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physico-chemical factors (decomposition of the
ground). We must concentrate our attention on the

circumstances which affect the stespness with which.

the velocity falls at the wall,

In both cases the asymmetry in relation to the fall
in velocity in question is indirectly due to the oc-
currence of a circular motion to' which we will next
direct our attention, I hegin with a little experiment
which anybody can easily repeat,

Imagine a flat-bottomed cup full of tea. At the bot-
tom there are some tea leaves, which stay there
because they are rather heavier than the liquid they
have displaced. If the liquid is made to rotate by a
spoon, the leaves will soon collect in the center of the
bottom of the cup, The explanation of this phenome-
non is as follows :—The rotation of the liquid causes
a centrifugal force to act on it, This in itself would
give rise to no change in the flow of the liquid if the
latter rotated like a solid body. But in the neighbor-
hood of the walls of the cup the liquid is restrained by
friction, so that the angular velocity with which it
circulates is Jess there than in other places near
the center. In particular, the angular velocity of
tirculation, and therefore the centrifugal force, will
be smaller near the bottom than higher up. The resnlt
of this will be a circular movement of the liquid of the
type illustrated in fig, 1, which goes on increasing
until, under the influence of ground friction, it be-
comes stationary, The tea leaves are swept into the
center by the circular movement and act as proof
of its existence,

THE CAUSE OF THE FORMATION OF
MEANDERS IN THE COURSES OF
RIVERS AND OF THE SO-CALLED

BEER'S LAW

Ir 15 common knowledge that streams tend to
curve in serpentine shapes instead of following the
line of the maximum declivity of the ground. It is
also well known to geographers that the rivers of
the northern hemisphere tend to erode chiefly on
the right side. The rivers of the southern hemisphere
behave in the opposite manner (Beer’s law). Many
attempts have been made to explain this phenomenon,
and I am not sure whether anything I say in the
following pages will be new to the expert; some of
the relevant considerations are in any case known.
Nevertheless, having found nobody who theroughly
understood the elementary principles involved, I
think it is proper for me to give the following short
qualitative exposition of them.

First of all, it is clear that the erosion must be
stronger the greater the velocity of the current where
it touches the bank in question, or the more steeply it
falls to zero at any particular point of the confining
wall. This is equally true under all circumstances,
whether the ercsion depends on mechanical or on

8y
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The same sort of thing happens with & curving
stream (fig, 2). At every section of its course, where
it is bent, a centrifugal force operates in the direction
of the outside of the curve (from A to B). This force
is less near the bottom, where the speed of the cur-
rent is reduced by friction, than higher above the
bottom. This causes a circular movement of the
kind illustrated in the disgram. Even where there is

no bend in the river, a cireular movement of the Idnd
shown in fig. 2 will still take place, if only on & amall
scale and as a result of the earth's rotation. The latter
produces a Coriolis-force, acting transversely to the
direction of the current, whose right-hand horizontal
compenent amounts to 2 v  sin ¢ per unit of mass
of the liquid, where v is the velocity of the current,
the speed of the earth’s rotation, and o the geographi-
cal latitude, As ground friction causes a diminution
of this force towards the bottom, this force also gives
tise to a cireular movement of the type indicated in
fig. 2.

After this preliminary discussion we come back to



&5 ESSAYS IN SCIENCE

the question of the distribution of velocities over the
cross section of the stream, which is the controlling
factor in erosion. For this purpose we must first
realize how the (turbulent) distribution of velocities
takes place and is meintained, If the water which was
previously at rest were suddenly set in motion by the
action of en evenly diffused accelerating force, the
distribution of velocities over the croas section would

GROUND PLAN VERTICAL SECTIOM A-B

Fro. 4.

be even at first, A distribution of velocities gradually
increasing from the confining walls towards the
center of the gross section would only establish itself
gfter g time, under the influence of friction at the
walls. A disturbance of the (roughly speaking) sta-
tionary distribution of velocities over the cross sec-
‘tion would only gradually set in agmin under the
influence of fluid friction, Hydrodynamics explaing
the process by which this stationary distribution of
velocities is established in the following way. In &
gystematic distribution of current (potentinl flow)
all the vortex-filaments are concentrated at the walls,
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ence on the distribution of velocities, because the ad-
justment of veloeities which counteracts this conse-
quence of the cirenlating movement is also a slow
process on account of internal. friction.

We have now revealed the causes of the forma-
tion of meanders. Certain detaila can, however, also
be deduced without difficulty from these facts. Ero-
sion will inevitably be comparatively extensive not

merely on the right-hand wall but also on the right
half of the bottom, so that there will be a. tendency
to assume the shape illustrated in fig. 3.
Moreover, the water at the surface will come from
the Jeft-hand  wall, and" will therefore, on the left-
hand side especially, be moving less rapidly than the
.water rather lower down. It should further be ob-
served that the circular motion possessea inertin.
The circulation will therefore only achieve ita maxi-
mum extent behind the position of the greatest curva-
ture, and the same naturally applies to the asymmetry
of the erosion. Hence in the course of the ¢rosion an
advance of the wave-line of the meander-formation
is bound to take place in the direction of the cur-
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They detach themselves and slowly meve townrds
the center of the cross-section of the stream, distribut-
ing themselves over & layer of increasing thickness.
The drap in velocity at the containing walls thereby
gradually diminishes, Under the action of the internal
friction of the liquid the vortex filaments in the inside
of the cross section gradually get absorbed, their
place being taken by new ones which form at the
wall, A quasi-stationary-distribution of velocities is
thus produced. The important thing for us is that the
adjustment of the distribution of velocities till it be-
comes stationary is a slow process,. Thntlswhy
relatively insignificant, constantly operative causes
ere able to exert a considerable influence on the dis-
tribution of velocities aver the cross section. Let us
now consider what sort of influence the circular mo-
hmduetoabendmthenverarthe Coriolis-force,
aa illustrated in fig. 2, is bound to exert on the dia-
tribution of velocities over the croas section of the
tiver, The particles of liquid in most rapid motion
will be farthest away from the walls, that is to Ay,
in the upper part above the center of the bottom,

‘These most rapid parts of the water will be driven by
the circular motion towards the right-hand wall,

while the left-hand wall gets the water which comes
from the regicn near the bottom and has a specially
low velocity. Hence in the case depicted in fig. 2 the
erosion is necesgarily stronger on the right side than
on the left. It should be noted that this explanation ia-
essentially based on the fact that the slow circulating
movement of the water exerts a ¢onsiderable infly-

THE FORMATION OF MEANDERS o1
rent. Finally, the longer the ctoss section of the
river, the more slowly will the circular movement be
sbsorbed by friction; the wave-line of the meander-
formation will therefore incrense with the cross eec-
tion of the river.
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Fic. 17. Logarithm of permeability plotted against porosity for sandstones
(Nelson, 1994; Nelson, 2000) and shales (Neuzl, 1994). Coarse quartz aren-
ites are the most permeable lithology. The curve labeled “Dynamic” repre-
sents the minimum permeability that shales with different porosities (depths
of burial) can have when the sedimentation rate is 1 km/m.y. The ticks at the
right end of the curve indicate how the curve will shift if the sedimentation
rate varies between 0.5 and 2 km/m.y. The curve marked “1.1 Hydrostatic™
represents the permeability that basin sediments must have for pore pres-
sures to exceed hydrostatic by only 10 percent at sedimentation rates be-
tween 0.5 to 2 km/m.y.
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Dr. Joseph F. Poland stands at the approximate point of maximum subsidence in the San
Joaquin Valley, California. Subsidence of approximately 9.0 m occurred from 1925 10 1977
due 1o aquifer compaction caused by pumpirg of ground water. Signs indicate the former
elevations of the land surface in 1925 and 1955 respectively. Photo taken December 1976,
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Figure 13. Land subsidence from 1906 to 1978 (adapied from Gabrysch, 1980) and surface faults
{Elsbury and others, 1980; Verbeek and Clanton, 1981; E. R, Verbeck, 1981, unpub. dsta) in the
Houston-Gaiveston, Texas, region, Ball-and-bar symbols on faults indicate downthrown side. Named
faults are referred to in text o figures.
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FIGURE 5.2  Hydraulic conductivities and permeabilifies of common sediment and rock fypes (ndapted from Freeze and
Cherry, 1979).



