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I

Birth of a Science

AN lives on the thin crust of a
l \ / I giant cauldron. Poets like to
call it the “solid earth.” The
men whose business it is to look hard at the
carth — the geologists — know that the
poets are wrong. They know the continents
are rock rafts afloat on a thick, world-
circling layer of extreme weakness. Leo-
nardo da Vinci’s keen eyes long ago saw the
truth of sea shells buried high in the moun-
tain side, and he concluded that “the light
surface of the earth is continually raised . . .
and the ancient beds of the sea become
chains of mountains.”

The great geologists of history — James
Hall and Dana in this country, and the in-
spired Alpine workers — detailed a story
of the contortion of the earth’s crust in ages
past. Students of earth morphology, cli-
maxed by the late Professor William Morris
Davis of Harvard, proved the magnitude
of the leveling forces — ice, wind, and
running water. Unhindered, these would
reduce the surface of the earth to a flat,
featureless plain in a few per cent of the
earth’s historical existence.

The flotation of our wvast continental
rafts on their weak supporting layer is of
such delicacy that when these rafts were
loaded by the slight additional burden of
ice during the glacial period they were de-
pressed by more than a thousand feet. In the
short fragment of geological time since
melting of the ice, the return to equilibrium

has been almost complete. Most of the well-
known surface forces act toward the rapid
attainment of an equilibrium state of little
change.

What then disturbs this equilibrium:
What forces rend the crust with earth-
quakes, cause the mighty volcanoes to spew
their brew over the lands, cast up our great
mountain chains: Answers to these ques-
tions, now unknown, will one day fill a
library of books, and will make men in-
comparably rich —in raw materials, in
philosophy, and in security against natural
forces.

When they have looked as hard inside
the earth as they have outside, the geologists
will know whence come oil and the precious
ores, mountain ranges, volcanoes, oceans,
carthquakes. They will learn how it is that
workable bodies of ores — ores of gold,
silver, copper, lead, zinc, nickel, and mer-
cury — have been brought within man’s
reach by hot solutions. They will find out

RIVERS OF ICE: The photograph of an Alaskan
glacier (opposite), taken by Bradford Washburn,
illustrates graphically a fundamental fact of geo-
physics — that under great stresses, substances
normally considered hard and unyielding, flow
like a liquid. Here ice from several separate
mountain cirques is flowing, like a giant river,
to the sea. Rocks, too, seem brittle and hard to
our touch yet, like ice, rocks under the great
stresses of the underground, exhibit properties of
plastic flow.



ROCKS BEND AND FLOW: Surface evidence of the tremendous forces of the earth is found best in
mountain cliffs like this g000-foot cut in the Alps. Here brittle limestone has been folded and
pleated by the underground thrusts of mountain building. Geophysicists seek to understand the
characteristics of rock which make such flow possible, and, more fundamental still, the nature and
origin of underground forces which produce such contortions and are responsible also for earthquakes
and the deposit of valued ores within man’s reach.

how tens of millions of tons of ore find
their way into surface caches prisoned in
solid rock. Then they will know better how
to find ores and exploit them. They will
discover by what titanic upthrusts moun-
tains are built. They hope ultimately to un-
derstand the forces that cause earthquakes,
where these forces operate and how, where
they may strike next, and how man can
best protect his communities against bursts
of these underground waves. Because earth
and sea and air are bound together by indis-

soluble chains of interaction, geologists will
give new perspectives to oceanography and
the science of weather. They will amass the
data upon which philosophy is based, —
the story of earth’s origin and evolution,
and its physical future. And from earth they
will learn much about the universe beyond.

Such things lie beyond the horizon. Geol-
ogists face the immediate, practical prob-
lem: how get down into the earth beyond
the outer two or three miles where mine and
oil-well end, particularly down the fifty



outer miles of crust most important to
geological processes.

Since no one can go personally into the
depths, messengers must be sent down.
These are the earthquake waves, waves
from naturally occurring shocks, and arti-
ficial waves set off by blasts of dynamite.
The waves are sent down, to bounce back
from various levels. For forty years seis-
mologists have studied the wave forms and
have designed instruments of greatest
delicacy to record their direction and in-
tensity. In the surface layers, where the
nature and conditions of the rock are
known, the fast traveling waves have been
a sure tool. They reveal oil deposits; they
aid in the underground mapping of rock
formations; they show that the rock of the
ocean beds is much denser than continental
rock; they can tell much about the nature
of earthquakes.

The wave messengers coming from great
depths — those beyond a few miles — need
special interpretation. Until this is perfected
it is not possible for geologists to decode the
waves into messages of earth processes.

As often in the past, when in search of
quantitative aid, geology has turned again
to physics. It was the English physicist,
Cavendish, who, in 1798, took a yardstick
and a piece of string to measure the most

fundamental of all earth-facts, the gravita-
tional constant, which in turn yields the
average density of the earth. In 1864 Lord
Kelvin applied equations of heat conduc-
tivity to the problems of earth’s rate of
cooling, and his findings initiated the inten-
sive modern speculation over the age of the
carth. In this century, Mme Curie’s discov-
ery of radioactivity led to the use of the
lead-uranium ratio as the standard deter-
minant of earth-age.

Geology now poses for physics the prob-
lem of studying the condition of matter
under pressures ranging up to millions of
pounds per square inch and temperatures of
hundreds or thousands of degrees centi-
grade. It is a problem that physicists today
are prepared to attack. With advancing skill
in electrical measurement, in high pressure
technique, in analysis of wave forms, in
microscopy, in temperature control, and in
the theory of models, the physics laboratory
is now the natural and indispensable ally of
earth science.

The alliance of the two sciences has been
named “geophysics,” a term which signal-
izes to physicists a new and intensely practi-
cal turn to their studies of matter and to
geologists the rebirth of their qualitative
science as a potentially great quantitative
discipline.

II. Geophysics at Harvard

BECAUSE geophysics demands the co6p-
erative interest of all the earth sciences —
geology, physics, meteorology, oceanog-
raphy, seismology, chemistry, mathematics,
astronomy — the large university with lab-
oratories and workers already in these fields,

and with easy communications between
them, is ideally equipped for the new
scientific adventure.

The San Francisco earthquake of 1906
marks an important starting point in the
study of geophysics at Harvard. Interest in



seismology aroused by this tragedy led an
alumnus of the university* to equip the
Harvard Department of Geology with two
mechanical Bosch-Omori seismographs,
which were set up in Cambridge under the
supervision of Professor J. B. Woodworth.
In the busy University Museum the amaz-
ingly sensitive instruments recorded the
coming and going of classes, the nightly
rounds of the janitor, and the passage of
trucks on the streets outside. But for twenty-
five years it also kept steady records of
deeper-seated earth tremors. Even under the
difficult circumstances of observing, Profes-
sor Woodworth persevered in his pioneer-
ing work. Today with one of the most
complete files of seismological records in
the world, the Harvard station has been
moved beyond the range of city irritations
and equipped for recording earthquake
waves with accuracy and completeness of
the highest order.

Two other main streams, besides seismol-
ogy, converge into the story of geophysics
at Harvard. These are best represented by
the names of Reginald A. Daly and P. W.
Bridgman.

Professor Daly has studied and taught
geology at Harvard for almost forty years,
and much of that time has been spent in the
far corners of the world, studying the sur-
face clues which have yielded information
about the nether earth. In South Africa,
Canada, Europe, the Pacific Islands, the
Pacific Coast, and New England, he has
searched out evidences of volcanic activity,
old and new; he has studied the origin of
coral reefs; he has studied the changes in
sea-beach levels over thousands of years, the
metamorphism of rocks, the nature of ores,

* Robert W. Sayles ’03, Chestnut Hill.

and of rock-changing gases. He developed
new theories about mountain-building; he
showed how much the weight of glaciers
had distorted the continents. His work en-
abled the estimation of one of the basic
geological facts, the viscosity of the rock
substratum fifty or more miles down on
which the continents float.

Increasingly, however, he longed for
more precise quantitative tools to probe the
underground.

Professor Bridgman, meanwhile, wrestled
with the problem of harnessing high pres-
sures as a new laboratory instrument for the
investigation of the inner structure of mat-
ter. When Professor Bridgman began his
work thirty years ago, the top limit of con-
trolled pressure for laboratory experimenta-
tion was of the order of 5,000 atmospheres,
or about 75,000 pounds per square inch.
Beyond that it was them impossible to go.
Pressure was applied by a hydraulic press,
operating through a piston, on material
placed in a cylinder. At 5,000 atmospheres,
either the piston would break, or the cylin-
der would explode, or the pressure medium
would leak out.

Professor Bridgman had the vision of a
stupendous extension of the pressure range,
to millions of pounds per square inch, suffi-
cient to wrench and squash particles from
their accustomed arrangement, and thus

THE GEOLOGIST: Professor Reginald A. Daly
(opposite) has spent his long scientific career
studying surface evidence of the titantic under-
ground forces, — volcanoes, changing sea-beach
levels, rock metamorphism, ore deposits, and
mountain building. His interest in developing
experimental tools for quantitative laboratory
study of these phenomena led to the birth of the
Harvard geophysics program.









under laboratory torture to make them give
up information about themselves.

The first problem to be met was that of
leakage. Bridgman’s solution was funda-
mental and is in standard use the world over
for pressure experiments. Once discovered,
the solution is simple, a method whereby the
pressure on the packing of the cylinder is
kept automatically always higher than the
pressure on the material under study. And
Professor Bridgman worked the principle
into the design of the cylinder in such wise
that the experimental pressure docs the
work of making the packing leak-proof.
At highest pressures, the packing washers
are of heat-treated alloy steel, which flows
under the burden and seals the joints.

Utilizing his new packing principle, and
testing out one new steel alloy after another
in piston and cylinder, Bridgman, by 1930,
had through successive feats of invention
reached pressures of 20,000 atmospheres.
Alongside the pressure control he developed
electrical techniques for making precise
physical measurements under the extreme
conditions. Results were now pouring in.
At the high pressure new forms of ice were
formed, with a melting point hotter than
boiling water. Other materials studied
showed similar basic changes. Professor
Bridgman had reason to believe he was on
the way to vital new facts about matter.

THE PHYSICIST: Professor P. W. Bridgman
(opposite), master of high pressures, in the past
thirty years has extended the range of laboratory-
controlled pressures from a top limit of 75,000
pounds per square inch to a new record high of
more than 6,000,000 pounds per square inch.
His apparatus and the young men trained in his
laboratory form the keystone of Harvard’s geo-
physical research.

Professor Daly thought so, too, but he
was thinking not so much about matter in
general, as about underground rocks in par-
ticular. Here was a tool for making quanti-
tative studies of one of the two primary
underearth conditions — enormous pres-
sure. Professor Daly secured Professor
Bridgman’s interest in the geological aspect
of the pressure work. Together with Profes-
sor Harlow Shapley, Director of the As-
tronomical Observatory, Professor G. P.
Baxter, of the Chemistry Department, and
Professors D. H. McLaughlin and L. C.
Graton, geologists, Professors Daly and
Bridgman in 1931 formed a committee on
geophysical research, organizing an exten-
sive program of research, financed by gifts
from the Rockefeller Foundation, the Geo-
logical Society of America, and friends of
Harvard. Geophysics at Harvard became a
conscious, organized, field of investigation.

The first problem before the committee
was the selection of a man to guide the de-
velopment of the program. Clearly Bridg-
man and Daly were too much occupied
with their own work to undertake the task.
The future of Geophysics at Harvard de-
pended on finding a man with an unusual
combination of talents: he must be able to
direct his energies into new channels which
would be most productive of important
geophysical results; he must be highly
trained in a rare field of specialization —
classical mathematical physics, elasticity
and hydrodynamics; he must be able to
work with his hands, to develop high pres-
sure apparatus which would operate at high
temperature, and devise means for electrical
measurements of great delicacy which
would function under these abnormal
conditions.






Members of the committee combed the
world’s laboratories for a man of established
reputation who could satisfy these require-
ments. None could be found. Finally, the
decision was made to entrust the project to
a young physicist, Dr. Francis Birch, who
had just received his Ph.D. at Harvard for
work, under Bridgman’s direction, which
reached a new high in the combination of
pressure and temperature. Since 1932, Dr.
Birch has been the mainspring of the grow-
ing Harvard geophysical program, and
much of the work reported in the following
pages is the direct result of his leadership.

The geophysical committee has spon-
sored work which has resulted in the pub-
lication of the 69 scientific papers which
are listed by title in the appendix to this
bulletin. It is appropriate here to describe
briefly the facilities for this work.

Professor Birch has equipped his own
laboratory in the Dunbar Building. This
has operated with the steady aid of one
-machinist, Mr. Harold Ames, and the as-
sistance of from one to four research phys-

icists on nonpermanent appointments. In
all, ten men have collaborated in this work.
Under Birch’s direction, Dr. Harry Clark
has operated a laboratory for the study of
thermal conductivity of rocks in the Jef-
ferson Physical Laboratory.

David Griggs, a Junior Fellow in the Har-
vard Society of Fellows, has pursued a re-
lated, but independent line of research.
Through the codperation of Professor
Bridgman, the Society of Fellows, and with
financial aid from the Geological Society of
America, a laboratory for the study of rock
flow and fracture under high pressure and
temperature has been in operation under
Griggs’ direction since 1934, in a part of
Bridgman’s laboratory.

Assistant Professor L. Don Leet has di-
rected the Harvard seismograph station at
Oak Ridge since its installation.

Professor Baxter has been actively en-
gaged in Coolidge Memorial Laboratory
on problems of molecular weight con-
nected with the study of radiogenic lead
and consequent age determinations.

[II. Work of Ten Years

THE first decade of intensive geophysical
rescarch at Harvard has brought many
striking developments. Professor Bridgman
reached the colossal pressure of 425,000
atmospheres, or 6,250,000 pounds per square
inch. Birch and Ide discovered a method of

measuring directly the velocity of earthquake
waves in rocks under conditions approach-
ing those at depth. Dane measured the
viscosity of molten rock under high pres-
sure. Griggs observed flow and fracture in
rocks under pressure, and derived the laws

THE GEOPHYSICIST: Assistant Professor Francis Birch (opposite) was chosen in 1932 to take charge
of the new Harvard geophysics research program. His central responsibility has been the extension
of Bridgman’s pressure methods to embrace the complicating underground conditions of high
temperature, chemical solution, and earthquake wave motion. Here Dr. Birch is strengthening a new
experimental cylinder by the application of high pressure. This process, one of Bridgman’s dis-
coveries, has been adopted by the Army and Navy for large guns.
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of elastico-viscous flow believed to apply
to solid flow of rocks in general. Leet
equipped the best seismograph station in
the western hemisphere; made Harvard the
center for New England seismological
information; discovered a hitherto unsus-
pected form of earthquake wave; and now
suggests a new theory of earthquake origin.

Perhaps the most dramatic fact of Har-
vard’s decade of geophysics is Professor
Bridgman’s extension of laboratory pres-
sure researches from the level of 20,000
atmospheres to the new high of 425,000
atmospheres. With this tool geophysicists
are enabled to duplicate pressure conditions
down to 500 or 600 miles below ground.
Applying the tool himself, Professor Bridg-
man has established the principle that, under
the high pressures, most elements and com-
pounds undergo what are called polymor-
phic transitions, that is, changes in crystal
structure which do not affect the chemical
composition. And accompanying the poly-

CYLINDERS SOMETIMES EXPLODE: In this ap-
paratus (opposite) rocks are tortured by under-
ground conditions; they are surrounded by a
liquid under high pressure, and then a differen-
tial force is added, squeezing, pulling, or shear-
ing the specimen. Normally brittle and strong,
rocks change their properties in  this torture
chamber and become plastic and flow, just as
hard rocks are known to flow in nature. Protect-
ing shields, such as the one shown here, are
necessary in all high pressure experiments, since
the steel cylinders are stressed near the breaking
point and sometimes let go, in an explosive rup-
ture. The high temperatures of geophysical
experiments add to the danger of explosions. An
example of a ruptured cylinder is shown (right).
It is not surprising that the best steel cylinders
fail, because Bridgman’s common working pres-
sure is about fifteen times that inside guns.

morphic transitions are changes in physical
properties, among them, significantly for
geophysics, a change in density. As a by-
product, appreciated by citizens of the
twentieth century, Professor Bridgman’s
efforts to strengthen steel for his pistons
and cylinders has led to a new method for
toughening the barrels of military cannon.
This method of “autofrettage” is now
widely used on large guns by both the Army
and the Navy.

The next advance in pressure work came
when metallurgists developed carboloy, or
cemented tungsten carbide, found to have
almost double the strength of the best steel
then known. Carboloy was put to use in
the pressure pistons. Carboloy pistons raised
the problem of increasing the strength
of the cylinder proportionately. Professor
Bridgman conceived the fundamental plan
of making the cylinder and its enclosing

sleeve in the form of a cone. As the cylin-




THIS PRESS BROUGHT A NEW WORLD RECORD: This is a shearing apparatus used for exploratory
measurements at very high pressures, and is one of many types of high-pressure equipment devised
by Professor Bridgman. Work with this press led to the attainment of a new world-record experi-
mental pressure — 425,000 atmospheres, or 6,250,000 pounds per square inch.

der was pressed into the coned sleeve, a
strong confining pressure would develop.
With the cone principle, Professor Bridg-
man doubled the strength of the cylinders.
The pressure range was now brought to
50,000 atmospheres.

In Bridgman’s laboratory, David Griggs,
working in the geophysical program on the
effect of high pressures on rocks, found the
clue for the next surge forward in pressures.
He discovered that a liquid confining pres-
sure greatly increased the strength of rocks,
sometimes ten-fold. This finding reopened
the question of reaching extreme pressures
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by a cascade of apparatus, in which a small
ultra-high pressure chamber would be
completely surrounded by liquid under
high pressure. It had been thought that the
cascade, with all its experimental difficul-
ties, might at best simply double the strength
of the inner cylinder. Mr. Griggs’ work
made it appear that the inner cylinder
strength might increase exponentially with
confining pressure.

It remained for Professor Bridgman to
resolve a difficult dilemma of the cascade
equipment. The initial problem is to main-
tain the confining liquid pressure constant



while pushing on the piston of the inner
cylinder. Previous methods had always re-
lied on two coupled pistons in the outer
large cylinder to maintain the confining
pressure constant. In the cone-shaped cyl-
inder, however, this older method utilizes
all the available openings, leaving no room
for the insertion of electricleads for measure-
ment of the physical events in the inner
chamber. Professor Bridgman’s solution
utilized an earlier finding of his own that
in a number of elements when polymorphic
changes in crystal structure occurred, there
was a corresponding change in volume at
constant pressure. It proved possible to
utilize this fact of volume change to main-
tain confining pressure automatically con-
stant at a fixed value. Bismuth is now used
to maintain a constant pressure of 25,000
atmospheres around the inner cylinder.
With the new cascade apparatus, experi-
mental pressures of 100,000 atmospheres
are workaday, and the colossal pressure of
425,000 atmospheres has been attained.
Hand-in-hand with the effort for higher
and still higher pressures has gone the study
of the polymorphic transitions of hun-
dreds of materials. Seven different forms of
ice have now been found, each with differ-
ent crystal properties. The highest pressure
form, Ice VII, does not melt until heated
above 370° Fahrenheit. The viscosity of
some substances was found to increase
more than a million-fold under high pres-
sure. Some permanent changes are induced
which persist even after removal of the
pressures. Thus black phosphorus can be
formed only at high pressure, but will re-
main in that form indefinitely after release.
Hundreds of materials have been subjected
to the cylinder torture chambers, and
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roughly half of them have shown the poly-
morphic, crystal changes.

These researches have dealt with the
properties of matter under hydrostatic or
liquid confining pressure pressing in upon
the subject material with equal stress from
all sides. However, long before, Professor
Bridgman had theoretically deduced that
shearing stress would also have important
effects in changing the state of materials.
About 1934 he first made the attempt to
use this effect of “differential” pressure as
a new exploratory tool in the field of ex-
treme pressures. Of utmost simplicity in
design, his new apparatus may be assem-
bled, used in a test run through a range of
zero pressure to §0,000 atmospheres, and -
disassembled all in the space of half an hour.

With this “shearing apparatus’ dozens of
new polymorphic transitions have been dis-
covered. Spectacular chemical changes have
been induced which would not occur other-
wise at room temperature. Some of these
occur with explosive rapidity. It is not an
uncommon experience for Professor Bridg-
man’s neighbors in Jefferson Laboratory to
hear a sharp detonation as though a rifle had
been discharged. Any one obeying the
natural impulse to rush in and pick up the
pieces is wusually greeted by Professor
Bridgman’s smile of satisfaction at the dis-
covery of a new chemical “detonation” in
the shearing apparatus. 4

This apparatus, too, yields much of geo-
physical value. Many materials, it has been
found, will fracture under the extreme
shearing stress, but will re-heal themselves
immediately because of the high confining
pressure. Here is a clue, perhaps, to the
mechanism of deep-focus earthquakes. The
paradox of earthquakes in material at



EARTHQUAKE WAVES IN THE LABORATORY: Measured velocity and forms of earthquake waves give clues
to the materials through which they pass. Equipment developed at Harvard enables the direct laboratory
measurement of velocities in small rock samples. Above Dr. Birch applies pressure magnified by the over-
head press to several thousand atmospheres, equivalent to natural pressure at 10 or 20 miles underground.




LABORATORY WAVES IN ROCK SPECIMENS: Detailed picture of the apparatus by which it is
possible to produce vibrations in rock specimens similar to natural earthquake waves of various
types, and to measure with precision the velocity of wave-transmission in various rock forms. By
electric means, torsional vibrations are applied to one end of the specimen and received at the other
end. Determination of the resonant frequency of the specimen gives directly the velocity of the waves
in the rock under study. Since we have records of the velocity of earthquake waves underground, these
laboratory measurements give an approach to determination of the composition of the rocks traversed
by the natural waves. Here in the left hand is a rock cylinder, with its enclosing jacket of foil partly
ripped off. In the right hand is the electrical mechanism which induces the vibrations in the rock.

depth known to be weak and yielding has
long puzzled geophysicists. Although we
know that the rocks at depth will yield con-
tinuously under shearing stress, it is not im-
possible that this yield occurs in steps
marked by rupture and subsequent re-
healing.

In collaboration with Professor Esper S.
Larsen of the Department of Mineralogy,
Professor Bridgman has investigated the
effect of extreme shearing on many mineral
mixtures of geological importance. The ex-
periments did not succeed in duplicating
underground metamorphic changes, but
they did reproduce the orientation of min-
erals in many cases similar to that produced
in rocks subject to extreme shear innature—
schists, gneisses, etc.

One of the first researches in the geophys-
ical program was an effort to throw light
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upon the confusing situation which then
existed with respect to the elasticity of
rocks. This work, essentially an application
of engineering methods of testing with
very sensitive apparatus, was carried out by
Dr. W. A. Zisman; it showed the very
great dependence of the elasticity of rocks
upon the amount and kind of stress used in
making the measurements, and it consti-
tutes an important link between the ordi-
nary variety of test and the subsequent
investigations at high pressures.

The extension of Professor Bridgman’s
methods to embrace the underground con-
ditions of high pressure and chemical solu-
tion, and to measure the important factors
of rock elasticity, has been the responsibility
of Dr. Birch. Not the least of his difficul-
ties and those of his colleagues has been the
fact that application of heat and chemical



solutions in the pressure chambers greatly
increases the chances of equipment explo-
sion. The new geophysics research program
was exiled to the Gordon McKay Building,
at a safe distance from the rest of the physics
laboratories.

In a series of experiments, Dr. Birch and
his associates have begun to piece together
the laboratory information needed for in-
terpreting the seismologist’s wave-signals.
The problem, in simplest terms, was to de-
termine in the laboratory the velocity of
carthquake waves in certain rocks under
conditions of high pressure and tempera-

ture. Armed with such data, the seismolo-
gist would be able to examine his records
of underearth wave velocities with in-
creasing certainty about the nature of the
material through which the waves were
passing.

Dr. Birch began his work with an at-
tempt to develop the classical method of
theoretically calculating the wave velocities
from knowledge of the compressibility of
rocks. He designed new apparatus for
measuring the volume changes of rock
under the combined underground condi-
tions of high temperature and high pressure.

HEAT CONDUCTIVITY — CLUE TO MOUNTAIN BUILDING: The earth’s heat is the only known
source of energy great enough to wrinkle its face. The primary clue to earth heat is knowledge of
the thermal conductivity of rocks under subterranean conditions. Dr. Harry Clark has designed
special apparatus to measure the absolute conductivity of rocks, and his measurements on many

different rock types fill one of the largest gaps in geophysical data.




HEART OF THE HEAT-CONDUCTIVITY APPARA-
1us: Enclosed in massive blocks of pure cop-
per (right) are the rock specimens under study
and the necessary delicate platinum thermo-
couples. Perhaps the greatest difficulty of the
heat-conductivity experiments is the length of
time required to reach equilibrium before each
measurement. ‘The experimenter must reconcile
himself to hours of patient waiting for each
observation.

Painstaking studies yielded a series of
standard tables on rock compressibility. A
major hurdle, however, barred progress
toward the extremely accurate calculation
of the wave velocities which Dr. Birch
sought to achieve. Wave velocities can be
calculated from compressibility only in-
directly and with a sacrifice in accuracy. To
achieve accuracy commensurate with the
compressibility measurements, it was neces-
sary to measure one more of the clastic
constants, and this imposed serious experi-
mental difficulties.

As Dr. Birch wrestled with the problem
of more accurate measurements of elastic-
ity, Dr. J. M. Ide, from the laboratory of
communication engineering, came forward
with an entirely new method for measuring
directly in the laboratory the velocity of
earthquake-type waves in rock specimens.
Basically, the Ide method measures wave
velocities in rock specimens by subjecting
the specimens to rapid vibrations and dis-
covering the point at which resonance oc-
curs. Many measurements were secured for
the velocity of waves in rocks at room
temperatures and atmospheric pressure.

Later work has been directed toward the
adaptation of these methods for investiga-
tions at successively higher pressures and
temperatures, and toward the accumulation

of a substantial mass of data. Currently the
apparatus has been developed to realize
conditions at a depth in the earth of about
twenty miles, where the temperature is
thought to correspond to a bright red heat.
Comparison with earthquake data shows

that these experiments have succeeded in
reproducing with considerable fidelity the
conditions of propagation of real earth-
quake waves, where small periodic stresses
are transmitted through material under
enormous pressure and temperature. In
future detailed comparison of such labora-
tory measurements with the velocities re-
corded by the seismologist lies the hope of
ultimate recognition of the nature of the
earth’s crust.

Because some of the earth’s shells are

19




probably too hot to be crystalline, and
hence may be virtreous or glassy, it is a lab-

oratory problem of high order to discover
how the viscosity of vitreous materials is
affected by the enormous pressures of the
underground. With the help of Dr. Birch,
Dr. E. B. Dane, Jr., developed apparatus
to study the viscosity of a vitreous substance,
borate glass, under pressures of several
thousands of atmospheres and at high
temperatures. The findings show that the
viscosity increases noticeably even under
very moderate pressures.

With interest in the problem of earth
magnetism, Dr. Birch measured the phase
change in iron under high pressure and tem-
perature. One of the prevalent theories of
the earth’s magnetic field is that it is due to

CREEP OF ROCKS: It is necessary to have many
duplicate sets of apparatus for creep tests since
each experiment may last for a long period of
time. In this investigation of creep of rocks,
some specimens have been under constant pres-
sure for years. In the apparatus at the left,
liquid under constant ~ pressure is supplied
through the curved pipe to the cylinder, which
is surrounded by the white furnace. Squeezing
pressure is applied to the specimen by a load
applied to the yoke. The piston is rotated con-
stantly by the geared motor to apply shearing
stress. Deformation of the specimen is measured
by the dial gauge to an accuracy of one hundred-
thousandth of an inch. The battery of creep
testers (right, opposite) measures the deforma-
tion of rocks under low stresses applied for a
long time. In this apparatus it has been possible
or the first time to duplicate in moderate degree
all the variables of the metamorphic environ-
ment in nature: pressure temperature, shear stress,
mineralizing solutions — all acting over long
periods of time. It is now possible to reproduce
some of nature’s metamorphism. Thus, sand
can be recrystallized into hard quartzite.

ferro-magnetism of an iron-nickel core.
Iron changes its crystal form at 910° C., and
only the low-temperature form is magnetic.
Dr. Birch found that the temperature of this
phase-change decreased with pressure, so
that pure iron could not exist in the mag-
netic form below a depth of twenty-five
miles.

Dr. Manson Benedict and Dr. Norman
Keevil have carried on the important
quantitative study of volatile solutions
under high pressure and temperatures.
Basically this is an investigation into the
nature and energy of lavas and the origin
of ore deposits. The problem of research is
difficult, involving analysis of liquid and
gascous phases of the underground melts.

Earth heat is perhaps the most important
unknown of geophysics. For one thing,
heat is the only known energy source
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sufficiently potent to contort the earth’s

face with upthrust mountains. It is, there-
fore, important to geophysicists to know
how rocks conduct heat. Down two miles
or so, the temperature can be measured
from specially designed thermometers sunk
in bore holes. Below that the estimates de-
pend upon knowledge of the dominant
rock forms. Dr. Clark has worked on this
problem for seven years. In delicate, time-
consuming tests, he and Dr. Birch have
measured the changes of thermal conduc-
tivity of standard rock types at temperatures
ranging up to 450° Centigrade. The inves-
tigations have resulted in systematizing
knowledge of the conductivity of igneous
rocks, so that it is now possible to determine
the conductivity of any rock from the

ROCKS FLOW BY RECRYSTALLIZATION: In the
experiments shown at the left it was demon-
strated for the first time that rocks actually flow
by a process of solution and recrystallization.
Since alabaster is the most soluble of rocks, it
was chosen for these trials. One may see the
specimens of alabaster (white) surrounded by
a small jacket of water. They are under con-
stant load supplied by the weights in the fore-
ground, and their shortening is measured ac-
curately by the dial gauges. The specimen in
the center, under the lightest load, is still flow-
ing slowly after goo days. The others have
broken, giving us new laws of fracture as well
as flow.

mineral composition alone. At present this
work is being extended to enable measure-
ment of heat-conductivity of rocks under
the underground environmental conditions
of stress and moisture.

Rocks themselves are not so unyielding
as they look. It takes a lot of pressure to do
it, but solid rocks can be folded like a soft
metal: they are bent up into mountains,
and their elastic rebounds cause carthquakes.
The deformation of rocks is, in truth, an
underground routine. David Griggs has

THE BLACK HOLE OF OAK RIDGE (opposite):
The instrument vault of the Harvard Seismo-
graph Station at Oak Ridge, Massachusetts, is a
room twenty-two feet square and ten feet high,
blasted from solid rock and buried under fifteen
feet of earth. In the old days the Harvard
seismographs stood in the University Museum,
in Cambridge, and their recording of the earth’s
vibrations was interspersed with records of the
coming and going of students in the building, the
rounds of the night watchman, and the flow of
Cambridge street traffic. In the Oak Ridge
station are now housed three Benioff seismome-
ters, two tiltmeters, chronometers, and recording
drums, — the finest battery of seismological
equipment in the world.

22









undertaken to study the facts of rock de-
formation. He has developed apparatus with
which to observe the contortions of rocks
under simulated natural conditions of high
pressure, high temperature, high shearing
stress, and in the presence of mineralizing
solutions. Many strong and brittle rocks,
he has found, become plastic under the ap-
plication of high pressure alone, and can be
distorted thus into almost any form, and
still remain solid and unbroken. Many other
rocks will not respond in this way. In these

IN THE FIELD — ARTIFICIAL EARTHQUAKES:
Large quarry blasts send out waves which are
very similar to earthquake waves. Since the
point of origin and the time of the dynamite
blasts are known accurately, the seismologist
may use their waves to determine the character-
istics of earthquake transmission in near-surface
rocks. Small portable seismometers like this one
developed by Dr. L. Don Leet, Director of the
Harvard Seismograph Station (above, oppo-
site), are placed at critical points around the
quarry blast. From the records, much may be
learned of the composition and structure of the
outer layers of the earth.

IN THE VAULT: Most sensitive earthquake re-
corder in the world is the Benioff seismograph, a
development of the last few years. Harvard was
the first institution to install a complete battery
of three Benioff instruments. Each of the three
separate seismometers shown opposite, below,
records the motion of the earth in one of three
mutually perpendicular directions. From the
assembled records it is possible to describe com-
pletely the motion of the bedrock during the
passing of an earthquake wave. Besides valuable
routine records of earthquake events the world
over, this battery is of prime use in research on
earthquake wave forms. With this equipment
Dr. Leet recently discovered a new type of
earthquake wave of importance to study of
earthquake genesis and wave transmission.
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cases, however, with the application of
the other underground conditions of heat,
shearing stress, and mineralizing solutions,
the rocks lose their quality of strength and
become very weak. They flow continually
by a process of solution and recrystalliza-
tions, a type of flow evidenced by many
geological deformations.

The instruments with which Harvard
geophysicists keep in touch with the actual
underground, the seismographs, have since
1933 been located at a special observatory
on Oak Ridge, in the town of Harvard,
Mass., some twenty-five miles removed
from the disturbances in Cambridge. De-
velopment of the seismograph station was
Harvard’s first responsibility under the
Rockefeller grant, and the work has been
carried out under the direction of Dr. Leet.
The equipment has been designed to fulfill
the three-fold function of modern seismol-
ogy: the registration and location of some
600 carthquakes a year the world over;
analysis of earthquake violence, for the
design of shock-proof structures; and analy-
sis of complex underground wave forms
for the advancement of geological knowl-
edge.

Development of the station has more
than a remote, academic interest for New
Englanders today. The records of earth-
quakes in this area since 1850 indicate that
northeastern America is in a period of in-
creasing earthquake activity, which may
well result in severe shocks.

In a vault fifteen feet underground,
blasted out of solid rock, Dr. Leet installed
the first complete set of the world’s most
sensitive seismographs, developed by Dr.
Hugo Benioff, of the California Institute of
Technology. A battery of portable instru-



SCALE MODELS REPRODUCE EARTH PROCESSES: Many natural processes are too involved to yield
readily to mathematical analysis. In these cases, knowledge of model theory enables the construction
of accurate scale models. Here is a model which simulates the action of sub~crustal convection cur-
rents in the earth. The continental material (black) and the substratum material (clear) are chosen
to have the strength and viscosity commensurate with their reduced size. The rotating drums pro-
duce currents which are similar to convection currents believed to exist in the substratum. The
resultant downfolding of the continental material may be seen in the photograph.

PLASTIC CRU

'FLUID SUBSTRATUM

CONVECTION CURRENTS MAY CAUSE MOUN-
TAIN BUILDING: Models show the reaction of
the crust to substratum currents. The folding
and thrusting which occurs in the model crust is
strikingly similar to that in mountain chains.
While the currents are acting, the crust is pulled
down. When the currents cease, at the end of
the convection cycle, the thickened crust rises
buoyantly, producing the mountain massifs. In
nature the mountain masses are then sculptured
by glaciers into their present picturesque forms.
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CURRENTS MAY SWEEP THE CONTINENTAL
MATERIAL OFF THE OCEANS: When only one
convection cell operates, it may carry the crust
along with it, thickening it and building moun-
tains at the point where it dives to the depths.
This may partially explain the existence of
continents and oceans. We know that the most
recent mountain building occurred in a zone
around the Pacific Ocean. Continental material
is thickest on the ocean border, but there is none
over the ocean basin itself.



ments for field observations was assembled.
It was discovered carly that the Benioff
instruments gave good records of vibrations
from distant dynamite blasts. Dr. Leet
launched a program of utilizing such blasts
as artificial earthquakes, of known size,
time, and place of occurrence. One result
of this work was the precise measurement
of the velocity of carthquake waves under
New England. A second result was the map-
ping out of three distinct layers below the
New England earth surface. The top layer,
nine miles thick, is granitic; a second layer,
six miles thick, is heavier, probably basaltic;

a third layer, six miles thick, is of unde-
termined composition.

With a portable instrument of his own
design Dr. Leet studied the nature of earth-
quake waves near the source of blasts. A
major result of this work was the discovery
of a new basic type of earthquake wave,
the first to be discovered in 40 years.
Velocities of the waves were studied in
particular rock areas, and the results were
checked against laboratory findings by Dr.
Birch. An immediate practical effect of the
field studies has been revision of certain seis-
mograph methods of prospecting for oil.

IV. Through the Curtain of the Future

FROM the deliberations of scientific meet-
ings come the harbingers of new develop-
ments. This year geophysicists assembled
for the second annual assembly of the Sec-
tion of Tectonophysics of the American
Geophysical Union. Tectonophysics, or the
physical study of the architecture of the
earth, became an organized separate section
of the Union last year, taking its place
alongside the other geophysical sciences, —
seismology, geodesy, volcanology, oceanog-
raphy, terrestrial magnetism and electric-
ity, meteorology, and hydrology. Harvard
geophysics is strongestin the field of tectono-
physics, and the papers of the Harvard
group at the meeting of their section this
spring served to illustrate graphically the
relation between Harvard laboratory de-
velopments of the past ten years and future
progress in geophysics and geology.

Dr. Birch showed that complete measure-
ments in the laboratory on rocks under all
conditions of pressure and temperature ob-
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taining in the carth’s crust strongly favor
the conclusion reached from geological
evidence that the topmost layer below the
sedimentary mantle is granitic. The inter-
mediate layer would seem to be a rock of
intermediate composition, — the common
geological assumption. The substratum,
however, presents a much greater problem.
There the wave-velocity is extremely high,
and no common rock has been found to
possess such quake-speed. Formerly it was
possible for geophysicists to speculate that
the difference was due to temperature,
which had not then been duplicated in the
laboratory. Dr. Birch has now ruled out
this speculation. The only rock which up
to date would appear to fit the picture is
possibly an eclogite, or a garnet-rich rock.
Dr. Clark reported results of the first
measurements on the effect of pressure and
moisture on thermal conductivity of rocks.
These indicate a small effect of pressure,
but a large change due to filling the pores



of the rocks with water. With the im-
plied limitations on temperature distribution
which these results give, we move one step
further in the approach to understanding
of earth heat.

Mr. Griggs and Mr. Balsley reported on
new results which extend knowledge of the
mechanism of flow in rocks. It has been
possible to produce for the first time arti-
ficial flow of quartzitic rocks. From “creep”
experiments have been derived laws of flow
and fracture which have wide application.
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Dr. Leet reported on the recent New
England earthquakes, which have been so
accurately recorded that it is possible to
arrive at new conclusions regarding the
mechanism of earthquakes. Using the
mechanism of rock fracture which has been
demonstrated in the Harvard deformation
laboratory, he developed a revolutionary
new theory of deep-focus earthquakes.

Dr. Harvey Brooks, a Harvard theoretical
physicist, has been able to solve the formi-
dable mathematics of periodic convection

SURFACE WAVES
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SEISMOGRAM OF EARTHQUAKE AT ERZINCAN, TURKEY, DECEMBER 26, 1939

(Numerals indicate time in minutes)
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in the earth. Further, he has been able to
compute this effect under the assumption
that the rocks of the substratum behave
according to laws established in the defor-
mation laboratory. From these involved
mathematical formulations he has contri-
buted a great advance in the theory of
mountain-building by periodic convection
currents in the weak substratum.

Harvard is now pouring out geophysical
results in fulfillment of the pioneers’ dreams.
It represents, however, only a beginning,
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— more than anything else an indication of
the vast potential reservoir of information
waiting to be unlocked by the application
of the newer physical techniques to geologi-
cal problems. If we might be vouchsafed a
look into the future, it is likely that we
should see Geophysics playing the role of
midwife as the science of Geology breaks
the membranes of uncertainty which bind
it to its embryonic position as an observa-
tional science, and is born anew to join the
exact physical sciences.
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APPENDIX 1

Publications issued under the Auspices of the Harvard University
Committee on Geophysical Research

IO.

II.

Velocity of Elastic Waves in Granite. By L. D.
Leet and W. M. Ewing, Physics, vol. 2, No. 3,
1932, pp. 160-173.

. Instrument for Measuring Poisson’s Ratio (an

improved apparatus). By W. A. Zisman, Re-
view of Sci. Instruments, vol. 4, No. 6, 1933,

342-344.

. Young’s Modulus and Poisson’s Ratio with Ref-

erence to Geophysical Applications. By W. A.
Zisman, Proc. Nat. Acad. Sci., vol. 19, 1933,
653-605.

Compressibility and Anisotropy of Rocks at and
near the Earth’s Surface. By W. A. Zisman,
ibid., pp. 666-679.

Comparison of the Statically and Seismologi-
cally determined Elastic Constants of rocks.
By W. A. Zisman, ibid., pp. 680-686.

Elastic Properties of Rocks at and near the
Earth’s Surface and their Relations to Seis-
mology. By W. A. Zisman, Gerlands
Beitraege zur Geophysik, vol. 39, 1933, 408
425.

Velocity of Elastic Waves in Granite and Norite.
By L. D. Leet, Physics, vol. 4, No. 10, 1933,
375-38s.

New recording vault of the Harvard Seismo-
graphic Station. By L. D. Leet, Bull. Seism.
Soc. America, vol. 24, 1934, pp. 47-50.

Bulletin No. 1 of the Harvard Seismographic
Station (July 1, 1933 to December 31, 1933).
By L. D. Leet, 1934.

Some Phases on Explosion Records in a Three-
layered Region. By L. D. Leet, Gerlands
Beitraege zur Geophysik, vol. 42, 1934, pp.
246—251.

Analysis of New England Microseisms. By L. D.
Leet, Gerlands Beitraege zur Geophysik, vol.
42, 1934, Pp. 232-245.

30

I2.

14.

1s.

16.

17.

18.

19.

20.

21.

22.

Bulletin No. 2 of the Harvard Seismographic

Station (January 1, 1934 to June 30, 1934).
By L. D. Leet, 1934.

. The Measurement of Compressibility at High

Temperatures and High Pressures. By F.
Birch and R. R. Law. Bull. Geol. Soc. of
America, vol. 46, 1935, pp. 1219-1250.

Further Investigations of the Apparent Lunar
Effect in Time Determinations. By A. L.
Loomis and H. T. Stetson. Monthly Notices,
Roy. Astronomical Soc., London, vol. 95,
1935, Pp- 452—4066.

The Atomic Weights of Several Radiogenic
Leads. By G. P. Baxter and C. M. Alter.
Jour. Amer. Chem. Society, vol. 57, 1935,
pp- 467—471.

Some Dynamic Methods for Determination of
Young’s Modulus. By. J. M. Ide. Review of
Sci. Instruments, vol. 6, 1935, pp. 2906-298.

The Provincetown Earthquake of April 23,
1935, and Data for Investigating New Eng-
land’s Seismicity. By L. D. Leet. Proc. Nat.
Acad. Sciences, vol. 21, 1935, 308-313.

Bulletin No. 3 of the Harvard Seismographic
Station (July 1, 1934 to December 31, 1934).
By L. D. Leet.

Bulletin No. 4 of the Harvard Seismographic
Station (January 1, 1935 to June 30, 1935).
By L. D. Leet.

Comparison of Statically and Dynamically
Determined Young’s Modulus of Rocks. By
John M. Ide. Proc. Nat. Acad. Sciences, vol.
22, 1936, pp. 81-02.

Compressibility of Glasses and Rocks at High
Temperatures and Pressures; Seismological
Application. By F. Birch and R. B. Dow.
Bull. Geol. Soc. America, vol. 47, 1936, pp.
1235-1255.

Seismological Data on Surface-layers in New



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

England. By L. D. Leet, Bull. Seism. Soc. of
America, vol. 26, 1936, pp. 120-145.

Bulletin No. s of the Harvard Seismographic
Station (July 1 to December 31, 1935). By L.
D. Lect and Mary P. Collins.

Deformation of Rocks under High Pressure.
By D. T. Griggs. Jour. of Geology, vol. 44,
1936, pp. 544-571.

Bulletin No. 6 of the Harvard Seismographic
Station (January 1, 1936 to June 30, 1936).
By L. D. Leet and Mary P. Collins.

Ground Vibrations Near Dynamite Blasts. By
L. D. Leet. In press.

Local Earthquakes in New England, 1934-1935.
By Mary P. Collins, Bull. Seismological So-
ciety of America, vol. 27, 1937, pp. 41-43.

Bulletin No. 7 of the Harvard Seismological
Station. (July 1, 1936 to December 31, 1936).
By L. D. Leet.

A Plutonic Phase in Seismic Prospecting. By L.
D. Leet. Bull. Seism. Soc. America, vol. 27,
1937, pp- 97-98.

The Elastic Properties of Rocks: A Correlation
of Theory and Experiment, By John M. Ide,
Proc. Nat. Acad. Sciences, vol. 22, 1936,
pp- 482-496.

The Effect of Pressure on the Modulus of
Rigidity of Several Metals and Glasses. By
Francis Birch. Jour. of Applied Physics, vol. 8,
1937, pp. 129-133.

The New Hampshire Earthquakes of Novem-
ber 9, 1936, and Further Data on New Eng-
land Travel Times. By Mary P. Collins, Bull.
Seism. Soc. America, vol. 27, 1937, pp. 99~
107.

The Atomic Weights of Some Radiogenic
Leads. By G. P. Baxter, J. H. Faull, Jr., and
F. B. Yuemmler.

Bulletin No. 8 of the Harvard Seismological
Station (January 1, 1937 to June 30, 1937).
By L. D. Leet.

35. The Velocity of Sound in Rocks and Glasses as

36.

a Function of Temperature. By John M. Ide.
Jour. Geol., vol. 45, 1937, pp. 689-716.

Use of an Alternating Current Bridge in Lab-
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38.

39.

40.

41.

43.

44.

45.

40.

47.

oratory Temperature Control. By Manson
Benedict. Review of Scientific Instruments,
vol. 8, 1937, pp. 252-254.

Thermal Conductivity of Rocks as Function of
the Temperature. By Francis Birch and Harry
Clark. Am. Jour. Sci., vol. 238, 1940, pp.
529-558, 613-635.

The Effect of Pressure on the Rigidity of Rocks.
By Francis Birch and Dennison Bancroft.
Journal of Geology, vol. 46, 1938, 59-87, and
113-141.

Travel Times for New England. By L. D. Leet.
Bulletin of the Seismological Society of
America, vol. 28, 1938, pp. 45—48.

Travel Times for Shear Waves in a Granitic
Layer. By Francis Birch. Bulletin of the Seis-
mological Society of America, vol. 28, 1938,
pp- 49-56.

Bulletin No. 9 of the Harvard Seismological
Station (July 1, 1937 to December 31, 1937).
By L. D. Leet.

2. The Effect of Pressure upon the Elastic Param-

eters of Isotropic Solids, according to
Murnaghan’s Theory of Finite Strain. By
Francis Birch. Journal of Applied Physics,
vol. 9, 1938, pp. 279-288.

Deformation of Single Calcite Crystals under
High Confining Pressures. By David Griggs.
American Mineralogist, vol. 23, 1938, 27-33.

Longitudinal Velocities in some Weathered
and Unweathered Carboniferous Rocks. By
L. D. Leet. Bulletin of the Seismological So-
ciety of America, vol. 28, 1938, pp. 163-168.

Earthquakes in Northeastern America, July-
December, 1937. By L. D. Leet. Bulletin
of the Seismological Society of America,
vol. 28, pp. 169-176.

The Effect of Pressure on the Viscosity of Boric
Anhydride Glass. By Ernest B. Dane, Jr., and
Francis Birch. Journal of Applied Physics,
vol. 9, 1938, pp. 669-674.

Experiments bearing on the Orientation of
Quartz in Deformed Rocks. By David Griggs
and James F. Bell. Bulletin of the Geological
Society of America, vol. 49, 1938, pp. 1723~
1746.



48.
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52.

53.
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57.

58.

Elasticity and Internal Friction in a Long Col-
umn of Granite. By Francis Birch and Denni-
son Bancroft. Bulletin of the Seismological
Society of America. In press.

Vapor Pressure of Saturated Aqueous Solutions
of KCl. By Manson Benedict. Jour. Geol.
In press.

Thorium-Uranium Ratios of Rocks and Their
Relation to Lead-Ore Genesis. By N. B.
Keevil. Economic Geology, vol. 33, no. 7,
1938, pp. 685-696.

The Calculation of Geological Age. By N. B.
Keevil, American Journal of Science. In press.

Helium and the Interatomic Forces in Rocks.
By N. B. Keevil. Proceedings of the American
Academy of Arts and Sciences. In press.

The Elasticity of certain Rocks and Minerals.
By Francis Birch and Dennison Bancroft.
American Journal of Science. In press.

Creep of Rocks. By David Griggs. Journal of
Geology, vol. 47, 1939, 225-251.

The Variation of Seismic Velocities within a
Simplified Earth-model, according to the
Theory of Finite Strain. By Francis Birch.
Bull. Seismological Society of America, vol.
29, 1939, pp- 463-479.

Thermoelectric Measurement of High Tempera-
tures in Pressure Apparatus. By Francis Birch.
Review of Scientific Instruments, vol. 1o,
1939, pp. 137-140.

Adapting the Milne-Shaw  Seismograph to
Registration of Diurnal Tilts. By L. Don
Leet. Bull. Seismological Society of America,
vol. 30, 1940, pp. 327-329.

The Alpha-Beta Transformation of Iron at
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65.

66.

67.
68.

69.

High Pressure and its Relation to the Problem
of the Earth’s Magnetism. By Francis Birch.
American Journal of Science, vol. 238, 1940,
pp. 192-21T.

Bulletin No. 10 of the Harvard Seismological
Station (January 1, 1938 to June 30, 1938).
By L. Don Leet.

Bulletin No. 11 of the Harvard Seismological
Station (July 1, 1938 to December 31, 1938).
By L. Don Leet.

Bulletin No. 12 of the Harvard Seismological
Station (January 1, 1939 to June 30, 1939).
By L. Don Leet and Mary P. Collins.

Bulletin No. 13 of the Harvard Seismological
Station (July 1, 1939 to December 31, 1939).
By Mary P. Collins.

Nature of the Ore-forming Fluid. By L. C.
Graton. Economic Geology, vol. 35, Supple-
ment, 1940, pp. 197-358.

. Trial Travel Times for Northeastern America.

By L. Don Leet. In press.

Earthquakes in Northeastern America, 1938-
1939. By L. Don Leet. In preparation.

Experimental Flow of Rocks under Conditions
Favoring Recrystallization. By David Griggs.
Bulletin of the Geological Society of America,
vol. 51, 1940, pp. 1001-1034.

The Nature of the Vibrations in the S Group.
By Mary P. Collins. In press.

Surface Velocities in New England from Angles
of Emergence. By Mary P. Collins. In press.

New Measurements of the Rigidity of Rocks at
High Pressure. By Francis Birch and Dennison
Bancroft. Journal of Geology, vol. 48, 1940,
pp- 752-766.
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