DOWNSTREAM VARIATION IN PARTICLE SIZE,
FORM, ROUNDNESS, AND LITHOLOGY :
A CASE STUDY OF THE DOKI RIVER, SOUTHWEST JAPAN

Takeyuki UEKI

Abstract This study documents downstream variation in the maximum size. form,
roundness, and lithology of particles along the mainstream of the Doki River, northeastern
Shikoku Island. southwest Japan. In order to reconstruct the pattern of ancient streams
with a typical geomorphological scale in Japan, that formed existing gravel deposits.
geometrical indices complemetary to clast fabric data and representative of the particle
population are proposed. For the paleocurreni interpretation, these should be relatively
simple and less time-consuming to use. The maximum particle size progressively decreases
downstream. while roundness increases. The proportion of clasts of a specified lithology
varies downstream in an organized manner. especially far from the source area. In contrast,
no particle form parameter shows significant downstream variation. These facts suggest
that maximum particle size and roundness are useful parameters, and that lithological
composition provides complementary data. while particle form is an unreliable factor for
paleocurrent interpretation.
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1. Introduction

This study aims to propose geometrical indices representative of particle populations.
which are useful for reconstructing the patterns of ancient streams that formed existing
gravel deposits. For this purpose. downstream variation in the maximum size, form,
roundness, and lithology of particles along the mainstream of the Doki River. southwest
Japan, were examined.

The uplift and denudation history of some ranges have been discussed, based on ancient
stream patterns or change in facies within the conglomerates distributed along their foots
{e.g. Hirabayashi 1970 : McLaughlin and Nilsen 1982 : Moriyama and Niwa 1985 | Moriyama
and Mitsuno 1989 : Ueki and Mitusio 1998). In many of the previous studies, the paleocurrent
directions at given localities have been obtained from clast fabric analyses. However, while
these directions are merely the local downcurrent directions at these localities. analyses atl
numerous sites are needed to reconstruct the general downstream direction. Therefore,
additional indices are required for paleocurrent interpretation. and these should be relatively
simple and less time-consuming to use.

Since particle size. form, roundness, and lithology vary with the transportation distance,
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these data should also be available within a gravel deposit to supplement clast fabric data.
and reconstruct the ancient stream pattern. Numerous studies have reported that particles
become smaller and more rounded further downstream along the course of existing rivers.
Particle form analyses are frequently undertaken to discriminate between depositional
environments (e.g. Wentworth 1922a, b : Cailleux 1947 ; Lenk-Chevitch 1959 : Liittig 1962 ;
Sames 1966 : King and Buckley 1968 ; Dobkins and Folk 1970 : Stratten 1974 : Dowdeswell et
al. 1985 : Benn and Ballantyne 1993). Flume experiments and field observations indicate that
the downstream abundance of spherical and rod-shaped clasts results from shape sorting
during transportation (Krumbein 1942a ; Hattingh and Illenberger 1995). So far as particle
sphericity is concerned, however, decrease (Russell and Taylor 1937 : Takei et al. 1987),
increase (Krumbein 1941a : Bradley 1970 ; Glover 1975 : Morivama and Masui 1981 ;
Moriyama and Nakanishi 1991). and substantial invariability (Krumbein 1942b : Plumley 1948 :
Lane and Carlson 1954 : Blenk 1960 : Bluck 1964 : Dobkins and Folk 1970 : Bradley et al. 1972 ;
Goede 1975 : Takahashi et al. 1987) have all been reported to occur further downstream.
Unrug (1957) documented that particle sphericity increases downstream in the upper reach.
whereas it decreases in the lower reach. Downstream variation in particle form depends
upon the distinct size range and lithology of examined fragments (Allen 1948 ; Plumly 1948 :
Sneed and Folk 1958 ; Bluck 1965 : Bradley 1970 : Bradley et al. 1972 : Goede 1975). These
facts introduce doubt as to whether particle form is indicative of the general downstream
direction. thus elaborate care should be taken in particle form studies.

Many extensive studies of particle size, form, roundness, and lithology have been
undertaken along fluvioglacial streams or rivers more than several hundred kilometers long.
Most alluvial and intermontane rivers in Japan are characterized by steep gradients and
relatively short length of a few tens of kilometers or less. Variation in particle size, form,
roundness. and lithology along such rivers is still unclear. Although this variation was
reported in the 1950's and 60's, few studies collected these data along the entire reach of a
river. and little attention has been called to particle form. It is. therefore. necessary to
examine how particle size, form, roundness and lithology vary downstream along the entire
reach of small rivers that are ubiquitous in Japan.

This study documents the downstream variation in particle size, form. roundness, and
lithology along the Doki River, northeastern Shikoku Isiand, southwest Japan. Based on this
variation, I attempt to suggest sedimentological factors for paleocurrent interpretation that
are both reliable and convenient to investigate.

2. Study Area

The Doki River rises in the main ridge of the Asan Mountains and flows northwestward
across central Kagawa Prefecture to enter the Seto Inland Sea. The river has a typical
geomorphological scale of rivers in Japan. It is 21 km long and the catchment area is
approximately 95 km’, with a maximum relief of 1,060 m in elevation. The gradients of the
lower, middle, upper, and uppermost reaches of the river are approximately 3 to 10, 17 to 22,
27 to 55. and more than 100 up to 400 per mill. respectively. Figure 1 illustrates the bedrock
geology around the study area. The basin upstream from Locality 7 developed entirely in the
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Fig. 1 Sampling sites and bedrock geology around the study area.
The geologic map is simplified from Katto et al. (1977) and
Ueki and Mitusio (1998). Numbers indicate sampling sites :
1. Kamibun, 2. Takayanagi, 3. Tarumi, 4. Shijo, 5. Sumisho,
6. Naiden, 7. Kawahigashi, 8. Myojin, 9. Kawaoku, 10.
Shimobuke. Abbreviations are as follows : Kh. Kotohira, Kn.
Kotonami, Mg. Marugame. Mn. Manno, Tt. Tadotsu. Zj.
Zentsuji.

Cretaceous Izumi Group. which consists of alternating sandstone and mudstone intercalated
with minor proportions of tuffaceous and gravel beds. Steep slopes with exceeding 400 m in
relative height characterize this basin. In the middle reach, the river flows northwestward
through hills 100 to 400 m in altitude. underlain by Cretaceous granitoids and Plio-
Pleistocene Mitoyo Group. Badly weathered granitoids up to 10 m thick are intruded and
capped by volcanic rocks (sanukitoid) of the Miocene Sanuki Group. The Mitoyo Group
unconformably overlying the granitoids is an unconsolidated conglomerate 10 to 40 m thick.
Pebble to cobble-sized clasts of crystalline-schists, as well as sandstone, mudstone,
granitoids. and quartz, occur in this conglomerate (Ueki and Mitusio 1998). The Marugame
Plain is composed of an alluvial fan deposit built up by the lower reach of the Doki River. The
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gradient of the graded-stream calculated in this reach is gentler than that in practice
(Ichikawa and Ishikawa 1965). Moreover, the river has a gradient of 3 per mill at its mouth
and the alluvial fan is not only dissected. but boulders from abandoned braided-streams are
obvious on the surface (Oyama 1953 : Ichikawa and Ishikawa 1965), suggesting that large
amounts of sediments accumulated on the river floor under ungraded circumstances. Well-
developed isolated mesa-shaped and conical hillocks underlain by igneous rocks occur in and
around the plain.

3. Field Procedures and Laboratory Analyses

Sampling Sites

Particle size. form. roundness. and lithology were examined in eleven localities within
the basin of the Doki River (Figs. 1 and 2). Localities 1-3 are located in the lower reach of the
mainstream, where the longitudinal and transverse bars are well developed. Localities 4-6
are located in the middle reach : longitudinal and transverse bars are found at Locality 4.
while bedrocks of granitoids partly overlain by thin gravelly beds occur at Localities 5 and 6.
Localities 7-9 are located in the upper reach. where steeply incised valleys result in bedrock
channels. In this reach, the bedforms are characterized by transverse lunate bars or small-
scale riffle bars, which Martini (1977) described as gravelly flood deposits. At each locality, a
position on the bar adjacent to the largest particle on the surface. at which the bedform was
not artificially disturbed, was chosen for sampling. Localities 10 and 11 on the mountain
slope were also examined ' here colluvial deposits underlain by sandstone and granite
bedrock. respectively. occur in road-cuts.

Maximum Particle Size

Since it is difficult to dig out huge boulders from the bed and therefore almost
impossible to measure all three dimensions of these clasts in the field, the apparent longest
and intermediate axes of the ten largest exposed particles in a 10 X 10 m area were
measured with a folding ruler. The average intermediate diameter (Quchi 1979) and
maximum-projection-plane diameter (Moriyama and Niwa 1985) of the specified number of
clasts were used as the maximum particle diameters. Since the settling velocity of a particle
is related to the area of the maximum-projection-plane (Krumbein 1942b : Sneed and Folk
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1958). the maximum-projection-plane diameter of each particle was determined in this study
as the geometric mean of two dimensions in the plane. Thereafter, the average diameter of
the ten largest particles frequently standardized in clast size studies (Eckis 1928 : Pelletier
1958 * Bluck 1964, 1965 : Steel et al. 1977 : Moriyama and Niwa 1985 : Morivama and Mitsuno
1989 : Ueki and Mitusio 1998) was examined, and compared with diameters of the largest and
the fifth largest particles. The diameter of the fifth largest clast was proposed as maximum
particle size (Nogami. personal communication). It is complicated, time consuming. and
laborious to estimate the median diameter (Mag ), though it is familiar index describing a
sediment. Therefore Ms¢ is considered to be inadequate for examinations at numerous sites.
Although the average volume of a specified number of the largest clasts has been defined as
maximum particle size (Mino 1950 : Nakayama 1952 : Takakuwa and Deishi 1954),
determining this factor requires patience and plenty of time. In this study, the maximum
diameter of the particles was used instead, because it is relatively simple and much quicker
to determine. Even though the maximum diameter of the particles can be estimated as the
order of 1 centimeter, the diameter was empirically sufficient for the paleocurrent
interpretation in Japan (Moriyama and Niwa 1985 : Moriyama and Mitsuno 1989 ; Ueki and
Mitusio 1998). The most likely explanation of this availability is that significant downstream
decrease of the maximum particle diameter along the small scaled rivers results from its
exponenliial downstream decrease (Krumbein 1937 ; Mino 1950 : Bluck 1964 : Kodama 1994),

Particle Form

For the form analyses, a total of 270 or 150 particles, including those of sandstone and
granitoids, were examined at each locality. Sets of 100 and 50 clasts of sandstone. with a
longest dimension ranging from 32 to 128 mm (-5 to -7 on the phi-scale), and a relatively more
comprehensive range of pebble to cobble size grades. were randomly collected from the bar
deposits at all localities. Additional sets of 100 and 20 clasts of granitoids in the same size
ranges were also collected at random at Localities 1 to 6. In the laboratory. each clast was
measured in three orthogonal dimensions with a vernier caliper. These were regarded as the
length. breadth, and thickness of the particle. Numerous indices determined from the three
axes have been proposed as representative of general particle form. These indices
conceptualize the flatness. sphericity, elongation (oblate-prolateness). and relative uniformity
of all three axes and dominant particle form. This study did not consider several indices,
including dissymmetry (Cailleux 1945). which requires additional axial information. or two-
dimensional sphericity determined from the visual charts illustrated in Rittenhouse (1943),
Krumbein and Sloss (1951), and Powers (1982). Twenty-five form parameters were calculated
from these axial lengths in three specified size grades (-5 to -5.5, -5.5 to 6. and -6 to -6.5 phi-
scale). The formulae for these parameters are summarized in the Appendix 1. Each particle
was classified as rod-shaped. bladed. discoid. or spherical by plotting the axial ratios on the
form diagram (Zingg 1935), and the proportions of all four form classes were determined.
The form ratio was also computed from the numbers of clasts that fell within each class in
the triangular form diagram (Sneed and Folk 1958). These form diagrams and distinct
subdivided form classes are shown in Appendix 2.



Particle Roundness

The visual comparison chart developed by Krumbein (1941b) was used to determine two-
dimensional particle roundness. because it is simple and has the most distinct subdivisions.
Various indices representative of particle roundness have also been recommended. Since
tedious, complicated, and time-consuming procedures are required to determine the Wadell
roundness of each clast exactly (Wadell 1932), pebble image sets of predetermined roundness
have been prepared for the convenience of determination (Trowbridge and Mortimore, 1925 :
Russell and Taylor 1937 ; Krumbein 1941b : Pettijohn 1949. 1957 : Krumbein and Sloss 1951 :
Powers 1953 ; Schneiderhdhn 1954 ; EiRele 1957a. b : Reichelt 1961). Visual comparison
method using the Krumbein chart is sufficient for this study, because my purpose was to
identify particle parameters that are useful for reconstructing the pattern of ancient streams
that formed gravel deposits.

Particle Lithology

The composition of each lithology was determined by the visual comparison method
from more than 300 randomly-sampled particles with a longest axis larger than 1 cm. Each
particle was classified into five rock types . sandstone, mudstone, tuffstone. granitoids. or
quartz.

5. Results

Variation in Maximum Particle Diameter

Variation in the maximum particle diameter as a function of the distance from the
mouth is shown in Fig, 3. Although exceptionally large clasts of sandstone, mudstone, and
granitoids contribute to the abrupt increases in maximum particle diameter at Localities 8. 7
and 5, respectively, the diameters of all lithologies generally decrease downstream. The
maximum particle diameter of sandstone almost follows a linear relationship with the
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Fig. 3 Variation in the maximum diameter of particles as a function of distance from the mouth.
Italic numbers on the upper abscissa correspond to the sampling sites illustrated in Fig. 1.
Maximum particle size of each lithology shows general trend of downstream variation,
though the abrupt local increase at a certain site is observed.
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transportation distance in the whole reach. The trend of maximum particle diameters of
both mudstone and granitoids also decrease downstream in the middle to lower reaches.
although the results are more scattered. This variation does not follow the exponential
relationship generally identified in many previous studies (Krumbein 1937 : Mino 1950 ; Bluck
1964 : Kodama 1994). The variation in the average maximum-projection-diameter of the ten
largest clasts is consistent for each rock type with the maximum-projection-diameter of the
fifth largest clast.

Variation in Particle Roundness

The particle roundness of both sandstone and granitoids generally shows increasing
variation downstream (Fig. 4). Both clasts in the colluvial deposits of sandstone at Locality
10 and granite at Locality 11 have an extremely low roundness of less than 0.1. These are
succeeded by subangular clasts after transportation of less than a few kilometers. For
sandstone clasts, the roundness in the pebble to cobble size grade increases curvi-linearly
downstream. From the perspective of roundness variation in all the specified size ranges.
the entire Doki River can be divided into three sections. Along the upstream and
downstream sections (between Localities 1 and 4. and Localities 7 and 9, respectively).
roundness increases downstream. whereas along the midstream section (between Localities
4 and 7). roundness remains constant and do not change with the distance transported. For
clasts of granitoids. although local downstream decreases in roundness are discerned at
Localities 1 and 3. a general downstream increase is evident. The roundness of both
sandstone and granitoids in all specified size grades are related to the transportation
distance. However, downstream variation in roundness here does not follow the exponential
relationship (Wentworth 1919, 1922b : Krumbein 1940 : Plumly 1948), but the linear
relationship identified in previous studies in Japan (Nakayama 1954, 1960. 1963).

% 3 10 185 20 % 5 0 15 20
Distance from the mouth () Distance from the mouth (k)
Sandstone Granitoids

Size range —0— -80d<@<-85¢ (B4.0mnSa<90.5mm)
-m- B55d<ac8.09 (45.3mmSacB4.0mm)
== 506<acb5¢ (32.0mmsS a<d5.3mm)
- & - pebbie 1o cobble

Fig. 4 Variation in particle roundness as a function of distance from the mouth. Iralic numbers are
the same as Fig. 3. Particle roundness of both sandstone and granitoids in all specified size
grades are related to the transportation distance. From the variation in roundness of
sandstone clasts, the entire Doki River is divided into three sections.
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Variation in Particle Lithology

Variation in lithology as a function of the distance from the mouth is illustrated in Fig. 5.
The proportions of clasts of sandstone and mudstone are almost constant in the upper reach,
where the bedrock geology are the same to these rocks. In the middle to lower reach, along
which igneous bedrocks develop. the proportion of sandstone clasts increases exponentially
downstream. To the contrary, the proportions of clasts of mudstone and granitoids both
decrease exponentially downstream. The percentage of tuffstone clasts is constantly less
than two in the entire reach.

Variation in Particle Form

Figures 6 and 7 illustrate the variation in the generalized particle form of sandstone and
granitoids. respectively. with the distance from the mouth. The variation in the proportion
of clasts within each Zingg form class and form ratio is shown in Fig. 8. In contrast to the
variation in maximum particle diameter, roundness. and lithological composition, no form
parameter shown in these Figures exhibits unequivocal systematic downstream variation.
because of invariability or a large range of dispersion from locality to locality. Several
parameters of sandstone clasts in certain size grades show obscure regarding downstream
variation. Almost none of the form parameter relationships differentiate the rock type,
whereas within the same lithology. a significant difference emerges in respect to the
examined size grade. Variation in the form parameters of sandstone clasts is more
extensively influenced by the examined size grade than in granitoids. These facts do not
indicate the independence of particle form on their size (Carroll 1951). but suggest the
distinct control of the examined size grade on particle form (Plumly 1948 : Sneed and Folk
1958). Although several parameters (e.g. Nakayama flatness) are independent of the examined
size grade. unfortunately there is no apparent downstream trend in this variation. Figure 8
illustrates that no distinct form becomes predominant downstream in each lithology. This
does not agree with the expectation that discoid clasts may be looked upon as a population

—s— Mudsione ]Izl.ml Group
—o—Tuflstone
--»-- Igneous rocks

{Granitolds and sanukitold)

Fig. 5 Variation in lithology as a function of distance from the mouth. Italic numbers are the same
as Fig. 3. In the upper reach, proportions of all lithologies remain conatant. To the contrary,
proportion of sandstone clasts in the lower to middle reach increases downstream, whereas
those of mudstone and granitic clasts decrease.
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which systematically varies in abundance downstream (Bluck 1965). Although a slight
downstream increase in the form ratio of sandstone clasts in all three size grades is
recognized. no downstream variation is apparent in the granitoids clasts. The proportion of
clasts in each form class is also affected by the examined size grade, in the same manner of
the variation in form parameters.

6. Discussion and Conclusions

Maximum particle size and roundness are reliable indices for reconstructing the pattern
of ancient streams forming gravel deposits such as those in the typical small rivers found in
Japan. The particle lithology complements these indices, whereas particle form parameters
are not helpful for this purpose.

Maximum particle size generally decreases downstream. while roundness increases.
Hence, these indices are regarded as a function of the transportation distance. This study
documented the downstream decrease in maximum particle size by using relatively quick
and simple methods. The observed downstream decrease in maximum particle size is in
accord with previous studies of the distribution of median diameter (Yatsu and Otsuka 1948 :
Yatsu 1951 : Inokuchi 1954 . Kodama 1994), and average volume of the largest clasts of the
given numbers (Mino 1950 ; Nakayama 1952 : Takakuwa and Deishi 1954). It seems that
maximum particle size is sufficient index to show a general downstream trend, and is more
convenient one for paleocurrent interpretation than median diameter or maximum particle
volume. The observed downstream increase of roundness also agrees with previous studies
(Nakayama 1954, 1960, 1963 : Nakayama and Miura 1964). These conclusions provide
fundamental assurance that the pattern of ancient streams forming gravel deposits can be
reconstructed from the variation in maximum particle diameter or particle roundness. as has
been applied in several studies of ancient conglomerates (Ouchi 1979 ; Moriyama and Niwa
1985 : Moriyama and Mitsuno 1989 ; Ueki and Mitusio 1998). An abrupt local increase in the
maximum diameter of the largest clast occurs at several localities, probably as a result of the
tributary effect suggested by Bluck (1964) and Shimazu (1990) or collapse of the bedrock-wall
immediately upstream from these localities. On the other hand. the average maximum
diameter of the ten largest clasts and the diameter of the fifth largest clast show a
generalized downstream decrease. The diameter of the fifth largest clast is recommended as
an appropriate parameter to quantify systematic downstream variation, because of the most
rapid and simplest examination. The roundness of both sandstone and granitoids clasts in all
specified size grades and the pebble to cobble size range decreased downstream. Therefore.
in roundness studies, it is sufficient to collect particles in a relatively wide range of pebble to
cobble sizes, rather than from specific phi-scale intervals, from a viewpoint of efficiency.

The proportions of clasts of sandstone and mudstone are almost constant in the upper
reach, where the bedrock geology is the same to these rocks. The almost invariable
proportion of relatively less durable mudstone clasts implies that large amounts of debris of
both sandstone and mudstone are supplied to the mainstream from the tributaries along this
reach. In the middle to lower reaches, where igneous bedrocks develop, the proportion of
sandstone clasts increases downstream, while the proportions of both mudstone and
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Variation in form parameters of granitic particles as a function of distance from the mouth.
Ttalic numbers are the same as Fig. 3. The formulae of these form paramaters are the same
as Fig. 6. As well as the form parameters of sandstone clasts, there is no significant
relationships in all specific size grades between each parameter and the transportation
distance. A large range of dispersion from locality to locality and dependence on the
examined grain size grade are also discernible.
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Fig. 8 Variation in the proportions of clasts plotted in each Zingg form class and form ratios as a
function of distance from the mouth. Zingg form diagram and its subdivision into each form
class are illustrated in Appendix 2. The formula of the form ratio is shown in Appendix 1.
The proportion of each clast form in the range -5 to -5.5 on the phi-scale is not shown,
because there were too few measurements. Italic numbers are the same as Fig. 3. No
distinct form of both sandstone and granitic particles becomes predominant downstream in
all specified size grades. Form ratio of both lithologies follows a random variation with the
transportation distance, All of these factors representing of particle form have a large range
of dispersion from locality to locality and depend on the examined grain size grade.



granitoid clasts decrease. These results suggest that the tributaries supply little granitoid
debris to the mainstream in the lower reach. probably since the source area is confined
within lower relief hillocks. This may also be due to the fact that granitoid debris is smaller.
averaging 1 to -2 on the phi-scale as compared with -4.5 to -6.1 for sandstone (Ichikawa 1958).
Clasts of granitoids are also abraded much more rapidly than those of sandstone (Takakuwa
and Deishi 1954 : Nakayama and Miura 1964 : Hirabayashi 1966). Although there is no supply
of sandstone debris to the mainstream in the lower reach, the proportion of sandstone clasts
increases downstream, because of its hardness and low influx of granitoid debris.
Consequently. the relatively less durable clasts of mudstone and granitoids become scarce
downstream. It is concluded that the proportions of clasts of sandstone and mudstone are
functions of the distance from their source area. Although the proportion of granitoid clasts
is expected to increase downstream with the distance from the edge of its source area. the
proportion actually shows the opposite relationship due to the reasons discussed above.

In contrast to the particle size, roundness. and lithology. a few form parameters of each
rock type show some downstream variation in one or two specified size ranges. There is no
systematic downstream variation in a single form parameter in all specified size grades. The
variation in most of the form parameters is influenced by the examined size grade and
changes extensively from locality to locality. Moreover, no distinct particle form of any
lithology is significantly predominant downstream. Unlike these results. weakly systematic
variation in particle form factors have been found in relatively large rivers in Japan, but this
is restricted to within given sections (Moriyama and Masui 1981 ; Takei et al. 1987 :
Moriyama and Mitsuno 1989). The observed downstream variation in form parameters in
this study agrees with the results of Takahashi et al. (1987), who examined particle form
along a river of the same scale as the Doki River. Therefore, it is concluded that along small-
scale rivers. particle form parameters and the frequency of each clast form class essentially
vary randomly downstream, and most of these factors are dependent on the examined size
grade. No form parameter shows a general downstream decrease or increase along rivers
for all spatial scales.

Lithology has no effect on the particle form. The flattened form is regarded as the
principal one in population of sandstone clasts, from a viewpoint of its textual anisotropy.
Equidimensional form is looked upon the principal ones in population of granitic clasts
because of its textual homogeneity. Against this consideration, clasts of sandstone and
granitoids have no predominant form. and there is consequently no appreciable difference in
the sphericity (e.g. working sphericity shown in Figs. 6-9 and 7-9) and elongation (e.g.
Williams shape factor shown in Figs. 6-17 and 7-17) of the two rock types. This may be due to
the fact that sedimentary rocks are not fractured along the bedding planes in a reproducible
manner (Drake 1970).

In summary. because paleocurrent direction from clast fabric analysis at a given site
does not show general trend of downstream direction but indicate merely a local
downcurrent one, additional indices are required for paleocurrent interpretation, and these
should be relatively simple and less time-consuming to use. Maximum particle size and
roundness vary systematically downstream along the entire reach of the Doki River.
Therefore, these parameters are appropriate for reconstructing the pattern of ancient
streams with a few tens of kilometers long. which formed gravel deposits. The maximum-



projection-plane diameter of the fifth largest clast is recommended as representative of
maximum particle diameter for this purpose. The proportion of a specified rock type
increases or decreases downstream far from its source area, hence lithological composition
is regarded as additional information to supplement maximum particle size and roundness.
To the contrary. particle form is considered to be an unreliable factor for paleocurrent
interpretation, because of its unsystematic downstream variation, a large range of dispersion
from locality to locality, and dependence on the examined grain size grade.
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Appendix 1 Particle form indices, conceptualizing the flatness, sphericity, elongation
(oblate-prolateness), and relative uniformity of all three axes and dominant particle form. a, b,
and c are the length of longest, intermediate, and shortest axes of a particle, respectively.
Ner, Nee, Ne, Ni, Nip, and Nis correspond to the number of clasts in the Sneed and Folk's
triangular form diagram (Appendix 2) falling in the compact platy, compact elongate, platy,
elongate, very platy, and very elongate classes, respectively.

particles examined.

N is the total number of

Formulae Range | Names References
Indices of flatness
a+d 0— Wentworth Waentworth (1922a); Cailleux
T2 flatness (1945, 1947)
be Nakayama Nakayama (1950); Takakuwa
2 b 01 flatness (1955)
3 £ 0—1 [|Lottig flatness 1) | LOttig (1956); Sneed and Folk
a (1958); llenberger (1992)
4 ¢ illenberger
- 5 0—1 flatness 2) lllenberger (1982)
s a-b+c Modifled Hockey llenberger (1982); lilen-
. —5— 0—1 flatness 3) berger and Reddering (1993)
Indices of sphericity
3
Intercept f
8. ’Tie 0—1 sphericity 4) Krumbein (184 1a, 1942b)
c 5 Corey (1949); McNown and
7. J=b 0—1 |Corey Portance 5} | mataika (1850); Gogue! (1953)
a Takayama (1966)
3 Maximum Folk (1955)
8. 0—1 projection O |
J‘aF sphericity 6) Sneed and Folk (1958)
=&
128 JVF a Working
8. 0—0.98 herici Aschenbrenner (1956)
¢ b YV 12\ sphericity
() (e () o [ 97 [ (297))
3
10. _ 0—1 | E-shape factor Janke (1966
a2+b24+c2 )
a_ a
11, F*? 2— | Extremeness Janke (1966}
c Proportion of the
12 o 0—03 shortest axis 7) Hofmann (1994}
Indices of elongation
b . ; .
o _ ion 8) | Folk (1955); Lottig (1956);
13 3 0—1 |Folk elongation =3 | | @ erger (1991)
14, \Jbe 0—1 | Krumbein Krumbsin (1939)
a elongation
ac
—_— Aschenbr
L) o—e | M ape ety Aschenbrenner (1956)
a-b .
6 go 0—1 | Disk-rod index ® | sneed and Foik (1958)
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ac
1- (b2>ac)
Gl i
17. o2 A—1 w;':;’:rs1s(;‘)ap° Williams (1965)
. 2
- 1 (b°Sac)
a-b-0.5
ae -prol
15, —25 -co—ca | OBlEE-PrOIZIE | borking and Folk (1870)
a
19, 2 0—2 | Rod index lilenberger (1991)
a+c Flemming (1965),
0. b 1—co | Isometry litenberger (1991)
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Remarks

1) Originally named roundness (Wadeli 1932; Flemming 1965) or sphericity (lllenberger 1992; Hofmann 1984,

Hattingh and lllenberger 1995).

2) First proposed by Zingg (1935). Poser and Havermann (1952) designated the reciprocal of this index as flatness.
Li and Komar (1986) and Hofmann (1984) designated as pivotability. Hofmann (1994) aiso designated as rollability.

3) Modified after Hockey (1870).
4) Based on the trus sphericity proposed by Wadell (1932).
5) McNown and Malaika (1950), and Goguel (1953) designated as flatness and sphericity, respectively. Takayama (1966)
designated the raciprocal of this index as flainess.
6) Rostelder (1960) designated the reciprocal of this index as portance.
7) Designated in this study. Not multiplied by 100.
8) First proposed by Zingg (1935). McNown and Malailka (1950) and Poser and Hovermann (1952) designated the
reciprocal of this index as circularity and slendemess, respectively.
9) Designated in lllenberger (1991). Bradley et. af (1872) designated as elongation.
10) Modified after the shape factor "F" in Aschenbrenner (1956).
11) Designated in this study. Not multiplied by 100.
12) Not multiplied by 100 in this study.
13) Form ratio implies the degree of elongation, not based on the three perpendicular axial length.
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Appendix 2 Particle form diagrams after Zingg (1935), and Sneed and Folk (1958). Zingg
diagram shows the relationships between the axial ratios of b/a and ¢/b, and is subdivideed
into four form classes indicative of spherical, discoid, rod-shaped and bladed particles.
Sneed and Folk triangular form diagram shows the relationships between the axial ratios of
¢/a and (a-b)/(a-c), and indicates subdivided ten form classes. The classes of C, CP, CB. CE,
P. B, E. VP, VB and VE defined on the diagram characterize compact, compact platy,
compact bladed. compact elongate. platy, bladed elongate. very platy, very bladed and very
elongate particles, respectively. Dashed lines zre those of constant maximum-projection-
sphericity of particles.
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1. Zingg form diagram 2. Sneed and Folk triangular form diagram



