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I Introduction

As already mentioned in Part I , a systematic research on potholes in the Kurokawa
River, Ehime Prefecture including famous ‘“Yakama Potholes” was carried out by eight
geologists and five geographers in 1982-1983. Results of the research were published as
Research Report in Japanese (Yakama Research Association, 1984). In Part T , distribu-
tion and morphology of potholes in the Kurokawa River and discussions of their
hydrodynamics are stated. In this paper (Part I ), some review and discussions on origin
of potholes are stated based on a previous study (Sato and Havamr, 1984).
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II Origin of Pothole

The oldest paper about pothole began with Kaim (1742) of Sweden. Since CHARPENTIER
(1841) described potholes in upper stream of the Rhone River, France and proposed
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“Moulin Theory” of potholes, a glacier hypothesis about origin of pothole continued for
nearly a hundred years. ALexanpir (1932) of U.S.A. presented “Eddy Theory” of potholes
based upon a hydraulic experiment, and therefore, the glacier hypothesis about origin of
potholes declined. In Japan, the “Eddy theory” is well known, but in Europe and U.S.A.
“Cavitation Theory” about origin of potholes has been appreciated recently. In Asia
Tscuanc (1958, 1964) mentioned an interpretation about origin of potholes in Taiwan and
Hong Kong from many viewpoints. ItoH (1979) published a book, ‘“Pothole Erosion in Japan’.

A. Moulin Theory

This is a theory or hypothesis that potholes in eroded areas by recent glaciation, far
from recent river system, were formed by glaciation. It is an interpretation that the
potholes were eroded by a sort of waterfall which fell through crevice of glacier and reach-
ed bedrock (BrocGer et Rrusch, 1874 ; Upnam, 1900 ; GiLsert, 1906 ; Marr, 1926, etc.).
Even after an appearance of Eddy Theory, Fascrr (1952) and others supported this
hypothesis.

Evrston (1917) recognized that some potholes were formed by glacier action and they
belonged to ‘“‘Moulin potholes” or “‘Giants’ Kettles”. However, he also said, “‘because all
types of potholes depressions are not to be explained by any one process, it has seemed
worth while to attempt a rational classification of these phenomena of the basis of their
mode of formation and then to described briefly each of the types.” He classified potholes
into three classes, and his class A included “Moulin potholes”. ErsTon (1918), further said,
“An initial hollow in the bedrock is necessary to permit of the primary collection of the sedi-
ment and stones that are to be the tools with which the pothole is ground out. Most of the
erosion of the holes is apparently accomplished during flood stages.” We believe that
ErstoN’s opinion mentioned above is very important, and we will discuss flood stages in
later section.

FoLLER (1925) said, ‘“The eastern flank of the Front Range in north central Colorado
shows a remarkable series of potholes related to the early Pleistocene glaciation of the
region. The potholes are directly linked up with ancient cirques, U-shaped valleys, striae,
and perched bowlders in the chain of evidence which indicates that these early Pleistocene
glaciers covered 75 to 80% of the region and had many of the characteristics of an ice cap
with pendant valley glaciers, fringing well out of the foothills.”

Faecri (1952) said, “In geological text-books the explanation is generally given that
potholes are formed by semi-permanent ‘“‘“moulins” which occur where the glacier breaks
over a sharp edge. Consequently there will be a semi-permanent crevasse through which
waterfalls more or less vertically down on to the glacier bed. STreiFF-Becker (1951) con-
tends that potholes are not produced in this manner. The locality is a small, exposed ocean
island west of Bergen, Norway, called Kvannholmen, near the very top of which (height 23
m) there is a group of quite good potholes. The one is 3.20 m deep with a diameter of 1
m. It will be seen the location of the potholes is very easily explained by the old theory. In
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late—glacial times the island was submerged and emerged again.”

HovrringsworTd (1951) said, “Would one not be as justified in assuming that a deep
pothole demands plunge-pool action as in assuming the elimination of the crevasse-to-
plunge—pool idea by postulation of a thickness of several handreds feet of ice? The pothoels
on the Maloja Pass to which STREIFF—BECKER (1951) refers are fine examples of deep cylin-
drically drilled holes. They are situated on the rocky crest of the pass just where crevass-
ing might be intense.”

B. Difficulty of Moulin Theory

ALLEN (1982) stated, “There are grave objections to the glacier-moulin interpretation,
first voiced by ALEXANDER (1932) and since amplified by Ancesy’s studies of potholes (1951)
from river rapids, primarily because the potholes found in glaciated areas, either buried or
exposed, differ in no essential way from those currently being shaped by streams or arising
in laboratory experiments intended to simulate river entrenchment (Sugpherp, 1972 ;
SHEPHERD et Scuumm, 1974). The other objections, extensively considered by ALEXANDER
(1932) and Hiceins (1957), are that : 1) few of no glacier crevasses are likely to remain sta-
tionary for long enough to permit the degree of erosion demanded by the size of most
potholes, 2) even if the crevasses were in motion, no one bedrock site is likely to be precise-
Iy re-occupied by a series of moulins, and 3) the ice is unlikely to have been so thin that the
crevasse would have provided an uniterrupted shaft to bedrock.”

StreEFF-BECKER (1951) of Ziirich said, “Not all potholes have any connection with glacial
action, as was pointed out by Albert Hem (1885). As we descend a glacier and reach the
fine line we find, if the day is hot, that the melted snow and ice gathers into small streams
which unite to form larger ones. The water, heated by insolation, melts deep channels in
the ice. If the stream reaches a steeper slope where crevasses appear it will naturally flow
into one of these (Fig. 1-a) and by devious paths, or under favourable conditions in one
leap, reach the glacier bed. It is well known that crevasses always open at approximately
the same place in a glacier when it flows over a convex step in its bed. They gape wide
open, and close up again as the slope fattens out (Fig. 1-b). When melt water stream (W of
Fig. 1-b) enters a crevasse it melts a more or less cylindrical shaft of the up-hill side of the
crevasse wall ( II of Fig. 1-b). This maintains its shape even after the crevasse has closed
up in its course from I to V. At V the crevasse has become a barely visible scar but the
shaft still remains. These shafts are generally known as “moulin’ (in French) or “‘glacier
mills”. In German the more appropriate term of ‘‘shaft’” (Schacht) is often used. The
subglacial stream runs at high velocity in its confined channel, strikes against a hard bottom
moraine in a hollow and sets units of this rotation. This process is exemplified by the
smaller stone in Fig. 1-c¢.”

Hiceins (1957) of California said, ‘‘In the early 1930’s several writers (De Geer, 1932 ;
ArLexanper, 1932) began to doubt the moulin hypothesis and by the early 1950’s most
writers had abandoned it in favor of the view that large potholes are formed by eddy cur-

193



Shinji SaTo, and Tomoko Havamr

Fig. 1  Explanation of formation of potholes by subglacial stream, after STrREIFF-BECKER (1951,
p.489).

rents in sub-aerial or subglacial streams. According to the principle of Uniformitarianism,
they suggest formation by running water.”

Ancesy (1951) of Lund, Sweden said, “When the stream falls down a vertical ledge it
has the opportunity to dig out a plunge pool hole. If the velocity is great (i.e. if the water-
fall is high) the protecting layer of water, which is held to the rock through adhesion, will
be broken and the water itself can produce erosion. Much of the erosion in plunge pools is
of the tool-less type. During the last 20 years several big hydroelectric power—plants have
been built at the waterfalls on two rivers near Namforsen, northern Sweden. These water-
falls are thus, dry for the greater part of the year. For the first time, therefore, it is possi-
ble to investigate the erosion in these waterfalls.”

Ancesy tried the following interesting experiment with pothole no 64. “The depth of
this pothole is 7.9 m and the diameter at the opening is 0.8 m. Below this it widens and at
a depth of about 5 m, the diameter is 2 m. Near the bottom it contracts to about 0.5 m. A
section are to be seen at Fig. 2. In order to obtain a model of the pothole horizontal sec-
tions were photographed at intervals of 0.5 dm. In order to get these sections the pothole
was slowly filled with water and sawdust was strewn on the surface. A kind of triangula-
tion was arranged with strings and wooden bricks according to six sections. At the
Geographical Institute the sections were reconstituted on a horizontal plane. This model in
scale of 1 : 4 is now to be seen at the Nidmforsen power-station. This pothole is spirally
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Fig. 2 A pothole between Bradén and Notoén
near Nidmforsen, I:Iorth Sweden
(Pothole no. 64 after AncEsy, 1951, p.
21).

grooved with 5 furrows (see Fig. 2). At a
height of 1.7 m from the bottom there is a
ledge, and pothole is divided into two sec-
tions. It was filled with grinding tools to a
height of about 2 m. When the pothole was
emptied it was observed that the grinding
tools were highest at the center. During the
experiment about 210 m3/sec water let
through the hatches. The streams in the
pothole moved anti—clockwise and downwards
along the furrows. Thus it went downwards
along the walls of the pothole and upwards in
the center.

It has been supposed that this pothole
might possibly be of glacial origin. As against
this theory the following facts may be stated :
1) the pothole under discussion is situated in
the recent waterfall, 2) the pothole did not
contain any moraine, which is usually the
case with glacial potholes, 3) the pothole was
emptied for the first time in 1949 and the
grinding tools were put down again. When it
was emptied for the second time in 1950 all
the grinding tools had been in movement. 4)
the lower part of the pothole is freshly erod-
ed, which is not the case with glacial
potholes.”

We consider that ANGEBY emphasized the
eddy theory about origin of general potholes,

but at the same time, he recognized ‘“‘glacial pothole”.

C. Glacifluvial Theory

LjuncNER (1930) of University of Uppsala studied in detail the plastically sculptured ero-
sion forms in. Skagerrak coast, Sweden. DaurL (1965) classified them into Sichelwannen,
cavettos (Hohlkehle iz German), channels, bowls, and potholes. DanL (0p.cit.) said
“LjuNcNER interpreted that these depression forms were eroded by glacifluvial flow, 7.e. sub-
glacial melt water. He mentioned that most Sichelwannen occurred in some kind of depres-
sion, for example, in connection with roches moutonnées or sheet fronts, and obstacles in
the underlying bedrock had initiated the forms, and they were traces of turbulent flow
which arose in the boundary layer between water and rock. LJjuncNeR considered that
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potholes and Sichelwannen etc. might later have been modified to a certain extent by the
ice. He mentioned that there was sub-soil-water would have run below the ice, if the sub-
soil-water level reached to about ninetenths of the thickness of the ice. He interpreted that
potholes were formed by frictional erosion with water rushing between the ice and the
substratum, and that sand-dunes, ripples, snow-drifts, and melted forms on surface of drif-
ting ice, were similar to the various depression forms associated with potholes.”

Jounsson (1956) of Lunds, Sweden, mentioned that potholes and Sichelwannen were
eroded by plastic ice and ‘‘ice-water paste’’, and that cavettos were in situations in which
the ice had been deflected topographically and cavettos had striae, and the presence of the
‘“ice-water paste’’ had been supported by HoppLER (1941).

In her discussion of the eroded forms at Fischbach am Inn, south Germany, EBERS
(1961) considered that the forms were formed mainly by the action of sub-glacial water but
were later filled with ice, which polished them with the mass of moraine. She also pointed
out that the forms at Fischbach were directly overlain by gravel and sand, and this fluviatile
material was thought to have had been deposited as a delta in the Rosenheimi ice lake.
StEFANIAK (1961) pointed out that certain of the forms at Fischbach am Inn seem to require
the assumption that the water flowed in definite and relatively narrow channels.

Havamr observed in summer of 1983 some potholes on granite in a river situated at
height of 1,500 m high in Schwarzwald, Germany, which was smaller than the Kurokawa
River. (Fig. 3). Their morphology, dimention, and occurrence were a little similar to those
of Yakama potholes in the Kurokawa River which were regarded as erosion of water. The
following explanation was indicated of a bulletin board in Schwarzwald :

Mmoo R [ N T i

Fig. 3 A pothole in granite in Schwarzwald (photographed by Havami in
1983).
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In der Eis-und Nacheiszeit durch Schmelzwasser ausgemahlener Strudeltopf in hartem
Granit. Mit einem oberen Umfang von 12 m ist diese Gletschermiihle die grofite ihrer Art
im Schwarzwald. Im Jahr 1955 wurde sie von Prof. Dr. Erwin Litzelmann, Hollstein,
freigelegt. Daneben der Krai- Woog—-Gumpen. Wasserfall des Schwarzenbaches, der hier
iiber einen harten Querriegel aus Granit—-Porphyr in ein breites Strudelbecken (=Gumpen)
stiirzt.

We will compare the potholes in Schwarzwald with those in other countries. As seen in
Fig. 3, a very smooth curved outline of the potholes in Schwarzwald is not exactly similar
to that of potholes in the Kurokawa River in Japan (see many photographs in Part I ), but
rather similar to that in ‘‘plastic moulded forms’ in Norway (GJessiNG, 1967, Fig. 10 at p.

19) (Fig. 4). GjessinG stated, ““Rounded and smooth forms of the bedrock surface as well as

Fig. 4 Plastic moulded forms with symmetric deflection of striae at the
stoss end of a roche moutonnée, in the Norwegian Skagerrak coast,
after GJEssSING (1967, p. 19).

cavities and sinuous courses produced by ice scouring often give the impression of having
been moulded by a plastic substance. Therefore, the terms ‘plastic scouring’, or ‘plastic
sculpture’ are introduced. As it has often been difficult to imagine that several of these
plastic scouring forms are made by the glacier ice itself, the idea of a ‘subglacial erosion’ by
a separate subglacial eroding substance has been introduced (c¢f. LJUNGNER, 1930 ; JOHNSSON,
1956) (at p. 1). . . . All over the Port¢r area roche moutonnée-forms and plastic moulded
rock surfaces are found. Most frequently the horizontal projections of the striae are
straight lines. At some of the roche moutonnée-formed elevations, however, the striae
reveal a ‘plastic’ deflection. Where the direction of main ice movement was along the axis
of the roche moutonnée the deflection seems to have been symmetric (Fig. 10. i.e. Fig. 4 of
this paper), resulting in striae smoothly curved round the stoss sides ; curved in the horizon-
tal as well as in the vertical projection (at p. 12-13).”
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We will compare the pothole in Schwarzwald (Fig. 3) observed by Havam with that in
Southwest China observed and assumed as ‘subglacial erosion’ by Saro in later section (cf.
Fig. 9).

D. Eddy Theory
In Japan, the eddy theory and its hydraulic experiment of ALExANDER (1932) were in-
troduced in detail by Iton (1979), and so we will mention briefly about them. The obvious
difficulties connected with the glacialmill hypothesis and the lack of accurate data on the
mechanics of pothole action led ALEXANDER (0p.cit.) to undertake a series of experiments.
He made an apparatus of a glass cylinder of which diameter was 8 inches and depth was 36
inches, and an entrance conduit (A in Fig. 5) was set on the top of the glass cylinder and
angle of nozzle of conduit could be changeable. A small amount of sand and some marbles
were placed within the glass cylinder. A red ball about three-quarters of an inch in
diameter which density was just slightly greater than that of the water was also placed in
the cylinder. This ball, being easily carried by the moving water, acted as a visible in-
dicator of the currents set up in the column of water. When a jet of water was placed on in-
ner wall of cylinder, a whirling current was generated. If the angle of jet was varied from
30° to 70° measured  from the horizontal,
revolutions (or rotation) of the whirling reach-
--0 ed maximum value (34 to 36 revolutions
/min.). If angles of them were 5°, 10°, 80°,
and 85°. revolutions/min. were 16, 23.5, 25,

and 4, respectively. Therefore, relative
energy of rotation was maximum at angle of
B 30° to 70°, and it decreased to 50 to 60% at
angle 20° to 80°. When depth of the cylinder
\ / was equal to its diameter, the energy of rota-

—_

\ L tion was maximum at constant of angle of jet.
v LT The energy of rotation decreased to 61, 41,
and 229%, if depth of the cylinder increased to
2 times, 3 times, and 4 times, respectively.
ALEXANDER (0p.cit.) explained motions of
eddy current within the glass cylinder as
shown in Fig. 5. Motions of water current

conducted from an entrance conduit A could
be traced by a red ball mentioned above. An

eddy current along inner wall of cylinder
] descended to bottom in spiral motion
Fig. 5 Motion of eddy current in a glass .

cylinder, an experiment by ALEXANDER (A—B—D), and an axis of eddy was formed

(1932, p. 318). along a central longitudinal line. A center of
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eddy current on bottom was eccentric compared with a center of cylinder. A red ball and
sand grains within cylinder were moved in circular motion by centrifugal force, and they col-
lided with inner wall of cylinder. The sand grains descended down and gathered near an ec-
centric center and were deposited in cone shape according to their sizes after the circular
motion. Very light and very fine-grained sands ascended with spiral ascending current
generated around the cone deposit, and they escaped out from cylinder (D—C—0). When
crystals of potassium permanganate were dropped in just after the jet was cut off, they
were moved into the center with the sand and colored streams from them could be seen ris-
ing from the top of the cone, the diffusion of the rising color forming a distinguishable col-
ored axis in the cylinder and showing that an upward current existed at the center. If depth
of cylinder become a little larger than its diameter, the sand grains could not escape and
deposited on bottom.

Cause of spiral fluting was interpreted as follows. The false bottom previously used to
vary the depths of the glass cylinder was placed at the bottom of the cylinder with a small
amount of sand on it and the jet opened. When the column had reached its maximum rate
of rotation, as shown by the activity of the sand as it whirled about an eccentric point at the
bottom, the false bottom was slowly raised by means of the attached rod. As the length of
the cylinder was thus gradually lessened, the whirling pile of sand slowly changed its posi-
tion, moving once around the center for a decrease in depth of the cylinder of about three
diameters. As the depth was again increased, the whirling sand heap traveled in the op-
posite direction about the center. It was often noted when the water was first turned on in
these experiments that a spiral line of fine bubbles appeared, evidently marking the real
axis of rotation of the water column where dissolved air was freed by the decrease in
pressure due to centrifugal force. These results appear to demonstrate the spiral form of
the vortex axis in the water column. The working end of this axis is obliquely directed and
off center at the bottom of the cylinder, and this off-center position moves about the axis of
the hole as it is deepened. The spiral vortex thus acts a sort of spiral tool and under
favorable and constant conditions drills into the rock in ‘“‘corkscrew’ fashion, thus giving
rise to spiral fluting.

E. Cavitation Theory

In Japan, cavitation theory is not well known among geologists and geographers.
HjurstroM (1935) of University of Uppsala, Sweden applied at first time cavitation theory to
origin of pothole. However, until then the eddy theory of ALexanper (1932) etc. had been
circulated in the world.

Therefore, most geologists and geographers did not notice to the cavitation theory until
Barnes (1956) and Danr (1965) appriciated this theory and insisted that the cavitation
theory which had been developed in hydraulic engineering should be applied to interpreta-
tion of geological and topographical phenomena.

A cavitation phenomenon was discovered when an expected speed could not be attained
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in a trial voyage of British destroyer, DarinG in 1894, It is said that a name of cavitaion
was used in a paper of EuLer (1754) who described a theory of turbine. When a British bat-
tle ship, DrEADNAUGHT rotated propeller in around velocity of 85 m/sec, extensive erosion oc-
curred on surface of propeller and many scholars began to study (FLOGEL, 1926 ; ITava,
1966).

A papaer of HyursTroMm (1935) is a detailed book in 307 pages as to morphological activi-
ty of rivers based upon hydrodynamics, and contains a first proposal of “HjuLSTROM’S
Diagram’ wellknown in sedimentology. He mentioned as follows.

In natural water courses are always found gases, dissolved in larger or smaller quan-
tities, above all gases of the air, especially oxygen, nitrogen, argon and carbonic acid. Their
volume relation in solution is not the same as in atmospheric air. It should be especially
observed that the volume relation between O, and N, in water-absorbed air is 1:2, while in
atmospheric air it is about 1:4 (KrOMMEL, 1907). Oxygen’s absorption—coefficient is twice as
large as nitrogen’s. According to Hinry’s law, the amount of gas absorbed by the water is
proportional to the pressure of the gas. If the pressure in the liquid is below the pressure
which corresponds to the saturation at the temperature and the gas-content in question, the
gas surplus is liberated in the form of bubbles. This gas volume is indeed rather small ; —
water contains about 3 volume percent of the air’s gases—but can be imagined as playing
quite an important role.

This separation of gas which can be observed in swift streams (air bubbles behind
stones) causes no erosion. The actual cavitation appears only when the absolute pressure p
on a water particle sinks nearly to or below the water vapour tension p, at the temperature
present, that is to say : p<p,. The vapour tension p, depends on the composition of the li-
quid and on the temperature. The vapour tension p, is increased to two times at 10C, four
times at 20C, and about seven times at 30°C, compared with p, at 0°C. As soon as the
pressure sinks below these values hollows and cavities are formed in the water. When ed-
dies are formed the lowest pressure prevails at the center of the eddy, and their cavitation
appears often in connection with the forming of whirl-pools. The water is no longer a con-
tinuous medium—possibly with solitary air bubbles—but is composed of a gas and water sur-
face. It appears as if the water is boiling in an open vessel at a medium temperature
(Osborne ReyvnoLps, 1894).

It means of BernourLl's formula. If one disregards the effect of gravity and assumes
that the working pressure powers are formed only by the air pressure B, one will find that
cavitation in a gas—free liquid appears, when the velocity reaches the value of

From this, it can be calculated that for a pressure of 760 mm and a temperature of 0° C the
velocity becomes 14.3 m/sec——that is to say, a very high value. However, this velocity
decreases with the air pressure, that is with the height over the sea. When the height in-
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creases, this velocity decreases, and it becomes 9.8 m/sec at 6,000 m of the height over the
sea. The average velocity in large rivers atfains seldom more then 3 m/sec, while in the
wild mountain streams it rises to 5 or 6 m/sec (Penck, 1894). In water—falls with freely fall-
ing water—jet, the velocities of stream are 15, 20, and 24 m/sec at heights of 11.5, 20.4, and
30 m of water—falls, respectively. Therefore, the velocities required for cavitation appear in
water—falls quite often.

When the velocity decreases, the pressure is increased and the hollows collapse. This
collapse takes place with the production of very sharp noises and violent impacts. In an ex-
periment with contraction in a tube, cavitation at the narrowest portion of the tube where
the velocity is the greatest is apparent by the formation of a white non-transparent foam.
When then, due to an increase of the cross section the velocity is decreased, the pressure in-
creases and cavitation ceases at a sharply marked line. This sudden pressure-increase in a
liquid at the increase of area of the cross—section corresponds, in a natural stream, to the
hydraulic jump shooting state of motion. Water stream becomes shooting in a rapid stream
in a river in mountain with slope steeper than 0.0039 (BoussiNesq, 1877). Rapid instan-
taneous photographs show that the bubbles are pressed together along the longitudinal line
so that the back wall bounces against the front wall. ForTicEr (1926) calculates the
pressure to 1,400 atm., assuming isothermal compression. SCHROTER (1934) observed that
rubber, which was exposed to cavitation,
already after three min. was so heated that it
partially melted away and was deformed.
Finally, the bubbles become electically charg-
ed by the presence of an electric bubble-
layer. The ozone odour which can be noticed
near water—falls, indicates the presence of
strong electric fields.

These pressure-blows similar to hammer
strokes cause a corrosive influence which is
extremely feared within technics. Metal sur-
faces are eaten away with unparallelled
speed. Above all, propellers, turbines and
pumps are exposed to this type of corrosion.
The time in which these atacked parts are

practically unfit varies in certain cases 1-2
Fig. 6 Cavitation erosion of a steel plate ; a
hole through a 5/8 in. steel conduit seg-
ment from the Ross Dam outlets. Note 1926). Parts of metal surface corroded by
that the underlying patch is also pit-
ted. The direction of flow was vertical
from top to bottom. The scale is 6 in. after Barngs, 1956). Thus is formed a highly
long. (Photo taken at the Bureau of
Reclamation Laboratories, Denver, Col-
orado), after Barnes (1956, p. 498). pearance of having been fretted ; it is in

hours’ and a month’s activity (FOTTIGER,

cavitation show a typical appearance (Fig. 6,

gorged, porous surface which has the ap-
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rather sharp contrast to the polished appearance which is caused by the wearing away by
sand. At high pressures and high temperature a strong active chemical influence must be
considered, especially that of O,. Furthermore, a disintegration of carbonic acid gas (H,CO3
) into carbonid oxide (H,CO) and O, may be assumed ; O, may combine with N, and form
nitrogen-forming oxides, etc. At high velocity of the flowing water, the chemical activity is
highly increased. The weakening of the matter caused by the pressure blows becomes ap-
parent by the formation of microscopically small cracks in which the gases find an extended
action-field. If the flowing liquid contains solid particles in suspension their corrosive in-
fluence will be increased enormously. A particle which is close to the collapsing liquid-wall
receives an acceleration which is of very short duration. According to Cook (1928), a wall
of a collapsing hollow should have a velocity of 730 m/sec. It has be shown that a rough
crystalline alloy is attacked violently in a short time even if it is extremely hard, while a
structure, as far as possible fine-grained, with a velvety appearance resists all attacks in-
comparably better (Hydraulische Probleme, Frucer, 1926). There is no doubt that solid
rocks are corroded as an example exists of the corrosion of quartz in petrology. Quartz us-
ed in a membrane for under-water signalling was rapidly destroyed (F6TTiGER, 1923). As
the occurring erosion form, we might expect a groove, straight or curved. If the limiting
surface has the form of a rotation-surface, the surface of contact may assume the shape of
all kinds of conic sections, as ellipses, hyperbolas, parabolas, or straight lines. The very
common forms of cavitation erosion show the shallow hollows and the heart-shaped figure
on the metal surface (DE HALLER, 1933 : ACKERET, 1932 : SCHROTER, 1934). ScHROTER (1933)
shows how a hole in a metal surface causes cavitation erosion in the shape of a ribbon in
the direction of the stream. The most favourable conditions for the occurrence of cavitation
are found in water—falls and under a glacier. When the great ice caps during the Quater-
nary glaciation reached the period in their recessive state, a very high hydrostatic pressure
must have been prevalent there. The most important form among the glacial and
fluvioglacial forms of erosion in solid rocks is ““‘Sichelwannen’ (the sickle trough) (LjuNGNER,
1930). It consists of a hollow in the solid rock of a groove or bow shaped appearance. It is
highly similar to those forms obtained through erosion by cavitation. One may easily be in-
terpreted as marks from cavitation erosion among some erosion pictures granite island in
the Nile River at the first cataract and from the north slope of the Swiss Alps which were
described by Bruungs (1902). These may possibly serve as the first beninning of potholes.
In natural streams a cooperation always exists between the three types of erosion : 1) ero-
sion by cavitation, 2) evorsion and 3) wearing by transported mineral matter. Type 1) does
not require the presence of mineral matter or rock fragment. On the other hand, types 2)
and 3) require the presence of those matter. The relative effectivity of three types varies
greatly with different types of rock. But it must be regarded as being probable that erosion
by cavitation plays a rather important part in the forming of canyons.

Next, a cavitation theory of Barnes (1956) of Columbia University, is mentioned. In
most phases of hydraulic engineering cavitation presents a serious problem ; therefore,
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much pertinent matterial on the subject may be found in engineering publications. With the
notable exception of HyuLstrOM’S paper (1935), geological papers in general do not mention
cavitation. Cavitation eroded to a maximum depth of 18 inches of concrete in a dam
spillway in 23 hours, and this phenomenon was evidently interpreted by cavitation (BaLL,
1947). Cavitation may be an important agent in the erosion of rock by glacial meltwaters
and by high velocity streams. If the velocity is sufficiently great, the pressure drops to the
vapor pressure of water and “stream’ or water vapor occurs as small bubbles, a fraction of
a centimeter in diameter, which form at the point where this critical pressure is reached.
These bubbles are rarely formed individually but usually occur as aggregates, giving the
water the appearance of foaming. If there is a slight increase in pressure the bubbles are
then unstable and collapse very quickly and violently. The collapse of a bubble in contact
with solid material produces a hammer-like blow of great strength on a very small area. Ex-
perimental results gave 30,000 atmospheres as a minimum pressure (VENNARD et Lomax,
1950). A minor electrical and chemical effect is also known, and there may be other
unknown effects. The temperature at the collapse of a bubble has been calculated at 2,700
K (Rutenseck, 1941), and cavitation erosion with the appearance of fusion in test samples
has been cited (NowoTny, 1942). BarNES (0p. cit.) has observed carboncoated gobular forms
due to fusion on an iron surface and the odor of burning rubber. High speed motion pic-
tures show a cyclic collapse and regrowth of bubbles (Knapp, 1952).

Cavitation may be divided into two types called ‘“burbling cavitation’” and “laminar
cavitation” (EpsTranDp, 1946). Burbling cavitation is characterized by simple groups of bub-
bles, whereas laminar cavitation is characterized by long, pipe-shaped eddies with pipe-
shaped bubbles at the axes of the eddies. The two types of cavitation may occur together,
one or the other type predominating. A hemispherical projection into the stream flow
causes a local velocity (at a point where the tangent plane is parallel to the normal stream
lines) approximately 1.5 times the mean velocity (Rousg, 1950). Other shapes of projections
may cause local velocities greater than 2.4 times the mean stream velocity. This large varia-
tion in possible local velocity emphasizes the importance of the streamline configuration and
its ability to increase the velocity at a point where cavitation might occur to more than
2409% of the mean stream velocity.

In order to give an estimate of the channel slope required for the velocities necessary to
produce cavitation, the following approximate calculations based on BEernouLLl's equation
are presented. The following conditions are assumed :
velocity distribution :

constant velocity over the normal section
streamline configuration :

local velocity at cavitation point

(v;) = 2 X mean stream velocity (vy)
water temperature : 70° F (vapor pressure=0.36 1bs/sq.in)
surface pressure : 14.7 1bs/sq.in (sea level atmospheric pressure)
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air content of water : insignificant
stream flow : as a homogeneous fluid (undispersed)

v? | P _v? | by

LBy =2+ 824,

2¢ 'y 2y 77
where ;

7y = mean stream velocity
P = absolute pressure=14.7 1lbs/sq.in
z; = elevation of stream surface (stream depth)
v, = velocity at cavitation point (channel bottom)=2,
P, = vapor pressure=0.36 1bs/sq.in
2z, = elevation of stream bottom =0 (assumed datum)
y = specific weight of water=62.4 1bs/cubic ft
g = acceleration of gravity=32.2 ft/sec?
converting all terms to ft-lbs.~sec units and evaluating :

14.7 x 144 . 3p2  0.36 x 144
624 ATt 624

vy = 4.6 (33.1 + 2)12

This equation shows the relation for the velocity necessary for cavitation to occur at
any particular depth under the conditions assumed above. The derived equation gives the
following conditions for the initiation of cavitation :

Depth (ft) 29 159 309 479

Velocity (ft/sec) 27.6 32.2 36.8 414
For water to attain a velocity of 27.6 ft/sec, a free fall of only 12 ft is necessary, neglecting
air resistance. While these are obviously high velocities, they are not uncommon and ap-
pear quite often in falls and rapids (HjurstrOom, 1935). An empirical equation derived by
EnrenBERGER (1926) and verified experimentally by Hepeerc (1942), is applicable to steep
slope flow. This equation holds for stream slope angles with the sine greater than 0.153
and less than 0.707 (approx. 9° fo 45°).

By assuming appropriate dimensions for a natural stream, the velocity corresponding to
slope at the lower limit of the range of applicability of the equation may be calculated as
follows :

average width : 12 ft
average depth : 3 ft

cross-sectional area _ 36
wetted perimeter 18

hydraulic radius (7) :

sine of slope angle (s) : 0.153 (approx. 9°)
mean stream velocity : v
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v = 9740-52 ¢0.40

— @ 0.52 0.40
= 97(18) (0.153)

v = 65.6 ft/sec

The above calculations have shown that cavitation may occur at 27.6 ft/sec at a depth

of 3 ft and also that a slope of 9° is sufficient for a velocity of 65.5 ft/sec in a stream 3 ft

deep by 12 ft wide. It is reasonable to expect cavitation under favorable conditions in a

stream of this size with a slope somewhat greater than one-half of the 9° slope.

Because cavitation erosion does not depend on the abrasive properties of transported

material, erosion by glacial meltwaters is susceptible to explanation by this mechanism.

The potholes found so frequently near and at the margin of former continental ice sheets

may well be considered. In studies of these potholes by ErLston (1917, 1918), ALEXANDER

(1932), and others, the formation of the potholes has been attributed to many mechanisms.

They are found in a great variety of rock types and with many shapes and sizes up to 12 ft

in diameter and 60 ft deep, as at Taylor’s Falls, Minnesota. The abrasion by rotation of

~' :" . 28 ‘ e S a !’ E T

Fig. 7  Sichelwannen (sickle troughs) on
almost vertical ice-smoothed rock
wall ; Skorpo Island, Hardangerf-
jord, Norway. Ice flow from right
to left. After HoLTEDAHL, 1967, p.
201. (Explanation after ALLEN,
1982, p. 266).

rock fragments would destroy the cavitation
shape in a short time so the forms mentioned
above may well be very short-lived features.
To preserve the cavitaton shape, the normal
erosion processes, which would form a
pothole, must be arrested before the transi-
tion of the principal erosional mechanism
from cavitation to abrasion.

DanHL (1965) of University of Uppsala
agreed also with the cavitation theory, and
mentioned as follows. He considered cavita-
tion erosion to be the most plausible explana-
tion of why the quartz veins in a number of
the plastically sculptured detail forms on rock
surfaces in northern Nordland were just as
much or almost as much eroded as the rest of
the form surfaces, while on nearby, glacially
eroded surfaces the same veins stood out as
selective erosional remnants. The movement
of the ice was probably jerky and not an even
flow. The interval between each jerky move-
ment may have been sufficient for
“Sichelwannen” (Fig. 7) to come into ex-
istence of a moraine boulder which was tem-
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porarily stationary. The application of GLEN’s theory (1954) of the drainage of bodies of
water through a restricted tunnel in the ice running in the direction of ice movement would
seem to yield the necessary water velocity for cavitation. The great similarity between
various plastically sculptured forms and the different erosional forms which has also emerg-
ed in modern cavitation experiments (SHALNEV, 1957 : LicutMAN et WEINGRAM, 1964) is strik-
ing and strengthens one’s belief in cavitation as an important factor in the creation of the
plastically sculptured forms. Cavitation attacks especially the overflow surfaces of dams,
monitor-well piers and canal walls beyond spill-way-gate grooves. According to SHALNEV
(op.cit.) cavitaion erosion of the overflow surfaces of dams is due to unevenness of the sur-
face or to the shape of the dam section. In tunnels, erosion is observed at the entrance to
the tunnel when the entrance is obtuse and poorly streamlined and beyond bends in the
lengthwise axis of the tunnel.

Most of the plastically sculptured forms display highly polished and sometimes blasted
surfaces. As cavitation erosion creates coarse surfaces, we should also reckon on a
glacifluvial corrosion effect. One important question is whether corrosion alone can con-
ceivably create plastically sculptured forms under special conditions of pressure and water
flow or whether cavitation is required first. DanL (op.cit.) observed forms resembling
plastically sculptured forms in a wadi in Israel. As regards shape and size, there seems
almost to be a difference in degree between the real plastically sculptured forms and the
elements resembling p.s. forms observed by DamnL in recent water-coursed. The latter are
usually less sharply sculptured and more irregular than real p.s. forms and do not have a
strict orientation. The fact that atypical p.s. forms may also occur outside glaciation areas
and in environments in which the conditions for cavitation must have been restricted gives
an indication that the typical plastically sculptured forms may be results of the combined ac-

tion of cavitation and corrasion.

Il Significance of Pothole Research

Is the pothole only a sort of hollow formed on surface of rock, and is it only a sort of
special morphology eroded by river or glacier? What is academic value of pothole as natural
monument? Does the pothole eroded in river belong to a sort of ‘““Uniformitarianistic ero-
sion” which was formed very slowly for all geological ages and at the same time, was
destroyed very slowly for later geological ages? Does the pothole distributed in the former-
ly glacier region and formed by a sort of glacier erosion, belong to ‘“‘Catastrophic erosion’’?
Did a great flood age exist after the Wiirm glacial stage? How many years does the erosion
of a giant pothole reqﬁire? Is there any morphological difference between potholes in the
formerly glacier region and those in tropical or subtropical region? We consider that
answers to some problems mentioned above seem to be very imperfect if we read extensive-
ly many literatures about potholes in the world. ‘
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A. Uniformitarianistic Erosion or Catastrophic Erosion

Tscuanc Hsi-lin (1958) said, “In upper stream of the Chilungho River, north Taiwan,
some potholes were seen even on big boulders in the stream. These potholes seem to be
formed after the boulders have transported there. Then the formation of potholes is only of
a very recent phenomenon. Amount of rainfall reaches 6,572 mm in a year in the Chilungho
River. There is nearly no distinct dry season all around the year, the supply of running
water is so abundant that the erosion power is particularly strong, thus it favours the
development of potholes. North Taiwan has been uplifted during the recent age, and the
dry up of Taipei Lake (now the Taipei Basin) is also a very recent phenomenon. This is
evidenced by the presence of many terraces, incised meanders and valley-in—valleys along
streams. As the stream valley rejuvenated, the base level of erosion is lowered, vertical cor-
rasion becomes stronger, and then potholes are easily formed. The potholes are varying in
diameter from 3 c¢cm to 440 cm, and the diameter of most potholes is between 10 cm and 50
cm. Potholes varying in depth from 2 cm to 285 cm, and the depth of majority is between
10 cm and 50 cm. Potholes of North Taiwan occur between 0 and 8 m above the low
stream water surface. Most of them are found within 50 cm above the water surface.”

We consider that potholes in much rainfall region as Taiwan might be formed by the
“Uniformitarianistic Erosion’”’ in very recent time. However, in the Kurokawa River,
Japan, fallen big boulders of some thousands tons do not seem to have fallen in very recent
time, based upon our observation of some big boulders (5 m X 10 m) with potholes. A
water level of the Kurokawa River rose up to a level 5 m higher than normal level in a
heavy rain of typhoon at August 26, 1982, when some potholes on big boulders were
covered by rapid whirling stream and might be eroded a little for nearly 24 hours by cavita-
tion or eddy erosion. If a heavy rainfall which make the water level of the Kurokawa River
rise up to 5 m would happen one time per 10 to 30 years, these potholes on fallen big
boulders might be formed by the “Catastrophic Erosion’.

We must observe how many centimeters these potholes on fallen big boulders in the
Kurokawa River, for example potholes under Ohzaru (lit. Big Monkey) Fall, will be erode in
next future heavy rain in interval of 10 to 30 years. Therefore, we consider that these
potholes in the Kurokawa River have a very important academic value to determine the
“‘Uniformitarianistic’’ or ‘‘Catastrophic’ erosion of pothole.

We compare potholes in the Kurokawa River of Japan with those of North Taiwan men-
tioned above. Amount of precipitation (both of rain and snow) in the Kurokawa River
region is about 3,000 mm in a year, and it is less than a half of the Chilungho River region
of North Taiwan. Amount of uplift of the Shikoku Mountains including the Kurokawa
River region, seems to be less than North Taiwan. Because height of the Shikoku Moun-
tains is 1,000 to 1,900 m above sea level, and that of the Taiwan Mountains is 2,000 to
4,000 m. We estimate that amount of uplift of Shikoku correponds to a half of that of
Taiwan. The smaller precipitation and smaller uplift of the Shikoku vMountains show
perhaps the smaller erosion energy of potholes, compared with Taiwan. However, diameter
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of potholes in the Kurokawa River is 50 cm to 800 cm and most of it is 100 to 200 cm.
Depth of potholes of this River is 50 to 1,000 cm and most of it is 100 to 200 cm. The
potholes in this river occur between 0 and 25 m above the low water surface, and most of
them are found in 1 to 10 m above the low water surface. Therefore, the larger dimensions
of potholes and the higher occurrence above water surface in this River suggest the older
formation age of potholes and the longer duration of pothole erosion, compared with those
of North Taiwan.

B. Flood Age after Wiirm Glacial Stage

HoLtepauL (1967) of Bergen, Norway, said, “As regards the Hardangerfjord, the
delgaciation probably took place fairly rapidly. There was a retreat of the ice front during
Late-glacial times, with a readvance of the main fjord-glacier resulting in very distinct ter-
minal moraines and in very marked lateral moraines. This readvance is thought by the
author to represent the Ra—substage, and opinion which is also held by Unpas (1963). Re-
cent radio—carbon datings of shell fragments in till have strongly supported this suggest-
ion. From the first locality, 44 m above sea level, Mya truncata fragments in clayey till gave
the result 11,470 + 180y.B.P. and from the second locality fragments of Zirphaea cristata in
clayey till below sandy gravel, 38 m above sea level, gave the result 9,940 + 160y.B.P. At
Bu, about 12 km from the head of the fjord, at an altitude of 110 m, and organic sediment
was pollen—-analytically examined and showed a possible pre-Boreal age (ANUNDSEN, 1964).
This was confirmed by C'* dating of the same material, which gave an age of 9,720 =+
330y.B.P. It is therefore clear that the fjord-glacier has had no readvance or standstill for
any length of time between the Halsnoy stage and the Eidfjord stage (which is marked by
the huge glacifluvial ice contact acumulation at the head of the fjord.)” Pre-Boreal age in-
dicates a cold age after late ice age and its time range is 11,000 to 10,000 years ago.

AnceBy (1951) said, “At Namforsen (in Sweden) there are a number of rocks that are on-
ly covered by the stream at high water level. These rocks were used by the men of the
stone age for petroglyphs, mainly consisting of elks, boats, men etc. They have been curv-
ed only a few milimeters deep into the rock, but they are still very well preserved. These
petroglyphs are supposed to be about 4,000 years old and are proof that erosion and
weathering during the period since has not had a very great effect.”” Therefore, ANGEBY
(0op.cit.) considered that potholes at Niamforsen were older than 4,000 years old.

We consider that most potholes in the formerly glacier region in Scandinavia might
perhaps have been formed for a relatively shorter time of much rain which corresponded to
a warm and wet Atlantic stage (about 7,000 to 4,500 years ago) after a cold and dry Boreal
stage. The rapid retreat of fjord glacier in Norway mentioned above suggests that a transi-
tion from the Boreal stage to Atlantic stage might have been rapid. The Atlantic stage cor-
responds to the Flandrian and Lithnis transgressions (7,000 to 4,000 years ago) and to the
Jomon or Yurakucho transgression (about 5,000 years ago) in Japan, and it is said that
temperature was 2 to 3° C higher than the present. When we suppose based upon a
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paleoclimate graph of snow line altitude curve in Norway, this transition time from colder
to warmer stages has duration of about 1,500 to 2,500 years. We suppose that this transi-
tion time might have perhaps corresponded to a ‘“Flood Age’ written in older legend books
of some tribes in the world, and it might have been 8,500 to 7,000 years ago.

We consider that this “Flood Age” might have corresponded to a description of
Lyuncner (1930) that “potholes were traces of turbulent flow which arose in the boundary
layer between water and rock”. Potholes and Sichelwannen might have perhaps been form-
ed during a relatively shorter time in the “Flood Age”. We can not deny a possibility that
potholes in Japan which had mountain glacier in Wiirm glacial stage in its northern and cen-
tral parts of Japan, might have been formed in a transition stage after the Boreal stage (i.e.
“Flood Age”). We consider that potholes in tropical or subtropical regions, such as
Taiwan, HongKong, Burma (the Irrawaddy), and Hawaii, were formed by erosion of pure
water in all geological ages (¢f. Tscuang, 1958, 1964 ; Stamp, 1940 ; KmGsBury, 1952).
EvLsTon (1918) said, ‘“Most of the erosion of the holes is apparently accomplised during flood
stages.”

When did big boulders (nearly 10 m diameter) of chert of late Paleozoic or early
Mesozoic fall from steep cliffs in rivers of the Kurokawa and Omogo? Of course, some
fallen big boulders have fallen by dint of landslide in a heavy rain of recent typhoon, for ex-
ample a fallen big boulder of chert from high cliff to a highway and let the highway
blockade for 40 days in summer of 1979 at Ochide along the Omogo River. We estimate
that a big boulder of chert falls every ten years in present climate and therefore, a thousand
big boulders have fallen during 10,000 years. However, total of big boulders in rivers of the
Kurokawa and the Omogo seems to reach some tens or hundreds of thousand. Therefore
we suppose that a great deal of big boulders might fall during a relatively shorter period,
namely “‘Flood Age’’ of Japan.

At the beginning of the Jomom transgression, mountain regions of Japan might pro-
bably have two or three times of precipitation compared to present time, namely 4,000 to
6,000 mm/y. Recently, a remarkable heavy rain location of 7,000 mm/y was found near
Mt. Ohdaigahara in Kii peninsula, Japan. Therefore, we consider that a weather of North
Taiwan of 6,500 mm/y of precipitaion may correspond to that of Japan in Jomon age, and
that erosion velocity of potholes in North Taiwan is two or three times greater than that in
the Kurokawa River of Japan. In Jomom age, turbulent floods seem to have taken place
every year in the Kurokawa River region. We consider that big potholes in this River
might have been formed by this “Catastrophic erosion”.

C. Possibility of Low-altitude Glacier Hypothesis in Japan

We stated in the preceding report (1983 in Japanese) as follows, “Some lateral holes
beside vertical cliffs at Matsuura deep and Ohzaru Fall resemble somewhat to Sichelwan-
nen in Norway, although they have no horizontal striae by glacier unlike Sichelwannen.
Can whirling water stream mentioned by ALEXANDER (1932) erode these lateral holes? We
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speculate that our research of potholes at Yakama (/7¢. Eight Cauldrons) in the Kurokawa
River may develop to an interesting theme of ‘a posibility of glacier in Shikoku Island.’”

When Sato surveyed geology of Mt. Ishizuchi (1982 m high) (see Fig. 1-a of Part [ )a
few years ago, he observed a nearly U-shaped valley between Mt. Tengu and Mt. Nansen-
po (l¢t. South Peak), and this valley resembled rather the true U-shaped valley in the Hida
Mountains, so-called the Japanese North Alps. Therefore, we surveyed supposed glacier
topography in topographical maps in scale of 1:25,000 in Shikoku Island. We found some
supposed glacier topography, and among them, the most probable U-shaped valley was
situated in the source of the Iya River on northwest slope of Mt. Tsurugi (/it. Sword Moun-
tain) (1955 m high) (see Fig. 1-a of Part I ). We surveyed the probable U-shaped valley
near Mt. Tsurugi, as well as the famous giant potholes at Dogama (/7t. Earth Cauldron)
along the Sadamitsu River and some broken potholes near Ichiu Electric Power Plant along
middle stream of the Iya River (see Fig. 1-a of Part 1 ). However, we could not find any
evidence such as ice striae and moraine, and the probable U-shaped valley was covered
partly by landslide deposits.

Sato and other Japanese geologists surveyed South Sichuan and West Yunnan Pro-
vinces of China in 1983 and 1984, with cooperation of Chinese geologists of Institute of
Geology, Academia Sinica, Beijing (Peking). Sato observed some potholes and probable U-
shaped valley in the Anninghe River region of South Sichuang Province (Fig. 8). Mr. Lu
Defu, Chinese geologist, explained to Sato how to discriminate the glacier striae on surface
of boulder. Some potholes in the Anninghe River (Fig. 9) did not resemble to a roughly
eroded pothole by water in Japan, but resembled to a plastically sculptured pothole by
glacier in Norway (see a photograph of Fig. 4). Some probable U-shaped valleys in the Ann-
inghe River (Fig. 10) were interpreted as product of periglaciation by some Chinese
geographers (Compil. Comm. Nat. Geogr. China, 1980 ; Quatern. Glac. Geol. Commit., 1982
; Sato, 1986). Locations of probable U-shaped valleys and striae boulders are situated in
latitude of 27°00" to 28°30° N and in the altitude of 1,000 to 2,000 m.

A reason why SaTo speculates possibility of low-altitude glacier in Japan, is as follows :
1) Lee (1933) mentioned that U-shaped valleys, moraines, and striae boulders occurred at
slope of 800 to 1,300 m above sea level of Mt. Lushan along middle stream of the Yangtze
River, althouth some European geologists, such as Barsour (1934), refused this proposal. 2)
Recent Quarternary glaciology in China developed based upon the theory of L (1937),
although some geologists and geographers in China do not agree with the theory of LEE
(Quatern. Glac. Geol. Commit., op.cit.). 3) East China has been suffered sometimes by cold
waves, and the average annual temperature is very lower than the same latitude area of the
world, and that of East China in 30° N is almost equal to that of West Europe in 50° N
(South England). 4) It is said that the Tibetan Plateau was 2,000 to 2,500 m lower in
altitude than the present in Lushan (Riss) glacial stage (Guo, 1976). Therefore, strong west
wind influenced East China until the end of middle Pleistocene, and the cold wave was
greater than the present, and snow line in East China was lower than that in West China. 5)
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Fig. 8 A map of East Asia. T : Tsugaru, KI : Kitakami, H : Hida, N : Nagano, K : Kii
(Japan), C : Chilungho River, L : Mt. Lushan, A : Anninghe River, TB: Tibetan
Plateau, HK : Hong Kong (China), M : Mongor, AT: the Altai Range, I : Irrawaddy
River, Y : Yangtze River.

Fig. 9  Potholes with very smooth inner wall in the Anninghe River, South
Sichuan Province, China ; this morphology is similar to that in Nor-
way formed by subglacial erosion ; after SaTto (1986).
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Fig. 10  Probable U-shaped valleys in the Anninghe River region, South
Sichuan Province, China ; upper : north of Chaho, lower :
Lizhuang ; after SaTto (1986).

Mountains in Mongor and south Siberia, for example the Altai, might be lower in altitude
than the present before Riss glacial stage.

Based upon the above-mentioned evidences, SaTo speculate that great cold waves
swept Korean Peninsula and Japanese Island and let the low-altitude glacier develop in mid-
dle or late Pleistocene. According to the low-altitude glacier hypothesis in 1930-35, lower
limit of glacier was estimated 700 m in Nagano Prefecture, 300 m in Highway of Nakasen-
do (Ocawa, 1932, 1933), 100-150 m in Tsugaru, and 100 m in Kitakami Mountains.

OxramoTto (1963, 1972) and Moriva (1967) proposed a new hypothesis of low-altitude
glacier. If this hypothesis is true, periglacial erosion might occur in Shikoku Mountains in

1,000 to some hundreds meters high.
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V. Conclusion

1) Moulin (shaft in glacier) hypothesis had continued for nearly a hundred years until ap-
pearance of Eddy theory in 1932, but after then Fagcri (1952) and others supported the
Moulin hypothesis.

2) A hydraulic experiment and Eddy theory of ALEXANDER (1932) have been supported
by many geologists and geographers. However, we consider that some side holes, such as
Sichelwannen, and shallow holes with uneven walls can not be explained only by Eddy
theory.

3) HyursTroMm (1935) applied at first Cavitation theory, developed in hydraulic engineer-
ing, to origin of potholes, and Barnks (1956) and Danr (1965) supported Cavitation theory.
We consider that the shallow holes with uneven walls can be explained by this theory.

4) We consider that some potholes might have been formed by Uniformitarianistic ero-
sion which needed longer duration, but the other potholes might have been formed by
Catastrophic erosion, such as Cavitation.

5) The Catastrophic erosion might have occurred in “Flood Age” which happened pro-
bably immediately after Wiirm glacial stage, namely during Flandrian and Jomon transgres-
sion stages.

6) Sato (1986) observed some potholes of probable subglacial origin and probable U-
shaped valleys in the Anninghe River region, South Sichuan, China in 1983-84. Therefore,
he has supported Low-altitude Glacier Hypothesis of some Chinese geologists, such as LEE,
J. S. (1933, 1937). He also, speculates a possibility of low-altitude Glacier Hypothesis in
Shikoku Mountains based on evidence of potholes.
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