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are taken in the opposite direction. The sand that is continually dropping
from them, therefore, falls more thickly on the middle of the wessel than on
its ends, so that in this way also the gathering of the sand in the middle is
accelerated. . Thus, every operation performed by the water—except one
which is purely temporary—tends to drive the sand from.the ends to the
middle of a vessel, when it is oscillated in such a way that the water level
remains constant in the middle, and has its maximum variations at the ends.
No wonder, then, that the sand soon hecomes banked up in the way shown in
fig. 1.

12. Ripple-Mark on the Sea-Shore.—TFor the ripple-mark that I have
hitherto considered, one of two conditions was necessary to start the ripples.
Either the oscillating water had to have at least one constant place. of
maximum . longitudinal velocity, or there must be at least one obstacle or
hollow in the sand to give birth to vortices. Of obstacles in the shape ‘of
stones, bunches of seaweed, etc., as well as of hellows, there is generally no
lack on a sandy shore, but the question arises—would a beach that was
entirely smooth and featureless to begin with become ripple-marked when the
sea oscillated over it? Obviously it would, for in order to start a primary
ripple it would only be necessary for the water to have a maximum longi-
tudinal velocity at or near the same place duringa few successive oscillations,
so-that even a single one of the smallest of small primary ripples could form.
Once this was done, other ripples, as T have shown, would arise as a matter of
course, until the whole sand was covered with ripple-mark; and the ripple-mark
would be very regular, for although the places of maximum horizontal motion
of the water would often remain the same, or nearly the same, for a short time,
yet they would not usually remain so long enough for such mounds as those
shown in fig. 1 to form. On the contrary, the velocity and back gravity
pressure of the water flowing over any individual ripple must be continually
changing, so that on the average each is subjected to the same influences,
and their heights and ripple-distances.are therefore fairly-equal- after any
single tide. But as the heights -and ripple-distances -of all vary with the
amplitude of the wave, they are greater after a storm than during calm
weather.

In order to try and imitate the action of the sea on an originally smooth
sandy beach, I used about-an inch- of sand made quite smooth and level in
my 36-inch trough, with about 2 inches of water above it. I then
alternately raised and lowered one-end of the trough,bit by bit, giving it a
slight jerk at each rise or fall, to make the water oscillate, bul allowing
several oscillations to take place between each jerk. In this way not only
did the place of maximum -longitudinal motion differ- slightly- for each
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oscillation, but the depth of the water changed at the same time, which is
exactly what happens in the sea. 'When this was done for some time, the
sand remained level on the whole, but became covered with very regular
even ripple-mark, just like that of the sea-shore; and, as was to be
expected, the sand did not rise higher, on the whole, in any one place than
in any other.

It might be objected that, since all the conditions for the formation of
ripple-mark appear to exist in every place where there is a sandy beach
washed daily by the tides, ripples ought to be much more universal in such
places than they are. The reply is that they are universally made, but
that most of them get smoothed out by the edges of the waves of the
retreating tide, and only remain intact in pools or depressions of any kind,
where the water, being temporarily left by the retreating tide, sinks slowly
and uniformly downwards through the sand.

13. Ripple-Mark wunder Stationary Waves—In my earlier experiments
the trough was oscillated in the simplest possible way, 7.c. so that the length
of the stationary wave was twice the length of the trough. Subsequently
it occurred to me that by osecillating more quickly I ought to be able to get
smaller stationary waves, the effect of which on the sand would be to
produce groups of ripples at or -near the loops of the waves, where the
longitudinal velocity was a maximum, and to leave smooth spaces at or
near the nodes, where it was a minimum. In this I was successful, and
fig. 14, Plate 4, shows the effect when the stationary wave was two-thirds of the
length of the trough instead of being twice as long. Ripple-marked mounds
rose at the three loops, where the level remained constant and the longi-
tudinal velocity was a maximum, and smooth spaces remained at the four
nodes. By oscillating the trough with different velocities I was able to
obtain from one to seven mounds, with clear spaces between, at will.

. The height to which a mound can rise when the water has a given
minimum depth and the quantity of sand is practically unlimited depends
solely on the length of the stationary wave. This wave-length settles the
distance between the mounds, and this distance determines the height to
which a mound will rise before some of it slips down, or before the weight
of the highest part makes it spread out laterally, thus partially filling up
the space between it and the next mound, and so diminishing its height
again.

The following is what happens when oscillation is prolonged :—If the
gand is thin, it collects in separate mounds at the places of maximum
longitudinal velocity, leaving the bottom of the vessel bare between. If
the sand is of practically unlimited thickness it rises to a certain height
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at each of such places, and then broadens on the top into a sort of tableland,
smooth at first, but covered with irregular ripple-mark afterwards. When
this happens, the mound has reached the maximum height it can attain to
under the given conditions. Soon sand slips somewhere, and the whole
shape changes somewhat, and then rebuilding goes on, till the same height
is reached again, and then another slip occurs—sometimes two or three in
different places—and rebuilding starts afresh. There is thus no exact
height which the mound refasns, but it has a maximum height for each
wave-length, provided the water has a certain minimum depth above the
top of the mound when it is at its highest. Increased amplitude of the
wave hastens the attainment of this height, while greater depth retards it;
but nothing but a change of wave-length alters it, I think.

When the oscillation is very regular, the bare spaces between the mounds
remain entirely free from ripple-mark, as in fig. 14, Plate 4, but if it is at all
irregular, there are no parts of the sand where the level of the water remains
quite constant, and then a series of ripple-marked heaps rise which are
separated by no smooth spaces.

In shallow water, after a time, the tops of the mounds become flat,
and the furrows then look like grooves cut for irrigation purposes. In one
case, for instance, the mounds finally became quite flat-topped, with runlets
between, as shown in profile in fig. 15.

Fie. 15.—Flat-topped Mounds with Grooves between, produced by Prolonged
Oscillation with Stationary Waves in Shallow Water,

The process described above, by which mounds of sand are built up under
the action of stationary waves, may be summarised as follows :—

(1) Ripples always first form at places of maximum longitudinal motion of
the water, .. at places of constant level.

(2) Smooth spaces are left at and near the places where the water has no
longitudinal motion, that is, where the change of level is greatest.

(3) Each set of ripples grows into a mound, having its centre plane at the
place of maximum longitudinal velocity and its lowest parts close to places
where the longitudinal motion is zero.

(4) There are therefore two of these mounds o each water wave.
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After having arrived at the above conclusions, and proved them experi-
mentally, I found that C. de Candolle,* in a long and most interesting paper
on the subject, had mentioned that, under stationary waves, he had observed
groups of ripples with smooth spaces between. He said: “ Lorsquil existe
dans l'auge plusieurs ondes stationnaires, il se forme autant de systémes de
rides quil y a de ces ondes” (this would only be correct if C. de Candolle
used the term “onde” to signify a half of what we call a stationary wave).
He continued : “Et ces rides sont groupées de part et d’autre de chagque plan
vertical séparant deus ondes contigués.” [The italics are mine.] This appears.
to be vague, but the context shows that C.de Candolle meant the places of
constant-level, and it is, therefore, a true description. He appears, however,
to have failed to mnotice the most important point about these groups of
ripples, namely, that they finally grew into mounds, nor do I think that
-this fact has ever been previously mentioned.

With regard to other mounds formed by stationary waves; I should suggest.

-that the tidal sand ridges first discovered by Prof. Osborne Reynoldst in his
model estuary were thus produced, and that the similar ridges to be found in
natural estuaries, many of which Dr. Vaughan Cornish has so ably described
and beautifully photographed, have a like origin.

Besides tidal ridges, it seems probable that the chains of sand banks in the
sea and of sand dunes on shore, as well as the gigantic sand heaps in the
Asiatic deserts described by Sven Hedin,} originate and grow under the action
of waves that are stationary for longer or shorter periods, while the smaller
ripples that cover all of them are due to vortices similar to those that I have
shown to produce the ripple-mark of the sea-shore.

* “Rides Formées 3 la Surface du Sable Déposé au Fond de IEau,” ¢ Archives des
Sciences Physiques et Naturelles, Période 3, vol. 9, p. 256 (1883).

+ “First Report of Committee on the Action of Waves and Currents,” ¢ Report of the
British Association,” 1889.

I ¢Central Asia and Tibet, by Sven Hedin, vol. 1, pp. 248, 278.
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FiG. 1.—Vertical Section of Mound raised from Level Sand by Oscillating Water.
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F16. 7.—Different Stages of Formation of the Ripple Vortex.
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Fie. 11.—Motion of Ripples immediately after Initiation.
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F1e. 13.—Longitudinal Scoring of Sand Ripples.
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Fie. 14.—Sand Mounds formed by Water Oscillating in Stationary Waves two-thirds of
the Length of the Trough.
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