younger gravels (70-, 90-, 110-; 120-ka gravel) and older ones (250-
and 350-ka gravel) have a yellowish and reddish coloured, respectively,

Main results of the measurements are as follows; {1} according to observation of mineral
texture in thin sections, pore volume increases with increasing weathering period, and
connecied pores formed in the matrix of sandstone, (2) matrix minerals such as illite,
kaolinite and chlarite gradually decrease with increasing weathering period, (3) the a*-
value of colour index increases during 120- to 350-ka and O*-value increases during 0- to
120-ka, (4) visible diffuse reflectance increases in the zone of long wavelength in older
gravels, {5) chemical compositions of Si0,, K,0, Mg0, Na,0 and CaO gradually decrease
with increasing weathering period, while FeO+Fe,0, and Al,O, are constant during 350
ka, (6) X-ray CT images are homogencity in the whole of cross section, and weathering
rinds cannot be recognised, (7) CT-value decrenses with increasing weathering period, (8)
specific gravily decreases, but effective porosity increases with increasing weathering
period, (9) pore radius and pore volume increase with increasing weathering period,
especially pore radius increases rapidly during 110- to 120-ka, (10) specific surface area
changes with a constant rate during 350 ka, (11} the resuits of EDS analysis show that Fe
concentrates in the matrix of sandstone, and Si and alkali elements such as K and Na leach
with increasing weathering period, and (12) rock sirength index decreascs drastically
during 0- to 120-ka,

Combining above results suggest that (1) increasing of pores in gravel with increasing
weathering period is derived from leaching of matrix, i.e,, decrecasing Si0Q, and alkali
clements; (2) iron concentration and formation of goehtite and hematite occur in older
gravels; (3} connected pores formed owing to leaching of matrix minerals; (4) disiribution
of pores is homogeneity in the whole of gravel, then weathering rind cannot be recognised;
and (5) while pore size ancl pore volume increase with increasing weathering period, owing
to winding pores are rare, changing rate of specific surface area and chemical weathering
indices are constant during 350 ka. The sccond finding is compatible {0 the cvidence that
the colour of the older gravel changes colour from yellowish to reddish. In summary,
leaching of matrix and increasing pore volume plays a major role in (he weathering of
sandstone.



K. NISHIYAMA

INTRODUCTION

Weathering influences the processes and
rates of fandform development. The study of
these processes and rates of rock weathering is,
therefore, important for  geomorphology.
Moreover, preblems  concerning  rock
weathering are widespread and affect many
other research ficlds in earth sciences and
engineering such as mineralogy, geochemistry,
soil science, engineering geology, petroleum
geology and civil engineering.

Clarifying the rates and mechanism of
sandstone  weathering  is  necessary  for
researchers working in the earth scicnces
because sandstone is widely distributed in
earth’s land surface. Previous studies on the
weathering mechanism and rates of sandstone
have been limited in number (e.g., Bell, 1978;
Chigira, 1988, 1991; Chigira and Sone, 1988;
Pentecost, 1991; Urusay et al,, 1994; Halsey,
1996; Butenuth et al,, 1998; Tugrul and Zarif,
1998; Bell and Linsay, 1999; Paichik, 1999),
and research  involving measuring  rock
properties as a way of researching the
weathering process has been even more limited
{Chigira, 1988, 1991; Chigira and Sone, 1988),

Studies on the changing rates of rock
properties due to weathering have been limited
in number (Kimiya, 1975 b; Crook and
Gliespie, 1986; Yusa et al,, 1991; Oguchi et al.
1994, 1999; Suzuki and Hachinohe, 1995;
Oguchi and Matsukura, 1996, 1999; White et
al., 1998; Hachinohe ¢l al,, 1999 a, b), because
of difficulties in estimating weathering periods.
In order to solve the raies and mechanism of
sandstone weathering, this study investipates
the rock properties of sandstone gravel taken
from terrace deposits in a series of dated fluvial
tetraces in the Miyazaki Plain, south Kyushu,
The rates of long-term weathering are estimated
based on the assumption that the weathering
period is equal to the period between the age of
emergence of these terraces and the present.
This study can discuss the changes in rock
properties duc o weathering during 350 ka.

The measured sandstone properties include
the following: (1) rock
mineralogical properties (observation of thin
sections, mineral compositions using X-ray
diffraction and visible diffuse specira), (2)
colours, (3) physical properties (effective
porosity, pore-size distribution, specific surface
area, permeability and internal pore structure of
rocks using X-ray CT), (4) chemical propertics
{chemical  compositions  using  X-ray
fluorescence analysis and distributions of
chemical elements using energy dispersive X-
ray spectrometry)} and (5) mechanical properties
{(point load strength)., Using these data, the
relationships between rock properties and
weathering period in an attempt to clarify the
rates  and mechanism of weathering of
sandstone gravel.

texture  and

GEOMORPHOLOGOCAL AND GEOLOGICAL
SETTING OF THE MIYAZAKI PLAIN

General Setting of the Miyazaki Plain

The Miyazaki Plain is located along (he
Pacific coast of Southeast Kyushu (Fig, ). On
the northwest side of the Miyazaki Plain lic the
Kyushu Mountains, which are chiefly composed
of Mesozoic to Cenozoic sedimentary complex.
The plain has an area of ca, 900 km?® and
altitudes from 0 to 200 m above sea level, Thiec
large rivers (Omaru, Hitolsuse and Ohyodo)
flow across the plain from northwest (o
southeast. Many terrace surfaces are developed
in the Miyazaki Plain, as described later,

Quaternary Stratigraphy and Fephrochronology
of the Miyazaki Plain

The Miyazaki Plain (Fig. 1) has the best-
developed middle to late Quaternary deposits in
Kyushu. The stratigraphy of this plain has been
investigated in previous studies (e.g., Otsuka,
1930 a, b; Endo, 1968; Kino et al,, 1984;
Nagaoka, 1984, [986; Endo and Suzuki, 1986;
Kimura et al., 1991). Recently, the stratigraphy
of marine sediments and terrace deposits were
discussed by Nagaoka ct al. (1998, 1999), and
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Fig. I Summit level map around the Miyazaki Plain (after Endo and Suzuki, 1986). Contour intcrval

is 100m.

this study used their classification of marine
sediments and terrace deposits.

The terrace surfaces in the Miyazaki Plain are
classified into two groups, the middle to lower
terracc group and the higher terrace group, The
middle to lower terracc group contains the
following terraces in order from the youngest to
the oldest: Fukadoshi surlace, Ikatsuno surface,
Saitobaru surface, Nyutabaru surface, Baba
surface and Sanzaibaru surface. The higher
tetrace group containg the following terraces in
order from youngest to oldest: Chausubary
surface, Urushinobaru surface, Kukino surface,
Higashibaru surface and Shiibaru surface (Figs.
2 and 3). In these terraces, Sanzaibaru surface
has a marine origin, while the other surfaces
have a fluvial origin. Geological sections of
these terraces are shown in Fig. 4. All of the
terrace  deposits  unconformably cover the
Neogene Miyazaki Group and/or the Paleogene

Shimanto Supergroup.

The thick tephra layers overlying the terrace
surfaces are subdivided into the younger and the
older groups based on geologic age (Table 1},
The younger and the older tephra groups were
deposited in the late Pleistocene and the middle
Pleistocene, respectively (Machida and Avai,
1992). The older tephra groups contain many
marker tephra layers, such as, from youngest to
oldest, Ata-Torihama (Ata-Th), Kakulo {Kkt),
Kobayashi-Kasamori (Kb-Ks) and Hiwaki
{Hwk). The younger tephra also contains many
marker tephra layers, such as, beginning with
the  youngest, Kikai-Akahoya  (K-Ah),
Kirishima-Kobayashi {Kr-Kb), Aira-Tn (AT),
Kirishima-Awaokoshi  (Kr-Aw), Kirishima-
Iwaokoshi (Kr-Iw), Aira-Iwato (A-Iw), Aso-4,
Aira-Fukuyama (A-Fk), Kikai-Tozurahara (K-
Tz), Ata and Aso-3. Each type of tephra was
identified by - naked-eye  observation,
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Stratigraphy Marker Tephra

* Kr-Kb (16 ka), K-Ah (6.3 ka)
E‘ukadoshi Terrace Deposits; 20 ka J

« AT (24 ka)

< Kr-Iw Kr-Aw (40 ka 7)
Ikatsuno Terrace Deposits: 40 ka 7

+ A-lw (70ka 7)
[Saitobaru Terrace Depasits: 70 ka ? J

+ Aso-4 (89 ka)
lNyutabaru Terrace Deposits; 90 ka ]4— A-Fk {90 ka)

« Ata (110 ka), K-Tz (90~ 100 ka)

[Baba Terrace Deposits: 110 ka _]

iSanzaibaru Terrace Deposits: 120 ka J*—-———Aso-3 (120 ka)

|Chausubaru Terrace Deposits; 250 ka |4—Ata-Th {250 ka)

Urushinobaru Terrace depaosits: 250 ~300 ka

Omarugawa Formation: 300 ka

e Kkt (300 ka)

]Higashibaru Terrace Deposits: 350 kaJ

Kukino Terrace Deposits; 300~ 500 ka

MNanukigawa Formation: 500 ka

+——— Kb-Ks (500 ka)

Fig. 2 Siratigraphy of the middle to late Pleistocene sediments in the Miyazaki Plain.

microscope observation and measurements of
the refractive index of pyroxene, homblende
and wvoleanic glass. The younger lephra group
covers the middle to lower terraces in the late
Pleistocene, and the older tephra group covers
the higher lerrace group in the middle
Pleistocene,

Quatermary marine sedimenis distributed in
the  Miyazaki Plain named  the
Tohriyamahama formation by Otsuka (1930 a),
Since Otsuka's asseriion, opinions are diverse
concerning the stratigraphic position of the
middle Pleistocene marine sediments (Otsuka,
1930 a; Endo, 1968, Nagacka, 1986; Endo and
Suzuki, [986). Quaternary marine sediments are
divided into three formations by marker tephra,
the Nanukigawa formation, the Omarugawa
(Hedagawa) formation and the Sanzaibaru
formation (Nagaoka et al, [998). The

were

Nanukigawa and the Omarugawa formations
contain as marker tephras the Kb-Ks and the
Kkt, respectively, The Sanzaibaru formation
contain as marker tephras the Aso-3, and
formed the Sanzaibar surface, while the other
formations are overlain unconformably by the
Chausubaru terrace deposits, the Sanzaibamu
formation and the Ikatsuno terrace deposits,

Geological Featares of Sampling Points and
Rock Samples for Analysis

The locations of the eight rock sampling sites
are shown in Figs, 3 and 4, All sampling points
are directly covered with tephra layers (Fig. 5),
except for the recent river floodplain, All
sampling points at each site are above the
groundwater level to avoid the possible
influence of groundwater levels on weathering
(Nishiyama et al., 1999).
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Fig, 3 Geomorphological map in the middle part of the Miyazaki Plain and sampling points.

Figure 6 lists the characteristics of the rock
based on naked-eye observations of cutting
surfaces. All examined sandstones belong to the
Paleogene Shimanto Supergroup. All sandstone
gravel samples arc fine- to medium-grain
wacke-type with smaller amounts of rock
fragments. About 20 samples of rounded
sandstone cobbles and pebbles were taken from
each sampling point. The characteristics of the
eight sampling sites and sandstone gravel
sample taken from the sampling sites are as
follows:

(1) Recent river floodplain (O-ka rocks): The
sampling point is located on a gravel bar of
river floodplain in the QOmaru River (Fig. 3).
The gravel taken from this site is not visibly
weathered, The cutting surface of this gravel
shows that it is dark gray coloured and has no
weathering rind. This gravel is hard, and sounds

made by hammer blows to it are clear,

(2) Fukadoshi terrace deposits (20-ka rocks}):
Gravely deposits of this sampling point are
almost directly covered by the tephra Kr-Kb
and  black Thumic soils (the so-called
'‘Kuroboku'). The covering tephra layer is about
1 m thick (Fig. 5), The gravel taken from this
point is slightly weathered, and its colour is
light gray. This gravel has no weathering rind. It
is hard, and sounds made by hammer blows to it
are clear,

(3} Saitobaru terrace deposits (70-ka rocks):
Gravely deposits of the sampling point are
almost directly covered by the tephra A-Tw. The
covered tephra layer is about 3 m thick (Fig. 5).
The gravel taken from this site is slightly
weathered, and its colour is light gray. This
gravel is hard, and sounds made by hammer
blows to it are a liltle dim.
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Fig, 4 Geological sections. Profile lines are shown in Fig. 3.

(4) Nyutabaru terrace deposits (90-ka rocks):
Gravely deposits of this sampling point are
almost directly covered by the tephra A-Fk, The
covered tephra layer is about 7 m thick (Fig. 5).
The gravel taken from this sie is slightly
weathered, and its colour is light gray to brown,
This gravel is brittle, and sounds macde by
kammer blows to it are somewhat dim.

(5) Baba terrace deposits (110-ka rocks):
Gravely deposits of this sampling poinl are
almost directly covered by the tephra Ata, The
covered tephra layer is abouwt 7 m thick (Fig. 5).
This gravel is slightly weathered, and its colour

is brown. This gravel is brittle, and sounds
made by hammer blows to it are dim.

(6) Sanzaibaru terrace deposits (120-ka
rocks): Gravely deposits of this sampling point
arc almost directly covered by the teplira K-Tz.
The covered tephra Iayer is about 6 m thick
(Fig. 5). The gravely deposits are correlated
with the non-marine upper member of the
Sanzaibaru formation. The gravel taken from
this site is strongly weathered, and its colour is
brown to reddish brown. This gravel is brittle,
and sounds made by hammer blows to it are
dim,
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Table | Tephra layers distributed in the Miyazaki Plain

Name Symbol  Age (ka) Mode of occurrence
Kikai-Akahoya K-Ah 6.3 Ash fall
Kirishima-Kobayashi Kr-Kb 16 Pumice fall
%‘ Aira-Tn AT 24 Ash fall
Eh Kirishima-Awaockoshi Kr-Aw 30~407 Pumice fall
£ Kirishima-Twaokoshi Ke-Iw 30~40?  Pumice fall
iE Aira-Twato A-lw 50~707 Ash fall
& Asod Aso-4 89 Ash fall and pyroclastic flow
2 Aira-Fukuyama A-Fk 90~1007  Ash fall
> Kikai-Tozurahara K-Tz 90~1007  Ash fall
Ata Afa 110 Ash fall and pyroclastic flow
Aso-3 Aso-3 120 Ash fall
E & Ata-Torithama Ata-Th 230~250 Ash fall and pyraclastic flow
[y gh Kakuto Kkt 300~340  Ash fall and pyroclastic flow
,Q Kobayashi-Kasamori Kb-Ks 500 Ash fall and pyroclastic flow
) Hiwaki Hwk 600 Ash fall and pyroclastic flow

(7) Chausubaru terrace deposits (250-ka
rocks): Gravely deposits of this sampling point
arc almost directly covered by the tephra Kr-Iw,
The covered tephra layer is about 4 m thick
(Fig. 5). Deposits contain the tephra Ata-Th in
the middle part. The gravel taken from this site
is strongly weathered, and its colour is reddish
brown, This gravel is brittle, and sounds made
by hammer blows to it are dim.

(8) Higashibary fervace deposits (350-ka
rocks): Gravely deposits of this sampling point
are almost directly covered by the tephra Ata-
Th. The covered tephra layer is about 4 m thick
(Fig. 5). The gravel taken from this site is
strongly weathered, and it is reddish in colour,
This gravel is britile, and sounds made by
hammer blows to it are dim.

ANALYSIS AND RESULTS
Rock Texture and Mineralogical Properties
The petrogeaphical, mineralogical and
chemical properties of sandstone in Kyushu
Shimanto terrene have been described by Okada
(1977), Teraoka (1977; 1979), Kimura et al.

(1991) and Teraoka et al. {1995; 1999). These
papers show that the sandstone is mostly fine-
to medium-grained wacke-type, which consists
of phenocrysts of quartz and feldspar
{(plagioclase and alkali feldspar) with smaller
amounts of chert, rock fragments, heavy
minerals and mica, The matrix in sandstone
mostly congists of clay minerals. Okada (1977)
recognised a small amount of calcite cements in
the malrix,

Microscope observation was carried out
using three rock samples taken from each
sampling site. Figure 7 shows representalive
photomicrographs of sandstone in the thin
sections. Most of the rock samples are fine-
grained wacke-type, consisting of phenocrysts
of quartz and plagioclase, and clay and iron
minerals in the matrix, Although the appearance
of quartz phenocrysts has nol changed as the
weathering  period has  grown  longer,
plagioclase has been decomposed during the
past 350 ka. Matrix minerals have alsa
decomposed, as shown by the fact that the thin
sections of matrix become increasingly unclear
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Fig, 5 Columnar sections of sampling points.

as the weathering period increases, while iron
minerals with a diameter of about 10 to 100 zm
have graduvally concentrated in matrix during
350 ka. Small particles of iron minerals
surround sand grains, and big parficles of iron
minerals in 350-ka rocks filt the pore space
produced by leaching of feldspar grains.
Observations of pores in thin sections have
been included in previows studies (e.g.,

Nishiyama et al,, 1992; Takahashi et al,, 1992;
Suzuki and Takahashi, 1994; Hirono and
Nakashima, 2000), Since pores are filled with
petropoxy resin, the area of pores can be
recognised as a yellowish zone in matrix, as
shown in Fig, 7. Pores are stretched and
connected from the outer parts to the inner
parts,



Rates of Rock Property Changes duc 1o Weathenng

90 ka rock ] §350 ka rock

Fig. 6 Cutting surface ol sandstone gravel.

0



‘(sj0atu uado) uondas ury u auoispues Jjo sydeifornnuoioyd £ 81

L

4

&
trix & Pore |,

7~ Matrix & Por|

; 32
ron minerals

01

VINVAIHSIN A



Rates of Rack Property Changes due to Weathering

g \ Qtz : Quartz
Pl: Plagiociase
- = orite

8 = O Kln Kaolinite
0 ka
= 20 ka
- 70 ka
90 ka
A~—110ka
120 ka
250 ka
350 ka

20 (°)

Fig. 8 X-ray diffraction patterns of matrix minerals in sandstone.

Mineral Compositions

Minerals were identified by X-ray diffraction
analysis (XRD; Rigaku Co., Ltd, RAD-C
System). The operating conditions included an
X-ray larget of CuK «, tube voltage of 50 kV
and tube current of 20 mA. Matrix samples
were analysed using three rock samples taken at
each sampling site. The analysis followed the
methods of Suzuki (1992) using silt size
specimens in  addition to freatmenls with
cthylene-glycol.

The results of XRD are shown in Fig. 8.
Samples include quartz, plagioclase and clay
minerals such as kaolinite, chlorite and illite.
Chlorite can be identified because the 20 of
diffracted pattern has not shifted afler
treatments with ethylene-glycol. The inlensity
of diffracted peaks of plagioclase, illite and
kaolinite gradually decrcased during 350 ka,
while a diffracted peak of chlorite cannot be
recognised after 250-ka vocks. These resulis
show that plagioclase and clay minerals
decompose as the weathering period increases.

Identification of Tron Minerals

The visible diffuse reflectance spectra of
rocks and minerals have been used recently to
characterise the origins of the colours of rocks
fe.g., Nakashima et al., 1989, Matsunaka and
Uwasawa, 1992; Nakashima, 1994; Hiroi, 1999;
Kuchitsu et al., 1999; Sasaki and Otani, 1999).
For example, iron minerals such as goethite and
hematite can be identified by this technique.

Using about 20 pieces of gravel from each
sampling site, visible diffuse reflectance spectra
on the cutting surface of rock samples were
measured using a  Minolta CM-300
spectropholometer in a visible wavelength
region (400 to 700 nm). The measuring area
was 3 mm in diameter, There are two kinds of
reflection processes of light on solid materials:
(1) that occurring when light is reflected from a
polished surface of the mineral (specular
reflection), and (2) that occurring when the light
is reflected by the finely powdered mineral
(diffuse reflection). The latter arises from
radiation that has penetrated the erystals and
reappeared at the surface after multiple
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12
scatterings, When light is reflected from the
rock surface, diffuse reflection occurs. I the
intensity of the diffuse spectra reflectance light
from the surface of a white plate (BaSQ,) is ry
and that from the rock sample is r, the diffuse
reflectance R is given by

R=r/r, ()

The results of the nieasurements are shown in
Fig. 9. Reflectance spectra ranged from 8 to 42
%, increasing as the weathering period
increases, while reflectance slightly decreases at
480 nm. As a significant trend from 90- to 250-
ka rocks, increase at 500 to 600 nm. Reflectance
for 350-ka vocks increases from 540 to 700 nim.

Nakashima et al. (1992) and Kuchitsu el al,
(1999} have investigated in detail the visible

reflectance specira of iron minerals goethite
( ¢-FeOOH), and hematite { -Fe,0,). They
have pointed out that the spectra of the two iron
minerals show different patterns in the visible
region: the reflectance of spectra of goethite
increases in the 500- to 600-nm range and
glightly decreases at 480 nm, and (hat of
hematile increases at 540 to 700 nm. According
o these previous studies, the reflectance
spectrum of 90- to 250-ka rocks seems to be
correspond to the spectra of goethite, and that of
350-ka rocks to the spectra of hematite. These
findings suggest that iron minerals in the
sandstone of the present study changes from
goethite to hematite as the weathering period
increases.

45

20

Reflectance, r (96)

ke T

i
i
: !

400 450 500
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Fig. 9 Temporal changes in visible diffuse reflectance spectra,
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Colour

Soil colour is closely related to the content of
goethite and hematite (e.g., Torrent et al,
1983). Recent researchers in earth sciences have
used a spectrophiotometer to measure the colour
of rocks, minerals and soils (c.g., Nagano and
Nakashima, 1989; MNakashima et al, 1992;
Nakashima, 1994; Oguchi ct al., 1995; Ota and
Kiya, 1996; Mitsushita et al,, 1998; Wakizaka el
al., 1998),

The colour of rock samples were determined
using a Minolta CM-500 Spectrophotometer as
having components L*, a* and b*, L.e., L* a* b*
colour space. The L*-value is the degree of
lightness; L* = { corresponds to black, and L* =
100 corresponds to white, A positive value of
a* expresses red, and a negative value green, A
positive value of b* indicates yellow, and a
negative value blue. Positive a*- and b*-values
express an increase in iron minerals such as
goethite and hematite (Nakashima et al,, 1992;
Nakashima, 1994}, Colour measurements were
carried out on a measuring line on a cutting
surface of cach rock sample at intervals of 5
mm using about 20 intact rock samples taken

from each sampling site,

An example of colour measurements of the
b*-value is shown in Fig, 10. This figure shows
that distributions of the b*-valuc arc almost
uniform from the surface to the inner zone,
Thus the mean value of all the measured values
in each measuring line of individual rock
samples is the representative colour value of
each rock sample.

The results of colour measurements arranged
by weathering time are shown in Fig. 11. The
a*-value ranges from —1.48 to 20.96, and the
b¥-value ranges from —4.51 to 31.53, The a*-
value increases during the 250- to 350-ka
period, and the b*-value increases during the 0-
to 250-ka period. These results support that the
colour of rock samples becomes more yellowish
during the 0- to 250-ka period and then more
reddish during the 250- to 350-ka period,

The a*-b* diagram (Fig, 12) shows that the
gradient of the trend line from plolted data is
higher during the 0- to 250-ka period, while the
gradient is gentle during the 250- to 350-ka
period, Nakashima {1994) suggested that an
increase in the h*-value expressed an increase

30 ; -350 ka——
. 120ka
20 |- '
E
§ 10 T
*
) ;
0 | & & &
-10 i |

20 30

Distance from gravel surface, » (mm)

Fig. 10 Distribution of b*-value measured on cutting surface of gravel,
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Fig, 11 Temporal changes in colour indices {(a*- and b*- values),

in goethite and an increase in the a*-value
expressed an increase in hematite. Therefore,
the present data of the a*-6* diagram indicate
that goethite increases during the 0- to 250-ka
period, and hematite increases during the 250-
to 350-ka period.

Physical Properties

Effective Porosity and Apparent Specific
Gravity

The effective porosity, n, (%), and the

apparent specific gravity, G,, are widespread
indices for physical properties of rocks. The
methods of analysis were used by the Japanese
Geotechnical Engineering Society (1989). The
measurements were carried out using about 20
samples taken from each sampling site.
Temperal changes in the effective porosity
and the apparent specific gravity are shown in
Fig. 13. The effective porosity ranges from 0.75
to 30.19 %, and the apparent specific gravity
ranges from 1.72 to 2.77. The effective porosily
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Fig. 12 Data plot on a*- b* diagram.

increases as the weathering period increases,
while the specific gravity decreases during 330
ka, The effective porosity rapidly increases
during 0 to 20 ka, and 90 to 120 ka, and after
that a little increase in the n,-value occurs
during 120 to 350 ka. On the other hand, the
apparent specific gravity rapidly decreases
during O to 20 ka, and 90 to 120 ka, and ifs
decreasing rate is slow during 120 to 350 ka.

Pore Size Distribution

Using three rock samples taken from each
sampling site, pore-size distribution (PSD) was
measured with a mercury intrusion porosimeter,
the Porosimeter 2000 manufactured by the
Karulo-Elva Co., ltaly, The PSD of varjous rock
types has been investigated in previous studies
(e.g., Tamura and Suzuki, 1984; Uchinp and
Ichinose, 1984; Yamashita and Suzuki, 1986;
Uchida and Tada, 1991,1992; Suzuki and
Matsukura, 1992; Matsukura and Matsuoka,
1996; Oguchi and Matsukura, 1996; Tanaka et
al,, 1996; Lin and Takahashi, 1999; Lin et al,,
1999; Takahashi et al., 1999). The method was
devised by Washburn (1921), who assumed

open pores with cylindrical shape. The pore
diameter, o, is calculated by the following
equation:

d=4ycos /P .(2)
where 7 is the surface tension of mercury (484
dyne/em), O is the contact angle between
mercury and solid (about 131°) and P is the
pressure of mercury intrusion,

The significant range of PSD readings is
from 3.3 X 10" zm 10 3.3 X107 ym, Pores are
tentatively divided into the following four
ranges {Suzuki and Matsukura, 1992), d, through
dy large (3.3X10'2d,>3.3 x10%), medium
(3.3 10"=d, >3.3 %107, small (3.3 %1072
d.>>3.3 %107 and very small (3.3 X107 =d,>
3.3X10%). Pore volumes per unit weight of
rock samples are denoted as 7, V,, ¥ and ¥,
(mm¥g) for the four grades, respectively, The
sum of ¥, ¥, V. and F, is called the total pore
volume, ¥, (mm¥/g).

A representative example of the histogram of
pore size distribution is shown in Fig. 14, The
pattern of pore size distribution of 70- to 110-ka
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rocks mostly shows the normal distribution. In
histograms for 120- to 350-ka rocks, the mode-
value of pore volume is cxceptionally rich, Both
the mean pore radius and the total pore volume
increase with increasing the weathering period.
Temporal changes in the pore volume
fractions ¥, ¥,, V. and ¥, are shown in Fig. 15,
The values of F, and ¥, increase rapidly during
the 120- to 350-ka period and during the 90- to

120-ka period, respectively. On the other hand,
V. and ¥, increase only slightly as the
weathering period increases. Thesc facts show
that the pore radius of sandstone increases as
the weathering period incteases, and increasing
pore size is mostly more than | gm ( ¥, and V).

The mean pore radivs, » (pem), and the
specific surface area, S (in%/g), were calculated
from the pore size distribution data from each
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pore radius, », ranges from 0.005 to 4.994 am,

and ihe specific surface area, S, ranges from

S, is

area,

surface

The specific

sample.

calculated by the following equation:

046 to 601 w¥g. The mean pove radins

increases as the weathering period iucreases,

e (3)

S= —(I/M yeos g) [ PdV

most rapidly during 90 to 120 ka. The specific

surface area increases at a nearly constant rate

where M is the mass weight, ¢ is the surface

during 350 ka. Thus the pore radins increases

tension of mercury (484 dynefcm), @ is fhe

varying amounts, but the specific surface avea

contact angle between mercury and solid (about
131™), P is the pressure of mercury intrusion,

and ¥ is the volume of mereury intrusion,

increases at a constant rate as the weathering

period increases.

These results are shown in Fig, {6, The mean
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Permeability The results are shown in Fig. 17. The

The permeability of sandstone is usuvally
measured by the transient pulse technique (e.g,,
Ishijima et al, 1991, 1993; Xue et al., 1992;
Takahashi et al, 1993), This method uses a
cylindrical test specimen. The gravel used for
the present analysis is toe hard to form into a
cylindrical specimen because the pebbles are
ivegularly shaped and small. Therefore, the
permeability was calculated using PSD data
based on the hydraulie radius model (Peterson,
[983). Calculation was carriecd out by
employing the method of Lin et al. (1999),
wlrich uses the following equation:

k=C r d{AR2[sf 0y ird¥ e @)
where & is the permeability (w/s), C, is a
constant value of 0.4, + is the weight per unit
volume, ¢ is the effective porosity, f(r;) is the
frequency of pore size distribution, #; is the
capillary  diameter (gum) and o is the
coefficient of viscosity (dyne « s »em?, 38 1
for water ),

permeability of sandstone ranges from 10! to
10°7 /g and increases as the weathering period
increases. There was an especially rapid
increase during 0 to 20 ka and 90 to 120 ka.
Alter that, a small increase occurred during 120
10 350 ka.

Internal pore structure of rocks using X-ray

cr

X-ray cempuled tomography analysis {(X-ray
CTy, originally used for medical analysis, has
been applied as a new non-destructive method
of measuring internal densily and pore structure
of rock and soil samples (e.g., Raynaud et al.,
1989; Nishizawa et al,, 19935; Ikchara, 1997;
Nakano et al., 1997, 2000, Sugawara et al,
1998, 1999 Duliu, 1999; Geet et al, 1999;
Otani et al., 2000 a, b). An X-ray CT scanner
generates a cross-sectional image through the
rock samples by digitizing shadow piclures
taken from various directions. The method is
based on the measwrements of the attenuation of
the X-ray beam, For monochromatic radiation
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of known intensity, /,, acress a homogeneous
substance, the inlensity, 7, received after
altenuation in the material is given by Lambert's
Law (Raynaud ct al., 1989), as follows:
I=[e-tins  (5)
where p; is the absorption value per unit mass
(em¥g), p is the density (g/cm®) and x is the

length of the material along the X-ray pass.
Intensity f is converted to the CT-value using
the following equations:

1= Ih‘ exp (_UI n.\')
CT=K(U-U) U,

o i(6)
(T

where U, is the absorption value of the sample,
. 18 the absorption value of water (0.171) and
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K is a constant of 1,000, The CT-value of water
is zero, Since the absorption value of air is very
small, 0,29 %107, the CT-value of air becomes
—1,000. The CT-value depends mainly on
material density reflecting pore structure.

Using 8 to 12 samples taken at cach sampling
site, X-ray CT images were measured with an
X-ray CT scanner, a Toscanar 23200 mini
manufactured by Toshiba Ce., Japan, with 300-
kV tube voltage and a 0,5-mm X-ray beam, The
equipment can analyse a resolution area of less
than 0,2 X0.2 mm?,

Representative CT images are shown in Fig.
18. The CT-value distribution of each sandstone
is mosily uniform in the whole section of each
type of gravel. Decreasing CT-value secms to
indicale decreasing density (i.e., an increased
porous zone). This shows that the distribution of
pores in sandstenc is uniform in the whole
section of each specimen, Distribution of pores
in the CT images is in good agreement with the
resuit of microscope observation showing
uniform pore distribution in thin sections (Fig.
7). Inner cracks arc expressed as a low C7-

value zone on CT images, as recognised in 120-
ka rock (Fig. [8). X-ray CT analysis shows that
no weathering rinds exist in most of the samples
shown in Fig. 18, These results are in good
agreement  with  the results of naked-eye
observations of the culting surfaces of rock
samples (Fig. 6).

A rapid decrease in the mean CT-value as the
weathering period increases can be noted on CT
images of the period between 90- and [20-ka
BP (Fig. 18). Figure 8 shows the detail of the
changes in CT images of the sandstonc between
90 and 120 ka. This figure shows that the C'7-
value rapidly decreases during the period 110 to
20 ka. In the CT images of 110-ka rock
samples, the CT-value al the corner areas in the
outer zone is higher than that of the inner zone,
This phenomenon is considered to be a false
image caused by the X-ray CT method itself
(Nakano et al., 2000),

The average value of CT-value, denoted as
CT,, of each rock sample was calculated from
the data of CT images. The results are shown in
Fig. 19. The value of CT,, ranges from 779 to
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1594 and follows a trend of decreasing as the
weathering period increases, particularly dusing
the 90- to 120-ka period. This finding indicates
that sandstone pored increased during that
period,

Chemical Properties
Chemical  Composition
Florescence Analysis
Chemical composition of three rock samples
taken from each sampling site was determined
using X-ray florescence analysis (XRF: Rigaku
model 3270). The following ten major elements
were analysed: $i0,, TiO,, Al,04, FeO+Fe, 04,
MnO, Mg0O, Ca0, Na,0, K,O0 and P,0..
Temporal changes in chemical compositions are
shown in Fig. 20, Plotted data in this figure are
limited to Si0,, ALO;, FeO+Fe,0,, MgO, Cal,
Na,0 and K,,0,
Figure 20 shows that the chemical
compositions of Si0,; Mg0, Ca0, Na,0 and
K,O gradually decrease as the weathering

using  X-ray

period increases, while those of AlLO; and
FeO+Fe,0, are mostly constant during 350 ka,
Although Si0, is a compound with low
solubility in natural water, it leaches out easily
due to weathering. Alkali elements such as
MgQ, Ca0, Na,0 and K,0 with high solubility
also leach out easily due to weathering, while
Al0y and FeO+Fe,0y tend to remain in the
internal part of gravel because both compounds
have a low solubility. Quartz, plagioclase and
clay minerals such as illite and kaolinite consist
of silica. Decreasing silica is considered to be
caused by leaching of clay minerals because
they are more soluble than is quartz, Plagioclase
consists of alkali elements such as Na,O, K,0
and Ca0. The decrease of these elements is
considered to be caused by the decompaosition
of plagioclase.

Since the solubility of Al and Fe in natural
water is lower than that of alkali elements, it
remains in the matrix of sandstone, Aluminum
is considered to be supplied by the



Rates of Roek Property Changes due to Weathering

23
80
70 : Sio
* —_——— 1
s TR E S .
Z 60 *
2
2 40
g
Q
2 30
8
§ 20 ALO
O L 3 _:_ .
jo -~ F oo
I Fe,0; |
i, iy st « T .
0 100 200 300 400
4
5
& 3
Py A
=
.g i.-i : A
a S I K,0 *
c 2 | e e A
8 ) el Na ----------
Tg - u\:’o A
E 1 . u N A
. M
> Cao N ‘
ot --—e-—-a- oo . g
0 100 200 300 400

Time, ¢ (ka)

Fig, 20. Temporal changes in chemical composilions

decomposition of plagioclase, chlorite and
kaolinite, and iron is considered to be supplied
by the leaching of chlorite.

The Cid- and Pl-values are excellent indices
of leaching of chemical elements due to
weathering (Reiche, 1943; Nesbitl and Young,
1982). CiA- and Pl-values are calculated as
follows:

CIA=100 X ALO(ALONa,0+K,0+Ca0)
{8)
PI=100 X Si0,/(SiO;HFeO+Fe,0,)+ALO,)
(9)

where Al,O;, Na,O, K,0, Ca0, Si0, and
FeQ+Fe,0, are given by weight %. The Cid-
value expresses the degree of leaching of Si0,,
and the Pl-value expresses the degree of
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leaching of alkali elements (CaO, Na,O and
K,0) because Al,O, and FeO+Fe,0, have a low
solubility.

Temporal changes in the calculated CfA4- and
Pl-vatues are shown in Fig. 21, The Cld-value
ranges from 68.12 to 89.17, while Pl-value
ranges from 77.58 to 85.46. Cl4- and Pl-values
change at a constant rate during 350 ka. Using

the least squared fit method, the relationships
between Cl4-value and weathering period, ¢
(ka), and Pl-value and ¢ are calculated as
follows (R, is the contribution ratio):

Cid =005+ 70,22, R*=0.89
PI=-0.01 r+ 8281, R-=0,58

~(10)
(1)
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Distribution of Chemical Elements using

Energy Dispersive X-ray Spectromeltry

Energy dispersive X-ray spectrometry (EDS)
was conducted to examine the concentration
map of major elements in polished thin sections,
Using three samples taken at each sampling site,
the chemical mapping of 31, Fe, Al, K and Na
was carried out,

The results of a concentration map of 81, Fe,
Al, K and Na for 0-, 70-, 120, 250~ and 350-ka
rocks are shown in Fig, 22. The EDS mapping
images show that (1) the amount of Si in matrix
decreases as the weathering period increases,
and (2) the amount of K and Na in plagioclase
decreases as the weathering period increases. A
decrease of Si in malrix is considered to be
caused by the leaching of clay minerals such as
kaolinite, illite and chlorite. Decreases in the
amounl of K and Na are caused by leaching of
plagioclase. The amount of Fe in matrix
gradually concentrated during 350 ka, The
amount of Al in matrix gradually concentraled
during 0 to 250 ka, and after that the amount
decreased during 250 to 350 ka.

Mechanical properties

The point loading tensile test {Hiramatsu et
al., 1965) is a simple method for examining the
mechanical properties of rocks. The strength of
about 20 samples from each terrace deposit was
measuted wilh a point load strength apparatus
(Meode! TS-40; Maruto Co., Japan), Tensile
strength, o, (kgfiem?), is calculated by the
following equation:

g, = 0.9F,/d’ w{12)
where F, is load al failure (kgf}, and o is the
diameter of the rock sample at failure {cm),
Point loading tensile strength was calculated Lo
be the index of point load strength, ¢, which is
detined by Kimiya (19735 a) as follows:

T =log g, (13}

Temporal changes in the T are shown in Fig,
23.The g, ranges from 0.41 to 5400 (kgf), and
the ¢ ranges from -0.39 to 3.48, This figure
shaws that the value of t decreases during 0 1o
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120 ka, bul after that the value of 7 is constant
during 120 to 250 ka. The rock strength
decreases most rapidly during 90 to 120 ka,

Summary of the results

Figure 24 summarises temporal changes in
the quantitative parameters, including colour,
physical properties, chemical properties and
mechanical properties. The average of the
measured values in each rock property is plotted
in this figure,

(1) Changes in Colour

Figure 24 shows that the a*-value increases
during the 250-to 350-ka period and the b*-
value increases during the 0- to 120-ka period,
indicating that the colour of rock samples

el

changes {rom grey to yellowish during 0 to 250
ka and subsequently changes to reddish during
250 to 350 ka. These results suggest that iron
minerals in  rock samples change from
ferrihydrite to goethite during 0 to 250 ka and
from ferrihydrite to hematite during 250 to 350
ka.

(2) Changes in Physical Properties

Effective porosity: Figure 24 shows that the
effective porosity, n, increases as the
weathering period increases. The effective
porosity mostly increases during the 0- to 120-
ka pericd, and after that a small increase in n,
occurs during the 120- to 350-ka period. This
result shows that the volume of open pores
rapidly increases during 0 to 120 ka,
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Fig. 24 An idealized diagram of temporal changes in rock properties.
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Pore size distribution: Figure 15 shows that
the pore volumes, ¥, and ¥, increase slightly
as the weathering period increases, while J,
rapidly increases during 90 to 120 ka and ¥,
rapidly increases during 120 to 350 ka. This
result shows that the pore radius of sandstone
increases as the weathering period increases,
but that enlargement occurs mainly in large
pores more than 1 zm (¥, and V). As shown in
Fig. 24, the mean pore radius, r, increases as the
weathering period increases, particularly rapidly
during 90 to 120 ka. On the other hand, the
specific surface area, §, increases at a constani
rate during 350 ka.

Internal pore structure of rocks using X-ray
CT. Figure 24 shows that the €T -valve
decreases as the weathering period increases,
and in particular it decreases rapidly during 90
to 120 ka, The latter supports the result that the
pore radius of sandstone increases during 90 to
120 ka,

(3) Changes in Chemical Properties

Figwre 20 shows that the chemical
compositions of Si0,, MgO, Ca0, Na,0 and
K,0 aradually decrease as the weathering
period increases, while those of AlLO; and
FeO+Fe,0, are mostly constant during 350 ka.
This result shows that §i0, leaches easity due to
weathering despite its low solubility. High-
solubility compounds such as MgQ, Ca0, Na,Q
and K,O (consisting of alkali elements) also
leach easily due to weathering, but Al,O, and
FeO+Fe,0, lend to remain in the internal part of
gravel because both compounds have low
solubility. As in Fig. 24, the Cld-value
increases and the Plvalue decreases constantly
as lhe weathering period increases. Thus,
changing rates of chemical weathering are
constant during 350 ka.

(4) Changes in Mechanical Properties

Figure 24 shows that the index of point load
strength, T, decreases during the 0- to 120-ka
period, but after that it is constant during the

120- to 250-ka pericd. Rock strength decreases
most rapidly during 90 to 120 ka.

DISCUSSION
Temporal Changes in Rock Properties

The temporal changes in rock propertics due
to weathering during 350 ka are examined using
the above results. Patterns of temporal changes
in rock properties shown in Fig. 24 can be
subdivided into the following three types:

(Type-1); b*-value, effective porosity, .,
mean pore radius, r, mean CT value, CT,, and
index of point load strength, t. Thesec rock
properties have high rates of changing during
90 to 120 ka, while they change only slightly
during 0 to 90 ka and 120 to 350 ka,

(Type-2); a*-value. These rock properties
change rapidly during 250 to 350 ka but only
slightly during 0 to 250 ka.

{Type-3): Specific surface area, S, and two
chemical weathering indices (C/A- and Pl

values), These rock properties change
constantly during 0 to 350 ka,
The Type-l pattern includes physical

properiies except for the specific surface area,
mechanical properties and the colour index of
the b*.value: the patterns of temporal changes
in physical and mechanical properties and the
colour index of the b*-value are similar. The
changing patterns of physical properties are
similar to those of mechanical properties.

The physical properties and the colour
indices change during the 0- to 120-ka period.
The index of point load strength has decreased
to the minimum value before 120 ka, i.e., rock
sirength first decreases in comparison to the
other rock properties of Type-1. This result
corresponds well to the results of previous
studies (i.e., Oguchi et al., 1994), This relation
suggests that rock strength is reduced by even
slightly increasing pore volume and/or inner
cracks,

The Type-2 pattern occurs only in the a*-
vatue. The a*-value increases with increasing
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the amount of hematite and degree of
mineralization of hematite (e.g., Nakashima et
al., 1992). The changes of iron minerals due to
weathering are discussed in detail in later,

The Type-3 pattern includes the specific
surface area and the chemical weathering
indices (CI4- and Pl-values). The changing
rates of both indices are almost constant during
350 ka. This changing pattern suggests that
chemical reactions occurred actively at the
surface of the materials with a large specific
surface area, as indicated by Oguchi et al,
{1994). Since the specific swrface area of
sandstone increases at a constant rate during
350 ka, the chemical weathering indices change
at a constant rate during 350 ka.

Temporal changes in rock properties of Type-
I accelerate during 90 to 120 ka. The period
corresponds to the Last Interglacial Stage
{Marine Isotope Stage 5: MIS 5) during 70- to
120-kn  BP. The age of the maximum
interglacial stage (MIS 5¢) is cstimated to be
about 120-ka BP. Thus the rapid changes in
these rock properties oceurred during the Last
Interglacial Stage (MIS 5), This agreement may
suggest that a warm climate during the MIS 3
accelerated changes in  rock properties.
However, not all the rock properties changed
rapidly during the MIS 5, and it is not clear that
the relationships between changing rock
properties were due to weathering and effects of
changes of climate during the Quaternary.

Mechanism of Weathering in Sandstone
Gravel

Change in Pore Structure in Sandstone due

to Leaching of Matrix Minerals

The weathering mechanism of sandstone has
been explained by increasing pore volume and
pore radius caused by leaching of matrix
minerals (e.g., Chigira and Sone, 1991), The
primary pore geomelry of sandstone has been
cxamined in previous studies from  the
viewpoint of oil rescrvoir assessment in
petroleum geology (e.g., Uchida and Tada,
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1991). The pore geometry of sandstone is
approximated to the skeleton network in
previous studies {e.g., Scholle, 1979; Pelerson,
1983; Daoyen, 1988). For example, Doyen
(1988) has constructed a model of pore
siructure that assumes that the distribution of
pores and the pore radivs are uniforim
throughout the whole rock.

Observations of photomicrographs (Fig. 7)
and PSD data (Figs. 14 and 15) show that (1)
connected and elongated pores with a diameter
of L to 10 z2m are mainly formed in matrix, and
{2) micro-pores with a diameter of less than | g
m are rare, Observations of photomicrographs
and CT images suggest that the distribution of
pores is uniform throughout the whole gravel.
The process of pore formation seems, therefore,
to occur simultaneously throughout the gravel,
This supports the field evidence that sandstene
has no weathering rind.

The measurements of the effective porosity
and pore-size distribution show that the pore
volume and the mean pore radius of sandstone
increase as the weathering period increases, as
follows: (1) pore velume, V,, and effective
porosity, i, rapidly increased during 90 to 120
ka, as shown in Figs. 13 and 15, respectively,
and (2} although ¥, rapidly increased during
120 to 250 ka, », increased only slightly during
120 to 250 ka {Figs. 13 and 15). These changes
are explained by the connection of pores that
caused changes to the pore siructure. For
example, if neighboring pores running parallel
are connected by leaching of matrix with each
other, the ¥ _ -value would increase but

st
effective porosity would remain constant, CT,,
rapidly decreased during 110 to 120 ka (Fig,
19), which seems to have been caused by the
increasing pore radius, not by the inereasing
pore volume.

The changing pattern of the CT-value
corresponds to the changing pattern of F,. On
the other hand, the rate of change of the
chemical weathering indices of sandstone is

conslant during 350 ka. The apparent
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inconsistency of the changing pattern between
the chemical weathering indices and the CT-
value can be explained by the increase of
connected pores. XRF data shows that there is
no evidence of rapid leaching of chemical
during the 90- to 120-ka period. The increased
r-value and decreased CT-value seems to be
caused by the degree of increased pore
connection during the 90- to 120-ka period.

Some studies of the weathering of sandstone
have been carried out (e.g., Chigira and Sone,
1991; Buntenuth et al, 1998;). Chigira and
Sone (1991) noted that weathered tuffaceous
sandstone is cemented by zeolite, and
Buntenuth et al, (1998) wrote that the weathered
sandstone they studied is cemented by silica
gels. These both studies indicated that leaching
of matrix minerals plays an important role in
weathering of sandstone. It is well known that
calcite, zeolite, silica gels and pyrite are easily
dissolved. As described above, XRD results
show that these minerals are not included in
sandstone of the present study, In general,
plagioclase changes into some kinds of clay
minerals such as kaolinite due to weathering
{e.g., Ollier, 1969), However, clay minecals and
plagioclase monotonously decrease as the
weathering period increases during 350 ka, and
increasing clay minerals due to weathering
cannat be recognised from the XRD results.

Chigira and Sone (1991) discussed that {1)
concentrated iron minerals filled the pore space
in matrix with weathering, and (2) decreasing in
cffective porosity and increasing in density
occurred as a result of iron concentration,
Photomicragraphic observation and PSD data
show that the effective porosity, n,, increases as
the weathering period increases {Figs. 7, 13 and
15), althougl iron minerals concentrate in the
matrix of sandstone, Cementation of sand
particles by iron minerals is not clear in
sandstone pravel of the present study because
rock strength decreases as the weathering period
increases.

Although the pore volume and the pore

radius increase as the weathering period
increases, the specific surface area and the
chemical weathering indices change at a
constani rate during 350 ka. Microscope
observation shows that the pores caused by
leaching of matrix minerals are mostly straight
and cylindrical in shape. The specific surface
area of straight-like cylindrical pores seems to
be small, even thongh the pores' radivs is big.
Characleristic ~ properties  of  sandstone
weathering are that (1) the pore radius increases
as the weathering period increases, and (2) the
changing rate of the specific surface area is
constant. Tn general, chemical reaction occurred
at the surface of the materials, Chemical
weathering rates are constant because the
increasing rate of the specific surface area is
constant. Changing patterns of chemical
weathering of rocks correspond to that of the
specific surface area of rocks. The results of
XRF data confirm that the rates of chemical
weathering are constant.

The weathering mechanism of sandstone can
be understood as the sequential leaching of
matrix, as shown in Fig, 25, At the early stage
of weathering, the porosily of sandstone is low
because the matrix consists of clay minerals
such as illite, kaclinite and chlorite. At the later
stage of weathering, elongated and connected
pores form in the matrix as a result of the
leaching of clay minerals.

PSD data and the results of microscope
observation show that geometrically, the pores
are elongated and connected to each other. The
structure of pores of the present study is similar
to that of an elongate pore model described by
Scholle (1977). The leaching of matrix in
sandstone is mostly uniform in each of the
whole rock samples. A weathering rind cannot
be secn in the sandstone because of this uniform
leaching thal has occurred. The pore shape is
also in accordance with the model of Doyen
{1988). He suggests that the pore space
morphology of sandstone is shmilar to the

skeleton structure, having a network of
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Fig. 25 Changes in pore structure of sandstone gravel,

cylindrical channels. In sandstone, cylindrical
channels secem to be formed in matrix like those
in the model shown in Fig. 25, In addition, the
pore volume and the mean pore radius increase
as the weathering period increases, and, thus,
the radius of cylindrical channels seems to
increase as the weathering period increases, To
summarise, the leaching of matrix and the
resulting increased pore volume play a major
role in the weathering of sandstone,

Concentration of Iron Minerals in Matrix of
Sandstone

The changing process of iron minerals due to
weathering affects rock structure and changes in
colour of sandstone. The results of observation
of microphotographs show that iron minerals
accumulated in matrix as the weathering periad
increased. Small amounts of iron minerals are
found in 0- o 20-ka rocks, and the amounis
increase in 70- to 350-ka rocks. Particles of iron
minerals with a maximum diameter of 100 zm
are recognised in 350-ka rock. In addition, the
results of EDS show that Fe concentrates in
malrix as the weathering period increases. In 0-
to 70-ka rocks, the concentration of Fe is low
over the whole thin section, while concentrated
Fe particles form in 120- to 350-ka rocks in
matrix, with & maximum diameter of as much as
100 pm. Fe?* js formed by leaching of chlorite
due to weathering, Fe** is easily oxidized to
Fe* in an oxidative environment such as in

terrace deposits. Fe** is precipitated within the
rack because Fe* has a low solubility in natural
water (e.g., Ichikuni, 1972). Hydroxides such as
ferrihydrite are formed by precipitation of Fe*',
The reaction of iron precipitation is expressed
by the following equations:

Fe'* + 30H" — Fe (OH), | e(14)
5Fe (OH); — FegHO, « 4H,0 + 3H,0
- (15)

where ferribydrite  (Fe;HO; . 4H,0) is an
amorphous mineral commonly recognised in
redd soils (e.g, Torrent et al, 1982, 1983;
Schwertman and Murad, 1983, 1988; Campbell
and Schwertman, 1984; Ayaki and Kyuma,
1987). :

The colour of sandstone gravel changes to
yellowish or reddish as the weathering period
increases. The colour of rocks is affected by the
iron minerals contained therein {MNakashima,
1994). For example, if hemalite is added to
powdered white almina by 0.77 and 0.05 weight
percent, the powder changes to red and pink,
respectively (Nakashima, 1994). This suggests
that when sandstone becomes reddish due to
weathering, il is caused by an increase in iron
minerals such as hematite. The type of iron
minerals could not be detected by XRD analysis
of the sandstone because il has a relatively low
iron mineral content. The rvesults of colour
measurement and  spectroscopy  analysis,
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however, suggest that iron minerals in rock
samples change from ferrihydrite to gocthite
{ @-FeOOH) during the 0- to 250-ka period and
from ferrihydrite to hematite ( @-Fe,0,) during
the 250- to 350-ka period.

Several studies have been carried out that
examined the changing mechanism of iron
minerals in red soils {e.g., Torrent et al,, 1982,
1983; Schwertman and Murad, 1983, 1988;
Campbell and Schwertman, 1984; Araki and
Kyuma, 1987). Ferrihydrite could not be
identified by XRD because it is amorphous
mineral. Mizukami et al. {1999) have shown
hydrogen-confaining minerals in  weathered
sandstone using near infrared spectroscopy
analysis. In addition, many amorphous iron
mincrals were included in red soils on the
Higashibaru terrace in the Miyazaki Plain
{Akagi et al, 1997). These hydrogen-containing
minerals and amorphous iron minerals in ihe
present  stndy  seem to  be considered
ferrihydrite.

Experimental studies of the dehydration of
ferrihydrite have been carried out by Torrent et
al. (1982) and Schwertmann and Murad (1983).
These studies show that hematite increases at
high temperatore, low humidity and neutrality
pH conditions, and goethite increases at low
temperature, high humidity, and acidie and/or
alkaric conditions, The formation process of
goethite and  hematite  from  ferrihydrite
(Fe HO; - 4H,0) is discussed by Torrent et al.
(1982}, The results of this paper show that
fervihydrite can transform to hematite and

goethite at high relative humidity, about 93 %
(Torrent et al, 1982). When there is a lower
relative humidity and a high tempecature, the
transformation to hematite is highly favored
over transformation to goethite. These reactions
are described by the following chemical
equations:

2Fe 0, » 4H,0 — 5 &-FeOOH + 2H,0
{16}

2FeHO, » 4H,0 — 5 @-Fe,0, + 5H,0
~{17)

The results of colour measurement and
spectroscopic  analysis show that goethite
increased during 70- to 250-ka BP, and hematite
increased during 250- to 350-ka BP (Figs. 9, 11,
and 12). Although changes of iron minerals
seem to be caused by changes in environmental
conditions such as temperature and humidity at
250 ka, this contradicts the many studies
concerning the Quaternary environmental
changes. For example, as glacial-interglacial
cycles are recognised in the Quaternary, drastic
environmental changes  avound 250 ka
contradict the above results. Because of this,
changes in iron minerals cannot be explained by
environmental changes that occurred around
250 ka. These considerations suggest that the
formation of hematite required more time than
that of goethite. The reaction in Eq. (16) seems
to have occurred during the early stage of
weathering, between 70 and 250 ka, and the
reaction in Eq. (17) seems to have occurred

goehtite
ferrihydrite
Chlorite | Fe?' | Fe" = | FesHO; 41,0
leaching oxidation precipitation hematite

Fig. 26 Changes in Fe minerals of sandstone gravel.
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during the later stage of weathering, between
250 and 350 ka.

The behavior and crystallization of iron in
sandstone gravel due fo weathering are
summarised in Fig. 26. Iron originates from
chlerite. Changing iron by oxidation, hydration
and mineralization during weatliering ultimately
produces goethite and hematite. The rock
strueture and colour of sandstone gravel seem to
be affected by changes of iron minerals in
matrix.

CONCLUSIONS

Changes in several rock properties due to
weathering have been investigated, and the
weathering mechanism of sandsione has been
elarified using sandstone gravel in dated terrace
deposits whose formative ages are 0, 20, 70, 90,
110, 120, 250 and 350 ka. The following
conclusions as illustrated in Fig. 27 can be
drawn from this study:;

(1) Although the appearance of quartz
phenocrysts does not change as the weathering
period increases, plagioclase has decomposed
during 350 ka. Clay minerals in matrix also
decomposed as the weathering period increased,
while iron minerals have gradually concentrated

33

in matrix during 350 ka.

{2) The a*-value increased during 250 to 350
ka, and the b*-value increased during 0 to 120
ka. This result suggests that iron minerals in
rock samples changed from ferrihydrite to
goethite between 0 and 250 ka and from
ferrihydrite to hematite between 250 and 350
ka,

(3) Effective porosity increases as the
weathering period  increases. Pore volume
indicators such as F, and F increased slightly
as the weathering period increased, while 7
increased rapidly during 90 to 120 ka and F,
increased rapidly during 120 to 350 ka. These
results show that the pore diameler of sandstone
increases as the weathering period increases,
and the increased pore size is mostly more than
I pmm (F, and J,). The mean pore diameter
increases as the weathering period increases,
particularly rapidly during the 90- to 120-ka
period, On the other hand, the specific surface
area incrcases at a constant rale during 350 ka,
Observation of X-ray CT images shows that the
distribution of pores in sandstone is uniforn
throughout each sandstone gravel,

(4) The chemical composition of 8i0,, MgO,
Ca0, Na,0 and K,O gradually decreases as the

quartz - stabilty
sand
particles
plagioclasc : M, . . [PWe|increases in pore volume and radius,
decrease Increase in pores tlecreases in CT value and strenptly
¥
weathering . . .
of sandslone weathelnng rinds : absent
A
clay minerals p| leaching of .
Y ) v his ™{changes in CF4 and P/ values
decrease chemical elements
matrix !
iron minerals » changes in colour and visible
concentration dilfuse speetrum

Fig. 27 General diagram of weathering mechanism of sandstone.
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weathering period increases, while that of Al,O,
and FeQ+Fe,0, is mostly constant dwring 350
ka. These results show that SiO, is leached
easily due to weathering, even though it has low
solubility, Highly solubte compounds such as
MgO, Ca0, Na,C and K,O also leach easily due
o weathering, but Al,O, and FeO+Fe,0, tend
to remain in the internal part of gravel because
both compounds have low solubility. The Cid-
value increases and the Pl-value decreases at
constant rates as the weathering period
increases. Thus rates of chemical weathering
are constant during 350 ka.

{(5) The index of point load strength decreases
during 0 to 120 ka, but after that remains
coustant during 120 to 250 ka. In particular,
rock strength decreases during 90 to 120 ka,

(6) The rock structure and colour of
sandstone gravel seems to be affected by
changes in the iron mincrals in matrix. The
behavior and crystallization of Fe due to
weathering caused by oxidation, hydration and
mineralization during weathering,  which
ultimately produces goethite and hematite.

(7) Weathering causes the leaching of matrix
malerials in sandstone, which increases pore
volume and pore radius. In addition, pore
volume and mean pore radius
throughout gravel as the weathering period
increases. These (indings lead us to conclude
that changes in the rock properties of sandstone
due to weathering are the result of increased
pore volume and the concentration of iron
minerals in the sandstone matrix.

increase
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