()

Rates and Mechanism of Changing in
Rock Properties Due to Weathering of

Sandstone Gravel

Ken-ichi NISHIYAMA

A dissertation submitted to the Doctoral Program

El in Geoscience, the University of Tsukuba
PIRE: in partial fulfillment of the requirements
L for the degree of Doctor of Philosophy (Science)
% ¥
~ |n
K | s

01301690



Contents

ADSEIACE. ..o il
List of Tables ..., v
List of Figures ..o vi
1. INtroduction ..........ccooooiiiiiiic e 1
1.1. Previous researches on weathering and weathering rates...................... 1
1.2. Previous researches on weathering of sandstone.................coooiinnni. 3
1.3. The purpose of this StUdY ......oceuiiiiiiiiiii e 4

2. Geomorphological and geological setting of Miyazaki Plain... 6
2.1. Geomorphological and climatological setting of the Miyazaki Plain . 6
2.2. Quaternary stratigraphy and tephrochronology of the Miyazaki Plain .. 6

2.3. Geological features of sampling points and rock samples for analysis.13

3. Analyses and results..................c..cooiiniiiiiiii 16
3.1. Rock texture and mineralogical properties ...........ccccvvvvvieeiceiniianenneen 16
3.1.1. Rock texture based on microscope observation...................... 16
3.1.2. Mineral compoSItIONS ......cooviieiiiiiiiiiieceicre e 17
3.1.3. Identification of iron minerals............ccocoeniiiiiniiiniiinnn 17
3.2, COl0UT i 19
3.3, PhysiCal PrOPeItiS ..ucivuniiiieeiiiieiiiie et e 20
3.3.1. Effective porosity and apparent specific gravity............c....... 20
3.3.2. Pore size diStribution.........cccooeeriiniieiieieiece 21
3.3.3. Permeability ....ooouvuiiiiiiiiiiiiie 23
3.3.4. Distribution of density .........c.cccoeveevieiiiieiiereenee e 23
3.4. Chemical PrOPEItISS .oocvuuuiiiiiiiree e e e e e e cnnnraees 25
3.4.1. Chemical composition using X-ray florescence analysis ...... 26

3.4.2. Distribution of chemical elements using energy dispersive
X-TaAY SPECIIOMCIIY . .ouiieieiiieieeieie e 27
3.5. Mechanical Properties .........oeveiiiinieeiiiiiiieeee e ee e e et e e e e eenens 28



3.6. Summary of the results .........ooooiiiiiiiiiiini 29

ADESCUSSTOM ..ot 31
4.1. Temporal changes in rock properties........c.ccveevvvvrvvimieriniieeeneeennnaninn, 31
4. 2. Relationships between rock properties .........cccccocvcviiiiiiiiiinnnan. 32
4.3. Mechanism of weathering in sandstone gravel ................cccciviiiinn 36

4.3.1. Change in pore structure in sandstone due to leaching of

MatrixX MINETAIS .. ...t e 36
4.3.2. Concentration of iron minerals in matrix of sandstone.......... 40
4.3.3. SUMMATIY...coiiiiiiiiiiiiiii e e bve e 43

4.4. Application to engineering ge0lOgY .......uuevririeieriimiiineeeeeiiinineeiiinn, 43
5. ConCluSIONS ........ccooviiiieiicee 47
Acknowledgments...................ooiiii 49
ReferencCes .........ooooiiiie e 50
TADIES oo e 65
FIZUIES ..o e 96

11



Abstract

Temporal changes in colour as well as 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 that were distributed in 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) no weathering rind is found in
whole cut sections and (2) younger gravels (70-, 110-, 120-ka gravels) and
older ones (250- and 350-ka gravels) have a yellowish and reddish colour,
respectively.

The main results of the measurements are as follows: (1) According to
the observation of mineral texture in thin sections, pore volume increases as
the weathering period increases, and connected pores form in the matrix of
sandstone; (2) matrix minerals such as illite, kaolinite and chlorite gradually
decrease as the weathering period increases; (3) the a*-value of the colour
index increased from the period of 120 to 350 ka, and the b*-value increased
during the period of 0 to 120 ka; (4) visible diffuse reflectance increases in
the zone of longer wavelengths in older gravels; (5) chemical composition of
Si03, K,0, MgO, NaO and CaO gradually decrease as the weathering period
increases, while FeO+Fe;03 and Al,O3 are constant during 350 ka; (6) X-ray
computed tomography (CT) images are homogeneous in the whole cross
section, and weathering rinds cannot be recognised; (7) the CT-value
decreases as the weathering period increases; (8) specific gravity decreases
but effective porosity increases as the weathering period increases; (9) pore
radius and pore volume increase as the weathering period increases, and in
particular, pore radius increased rapidly from the period of 110 to 120 ka;
(10) specific surface area changes occurred at a constant rate during 350 ka;

(11) the results of energy dispersive X-ray spectrometry (EDS) analysis show



that Fe concentrates in the matrix of sandstone and Si and alkali elements

leach as the weathering period‘increases; and (12) the rock strength index

decreases drastically from the period of 0 to 120 ka.

Taken together, these results suggest that (1) the increase in pores in gravel
that occurs as the weathering period increases is caused by the leaching of
matrix material, that is, decreasing SiO, and alkali elements; (2) iron
concentration and the formation of goethite and hematite occur in older
gravels, which is compatible with the evidence that the colour of the older
gravel changes from yellowish to reddish; (3) connected pores formed owing
to the leaching of matrix minerals; (4) the distribution of pores is
homogeneous in the whole of gravel, so a weathering rind cannot be
recognised; and (5) while pore size and pore volume increase as the
weathering period increases, owing to the fact that winding pores are rare, the
rate of change of a specific surface area and the chemical weathering indices
are constant during 350 ka. In summary, leaching of matrix materials and

increasing pore volume play major roles in the weathering of sandstone.

Key words: weathering, weathering rate, sandstone, rock properties, pore

structure, terrace deposits, Miyazaki Plain
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1. Introduction
1.1. Previous researches on weathering and weathering rates

Weathering influences the processes and rates of landform
development. The study of these processes and rates of rock weathering is
important for understanding geomorpﬁology. Moreover, problems concerning
rock weathering are widespread and affect many other research fields in
earth sciences and engineering such as mineralogy, geochemistry, soil
science, engineering geology, petroleum geology and civil engineering.

The weathering process has been classified into three types: (1)
physical weathering, (2) chemical weathering and (3) biological weathering
(e.g., Ollier, 1984; Yatsu, 1988). Physical weathering consists of processes
such as wet-dry slaking, salt weathering and frost action. This type of
weathering has been studied by many researchers (e.g., Goudie, 1970;
Fookes et al., 1971; Baynes, 1978; Koroneous, et al., 1980; McGreevy, 1981;
Lautridou and Ozouf, 1982; Hall and Hall, 1996). Chemical weathering
consists of processes such as mineral alteration, solution, oxidation, and
hydration, and this type of weathering has also has been studied by many
researchers (e.g., Ruxton, 1968; Huang, 1973; Drever, 1985; Harnois, 1988;
Cooke and Doornkamp, 1990; Jayawardena and Izawa, 1994). Biological
weathering consists of processes such as burrowing plants and animals and
bacterial activity. Biological weathering has also been studied extensively
(e.g., Webley et al., 1963; Krumbein, 1978; Dorn and Oberlander, 1981,
Grote et al., 1981).

The study of weathering was classified into the following three types
by Matsukura (1994): (1) the process of weathering (the mechanism of
weathering), (2) weathering products and changes in rock properties, and (3)
rates of weathering. Many studies on weathering processes have been

accumulated through laboratory experiments on chemical weathering (e.g.,



Berner et al., 1980; Lagasa, 1984) and experiments on physical weathering
(e.g., Cooke and Smalley, 1968; Matsukura and Yatsu, 1982). Most of the
experimental approaches are carried out to monitor short-term weathering
processes. The approach to long-term weathering processes and their relation
to geomorphic processes needs to be discuss?d using weathering products
observed in the field. For example, Suzuki et al. (1977) and Matsukura et al.
(1981) have studied vertical changes in rock properties of granites due to
weathering. However, these works on weathering profiles have not been
written with the intention to estimate long-term weathering rates because of
the difficulty in time estimation.

The meaning of the term ‘weathering rates’ varies among researchers
(Yatsu, 1981; Matsukura, 1994). In some studies, the term has been used as a
synonym for chemical denudation rates (Colman and Dethier, 1986;
Matsukura and Hirose, 1999), while other studies use the term to indicate the
changing rates of rock properties due to weathering (Kimiya, 1975a,b; Crook
and Gliespie, 1986; Oguchi et al.,, 1994, 1996, 1999a,b; Suzuki and
Hachinohe, 1995; Sunamura, 1996; White et al., 1998; Hachinohe et al.,
1999a,b). These researchers estimated the weathering period using fluvial
and marine terrace deposits and lava domes. This type of research became
possible through the recent development of the Quaternary stratigraphy and
dating methods. However, studies on the changes in rock properties due to
mineralogical, chemical, physical and mechanical weathering have been
limited in number (e.g., Chigira and Sone, 1991; Oguchi et al., 1999a,b;
Hachinohe et al., 1999a,b).

Analyses of the mechanical, physical and chemical properties of
weathering products are also important because these rock properties are
closely related to each other. For example, chemical changes often result in
the reduction of rock strength (Matsukura et al., 1983; Oguchi and Matsukura,
1996). So far a limited number of studies (Saito et al., 1974a,b; Oguchi et al.,

1994) have investigated chemical and/or mineralogical properties along with



mechanical and/or physical properties. Further investigation is necessary to

estimate the changing rock properties due to weathering.

1.2. Previous researches on weathering of sandstone

Sandstone is composed of four principal ingredients: (1) quartz grains,
(2) feldspar grains, (3) rock fragments and (4) matrix and/or cement. The
matrix consists of clay minerals that fill pores during diagenesis. Sandstone
is divided into arenite-type and wacke-type. Arenite-type is sandstone
containing less than 15% fine-grained matrix, while wacke-type contains
more than 15% fine-grained matrix.

The physical properties of sandstone have been studied from the
viewpoint of petroleum geology by many researchers (e.g., Scholle, 1979;
Doyen, 1988; Krohn, 1988a,b; Uchida and Tada, 1992). These studies
discussed the pore geometry and permeability of sandstone as a simulation
model of an oil reservoir.

Previous studies on the weathering processes of sandstone have been
limi;ed in number (e.g., Bell, 1978; Chigira anvd Sone, 1988a,b, 1991,
Pentecost, 1991; Robinson and Williams, 1994; Urusay et al., 1994; Halsey,
1996; Tugrul and Zarif, 1998; Butenuth et al., 1998; Bell and Rinsay, 1999),
and research involving measuring rock properties as a way of researching the
weathering process has been even more limited (Chigira and Sone, 1988a,b,
1991). Table 1 shows some studies dealing with the changes in rock
properties due to weathering. Chigira and Sone (1991) discussed the
chemical weathering of sandstone cemented by zeolite in detail. In that same
study, they showed that changes in rock properties due to weathering are
caused by zeolite dissolution and iron precipitation in matrix. Thus leaching
of zeolite plays an important role in the changes in rock properties due to

weathering. Since Chigira and Sone (1991) discussed only tuffaceous



sandstone cemented by zeolite, it is not clear that their conclusion can be
applied to different kinds of sandstone.

Studies on the weathering rates of sandstone have been limited in
number (e.g., Matsukura and Matsuoka, 1996; Hachinohe et al., 1999).

Further investigation is necessary to evaluate the rates and mechanisms of

sandstone weathering.

1.3. The purpose of this study

Clarifying the rates and mechanism of sandstone weathering is
necessary for researchers working in the earth sciences because sandstone is
widely distributed in earth’s land surface. The review of previous studies on
this subject shows that the rates and mechanism of sandstone weathering are
not well understood. In order to solve the rates and mechanism of sandstone
weathering, this study investigates the rock properties of sandstone gravel
taken from terrace deposits in a series of dated fluvial terraces in the
Miyazaki Plain. 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 due to weathering during 350 ka.

The measured sandstone properties include the following: (1) rock
texture and mineralogical properties (observation of thin sections, mineral
compositions using X-ray diffraction and visible diffuse spectra), (2) colours,
(3) physical properties (effective porosity, pore-size distribution, specific
surface area, permeability and distribution of density), (4) chemical
properties (chemical compositions using X-ray fluorescence analysis and
distributions of chemical eclements 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.



2. Geomorphological and geological setting of Miyazaki Plain.

2.1.  Geomorphological and climatological setting of the Miyazaki
Plain |

The Miyazaki Plain is located along the Pacific coast of Southeast
Kyushu (Fig. 1). On the northwest side of the Miyazaki Plain lie the Kyushu
Mountains, which are chiefly composed of Mesozoic to Cenozoic
sedimentary complex. The plain has an area of ca. 900 kn and altitudes
from 0 to 200 m above sea level. Three large rivers (Omaru, Hitotsuse and
Ohyodo) flow across the plain from northwest to southeast.

Many terrace surfaces are developed in the Miyazaki Plain, as
described later. Paleo red soils are widespread in South Kyushu (Fig. 2), and
some of the terrace deposits are topped with paleo red soils.
Tephrochronological investigations have indicated that all of the paleo red
soils were formed in the middle Pleistocene. Paleo red soils are considered to
have been formed under the warmer climate during the interglacial stages in
the middle Pleistocene (e.g., Matsui and Kato, 1962).

Figure 3 summarises the meteorological data at the Miyazaki Meteorological
Station (31° 55° N, 131° 25’ E. 6.3 m a.s.l.), located 10 km south of the
studied area. The mean air temperature is 6.8 C in the coldest month
(January), 27.2C in the warmest month (August) and 17.0C through the
year. The average annual precipitation is 2434.6 mm (Natural Astronomical

Observatory, 1995).

2.2. Quaternary stratigraphy and tephrochronology 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, 1930a,b; Endo, 1968; Hoshino,
1971; Kino et al.,, 1984; Nagaoka, 1984; 1986; Endo and Suzuki, 1986;
Kimura et al., 1991). A comparison of the Quaternary sediments in each
study is summarised in Table 2. Recently, the stratigraphy of marine
sediments and terrace deposits were discussed by Nagaoka et al. (1998;
1999), and 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 terrace group and the higher terrace group. The
middle to lower terrace group contains the following terraces in order from
the youngest to the oldest: Fukadoshi surface, Ikatsuno surface, Saitobaru
surface, Nyutabaru surface, Baba surface and Sanzaibaru surface. The higher
terrace group contains the following terraces in order from youngest to
oldest: Chausubaru surface, Urushinobaru surface, Kukino surface,
Higashibaru surface and Shiibaru surface (Figs. 5 and 6). Projected
longitudinal profiles of each terrace surface along the Hitotsuse River are
shown in Fig. 7. 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. 8. 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 3). The
younger and the older tephra groups were deposited in the late Pleistocene
and the middle Pleistocene, respectively. The older tephra groups contain
many marker tephra layers, such as, from youngest to oldest, Ata-Torthama
(Ata-Th), Kakuto (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-Tanzawa (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, microscope observation and
measurements of the refractive index of pyroxene, hornblende and volcanic
glass. The younger tephra group covers the middle to lower terraces in the
late Pleistocene, and the older tephra group covers the higher terrace group
in the middle Pleistocene.

Quaternary marine sediments distributed in the Miyazaki Plain were
named the Tohriyamahama formation by Otsuka (1930a). Since Otsuka,
opinions are diverse concerning the stratigraphic position of the middle
Pleistocene marine sediments (Otsuka, 1930a; Endo, 1968, Hoshino, 1971;
Nagaoka, 1986; Endo and Suzuki, 1986). 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.,, 1998). The Nanukigawa and the Omarugawa formations
contain as marker tephras the Kb-Ks and the Kkt, respectively. The
Sanzaibaru formation formed the Sanzaibaru surface, while the other
formations are overlain unconformably by the Chausubaru terrace deposits,
the Sanzaibaru formation and Ikatsuno terrace deposits.

The middle to late Pleistocene marine and fluvial sediments
distributed in the Miyazaki Plain can be divided into the 12 stratigraphic
units described below. Columnar sections of each stratigraphic unit are
shown in Figs. 9 through 15, and the stratigraphy of the Miyazaki Plain is
summarised in Table 4.

(1) Recent river floodplain (recent river gravel): The fluvial surface has
been formed in the present. The gravel is mainly composed of sandstone and
shale with smaller amounts of greenstone, acidic tuff, granodiorite and
welded tuff, with a diameter of 5 to 30 cm.

(2) Fukadoshi terrace deposits: The Fukadoshi surface is widely distributed
at 30 to 70 m elevation in the middle to south part of the Miyazaki Plain.

Typical columnar sections of the Fukadoshi terrace deposits are shown in Fig.



9. The Fukadoshi terrace deposits are almost directly overlain by the Kr-Kb
pumice fall layer (16 ka: Machida and Arai, 1992). The terrace is, therefore,
considered to have been formed around 20 ka before the present (BP). The
gravel is mainly composed of sandstone and shale with smaller amounts of
greenstone and acidic tuff, with a diameter of 5 to 20 cm. These deposits are
about 2 m thick and unconformably cover the Neogene Miyazaki Group.

(3) Tkatsuno terrace deposits: The Ikatsuno surface is distributed at 40 to 70
m elevation. Typical columnar sections of the Ikatsuno terrace deposits are
shown in Fig. 10. The Ikatsuno terrace deposits are almost directly overlain
by the Kr-Iw scoria fall layer. The age of the Kr-Iw scoria fall layer was
calculated by proportional allotment (40 ka?). This method assumes that the
sedimentation rate of loam beds is constant. Thus the terrace is considered
to have been formed around 40 ka BP. The gravel is mainly composed of
sandstone and shale with smaller amounts of greenstone and acidic tuff, with
a diameter of 5 to 20 cm. These deposits are about 3 m thick and
unconformably cover the Nanukigawa formation, the Omarugawa
(Hedagawa) formation and the Neogene Miyazaki Group.

(4) Saitobaru terrace deposits: The Saitobaru surface is widely distributed at
50 to 80 m elevation. Typical columnar sections of the Saitobaru terrace
deposits are shown in Fig. 11. The Saitobaru terrace deposits are almost
directly overlain by the A-Iw ash fall layer. The age of the A-Iw ash fall
layer was also calculated by proportional allotment (70 ka?). Thus the terrace
is considered to have been formed around 70 ka BP. The gravel is mainly
composed of sandstone and shale with smaller amounts of greenstone and
acidic tuff, with a diameter of 5 to 20 cm. These deposits are about 5 m thick
and cover the Neogene Miyazaki Group.

(5) Nyutabaru terrace deposits: The Nyutabaru surface is widely distributed
at 60 to 90 m elevation. Typical columnar sections of the Nyutabaru terrace
deposits are shown in Fig. 12. The Nyutabaru terrace deposits are almost

directly overlain by the Aso-4 pyroclastic flow deposits (89 ka: Matsumoto



et al.,, 1991). Thus the terrace is considered to have been formed around 90
ka BP. The gravel is mainly composed of sandstone and shale with smaller
amounts of greenstone and acidic tuff, with a diameter of 5 to 20 cm. These
deposits are about 5 m thick and unconformably cover the Sanzaibaru
formation and the Neogene Miyazaki Group.
(6) Baba terrace deposits: The Baba surface is distributed at 90 to 110 m
elevation in the south part of the Miyazaki Plain. Typical columnar sections
of the Baba terrace deposits are shown in Fig. 13. The Baba terrace deposits
are almost directly overlain by the Ata ash fall layer (110 ka: Matsumoto and
Ui, 1997). Thus the terrace is considered to have been formed around 110 ka
BP. The gravel is mainly composed of sandstone and shale with smaller
amounts of greenstone and acidic tuff, with a diameter of 5 to 20 cm. These
deposits are about 10 m thick and unconformably cover the Neogene
Miyazaki Group.
(7) Sanzaibaru terrace deposits: The Sanzaibaru surface is widely distributed
at 90 to 110 m elevation. The Sanzaibaru terrace deposits (the Sanzaibaru
formation) are thick transgressive deposits made in the middle Pleistocene
(Nagaoka et al., 1998). Typical columnar sections of the Sanzaibaru terrace
deposits are shown in Fig. 14. The Sanzaibaru terrace deposits are almost
directly overlain by the Ata ash fall layer (110 ka; Matsumoto and Ui, 1997)
and the K-Tz ash fall layer (100 ka: Machida and Arai, 1992) and contain the
Aso-3 ash fall layer (120 ka: Matsumoto et al., 1991) in the lower member
(Nagaoka et al., 1998). Thus the terrace is considered to have been formed
around 120 ka BP. The gravel is mainly composed of sandstone and shale
with smaller amounts of greenstone and acidic tuff, with a diameter of 5 to
20 cm.

The Sanzaibaru terrace deposits are lithologically subdivided into
three members (Nagaoka, 1986; Nagaoka et al., 1998). The lower member is
composed of fluvial gravely deposits in the regressive stage. The middle

member consists of alternating layers of sand and silt with fossils of
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mollusca; it was formed in the transgressive stage of Marine Isotope Stage 5S¢
(120 ka). The upper member is composed of sand with smaller amounts of
gravely deposits under deltaic or beach condition at the maximum stage of
the transgression.

Paleo red soils are recognised on the tob of thé deposits. Since paleo
red soils are buried under the Ata ash fall deposits (110 ka), they are
considered tobhave been formed during the period from 120 ka to 110 ka BP.
(8) Chausubaru terrace deposits: The Chausubaru surface is widely
distributed at 120 to 130 m elevation in the middle part of the Miyazaki Plain.
Typical columnar sections of the Chausubaru terrace deposits are shown in
Fig. 15. The Chausubaru terrace deposits contain the Ata-Th pyroclastic flow
deposits (230-250 ka: Machida and Arai, 1992) in the middle part. Thus the
terrace is considered to have been formed around 250 ka BP. The gravel is
mainly composed of sandstone and shale with smaller amounts of greenstone
and acidic tuff, with a diameter of 5 to 20 cm. These deposits, having a
thickness of about 20 m, unconformably cover the Omarugawa (Hedagawa)
formation and the Neogene Miyazaki Group.

Paleo red soils are recognised on the top of the deposits. Paleo red

soils are buried under A-Iw air fall deposits (70 ka?), which are considered
to have been formed during the period from 250 to 70 ka BP.
(9) Urushinobaru terrace deposits: The Urushinobaru surface is distributed
at 190 to 210 m elevation in the southwestern part of the Miyazaki Plain.
Typical columnar sections of the Urushinobaru terrace deposits are shown in
Fig. 13. The Urushinobaru terrace deposits are almost directly overlain by
the Ata-Th pyroclastic flow deposits (230-250 ka: Machida and Arai, 1992).
Thus the terrace is considered to have been formed around 300 to 250 ka BP.
The gravel is mainly composed of sandstone and shale with smaller amounts
of greenstone and acidic tuff, with a diameter of 5 to 30 cm. These deposits
are about 10 m thick and unconformably cover the Kukino formation.

Paleo red soils are recognised on the top of the deposits. Paleo red
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soils are buried under the Ata-Th pyroclastic flow deposits, they are
considered to have been formed during the period 300 to 250 ka BP.
(10) Higashibaru terrace deposits: The Higashibaru surface is distributed at
150 to 230 m elevation in the middle to south part of the Miyazaki Plain.
Typical columnar sections of the Higashibaru terrace deposits are shown in
Fig. 9. The Higashibaru terrace deposits are almost overlain by the paleo red
soils and the Kkt ash fall layer (300 ka: Machida and Arai, 1992). Thus the
terrace is considered to have been formed around 350 ka BP. These deposits
are about 20 m thick and unconformably cover the Neogene Miyazaki Group
and the Paleogene Shimanto Supergroup. Some outcrops lack the marker
tephra Kkt and are directly overlain by the Ata-Th ash fall layer.

Paleo red soils are recognised on the top of the deposits (Akagi et al.,
1997). Paleo red soils are buried under A-Iw air fall deposits (70 ka?) and are
considered to have been formed during the period 300 to 70 ka BP.
(11) Kukino terrace deposits: The Kukino surface is distribut‘ed at 200 to 240
m elevation in the southwestern part of the Miyazaki Plain. Typical columnar
sections of the Kukino terrace deposits are shown in Fig. 13. The Kukino
terrace deposits are almost directly overlain by the Kkt pyroclastic flow
deposits (300 ka: Machida and Arai, 1992) and contain the Hwk pyroclastic
flow deposits (600 ka: Machida and Arai, 1992) and the Kb-Ks pyroclastic
flow deposits (500 ka: Machida and Arai, 1992) in the lower part. Thus this
formation is considered to have been formed during the period 600 to 300 ka
BP. The gravel is mainly composed of sandstone and shale with smaller
amounts of greenstone and acidic tuff, with a diameter of 5 to 50 cm. These
deposits are about 60 m thick and unconformably cover the Neogene
Miyazaki Group and Paleogene Shimanto Supergroup.

(12) Shiibaru terrace deposits: The Siibaru surface is distributed at
200 to 300 m elevation in the north part of the Miyazaki Plain. The Siibaru
terrace deposits are directly overlain by an unidentified weathered tephra

layer (Hwk?, 600 ka: Machida and Arai, 1992). In addition, the Siibaru
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surface is strongly eroded, and distribution of the terrace surface is scattered.
Therefore, the terrace is considered to have been formed before 500 ka BP.
The gravel is mainly composed of welded tuff and granodiorite, with a
diameter of 5 to 50 cm. These deposits are distributed around Mt.
Osuzuyama and consist of welded tuff and granodiorite. These deposits are

about 10 m thick and unconformably cover the Osuzuyama acidic rocks.

2.3. Geological features of sampling points and rock samples for

analysis.

The locations of the eight rock sampling sites are shown in Figs. 6
and 8. All sampling points are directly covered with tephra layers (Fig. 16),
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).

Figure 25 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 are fine- to
mediﬁm-grain wacke-type. About 20 samples of rounded sandstone cobbles
and pebbles were taken from each sampling point. The characteristics of the
eight sampling sites and sandstone sample gravel taken from the sampling
sites are as follows:

(1) Recent river floodplain (0-ka rocks): The sampling point is located on a
gravel bar of river floodplain in the Omaru River (Fig. 17). The gravel taken
from this site is not visibly weathered. The cuttingy 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
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humic soils (the so-called ‘Kuroboku’). The covering tephra layer is about 1
m thick (Fig. 18). 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-Iw. The covered
tephra layer is about 3 m thick (Fig. 19). 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 little dim.
(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 iayer is about 7 m thick (Fig. 20). The gravel taken from this site is
slightly weathered, and its colour is light gray to brown. This gravel is brittle,
and sounds made by hammer blows to it are somewhat dim.
(5) Baba terrace deposits (110-ka rocks): Gravely deposits of this sampling
point are almost directly covered by the tephra Ata. The covered tephra layer
is about 7 m thick (Fig. 21). 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 are almost directly covered by the tephra K-Tz. The covered
tephra layer is about 6 m thick (Fig. 22). 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.

(7) Chausubaru terrace deposits (250-ka rocks): Gravely deposits of this
sampling point are almost directly covered by the tephra Kr-Iw. The covered
tephra layer is about 4 m thick (Fig. 23). Deposits contain the Ata-Th in the

middle part. The gravel taken from this site is strongly weathered, and its
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colour is reddish brown. This gravel is brittle, and sounds made by hammer
blows to it are dim.

(8) Higashibaru terrace 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. 24). The gravel taken from this
site 1s strongly weathered, and it is reddish in colour. This gravel is brittle,

and sounds made by hammer blows to it are dim.
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3. Analyses and results
3.1. Rock texture and mineralogical properties

3.1.1. Rock texture based on microscope observation

The petrographical, mineralogical and chemical properties of
sandstone in Kyushu Shimanto terrene have been described by Okada (1977),
Teraoka (1977; 1979), Teraoka et al. (1995; 1999) and Kimura et al. (1991).
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 consists
of clay minerals. Okada (1977) recognised a small amount of calcite cements
in the matrix.

Microscope observation was carried out using three rock samples
taken from each sampling site. Figs 26 and 27 show representative
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 not changed as the weathering period
has grown longer, plagioclase has been decomposed during the past 350 ka.
lMatrix minerals have also decomposed, as shown by the fact that the thin
sections of matrix become increasingly unclear as the weathering period
increases, while iron minerals with a diameter of about 10 to 100 x m have
gradually concentrated in matrix during 350 ka. Small particles of iron
minerals surround sand grains, and big particles of iron minerals in 350-ka
rocks fill the pore space produced by leaching of feldspar grains.

Observations of pores in thin sections have been included in previous
studies (e.g., Takahashi et al., 1992; Suzuki and Takahashi, 1994; Nishiyama
et al., 1992; Hirono and Nakashima, 2000). Since pores are filled with
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petropoxy resin, the area of pores can be recognised as a yellowish zone in
matrix, as shown in Figs. 26 and 27. Pores are stretched and connected from

the outer parts to the inner parts.

3.1.2. Mineral compositions

Minerals were identified by X-ray diffraction analysis (XRD; Rigaku
Co., Ltd., RAD-C System). The operating conditions included an X-ray
target of CuK a , 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 treatments with ethylene-glycol.

The results of XRD are shown in Table 5 and Fig. 28. Samples
include quartz, plagioclase and clay minerals such as kaolinite, chlorite and
illite. Chlorite can be identified because the 2 8 of diffracted pattern has not
shifted after treatments with ethylene-glycol. The intensity of diffracted
peaks of plagioclase, illite and kaolinite gradually decreased dufing 350 ka,
while a diffracted peak of chlorite cannot be recognized after 250-ka rocks.
These results are compiled in Fig. 29, showing that plagioclase and clay

minerals decompose as the weathering period increases.

3.1.3. Identification of iron minerals »
The visible diffuse reflectance spectra of rocks and minerals have
been used recently to characterise the origins of the colours of rocks (e.g.,
Nakashima et al., 1989, Matsunaka and Uwasawa, 1992; Nakashima, 1994,
Kuchitsu et al.,1999; Sasaki and Otani,1999; Hiroi,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

17



measured using a Minolta CM-500 spectrophotometer 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 crystals and reappeared at the
surface after multiple scatterings. When light is reflected from the rock
surface, diffuse reflection occurs. If the intensity of the diffuse spectra
reflectance light from the surface of a white plate (BaSQOy) is Iy and that from

the rock sample is /, the diffuse reflectance R is given by
R=1/I = (3-1)

The results of the measurements are shown in Fig. 30. 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 rocks increases from 540 to 700 nm. ,

Nakashima (1994) and Kuchitsu et al. (1999) have investigated in
detail the visible reflectance spectra of iron minerals goethite: « -FeOOH,
and hematite: « -Fe,03). 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 slightly
decreases at 480 nm, and that of hematite increases at 540 to 700 nm.
According to 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.

18



3.2. Colour

Soil colour is closely related to the soil’s goethite and hematite
contents (e.g., Torrent et al., 1983). Recent researchers in earth sciences have
used a spectrophotometer to measure the colour of rocks, minerals and soils
(e.g., Nakashima et al., 1989, 1992; Nagano et al., 1992; Oguchi et al., 1995;
Nakashima, 1994; Ota and Kiya, 1996; Mitsushita et al., 1998; Shinohara et
al., 1998; Wakizaka et al., 1998).

The colour of rock samples were determined using a Minolta CM-500
Spectrophotometer as having components L*, a* and b*, i.e., L* a* b* colour
space. The L*-value is the degree of lightness: L* = 0 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 1994). Colour
measurements were carried out on a measuring line on a cutting surface of
each rock sample at intervals of 5 mm using about 20 intact rock samples
taken from each sampling site.

All data of the L*-, a*- and b*-values are shown in Table 6. An
example of colour measurements of the b*-value is shown in Fig. 31. This
figure shows that distributions of the b*-value are 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. 32. The a*-value ranges from —1.45 to 18.78, and the b*-value
ranges from —4.51 to 27.05. The a*-value increases during the 250- to 350-ka

period, and the b*-value increases during the 0- to 250-ka period. These
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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 shows that the gradient of the trend line from
plotted data is higher during the 0- to 250-ka period, while the gradient is
gentle during the 250- to 350-ka period (Fig. 33). Nakashima (1994)
suggested that an increase in the b*-value expressed an increase in goethite
and than an increase in the a*-value expressed an increase in hematite.
Therefore, the present data of the a*-b* diagram indicate that goethite
increases during the 0- to 250-ka period, and hematite increases during the

250- to 350-ka period.

3.3. Physical properties

3.3.1. Effective porosity and apparent specific gravity

The effective porosity, n.(%), and the apparent specific gravity, Gy,
are widespread indices for physical properties of rocks. The methods of
analysis were used employed by the Japanese Geotechnical Engineering
Society (1989). The effective porosity, n. (%), and the apparent specific

gravity, G,, were calculated by the following equations:

Gn= W1 /(Wj“‘W4) (3-2)
ne =100 X (Ws-W2) /(Ws-Wq) - (3-3)

where W; is the sample weight in natural conditions, W5 is the sample weight
in dry conditions, Wj; is the sample weight in a saturated condition, and Wy is
the sample weight in water. The measurements were carried out using about
20 samples taken from each sampling site.

Table 7 shows the effective porosity and the apparent specific gravity
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of all the samples. The effective porosity ranges from 0.75 to 30.19 %, and
the apparent specific gravity ranges from 1.72 to 2.77. Temporal changes in
the effective porosity and the apparent specific gravity are shown in Fig. 34.
The effective porosity increases as the weathering period increases, while the
specific gravity decreases during 350 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 0 to 20 ka, and 90 to 120 ka, and its

decreasing rate is slow during 120 to 350 ka.

3.3.2. 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., Italy. The PSD of
various rock types has been investigated in previous studies (e.g., Tamura
and Suzuki, 1984; Uchida, 1984; Uchino et al., 1984; Yamashita and Suzuki,
1986; Yamaguchi et al., 1988; Nishiyama et al., 1990; Uchida et al.,
1991,1992; Suzuki and Matsukura, 1992; Oguchi et al., 1996; Matsukura ’E}ﬂd
Matsuoka, 1996; Tanaka et al., 1996; Rin et al., 1998; 1999a,b; Takahashi et
al., 1999). The method was devised by Washburn (1921), who assumed open
pores with cylindrical shape. The pore diameter, d, is calculated by the

following equation:
d=4ycos@ /P e (3-4)

where y is the surface tension of mercury (484 dyne/cm), 6 1is 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 X 10! pmto 3.3X
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10 w m. Pores are tentatively divided into the following four ranges (Suzuki
and Matsukura, 1992), d, through d; large (3.3 X 10'=d, >3.3 X 10%,
medium (3.3 X10°=4d;,>3.3X10"), small (3.3X10"'=d,>3.3X10?) and
very small (3.3X1022=d;>3.3X107%). Pore volumes per unit weight of rock
samples are denoted as V,, Vy, V. and Vy, (mm3/g) for the four grades,
respectively. The sum of V,, Vs, V. and V; is called the total pore volume,
Vsum (mm’/g).

All PSD data are shown in Table 8. A representative example of the
histogram of pore size distribution is shown in Fig. 35. The pattern of pore
size distribution of 70- to 110-ka rocks mostly shows the normal distribution.
In histograms for 120- to 350-ka rocks, the mode-value of pore volume is
exceptionally rich. Both the mean pore radius and the total pore volume
increase with as the weathering period increases.

Temporal changes in the pore volume fractions V,, V3, V. and V;are
shown in Table 9 and Fig. 36. The values of V, and V, increase rapidly
during the 120- to 350-ka period and during the 90- to 120-ka period,
respectively. On the other hand, V. and V, increase only slightly as the
weathering period increases. These facts show that the pore radius of
, sandstone increases as the weathering period increases, and increasing pore
size is mostly more than 1 ¢ m ( ¥, and V5).

The mean pore radius,  ( # m), and the specific surface area, § (mz/g),
were calculated from the pore size distribution data from each sample. These
results are shown in Table 9 and Fig. 37. The mean pore radius, 7, ranges
from 0.005 to 4.994 px m, and the specific surface area, S, ranges from 0.46
to 6.01 m?/g. The mean pore radius increases as the weathering period
increases, most rapidly during 90 to 120 ka. The specific surface area
increases at a nearly constant rate during 350 ka. Thus the pore radius
increases varying amounts, but the specific surface area increases at a

constant rate as the weathering period increases.
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3.3.3. Permeability

The permeability of sandstone is usually measured by the transient
pulse technique (e.g., Ishijima et al., 1991, 1993). This method uses a
cylindrical test specimen. The gravel used for the present analysis is too hard
to form into a cylindrical specimen because the pebbles are irregularly
shaped and small. Therefore, the permeability was calculated using PSD data
based on the hydraulic radius model (Peterson, 1983). Calculation was
carried out by employing the method of Rin et al. (1999a), which uses the

following equation:

k=Csy §{1.2[Sfir) /v ]}°/ n - (3-5)

where £ is the permeability (cm/s), C; is a constant value of 0.5, y 1is the
weight per unit volume, ¢ is the effective porosity, f (#) is the frequency of
pore size distribution, r; is the capillary diameter (x m) and p is the
coefficient of viscosity (dyne * s + cm™, ¢ is 1 for water ).

The results are shown in Table 9 and Fig. 38. The permeability of
sandstone ranges from 10! to 107 cm/s and increases as the weathering
period increases. There was an especially rapid increase during 0 to 20 ka
and 90 to 120 ka. After that, a small increase in permeability occurred during

120 to 350 ka.

3.3.4. Distribution of density
X-ray computed tomography analysis (X-ray CT), originally used for
medical analysis, has been applied as a new non-destructive method of
measuring internal density and pore structure of rock and soil samples (e.g.,
Raynaud et al., 1989; Nishizawa et al., 1995; Ikehara, 1997; Nakano et al.,
1997; Sugawara et al., 1998, 1999; Duliu, 1999; Geet et al, 1999; Otani et al.,

2000a,b). An X-ray CT scanner generates a cross-sectional image through the
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rock samples by digitizing shadow pictures taken from various directions.
The method is based on the measurements of the attenuation of the X-ray
beam. For monochromatic radiation of known intensity, [y, across a
homogeneous substance, the intensity, I, received after attenuation in the

material is given by Lambert’s Law (Raynaud et al., 1989), as follows:
I=Ije *** o (3-6)

where 4 is the absorption value per unit mass (cmz/g), o is the density
(g/cm3) and x is the length of the material along the X-ray pass. Intensity / is

converted to the C7T-value using the following equations:

I=Ipexp (-U;ox) = (3-7)
CT=K (U-U,) /U, -+ (3-8)

where U, is the absorption value of the sample, U, is the absorption value of
water (0.171) and 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 X 10, 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 each sampling site, X-ray CT images
were measured with an X-ray CT scanner, a Toscanar 23200 mini
manufactured by Toshiba Co., 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. 39. The CT-value
distribution of each sandstone is mostly uniform in the whole section of each
type of gravel. Weathering rind cannot be recognised on CT images.

Decreasing CT-value seems to indicate decreasing density (i.e., an

increased porous zone). This shows that the distribution of pores in
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sandstone is uniform in the whole section of each specimen. Distribution of
pores in the CT images is in good agreement with the result of microscope
observation showing uniform pore distribution in the thin sections (Figs. 26
and 27).

Inner cracks are expressed as a low C7-value zone on CT images, as
recognised in 120-ka rock (Fig. 39). CT images for samples having inner
cracks are collected in Fig. 40. This figure shows that the apparent width of
each crack is a few millimeters.

Although X-ray CT analysis shows that no weathering rinds exist in
most of the samples shown in Fig. 39, a few samples have indistinct
weathering rinds (Fig. 41). These results are in good agreement with the
results of naked-eye observations of the cutting surfaces of rock samples.

A rapid decrease in the mean CT7-value as the weathering period
increases can be noted on CT images of the period between 90 and 120 ka BP
(Fig. 39). Fig. 42 shows the detail of the changes in CT images of the
sandstone between 90 and 120 ka. This figure shows that the C7-value
rapidly decreases during the period 110 to 120 ka. In the CT images of
110-ka rock samples, the CT-value at 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 CT7-value, denoted as CT,, of each rock sample
was calculated from the data of CT images. The results are shown in Table
10 and Fig. 43. The value of CT,, ranges from 807 to 1594 and follows a
trend of decreasing as the weathering period increases, particularly during
the 90- to 120-ka period. This finding indicates that sandstone pored

increased during that period.

3.4. Chemical properties
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3.4.1. Chemical composition using X-ray florescence analysis

Chemical composition of three rock samples taken from each
sampling site was determined using X-ray florescence analysis (XRF: Rigaku
model 3270) with a tube voltage of 50 kV and a tube current of 50 mA. The
powdered samples were mixed with a wax binder at a proportion of 30:1. The
mixed powder was put into aluminum rings and pressed for one minute with
a 25-ton load to make tablet-like pellets 3 cm in diameter and 2 mm in
height.

The following ten major elements were analysed: SiO;, TiO2, Al,O3,
FeO+Fe,03, MnO, MgO, Ca0O, Na,0, K»O and P,0s. All chemical data are
shown in Table 11. Temporal changes in chemical compositions are shown in
Fig. 44. Plotted data in this figure are limited to SiO;, Al;03, FeO+Fe,03,
MgO, CaO, Na,0 and K,O.

Figure 44 shows that the chemical compositions of SiO; MgO, CaO,
NaO and K,O gradually decrease as the weathering period increases, while
those of Al;03 and FeO+Fe,O3 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 MgO, CaO, Na,0 and K,O with
high solubility also leach out easily due to weathering, while Al,0; and
FeO+Fe;0; 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,O and CaO.
The decrease of these elements is considered to be caused by the
decomposition 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 decomposition of plagioclase, chlorite and

kaolinite, and iron is considered to be supplied by the leaching of chlorite.
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The CIA- and Pl-values are excellent indices of leaching of chemical
elements due to weathering (Reiche, 1943; Nesbitt and Young, 1982). CI4-

and Pl-values are calculated as follows:

CIA = 100 X AL,03,/ (Al,03+Na,0+K,0+Ca0) -+ (3-9)
PI=100XSi0,,” (Si0,+(FeO+Fe,03)+AL,05) -+ (3-10)

where Al,03, Na,0, K,0, Ca0, SiO, and FeO+Fe;0; are given by weight %.
The CIA-value expresses the degree of leaching of SiO,, and the PI-value
expresses the degree of leaching of alkali elements (CaO, Na;O and K,0).
Temporal changes in the calculated CIA- and PI-values are shown in
Table 11 and Fig. 45. The CI4-value ranges from 70.14 to 89.17, while
PI-value ranges from 77.58 to 84.09. CI4- and PI-values change at a constant
rate during 350 ka. Using the least squared fit method, the relationship
between CI4-value and weathering period, ¢ (ka), and Pl-value and ¢ are

calculated as follows (R? is the contribution ratio):

CIA=0.051+7022, R2=0.89 - (3-11)
PI=-0.01¢+82.81, R*=0.58 - (3-12)

3.4.2. Distribution of chemical elements using energy dispersive X-ray
spectrometry
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 bhemical mapping of Si,
Fe, Al, K, Na, Ca and Mg was carried out.
The results of a concentration map of Si, Fe, Al, K and Na for 0-, 70-,
120-, 250- and 350-ka rocks are shown in Figs. 46 to 50, respectively. The

EDS mapping images show that (1) the amount of Si in matrix decreases as
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the weathering period increases (Fig. 46), and (2) the amount of K and Na in
plagioclase decreases as the weathering period increases (Figs. 49 and 50). A
decrease of Si in matrix is considered to be caused by the leaching of clay
minerals such as kaolinite, illite and chlorite. Decreases in the amount of K
and Na are caused by leaching of plagioclase. The amount of Fe in matrix
gradually concentrated during 350 ka (Fig. 47). The amount of Al in matrix
gradually concentrated during 0 to 250 ka, and after that the amount

decreased during 250 to 350 ka (Fig. 48).

3.5. 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 measured with a point load
strength apparatus (Model TS-40; Mafuto Co., Japan). Tensile strength, o,

(kgf/cm?), is calculated by the following equation:
g:=09F/d -+ (3-13)

where F, is load at failure (kgf), and d is the diameter of the rock sample at
failure (cm). Point loading tensile strength was calculated to be the index of

point load strength, r, which is defined by Kimiya (1975a) as follows:
r =logo, -+ (3-14)

All data of the point load strength test are shown in Table 12. The o,
ranges from 0.41 to 5400 (kgf), and the r ranges from -0.10 to 3.48.
Temporal changes in the 7 are shown in Fig. 51. This figure shows that the

value of r decreases during 0 to 120 ka, but after that the value of ~ is
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constant during 120 to 250 ka. The rock strength decreases most rapidly
during 90 to 120 ka.

3.6. Summary of the results

Figure 52 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 52 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 changes from 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 52 shows that the effective porosity, #n., increases
as the weathering period increases. The effective porosity mostly increases
during the 0- to 120-ka period, 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.

Pore size distribution: Figure 36 shows that the pore volumes, V., and V,,
increase slightly as the weathering period increases, while V, rapidly
increases during 90 to 120 ka and V,rapidly increases during 120 to 350 ka.

This result shows that the pore radius of sandstone increases as the
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weathering period increases, but that enlargement occurs mainly in large
pores more than 1 zm (¥, and V;). As shown in Fig. 52, 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, S, increases
at a constant rate during 350 ka.

Distribution of density: Figure 52 shows that the CT,-value 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

Figure 44 shows that the chemical compositions of SiO, MgO, CaO, NayO
and K,O gradually decrease as the weathering period increases, while those
of Al,O3 and FeO+Fe;03 are mostly constant during 350 ka. This result
shows that SiO, leaches easily due to weathering despite its low solubility.
High-solubility compounds such as MgO, CaO, Na,0 and K,O (consisting of
alkali elements) also leach easily due to weathering, but Al,O3 and
FeO+Fe;0; tend to remain in the internal part of gravel because both
compounds have low solubility. As in Fig. 52, the C/4-value increases and
the PI-value decreases constantly as the weathering period increases. Thus,

changing rates of chemical weathering are constant during 350 ka.

(4) Changes in mechanical properties
Figure 52 shows that the index of point load strength, r, decreases during
the 0- to 120-ka period, but after that it is constant during the 120- to 250-ka

period. Rock strength decreases most rapidly during 90 to 120 ka.
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4.Discussion
4.1. Temporal changes in rock properties

The temporal changes in rock properties due to weathering during 350
ka are examined using the above results. Patterns of temporal changes in

rock properties shown in Fig. 52 can be subdivided into the following three

types:

(Type-1): b*-value, effective porosity, n,, mean pore radius, r, mean CT
value, CT,, and index of point load strength, . These 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
(CIA- and PI-values). These rock properties change constantly during 0 to
350 ka.

Quantities showing the Type-1 pattern include physical properties
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 (- to
120-ka period. The index of point load strength has decreased to the
minimum value before 120 ka, i.e., rock strength 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
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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*-value. The a*-value
increases with the amount of hematite and degree of mineralization of
hematite (e.g., Nakashima, 1994). The changes of iron minerals due to
weathering are discussed in detail in section 4.3.2.

The Type-3 pattern includes the specific surface area and the chemical
weathering indices (CI4- and PI-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) and
Matsukura et al. (2000). Since the specific surface 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-1 accelerate during 90 to
120 ka. The period corresponds to the Last Interglacial Stage (Marine
Isotope Stage 5: MIS 5) during 70 to 120 ka BP. The age of the maximum
interglacial stage (MIS 5e) is estimated to be about 120 ka BP. Thus the
rapid changes in these rock properties occurred during the Last Interglacial
Stage (MIS 5). This agreement may suggest that a warm climate during the
MIS 5§ 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.

4. 2. Relationships between rock properties

Rock properties belonging to the same type may be considered to be

closely related to each other. The relationships of these rock properties and
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changing mechanisms are discussed below.

At first, relations with clear causality are discussed. Although no
discussion was carried out about pore volume, V3, and permeability, k, both
parameters belong to Type-1. Rock strength is affected by properties such as
the effective porosity, n,, the mean CT-value, CT,, the index of point load
strength, r, and pore volume, ¥},. The relationships between r, CT,, and n,
are shown in Fig. 53, and that between r and ¥} is shown in Fig. 54. These
figures show that r has a high correlation with CT,, n. and V5. Using the
least-squares fit method, the relationships between r and the other three

values are expressed as the following equations (R? is the contribution ratio):

r =0.003 CT,, —0.872, R?=0.690 0 (4-1)
r =-0.064 n, +2.862, R*=0.682 o0 (4-2)
r =-0.022 ¥V, +2.571, R?*=0.792 -+ (4-3)

The maximum amount of the contribution ratio was obtained using linear
equations. Since R? reaches more than 0.6 in these equations, the
relationships among 7, CT,, n. and ¥V, can be significant. Equations (4-1),
(4-2) and (4-3) show that decreasing r is affected by physical properties
such as CTy,, n. and V. The scattering in the relationship of r to CT, n.
and V; 1s recognised. The reason for this scattering is that strength is a
sensitive parameter that depends on the existence of inner pores and/or
cracks.

The relationship between CT,, and n, is shown in Fig. 54b. This figure
shows that CT,, has a high correlation with n,. Using the least-squares fit

method, the relationship between CT, and r, is expressed as follows:
CT, =-23.39 n, + 1459.92, R*=0.869 o (4-4)

The maximum amount of the contribution ratio was obtained using a linear
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equation. Since CT,, reflects the density of materials, it seems to be in good
relation to the volume of pores, i.e., the effective porosity. Although X-ray
CT analysis is not a common method for estimation of rock properties
because it involves the use of very expensive equipment, CT, is easily
estimated from n, using Equation (4-4).

The permeability, k4, has a high correlation with » and n. (Fig. 55).
Using the least-squares fit method, the relationships between k& and » or n, are

expressed as follows:

k=7X10""F %% R?=0.877 e (4-5)
k=3X10-12ne 1.964, R2:0855 . (4-6)

The maximum amount of the contribution ratios was obtained using power
function. Since R* reached more than 0.8 in both equations, permeability of
rocks seems to be strongly affected by the mean pore radius and the effective
porosity.

The relationships between the chemical weathering indices of CIA-
and Pl-values and the specific surface area, S, are shown in Fig. 56. This
figure shows that § has a high correlation to CI4- and Pl-values. Using the
least-squares fit method, the relationships between CI4- or PI-values and S

are expressed as follows:

CIA=5.182 85+ 67.664, R>=0.940 e (4-7)
PI=-1.410 S+ 83.718, R*=0.917 - (4-8)

The maximum amount of the contribution ratio was obtained using a linear
equation. R? reaches more than 0.9 in both equations. Equations (4-7) and
(4-8) show that increasing CIA-value and decreasing PI-value are affected by
increasing S. If § increases due to weathering, the CIA4-value increases and

the PI-value decreases. Since increasing rates of the specific surface area are
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constant due to weathering, rates of chemical weathering seem to be constant
during 350 ka.

Although causality is not clear, correlation is observed between the
mean pore radius, », and the pore volume, V; or the effective porosity, »,
(Fig. 57). This figure shows that » has a high correlation to 7} and n.. Using
the least-squares fit method, the relationships between » and ¥}, r and n,, are

expressed as follows:

r=0.0517,"% R>=0.772 e (4-9)
r=0.004 n,'°®, R*=0.767 - (4-10)

The maximum amount of the contribution ratio was obtained using power
function. R? reaches more than 0.7 in both equations. These equations show
that » increases with ¥V} value and n.. The r-value can, therefore, be estimated
from Vjp and n, .

The relationships between chemical weathering indices (CIA- and
PI-values) and n, are shown in Fig. 58. Using the least-squares fit method,

the relationships between chemical weathering indices and »n, are expressed

as follows:
CIA =0.635 n, + 69.249, R>=0.775 e (4-10)
PI=-0.194 n, + 83.567, R?=10.956 e 4-11)

Although the two chemical weathering indices and effective porosity belong
to another type of temporal change, the contribution ratio in these equations
is high. Therefore, if the CI4-value increases and/or the PI—vavlue‘ decreases
due to weathering, n, will increase. These relationships indicate that the
increased porosity was caused by leaching of chemical elements such as SiO;
and alkali elements (K»O, NaO, MgO and CaO). As shown in Fig. 52, a

similar pattern is recognised between the colour index (b*-value) and the
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effective porosity.

Relationships between the b*-value, the effective porosity, n. and the
permeability, k, are shown in Fig. 59. Changes of the b*-value have a high
correlation to the effective porosity and the permeability. Using the
least-squares fit method, the relationships between the b*-value and n. or k£

are expressed by the following equations:

ne=2526¢ "%, R'=0814 - (4-12)
k=10""e%2%%" = R>=0.680 o (4-13)

The maximum amount of the contribution ratio was obtained using power
function. In trying to determine the weathering mechanism of sandstone, the
high correlation among n., k and the b*-value cannot be explained because
these parameters are irrespective of each other directly. However, high
correlations among #n,, £ and the b*-value are recognised because (1) changes
in the effective porosity, the permeability and colour occurred in the whole
rock samples, and (2) these changes progress with a similar pattern as the
weathering period increases. Since changes in colour (b*-value) conform
with changes in porosity and permeability, some changes in colour seem to
be good indicators of certain rock properties.

The relationships between rock properties are described quantitatively
by Equations (4-1) to (4-13). Equations (4-12) and (4-13) can be applied to

the problems in engineering geology described in section 4.4.

4.3. Mechanism of weathering in sandstone gravel

4.3.1. Change in pore structure in sandstone due to leaching of matrix
minerals

The weathering mechanism of sandstone has been explained by
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increasing pore volume and radius caused by leaching of matrix minerals
(e.g., Chigira and Sone, 1991). The primary pore geometry of sandstone has
been examined in previous studies from the viewpoint of oil reservoir
assessment in petroleum geology (e.g., Krohn, 1988; Uchida and Tada, 1991).
The pore geometry of sandstone is approximated to the skeleton network in
previous studies (e.g., Peterson, 1983; Doyen, 1988). Doyen (1988) has
constructed a model of pore structure, shown in Fig. 60, that assumes that the
distribution of pores and the pore radius are uniform throughout the whole
rock.

The changing pore structure in sandstone due to weathering can be
explained as shown in Fig. 61 based on the skeleton network model like that
shown in Fig. 60. Observations of photomicrographs (Figs. 26 and 27) and
PSD data (Figs. 35 and 36) show that (1) connected and elongated pores with
a diameter of 1 to 10 x m are mainly formed in matrix, and (2) micro-pores
with a diameter of less than 1 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 sandstone 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 volume, V3, and
effective porosity, n,, rapidly increased during 90 to 120 ka, as shown in Figs.
34 and 36, respectively, and (2) although V, rapidly increased during 120 to
250 ka, n. increased only slightly during 120 to 250 ka (Figs. 34 and 36).
These changes are explained by the connection of pores that caused changes
to the pore structure. For example, if neighboring pores running parallel are
connected by leaching of matrix with each other, the V,,-value would
increase but effective porosity would remain constant. CT,, rapidly decreased

during 110 to 120 ka (Fig. 43), which seems to have been caused by the

37



increasing pore radius, not by the increasing pore volume.

The changing pattern of the CT-value corresponds to the changing
pattern of V. On the other hand, the rate of change of the chemical
weathering indices of sandstone is constant during 350 ka. The apparent
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
noted that weathered tuffaceous sandstone is cemented by zeolite, and
Buntenuth et al. wrote that the weathered sandstone they studied is cemented
by silica gels. These studies both 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; Chida, 1996).
However, clay minerals and plagioclase monotonously decrease as the
weathering period increases during 350 ka, and increasing clay minerals due
to weathering cannot 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) decreased effective
porosity and increased density occurred as a result of iron concentration.
Photomicrographic observation and PSD data show that the effective
porosity, n,, increases as the weathering period increases (Figs. 26, 27, 34
and 46), although iron minerals concentrate in the matrix of sandstone.

Cementation of sand particles by iron minerals is not clear in sandstone
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gravel 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 constant 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 though the pores’
radius is big. Characteristic 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. In 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 corresponds 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. 61. At the early stage of
~ weathering, the porosity of sandstone is low because the matrix consists of
clay minerals such as illite, kaolinite 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
pores are in accordance with an elongate pore model described by Scholle
(1977). Thus the leaching of matrix in sandstone is mostly uniform in each of
the whole rock samples. A weathering rind cannot be seen in the sandstone
because of the leaching that has occurred. The pore shape is also in
accordance with the model of Doyen (1988) (Fig. 60). Doyen (1988) suggests

that the pore space morphology of sandstone is similar to the skeleton
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structure, having a network of cylindrical channels. In sandstone, cylindrical
channels seem to be formed in matrix like those in the model shown in Fig.
60. 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.

4.3.2. 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 period increased. Small amounts of iron minerals are found in 0-
to 20-ka rocks, and the amounts increase in 70- to 350-ka rocks. Particles of
iron minerals with a maximum diameter of 100 x m are recognised in
350-ka rock. In addition, the results of EDS show that Fe concentrates in
matrix 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
forms particles in 120- to 350-ka rocks in matrix, with a maximum diameter
of as much as 100 x m. Fe’* is 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 rock 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); < (4-14)
5Fe (OH); — FesHOj; - 4H,0 + 3H,0 0 (4-15)
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where ferrihydrite (FesHOg - 4H,0) is an amorphous mineral commonly
recognised in red soils (e.g., Torrent et al., 1982; Schwertman and Murad,
1983, 1988; Campbell and Schwertrhan, 1984; Araki 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. For example, if hematite is added to powdered
white almina by 0.77 and 0.05 weight percent, the powder changes to red and
pink, respectively. This suggests that when sandstone becomes reddish due to
weathering, it 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 it has a relatively low iron mineral content. The results of colour
measurement and spectroscopy analysis suggest that iron minerals in rock
samples change from ferrihydrite to goethite ( « -FeOOH) during the 0- to
250-ka period and from ferrihydrite to hematite ( « -Fe;O3) during the 250- to
350-ka period.

Several studies have been carried out that examined the changing
mechanism of irbn minerals in red soils (e.g., Torrent et al., 1982;
Schwertman and Murad, 1983, 1988; Campbell and Schwertman, 1984; Araki
and Kyuma, 1987). Ferrihydrite could not identified by XRD because it is
amorphous. Mizukami et al. (1999) have shown hydrogen-containing minerals
in weathered sandstone using near infrared spectroscopy analysis. In addition,
many amorphous iron minerals 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 the present study 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 temperature, low humidity
and neutrality conditions, and goethite increases at low temperature, high

humidity, and acidic and/or alkaric conditions. The formation process of
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goethite and hematite from ferrihydrite (FesHOg + 4H,0) is discussed by
Torrent et al. (1982). The results of this paper show that ferrihydrite can
transform to hematite and goethite at high relative humidity, about 93 %
(Torrent et al, 1982: Fig. 62). When there is a lower relative humidity and a
high temperature, the transformation to hematite is highly favored over
transformation to goethite. These reactions are described by the following

chemical equations:

2FesHOg - 4H,0 — 5 a -FeOOH + 2H,0 =+ (4-16)
2FesHOg + 4H,0O — 5 a -Fe,05 + 5H,0 o (4-17)

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. 30 and 33). 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 around 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 did the formation of goethite. The reaction in Equation (4-16) seems
to have occurred during the early stage of weathering, between 70 and 250 ka,
and the reaction in Equation (4-17) seems to have occurred during the later
stage of weathering, between 250 and 350 ka.

The paleo red soils are recognised at the top of terrace deposits during
110 to 350 ka. The soils are yellowish during 110 to 120 ka and reddish
during 250 to 350 ka. The changing pattern of soil colour is correlated to the
changing pattern of sandstone gravel due to weathering. Matsui (1963), for

example, discussed that paleo red soils are formed by oxidation of soil
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forming minerals under high temperatures during the interglacial period.
Formation processes of both reddish weathered gravel and red and yellow
soils are thought to have occurred because the weathering of gravel and soil
occurred at high temperatures in the interglacial period. Field evidence shows
that weathered gravel beds gradually transform into red and yellow soils on
the surface. Oxidation of iron minerals may accelerate under high temperature
conditions, as in the interglacial stage. The CIA- and PI-values change at a
constant rate during 350 ka. There is no evidence of rapid changes in the
chemical weathering indices during the 90- to 120-ka period. The effect of
global climate changes on chemical weathering was not observed in the
present study. Further investigation will be needed to clarify the effect of

global climate changes on rock weathering.

4.3.3. Summary

The behavior and crystallization of iron in sandstone gravel due to
weathering are summarised in Fig. 63. Iron originates from chlorite. Changing
iron by oxidation, hydration and mineralization during weathering ultimately
produces goethite and hematite. The rock structure and colour of sandstone
gravel seem to be affected by changes of iron minerals in matrix. In summary,
the weathering mechanism of sandstone, as illustrated in Fig. 64, is that an
increase in pore volume and pore radius is caused by leaching of clay minerals
in matrix. In addition, the pore volume and the mean pore radius increase as
the weathering period increases. Increasing pore volume and concentration of
iron minerals in matrix lead to the conclusion that changes in rock properties

of sandstone are due to weathering.

4.4. Application to engineering geology
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Study of the effects of weathering on rock mass is of great importance
in the field of engineering geology. For example, the rock mass quality is
significantly affected by deterioration caused by rock weathering. Considered
as an engineering material, rock displays extreme variation in three important
engineering properties, namely (1) strength, (2) permeability and (3)
deformability (Japan Society of Engineering Geology, 1992). In general,
weathered rock usually becomes weak, highly deformable and highly
permeable (e.g., Nishida, 1986).

The physical and mechanical properties of small rock pieces such as
drilling cores or hand specimen samples can be easily obtained, but these
properties of large rock masses cannot be easily obtained, since they are
assemblies of rock pieces and various kinds of geological discontinuity such
as bedding planes, schistosity, joints and faults (e.g., Goodman, 1976; 1989).
Therefore, some simple methods must be developed for technically evaluating
the foundation rock masses. A rock mass classification system has been used
to evaluate the foundation rock masses (Tanaka, 1964; Japan Society of
Engineering Geology, 1992), but it provides only limited information. This
system focuses on factors related to the degree of weathering. In the rock
mass classification, weathered rocks are roughly classified into several
degrees of weathering with the aid of the following properties: (1) colour and
change of structure observed with the naked eye, and (2) strength when hit
with a rock hammer. However, precise determination of the degree of
weathering based on rock colour is hardly carried out, even though the change
in colour is the first observed feature of weathered rocks.

Rock mass classification has been widely used to design dams, tunnels,
deep underground caverns and foundations of electric power plants (e.g.,
Tanaka, 1964; Makita et al., 1991; Japan Society of Engineering Geology,
1992). However, this classification is mostly based on the experience of
engineering geologists. It is important to develop clear standards for rock

mass classification. If it were possible to quantitatively record rock colour,
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one might achieve a somewhat objective view of classification based on
weathering. As mentioned in section 4.3.1, colour measurement and visible
spectroscopy analysis are significant tools for the classification of weathered
rock.

As mentioned in section 4.2., the relationships among rock properties
can be described quantitatively by equations (4-1) to (4-13). These equations
can be applied to engineering geological problems. In particular, effective
porosity and b*-value are closely related to many other rock properties. In
addition, since both parameters can be measured easily, they can be widely
applicable for many engineering problems. Colour measurement is an
especially useful technique for engineering geology. For example, since rock
colour can be obtained by rapid measurement in a few seconds in the field,
effective porosity and permeability can be calculated by Equations (4-12) and
(4-13). Colour measurement can be applied to the evaluation of aggregate
materials, too. The judgement of aggregates requires that the researcher know
the absorption ratio of water, a;, and the apparent dry specific gravity, Gg.
The relationships between b*-value and a; and G; can be discussed, because
these parameters were obtained as shown in Tables 6 and 7. These
relationships are shown in Fig. 65. Changes of b*-value have a high
correlation to the absorption ratio of water and apparent dry specific gravity.
Using the least-squares fit method, the relationships between b*-value and a,

and G, are expressed by the following equations (R? is the contribution ratio):

ay=0.927¢"'7% R?=10.830 e (4-18)
Gy=-0.028 b*+2.699, R*=0.781 - (4-19)

Aggregate materials for dam concrete require that the upper limit of the
absorption ratio of water be 3 % and that the lower limit of apparent dry
specific gravity be 2.5 (Japan Society of Civil Engineers, 1996). The results of

calculation using Equations (4-18) and (4-19) show that the upper limit of the
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b*-value correlated to the absorption ratio of water is 1.17, and correlation to
the apparent dry specific gravity is 7.10. Using colour measurement of
sandstone in the field, the judgment of aggregates can be done in a few
seconds. In order to use aggregate materials, the relationships between each
rock type and colour value must be clarified.

Good relationships between the rock mass classification rank, such as
D, CL, CM and CH, and the colour value (b*-value) are expected. When those
relationships have been established, a more objective classification of rock
masses will be possible using colour measurement. However, relationships
between rock types and colour value differ depending on the rock type, so
each type of rock and colour value will have to be classified before an
objective rock mass classification system can be completed.

In summary, colour measurement can be a very useful method in
engineering geology for the estimation of a variety of other rock properties

such as the effective porosity and the permeability.
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5. Conclusions

Changes in several rock properties due to weathering have been
investigated, and the weathering mechanism of sandstone has been clarified
using sandstone gravel in dated terrace deposits whose formative ages are 0,
20, 70, 90, 110, 120, 250 and 350 ka. The following conclusions 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 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
change[d] 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 V., and V; increased slightly as the weathering
period increased, while ¥}, increased rapidly during 90 to 120 ka and V,
increased rapidly during 120 to 350 ka. These results show that the pore
diameter of sandstone increases as the weathering period increases, and the
increased pore size is mostly more than 1 g m (¥, and ¥;). 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
increases at a constant rate during 350 ka. Observation of X-ray CT images
shows that the distribution of pores in sandstone is uniform throughout each
sandstone gravel.

(4) The chemical composition of SiO; MgO, CaO, Na,O and K,O gradually
decreases as the weathering period increases, while that of Al,O; and
FeO+Fe,;03 is mostly constant during 350 ka. These results show that SiO, is

leached easily due to weathering, even though it has low solubility. Highly
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soluble compounds such as MgO, Ca0, Na,0 and KO also leach easily due to
weathering, but Al,O; and FeO+Fe,0; tend to remain in the internal part of
gravel because both compounds have low solubility. The CI4-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 constant 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 minerals 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 materials in sandstone, which
increases pore volume and pore radius. In addition, pore volume and mean
pore radius increase throughout gravel as the weathering period increases.
These findings 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.
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Table 4 Ages of the terraces based on tephrochronology

Name Symbol Age (ka)
g Fukadoshi surface FD 20
gn Ikatsuno surface IK 40
an Saitobaru surface ST 70 (?)
= Nyutabaru surface NT 90
%ﬂ Baba surface BB 110
”  Sanzaibaru surface SZ 120
S Chausubaru surface CH 250
| i}’ Urushinobaru surface UB 300~250
§ jg Higashibaru surface HS 350
Shiibaru surface SB 500 (?)
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Table 5 Results of X-ray diffraction analysis

Sample No. Time (ka)]Qtz Pl Kin 1l Chl Gt Hem
P-18 0f © ) A O A - -
p-22 0] © o) A o) A - -
P-27 0] © O A O A - -
FT-3 200 © (@) A @) A - -
FT-13 200 © @) A A A - -
FT-16 200 © @) A O A - -~
SA-6 701 © @) A A A - -
SA-14 701 © O A A A - -
SA-16 70 © O A A A - -
NT-2 90 © O A A - - -
NT-8 9| © o A N _ _ _
NT-19 90| © (@) A A A - -
BB-11 110] © O A - A - -
BB-12 110 © O A A A - -
BB-17 110 © O A A A - -
SZ-9 1200 © @) A A - - -
SZ-11 120 © o) A A - - -
SZ-25 120 © O A A - - -
CH-5 250 © A A A - - -
CH-13 250 © A A A - - -
CH-16 2501 © - A A - A ~
PC-3 350 © - A A - A A
PC-14 0] @ @ - - A - A =&
PC-18 350 © - - A - A A

Qtz:Quartz, Pl:plagioclase, Kin:kaolinite, Iil:illite, Chl:chlorite
Gt:Goethite, Hem:Hematite
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Table 6 Results of colour measurement

Sample No. Time (ka) |L* max o* max b*max L*min a*min b* min L*av. a*av. b* av.

P-1 0 41.46 1.11 3.34 36.95 -0.76 -1.51 40.30 -0.46 -0.19
P-2 0 53.23 3.72 11.02 48.74 2.12 8.95 50.69 2.76 9.84
P-3 0 50.46 1.41 7.63 41.87 -0.87 2.03 44.73 0.10 3.67
P-4 0 49.94 -1.16 -0.02 45.98 -1.45 -1.32 48.46 -1.32 -0.82
P-5 0 53.66 -0.35 4.45 44.86 -1.20 0.81 49.87 -0.94 2.08
P-6 0 52.24 -0.57 2.84 45.81 -1.07 -2.45 49.57 -0.84 -1.05
P-7 0 49.31 0.23 -1.16 40.91 -0.21 -2.35 4475 0.03 -1.55
P-8 0 38.89 -0.58 -1.28 36.17 -0.84 -3.04 37.79 -0.70 -2.35
P-9 0 42.65 -0.47 -3.45 40.79 -0.60 -3.99 42.01 -0.56 -3.84
P-10 0 45.78 -0.37 1.71 40.52 -0.76 -1.68 41.88 -0.52 -0.50
P-11 0 34.28 -0.40 -3.01 29.89 -0.54 -3.75 32.69 -0.48 -3.30
P-12 0 47.63 0.54 -0.80 36.87 -0.21 -1.90 40.01 0.30 -1.27
P-15 0 38.65 -0.28 -3.03 31.71 -0.83 -4.51 33.80 -0.56 -3.80
P-16 0 34.26 -0.47 -2.18 28.61 -0.68 -3.31 30.89 -0.57 -2.66
P-18 0 54.18 1.55 4.12 48.12 1.26 2.28 51.05 1.40 3.01
P-19 0 44 .49 -0.62 0.94 38.65 -1.48 -2.50 40.75 -1.26 -1.31
P-20 0 44.53 -0.13 -1.06 36.11 -0.41 -3.03 39.50 -0.25 -2.23
P-21 0 50.24 -0.05 7.58 46.94 -0.51 5.78 48.94 -0.30 6.75
Average 45.88 0.17 1.54 39.97 -0.50 -0.86 42.65 -0.23 0.03
Sample No. Time (ka) |L* max ¢* max b* max L*min g¢*min b* min L*av. a*av. b* av.

FT-1 20 55.73 2.45 10.70 53.81 -0.70 7.69 54.92 0.18 8.65
FT-2 20 53.38 -0.55 8.10 41.49 -1.23 5.07 49.09 -0.95 5.87
FT-3 20 57.62 1.33 13.833 50.66 0.56 11.85 54.14 0.93 12.60
FT-4 20 62.09 -0.48 4.40 51.54 -1.05 3.14 54.73 -0.71 3.88
FT-5 20 61.81 0.73 9.90 53.46 -0.78 6.77 56.87 -0.19 7.81
FT-6 20 56.95 0.59 6.30 47.45 -0.05 1.96 50.63 0.33 3.77
FT-7 20 63.23 1.73 16.10 60.98 1.10 12.75 62.46 1.34 13.84
FT-8 20 53.92 3.63 10.72 48.71 0.92 6.62 51.57 2.26 8.84
FT-9 20 59.81 0.91 7.46 53.89 -0.31 4.21 56.69 0.18 5.91
FT-10 20 56.83 1.42 11.20 53.19 0.60 8.03 55.12 0.98 9.26
FT-11 20 58.96 -0.58 6.90 51.29 -1.06 4.71 53.71 -0.81 5.77
FT-12 20 59.73 1.78 16.44 58.27 0.89 14.23 58.94 1.34 15.65
FT-13 20 55.97 312 13.61 51.31 1.39 11.61 53.47 2.38 12.76
FT-14 20 54.84 0.39 13.24 52.72 0.08 11.79 53.33 0.31 12.47
FT-15 20 57.23 1.56 16.31 51.64 1.11 14.84 55.26 1.35 15.72
FT-16 20 50.36 -0.09 7.60 46.72 0.29 4.94 48.54 -0.20 6.20
FT-18 20 51.44 1.07 8.34 48.03 0.43 6.39 49.17 0.75 7.41
FT-19 20 58.99 3.05 12.92 50.75 0.13 9.46 55.51 0.71 11.01
FT-20 20 62.13 0.61 7.44 55.48 0.54 4.29 58.25 0.02 6.44
FT-21 20 62.10 0.76 8.95 57.57 -0.57 7.04 59.48 0.00 8.01
FT-22 20 51.77 2.50 9.30 44.90 -0.17 8.36 47.22 1.51 8.86
Average 57.38 1.23 10.46 51.61 0.10 7.89 54.24 0.56 9.08
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Table 6 Results of colour measurement (continued)

Sample No. Time (ka) |{L* max ¢* max b*max L*min a*min  h* min L*av. a*av, b* av.
SA-1 70 58.08 6.76 20.57 50.66 -0.04 8.73 54.31 1.46 11.69
SA-2 70 62.37 $5.22 17.44 47.65 1.76 8.9 57.45 2.98 12.27
SA-3 70 56.08 4.8 19.08 41.35 -0.68 5.69 53.3 0.3 8.19
SA-4 70 69.31 4.91 16.95 53.73 -0.61 5.09 64.36 1.43 10.08
SA-S 70 56.98 1.02 11.99 49.19 0.03 9.73 52.16 0.4 11.17
SA-6 70 60.09 0.21 10.23 54.57 -0.77 4.71 57.6 -0.43 6.75
SA-7 70 55.1 0.77 12.07 51.5 -0.72 6.17 52.79 -0.33 7.21
SA-9 70 59.67 4.72 13.79 52.53 1.23 9.63 55.85 2.8 11.94
SA-10 70 66.54 23 1542 55.86 0.02 7.44 62.42 0.72 10.31
SA-11 70 63.27 2.81 13.27 50.19 -1.05 6.67 55.88 -0.25 8.08
SA-12 70 66.08 6.29 18.54 44.89 -0.62 5.29 60.87 2.02 11.55
SA-13 70 57.94 1.64 13.88 44.95 -0.17 8.28 50.18 0.73 10.13
SA-14 70 57.53 2.56 13.31 54.08 0.87 8.88 56.37 1.53 10.89
SA-15 70 67.77 1.99 19.33 59.01 0.01 8.94 61.05 1.02 16.38
SA-16 70 59.56 0.84 10.84 40.26 0.14 5.76 47.23 0.51 6.88
SA-17 70 54.67 3.05 11.22 44.16 0.83 7.37 47.1 1.62 8.99
SA-18 70 59.43 6.48 18.13 49.61 0.96 9.05 55.01 3.39 13.17
SA-19 70 61.01 2.84 21.79 45.07 0.08 6.3 51.69 1.29 10.07
SA-20 70 69.05 6.29 23.57 47.57 -0.4 9.49 59.28 2.74 14.39
Average 61.08 3.45 15.86 49.31 0.05 7.48 55.52 1.26 10.53
Sample No. Time (ka) |L* max a* max b*max L[*min a* min  b* min L*av. a*av. b* av.
NT-1 90 57.72 4.89 14.54 54.08 2.69 12.48 55.61 3.66 13.40
NT-2 90 58.84 2.60 18.65 57.00 0.12 9.14 58.08 1.07 13.13
NT-3 90 62.30 0.66 15.77 57.39 -0.21 12.55 59.33 0.18 14.43
NT-4 90 49.03 1.44 11.26 43.34 0.38 7.79 46.95 1.08 9.23
NT-5 90 68.97 3.98 23.53 61.79 -0.78 6.88 66.16 1.15 13.36
NT-6 90 57.55 8.53 25.95 48.80 6.25 19.63 54.76 7.45 23.26
NT-7 90 59.22 5.97 18.67 56.42 4.90 14.74 57.89 5.31 16.44
NT-8 90 61.13 1.74 12.65 56.49 1.42 9.42 58.76 1.59 11.04
NT-9 90 61.77 1.95 18.92 59.07 1.31 16.73 60.96 1.53 17.94
NT-10 90 51.24 1.81 10.25 47.98 1.38 7.79 49.71 1.59 8.93
NT-11 90 59.81 2.30 14.09 53.26 1.53 10.55 57.24 1.90 12.03
NT-12 90 66.80 2.34 11.22 63.22 1.71 5.82 64.30 1.97 7.53
NT-13 90 62.79 4.95 14.63 57.96 3.85 13.23 60.23 4.34 14.08
NT-14 90 59.35 7.70 25.13 52.16 5.47 19.02 55.84 6.32 21.03
NT-15 90 51.81 1.14 11.34 45.51 -0.30 1.94 47.98 0.47 6.70
NT-16 90 57.06 372 15.42 52.93 1.94 12.51 54.33 2.89 13.73
NT-17 90 55.75 1.30 10.37 51.16 0.67 8.33 53.10 0.93 9.20
NT-18 90 57.71 1.24 13.37 54.13 0.46 8.97 56.07 0.87 11.05
NT-19 90 58.17 0.74 11.89 52.96 0.14 8.52 54.66 0.49 10.20
NT-21 90 65.48 3.83 14.15 61.95 2.35 10.28 63.99 3.03 11.91
NT-22 90 45.52 1.52 10.10 43.74 043 9.59 44.63 0.98 9.85
NT-23 90 61.85 0.63 10.68 59.52 -0.14 6.80 60.73 0.14 8.58
NT-24 90 52.36 1.50 10.11 47.42 0.79 7.33 49.79 1.18 8.47
Average 58.36 2.89 14.90 53.84 1.58 10.44 56.13 2.18 12.41
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Table 6 Results of colour measurement (continued)

Sample No. Time (ka) |L* max a* max b*max L*min a*min b* min L*av. a*av. b* av.

BB-1 110 6291 1.45 19.95 60.45 0.86 17.98 61.64 1.18 19.02
BB-2 110 59.31 2.64 20.02 57.75 2.28 18.54 58.68 2.50 19.38
BB-3 110 64.32 2.25 20.92 61.82 1.65 19.21 63.35 1.86 19.97
BB-4 110 57.93 2.95 20.40 55.81 2.76 18.28 56.81 2.87 19.20
BB-5 110 60.55 421 22.66 59.53 316 2L.11 60.14 3.76 21.99
BB-6 110 60.57 2.73 23.07 58.77 1.95 22.05 59.92 2.42 22.75
BB-7 110 56.43 3.86 22.58 54.51 3.01 19.64 55.46 3.58 21.04
BB-9 110 59.71 2.08 21.03 57.74 1.41 17.77 58.90 1.61 18.74
BB-10 110 50.86 1.43 13.49 47.71 0.13 9.79 49.33 0.62 11.38
BB-11 110 61.79 1.05 15.43 57.36 -0.34 12.28 59.14 0.54 13.71
BB-12 110 57.76 2.22 16.74 54.42 1.27 13.78 55.69 1.67 15.04
BB-13 110 56.86 3.80 19.20 52.58 1.06 14.37 55.07 2.01 15.70
BB-14 110 59.26 2.36 20.45 58.48 2.00 17.69 58.83 2.12 18.85
BB-15 110 63.07 3.89 16.44 61.44 1.34 14.38 62.34 1.95 15.20
BB-16 110 61.41 2.92 23.75 60.10 2.21 22.30 60.60 248 22.67
BB-17 110 60.05 3.04 23.16 58.68 2.39 22.13 59.48 2.74 22.53
Average 59.55 2.68 19.96 57.32 1.70 17.58 58.46 2.12 18.57
Sample No. Time (ka) |L* max a* max b*max L*min a*min b* min L*av. a*av. b* av.

SZ-1 120 62.85 6.39 30.00 56.59 2.34 24.07 61.14 3.57 26.80
SZ-2 120 63.72 4,97 29.11 60.75 1.54 23.44 62.32 2.79 26.51
SZ-3 120 68.37 6.01 24.00 60.00 1.74 20.01 64.37 3.97 22.07
Sz-5 120 61.09 2.02 19.49 45.19 0.65 16.98 55.25 1.18 18.01
SZ-6 120 60.07 1.18 17.91 53.92 -0.01 11.67 56.72 0.47 14.57
SZ-7 120 64.08 3.72 26.66 61.68 0.86 18.99 63.15 1.89 21.06
Sz-8 120 63.27 1.80 21.20 55.70 -0.53 13.05 60.60 0.80 17.45
SZ-9 120 64.03 3.93 27.50 56.48 1.41 20.14 60.30 2.81 22.48
SZ-10 120 66.31 0.80 21.30 64.31 -0.66 15.18 65.23 -0.11 17.70
SZ-11 120 69.61 6.62 28.79 59.48 -0.59 13.47 63.26 2.05 19.35
SZ-12 120 64.71 2.66 22.72 54.58 1.40 17.45 58.58 2.00 18.92
SZ-13 120 67.91 2.06 16.36 55.38 -1.14 10.28 61.25 -0.25 12.66
SZ-14 120 62.31 1.18 20.73 55.84 -0.27 13.46 59.81 0.57 18.22
SZ-15 120 63.06 2.70 21.06 56.22 1.09 19.93 59.07 2.00 20.41
SZ-16 120 67.97 0.62 19.35 56.83 0.10 11.03 63.71 0.37 16.30
SZ-18 120 60.12 2.64 22.78 49.46 0.67 6.64 56.38 1.79 12.63
SZ-19 120 68.97 0.44 20.37 65.21 -0.21 15.50 66.74 0.10 17.28
SZ-20 120 62.86 3.38 26.55 60.55 1.50 23.73 62.01 2.43 25.00
Sz-21 120 64.55 3.18 28.80 60.27 0.64 19.05 63.13 1.54 22.40
SZ-22 120 66.19 1.79 14.19 64.23 1.02 11.31 64.74 1.43 12.82
SZ-23 120 60.67 1.97 25.35 58.58 1.34 21.75 59.34 1.73 23.27
SZ-24 120 63.42 4.25 21.93 54.51 1.48 20.24 60.08 2.32 21.07
§Z-25 120 61.73 3.64 27.13 60.82 3.44 26.38 61.21 3.55 26.79
5z2-26 120 57.85 1.33 20.39 51.11 0.53 17.96 55.22 0.94 19.02
S7-27 120 62.63 4.83 23.10 52.28 0.80 2.63 58.64 221 17.23
Average 63.93 2.96 23.07 57.20 0.77 16.57 60.89 1.69 19.60
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Table 6 Results of colour measurement (continued)

Sample No. Time (ka) |L* max o* max b* max L*min a* min b* min L*av, a*av. b* av.

CH-2 250 57.27 4.35 23.56 54.38 0.32 12.22 56.00 2.28 18.60
CH-3 250 57.07 4.47 22.73 53.72 2.81 19.28 55.20 3.67 20.77
CH-5 250 61.05 8.48 29.20 52.21 4.19 24.80 58.86 5.26 26.04
CH-6 250 55.89 4.61 18.41 48.44 2.88 14.73 53.21 3.52 16.52
CH-7 250 59.61 7.35 29.99 56.73 3.27 24.57 58.66 4.65 26.55
CH-8 250 65.46 4.16 17.09 60.44 3.39 12.63 63.38 3.77 15.42
CH-9 250 60.57 6.12 27.30 59.09 4.41 25.38 59.80 5.27 26.46
CH-10 250 63.82 10.39 29.97 57.77 7.61 18.66 60.90 8.87 23.47
CH-11 250 61.51 13.11 31.53 53.96 6.33 26.85 57.69 9.85 29.20
CH-12 250 52.11 15.88 18.96 43.53 11.09 15.35 46.76 13.81 17.18
CH-13 250 59.01 5.33 23.01 55.01 3.76 19.15 57.23 4.69 20.71
CH-14 250 69.05 13.22 36.73 53.79 5.44 23.72 59.02 7.90 28.53
CH-16 250 60.32 7.31 23.53 58.55 6.55 21.23 59.55 6.93 22.46
CH-18 250 67.43 5.32 28.64 57.78 3.98 20.57 62.30 4.51 26.97
CH-19 250 63.71 7.55 31.51 60.03 5.38 25.82 61.18 6.22 29.45
CH-21 250 58.04 7.59 28.47 55.44 5.49 26.50 57.31 6.30 27.19
CH-22 250 58.63 7.57 28.23 47.49 5.23 2452 55.43 6.26 26.46
CH-23 250 66.63 6.36 23.97 57.53 2.29 18.42 63.08 4.52 20.26
CH-24 250 54.38 8.00 28.22 47.47 6.68 25.30 49.64 7.24 27.05
CH-25 250 58.39 4.45 24.73 49.18 3.16 20.27 55.44 3.76 22.67
Average 60.50 7.58 26.29 54.13 4.71 21.00 57.53 5.96 23.60
Sample No. Time (ka) |[L* max g* max b*max L*min «* min b* min L*av. a*av. b* av.

PC-1 350 60.47 18.89 24.82 48.99 10.87 18.54 57.25 12.46 20.31
PC-2 350 56.36 18.64 25.76 49.23 9.73 19.97 52.63 14.59 22.30
PC-3 350 58.34 17.37 24.45 54.84 14.93 23.07 56.63 16.44 23.76
PC-4 350 55.59 19.52 28.23 51.79 17.12 25.76 54.05 18.43 27.20
PC-5 350 56.74 17.82 24.34 48.63 12.43 19.62 53.62 15.80 21.90
PC-6 350 59.86 12.50 21.61 51.47 6.86 16.28 50.31 8.84 17.11
PC-7 350 58.15 15.78 22.12 54.36 11.31 17.52 56.19 12.82 20.02
PC-8 350 60.60 15.39 20.76 53.78 12.80 18.27 57.64 14.37 19.22
PC-10 350 50.05 20.96 30.56 45.65 18.78 27.17 48.12 20.08 28.51
PC-11 350 54.36 14.13 24.20 51.26 11.31 19.08 52.52 12.98 20.36
PC-12 350 54.11 18.07 23.77 51.34 15.97 22.58 52.53 16.82 23.09
PC-13 350 52.94 17.73 25.22 49.80 16.65 22.73 51.99 17.29 23.97
PC-14 350 56.98 13.32 22.76 52.92 10.41 18.24 54.60 11.68 20.76
PC-15 350 53.10 16.26 27.77 48.12 9.68 19.15 50.21 14.18 23.05
PC-16 350 55.45 19.12 22.04 53.33 14.63 19.93 54.36 16.09 20.86
PC-18 350 53.05 11.13 23.98 48.79 9.23 21.84 51.34 10.41 23.10
PC-21 350 51.06 20.22 29.84 49.81 18.17 27.05 50.25 19.07 27.95
Average 55.72 16.87 24.84 50.83 12.99 20.99 53.19 14.84 22.56
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Table 8 Results of pore size distribution analysis

P-1 (0 ka) P-2 (0 ka) P-3 (0 ka)
pore size (¢ m) pore volume (mm®/g pore volume (mm®/g’ pore volume (mm*/g)
0.0041 - 0.0051 0.28 0.21 0.52
0.0051 - 0.0064 0.50 0.26 0.67
0.0064 - 0.0080 0.44 043 0.47
0.0080 - 0.0100 0.47 0.21 0.45
0.0100 -0.0130 0.49 0.26 0.58
0.0130 - 0.0160 0.36 0.26 0.47
0.0160 - 0.0200 0.25 0.22 0.39
0.0200 - 0.0260 0.35 0.48 0.54
0.0260 - 0.0330 0.19 0.34 0.24
0.0330 - 0.0410 0.18 0.69 0.26
0.0410 - 0.0510 0.11 0.62 0.14
0.0510 - 0.0640 0.09 0.85 0.12
0.0640 - 0.0800 0.08 1.31 0.08
0.0800 - 0.1000 0.08 2.90 0.06
0.1000 - 0.1300 0.06 3.59 0.08
0.1300 - 0.1600 0.06 0.97 0.05
0.1600 - 0.2000 0.05 0.34 0.03
0.2000 - 0.2600 0.07 0.31 0.07
0.2600 - 0.3300 0.04 0.14 0.04
0.3300 -0.4100 0.08 0.15 0.07
0.4100 - 0.5100 0.04 0.11 0.04
0.5100 - 0.6400 0.08 0.10 0.04
0.6400 - 0.8000 0.05 0.08 0.06
0.8000 - 1.0000 0.08 0.08 0.04
1.0000 - 1.3000 0.07 0.08 0.04
1.3000 - 1.6000 0.07 0.04 0.04
1.6000 - 2.0000 0.04 0.04 0.04
2.0000 - 2.6000 0.06 0.08 0.04
2.6000 - 3.3000 0.07 0.06 0.04
3.3000 - 4.1000 0.11 0.06 0.06
4.1000 - 5.1000 0.08 0.06 0.04
5.1000 - 6.4000 0.00 0.03 0.00
6.4000 - 8.0000 0.00 0.06 0.06
8.0000 - 10.0000 0.31 0.24 0.06
10.0000 - 13.0000 0.12 0.24 0.26
13.0000 - 16.0000 0.75 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 0.00 0.54 0.32
V. 3.3000 - 33.0000 3.33 2.67 4.33
Vy 0.3300 - 3.3000 0.82 11.72 0.93
V. 0.0330-0.3300 0.64 0.82 045
V4 0.0030 -0.0330 1.37 1.23 0.80
total 6.16 16.44 6.51
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Table 8 Results of pore size distribution analysis (continued)
FT-1 (20ka) FT-3 (20 ka) FT-4 (20 ka)
pore size ( MU m) pore volume (mm*/g pore volume (mm’/g pore volume (mm*/g)

0.0041 - 0.0051 0.02 0.60 0.31
0.0051 - 0.0064 0.18 0.69 0.37
0.0064 - 0.0080 0.09 0.46 0.26
0.0080 - 0.0100 0.12 0.46 0.14
0.0100 - 0.0130 0.16 0.46 0.14
0.0130-0.0160 0.14 0.37 0.18
0.0160 - 0.0200 0.22 0.42 0.26
0.0200 - 0.0260 0.61 0.44 0.70
0.0260 - 0.0330 0.51 0.50 0.76
0.0330-0.0410 0.89 0.76 1.51
0.0410 - 0.0510 0.90 0.67 1.11
0.0510 - 0.0640 0.98 0.82 1.03
0.0640 - 0.0800 0.98 0.86 0.72
0.0800 - 0.1000 1.00 1.05 0.59
0.1000 - 0.1300 0.95 1.76 0.51
0.1300 - 0.1600 0.61 1.65 0.33
0.1600 - 0.2000 0.36 1.85 0.16
0.2000 - 0.2600 0.47 4.24 0.20
0.2600 - 0.3300 0.22 3.76 0.08
0.3300-0.4100 0.17 3.45 0.08
0.4100 - 0.5100 0.05 1.19 0.07
0.5100 - 0.6400 0.05 0.76 0.06
0.6400 - 0.8000 0.02 0.42 0.04
0.8000 - 1.0000 0.03 0.38 0.06
1.0000 - 1.3000 0.00 0.28 0.06
1.3000 - 1.6000 0.00 0.20 0.04
1.6000 - 2.0000 0.00 0.13 0.06
2.0000 - 2.6000 0.00 0.23 0.04
2.6000 - 3.3000 0.00 0.15 0.04
3.3000 - 4.1000 0.00 0.20 0.04
4.1000 - 5.1000 0.00 0.18 0.06
5.1000 - 6.4000 0.00 0.09 0.08
6.4000 - 8.0000 0.00 0.26 0.17
8.0000 - 10.0000 0.09 0.18 0.08
10.0000 - 13.0000 0.19 0.81 0.34
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 0.52 1.16 0.69
V. 3.3000 - 33.0000 2.05 4.40 3.12
V, 0.3300 - 3.3000 7.36 17.42 6.24
V. 0.0330 - 0.3300 0.32 7.19 0.55
V4 0.0030 - 0.0330 0.80 2.88 1.46
total 10.53 31.89 11.37
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Table 8 Results of pore size distribution analysis (continued)
SA-5 (70ka) SA-11(70ka)  SA-13 (70ka)
pore size ( U m) pore volume (mm®/g pore volume (mm’/g pore volume (mm®/g)

0.0041 - 0.0051 027 0.55 0.51
0.0051 - 0.0064 0.36 0.58 0.56
0.0064 - 0.0080 0.15 0.38 0.27
0.0080 - 0.0100 0.11 0.33 0.24
0.0100 - 0.0130 0.12 0.32 0.28
0.0130 - 0.0160 0.14 0.20 0.22
0.0160 - 0.0200 0.12 0.21 0.19
0.0200 - 0.0260 0.25 0.31 0.31
0.0260 - 0.0330 0.25 0.21 0.26
0.0330 - 0.0410 0.50 0.41 0.41
0.0410 - 0.0510 0.56 0.44 0.42
0.0510 - 0.0640 0.90 0.58 0.58
0.0640 - 0.0800 1.14 0.71 0.81
0.0800 - 0.1000 1.84 1.06 0.99
0.1000 - 0.1300 1.87 1.73 1.37
0.1300 - 0.1600 1.09 1.75 1.29
0.1600 - 0.2000 0.73 1.75 1.26
0.2000 - 0.2600 1.19 2.98 227
0.2600 - 0.3300 0.57 2.37 1.33
0.3300 - 0.4100 0.66 2.96 2.17
0.4100 - 0.5100 0.31 1.28 1.08
0.5100 - 0.6400 0.12 0.72 0.92
0.6400 - 0.8000 0.06 0.41 0.48
0.8000 - 1.0000 0.04 0.22 0.41
1.0000 - 1.3000 0.04 0.18 0.30

11.3000 - 1.6000 0.02 0.12 0.21
1.6000 - 2.0000 0.02 0.06 0.12
2.0000 - 2.6000 0.02 0.12 0.23
2.6000 - 3.3000 0.02 0.09 0.21
3.3000 - 4.1000 0.04 0.12 0.27
4.1000 - 5.1000 0.04 0.09 0.15
5.1000 - 6.4000 0.01 0.08 0.07
6.4000 - 8.0000 0.09 0.24 0.10
8.0000 - 10.0000 0.36 0.44 0.31
10.0000 - 13.0000 0.17 0.44 0.52
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 0.34 1.34 0.85
v, 3.3000 - 33.0000 1.77 3.09 2.84
¥, 0.3300 - 3.3000 10.39 13.78 10.73
¥, 0.0330 - 0.3300 1.31 6.16 6.13
v, 0.0030 - 0.0330 1.05 2.75 2.27
total 14.52 25.78 21.97
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Table 8 Results of pore size distribution analysis (continued)

NT-10 (90ka) NT-17 (90ka) NT-24 (90ka)
pore size (ll m) pore volume (mm®/g) pore volume (mm’*/g) pore volume (mm’/g)

0.0041 - 0.0051 0.73 0.99 1.08
0.0051 - 0.0064 0.77 0.89 0.84
0.0064 - 0.0080 0.38 0.60 0.39
0.0080 - 0.0100 0.30 0.37 0.37
0.0100 - 0.0130 0.26 0.34 0.44
0.0130 - 0.0160 0.29 0.27 0.34
0.0160 - 0.0200 0.25 0.23 0.32
0.0200 - 0.0260 0.52 0.42 1.10
0.0260 - 0.0330 0.35 0.25 1.35
0.0330 - 0.0410 0.71 0.50 3.16
0.0410 - 0.0510 0.99 0.42 2.76
0.0510 - 0.0640 1.81 0.57 245
0.0640 - 0.0800 1.85 0.62 1.58
0.0800 - 0.1000 1.86 0.71 1.22
0.1000 - 0.1300 2.16 1.38 1.28
0.1300 - 0.1600 1.72 1.81 0.99
0.1600 - 0.2000 1.29 2.14 1.08
0.2000 - 0.2600 2.33 4.34 1.81
0.2600 - 0.3300 1.64 3.58 1.24
0.3300 - 0.4100 3.48 5.83 1.74
0.4100 - 0.5100 1.58 3.74 1.31
0.5100 - 0.6400 0.85 2.89 0.87
0.6400 - 0.8000 0.32 1.42 0.55
0.8000 - 1.0000 0.29 1.01 0.36
1.0000 - 1.3000 0.20 0.60 0.25
1.3000 - 1.6000 0.15 0.32 0.10
1.6000 - 2.0000 0.10 0.14 0.10
2.0000 - 2.6000 0.15 0.27 0.15
2.6000 - 3.3000 0.10 0.10 0.10
3.3000 - 4.1000 0.15 0.20 0.10
4.1000 - 5.1000 0.19 0.20 0.02
5.1000 - 6.4000 0.16 0.11 0.00
6.4000 - 8.0000 0.33 0.32 0.32
8.0000 - 10.0000 0.33 0.48 0.16
10.0000 - 13.0000 0.49 0.32 0.66
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 1.34 1.47 0.96
V. 3.3000 - 33.000( 3.85 4.36 6.23
Vi 0.3300 - 3.3000 16.36 16.07 17.57
V. 0.0330 - 0.3300 7.22 16.32 5.53
V4 0.0030 - 0.0330 2.99 3.10 222
total 30.42 39.85 31.55
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Table 8 Results of pore size distribution analysis (continued)

BB-3 (110ka) BB-7 (110ka) BB-9 (110ka)
pore size (£ m) pore volume(mm®/g) pore volume (mm’/g) pore volume (mm®/g)

0.0041 - 0.0051 0.94 0.90 0.93
0.0051 - 0.0064 1.00 0.73 1.07
0.0064 - 0.0080 0.60 0.56 0.63
0.0080 - 0.0100 0.48 0.55 0.63
0.0100 - 0.0130 0.52 0.61 0.60
0.0130-0.0160 0.38 0.45 0.50
0.0160 - 0.0200 0.32 0.53 0.40
0.0200 - 0.0260 0.65 0.65 0.68
0.0260 - 0.0330 0.51 0.48 0.52
0.0330-0.0410 0.81 0.76 0.85
0.0410 - 0.0510 0.71 0.60 0.71
0.0510 - 0.0640 0.94 0.73 0.87
0.0640 - 0.0800 1.00 0.68 0.93
0.0800 - 0.1000 1.17 0.73 0.93
0.1000 - 0.1300 2.00 1.01 1.35
0.1300 - 0.1600 2.30 0.83 1.33
0.1600 - 0.2000 2.13 0.83 1.13
0.2000 - 0.2600 5.06 1.64 2.48
0.2600 - 0.3300 3.13 1.31 2.30
0.3300 - 0.4100 3.14 3.13 5.06
0.4100 - 0.5100 1.76 3.80 6.39
0.5100 - 0.6400 1.24 4.94 6.02
0.6400 - 0.8000 0.59 5.24 4.46
0.8000 - 1.0000 0.38 5.89 2.20
1.0000 - 1.3000 0.33 6.60 1.15
1.3000 - 1.6000 0.16 2.97 0.65
1.6000 - 2.0000 0.11 1.16 0.46
2.0000 - 2.6000 0.21 1.21 0.50
2.6000 - 3.3000 0.11 0.60 0.40
3.3000 - 4.1000 0.16 0.66 0.45
4.1000 - 5.1000 0.11 0.60 0.40
5.1000 - 6.4000 0.08 0.13 - 0.23
6.4000 - 8.0000 0.19 0.71 0.35
8.0000 - 10.0000 0.38 1.08 0.73
10.0000 - 13.0000 0.78 0.88 1.05
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 0.95 2.14 2.31
V', 3.3000 - 33.000( 5.40 5.46 5.96
V4 0.3300 - 3.3000 19.25 9.12 12.88
V. 0.0330 - 0.3300 8.03 35.54 27.29
V4 0.0030 - 0.0330 2.65 6.20 5.52
total 35.33 56.32 51.65
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Table 8 Results of pore size distribution analysis (continued)

SZ-3 (120ka) SZ-12 (120ka) SZ-16 (120ka)
pore size ( U m) pore volume (mm°®/g) pore volume (mm®/g) pore volume (mm’/g)

0.0041 - 0.0051 0.60 1.07 1.09
0.0051 - 0.0064 0.83 1.18 1.14
0.0064 - 0.0080 0.49 0.54 0.59
0.0080 - 0.0100 0.52 0.52 0.56
0.0100 - 0.0130 0.60 0.54 0.58
0.0130 - 0.0160 0.46 0.52 0.68
0.0160 - 0.0200 0.32 0.32 0.50
0.0200 - 0.0260 0.97 0.69 0.70
0.0260 - 0.0330 0.43 0.43 0.59
0.0330 - 0.0410 0.64 0.80 0.91
0.0410 - 0.0510 0.92 0.64 0.70
0.0510 - 0.0640 0.77 0.83 0.76
0.0640 - 0.0800 0.78 0.77 1.06
0.0800 - 0.1000 1.06 0.90 0.56
0.1000 - 0.1300 1.23 1.20 1.41
0.1300 - 0.1600 1.12 1.12 1.14
0.1600 - 0.2000 0.95 1.18 0.85
0.2000 - 0.2600 1.84 2.21 1.74
0.2600 - 0.3300 1.44 1.96 1.76
0.3300 - 0.4100 2.84 437 2.28
0.4100 - 0.5100 2.96 422 2.79
0.5100 - 0.6400 4.13 5.86 3.70
0.6400 - 0.8000 4.45 477 5.04
0.8000 - 1.0000 5.69 2.93 5.28
1.0000 - 1.3000 9.13 1.73 722
1.3000 - 1.6000 8.68 0.86 6.28
1.6000 - 2.0000 433 0.46 5.75
2.0000 - 2.6000 422 0.63 13.55
2.6000 - 3.3000 1.27 0.23 2.46
3.3000 - 4.1000 1.06 0.40 2.00
4.1000 - 5.1000 0.23 0.23 0.88
5.1000 - 6.4000 0.00 0.15 0.38
6.4000 - 8.0000 0.00 0.40 0.85
8.0000 - 10.0000 0.00 0.40 0.82
10.0000 - 13.0000 0.00 0.60 1.03
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 0.00 2.84 2.49
¥, 3.3000 - 33.000¢ 522 581 6.43
¥, 0.3300 - 3.3000 10.75 11.61 10.89
V. 0.0330 - 0.3300 47.70 26.06 54.35
¥ 4 0.0030 - 0.0330 1.29 5.02 8.45
total 64.96 48.50 80.12
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Table 8 Results of pore size distribution analysis (continued)

CH-2(250ka ) CH-19 (250ka)  CH-22 (250ka)

pore size (4 m)  pore volume (mm/g) pore volume (mm’/g) pore volume (mm/g)

0.0041 - 0.0051 1.82 0.00 1.74
0.0051 - 0.0064 1.90 0.00 1.96
0.0064 - 0.0080 1.17 0.00 1.43
0.0080 - 0.0100 1.40 0.00 0.93
0.0100 - 0.0130 1.29 0.00 1.12
0.0130 - 0.0160 0.96 0.00 0.89
0.0160 - 0.0200 0.68 0.00 0.76
0.0200 - 0.0260 1.39 0.03 1.29
0.0260 - 0.0330 0.79 0.33 0.63
0.0330 - 0.0410 1.46 0.72 1.29
0.0410 - 0.0510 1.22 0.82 1.11
0.0510 - 0.0640 1.29 1.15 1.12
0.0640 - 0.0800 1.32 1.50 1.20
0.0800 - 0.1000 1.68 1.25 1.12
0.1000 - 0.1300 1.71 1.90 1.51
0.1300 - 0.1600 1.76 1.28 1.30
0.1600 - 0.2000 1.75 1.61 120
0.2000 - 0.2600 2.46 2.59 2.19
0.2600 - 0.3300 2.50 2.29 1.78
0.3300 - 0.4100 3.58 3.94 3.21
0.4100 - 0.5100 3.18 3.57 2.99
0.5100 - 0.6400 3.93 4.59 3.39
0.6400 - 0.8000 4.29 4.59 3.75
0.8000 - 1.0000 4.93 5.25 4.19
1.0000 - 1.3000 7.01 6.23 5.00
1.3000 - 1.6000 5.86 5.90 437
1.6000 - 2.0000 6.15 3.93 4.28
2.0000 - 2.6000 10.29 8.20 7.76
2.6000 - 3.3000 8.65 6.62 6.16
3.3000 - 4.1000 19.37 12.79 10.34
4.1000 - 5.1000 8.15 15.93 13.83
5.1000 - 6.4000 1.96 19.25 7.09
6.4000 - 8.0000 2.00 7.41 7.58
8.0000 - 10.0000 2.29 2.33 4.10
10.0000 - 13.0000 1.50 2.07 2.81
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 1 0.00 0.00 0.00
19.0000 - 2.54 2.79 3.79
V_, 3.3000 - 33.0000 11.40 0.36 10.75
V, 0.3300 - 3.3000 17.15 15.11 13.82
V. 0.0330 - 0.3300 57.87 52.82 45.10
¥ ; 0.0030 - 0.0330 37.81 62.57 49.54
total 124.23 130.86 119.21
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Table 8 Results of pore size distribution analysis (continued)

PC-8 (350ka) PC-10 (350ka) PC-13 (350ka)
pore size (u m) pore volume (mm’/g) pore volume (mm®/g) pore volume (mm®/g)

0.0041 - 0.0051 0.00 2.28 2.42
0.0051 - 0.0064 0.00 2.55 1.32
0.0064 - 0.0080 0.00 1.57 1.75
0.0080-0.0100 0.4 1.25 1.60
0.0100 - 0.0130 0.72 1.30 1.90
0.0130 - 0.0160 0.85 1.08 1.39
0.0160 - 0.0200 0.72 0.93 134
0.0200 - 0.0260 1.6 1.68 2.68
0.0260 - 0.0330 0.98 1.68 2.12
0.0330 - 0.0410 2.17 2.17 3.65
0.0410 - 0.0510 2.25 2.44 3.82
0.0510 - 0.0640 2.38 2.44 5.40
0.0640 - 0.0800 3.27 2.55 5.52
0.0800 - 0.1000 3.27 2.88 6.03
0.1000 - 0.1300 4.59 3.04 7.62
0.1300 - 0.1600 3.78 2.55 6.13
0.1600 - 0.2000 2.93 2.01 15.46
0.2000 - 0.2600 5.48 3.52 9.95
0.2600 - 0.3300 2.97 2.50 8.03
0.3300 - 0.4100 5.52 3.91 22.78
0.4100 - 0.5100 4.63 3.63 23.03
0.5100 - 0.6400 5.53 4.02 16.38
0.6400 - 0.8000 5.94 4.34 6.28
0.8000 - 1.0000 5.95 4.66 3.20
1.0000 - 1.3000 8.92 6.84 2.16
1.3000 - 1.6000 8.16 4.99 1.24
1.6000 - 2.0000 8.32 4.78 0.72
2.0000 - 2.6000 15.13 10.31 0.82
2.6000 - 3.3000 1121 8.68 0.31
3.3000 - 4.1000 2005 21.59 0.42
4.1000 - 5.1000 7.06 10.53 0.36
5.1000 - 6.4000 4.97 1.46 0.00
6.4000 - 8.0000 2.42 4.61 0.00
8.0000 - 10.0000 .19 3.09 0.36
10.0000 - 13.0000 178 3.04 0.72
13.0000 - 16.0000 0.00 0.00 0.00
16.0000 - 19.0000 0.00 0.00 0.00
19.0000 - 2.72 4.61 1.08
V., 33000 - 33.0000 4.97 14.32 16.52
V, 0.3300 - 3.3000 33.09 26.10 71.61
V. 0.0330 - 0.3300 79.31 56.16 76.92
V4 0.0030 - 0.0330 40.19 48.93 2.94
total 157.56 145.51 167.99
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Table 12 Results of the point load strength test

Sample No. Time (ka) point load strength, 0, (kgf) strength index, T
P-1 0 90.31 1.96
2 0 575.15 2.76
3 0 363.27 2.56
4 0 343.75 2.54
5 0 688.78 2.84
6 0 367.47 2.57
7 0 558.68 2.75
8 0 1065.09 3.03
9 0 473.34 2.68
10 0 1940.63 3.29
11 0 1800.00 3.26
12 0 540.00 2.73
13 0 551.02 2.74
14 0 408.67 2.61
15 0 1134.00 3.05
16 0 555.43 2.74
17 0 282.81 2.45
18 0 526.30 2.72
19 0 1350.00 3.13
20 0 639.84 2.81
21 0 1012.24 3.01
22 0 295.54 2.47
23 0 393.39 2.59
25 0 207.56 2.32
26 0 314.19 2.50
27 0 471.88 2.67
28 0 349.92 2.54
29 0 493.71 2.69
Average 0 635.46 2.71
FT-1 20 580.17 2.76
2 20 3000.00 3.48
3 20 197.22 2.29
4 20 324.85 2.51
5 20 388.89 2.59
6 20 45.00 1.65
7 20 96.69 1.99
8 20 316.41 2.50
9 20 86.77 1.94
10 20 450.00 2.65
11 20 131.00 2.12
12 20 102.73 2.01
13 20 311.54 2.49
14 20 1750.00 3.24 .
15 20 130.80 2.12
17 20 140.14 2.15
18 20 275.00 2.44
19 20 288.89 2.46
20 20 192.86 2.29
22 20 74.79 1.87
23 20 280.00 2.45
24 20 118.75 2.07
26 20 74.25 1.87
Average 20 406.81 2.35
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Table 12 Results of the point load strength test (continued)
Sample No. Time (ka) point load strength, 0, (kgf) strength index, T

SA-1 70 498.27 2.70
2 70 1597.63 3.20
3 70 135.54 2.13
4 70 582.16 2.77
6 70 159.56 ’ 2.20
7 70 336.33 2.53
8 70 174.52 2.24
9 70 413.22 2.62
10 70 241.83 2.38
11 70 119.53 2.08
13 70 2644.90 3.42
15 70 660.11 2.82
16 70 1193.88 3.08
17 70 2208.00 3.34
18 70 119.01 - 2.08
19 70 5400.00 3.73
20 70 319.83 2.50
21 70 1687.50 3.23
22 70 24432 239
23 70 111.83 2.05
24 70 120.71 2.08
25 70 16.00 1.20

Average 70 862.94 2.58

NT-1 90 122.50 2.09
2 90 456.00 2.66
3 90 119.44 2.08
5 90 369.00 2.57
6 90 276.48 244
7 90 : 154.82 2.19
8 90 77.78 1.89
11 90 772.19 2.89
12 90 135.74 2.13
13 90 121.88 2.09
14 90 290.63 2.46
15 90 261.00 2.42
16 90 42.47 1.63
17 90 154.82 2.19
18 90 314.20 2.50
19 90 564.80 2.75
20 90 407.81 2.61
21 90 263.67 242
22 90 177.93 2.25
24 90 155.00 2.19

Average 90 261.91 232
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Table 12 Results of the point load strength test (continued)

Sample No. Time (ka) point load strength, 0 (kgf) strength index, T

SZ-4 120 38.44 1.58
6 120 63.00 1.80
8 120 16.00 1.20
9 120 56.06 1.75
10 120 5.92 0.77
11 120 0.62 -0.21
12 120 64.82 1.81
15 120 32.14 1.51
16 120 10.34 1.01
17 120 3.40 0.53
19 120 47.26 1.67
21 120 21.77 1.34
23 120 110.51 2.04
27 120 47.09 1.67
28 120 1.65 0.22
29 120 2.30 0.36
30 120 66.46 1.82
31 120 2.47 0.39
32 120 0.97 -0.01
34 120 041 -0.39
35 120 25.93 1.41

36 120 20.71 1.32
37 120 17.07 1.23
38 120 28.13 1.45
39 120 24.25 1.38
41 120 358.02 2.55
44 120 16.89 1.23
Average 120 50.45 1.21

CH-1 250 55.56 1.74
2 250 56.16 1.75
3 250 236.11 2.37
5 250 0.80 -0.10
6 250 34.81 1.54
7 250 259.13 241
8 250 169.08 223
11 250 29.20 1.47
12 250 42.37 1.63
13 250 209.39 232
16 250 71.05 1.85
17 250 54.18 1.73
18 250 65.32 1.82
20 250 17.56 1.24
21 250 26.03 1.42
23 250 394.34 2.60
24 250 30.39 1.48

Average 250 103.03 1.74
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Stratigraphy

«

Marker Tephra

Kr-Kb (16 ka), K-Ah (6.3 ka)

Fukadoshi Terrace Deposits: 20 ka
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d

AT (24 ka)

-

Ikatsuno Terrace Deposits: 40 ka ?

<

Kr-Iw+*Kr-Aw (40 ka ?)

-

A-Iw (70 ka ?)

Saitobaru Terrace Deposits: 70 ka ?

b

-

Aso-4 (89 ka)

Nyutabaru Terrace Deposits: 90 ka

4—— A-Fk (90 ka)

d

<

Ata (110 ka), K-Tz (90~ 100 ka)

Baba Terrace Deposits: 110 ka

Sanzaibaru Terrace Deposits: 120 ka

«—— Aso-3 (120 ka)

Chausubaru Terrace Deposits: 250 ka |<——Ata-Th (250 ka)

Urushinobaru Terrace deposits: 250 ~300 ka

Omarugawa Formation: 300 ka

<«— XKkt (300 ka)

Higashibaru Terrace Deposits: 350 ka

Kukino Terrace Deposits: 300 ~500 ka

Nanukigawa Formation: 500 ka

«—Kb-Ks (500 ka)

ii‘ig. 4 étratigraphy of the middle to late Pleistocene sediments

in the Miyazaki Plain.
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Fig. 5 Geomorphological map showing distribution of the terrace surfaces

in the Miyazaki Plain.
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Fig: 8 Geolog;al sections. Profile lines are shown in Fig. 5.
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Fig. 16 Columnar sections of sampling points.
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Fig. 17 Floodplain of the Omaru river (0 ka)
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34 (m) 20ka

w b

Fig. 18 Outcrop at the Fukadoshi terrace deposits (20 ka).
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Fig. 19 Outcrop at the Saitobaru terrace deposits (70 ka).
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Fig. 20 Outcrop at the Nyutabaru terrace deposits (90 ka).
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Fig. 21 Outcrop at the Baba terrace deposits (110 ka).
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Fig. 22 Outcrop at the Sanzaibaru terrace deposits (120 ka).

117



vvv] AT

--1::-;,': e ‘a.‘a_-::.~

Chausubaru terrace D. . . z
5 4 (m) 250ka ]‘ _s?l(lpling point

Fig. 23 Outcrop at the Chausubaru terrace deposits (250 ka).
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Fig. 24 Outcrop at the Higashibaru terrace deposits (350 ka).
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Fig. 25 Cutting surface of sandstone gravel (0 - 350 ka).
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Fig. 30 Temporal changeé in visible diffuse reflectance spectra.
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Fig. 31 Distribution of b*-value measured on ciltting surface of gravel.
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Fig. 61 Model of pore structure in sandstone (after Doyen, 1988).
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