can be tailored in a way which is im-
possible with a mixed audience.

The lecture technician and his staff
of assistants have the setting up of
the experiments as their main duty;
this experience makes them very clever
in this art, and at using the lecture
room equipment such as closed-circuit
television, magnetic blackboards, over-
head projection, matched lanterns for
double projection, and motion-picture
projection. They must be backed by a
good preparation room, ample store
rooms, and the services of a work-
shop.

To sum up, the more one concen-
trates on an organization whose main
function is to present a continuous se-
ries of lectures to young people, rather
than an occasional series undertaken
as an extra to other activities, the
more one can streamline the organiza-
tion with a great increase in ef-
ficiency and improvement in quality.
The less also is the strain on the lec-
turer. If a highly specialized staff pre-
pares the demonstrations for him and
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can be counted on to see that all goes
smoothly in the lecture, his work is
much lighter, He is like a surgeon en-
tering an operating theater when skilled
assistants have made all ready for him
and he can concentrate on his expert
task.

The simplifying of the lecturer’s task
is very important. Outstandingly good
lecturers are generally busy people and
reluctant to take on anything which
makes large demands on their time.
The really good ones with a gift for
talking to young people are few, and
every possible aid must be given them
in order to secure their help. They
are people who can project themselves
into the minds of the audience, who
can in fact be at the same time both
audience and speaker and sense the
effect on their listeners of what they
are saying. They have to be able to
ask themselves “How did 1 think when
[ was 17 years old, what points puzzled
me, what explanation satisfied me?” It
is astonishing how many great scien-
tists are unable to project themselves

Vertical Density Currents

These currents seem to carry particles downward much
more rapidly than settling according to Stokes’s law.

Fritz Nipkow’s classic study (/) of
the bottom deposits of Ziirichsee es-
tablished the fact that, in certain lime-
rich, eutrophic lakes that have a hy-
polimnion, well-defined and highly
characteristic annual layers, or varves,
form. Indeed, Nipkov explained in a
most satisfying manner everything
about the formation of these varves
except how the very-slow-settling con-
stituents could have reached the bot-
tom (at depths of 100 to 140 m) in
the same year in which they were
produced in the surface waters. If the
particles settled in accordance with

The author is a senior research geologist of
the U.S. Geological Survey, Washington, D.C.
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Stokes’s law, even the very small calcite
particles (2 u in diameter), which crys-
tallized out from the surface waters,
would have required 1.3 vyears to
reach bottom. How much more slowly
the frustules of the delicate diatom
Stephanodiscus  hantzschii  Grunow
might have settled we can only guess.
Yet Nipkow shows that a short burst
of growth of this diatom is represented
within the varve of the year in which
the burst occurred by a thin, clearly
defined layer characterized by these
frustules.

We must conclude that most of the
particles in the Ziirichsee varves could
not have reached the bottom of that

in this way and quite fail to give a
good talk to the young. On the other
hand, by search and trial one can find
the gifted few who possess the art.

Science Centers

I am convinced that organizations
of this kind, devoted to giving scien-
tific talks to young people and spe-
cially planned for that purpose, would
be of the very greatest benefit in in-
creasing the scientific potential of a
country. They can only function in
places where there is a concentration
of population sufficient to give them
continuous use, but this concentration
need not be very great, because the
school population is so large. The main
part is that the more such organiza-
tions are planned for the special func-
tion the greater is their efficiency, and
the more continuously they can be
used the less is the cost in time and
money needed for creating one more
enthusiastic devotee of science.

deep lake as discrete individuals set-
tling in accordance with Stokes’s law.
Some other mechanism is necessary to
account for the facts Nipkow observed.

One possible mechanism to account
for the observed proper sequential or-
der in bottom sediments of microscopic
constituents whose individual settling
rates differ by several orders of mag-
nitude is that of vertical density cur-
rents. The concept of vertical density
currents can most conveniently be ex-
amined by considering the behavior of
calcite particles generated in the sur-
face waters of Ziirichsee. These parti-
cles originate in the surface waters of
the lake (2) in two ways: (i) in, or
on, the mucilage of planktonic algae
through marked decrease in the car-
bon dioxide pressure by photosynthesis
of the algae, and (ii) in the water itself
through decrease in the carbon dioxide
pressure by progressive warming of the
surface water. By either means, in nor-
mal years, such vast numbers of calcite
particles are formed that the surface
waters become milky. Inasmuch as
these particles are created in the sur-
face water and are numerous enough
to make it turbid, it occurred to me
that if, by some means, the particles
in any part of the surface water are
brought closer together, they and the
water containing them will together be

1423



‘heavier per unit volume than water
with less sediment, and therefore they
should sink vertically as a density cur-
rent.

Experimental Tests of the Concept

The inference that vertical density
currents do form was tested in the
laboratory in two series of experi-
ments. In one, small natural crystals
of calcite were used; in the other,
spherical glass beads. In the first series,
clean, dry calcite crystals were drop-
ped into the water through an elec-
trically vibrated fine sieve set a few
centimeters above the water surface.
In the second series a dilute slurry of
the glass beads was introduced into
the tank just below the water surface.
In neither series of experiments, prob-
ably, was there close approximation to
the conditions that obtain in Ziirichsee.
Nevertheless, the experiments revealed
some interesting properties of the ver-
tical density currents that formed in
the tank, and perhaps these results will
one day induce an inquisitive, scuba-
diving limnologist to make some criti-
cal observations below the thermocline
in Ziirichsee, or in some other lake
that generates calcite particles in its
epilimnion.

The calcite crystals used in the
first series were not rhombohedrons,
like those that form in Ziirichsee, but
short stubby prisms whose sides and
ends are. rounded. The equivalent cal-

Fig. 1. A cloud of calcite particles descend-
ing through water from the air-water
interface (indicated by the dark, elliptical
shadow of the sieve). The bluntly pointed
cloud is followed by a vertical density
current in which the population of calcite
particles is less dense than in the cloud.
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cite spheres have a median diameter
close to 18 microns and range from a
little less than 10 to about 40 microns
in diameter. Before use the crystals
were cleaned in acetone and kept in
a desiccator to keep the grains free-
running. To keep the dry grains from
floating on the surface film, an aerosol
was added to the water. The rec-
tangular leucite tank used was 75 centi-
meters deep and 30 by 30 centimeters
in cross section (inside dimensions).
The circular sieve was 7.6 centimeters
in diameter and was centered over the
vertical axis of the tank, a few
centimeters above the water surface.

In all the experiments in this first
series, a dense population of particles
was introduced into the uppermost
part of the water column; in all but
one particularly significant experiment,
described below, vertical density cur-
rents formed. Characteristically, in this
series, an irregular but somewhat
pointed cloud of particles forms (see
Fig. 1), and, though its form slowly
changes, the cloud maintains this gen-
eral shape until it is distorted and de-
stroyed by return water currents rising
from the bottom. Without exception,
these leading clouds are followed by
a columnar trail that extends up to
the surface of the water. This cylindri-
cal column has a rather uniform cross
section and is clearly a stream of
fluid carrying a rather sparse popula-
tion of particles. In none of the ex-
periments described in this article was
there any tendency for the particles
to flocculate. Even where they were
most closely spaced, the particles
moved freely about one another. Evi-
dently, when they approached one an-
other closely, a repelling force came
into play. Moreover, this repelling
force operated in distilled water, in
strong saline solutions, and in concen-
trated sugar solutions. This behavior
is consistent with the
clusters of falling spheres in a viscous
fluid described by Jayaweera, Mason,
and Slack (3).

Because a tank of fluid is a closed
system and the fluid is incompressi-
ble, any downward flow must be
compensated by a rising current from
the bottom. In these experiments a dye
showed that the currents rising from
the bottom rose very slowly along, or
near, the side walls. Nevertheless, the
pertinent observations of the density
currents were made only in the upper
half of the tank.

One density current of this sort was
photographed with a moving picture

behavior of

Fig. 2. Several small vertical density cur-
rents forming on the underside of a disk
of particles suspended for an instant at
the interface between dilute saline solu-
tion and an overlying layer of distilled
water. A moment later these tiny density
currents merged into one current, which
entrained the remainder of the particles
above the chemocline.

camera so as to measure its rate of
flow. In 31 centimeters of travel the
rate was 1.58 centimeters per second
and was remarkably uniform. The rate
of fall, as calculated from Stokes’s law,
of single calcite spheres having the
same mean diameter (18.2 p) as the
calcite crystals used is 0.03 centimeter
per second. According to these figures
the particles in the density current fall
at a rate nearly 53 times that calcu-
lated, from Stokes’s law, for the indi-
vidual particles.

Cosem

1

Fig. 3. A later stage of the currents shown
in Fig. 2, showing the small vertical den-
sity currents merged into a single current,
in which some of the original filaments
may be seen. The diffused margin of this
density current contrasts sharply with the
smooth walls of faster-flowing vertical
density currents.
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A second group of experiments in
this first series was made with a strati-
fied water body. The purpose was two-
fold. First, it seemed desirable to have
an upper layer of liquid to serve as a
sort of cushion to decrease the velocity
that the particles acquired in falling
through the air before they entered the
water, Second, it seemed that the strati-
fied water body might reveal some-
thing of what happens below a chemo-
cline (a zone of gradation between
fresh-water and underlying saline wa-
ter) in a lake. Accordingly, enough
NaHCO, was dissolved in the water to
raise its density to 1.060 and its vis-
cosity to 0.0138 at 21.5°C. A layer of
tap water about 8 centimeters deep
was floated on the saline solution,
bringing the water surface nearly up
to the sieve.

In the experiments with this layered
system the calcite particles were sifted
through an opening (3 c¢cm in diame-
ter) in the sieve onto the surface of
the fresh-water layer. At the interface
between the fresh and the saline water
the cloud of particles flattened to a
disk more than three times the diame-
ter of the sieve opening. About 1/16
second after this disk formed, several
small, fingerlike density currents began
to descend from the underside of the
disk (Fig. 2). These quickly coalesced
into a single, somewhat sinuous density
current (Fig. 3).

Density currents that formed below
the chemocline behaved much like
those that formed in a homogeneous
body of distilled water, except that
they moved more slowly, because of
the density and increased viscosity of
the saline solution, and did not have
cloudlike heads on their lower ends.
By means of a moving-picture film the
rate of descent of the tips of one of
these currents. was found to be 0.93
centimeter per second, which is 36.5
times the calculated rate of fall of in-
dividual glass beads (median diameter,
19.9 u), according to Stokes's law,

As a variant of this experiment with
the two layers of fluid in the tank,
particles were sifted onto a large part
of the area of the fluid. These particles
settled through the upper layer and
spread as a nearly uniform layer (area,
roughly 600 cm?2) at the interface be-
tween the two fluids. From the under-
side of this layer a large number of
vertical density currents less than 1
centimeter in diameter immediately be-
gan to flow. The flow of these cur-
rents could not be followed because
there were so many of them, and be-
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cause they occupied so large a part of
the tank area that they quickly forced
the static body of fluid into a confused
state, in which the orderly pattern of
the many parallel, vertical density cur-
rents was destroyed. This experiment
was made to test the assumption that
if particles are distributed over an ex-
tensive area of the surface waters of
a lake, many vertical density currents
will begin to flow, and their spacing
will probably reflect local irregulari-
ties in the distribution of the particles.

A critical rate of fall, or a critical
viscosity, sets a limit to the formation
of vertical density currents. In an ex-
periment designed to test this relation-
ship qualitatively, the main body of
the fluid was a concentrated sugar solu-

Fig. 4. The inferred angle of initial shear
and, greatly enlarged, the structure of the
shear wall of a vertical density current.
Vertical vectors show, qualitatively, the
progressive decrease in velocity across the
shear wall.

tion, whose density and viscosity (not
measured) were considerably higher
than those of the saline solution used
in the earlier group of experiments.
On this sugar solution a layer of dis-
tilled water about 7 centimeters deep
was floated. A dense population of cal-
cite crystals was sifted through an open-
ing (3 cm in diameter) in the sieve into
the layer of distilled water; as in previ-
ous experiments, the particles settled
and spread to an area about 9 centi-
meters in diameter at the interface be-
tween the distilled water and the sugar
solution. Particles came through the in-
terface and settled slowly into the sugar
solution, but they came down as dis-
crete individuals without forming any
density currents.

In all the experiments in which den-
sity currents formed, the current con-
tinued to flow even when the particle
content was clearly less than it was in
the leading cloud of particles which
had started the current to flow. This
raised the question of the source of the
flowing fluid and its entrained particles,
Was the fluid being entrained from the
quiet and denser saline (or sugar) solu-
tion through which it flowed, or was
it being drawn down from the lighter
layer of water that floated on the denser
solution? In order to explain what Nip-
kow observed it was necessary to know,
also, whether very much smaller and
lighter particles would be entrained in
such vertical density currents.

To discover whether they would be,
a dye (alizarin red) was put in the
layer of distilled water that floated on
a dilute sugar solution. In this experi-
ment a dilute slurry of glass beads
(median diameter, 19.9 w) Wwas intro-
duced into the dyed surface layer of
the tank through the stilling tube,
whose orifice was just above the inter-
face. The usual density current formed
in the dilute sugar solution, though it
probably started to form in the colored
water above. A thin thread of purple-
colored water was drawn in from the
layer of dyed water and flowed down
in the central part of the density cur-
rent. This experiment showed that both
water and its contained particles, includ-
ing the molecular-sized dye particles,
were gathered in from the source area
of the vertical density current and
flowed along with it as long as suspend-
ed particles were available to provide
the energy to drive the density cur-
rent.

An extremely small difference in den-
sity will produce a well-defined vertical
density current. This was demonstrated
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by introducing dyed distilled water into
a tank of quiet distilled water through
the stilling tube. In this experiment a
thin, more or less cylindrical current
flowed rapidly down through the tank.

Interpretation of Results

The experiments show that vertical
density currents do form under the
conditions provided in the laboratory,
and they reveal something of the be-
havior of these currents as the condi-
tions are varied. But they tell us little
about what made the fluid begin to
flow, or about the hydrodynamics once
it started to flow.

Before we explore the question of
what makes the fluid in a density cur-
rent begin to flow, I should state that

Fig. 5. Vertical density current of freshly
precipitated lead chromate particles in di-
lute lead nitrate solution. The specific
gravity of this slurry is considerably great-
er than that of the dilute lead nitrate solu-
tion through which it flows. The impact
of the rapidly flowing density current on
the static fluid in the tank is shown by
the bulbous cap at the lower end. The
cap is formed by the flaring and involu-
tion of the surface of discontinuity that
makes the sheath, or boundary layer, of
the stream-tube. The upper, largest, part
of the cap is actually a torus.
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in this article I am dealing only with
suspended particles so small that, if they
are treated as spheres, their rate of free
fall through water comes well within
the range where Stokes’s law applies:
particles whose effective diameters are
less than 0.14 millimeter (4). Actually,
no particles larger than 0.05 millimeter
are considered here. As particles in this
size range settle through a viscous
fluid they reach terminal velocities de-
termined by the internal frictional re-
sistance, or viscous resistance, of the
fluid.

It is instructive to examine this vis-
cous resistance a little more closely.
A spherical particle (less than 0.14 mm
in diameter) settling through water
crowds the water aside so that stream-
lines diverge and pass around the par-
ticle. Where these streamlines part di-
rectly below the center of the sphere,
there is a point of stagnation where
the fluid moves at essentially the same
velocity as the particle. To quote from
Furry et al. (5), “The stagnation pres-
sure at this point exceeds the general
pressure in the fluid by the amount
p(v2/2), where v is the relative speed
of the fluid and body . . .” and
is the density of the fluid. The stagna-
tion pressure of a particle falling
through water is transmitted to the wa-
ter and tends to set it in motion in
the direction of the falling particle. But
this is not the only energy that is trans-
mitted to the water. Water is an as-
sociated liquid, in which water mole-
cules are connected to one another by
hydrogen bonds; therefore, energy is re-
quired to break these bonds when the
falling particle forces some of the wa-
ter to flow around it. In other words,
the particle is slowed by the amount
of energy required to overcome the vis-
cous resistance to flow, or shearing
stress, which causes a drag on the
water and tends also to set it in mo-
tion in the direction of the falling par-
ticle. The sphere falling through a vis-
cous fluid at terminal velocity transmits
to the fluid a total amount of energy
given by 6zryv, which is equal to the
weight of the suspended particle,

4
3 =r*(pp — p1)g.

This is the Stokes equation, which is
usually given in terms of the (terminal)

velocity
14 :% g (%’-) r.

As the number of such falling par-
ticles per unit volume of water is in-
creased, the stress transmitted to that
unit volume of water must also in-

crease. Moreover, the aggregate stress
of all these pressure points tends to be
distributed uniformly to the whole unit
volume of water, because water has, in
part, a quasi-crystalline structure—that
is, a tetrahedrally coordinated open
lattice of water molecules (6). As
Hutchinson says (6, p. 201): “in so far
as a lattice exists in liquid water, it
consists of branched chains of tetrahe-
dra united corner to corner in such a
way as to permit the individual mem-
bers to rotate freely. These chains form
an intermeshed net and run in any di-
rection in the free liquid.” One must
not, of course, attribute the properties
of a solid to liquid water. Its structure
is always rapidly changing, and it has
progressively less order as its tempera-
ture is raised. Nevertheless, energy is
required to distort the lattice and to
make the liquid flow.

The aggregate amount of energy that
the increasing number of falling par-
ticles transmits to the unit volume of
liquid soon reaches a critical value that
exceeds the small amount of energy

,

3 cm

Fig. 6. A later stage of the stream-tube
shown in Fig. 5, showing, in the lower
part, a succession of caps through which
the stream-tube now passes. The confused
streamlines and rings on either side arise
from the peripheral breakdown of other
caps.
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required to shear the liquid below. We
may think of the unit volume of the
liquid as having increased its effective
density to the point at which the static
water below fails by shear under the
imposed load. At first, the shear sur-
face dips inward below the unit volume
of liquid with its contained particles,
but as the denser fluid begins to flow
and its velocity increases, the shear
walls steepen until they become verti-
cal. Also, as the flow accelerates, the
diameter of the funnel and of the tube
below decreases to a constant value at
terminal velocity. The downflowing wa-
ter and its suspended particles are there-
after contained by walls that consist of
a cylindrical shear zone, which sep-
arates the denser, flowing fluid from
the adjacent static water. Despite the
fact that the two fluids are completely
miscible, the shear walls keep them
sharply separated. All the flow con-
sidered here is laminar flow. In a verti-
cal density current the flow can be
thought of as a series of tubes of de-

¥

3cm

Fig. 7. A still later stage of the vertical
density current shown in Figs. 5 and 6.
In the stream-tube is a series of constric-
tions and enlarging nodes, which suggest
the behavior of a jet of water in air as it
constricts and as the enlarging nodes then
separate into globules. But in these stream-
tubes the nodes enlarge and become cup-
like, and the density current then flows
through their centers.
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creasing diameter sliding one within the
other. Resistance to shear between the
sliding tubes determines the terminal
velocity of the leading interface of the
density current. The experiments de-
scribed above show that this terminal
velocity is, in fact, constant.

The distribution of velocity across
such a stream-tube, or vertical density
current, before it reaches terminal ve-
locity is probably much like the dis-
tribution in a tube with solid walls—
that is, greater along the axis and de-
creasing toward the walls, where it is
considered to be zero. Observation of
several of the density currents in my
experiments suggests that when the cur-
rent reaches terminal velocity, differen-
tial rates of flow disappear within the
body of the stream tube and occur only
within the tube walls. In consequence,
the leading surface of the density cur-
rent approximates a paraboloid.

Such stream-tubes, as they are called,
are well known to hydrodynamicists.
Prandtl (7) found that the hydrody-
namically important property of con-
tinuity holds for flow in stream-tubes,
just as it does for flow in a solid
tube. The principle of continuity re-
quires that there be no gap and that
the fluids shall not mix. It follows from
this that the components of velocity at
right angles to the boundary surface
must be the same on either side of the
surface—that is, that the pressure out-
side the stream-tube must be balanced
by the pressure within the stream-tube,
that the cross section of the tube be
circular, that the velocity of flow be
inversely proportional to the cross sec-
tion, and that the structure of the
stream-tube be the structure shown di-
agrammatically in Fig. 4.

Vertical density currents appear su-
perficially to fit the modern definition
(8) of stratified flow, but they are a
special case not yet treated theoreti-
cally. They differ from the general con-
ception of stratified flow (8) in being
initially inverted, the denser fluid be-
ing above the lighter. But from that
momentary, unstable state, the actual
flow departs still more radically from
the accepted concept of stratified flow,
because the denser fluid flows in stream-
tubes down through the less dense
fluid.

A vertical density current will con-
tinue to flow under the force of gravity
as long as 3§, the effective specific
gravity of the fluid plus its contained
particles, is greater than py,o, the
density of the water, regardless of the
size and shape of the particles en-

Fig. 8. Internal structure of a terminal
cup, shown in transverse section, at the
lower end of a vertical density current.
The drawing was made from observation
of the behavior of very dilute suspensions
of freshly precipitated lead chromate.

trained. An additional generalization
follows from the experiments conducted
thus far; namely, the diameter, d, of
the stream-tube varies inversely as the
difference in specific gravity of the den-~
sity current and the surrounding water.

8: — puyo

It seems apparent from the behavior
of lead chromate suspensions that if
the diameter of the density current is
artificially made too high, the stream
flows so fast that it mushrooms at the
lower end and thereafter divides re-
peatedly until the resulting streams have
a stable diameter (see Figs. 5-9).

d o

Limnological Significance

Vertical density currents should be
expected in any lake that produces cal-
cite particles from either photosynthesis
of phytoplankton or warming of the
surface water, and in any lake that
produces dense populations of micro-
organisms whose dead remains have
specific gravities greater than the spe-
cific gravity of the water in which they
lived. That blooms of diatoms, for ex-
ample, give rise to such vertical den-
sity currents is a conclusion that seems
to follow from the fact that Nipkow
(1) found in the varved sediments of
Ziirichsee sharply defined microlayers
of single species of diatoms, each in
its proper seasonal position, despite the
fact that the individual frustules have
settling rates far too slow to permit
them to reach bottom in a fraction of
a year. Indeed, the rapidity of their
transport to the bottom is further at-
tested by the fact that so many of these
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Fig. 9. Diagrammatic sketch showing how
a terminal cup, or a simple torus, deforms
and gives rise to two, or three, density
currents, each of which forms its own
terminal torus or cup, which in turn di-
vides again and again.

diatoms retained their cell contents that
each of the corresponding microlayers
had the characteristic color of that par-
ticular diatom.

Presumably such density currents
would originate wherever sufficiently
large populations of particles come to-
gether—for example, along the down-
flow margins of convection cells or un-
der the convergences of wind-drift
helices (6).

The turbulent currents of full circula-
tion in the lake may very well have
played a significant role in transporting
certain microorganisms to great depths
in Ziirichsee. But another of Nipkow’s
findings leads one to conclude that the
importance of such major circulatory
currents is much less than might have
been supposed. He found also (7, p.
112) that other plankton organisms—
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for example Phacotus and Codonella—
which are abundant only in the sum-
mer, reached the bottom in so brief a
time that they, too, took their proper
seasonal position in the varve, even
though the lake was thermally stratified
and the epilimnion no more than 10
to 15 meters thick.

If vertical density currents are re-
sponsible for moving particles from the
surface waters of lakes to the bottom
in relatively brief intervals, as T infer
they are, then they should also carry
with them an appreciable amount of
heat and dissolved oxygen into the
deeper parts of a lake. Hutchinson and
others (6, p. 454) have drawn a similar
conclusion concerning other types of
density currents formed in other ways.
Such a transfer of oxygen could seri-
ously affect calculation of the rate of
oxygen consumption in the hypolim-
nion.

One would not expect to find verti-
cal density currents of the sort de-
scribed in this article in oligotrophic
lakes except in the event of great dust
storms or falls of volcanic ash.

Geological Significance

One would expect vertical density
currents to form when volcanic ash
falls into a lake or other body of rela-
tively quiet water. The rapidity of trans-
port offered by the density currents ap-
parently accounts for the sharply de-
fined lower and, especially, upper boun-
daries of layers of volcanic ash in sedi-
ments. Only very rapid deposition can
account for such features, particularly
if the particles are very fine. Shards and
grains larger than 0.14 millimeter in
diameter settle so rapidly that no special
process is required to account for the
fact that they make sharply defined lay-
ers. What is true of sharply defined
individual layers of tuff would, of
course, be equally true of the clearly
defined layers and laminae within thinly
banded water-laid tuffs. Had these fine
ash particles not been transported rap-
idly to the bottom they surely would
have been mixed with particles of or-

ganic matter, clay, silt, and the like.

Fine particles of sediment brought
into a lake by great dust storms or
by warm muddy water spreading into
the surface water should also result in
the formation of vertical density cur-
rents and in consequent relatively rapid
transport of the particles to the bot-
tom.

Because air is a fluid, one would ex-
pect also that vertical density currents
would form and flow downward from
the clouds of volcanic ash thrown out
from explosive volcanoes.

Many years ago Grout (9), and later
Wager and Deer (J0), proposed that
the evidence of flow in certain igneous
rocks could be accounted for by initial-
ly vertical density currents in the mag-
ma, which were set in motion by the
growth of crystals and the cooling of
the magma. Grout showed that the
growth of crystals would have been
much more effective than the cooling
of magma because the crystals have
much greater specific gravities than the
melts from which they grow. This pro-
posed process is analogous to the
growth of calcite crystals in the surface
waters of lakes as carbon dioxide is ab-
stracted from the water either through
photosynthesis or through warming of
the water.
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