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Fig. 1 Record of earthquake July 18, 1934; origin in western Panama; distance from Pasadena about 4600 km; recorded by 
Benioff strain seismograph. 

X-Ra,p, Motluv,, CalliJi 
By BENO GUTENBERG 

I N much the same way that the X-ray furnishes 
the physician with data on the internal state of the 
human body, so the study of seismograms provides 

the geophysicist with one of the important sources of 
information concerning the interior of the earth. There, 
however, the comparison ceases, for seismograms not 
only give evidence of current happenings within the 
earth's interior and crust, but likewise offer opportun
ities to investigate mathematically many theoretical 
problems relating to their interpretation. 

About 50 years ago it was found that seismograms 
such as the one given in Fig. 1 consist of three major 
parts: The first impulse (P) from longitudinal waves 
through the interior of the earth, the second impulse 
(S) from transverse waves along similar paths, and the 
main movement (L) resulting from surface waves. 
Only a few years after these phases had been identified, 
exact theoretical means were developed to calculate the 
velocity of P and S waves in the interior of the earth and 
to construct the rays and the wave fronts. Fig. 2 shows 
such a picture for longitudinal waves. It indicates the 
seismic rays arriving at distances 10 degrees of arc 
apart, and the wave fronts from minute to minute of 
time. The most striking feature in the figure is the 
earth's core. Its depth was found about 40 years ago to 
be 2900 km (approximately 1800 miles) and many later 
investigations have confirmed this value within about 
20 km. At the surface of the core the velocity of longi
tudinal waves decreases suddenly from about 13 ¾ 
km/sec outside the core to approximately 7½ km/ sec 
inside. No transverse waves have been identified thus 
far inside the core. About 1200 km from the center of 
the earth the velocity increases again rather rapidly. 
This causes the rapid change in direction of seismic 
waves at that depth (Fig. 2). Details regarding this 
phenomenon are not yet known. The entire picture 
resembles very much the paths of light in an optical 
system, including focal points (caustics) at several dis
tances, as well as shadow zones. 

There are in addition numerous waves more compli
cated in character, some of which are indicated in Fig. 3. 
Waves reflected from the surface of the core have been 
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used for the more accurate determination of its radius. 
The boundary must be very sharp as waves with a wave 
length of 10 km, or even less, are reflected. The entire 
picture is more complicated than in optics because rays 
arriving at a discontinuity produce not only reflected 
and refracted waves of the same kind, but also re
fracted and reflected waves of another kind (S waves if 
a P wave is incident, and vice versa) so long as the 
critical angle of incidence is not reached. Waves of the 
type marked P'P' in Fig. 3 which completely traverse 
the earth twice are observed rather frequently; waves 
P'P'P' require about an hour to reach a given station 
Their observation demonstrates that the absorption of 
energy in seismic waves is rather small. 

About 25 years ago the first proof was obtained from 
seismograms· that earthquakes may occur as much as 
700 km below the surface of the earth. Earthquakes with 
deep foci have been studied since that time by use of 
a variety of phenomena. The deeper the focus of a 
shock, the earlier do the P-waves arrive near the anti
center of the source. The observed differences exceed 
one minute. At the same time, stations near the source 
show a corresponding delay in arrival times. In ac-
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cordance with theory, surface waves become weaker 
and weaker as the source gets deeper and deeper. In 
addition, new types of waves become clearer. Not only 
is there a point of reflection of waves at the surface 
of the earth approximately half way between the source 
and the station ( resulting in the phases PP and SS), 
but there is an additional reflection near the focus 
(pP and sS). These waves follow the direct waves 
after a time interval which increases with focal depth . 
Some of them are indicated in Fig. 3. In addition to 
the reflections mentioned thus far, there are also those 
due to the transformation from one kind of wave into 
another (for example, PS, sP, etc.), as mentioned above. 
Such phases are readily seen in Fig. 3, since longitudinal 
waves are indicated by full lines and the transverse 
by barred lines. Thus far the theory has been in ex
cellent agreement with the observations, and a number 
of phenomena have been found first by the theory and 
later verified by observations, and in several instances 
independently. 

Observations in various regions agree within a few 
seconds. However, evidence is clear that the liurface 
layers produce differences within such limits. In addi
tion to variations in the thickness of sediments there 
are definite local d ff erences in structure down to at 
least 60 km. Seismograms of near-by shocks furnish 
information in the investigation of these differences. 
They show, for example, that at least in some regions, 
"roots" exist beneath mountains. Certain surface layers 
in which waves are propagated with low velocity ex
tend to greater depth under mountain chains than 
under the adjoining plains. The situation is similar 
to that of an iceberg floating in water. 

Shadow zones at distances of about 1000 km from 
the source, for both the P and S waves, indicate that 
there is a slight decrease in wave velocity at a depth 
of approximately 80 to 100 km. This is quite likely 
due to the increase in temperature, approaching or 
even surpassing the melting point of the rock at 
that depth. This ~lso explains the fact determined 
from gravity observations that most of the earth's 
crust is in approximate hydrostatic equilibrium. How
ever, regions are known in which gravity observations 

Fig. 3 Sketches of paths of various kinds of waves: Source 1, 
from a shallow earthquake; Sources 2 and 3, from a deep focu~ 
earthquake reflected at the core and at the surface. 
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Fig. 2 Cross-section through the earth, showing wave paths 
of longitudinal rays and wave fronts. 

clearly indicate that the equilibrium is greatly disturbed. 
In these areas the occurences of earthquakes at various 
depths are a consequence ( and an indication) of such 
disturbing processes, the details of which are not well 
understood. It has also been found that a very strong 
correlation exists between positive gravity anomalies 
(local excess of mass in the earth's crust), volcanoes, 
and earthquakes at a depth of 100 to 200 km. 

Methods identical with those employed in a study 
of the earth as a whole are now applied to an in
vestigation of the structures in superficial layers of 
the earth's crust. These have considerable economic 
interest. For example, man-made explosions are re
leased and as a consequence the direct as well as the 
reflected waves (like PcP in Fig. 3) resulting from such 
a disturbance give information as to the presence ot 
geologic structures below the surface of the earth that 
may contain oil or other mineral deposits. Finally, the 
propagation of elastic waves through the ocean and 
the atmosphere is studied (there is no essential dif
ference between seismic, elastic, and sound waves). 
This particular type of research is now being rapid
ly enlarged. It furnishes information on problems 
concerning the oceans and the structure of the at
mosphere. It exemplifies beautifully how a few fun
damental equations on elastic waves form the basis 
for the solution of a large variety of problems con
cerning the interior of the earth, the oceans, and the 
atmosphere. These problems were investigated origin
ally for purely scientific reasons. It was determined later 
that the information thus derived had considerable 
significance in solving practical economic problems. The 
mathematical considerations proved to be of funda
mental value in bringing success to operations that 
involved the earth, the seas, and the sky during the 
past war. 
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