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PRINCIPLES UNDERLYING THE INTERPRETATION OF 
SEISMOGRAMS 
I. INTRODUCTION 

This first printed edition of Principles Underlying the Interpretation of Seismograms 
was prompted by a steady demand for the edition first issued in mimeographed form in 
1930. Many excellent textbooks have been issued on seismology since then but few 
if any have covered the interpretation of earthquake seismograms in sufficient 
detail to satisfy the requirements of a seismograph station director, the student who is 
beginning his career as a seismologist, or the amateur seismologist. This publication is 
designed to fulfill that r-eed. 

Although years of experience have shown that ade uate initial interpretation of 

such stations nevertheless perform an invaluable service m obtaining seismographic 
records and transmitting preliminary data to established processin centers. There, 

on the locations of all important earthquakes. Not only is the scientific world and the 
public thus furnished immediate information on current earthquakes but the program 
provides basic data from which correct interpretations can be made by station directors 
who furnish the preliminar data. Principles Underlying the Interpretation of Seis- 
mograms is dcsigned primar& for seismologists working in this level of competence. 

Because of the great success attained in the past two decades with seismographs 
that giye emphasis to the short-period waves inlierent in earthquake vibrations this 
edition lncliides discussions of these instruments and their records. Such records are 
radically different in appearance from standard records which attempt to obtain an 
over-all period coverage by empliasizin intermediate period waves. This, unfortu- 

lie a t  opposite ends of the teleseismic period spectrum. 

transmission of seismic waves and the recording characteristics of the principa s types 
of seismographs now used in the long-range detection of earthquakes. This necessarily 
includes the fundamentals of earth structurc since seismic wave propagation is de- 
pendent on the nature of the transmitting medium. In following this broad plan only 
fundamentals are covered and an effort is made to draw a distlnction between what 
constitutes routine interpretatmion and what may be considered research. 

For much of thc text on the interpretation of short-period records niid for many 
helpful suggestions in the preparation of this ublication, the author is indcbtcd to 
the geophysicists of the Seismology Branch, 8on st uiid Geodetic Survey, who have 
nrinually supervised the interprctation of thousands of seismograms of all types. 

1 

seismograms is not often achieved at  stations where seismo 7 ogy is a subordinate activity, 

combined with data from other stations, they are used to furnish aut R entic information 

nately, slights the effective recording o 7 the short-period and longperiod waves that 

a certain amount of fundamental background information pertaining to the ori in an % The student can become proficient in analysing seismograms only by first absorbin 



11. SEISMIC WAVES AND EARTH STRUCTURE 

NATURE OF SEISMIC WAVES 

The p e a t  majority of the world’s strong earthquakes occur in basement rock 
roughly within 25 miles of the earth’s surface, but some have definitely originated as 
deep as 450 miles. If one adds to these stronger shocks the thousands of disturbances 
that represent minor adjustments at all depth levels the grand total exceeds 1,000,000 
shocks annually strong enough to be registered on seismographs in or near the various 
seismic zones. Using geological time as a yardstick and picturing the earth as a semi- 

lastic globe we can only conjecture that stresses are set up beneath the sedimentary 
Lyers by the creeping or flowing of great masses of rock in a complex kind of pattern. 
It is be ond the scope of this publication to speculate on the causes of such creep or 
flow. l? the structure is sufficiently plastic to adjust itself to the changing stresses 
and can gradually revert to a condition of no strain, there will be no earthquakes; but 
if the structure is rigid enough to resist this slow deformation the stresses will accumulate 
until the elastic limit of the rock is reached and then somewhere the structure will snap. 
This is a simple description of the mechanics of an earthquake. In  great earthquakes 
abrupt displacements as great aa 50 feet are indicated by changes observed at the 
surface. 

When the initial displacement takes place what happens in the surrounding struc- 
ture? In the answer to this question lies the first principle of seismic wave propagation. 
While rock is not ordinarily thought of as an elastic substance it actually is from the 
geophysical, viewpoint.. Consequently when an abrupt displacement of great rock 
masses occurs the earth reacts as an elastic solid and seismic waves are propa ated to 
all parts of the earth following paths through the body of the earth itself an c f  around 
its surface. Ever one has seen bow waves radiate from the point of immersion when 

rough but as they spread out and diminish in amplitude they become smooth, regular, 
and elongated. 

In case of the water disturbance there is a single train of waves all apparently of 
the same general type. In the study of seismology one must deal with three or four 
elementary wave types, each of which has its own characteristics as re ards velocity 

seismic wave pro agation. 

seismologists are: (1) the velocity of the wave, (2) the motion of the earth particle, 
and (3) the appearance of the various wave types on seismographic records. The 
velocities, or their equivalent travel times, are important because they form the basis 
of seismological tables from which the distance between focus and station is determined. 
The motion of the earth particle is important because it enables one to compute the 
azimuth of the epicenter from the station, and also furnishes a means of identifying 
wave types. The appearance of the various wave types on the seismogram-their 
period and amplitude-is of primary importance to tho practical seismologist because 
with experience he can recognize the more important types or limit his interpretation 
to possibly two choices if the are not well defined. The correct determination of 

types. 
In seismolo different wave types, or 

called “phases.” In fact, any new type of wave activity, whether it can be identified 
or not, is by custom called a phase. The standard interpretation of a seismogram 
involves the measurement of the time of arrival, or onset, of the major wave groups 

a stone is droppe J into a pond of still water. At the center the waves are high and 

and type of motion. This may be considered a second fundamenta f principle of 

The three c E aracteristics of seismic waves that deserve the special attention of 

This is much like the radiation of seismic waves. 

epicentral distance from a sing 9 e station depends on the correct interpretation of wave 

wave groups of t %Y e same type arriving a t  a station over di B erent paths, are commonly 
the various wave groups representin 

2 



PRINCIPLES UNDERLYING THE INTERPRETATION O F  SEISMOGRAMS 3 

or phases and their identification by (1) wave type, and (2) path through the earth, 
the latter being indicated by standard symbols. 

EFFECT OF EARTH STRUCTURE ON SEISMIC WAVES 

The elementary wave types registered on a seismograph cannot be discussed intelli- 
gently without first presentin a simple picture of the earth structure through which 
the wrives are propagated. T%e earth is an elastic sphere consisting of three principal 
parts as follows: (1) An outer crust of somewhat heterogeneous rock having thicknesses 
varying from about 30 to 40 km. beneath the continents (with greater thickness in some 
mountain chains) to nearly zero beneath parts of the Atlantic and Pacific Ocean basins. 
In this crustal structure seismic wave speeds vary according to the kind of rock trav- 
ersed, but the compressional or “sound wave” velocity is usually less than 6.5 km/sec. 
(2) The rock mantle-a thick massive shell of basaltic rock-lying between the crust 
and the earth’s core. Its thickness is about 0.45 the earth’s radius and for all practical 
purposes may be considered concentrically homogeneous in structure. Compressional 
or “sound wave” speeds increase from 8.1 km/sec. just beneath the crust (known as 

FIQURE 1.-A simplified form of travel-time chart showing ap roximato travel times of principal phases for 
Insert illustrates method o f  computing direction of ground motion from shallow focus earthquakes. 

impulsive iP phase. 
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the Mohorovicic disconthyity after its discoveror) to 13.6 km/sec. at the earth’s core. 
(3) The core of the earth, having a radius about 0.55 that of the earth, is most often 
described as a ball of nickel and iron which apparently has no rigidity because shear 
waves are evidently not transmitted throu h it. The compressional wave speed is 

The above structure has such a pronounced effect on the observed travel times of 
seismic waves as measured when they reach the surface of the earth that the sub- 
division of travel-time tables or charts into zones for (1) crustal waves, (2) rock mantle 
or normal waves, and (3) core waves, was obvious as soon as a relatively small amount 
of authentic instrumental data was obtained many years ago. See travel-time chart, 
figure :I. Although seismological literature abounds with evidence of additional dis- 
continuties and various refinements within these three principal parts of the earth’s 
structure, their study lies within the sphere of the research student and not the seis- 
mologist doing routine analytical work. 

A clear understanding of elementary waves requires a thorough understanding of 
what is meant by the travel time of a wave. The picture of how seismic waves travel 
from focus to station would be simple if the earth were homogeneous throughout for 
then the waves would radiate from every earthquake focus like sound waves, all the 
rays would be straight lines (practically chordsj between foci and stations, and the 
velocities of the principal wave types inside this hypothetical earth would be constant, 
See figure 2. But even in this smple case it should be noted that time data obtained 

approximately 8.1 km/sec. at  the surface an f increases to 11.5 km/sec. a t  the center. 

FIQURE 2.-Radiation of waves in a uniformly elastic sphere and in the earth. The diagram on the 
left illustrates the straight rays and spherical wave fronts that would result from a surface dis- 
turbance in an elastic, homogeneous and isotropic sphere. The diagram on the right shows how 
seismic rays are bent toward the center of the earth because of increase of velocity with depth. 
The effect of the earth’s core in deflecting the rays is also illustrated. 

at surface stations would not indicate a constant surjace speed, that is, a linear travel 
time over the surface even though the speed of the wave in the interior were constant. 
Near the epicenter, the point on the earth’s surface above tho focus, the surface speed 
would correspond to the interior speed but would increase with e icentral distance 

the surface trace of an interior wave must traverse the semicircumference of the earth 
in the same time that a ray to the antipode traverses only the diameter. 

These phenomena are also substantially true for bonafide seismic waves except 
that seismic rays inside the earth are not chords but are curves that are bent concave 
toward the center of the earth as a result of the sharp increases in seismic wave speeds 
with dept.h except at the surface of the core. Moreover, a t  various discontinuities and 
at the surface, seismic waves undergo all the reflection, refraction, and diffraction 
phenomena found in optics and are subject to the same laws. These are all basic 
principles of seismic wave propagation. It is important to note that in the routine 
analysis of seismograms one deals only with surface speeds and surface travel times. 
The computation of wave speeds and paths inside the earth must be considered seismo- 
logical research. 

until it  reached a very high speed at the antipode. This is obvious P rom the fact that 
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ELEMENTARY WAVE TYPES 

The four elementary types of seismic W ~ V C S  will be discussed with emphasis on 
actual rarth motion and only scconclnry rofermce to their appearance on the s( hismo- ’ 

gram. ‘l’he latter will be discu5sed in more dctail later. Two wave typcs, the com- 
pressional and transverse, penetrate the earth’s interior. Compressional wnves are 
proptigated through either solids, liquids, or gases. Transverse wavcs, requiring 
rigidity, are transmitted only through solids. Love and Rayleigh waves are two types 
restricted to surface propagation only. Both require rigidity in the transmitting media. 
‘I’hcy are often called “long waves” because of their long periods and wave lengths as 
compared with those of the compressional and transverse waves. 

With regard to the seismographic recordings of these waves and the frequent dis- 
cussions of them to follow, two basic principles of seismometry may be stated a t  this 
time. It may be assumrd that the period of a wave as measured on a seismogram 
is also the actual pcriotl of the ground wave because the seismograph pendulum (ade- 
quately dumped) will be forced to oscillate in unison with any sustained ground vibra- 
tion regardless of the seismograph pendulum period. Secondly, there is usually a great 
difference between the relative amplitudes of waves as they are registered on a seismo- 
mm and as they actually occur in the ground. This is a complex subject which will 
Le discussed later in the sectiori on the response of a seismograph to earthquakc motion. 

For a preview of the order in whicli elementary wave types aro registered, the 
reader should examine the travel-time chart, figure 1. 

The compressional-raref~ctional wave, P.-This is analogous to a sound wave and 
is somctimcs culled a longitudinal wave. When the compressional phase of such a 
wave passes a seismograpli station, the ground in the immediate area is cornprcssed 
and the seismograph pier moves slightly in the direction in which the wave is traveling, 
or away from the epicenter. Conversely when tho rarefactional part of such a wavo 
passes a station the ground is dilated ond the pier moves toward the epicenter. These 
directions arc registered on seismographs. 

Tho comprcssional wave is the faster of the two interior wave typcs and is thcrcforo 
designated the first preliminary tremor, P, since both types of interior waves arc regis- 
tered on the seismogram long before either of the surface waves previously mentioned. 
In  the epicentral region P waves have periods of less than 1 second, but waves of 
approximately 1-srcond period nre actually transmitted over reat distances-even to 

magnification seismographs with operating characteristics favorable to the registration 
of short-period waves will pick them up. Standard seismo raphs register these WRVCS 
only in the epicentral region; with increasing distance they c P early register other periods 
as long as 5 sccorids. Tht. shorter period waves beyond the epicentral area are of very 
smull displacemcmt and aro superposed on longer period waves of larger displacement. 
So-callcd short-pcriod pendulum seismographs (l-second period) register the short- 
period part of a compressional-rarefactional wave train best; intermediate. or long- 
period pendulums 6- to 15- to 3O-second period and up) register the longer periods best. 

For both shal f ow- and dccp-focus earthquakes the compressional waves rclgistcred 
on a short-period seismograph are always the largest amplitudes on the record. On 
a standard type of long-period seismograph they are registered in the case of shallow 
(normal depth) earthquakes with trace amplitudes smaller than thoso of any of the 
other types. When a ver deep-focus earthquake is registered on a long-period seismo- 
graph the surface waves %ecome so small in ground and trace amplitude that the P 
and S waves dominate the record. For depths between these two extremes one finds 
a long-period seismograph record varying gradually from one extreme to the o tlior. 

the antipode. The amplitudes eventually become so smal 5 that only very high- 

The transverse, distortional, or shear wave, S.-This is analogous to a li h t  wave or 

tion normal or transverse to the direction in which the wave is traveling. Such 8 
wave can obviously be polarized but knowledge of polarization phenomona is very 

the transverse vibration of a string. The earth particle is always displace % in a direc- 
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limited and its investigation falls in the category of research. The directional charac- 
teristics play little or no part in the routine analysis of seismogrums. 

Interior transverse waves travel a t  about 0.6 the speed of compressional P waves 
and appear as the second most conspicuous wave group on a normal (shallow focus) 
record of a standard long-period seismograph. They have therefore been designated 
the second prcliminar S waves follow paths through the earth closely 

found that S waves penetrate the core of the earth. This gives rise to the belief that 
the core either is a liquid or acts like one, but it is possible that other types of phenomena 
may account for the failure of the S wave to penetrate the core. 

In terms of actual earth motion it may be assumed thut the periods of S waves may be 
roughly double those of the P waves preceding them and that the amplitudes are also 
rou hly doubled. On standard long-period seismograph records these estimates also 
appfy to the actual trace amplitudes remembering that the comparison refers to the 
long-period P waves and not the short-period ones. Because of the greater energy 
represented in the S-wave roup many seismograms will show clear but weak S waves 
for weak shocks while the wave will be missing entirely. On records of short-period 
pendulums that register the short-period P waves so well the S wave will be found 
rather inconspicuous or absent altogcther ; however, regardless of the focal depth of 
an earthquake u scarch should always be made for an S wave on the record if long- 
period surface waves are discernible. 

Surjace waves, L.-These represent by far the greatest amount of wave enurgy 
recorded in shallow and intermediate depth earthquakes as seen so clearly on the 
records of long-period seismogruphs. I t  is readily cvident from the large amplitudes 
recorded on thousands of seismo rams. In unusually deep earthquakes, however, so 

little record. his happens so seldom, however, that t le anulyst can safely forget about it 
until he obtains a record, or a series of records, that cannot be interpreted on any other 
basis. 

There are two types of surface wav~s. The faster is a shear wave designated either 
a Love wave, Lq, after the physicist who devcloped the theoretical concept, or a Q 
wave, after B. Gutenber the seismolo ist who discovered and discussed its presence on 
seismographic records. %he motion ofthe earth particle is transverse to the direction of 
propagation and takes place in the horizontal plane only. I t  has no 

tremor, S. 
similar to P-wave pat hy s except that no consistent and definitc evidence has yet been 

9 gets into the crusta 7 layers that the may be missing entircly from tho 

See figure 3. 

- L r  

FIGURE 3.-Earth particle motions in surface waves. The upper dia am shows the horizontal 
earth particle motion transverse to the direction of propagation in t8e case of Lq waves. The 
lower diagram shows the retrograde character of the earth particle motion (in the vertical plane) 
in the case of L7 waves. 

vertical component. Jts wave length at long epicentral distances is a function of the 
thickness of the layered structure traversed and has been used by investigators to 
determine crustal and recently mantle thicknesses. Its onset a t  long epicentral distances 
is generally marked by the emer encc of a low-amplitude wave of about 30-second period 
or more (2- and 3-minute perioi waves have been re istcred in great shocks) with suc- 
cessive waves of the group decreasing in period nn% increasing in nmplitudc. If the 
seismograph pendulums happen to be oriented in such a way as to register the entire 
wave group on one component the characteristics of the entire group are available for 
study; but in the great majority of cases, when the pendulum orientation is unfavorable, 
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its continuity is disturbed by the onset of the second type of surface wave, the Rayleigh 
wave. The speed of the Lq wave, 4.5 km/sec., is the same as that of the interior shear 
wave, S, when i t  is propagated over short epicentral distances. There is an appreciable 
variation in tlie velocity of the surface shear wavc with path traversed. A t  short 
epicentral distances it is very difficult to identify true surface waves because they are 
obscured by shorter period waves of great trace amplitude associated principally with 
the S-wave group. These shoreperiod waves, however, could also be true surface 
waves propagated through sedimentary layers. 

TheRayleigh wave, Lq, also named after the physicist who developed the theoretical 
concept, arrives n short time after tlic surface shear wavc since its speed is nbout 0.92 
that of the shear wavc. In a Rayleigh wave the earth particle follows a retrograde 
diptical orbit in a vertical planc) through the direction of propagation. See figure 3. 
Thcorctically thc longcr axis of the orbit is vertical but  this is not always substantiated 
by observation. On 
most records of normal sliocks registered on standard seismographs the Rayleigh 
wavc is usually the surface w a v ~  of maximum tracc amplitude. This does not neces- 
sarily mean that it represents thc maximum .round displacement since that can also 
he associated with the surface shearwave, kq. A t  short epicentral distances true 
Rayleigh waves are obscured on practically all seismograph records by S waves in the 
same manner as Lq waves. 

Jn the epicentral region the entire ground motion, including surface wave activity, 
may register for only a few minutes if the instrument is insensitive enough to record such 
strong motion, but a t  great distances the surface waves may be spread from 2 to even 
24 hours under favorable conditions. This elongation is further emphasized by tlic 
fact that the surface. waves travel over the major arc bctwcen station and cwthquake 
as well as over the minor arc. I t  is not uncommon in great earth uakes to find surface 
waves that have made several complete circuits of tlie globc p 7 us the arc between 
station and epicenter. 

There is no motion transverse to the direction of propagation. 

DEPENDENT WAVE TYPES 

Of the four t pcs of elementary wnvrs just described only the interior P and S 

from the origin of an carthquakc it encounters reflecting surfaces not only at  thc surface 
of the enrtli but also at discontinuities, or interfaces, within the earth itself such as the 
RIohorovicic discontinuity and the surface of the core. See fi ure 4. Not only we 

established, but thry may be transposed into waves of opposite type; thus art of the 
energy of a P wave may be transforrncd into an S wave and vice versa. WIen a wave 
strikes an interface a t  a certain critical angle it may be propa atod horizontally in tho 

register on srismographs.' I t  is thus possible for five different wave groups or phases to 
cmcrga when a wave strikcs an interface: a reflected and refracted wave of the same type, 
a reflected and refracted wave of opposite typc, and a diffracted wave. Their magnitude 
depends upon the distribution of energy in the ncwl 1 formed waves. Energi distri- 

on the interface and the physical constants of the media above and below the interface. 
Ordinarily the analyst does not take the details of this into consideration but learns by 
experience the particular phases that will normally be registered on a seismogram. 

It is the presence of so many reflected and transposed waves that makes a seismo- 
graph record complex and difficult to analyse but fortunately the more important 
elementary wave types as a rule dominate the record. The travel times of many 
dependent wave types can be computed from a knowledge of the travel times of the 
elementary waves malting i t  possible to identify all major dependant wave activities 
that appear on a seismogram, but some recorded activities still remain unidentified as 
to wave type and path. 

The following paragraphs outline the more important dependent wave types as 
they appear in four roughly defined distance zones, (1) 0 to 1.000 km., (2) 1,000 to 

waves generate ot hy er wave types or combinations of wave types. As a wave radiates 

the elcmrntary wavcs reflected at thcse surfaces, and a t  possib F y others not too wcll 

lower media and be continuously diffracted to the surface o !? the carth where it will 

bution is a complex phenomenon being a function of t i ic angle of incidence of t e wave 
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Station 2 
(45') 

FIGURE 4.-Paths of some of the more important body waves for shallow and deep focus earthquakes. 

9,000 km., (3) 9,000 to 15,000 km., and (4) 15,000 to 20,000 km., the last figure being 
the semicircumference of the earth. In  these zones the chart, showing the travel times 
of the various wave types or phases takes on a different character because of the effect 
of the various reflecting surfaces in generating new phases or eliminating old ones as 
the epicentral distance increases. This will be evident from an ins ection of the travel- 

without regard to these four zones. 

Wave types in distunce zone 0 to 1,000 km.-The character of the surface layers 
plays a dominant part a t  short epicentral distances. Since the thickness of the sur- 
face layers and surface velocities vary in different parts of the world i t  is not possible 
to develop a single travel-time chart that will fulfill all conditions. For this reason 
when an intensive seismographic study of a local area is contemplated the determination 
of local velocities from observational data is always a prerequisite. In continental 
areas the first P wave recorded at  short distances is a wave traveling entirely in the 
slow speed layers of the crust following practically a direct linear course from focus to 
station. Other P wave rays dip downward toward the high speed 8.2 kmlsec. zone, 

Some of the energy is transmitted along the 
k g h  velocity (lower) side of this interface and generates a diffracted wave having a 
surface speed of about 8.1 km/sec. Other rays dip deeper into the high velocity rocks 
and become the normal P waves recorded at  distant stations. See figure 5. The 
result of this is that up to about 120 km. (for 18 km. focal depths) the first wave to 
arrive travels at velocities ranging from 6.0 to 6.5 km/sec. Beyond that, up to approxi- 
mately 1,000 km., a surface velocity of about 8.2 km/sec. represents a combination of 
P waves diffracted from the bottom side of the Mohorovicic discontinuity, and normal 
P waves traveling through the upper portion of the rock mantle where the velocity 
does not differ material1 from that of the diffracted wave. 

velocity of the S wave being rough1 0.58 times that of P. At short epicentral distances 
one cannot distinguish between Bwaves and L waves since they have near1 the 

Three foci are indicated. (From L. D. Leet's Earth Waves) 

time chart, 'figure 1 .  Special phases resulting from deep foci wi P 1 be discussed later 

enetrating the Mohorovicic interface. 

S waves generally B uplicate the P-wave phenomena except at a slower speed, the 

same velocity. Interior (crustal) S waves, Lq, an 8 Lr waves are all crowded so c r osely 



PRINCIPLES UNDERLYING THE INTERPRETATION O F  SEISMOGRAMS 9 

together at short epicentral distances that they generally defy separation. Toward 
the end of the 1,000 km. zone, however, they separate enough to discern the long 
periods that identify true surface waves. 

P' Pn 

FIOURE 5.--Paths of principal local shock waves i l l  criistal layers according to Jeffreys. 

In this zone it is standard practice to read only the first P and S waves and the 
phases following closely thereafter to distinguish if possible between crustal and normal 
waves and other phases that may be significant. Surface waves are reported when 
they can be distinguished as indicated by thoir long periods and travel times. While 
waves reflected from interfaces may be prominent on records obtained a t  short e@- 
centra! distances they are usually of value on1 where. local station networks are m 

period pendulums. 
While 1,000 km. is given as the limit of this first distance zone no sharp l i e  of 

demarcation actually exists between any of the four zones described here. The transi- 
tion in the wave type and travel-time characteristics from one zone to another is very 
gradual with the border-line areas showing some of the characteristics of both adjoining 
zones. 

Wave types in second distance z m ,  1,000 to 9,000 km.-Here is found the ideal con- 
dition for recording both elementary and depcndont wave ty es. In  addition to the 

have been reflected one or two times from the surface of the earth. When a reflected 
wave, PP,  is recorded it means that an elementary P wave has hit the surface of the 
earth a t  a point halfway between focus and station and has continued from there 
to the station as a reflected wave. It is obvious that the time it takes a (one time) 
reflected wave to travel from a shallow focus to a station is double the time it takes an 
unreflected direct wave to travel half tho distance. Tho student can check this on 
travel-time charts. Among the less prominent phases registered in this zone are P 
and S waves reflected from the core of the earth, PcP and ScS; also P'P' transmitted 
through the core and reflected from the earth's surface through the core a second time. 
P'P' is well registered only on short-period, high-magnification seismographs. 

When 
elementary P and S waves strike tho surface of the earth they are partly transformed 
into waves of opposite type, but the angles of incidence and reflection are not equal 
because of the difference i the velocities of the incident P wave and the reflected S 
wave, and vice versa. It thus happens 
that while the travel times of a PS combination and an SP combination are a proxi- 

This phase is registered shortly after the arrival of the elementar S wave and is gen- 
erally clearly defined a t  the greater distances in this zone. It gecomes increasingly 
important a t  the greater distances. 

Surface waves in this zone and the two following zones show considerable varia- 
tions in speed due to variations in the crustal layering. Sometimes the records show 
evidence of more than one Lq or Lr phase, indicating the transmission of ener y in 

research. There is no k e d  ratio in the relative amount o f  Q and Lr energy to ex ect; 
it  is probably a function of the direction of the focal displacement that generates 8em.  

Wave types recorhd in the third distance zone, 9,000 to 15,000 km.-This is of special 
significance in featuring the effect of the earth's core on the transmission of the interior 

operation on special projects. They are general 9 y associated with the records of short- 

elementary P, S, and L waves, there are often recorded very c P ear P and S waves that 

An important wave transformation is also clearly evident in this zone. 

This is in accord with tho theory of optics. 

mately equal for a given epicentral distance there are two different points of re rp ection. 

two or more layers having distinctive velocities. Outstandin cases of this kin % are 
reported in routine analyses but study of this phenomena on a 7 arge scale is considered 



10 U. S. COAST AND GEODETIC SURVFX 

P and S waves. When P and S waves are recorded a t  epicentral distances greater than 
11,500 km., thoir rays The P wave is 

After penetrating the core i t  emerges and, on experiencing a reversal of the refraction 
phenomenon a t  the surface of the core, continues on to the earth’s surface. An in- 
spection of fi ure 1 shows that the travel-time curve of this P’ phase is not just an 

This most distinctive feature of a travel-time chart is the seismologist’s cvidcnce for 
thc existence of a core. The normal P wave, bctwecn 11,500 km. and 15,700 km. is 
in a shadow zone, the activity from there on being attributed in part to a diffraotd 
wave originating on the coro interface when it is grazed by the last of the normal P 
rays to reach the earth’s surface. 

The distribution of P‘ ra s penetrating the core is such that there is a concentra- 

graph records, the amplitudes being comparable with those of P waves registered in 
the second distance zone. The reason for this is the presence of a very unusual type 
of phase designated Pi. A Pi wave is generated by the f i s t  group of normal P rays 
that penetrate the core after grazing its surface. As thcse rays strike the core’s surface 
a t  increasingly greater angles, the rays ultimately emerging a t  the surface of the earth 
do not emerge at  epicentral distances that become reater and greater as they normally 
do, but a t  distances that actually become lcss an$ less. This is the Pi phase of core- 
wave phenomena. At about 15,600 km., this decreasing of epicentral distance stops 
and the pomts of emergonce a$ain increase with increasing dip of the initial P rays and 
the phase becomes a normal P , .  This concentration of so many rays at  approximately 
the same time and epicentral distance is responsible for an apparent amplification of 
the P’ wave. While this simple explanation serves the purpose of routine interpreta- 
tion the research student finds much that still remains to be explained in the present 
concept of core structure and core waves. Recent postulatioii of an inner core of about 
0.2 the earth’s radius has complicated the picture and tendcd to confuse the symbolism. 
Another important core phase frequently found on sensitive short-peiiod scismographs 
is PKKP, a P wave reflected within the core. 

When clcmentary S waves strike the core they are partly transformed into P waves 
that penetrate the core and emcrgc a t  the earth’s surface either in tho form of P or S 
waves. As the normal S wave goes out of the pictura it is thus replaced by SKS 
waves which have shorter travel times than thc normal S wave would bc expected to 
have. In this distance zone many different combinations oflP and S waves are theore- 
tically possible, as indicated on the Gutenberg travel-time charts, in thc explanation 
of the nomenclature on page 34, and in figure 4. See notes on second distance zone 
for comment on surface waves in this zone. 

aze the surface of the core. See figure 4. 
subsequen tly sharply re r racted into the core because of the sudden decrease in velocity. 

extension of t a e normal P wave travel time, but there is an offset of several minutes. 

tion of energy a t  an epicentra Y distance of 15,600 km. This is revealed on all seismo- 

Wave types recorded infourth distance zone, 16,000 to 20,000 km.-In this zoric them 
are no normal P and S waves since thcy are deflected into other paths by the core. 
Only reflected and core waves are registored. See notc in second distance zone on 
surface wave characleristics. 

Deep-jocus phases recorded in all distance zones.--When earthquakes ori inate 

serves as a nearby reflectin surface that produces well-defined waves on seismograms 

quakes originate in the crustal layers or a very short distance below them, a small 
number occur a t  various levels down to 700 km. I t  thus becomes possible for a deep- 
focus P wave to be reflected, with angle of reflection equal to angle of incidonce, a t  a 
point near the epicenter. The short leg of the ray frpm focus to reflecting point is 
designatad p ,  the long leg from reflecting point to ?ta$on,. P. The combination, pP, 
represents perhaps the most im ortant phase that is mdicativo of the deop-focus charac- 

S wave. The Gutenberg travel-time charts on pages 13, 14 and 15 and figure 4 show 
how the travel times of all interior waves are iduenced by abnormally deep foci. 

deep in the rock mantle beneath the crust the earth’s surface in the epicentra P area 

at distances of approximate B y 2000 km. and over. While the great majority of earth- 

ter of an earthquake. The p x enomenon is repeated m the case of the elementary 



111. RESPONSE OF SEISMOGRAPHS TO SEISMIC WAVES 

All seismograms discussed in this publication are records obtained from pendulum 
or inertia type seismo raphs. This means that the motion of the ground is measured 
by observing, either firectly or indirectly, the relative motion between the moving 
ground and the moving center of oscillation of some form of pendulum. It is the inertia 
reaction that makes the mass of a pendulum oscillate in a manner different from that 
of the ground that, supports the pendulum. 

OPERATING CHARA CTERISTICS O F  SEISMOGRAPHS 

Direct recorders and electrical recorders.-Seismographs are divided into two main 
classes depending upon whether the motion of the pendulum (relative to the moving 
ground) is registered directly on the recording paper through a simple mechanical or 
optical lever system, or whether i t  is measured indirectly by generatin an electrical 
current that depends primarily on the motion of the pendulum. I n  tke case of the 
so-called “direct” recorder the seismogram gives a uniformly magnified picture of the 
relative motion between pendulum and ground and consequently offers the simplest 
possible form of mathematical problem in computing actual ground motion from the 
seismograph record. The problem reduces to that of a forced vibration of a simple 
oscillator discussed in many advanced textbooks on physics and theoretical mechanics. 

The electrical or galvanometric recorder generally utilizes a coil of wire fixed to the 
pendulum in such a way that, when the pendulum oscillates, the coil moves between 
the poles of a strong permanent magnet. The current thus generated is proportional 
to the velocit of the relative motion between pendulum and ground. The current is 
not registereJ as such on the seismogram because the recording galvanometer has 
oscillatory characteristics of its own that. can control the entire character of the seismo- 
graphic record. In  recent years electronic circuits have been successfully employed 

magnifications as high as, or greater than, optical recorders. The principles of electrica f to overcome the friction of pen-and-ink recording seismographs while still retainin 

induction, reluctance, and variable capacity have all been employed in both types of 
electrical recorders. The problem of theoretical1 determining ground motions from 

practice, shaking tables are frequently used to calibrate them before permanent instal- 
lation, thereafter, the electrical conditions are frequently checked to assure constancy 
of calibration, 

In  appraising the two types it may safely be concluded that the electrical recorder 
has many features that recommend it for obtaining the arrival times of seismic waves, 
the determination of epicentral distances, and the location of epicenters. The direct 
recorder that is less adaptable to extremely high magnifications is on the other hand 
much better suited to the measurement of actual ground motion. 

from 0.1 

to several minutes’ perio! used to record the ultra long-period surface waves of violent 
distant earthquakes. The records discussed in this publication will in general be 
obtained from 1 .O second pendulums (frequently called short-period). and from 6- 
to 20-second pendulums (moderately long-period pendulums). Short-period penduIums 
and galvanometers are employed to bring the short-period ground waves in sharp relief 
on the seismogram ; long-period pendulums produce better records of the long-period 
waves a t  the sacrifice of clearness in the lower amplitude short-period waves. 

Magni cation of seismographs.-The lever magnification of direct-recording 
seismograp E, with optical levers is limited to about 25,000 or less. This applies only 

such recorders, however, is so difficult that i t  fa ls  9 within the research category. In  

Pendulum periods..-Seismograph pendulum periods range all the wa 
second used in measur!n the ground accelerations of destructive earthqua z e motions 

11 
.iF 
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to short-period waves (1 second period or less) whicli are always much smaller in 
amplitude than the longer period waves so often associated with them on the same 
record. Practically all seismic records are a series of short-period, low-amplitude 
waves combined with longer period waves of much greater amplitude. I n  such a series 
the energy in the various period roups could be of the same order. This means that a 

magnification of 500 or 1500 under conditions paralleling the operation of a short- 
period pendulum magnifying 10,000 or 25,000 times. All direct recorders register with 
maximum ma ification all ground eriods that are less than about half the pendulum 

There is almost no limit to the magnifications obtainable with galvanometric and 
electronic installations. For long-range earth ualte recording, however, l-second pen- 

due to wind, traffic, surf, etc. Thirty thousand is a more realistic value a t  a site of 
average quality. Most instruments of this kind are highly selective, meaning that this 
high magnification is effective over a ground period range of only a few tenths of a 
second. Most long-period galvanometric recorders operate with magnification varying 
from 500 to 20,000 depending largely upon the stability of the site. See the magnifica- 
tion curves in fi ures 8 and 9 for further details on the magnification characteristics of 

long-period pendulum of either z irect- or electrical-recording type would operate a t  a 

period as will r e seen on the magni .R cation curve in figure 6. 

dulums can seldom operate a t  magnifications o 9 100,000 because of ground disturbances 

various electrica P -recording instruments. 

Damping.-The response of a seismograph to earthquake waves is governed 
large1 by the magnitude of the damping, especially in the period zone where resonance 
woul B occur if the pendulum were undamped. Seismograph pendulums are damped 
to prevent them from swinging in their own natural periods and thereby complicating 
the record. Fi ure 6 shows how the harmonic magnificatian factor becomes indeter- 

near the pendulum period. 
The magnitude of a damping force in direct-recording seismographs may be 

measured in tcrms of (1) a damping ratio, E ,  or (2) a fractional part of critical damping, 
h. See page 14 for the mathematical relation between e and h. If a light spot is 
deflected 10 mm. from zero position and, on returning, overswings the zero position 1 
mm., the damping ratio is 1 O : l .  It is a measure of the overswing of the pendulum. 
20:1 is considered a ood operating value. Damping is critical when it is just sufficient 

h equals unity. When greakr than this a pendulum is overdnmped, a condition to be 
carefully avoicled in direct-recording pendulums. Underdamping is preferable to over- 
damping as it increases rather than decreases the trace amplitudes. A type of damping 
in which the damping force is proportional to velocity is ideal because it simplifies the 
mathematics of reducing trace amplitudes to ground motion. Damping proportional 
to velocity should not be confused with friction such as exists between a stylus and 
smoked paper. The latter is a force which is independent of velocity and results in 
obstructing the free motion of the pendulum for. very small displacements. Friction 
in the pivots of various lever systems is also of this type. 

I n  the case of alvanometric recorders both the pendulum and galvanometer are 

tion the galvanometer is genera y overdamped especially in the case of long-period 
pendulums. In  this instance greater magnification is obtained by overdamping. The 
period and damping characteristics of pendulums and galvanomenters can be adjusted 
to obtain an extremely wide variety of responses. 

Components.-As earthquake ground motion is a 3-dimensional phenomenon, 
seismographs are usually mounted to record the north-south and east-west components 
of the true ground motion, but this is sometimes changed so that waves of longitudinal 
and transverse character coming from a predetermined direction will be automatically 
separated on the two components. P waves and surface Lq and Lr waves are particu- 
larly susceptible to this kind of treatment. A vertical component completes thc three- 
dimensional setup. The short-period vertical component with high magnificntion is 

minable for un CY amped pendulums when recording earthquake waves having periods 
This is the resonance zone. 

to prevent a pendu f um from overswinging the zero position. Under this condition, 

B critically damped w f ien oscillatin 7 as independent units but when connected for opera- 
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SEISMOGRAPH MAGNIFICATION CURVES 

Applicable only when the motion of the seismograph pendulum is registered thIough a simple lever 
system on the seismogram, and when the ground motion is of sustained simple harmonic character, or 
nearly so 

The darnping ratio 
is the amplitude ratio of any two consecutive half cycles recorded in the damping test To calculate the 
magnification of the ground motion multiply the lever (static) magnification of the seismograph by the 
magnification factor obtained from this chart 

The line of dots indicates the acceleration function, or the conditions to be satisfied when the ampli 
tudes on a seismogram are directly proportional to the impressed ground acceleration. 

1 This eliminates galvanometric instruments 

The figures on the curves are the damping ratios of the seismograph pendulum 

I 1 

I I I I I I I I 

RATIO BETWEEN GROUND PERIOD AND PENDULUM PERIOD I* .,,. .. 
F I ~ U R E :  6 .  Magnificat ion ciirvea for diwct recording pc i idu lums with varying danipiiig rntios 
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almost indispmsable in the satisfactory recording of the onset of the P wave which is 
so important in epicenter location. The long period horizon tal component seismographs 
(5 minute and greater) are used not only for detecting S waves but also very extensively 
for detecting surface waves to study crustal and mantle structure. 

MOTION OF A DIRECT-RECORDING SEISMOGRAPH PESDULUM UKDER THE INFLUENCE O F  
STEADY STATE VIHRATIONS 

The problem of computing the magnitude of the ground displacement from data 
on the seismogram is a study of forced vibrat,ions. The earth particle vibrates in what 
may, for OUT present purpose, be regarded as sustained simple harmonic motion and 
forces the seismometer pendulum to swing in the same period but not the same phase. 
The mass of a seismometer may be considered as (1) remaining practically steady in 
space for extremely rapid earth motions, (2) lagging behind the earth particle for earth 
motions of shorter period than the natural pendulum period, or (3) leading the earth 

article for earth motions of longer period than the natural period of the pendulum. 
gee figure 7. These are “phase differences” which can be calculated precisely from 

FIGURE 7.-Differences in liase for linear displacemeiits-applicable to direct recording seismo- 

the principles of theoretical meclianics. The complete conversion of a complex seis- 
mographic record to true ground motion is in practice extremely difficult and must be 
considered definitely in the field of research. 

Determination o j  ground displacement .-The amplitude on the seismogram for 
direct rccorders depends upon the amplitude and period of the earth wave, the h e r  
or static magnidcation of the seismo raph, the natural period of the pendulum, and the 

actual ground displacement in the case of direct-recording seismographs and sustained 
(steady state) simple harmonic motion of the ground: 

graphs. &om report of the California Earthquake Commission.) 

damping. The following equation s a ows the relation between trace displacement and 

A,=amplitude (YZ range) of earth movement. 
A,=trace am litude (% range). 
V=static or P ever magnification of seismograph. 

M,=harmonic magnification. See ordinates of curves in figure 6. M, is the re- 
ciprocal of the term used for harmonic magnification by Wood and Anderson 
in their paper on tho torsion seismometer. See Bulletin o j  the Seismological 
Society of America, volume XV, No. 1, March 1925. 
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The term Mh is developed from the differential equation expressing the motion 
of a damped oscillator when acted upon by an external force of simple harmonic form. 

f i + 2 a e +  b2= A'. sin ct 
dt2 dt 

x =instantaneous displacement of the oscillator relative to the ground. 
t= time. 

b=27r,!TO, 'fo being the natural pendulum criod. 

c=27r/T,,, T, being the period of the earth wave. 

2a=dampin factor in which a=hb. h is the coefficient of damping. 

A',=amplitude (maximum) of external disp P acement due to earthquake wave. 

Usin the expression for harmonic magnification as developed by Wood and Ander- 
son, the a B ove equation becomes 

in which 
T,=period of the earth wave. 
T,=natural period of the pendulum. 
h=damping coefficient related to the damping ratio B by 

h= log,, 
dl .862 + ( l~g~ ,e )~  

where c is the ratio between successive amplitudes of a damped pendulum when dis- 
placed and allowed to come to rest under the influence of damping alone. 

ification curve usually can be constructed 
from theoretical considerations alone anrused to convert observed trpce amplitudes 
to actual ground displacements, generally expressed in units of 0.001 millimeter. I t  
also can be determined through shaking table tests in the laboratory. 

The direct recorder has a great advantage where it is desired to know the amplitude 
of the ground motion because it requires no calibration. Its magnification can be de- 
termined geometrically from the dimensions of the optical or mechanical levers attached 
to the pendulum provided the center of oscillation of the system is known. If this is 
not known the magnification of any direct-recording pendulum having its pcriod con- 
trolled by a spring and/or any component of gravity can be determined from the fol- 
lowing equation: 

For any type of seismograph a ma 

4*2S 
TO V = 7  

where 
V=the ma ification of the motion of the center of oscillation of the pendulum. 

side tilt of 3 minutes 30 seconds (equivalent to a static force of 1 cm/sec.2). 

are provided with special screw devices for sidetilting the instrurnent and measuring 
the trace deflection so that S can be determined. 

The direct-recording seismograph acts as a displacement meter when rccordin 
earth waves that have a short criod of vibration in comparison with the natural pcrio 

seismogram are proportional to displacements of the ground. The seismometer acts 
as an accelerometer when recording waves that have periods greater than about double 
the natural pendulum period. In such ca8a amplitudes on the gram are proportional 

S=the  de fP ection of the seismograph trace when the pendulum is subjected to a 

Some seismographs, suc R as the Milne-Shaw, and some sensitive vibration meters 

3 
of the pendulum-one-half or P ess. See figure 6 .  In such cases the amplitudes on the 

To= the natural undam ed period of the pendulum. 
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to acceleration of the ground. When earth wave periods are in the zone of the natural 
pendulum periqd a tr’ansition stage exists so far as any fixed relation to displacement 
or acceleration IS concerned. 

The physical signi came of harmonic magni,fcation as applied to direct-recording 

the ground displacement but also on magnification factors that vary with the period 
of the earth wave as just explained. This relation between the pendulum displacement 
and the actun;l ground displacement can be illustrated by a simple experiment, the.ele- 
ments of wlnch are shown in the insert in figure 8. Lot a heavy weight E of 5 or 10 

pendulums.-The amp fi itudes on a seismogram depend not only on the amplitudes of 

0 

I 

I 

DIAGRAMS ILLUSTRATING 
HARMONIC MAGNIFICATION 

FOR DI RECT-RECORDING 
PENDULUMS 

MAGNIFICATION FACTORS 
FOR SUSTAINED VIBRATIONS. 

FIGURE 8.-Maynification curves for various types of seismographs with insert illustration harmonia 
magnification. 

pounds represent the oscillating earth particle at the station and let i t  oscillate through 
a small arc after suspending i t  a t  a point 0. The weight E is then a point executing 
simple harmonic motion in a manner similar to that of a seismograph pier when earth- 

To the weight E attach a light plumb bob S to represent 
%e seismograph pendulum and let it swin in a pail of water as a crude means of damp- 
in its motion. When the mass E is osci fi lating in its own natural period it forces the 
bo B S to swing in the same period just as an earthqualto wave forces a soismograph pen- 
dulum to swing in the period of the earth wave. 

uake waves are passing by. 
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In the first illustration of the insert the period of the earth wave is short compared 
with that of the pendulum, their periods being governed by the lengths of the strin . 
It will be observed that after the motion is set u and becomes sustained and when t r e 

to S from its zero position. Thus, while the eart,h moves from 0’ to E the seismograph 
pendulum mass moves only from 0” to S. The relative displacement between the 

ound E and the pendulum S is AS at approximately the extreme position of the swing. 
Fhe magnification curve shows just what the ratio ASDO’ is under varying conditions. 
For the periods indicated in the first illustration the ratio is indicated b an ordinate 
in the neighborhood of A, figure 8. When the relative magnitudes of eart ii wave period 
and endulum period are reversed, as shown in the second illustration, the ratio SAIEO’ 

the seismograph pendulum magnifies the sustained simple harmonic ground movement 
is the ratio SAPO’ (ordinate of the harmonic magnification curve) multiplied by the 
lever magnification (mechanical or optical) of the seismograph. 

Acceleration.-In figures 6 and 8 i t  is seen that the ma ification curves for various 
degrees of damping all approach a common curve towarpthe right-hand side of the 
graph. It is not desirable to operate ordinary seismo raphs in this zone (at relatively 

menta is low and the amplitudes on the seismograms would be correspondingly low. 
This is the zone, however, in which direct-recording pendulums function with nearly 
constant sensitivity as accelerometers. 

From figure 6 it  will be seen by inspection of the various magnification curves 
that the effect of damping becomes almost negligible when T,/T, is reater than 2. 
Beyond this the equation for Mn on page 13 may be written with su fr? cient accuracy 
as follows: 

Mh=-T for Te/To>2 

mass E reaches an extreme position the bob S wi P 1 move only a relatively short distance 

will E e indicated by an ordinate in the neighborhood of B. The actual amount which 

short pendulum periods) because the harmonic magni f cation factor for linear displacc- 

T,2 
Tt. 

The equation for A,, page 13, then becomes 

Substituting this expression in the usual equation for the accelwation of simple harmonic 
motion: 

a (acceleration)=+=- 4r2A ?;$ for Te/T,>2 
T, 

From this equation, it is seen that the amplitudes on the seismo rams are proportional 
to ground acceleration, regardless of the earth wave period when 4e/To is greater than 2. 
Under these conditions the trace amplitudes are directly proportional to ground accel- 
eration and inversely proportional to the lever magnification and the square of the 
natural pendulum period. 

MOTION OF GALVANOMETRIC RECORDING SYSTEMS UNDER THE I N F L U E N C E  O F  STEADY 
STATE VIBRATIONS 

The amplitudes on galvanometric recorders depend u on the electrical character- 

recorders. Sensitivity is obtained by substituting a ver sensitive galvanometer for 

and-ink systems employing electronic circuits to overcome the friction of the writ,- 
ing pen. 

The theory of galvanometric recorders is complex and will not be discussed hero. 
While galvanometric recorders are usually more practical for high sensitivity the har- 
monic magnification curves in figures 8 and 9 show that they possess one characteristic 

istics of the entire system in addition to those factors a P cady mentioned for direct 

a direct optical system. Recording can be either optica T or, as in recent years, pen- 
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FIQURE g.-Cnlibration curves of vnrious seismograph systems. 

quite different from those of direct-recording seismographs. For very rapid ground 
movements the magnification curves be in at  zero whereas for direct-recording seismo- 

constant over a limited period range. The reason for this is that for extremely rapid 
ground movements the current generated in the pendulum coils cannot overcome 
the inertia of the galvanometer suspension system. In the case of the direct recorder 
the inertia effect of the optical system is negligiblo for the period range in which tho 
seismologist 1s ordinarily interested. 

In  galvanometric recorders the circuits can be desi ned in such a way that a com- 
bination of. short-period pendulum and long-period go, P vanometer (of the order of 50 
seconds) d l  ive the broad performance characteristics of a standard long-period 

graphs the magn.ification is the norma B lever magnification of the instrument and is 

pendulum of t c e Galitzin type. 



IV. TRAVELTIME TABLES AND CHARTS 

Travel-time charts or tables show the times required for the various types of earth- 
quake waves to travel from an earthquake focus (hypocenter) to any point on the 
earth’s surface. They are used principally to determine distance between epicenter 
and station after certain time intervals (usually S-P) have been measured on a seis- 
mogram. These intervals increase with epicentral distance and therefore become 
measures of the epicentral distance. The time of origin, H,  is also ascertained from 
travel-time tables. 

Aside from its value in determining epicentral distance and origin time the travel- 
time chart or table supplies the seismologist with the basic data used in postulating 

change in his concept of the interior the interior structure of the earth. 
structure the research seismologist must be ab e to show his evidence for such change 
on a travel-time chart. It is very evident, thercfore, that as more detailed and authen- 
tic seismographic data are obtained the more accuratcly will the seismologist be able 
to delineate the interior structure. The great need is to obtain enough evenly dis- 
tribu ted instrumental data to enable the investigator to adequately trace the time- 
distance history of every activity or phase from the time it first appears on the surface 
of the earth until it disappears. Aside from the variable quality and distribution of 
seismographs over the earth one of the handicaps preventin a more satisfactory 

which tends to distort the symmetry that would otherwise be obtained in seismographic 
data. These are problems calling not only for competent seismologists but for Inter- 
national cooperation on a broad scale, and obviously lie outside the immediate field 
of interest of the student of seismology. He should know, however, that in his work 
he is contributing toward this objective. 

Determihion of distance and time of origin from travel-time tables or charts.--?’his 
is based on the fact that any measured time interval between two known phases such 
as P and S must correspond to a dcfinite distance as indicated in the table or on the 
chart. The time interval increases or decreases as the distance between epicen ter and 
station increases or decreases. Thus, if the interval between P and S is Gm 48s the 
distance according to the International Seismological Tables is 46.1 O corresponding to 
approximately 5,115 km. or 3,180 miles. As the time (P-H) required for t heP  WBVP to 
travel this distance is known from the same table, the time of origin may be calculated 
by subtracting the interval (in this case 8m 40s) from the Greenwich time of P mcasurcd 
on the seismogram. Distance and timc of origin can be computed from other phttses 
also, but P and S are encrally tlic best. An csception to this, when scnsitivc short- 

of being independent of focal depth. L waves can bc used for this purpose only in 
very special cases because of variations in speed with the type of crustal structure 
traversed. 

The determination of epicentral distance and time of origin is discusscd in more 
detail later under instructions 0x1 the interpretation of seismograms, page 28. 

For everr 

solution of the earth structure problem is the heterogeneity o f the crustal structure 

period records are avai 7 able, is the P’P-P interval which has the important advantage 

18 
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Some salient jack about travel-time tables and charts.-In these directions it is 
presumed that the seismologist will interpret his seismogram with the aid of a travel- 
time chart or can recognize the various phases from descriptive matter and examples 
given elsewhere in this publication. Proficiency in this, of course, requires considor- 
able practice. Some seismograms on which there are well-defined activities are never- 
theless difficu!t to interpret, even by experienced seismologists, without knowledge 
of the approximate distance and time of origin. Sometimes, however, when a solution 
is problematical and no information is available on the epicenter and origin time, it is 
possible to limit the interpretation to two choices of distance with different origin 
times. Such solutions should be used cautiously until a verification of one or the other 
becomes possible. 

Several organizations, including the International Seismological Association with 
headquarters .at StTasbourg, France, and the United States Coast and Geodetic Survey 
and the Jesuit Seismological Association in the United States, distribute immediate 
information concerning the positions and times of origin of all strong shocks. Final 
instrumentp1.reports must be interpreted in a manner to agree with the epicenters and 
times of origin reported. A primary objective of this service is to assist the seismolo- 
gist in the proper interpretation of his record. If the distance to an epicenter and time 
of origin arc known, one only needs to refer to his travel-time table or chart to closely 
estimate the time of arrival of every wave group a t  his station. This will be explained 
in further detail later. 

Travel-time charts are available to an one doing responsible work in seismology 

The charts available are similar to those reproduced in this 
who will request them from the Director, 6 nited States Coast and Geodetic Survey, 
Washington 25, D. C. 
publication except that the originals are considerably larger. 

TRAVEL-TIME TABLES AND CHARTS FOR LONG EPICENTRAL DISTANCES 

Travel-time tables are based entirely on observational data and since a certain 
degree of consistency has been found in tables developed b various investigators for 

developed that will be acceptable to  seismologists everywhere. For fistances under 
1,000 km., the effect of crustal structure is so diversified that it is made the subject of 
a separate section. The principal factors responsible for the lack of unanimity in the 
travel tirncs of most of the tables used in long-range work have been (1) timc errors in 
the data due-to ]~oor time control and inadequate equipment, (2) use of different 
criteria in taking the low crustal velocities into account, (3) the assumption of differ- 
ent “shallow” focal depths for use with the standard tables, and (4) the use of different 
earthqualtc data by different invrstigators. Errors of observation, item (I) ,  are being 
practically climinated, and itcms (3) and (4) would seem to re uire only general a ree- 

differcnccs apparcnt in thc more recent travel-time tables and leave variations in 
crustal structure as the principal reason for diff ercnccs be tween travel times actually 
observed and those shown in the tables. 

distances over 1,000 Itm., there is definite hope that in the 9 uture a sin le table can be 

mcnt as to the most desirable criteria to adopt. This woul 8 eliminate most o f the 

Normal depth travel-lime tables.-The following tabulation of P-wave travel times 
illustrates the order of differcnccs to be expected in normal depth travel-time tables as 
devcloped to date. The Gutenberg-Richter table for long distances assumes an average 
focal depth of 25 km. in a crustal structure similar to  that of southern California; the 
Macclwane table assumes a 10 or 15 ltm. depth in continental structurc; and the 
Jeffreys and Bullen intcrnational tabla assumes a focus 33 km. deep a t  the bottom of 
a typical continental structure. It will be noted that in this last table the travel times 
are appropriately less than for the more shallow foci assumed in the other two tables. 
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Distances are expressed in degrees, 1 O being equal to 11 1.1 km. of great circle distance. 
H refers to the time of the earthquake a t  the focus or hypocenter, not the epiccnter: 

Comparison of travel-time tables 

Distance in 
degrees 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 

P-I3 for normal depths 

Gutenberg and 
Richter 

1953 

m. s. 
0 04 
2 28 
4 34 
6 11 
7 36 
8 55 

10 06 
11 12 
12 11 
13 00 
13 46 
14 31 
15 16 
16 01 

J. B. iMacelwane 

1933 

m. s. 

2 26 
4 33 
6 12 
7 35 
8 53 

10 02 
11 08 
12 07 
12 58 
13 46 
14 33 
15 20 
16 07 

- _ - - -  

Jeffreys and 
Bullon 

1940 

m. s. 
0 05 
2 24 
4 32 
6 08 
7 33 
8 53 

10 06 
11 10 
12 08 
12 57 
13 43 

The working seismologist needs this background information to undcrstand why 
his determination of epicentral distance may not coincido with the epicenter reported 
by agencies that supply authcntic epicenter information. It becomes clear why thc 
final location of epiccnter is largely an “ averaging” process. This means that since 
the epicentral distance arcs swung from a widespread network of stations do not inter- 
sect at a point, the annlyst is forccd to sclcct an epicenter that is most representative 
of all the distiinces used. It should he noted too that an error of one second in dctcr- 
mining the arrival time of P will result in epicentral distance errors ranging from 8 km. 
at a distance of 1,000 to 22 km. a t  a distance of 10,000 km. This applies whcn epicentcrs 
arc bascd on the rather rcccnt practice at seismological centers of reconciling all P-H 
data with a common epicenter and time or origin. 

Deep-focus tracel-time tables.-In the early thirties it was definitely established 
that whilc the great majority of earthquakes originated within or near tho crustal 
layers a t  depths varyiiig from approximatrly 10 to 40 km., a fcw of them originated a t  
varying distances bcnetLth the crust, the decpcst raaching down to 700 km. Deep- 
focus shocks have been acceptcd as bonafidc because thc observational data can be 
reconciled only with theoretical travel timcs bascd on such focal depths, the thcorctical 
travel times bein bawd in turn on the interior wave paths and velocities determined 

P and S wavcs considcrably reduced with increase of focal depth but  riew phases appear 
on the records and become a very significant part of dcep-focus travcl-timu curves. 

from normal dcpt !i I travcl-time tables. Not only arc thc arrival times of the elcmcntary 



PRINCIPLES UNDERLYING THE INTERPRETATION O F  SEISMOGRAMS 21 

Within 2.5 minutes nftcr P and S new phases are registered that havc been reflectod 
one time from thc surface of the carth near the epicenter. As previously explained 
they are designated p P  and sS waves, the lower case letter being symbolic of the short 
ray from the focus to thc nearby point of reflection, nnd the upper case letter indicative 
of thc long ray from the surface reflecting point to the station. 

The travcl-time curves in figures 13, 14, and 15 show those phascs peculiar to deop- 
focus shocks. Their arrival timcs, especially the short interval between P and p P ,  
and S and sS, nre the best measures obtainable of focnl depth from the records of a single 
station. When the records and reports of a large number of stations are being proc- 
essrd for epicenter location, the seismologist can utilize both the pP-P intervals and the 
earlier arrival timcs of P as mcasurcs of focal dcpth. As stated elscwhcre the surface 
waves for very deep shocks are so weak on the rccord that their travel time has but 
little significance. 

TRAVEL TIMES FOR SHORT EPICENTRAL DISTANCES 

For epicentral distances less than 1,000 km. the trnvcl-time problem is difficult 
brcnusc many of thc soismic rays traverse the crust over large portions of their paths, 
and crustal structurc can vary grratly insofar as the wave velocity is concerned. I t  
has been stated in preceding sections that in some continental arcas the crustal layer- 
ing is as much as 40 km. thick and transmits comprcssional waves through various 
types of rock a t  speeds varying from about 6.0 to about 7.5 km/sec. Ovor some oceanic 
areas, whcrc crustal laycring all but disappcais, specds of 8.0 km/sec. found only in 
ultra basic rock bcnrath the crust, may be indicuted for local shocks. It is for this 
reason that scismologists in southern California and in tlic central Mississippi Valley 
and the Kcw England arcas have all developcd travel-time curves applicable to their 
particular nrcns. Such Iocal travel- 
time curves arc developcd through first accumulating a considerablc quantity of warby 
scismographic data 011 lociil shocks and then, through repeated trials, 
struct u r ~  that yields computed travel-time curvcs close to those actua ly observcd. 
Data from heavy controlled explosions arc? useful in dctcrmining local velocities. 

An explanntion of local structure and seismic wavc velocities in a selected area of 
southcrn California will servc to illustrate the problem. The results arc based on about 
25 years of instrumcntul data obtaincd from a network of stations in southern Cali- 
fornia cspccinlly designed and located to solve the travel-time problem, the ultimate 
objective being the highest nttainable accuracy in locating local cpiconters. This 
program is directed by the Pasadena S(1ismolo ical Laboratory of the California Insti- 

layer is postulntcd in which thc spccd of compressional W ~ W S  increases from about 6 
Irm/sec. a t  Llic top to al)out 6.5 Icm/scc. a t  the bottom. Beneath i t  there is a possiblc 
tlecrcasc in velocity with a suhscqucnt increasc to 7.0 or 7.5 km/sec. at tlic Mohorovicic 
layer which is from 30 to 40 km. deep. Beneath the Mohorovicic laycr tho comprcs- 
siorial wave vclocity is 8.2 km/sec. This is substantinlly the structurc contemplated 
in the local travel-timr table for an avcragc focal dcpth of 18 km. Beyond an epi- 
central distance of 700 km. the cffect of crustal variations becomes ncgli ible. As a 

times and epicontral distanccs obtained from txe records of distant stations can bo 
adequatcly reconciled with those obtnined from thc records of local stations. 

Thc study of local travol timcs in other arcus can bc facilitated by the use of 
Omori’s formula-a formula that assumes simply that all trawl-time curves are lincar 
up to somewhat less than 1,000 km. I t  furnishcs a simple rclationship between cpi- 
central distnnw, tlic (S-P) intcrval, and P- and S-wave velocities remcmbcring that 
thc velocity of S is 0.58 that of 1’. 

The same is truc for othcr parts of the world. 

postulating a 

tutc of Technology. Immediatcly bcncath t f \  e sedirncntary layers a 10 km. thick 

result of these studies it is one of the very few rc-ions of thc world in whic F 1 tho origin 
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If P and S are the phases under consideration, H the origin time, and D tho epi- 
central distance, then 

The velocity of P (slope of the travel-time line) = D / ( P - H )  = V p  

The velocity of S (slope of t.he travel-time line) = D/(S -H)  = V s  

(S--p)= (S-H)- (P-H)= D/Vs- DIVp 

v p  vs (S - P) =C(S -r) (VP- vs> D= 

I t  is thus seen that when the wnvc velocities in any locality are known or postulated 
the constant C may be computed and the computation of distance simplified. Similar 
constants may be computed for any pair of phases such as Pq and S g  (“granitic” 
layer phases) and P* and S* which are sometimes used in designating speeds in an 
intermediate zone just above the Mohorovicic discontinuity. P and ?? are sometimes 
used to indicate paths through the entire crust. 

- 



V. INTERPRETATION OF SEISMOGRAMS 

i characteristics of seismographs, and travel-time tables has furnis % ed thc backgroun 

what the seismologist actua 7 ly sees on the seismogram. 

The preceding discussion of thc nature of scismic wave propa ation, thc rccordin 

ncccssary to procccd with the interpretation of scismograms and thc prcparation of 
instrumental reports. The outstanding characteristics of thc morc important ground 
waves have been outlined and i t  was made clcar that no one seismograph has a rccording 
range broad enough to rcgistcr all seismic ground pcriods and amplitudes in thcir tr:iie 
perspective. Thc remuinin discussion will thereforc be concerncd primarily wlth 

ARTIFICIAL A N D  SEISMIC PHENOMENA COMMON TO ALL TYPES OF PESDULUM 
SEISMOQRAPHS 

Although standard seismographs arc dcsigned to register minute ground vibrations 
due to distant carthqurtkes, a sensitive pendulum system will not only pick up other 
types of ground vibration but will also under o some peculiar and unexpected motions 

Microseisms.-These nrc minute vibrations of thc ground gencrated ; (1) when 
low-pressure arcas pass over largc bodies of water, (2) b surf, (3) by the passing of 
cold fronts over large water areas, (4) by frost, and (d by miscellaneous types of 
me tcorolog icnl dis t urbanccs. 

The nmplitudcs of these vibrations vary from liour to hour depending upon 
mekorological conditions and may range in displaccmcnt from 0.1 p (0.0001 mm.) to 
2 5 p  nnd over, dcpcnding upon tho magnitude and proximity of tho disturbancc. 
The smallcr amplitudes arc gcnerally associated with periods of approximately 0.1 
sccond and over, largely local in character; the larger ones are associatcd with micro- 

ovcr either coritincntal or oceanic paths. Thcre arc also microseisms lying bctwcen 
t hcsc two pcriod and amplitude estremos. High-magnification and short-pcriod (1 
sccond) pendulums register the short-pcriod microseisms bcst ; approsiinatcly 6-second 
pendulum systems arc best for registering thc long-period type. The latter group, 
especially, has bccn the sub'cct of exhaustive investigation. 

nlternntcly vary in trucc amplitudc from praclkally zero to  the prevailing masimn. 
They brcome qiiitc irregular, howcver, when there is niorc than one source of dis- 
turbnncc. Mr1iile this smoothncss often distinguishes them from cnrthquake phnscs 
of the same tracc amplitude, tlicrc arc timcs wlicn microseisms llnving both long and 
short periods will bc rcgistercd and the detcction of eai.tliquake phases bccomes more 
difficult. Shorb-period microscisms can be especially troublcsorne sincc they so oftcn 
lack the sinoothncss found in the longer pcriod oncs. 

The magnitude of microscisms and other background activity controls the magni- 
fication with which a scismograpli may be operated a t  a given site. WIicre such 
background is heavy thc wealrcr pliascs of distant carthquakcs are oftrn totally obscurcd. 
Microseisms and otlicr disturbances are gcnorally u t  a minimum in mid-continental ureas 
and worst on islands in mid-occan arcas. Soft alluvial formations undergo larger 
amplitudes of motion in the short-period rangc than rock formations, all otlier condi- 
tions being equal, and are therefore often unsatisfactory as station sites. 

Artificial wibrations.-Dis turbances due to traffic, machinery, closing doors, the 
moving about of people on stairs and elsewvherc, may be temporary or practically 
continuous, but they usually quiet down during the night hours. They generally 
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of its own that will registcr on the record an f sometimcs ruin it. 

seisms of 4- to 7- sccond period which may travcl thousands of miles from tlic' 'll. soul.ces 

+Microseisms are gencra 1 ly smooth wave forms that nru propagatcd in groups that 
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appear on seismograms as short-period vibrations of the order of a few tenths of a 
second or more so that on seismographs that have paper speeds lcss than 30 mm/min. 
they may appear as little more than blurs; otherwise the individual waves may be 
discernible. Weak local shocks somet>imes produce brief short-period records that 
could be difficult to distinguish from some artificial disturbances. Beginners often 
have difficulty in distinguishing between real earthquake activity and artificial dis- 
turbances of this kind. An earthquake record has a definite pattern depending upon 
the recording characteristics of the instrument, focal depth, ctc.; in other words the 
experienced seismologist subconsciously looks for a sequence of P, S, and L waves on 
the seismo ram. The seismologist must through experience alone learn to recognize 

casc of short-period microseisms, the amplitudes of artificial disturbances are always 
less on rock outcrops than on filled ground or alluvium. 

the particu T ar types of artificial disturbances to which his station is subject. As in the 

Effects o j  wind, sun., and convection currenfs.-Pendulum movements due to these 
c*auses can ba responsible for much loss of rccord. I n  strong winds building motion 
may he enough to cause horizontal movement or tilting of the basement floor or pier 
on which the scismograph is mounted. Sucli dist,urbances are generally irregular in 
character. Thc alternate heating of thc cast and west sides of a building may be the 
causc of an appreciable diurnal tilt gencrally effected t.hrou h the seismometer pendulum 

together of the lines on the seismogram at  one t.ime of the day and a spreading apart 
a t  another. The effect of horizontal tiltin of this kind is lcss on vertical components 

faster than the cosinc function, nncl these functions control thc amount of the pendulum 
deflection. 

Convection currents in a seismograph room set up pendulum oscillations of a 
rhythmic character that are often serious and difficult to overcome. Variations in the 
amount of lieat present scem to be the primary causc; such heating coming from the sun, 
steam pipes, electronic equipment, or other sources. Air-conditioning in a room may 
generate convcction currents. Drying machines have hclpccl to alleviat,e the condi- 
tion but the ultimntc soliltion is most. often found in encasing the instrument in an 
additional outside case and/or covcring both instrument and pier with a heavy blanket. 

but galvanomctcrs also may be the source of such trou % le. This causes a crowding 

than on horizontal components because t i e  7 sine function of a small angle changes 

TIMING AND IDEh’TIFICATIOh’ OF PHASES 

Dejinition of “activity” or “phase.”-The first stcp in the interpretation of a record 
regardless of its type is to pick oiit the timrs of beginning of tlieactiviticsorwnvegroups 
to be reported bcfore attempting to clrsignate or intci:pret them. The preliminary 
activities precetlin the long-period surface waves constitute the most important part 

first activity regardless of how minor it may seem is nearly always the most important. 
If the trace is quiet, no difficulty is usually cr;perienced in recognizing the first 

activity, but more ofton than not there will be a certain amount of microseismic activity 
and possibly some artificial disturbance prcscnt. If there is any doubt as to whether 
the activity is really seismic, other parts of the gram should be examined to see if any 
similnr types of activity are present. If so, the questionable activity should be rejected 
as not of seismic origin. This is usually a snfe criterion to follow. More often than not, 
howcver, the beginner is inclined to overlook weak preliminary activities and must be 
frequently reminded of their importance. 

There are two ways in which obscure activitics may often be made more disccrnible, 
especially on low-magnification seismographs. First, procure a long cylindrical lens 
similar to those shown in optical shops ivhich ma nify two or three times in the trans- 
verse direction. Sighting on the trace through suet a lens will be equivalent to doubling 
or tri ling the magnification of the intrument. Another trick, especially useful in 

of the gram close to one eye, or bend down to it, and sight down the trace. It is supris- 

of the seismogram 9 or determining distance to epicenter and time of origin, and thc, very 

revea I! ing the longer period preliminary activities of low amplitude, is to raise one cnd 
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ing how otherwise imperceptible activities will stand out in contrast with activities of 
slightly different character. 

After the bcginnin of the first activity has been selected, other activities should be 
chosen that are marke % ly different either in amplitude or period from preceding nctivi- 
ties. Sometimes only an  obvious interference in a prevailing activity will mark the 
entry of a new wave group. The phases most likely to appcw prominently on the 
seismogram are indicated by the travel-time curves in figure 8. 

Time accuracy in reading phses.-The time of beginning of an activity may be 
measured to the nearest tenth of a second, or second, depending upon the sharpness 
of the onset. In regional investigations with modern seismographs employing 60 
mm/min. paper speeds important impulsive phases itre read to the nearest 0.1 second. 
Impulsive activities, usually i P  or is, often appear in stnndard type records of strong 
shocks and the greatest care should be exercised in measuring the Greenwich times 
of the onsets to the nearest second. If the measured times of the first impulse on 
two components differ by 1 01‘ 2 seconds the earliest arrival time should be used. It 
often happens that times are recorded to the nearest second merely out of habit. Such 
procedure is not justified when the time of emer ence is doubtful. The questionable 
seconds readings in such cases should be cnclosef in parentheses in the report. It is 
extremely difficult to select the exact time of beginning of an emergent phase and two 
persons will often differ in their conclusions concerning the same activity. It is reason- 
able to presume that anyone using the data may expect the reported time of beginning 
of a phase to be in error as much as indicated by the last significant figure reported-0.1 
second if the time is given to the nearest tenth of a second, and 1 second if it is given to 
the nearest second. The onsets of surface w~lves are often so questionable that it may 
be sufficient to record them to the nearest minute. 

The “time correction” is considered positive when the clock which marks time on 
the seismogram is slow; and negative when the clock is fast. 

CHARACTERISTICS OF VARIOUS PHASES O N  THE SEISMOGRAM 

I n  the preceding sections describing elementary wave types, P, S, and Lq and Lr 
and a series of dependent wave types, emphasis was placed on their origin and nature 
considered as natural phenomena. Only in a secondary way was reference mada to 
their appearance on the seismogram. With the seismogram now in front of the student, 
the primary problem is to know how to identify the various wave types and reconcile 
them with the information found on a travel-time chart or in a table. It will be 
remembered that periods measured on the seismogram are actual ground periods of the 
earth wave. The amplitude of the recorded motion, however, varics with the period of 
the pendulum, thc period of thc ground wave, arid many other factors, and therefore 
differs greatly for different instrumcrits and ground periods. 

Phases at epicentral distances under 1,000 km.-Short-pcriod preliminary arid 
surface waves that last only a matter of some minutes are the mark of a nearby earth- 
quakc. There will be no great 
variation in the periods of any of the wave types. The S phase is usually distinguishable 
because of its larger amplitude as compared with P,  but it is often hopeless to differ- 
entiate between S waves and L waves. This is generally tlic picture on both long-period 
and short-period pendulum records, except that short-period pendulum records taka on 
a characteristic form bctween 700 and 1,200 km. Because this is a zone of weakness 
for P and S onscts the record assumes the form of two roughly symmetrical envelopes, 
one for the P group and one for the S and L groups. Recognition of this characteristic 
often enables the analyst to make a correct interpretation. 

On short-period instruments and sometimes on long-period ones the concentration 
of P’ energy a t  15,600 km. may take on tho appearance of a local shock and confuse the 
interpreter. This is also true for PKKP, P’P’, and SKPP’ which arrive approximately 
18, 26, and 29 minutes after P. All such phases have periods varying from 1 to 2 
seconds and durations of 1 to 3 minutes. 

Periods are of the order of one-half to several seconds. 
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On long-period pendulum recorders, increasing epicentral distance in this zone is 
accompanied by the appearance of definitely longer periods that help to  identify surface 
waves. P waves are, as always, the shortest periods, but may begin to show underlying 
periods of perhaps 5 seconds with 1-second periods superposed on them. The S wave, 
too, begins to show great complexity arid a tendency toward longer periods. The analyst 
should definitely be finding other surface layer phascs following P and S. They are 
characterized by sudden increases in trace amplitude rather than by changes of wave 
pattern. On the records of short-period pendulums, thc P and Sgroups arc distin uish- 
able more because of amplitude differences than bccausc of the cmergcnce of k ongcr 
period waves because such waves are always more subdued on short-period pendulum 
recorders. 

This is a distance zone in which local travel-times must be determined to compute 
epiccn tral distances by Omori’s formula as previously explained. The analyst should 
expect to find crustal layer phases, especially in the P-wave portion of the record, with 
travel times depending on these predetermined velocities. 

P waves at epicentral distances over 1,000 km.-From roughly 1,000 km. up to the 
antipodal distance of 20,000 km., thc wave-type characteristics of P waves do not 
change materially although some increase in period with distance is to be expected. 
They seldom exceed 5 seconds in period. With increasing distancc the short-period, 
1-second waves tend to disapprar from all groups except P and its various combinations 
as proved by thc records of short-period pendulums that register only these waves a t  
thc greater distanccas. It is the impulsive P wave from such instruments, especially 
the vertical, that today furnishes thc best epicentcr data. Core rcflections are also 
well registered on vcrtical components. 

A special property of the short-period, high-magnification seismograph is its ability 
to record elastic sub-sonic waves, called T waves, that are sometimes generated by 
submarine earthquakes arid travel thousands of miles across oceanic sound clianncls. 
They are re ‘stered long after the seismic surface waves are registered, their velocity 
being only a r out 1.5 km/sec. Such waves may be transmitted from water to land and 
back again to water whenever oceanic islands lie in their paths. 

On long-pcriod instruments P wavcs and their dcpmdcnt typcs arc chnracterizcd 
by a combination of long- and short-period waves, the former of tlic ordcr of 5 swonds 
period and the latter around 1 sc~cond. While the ground amplitutlcs of t h o  short- 
period waves are always smallrr than those of longer period wnvcs, they may or may 
not seriously mask the 1ongc.r period wavcs dcpendmg upon the character of the mngni- 
fication curve. These curvcs, figurm 8 and I), show how much thc displacemcnts for 
thc different The 
analyst must 9 earn the characteristics of difi’ercnt instrumenf s to become proficient in 
reading seismograms. 

In thc case of strong distant shocks the first longer period wave of tlic P group 
may appear vcry promincntly at the start of th(1 rwortl. It may appear coinvidcnt 
with the first impulsivo short-period (1-second) \vav(’ 01’ may vary from it slightly in 
.arrival time. The longer period onset is dcsignatcld eP, the shorter impulsive onsct, iP. 
All normal P W ~ V C S  bcgin to wcakcn considerably around 11,500 lim. bccuusc tho rays 
are entering the core. Beyond 15,700 km. a weak phase associated with P prrsists up 
to about 18,000 km. 

Within thc first 2:: minutes of P-wave activity, thc analyst must search carefully 
for deep-focus phascs that will usually appcar with sharp onsets, that is, markc~d 
increases in amplitude ovcr prevailing ad ivit y, or an obvious intcrfcrcnce in prchvailing 

PP waves 
and &Ictivi P B 2’ waves arc thc most oufstnntling phases betwccn P and S. They deviate 
from the general pattern of P waves only in being more compl(\x, bcing supcrposed on 
thc prolon ations of preceding phases. This complexity is most pronounccd in moder- 

At  great dlstances P-wave groups become elongated and seem to lose some of their 
complexrty except when the so-called focal a i w  of thc P’ core WILVCS is reached 
at 15,600 km. This is also 
true of PKKP, P’P’, P‘P’P’, and SKPP’ pliascs on short-period rccords. Bctwccn 

round periods are magnified for vnrious typcs of scismogmphs. 

that markedly incrcmcs tlic comploxity of the waves that follow. 

ate to wea F; records. 

The trace then may take on the charactcir of a local shoek. 
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14,500 km. and 15,500 km., PKS is the largest of all preliminary activities, arriving 
about one minute after PP. When P-type waves arrive almost simultaneously with 
S-type waves, as in the case of the PS and SP phases, the activity is usually though 
not necessarily complex because of the combining of the longer period S waves with 
the shorter period P waves. 

S waves at epicentral distances over 1,000 km.-On the average type of long-period 
seismograph record S wavrs may be picturrd as having possibly double the pcriod and 
amplitude of P waves. This may be modified considerably by the magnification curves 
of the individual seismograph but for pendulum periods over about 8 seconds, one may 
always expect to find S waves with greater amplitudes than P waves. It is for this 
reason that  for wcak recordings, P waves may be missing altogether while S waves 
may be fairly well registered. Since the records of l-second pendulums register these 
longer period waves in such an obscure way, except in the case of exceptionally strong 
shocks, all of the following ex lanation will refer to the records of long-period or inter- 

Although the S wave appears in its purest form between 1,000 and 9,000 km., it 
is still very complex. Some investigators believe that i t  consists of several different 
wave types. Because of this and the fact that P wavcs are bein registered when the 

arrival. This explains why more consistent epicentral distances are obtained by using 
P-H intervals (obtaining the correct origin time by trial and error) than by using the 
S-P intervals alone. Because of the unccrtainty attached to the onset of the normal 
S wave, the analyst should by all means read the two or inore outstanding activities 
present unless there seems little doubt that one reading will give an adequate timing 
of the phase. 

I n  this zone one finds the PS and SP phases nrrivin almost simultaneously shortly 

waves of longer period with increasing epicentral distance, so much so that a t  great 
distances there is sometimes danger of confusing them with surface waves. P-wave 
and S-wave surface reflections are distinctive in that they are registered a t  all distances 
from the epicentral area to the antipode. 

At 10,000 km. the normal S wave begins to fade out of the picture because the rays 
are bein partly refracted into the core as P waves and refracted out a rain to the surface 
as S or ! waves. The phase, SKS, is readily identified on the recork corning in sotne- 
what ahead of an ima inary extension of tho normal S-wave curve, and followed after 

normal S phase fades out, SKS builds up in trace amplitude, and together with PS 
and the surface reflected phases comprise the most important S-typo phases on the 
record a t  great distances. The Gutenberg travel-time chart, figures 14, 15, 16, and 17, 
should be consulted for a large number of other phases that may be found on the seismo- 
gram. 

mediate-period pendulums on f y. 

first Swave arrives, the arrival time of S is never timed as accurate s y as the first P-wave 

after the normal S and there will more than like1 be f ound some short-period waves 
attributable to the last P-wave leg of the SP com i inntion. SS and SSS phases show 

some minutes by the P S and SP combination that is not affected by the core. As the 

Surface waves at all distances.-Surface waves are always the largest trace amplitude 
waves on the records of all long- or intermediate-period pendulums. On short-period 
pendulum records they arc out of the picture except in the stronger shoclts. Because 
of their irregular travel times duo to variations in crustal structure they have little use 
in helping to determine epicentral distances except that their approsimate arrival time 
is often suficicnt to make a choice between two possible distance dcterminations based 
on preliminary phases alone. ?‘he study of surface waves as a means of analysinp sur- 
face structure is in the research category. Surface waves increase on most records from 
a few seconds period in the epicentral area to several hundred seconds a t  great distances 
for the waves of maximum trace amplitude. Investigations of destructive carthqualtc 
motion with special instrumentation sliow that long-period surface waves actually 
are present in epicentral areas but on most nearby seismographs they arc obscurcd 
by the shorter period waves that am generally magnified many times more than the 
long-period waves. 
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On many records the arrival time of the Lq wave is frequently obscured by S-wave 
surface reflections, but they can usually be identified because the first few Lq waves are 
o-ften the longest on the record, sometimes reaching a period of a minute or more. If 
the pendulums happen to be oriented end-on with respect to the epicenter and all tho 
Lq waves are on one component, successive waves of the train will be seen to increase 
in amplitude as they decrease in eriod until a maximum amplitude is reached. With 

zontal and the vertical components and behave in much the same way except that ultra 
long periods are not found a t  the beginning of the wave train. If the pendulums are 
not oriented end-on, which is far more likely, the Lq waves will arrive first with the LT 
waves piling over them some minutes later (at the greater distances) to make a tangle 
of wave motion that can be separated only by a laborious type of analysis that is never 
done in routine work and seldom in special investigations. 

Recent developmerits of seismographs with very long period chnractcristics h a v ~  
furnished a great impetus to a more completcb understanding of tlic propagation of 
lorig period waves. The waves in this particultlr group or family arc known as guided 
waves because they are transmitted through layers or channels in the rartli’s crust and 
mantle. The shorter period waves of the Love and Itayleigli group, described above, 
arc channcl wtlves in the crust (continental and occanic). ‘l’h Lq or G wavc with its 
long period and great wavc length is essentially a churincl wave in the muntlc. The 
1T.g wave, a short period wave with t ransvcrsc eliaractc>ristics similar to L and usually 
superposed on loiig period surface w a v ~ ,  travels over long continental paths witli 
relatively littlc loss of energy but it is cut off abruptly when its path lias cvcn a small 
oceariic segment. A low-velocity chan11cl in  tllc 
occaii, tlic Sofar channel, transmits cncrgy horizontally with slight energy loss and litis 
heell used for lorig distance signalling. ‘l’hc T w a v ~  1s a short-period wave ’roup that 

lilies into the contiricntal interior with ordinary seismic velocities. up011 impiiiging 
011 the shore i t  gives rise to P,  S, arid L waves that are recorded as a complex and 
irregular T phase. 

such pendulum orientation the 2 T waves will be seen to arrive later on the other hori- 

It is a clianncl w a v ~  in the crust. 

travels from its source with t l i t l  spced of sourid in water and is proptigated f.  rom sliow 

I D E N T I F I C A T I O N  OF P H A S E S  A N D  D E T E R M I N A T I O N  OF 1 4 : : I ’ I C E N ~ ~ ~ ~ ~  D I S T A N C E  A N D  O R I G I N  
T I M E  

An expericnced seismologist will more often than not be able to assign correct inter- 
pretations to the activities registered on a seismogram merely by inspection. I t  is 
always desirable, however, to check the interpretation on a travel-time chart. Pre- 
suming that the times of beginning of the various unintcrpreted activities have been tab- 
ulated on forms provided for that purpose, or on a scratch pad, the following procedure 
should be observed. 

(1) Take a narrow strip of paper (such as adding-maclline tape) nearly twice as long 
as the travel-time chart, and lay i t  on the chart below a graduated time scale such as 
that a t  15,500 km. in figure 1 .  Along the top edge of the strip make two marks (such 
as inverted V’s) to coincide with the 0- and 60-minute time ordinates. Tlicse are 
merely references that make it easy to replace the scale in the same position later on. 
The zero time ordinate indicates the hour of the earthquake, such as 3h, 1011, 23h, etc. 

(2) With thc strip lying along the time scale in the position indicated undcr (1) 
make marks, short lines preferably, along the upper edge a t  points corresponding to 
the timcs of the activities previously measured on the seismogram. Thus, if the timr 
of the first activity on the seismogram has becn measured and reads 1011. 13m. 36s., 
make a mark on the tape a t  a poinL about 0.6 or the distance betwc?en the 13- and 
14-minute graduations. It is sufficient to use tclntlis of minutes in this eqdoratory 
procedure. Make similar marks on the strip for all the other recorded phases, marking 
the last one L as there is usually not much difficulty in recognizing surface waves on 
records of distant earthquakes. Marking the ou tstanding activities with a heavier 
and longer line on the slip will be a hclp in the steps to follow. I t  will also liclp to 
indicate the P- or S-wave character of all the phases on the strip of paper as well as they 
can be judged by inspection of thc seismogram. 

(3) Now move the strip from its original position on the time scale and, keeping it 
horizontal, slide it up and down and laterally over the curvcs. If P-wave types are 
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indicated on the seismograms, then the first marks ought to coincide either with the 
P, PP, or P’ curves. At the same time the mark corres onding to the first S wave 

S, SS, or SPS (refer again, if necessary, to the characteristics of the various types as 
described in other parts of these notes). If the correct distance has been found, the 
mark for the L waves will lie reasonably close to one of the Lwave curves within possibly 
a minute or two if the distance is great. Make R note on the tape of the distance a t  
which the final setting is made. This is the approximate distance from station to 
epicenter. With the P and S phases, or other phases, thus identified a more accurate 
value of distance can be obtained from the seismological tables. 

(4) With the strip in the last position on the curves, and practically all of the 
important measured activities coinciding with the travel-time curves, mite  beneath 
each tape mark the symbol of the phase with which it coincides such as P ,  PP, S, SS, 
L,, etc. When this is donel make a new mark on the tape (with the strip in the same 

osition) to indicate the point of coincidence with the zero time ordinate and mark it !4 for time origin. 
(5) Move the tape from its position on the curves back to its original position on 

the time scale as described in (1) being sure to make the even hour marks on the slip 
coincide with the 0- and 60-minute ordinates on the chart. As the slip marks have 
all been interpreted in terms of P ,  S ,  and L,  etc., it  is then a simple matter to write these 
interpretations of the phases or activities next to the times of the onsets which have 
already been tabulated. With the strip on the time scale, note the time at which the 
origin mark “ H 1  falls on the scale. This reading will be the time of origin of the 
earthquake a t  the hypocenter or focus. For a more accurate origin time, read the 
P-H interval in the seismological table that corresponds to the S-P interval determined 
in (3) and subtract it from the time of P as rend on the seismogram. 

The above directions seem simple, but many difficult situations arise in practice. 
Phases indicated on the travel-time charts are not always discernible on the records, 
and activities sometimes appear on the records that are not accounted far on the travel- 
time curves. The key to successful and worthwhile interprctation lies in the proper 
selection of the really important preliminary activities ; not in trying to make poor 
readings fit the curves. The anal s t  must memorize the characteristics of the approxi- 

perience in reading seismograms. Word descriptions are inadequate because of the 
complexities and variations involved. 

(usually greater periods and amplitudes than P waves) s R ould coincide with either 

mately half dozen outstanding p x RSCS and this can be done thoroughly only by ex- 

INTERPRETATION OF SEISMOGRAM6 W H E N  DISTANCE A N D  TIME O F  ORIGIN ARE K N O W N  

Whenever important shocks occur, seismological station directors are informod 
through seismological centers such as the United States Coast and Geodetic Survey, 
within R week or less, of the locations of the epicenters and the times of ori in. The 
seismologist then has every requirement for making a correct analysis of all t F; e activi- 
ties recorded on his seismograph. 

A graphical method of determining the times of arrival of the various phases is 
in effect R reversal of the process just describcd. Take the pa er tape and place it on 

sponding to the time of origin RS reported, indicating a t  the same time the evcn-hour 
positions. Then move the tape from the time scale to the distance scale graduation 
corresponding to the correct distance and make the time of origin mark coincide with 
the zero time ordinate of the graph. Draw lines on the tapc corresponding to each of 
the travel-time curves and write the corresponding phase symbols below each of the 
lines. The times corre- 
sponding to the various phase marks arc the times a t  which these phases should appear 
on the grams. 

aphical method consists in first making a time scale on a long tape 

of 1 hour. Lay this tape over the curves in such R position that the graduated edge will 
cross the distance scale a t  the correct epicentral distance. The time on the graduated 
tape corresponding to the time of origin of tho earthquake should coincide with zero 
time on the graph. The arrival times of tho various phases will then be indicated on 

the time scale as in paragraph (1) of the preceding section. hf ake R mark on it corre- 

Move the tape back to its original position on the time scale. 

exactly **Other to SCR F e with that on the travel-time chart but covering 2 hours of time instead 
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the graduated tape b the points where the various travel-time curves intersect the 
edge of the tape. TLs  is r b a b l y  quicker than any other method for estimating 
arrival times of a group of p ases. 

A more accurate way to compute arrival times when epicenter and origin time are 
known is to make use of the P-H, S-H, and similar intervals usually found in seismo- 
logical tables. 

COMPUTATION O F  GROUND AMPLITUDE 

When ground amplitudes are desired for seismological bulletins or a wide variety of 
other purposes, they can be com uted as explained in the section on response of the 
seismograph to seismic waves. 3 he formula used in routine analytical work is 

where 
A,=amplitude of the earth movement. 
AI= trace am litude 

Mh= harmonic magnification factor. 

In the case of electrical recorders a mapfication curve peculiar to each instrumcnt 
must be substituted for vMh. The magnification is always a function of the ground 
period, the pendulum period, and, for electrical recorders, the galvanometer period and 
other factors. 

The trace amplitude of LL wave is one-half the distance between its peak and 
trough ( enerally the maximum amplitude in the oup) and the period is the time 

pendulum, let 

V=static or P ever magnification of direct-recording pendulums. 

interval 7 rom crest to crest or trough to trough. 8 n the record of a direct-recording 

A,=12.5 mm. 
T,=20 sec. 
T0=12 sec. 

V= 150 
e=20:1 
T,/T,= 20/12= 1.67 

From figure 5 the factor i k f h  when T,/To=1.67 is 0.26. Then 

l O O O X  12.5-320p 
150X0.26 - A, (in 0.001 mm.)= 

In the case of electrical recorders the entire magnification factor must be taken from 
calibration curves such as shown in figure 8, for Galitzin and Wenner seismographs; or 
as in figure 9, for Benioff seismographs. 

In special cases where seismographs are serving as accelerographs to record destruc- 
tive ground motions, the acceleration and period must first be measured directly from 
the record and the amplitude, or displacement, computed from the formula 

a T,2 A,= - 4 2  

where a is the acceleration in cm/sec.*, A, is expressed in centimeters, and Te is the 
period of t.he wave in seconds. 

DIRECTION O F  GROUND VIBRATION 

Being able to determine the direction of ground motion of the simpler t pes of wave 
motion enables the seismologist to determine the direction of the epicenter 9 rom the first 
impulsive P wave when it is clearly registered on the seismogram, acd also enables him 
to study the directional characteristics of the smoot,her types of surface waves thus 
aidin in their identification. To do this the directional constants of the two horizontal 
and t a e vertical component pendulums must be known. The seismologist must know, 
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for example, whether sudden upward motions of the traces correspond to sudden north 
or south, east or west, and upward or downward ground motions. Since, for a sudden 
northward movement of the ground the relative motion of the pendulum is to tho south, 
the directional constant for a northward ground motion can be found by giving the 
pendulum a sudden movement to the south and noting whether the trace moves upward 
or downward on the record. An impulsive ground motion is always opposite to the 
relative pendulum motion. The same reasoning applies to the other two components. 
The results are given in their simplest form when the station director simply states in 
his bulletin that sudden upward movements of the traces correspond to N (or S), 
E (or W), and U (or D) ground movements. In galvanometric recorders these direc- 
tional constants will be reversed if the galvanometer or seismometer terminals are 
reversed. 

Azimuth of epicenter.-The direction of ground motion on the arrival of the first 
impulsive compressional (longitudinal,) wave will be away from the epicenter if it  is 
compressional and toward the epicenter if'it is rarefactional. By measuring the ampli- 
tudes of the h s t  N S  and E-W impulses and knowing the directional constants of the 
pendulums the direction of the resultant motion can be determined by a simple vector 
analysis such as shown in the insert of figure 1. Thus, if rapid upward movements 
of the traces correspond to northward and eastward ground movements and the respec- 
tive trace amplitudes are 4.6 mm. up and 7.2 mm. down, the resultant direction of the 
first impulsive ground movement will be north 57' west. Since a compressional W ~ V Q  
is always indicated by a movement of the ground away from the epicenter and a rare- 
factional wave by a movement toward the 'epicenter, it becomes obvious that the 
epicenter could be either to the northwest or southeast. This ambiguity is overcome 
when a vertical-motion record becomes available because up ward ground motions are 
always compressional and downward motions rarefactional. 



VI. MISCELLANEOUS 

OPERATIONAL PROBLEM8 AFFECTING T H E  INTERPRETATION OF SEIBMOQRAMB 

Previous discussion, under artificial disturbances, has already covered some of the 
most troublesome features of seismograph operation, but there are a few additional 
ones that do not fall in that category of artificial disturbances. Those most often 
affecting the efficient analysis of records are the quality of photographic traces and time 
control. These two phases of seismograph operation should be uppermost in a station 
director’s mind because deficiencies in either one could largely nullify other excellent 
features of his work 

Weak traces and poor focusing frequently o hand-in-hand to vitiate what might 

record just the normal microseismic activity. The function of the instrument cal s for 
the recording of minute tremors of short period and also amplitudes that approach 
the ed es of the seismogram. But too often a bad focus obliterates the feeble but 
especialy 7 important P wave onset, or combined with a weak light source may be 
responsible for the loss of other important activities in the case of strong shocks. The 
normal trace should be slightly over one-half millimeter thick, solid black and well 
focused; that  is, the beginning and end of the trace a t  the minute break should appear 
as a sharp vertical line. 

This does not mean that it is sufficient 
simply to have a clock somewhere in the building on wliidi the corrcctioii is known. 
Whenever possible, time signals should be placed automatically on rach record daily, 
and oftener where local station networks are engaged on special projects. Crystal 
clocks with rates of a few thousandths of n. second per month are currently being em- 
ployctl in stations for time control and for driving the recording drums. For efficient 
work the seismologist requires minute marks on the seismogram with prcfcrably a zoro 
correction. On such a record the times of many emergent activities can be read to 
the nearest tenth minute simply by inspection. This cannot br don(. when there is 
a largc corrcction or when only the times of beginning and ending of n day’s run arc 
given. 

resent in measuring time on a 
gram because i t  has been demonstrated that even on ligh-grade drums the errors due 
to irregular rotation from one minute mark to another sometimes exceed 1.5 seconds, 
although 0.3 second is a more probable value. When it  is realized that the waves 
being measured travel with surface velocities from 5 km/sec. to as high as 20 km/sec., 
in certain zones, the necessity for precision in time becomes readily apparent. 

In  those cases where seismograms are sent to central offices for h a 1  interpretation, 
a practice that is growing each year, station directors are urged to adhere faithful1 to 

As such agencies are today interpreting thousands of records, the speed and effec- 
tiveness of their work is reatly enhanced by the correct marking of incoming records. 

type is in operation, (3) component, (4) direction of ground motion, (5) first and last 
hour of G. C. T., and (6) time corrections a t  beginning and end of record, indicating 
whether correction is made to the beginning, end, or middle of the time break. 

f otherwise be satisfactory records. It is not su 8 cient that a trace be heavy enou h to 

Good time control is a prime requisite. 

Even a t  best a disconcerting problem is always 

the details of marking the seismograms as suggested by the cooperating central o & ce. 

All seismograms should s E OW (I)  station name, (2) type of instrument, if more than one 

EARTHQUAKE INTENSITY AND EARTHQUAKE MAGNITUDE 

Since the introduction of the Gutenberg-Richter magnitude scale into seismolo - 

interested layman and in the press concerning the definition of earbhquake intensity and 
earthquake magnitude. 

cal literature more than 10 years ago, much confusion has resulted in the mind of t f? e 

32 
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Earthquake intensity refers to the violence of earthquake motion in any part of 
effects observed on 

In the United 
Intensity Scale of 1931 

Society of America, volume 21, 
slight damage, XI1 is cata- 

described in detail in the Bu 
No. 4, pp. 277-283. 
strophic. Maps showing the distribution of intensity (isoseismal maps) are based on 
such adations. 

Erthquake magnitude refers in effect to the total energy released a t  the source of 
the disturbance. There can be only one magnitude associated with any earthquake. 
I t  can be determined from one or more instrumental records obtained at  any epicentral 
distance, but each station record should indicate approximately the same magnitude 
at  the source. 

As there should obviously be some fixed relationship between the magnitude of 
an earthquake and the maximum intensity observed close to the source of the oarth- 
quake, the followin comparison has been made by Gutenberg and Richter for earth- 
quakes in southern Ealifornia when the normal depth of focus is considered to be 18 km. 

Ma nitude 2 . 2 3  4 5 6 7 8 8. 5 M-h Intensity 1. 5 2 . 8  4. 5 6 . 2  7. 8 9. 5 11 .2  12.0 

According to the latest estimates of Gutenberg and Richter, a magnitude 5 earth- 
quake would represent the release of 10" ergs of ener y which is equivalent to the 

just strong enough to be felt represent an expenditure of about 10" ergs; the greatest 
earthquakes release about The mqnitude and intensity scales are both 
exponential in character. An increase of 1 unit in magnitude signifies a 63-fold increase 
in energy; an increase of 0.1 unit signifies an approximately 50 percent increase. 

energy released by an atomic bomb or 20,000 tons of TN 19 . Shallow depth earthquakes 

ergs. 

DETERMINATION O F  INSTRUMENTAL MAGSITUDE 

The magnitude scale is derived from an empirical formula based on instrumental 
results and is used extensively as a measure of earthquake energy released a t  the focus. 

The magnitude of an earth uake is the logarithm of the maximum trace amplitude 

( 8 = 0 . 8  sec., V=2800, h=0.8) would re ister that shock a t  an epicentral distance of 
100 kilometers. Richter in the Bulletin ofthe Seismological Society of America (BSSA), 
volume 25, No. 1, published a table for determining the magnitudes according to the 
above definition for distances from 25 to 600 km. However, it should be cautioned 
that the data are for southern California earthquakes and as such may require a cor- 
rection factor for use in other areas. 

In  1945, Gutenberg expanded the magnitude scale for earthquakes recorded by 
all seismometers with known response characteristics, for all distances, and for all depths. 

For the surface waves the magnitude may be obtained from the equation 

ex ressed in microns with w R ich the standard short-period torsion seismometer 

M=log A-log B+C+D 
where 

A = the horizontal component of the maximum ground movement, in microns, of 

has tabulated the 

and geological 

surface waves of 20 seconds period. 

D=factor depending on depth of focus, original distribution of energ 
azimuth, absorption of wave energy, and path of transmission. 5;: :E 
rections for this term are appreciable and should be evaluated since they 
frequent1 are 5 0 . 5 .  The large variations are caused by the waves crossing 
alternate r y t,he continental and oceanic structures where the absorption is 
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approximately -24 k A, k being a factor contingent on the path and A the 
epicentral distance measured in degrees. 

If well-defined P,  PP, and S waves are measurable on the seismograms, the deter- 
mination of magnitude is greatly simplified by employing the equation 

M=A+O. 1 (M-7)-log T+log u (or log w) 

A, as a function of distance, is tnbulated on page 65 of the BSSA, volume 35, No. 2, 
Tis the period of P; PP, or S in seconds, u is the horizontal round motion of the same 
wave in microns and w is the vertical ground motion. Aythough this equation has 
fewer variables than that for the surface wave, the results are not as reliable because of 
the frequent poor definition of the waves and the directional effect of the P waves as 
described by Byerly in the BSSA, volume 39, No. 4. waves and 

values of A to be substitutcd in the equation will differ from the normal depth values 
and will be found on pages 123-125 of the BSSA, volume 35, No. 3. 

Those seriously intcrestcd in magnitude determinations should carefully study thc 
references cited as this brief description scrves only to explain the nature of the com- 
putation. Magnitude determinntion is considered outside the scope of routine work 
except at a few centers where full-time seismologists are cmployed. 

The same bod 
equation may be used for the magnitude of deep focus earthquakes. H owever, the 

SEISMOLOGICAL BULLETINS 

A monthly or quarterly seismological bulletin is the usual medium through which 
a station publishes its seismo raphic results. In many cases such data are published in 

years internationa T standard practice called for the following information: (1) Character 
of earthquake in terms of strength and distance zone, as exploined in the nomenclature 
in the next section, (2) station and instrumental constants, (3) the phase interpreta- 
tions and their arrival times on all components, (4) the ground amplitudes of outstand- 
ing phases, ( 5 )  computed epicentral distance and time of origin, and (6) the compres- 
sional or rarefactional character of P .  The arrival times of P ,  S, and other outstanding 
phases have .been incorporated in the reports of the International Seismological Sum- 
mary which has furnished basic data for the development and improvement of travel- 
time tables over a long period of years. 

Because of the great increase in the number of instruments tho centralization of 
a large part of the analytical work, and the great amount of iabor involved in the 
standard international program, some seismological agencies have been forced to curtail 
their reports to the general form shown in figure 10 rn which no distinction is mado 
between components, and amplitudes are not reported. In  cases where the instrumental 
constants are known the maximum amplitudes for strong shocks are sometimes fur- 
nished to supply magnitude data. It is mandatory, however, that the instrumental 
donstants be reported a t  least annually in all station bulletins. 

Station directors who conduct their programs independently or with only limited 
aid from another organization are ur ed to become sufficiently proficient in seismogram 
interpretation to prepare their own % ulletim. This adds materially to the prestige of 
the organization sponsoring the station; it results in more thorough interpretations 
than are enerally possible a t  a central station; and it: lessens the work lood at central 

desirable minimum. Station sponsors should look upon such propams as Ion 
projects for it is only through years of experience that station directors can %zczz 
proficient enough to produce bulletins of real value and ultimately conduct research 
projects of their own. 

composite form b a centra B agency rather than by individual stations. For many 

stations t % a t  are practically all obliged to cut their rnterpretation programs below a 
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Date and Phase 
Station (m) 
Apr .  1 h m e  
BOZ eP 00 45 40 

ePoP 46 15 

Bur eP 00 45 45 
ePP 40 24 

ePPP 50 07 

cot i p  00 46 26 
ePP 49 28 
e(S) 56 31 

e L  01 07 04 

cow eP 00 43 28 

EQR i P  00 46 13 
i 46 28 

I P P  49 06 

Rc i P  00 45 a, 
e(ScP) 50 04 

eP'P' 01 13 43 

SIC eP 00 45 53 
ePaP 46 05 

SJ i P  00 42 17 
ePcP u 10 

THULE i P  00 43 45 
i P P  45 56 

e P P  46 45 

mc i p  00 46 09 
e(S.53) 56 22 

e L  01 13 L8 

TUC-T i P  00 46 08 
SPP 4 9 0 9  

WASH i P  00 42 59 
ePP U 50 

A p r .  1 
EVR e(P)  04 26 21 

A p .  1 
Em eP 08 09 56 

Am-. 1 
COL eP 11 15 19 

A p .  1 
NR eP 11 57 07 

WC-T e~ 11 58 m 

A p r .  1 
COL eP 12 24 58 

i P  25 01 

m eP 12 28 52 
i 29 06 

mc eP 12 27 56 
e 33 04 

Date and Phase 
Station (GCT) 

h m s  
NC-T eP 12 27 49 

e 27 56 

APT. 1 
COL e(P)  l2 36 29 

Apr. 1 
EUR eP' 14 3 1  34 

TAULE eP' 14 3 1  26 

RIC eP' 1L 31 27 
e 31 32 

TIIC-T eP' U 31 32 

A p r .  1 
COL i P  15 01 13 

EUR i P  15 01 21 
i P P  04 56 

TUC-T i P  15 01 27 
e(pP) 02 19 
ePP 05 a, 

Apr. 1 
EUR eP 16 52 04 

1 52 14 

TAULE eP 
i 

TIIC-T eP 

A p r .  1 
BC eP 

a9 
e L  

BOZ eP 

a9 
e L  

BUT eP 

e 

e 

COL eP 
iPoP 

COLU e(P)  

EUR i P  

AH a(P)  
e 

e L  

Ac eP 

e L  

su: SP 
a9 
OL 

.(S) 

16 51  56 
52 09 

16 52 02 

18 19 56 
20 15 
2l 00 
21 19 

18 20 L5 
21 16 
22 u 
23 12 

18 20 41 
22 30 

18 24 36 
27 41 

18 2.4 56 

18 19 22 

18 20 56 
23 37 
23 50 

18 21 41 
2.422 
25 35 

18 20 07 
21 11 
21 53 

Date and h o e  
Station ( E T )  

h m e  
THUU eP l8 26 31 

ePP 28 10 

TUC eP 18 21 15 
e L  23 35 

T L G T  eP 18 21 06 
i 2111 

e L  23 57 

UK 1 P  18 19 10 
19 19 38 
i L  19 40 

WASH eP 18 25 06 

A p r .  1 
EUR eP 18 53 24 

A p r .  1 
COL i P  19 28 09 

EUR eP 19 27 33 

TUC eP 19 27 47 

Tuc-T eP 19 27 33 

A p r .  1 
COL i P  22 48 41 

i L8 5 1  

A p r .  1 
COL eP 23 00 L3 

EUR i P  23 CU 53 

A p r .  1 
EUR eP 23 11 20 

A p r .  1 
BC e ( P )  23 47 00 

COL i P  23 46 M) 

CUR 1 P  23 46 56 

CUM 1 P  23 38 33 
ipP 38 54 
is 42 28 

A p r .  1 
C U M  i P  23 54 20 

is 54 31 

Apr. 2 
NR eP 02 02 14 

SJ i P  01 54 29 
is 55 42 
i L  55 45 

m eP 02 01 34 

TUC-T eP 02 01 34 

A p r .  2 
COL eP 02 39 34 

Date and Phase 
Station (m) 
A p r .  2 h m s  
NR eP 02 52 03 

i 52 11 
aS 52 41 
eL 52  46 

A p r .  2 
BUT eP 04 15 40 

COL eP OL 13 18 

CUR i P  CU 15 50 
e 16 04 

C U M  i P  04 07 32 

THULE i P  04 I429 

Am. 2 

Apr. 2 
COL eP 04 46 07 

THULE eP 04 L3 43 

Apr. 2 
cOL eP 04 LB 19 

EUR i P  OL 45 47 

RC eP OL L7 03 

TUC eP 04 U 58 

TUC-T i P  OL 4.4 59 

Apr. 2 
COL i P  12 U 1L 

THULE eP 12 16 43 

A p r .  2 
EUR eP 12 30 15 

A p r .  2 
COL e(P)  17 31 50 

1 32 11 

Apr. 2 
COL eP 19 93 02 

CUM i P  19 26 50 
is 30 36 
e L  31 56 

THlJLE i P  19 34 02 
e 3L 17 

NC-T eP 19 36 2B 
ePP 40 19 

A p r .  2 
EUR eP 21 58 39 

Apr. 2 
COL i P  22 01 17 

I .1.1.. 

FIGIJRE lO.-Sjnmplc page from u. seisinologicid bulletiii of tlie Coast. mid (fcodctic Survey for  
April 1959. 
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NOMENCLATURE U S E D  IN INSTRUMENTAL REPORTS 

1. Character of earthquake recorded-(international usage): 
I. Slight. 11. Modwntely strong. 111. Violent. 

Local shock (origin less than 100 kilometers distant). 
Near shock (origin from 100 to 1,000 kilometers distant,). 
Distant shock (oribfiri from 1,000 to 5,000 kilometers distant). 
Very distant shock or telcscism (origin more than 5,000 kilometers 

d 
2, 

T 
U 

distant). 

2. Body waw phases for normal depth earthquakes: 
IYo mark between the symbols P,  P’ and S indicates reflection at the 

surface of the ein-111; K indicates a compressional wavc in the core 
(S is not transmitted); no mark between two K’s inchatus reflec- 
tion a t  thc inner surface of the core; c indicates reflec4on a t  thc 
outer surface of the core. 

Direct longitudinal waves that have passed below the continentnl 
layers. 

Direct longitudinal wavcs that have traversed the core. 
Direct transvwse waves that have passcd below the continental 

layers. 
Longitudinal waves reflected one time at the earth’s surface. 

Longitudinal waves reflected from the outer surface of tlic core. 
Longitudinal waves reflected from the outer surface of tlic core and 

then reflected from the earth’s surface as P’ waves. 
Longitudiiial waves transformed on reflection from the outer surfave 

of the cor(’, and then transformed on reflection a t  the earth’s 
surface into P’ waves. 

P’ waves reflected from the earth’s surface, passing twice through 

P or Pn 

P‘ 
S 

PP or PR, 
PYP or PR, Longitudinal waves reflected two times a t  the ctirth’s surface. 
PCP 
PCPY’ 

PCSP’ 

P‘P’ 

PKKP 

P S  

SP 

PPS 

PSPS 

P; and Ph 

SS or SR,  
SSS 01‘ SRZ scs 
SCSP‘ 

scsscs 
SKS 

the core. 
Longitudinal waves reflcct.ed one time from the inner surface of tho 

core, passing twice through the core. 
Longitudinal wnves transformed on reflection from the earth’s sur- 

face. 
Transverse waves transformed on reflection from the earth’s surface. 

(Have almost same travel time as p s . )  
Longitudinal waves reflected one timc a t  surface of earth and trans- 

formed on second reflection a t  same surface. PPS, PSI’ and SPP 
have approximately same theorctical travel times. 

Longitudinal waves transformed at, each of three reflections from the 
earth’s surface. PPSS, SPSP, SPPS arid PSSP all have approxi- 
mately the same theoretical travel times. 

The two branches of P’ waves thnt have traversed the core and 
emerged beyond 145’ epicentral distance. 

Transverse waves reflected on(: time at  the earth’s surface. 
Transverse wavc reflc(;ted two times at the earth’s surface. 
Transverse waves reflected from the outer surface of the core. 
Transverse waves reflected from thc outer surface of the core and 

then transformed on reflection from the earth’s surface into P‘ 
waves. 

Transverse waves reflected successively from the outer surface of 
the core, the surface of t.he earth, and the outer surface of t.hc core. 

Transverse waves transformed into compressional waves on refraction 
into the core and transformed back to transverse waves on re- 
fraction out of the core to the earth’s surface. 

(Have almost same travel time as SP.) 

See text on page 10. 
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SKKS Transverse waves transformed on refraction into the core into P 
waves that are reflected from the inner surface of the core and then 
transformed back into transverse waves on the last leg to the 
surface. 

Transverse waves transformed into compressional waves on re- 
fraction into the core and remaining compressional after refraction 
out of the core to the earth’s surface. 

SKP waves reflected at  the earth’s surface as P‘ waves. 
SKS waves transformed into P’ waves on reflection at  theearth’s 

SKP 

SKPP‘ 
SKSP’ 

surface. 

3. Body wave phases .for deep focus earthquakes: 
In addition to the preceding phases listed for normal depth earth- 

quakes deep-focus earthquakes also register many duplicate 
phases generated when the waves from deep foci strike the earth’s 
surface near the epicenter and are reflected back a ain into thc 

ner is preceded by a small p or s symbolizing the short path from 
earth. Each symbol for a duplicate phase generate % in this man- 

- focus to the earth’s surface and subsequent reflection. 
Examples: 
ComDressional waves from a- deep focus shock reflected at the 

eaith’s surface near the epicentkr and propagated thereafter as 
direct waves from the point of reflection to the station. 

Compressional waves transformed into transverse waves on reflection 
at  the earth’s surface near the epicenter and transformed back 
into compressional waves on a second reflection from the earth’s 
surface as in the case of a normal SP wave. 

4. Mohorovicic’s nomenclature for crustal l Q p ~  phases. 
Pll 
P 
s 
R , 3  

RsS 

Rszg 

Same as normal first preliminary tremors P. 
Individual or upper first preliminary tremors whose path lies entirely 

Individual or upper second preliminary tremors whose path lies 

Upper second preliminary tremors reflected from the lower boundary 

Upper second preliminary tremors reflected from the upper surface 

Upper second preliminary tremors reflected two times from the 

- 
in the continental layer. 

entirely in the continental layer. 

of the continental layer. 

of the continental layer. 

upper surface of the continental layer. 

5. Jeflreys’ nomenclature for crustal layer phases. 
P71 

pg 
&I 
P* 

S* 

Same as normal first preliminary tremors P. 
Same as H of Mohorovicic. The path is entirely in the upper layer. 
Same as Bof Mohorovicic. The ath is entirely in the upper layer. 

intermediate layer except for short $stances in the surface layer. 
Upper second preliminary tremor whose path lies along the top of 

the intermediate layer except for short distances in the surface 
layer. 

Upper first preliminary tremor w : ose ath lies along the  to^ of the 

6. Surface waves. 
L 
Lq or (2 

Long waves, uniden tificd, at  tlic bcginning of the surface phase. 
Surface shear (Love) waves in which tlie earth particle oscillates ill 

thc horizontal plaiic normal to the direction of propagation. Thc 
shorter period waves are channel WRVCS in tlic crust. The G 
wavcs, a t  beginning of the L gronp with waves of long period 
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Lr 

T 

(1 to 4 minutes) and large amplitudes with characteristics of Lq 
are essentially channel waves in the mantlc. 

Surface (Rayleigh) waves in which the earth particle describes a 
retrograde elliptical orbit in a vertical plane in the line of propa- 
gation. The shorter period waves are channel waves in the crust. 

Short period wave group that travels with the speed of sound in 
water from its source and is propagated from shore lines into 
continental interior with ordinary seismic velocities. Upon im- 
pinging on the shore i t  givcs rise to P,  S, and L waves that arc 
recorded as a complex and irregular T phase. 

A short period wave with transverse characteristics similar to L, 
superposed on long-period surface waves which travels over lon 

abruptly when its path has even a small oceanic segment. It is 
a channel wave in the crust. 

Lg 

continental paths with relatively little loss of energy but is cut o B 
M 
C 
WZ 
W3 

F End o f  discernible movement. 

Waves of maximum amplitude in the main phase. 
Waves of the end portion. 
Surface waves traveling around the major arc to the station. 
Surface waves returning to the station after a complete circuit of 

the lobe. 

7. Nature o j  the motion and deduced data. 
i 
e 
0 
A 

Impulsive and sharply defined beginning of a phase. 
Poorly defined emergence of a phase. 
Parentheses in seconds column of arrival times indicate t,hat the 

time is doubtful. 
Either (a) amplitude of earth motion measured from the position 

of equilibrium in microns (1 micron 1/1,000 mm.), + toward the 
north, east, or zenith, -toward the south, west, or nadir; or 
(b), when so markcd, the trace amplitude or half range of move- 
ment of the pen on the record measured from the median line in 
millimeters. 

AI3 E-W component of A.  
A N  N-S component of A.  
A Z  Vertical component of A. 
T Period of wave. 
H 
A 

Time of earthquake a t  focus, generally expressed in G .  C .  T. 
Arcual distancc from station to epicenter. 

8. Constants of seismograph. 
To or TI 
T, or T2 
V Static magnification. 
e 
T 

h 

Free or undamped period of the seismograph. 
Free or undamped period of the galvanometer. 

Ratio of successive damped amplitude; of pendulum decay curve. 
Half width of zone within which friction will completely arrest the 

recordin pen. 

the damping coefficient used in equation for forced vibration of a 
pendulum). 

Altitude o B observatory above sea level. (Not to bc confused with 

EXAMPLES OF SEISMOGRAM INTEltPRETATIONS 

The seismogram illustrations in figures 11, 16, and 17 will give only a moderately 
satisfactory idea of the problem of identifying phases 011 seismograms that are in accord 
with accepted travel time charts. The most the reader may expect to gain from a study 
of these records will be emphasis on the trcmendous influence of pendulum period on 
the appearance of a record, and the fact that sometimes the more obscure dependent 
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FIGURE 11.-Seismograms from Seattle, Bermuda and Tucson. See last section of text for discussion. 
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phases will show up well and sometimes they will not. I n  the present state of seisyology 
there is no substitute for actual experience in studying scores of seismograms If one 
wishes to familiarize himself with them and make an accurate appraisal of interpretation 
Lechniques. As stated elsewhere the primary objective in reading seismograms is to 
report what is on the record and not attempt to find obscure and perhaps doubtful 
activities that will fit some theoretical phase on a travel-time chart. 

The following are the approximate instrumental constants of the instruments 
whose sample records are discussed in this section. 

Bermuda.-Two horizontal MilneShaw seismographs have periods of 12 seconds 
and lever magnification of 250. 

Butte, iMont.-The Benioff short-period vertical (Z-SP) seismometer period 
(To)  is 1.1 second and the galvanometer period (To)  is 0.5 second. The peak magni- 
fication, near the To, is about 50,000. 

College, Alaska.-The Wenner N-S horizontal component has a To of 9.3 seconds 
and a T, of 16 seconds. Tho magnification is perhaps 1,000; the magnification curve 
is rather broad with a peak between the above constants. 

Eureka, Nev.-The Benioff short-period vertical has a pcak rnagnification of 
200,000 a t  seven-tenths of a second. 

Honolulu, Hawaii.-The Houston Technical Laboratory (HTL) short-period 
vertical with a peak of five-tenths of a second has a magnification of 29,000. 

Philadelphia, Pa.-The two Wenner horizontals have periods of 9 seconds and 
magnification of 1,400. The galvanometer periods are about onc-fourth of the College 
W enner. 

Tucson, Ariz.-The Benioff short-period vertical has a 1 .O second period with 
a peak magnification near this of 50,000. A 77-second galvanometer operating in 
conjunction with the same pendulum registers long period results, the peak magnifica- 
tion being of the order of 2,000. A Benioff horizontal (E-W) seismometer with a 
galvanometer of T, equals 1.6 seconds has a probable magnification of 3,500. 

The magnitudes of the teleseismic shocks treated in this section, unless otherwise 
stated, are about 6-6% on the Gutenberg-Richter magnitude scale unless otherwise 
stated. All times are G.C.T. 

Seattle, Wash. (University of Washin ton) record 
from Bosch-Omori seismograph magnifying 25 times on smoked paper. Tfis  is a good 
illustration of the value of insensitive seismographs in recording strong local shocks. 
The epicenter, 47.1' N., 122.7' W., was based on reports from many stations and is 
about 70 km. S. 30' W. of the seismograph station. The first impulsive motions on the 
ori *rial Seattle records (2.4 mm. upon the E-W component and 3.7 mm. down on the 
N-!?j indicate an origin either S. 33' W. of the station or N. 33' E. of it since the south- 
westerly motion of the ground could be either a rarefactional wave from the southwest 
or a compressional wave from the northeast. A vertical-motion record would have 
indicated a downward (rarefactional) ground impulse since the origin is known to be 
southwest of the station. 

The S-P time interval ma be read as 13 seconds (on the E-W component) and there 

continental structure are assumed, respectively 6.0 and 3.5 km/sec., the distance 
according to Omori's formula would be 110 km. Since the epicentral distance is known 
to be only about 70 km., and since neither the local velocities nor crustal structure are 
known it is seen that one could only cautiously surmise from the Seattle data alone that 
the focal distance was of the order of 100 km. (63 miles) and that the epicentral distance 
could be considerably less than 100 km. de ending upon the depth of focus. In this 

It is important that station directors report the S-P or G P  time intervals because they 
assist materially in locating the epicenter and focal depth. 

A Tucson long-period Benioff vertical recoFd of a 
northern Argentina earthquake, 27'S., 62%' W. Focal depth about 700 km. Distance 
8,250 km. The record illustrates the prominent P waves 
associated with deep focus earthquakes and shows the character of P'P' and SKPP' 
waves as registered on a long-period system. 

Figure 11. A-April 18, 1949. 

is also an L-P or a second S- 3 interval of 21 seconds. If normal P and S velocities in 

case a deeper than normal focus is indicated g y the data obtained from distant stations. 

Figure 11. B-August 14, 1960. 

H-22h 51m 28s G. C. T. 



FIQURE 12. Gutenberg-Richter travel-time chart for normal focal depths. 



T R A V E L  T I M E  IN M I N U T E S  

FIQURE 13. Gut,enberg-Richter travel-bime chart for 100 km. focal depth. 



T R A V E L  T I M E  IN MINUTES 

A- I 4 2 8-4 
FIQURE 14. Gutenberg-Richter travel-time chart for 200 km, focal depth. 



TRAVEL T I M E  IN MINUTES 

FIQURE 15. Gutenberg-Richter travel-time chart for 800 km. focal depth. 
S.L.Q. 
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Figure 11. C-January 26,1947. A Bermuda Milne-Shaw horizontal component 
(northwest-southeast) record of a western Nicaragua earth uake, 13' N., 86.5' W. 

is a typicafrecord of a moderately distant earthquake with well-defined P,  S, and L 
phases. 

Normal de th. Distance 3,100 km. H=lOh 06.7m G.  C. + . T,=12 seconds. This 

Figure 16 (Pocket). A-October 13, 1959. A Tucson Benioff short-period vertical 
record of an earthquake a t  Flagstaff, Arizona, 35.2' N., 111.6O W. Norinal depth. 
Distance 320 km. The record illustrates modified use of Jeffreys' 
nomenclature that postulates a two-layered continental structure, namely, Pn, Pg, etc. 
See figure 5 and nomenclature. 

Figure 16 (Pocket). B-September 12, 1959. A Tucson Benioff short-period 
vertical record of an earthquake located in the Gulf of California a t  27' N., 1 1 0 ~ "  W. 
Normal depth. Distance 622 km. H=07h 25m 10s. The record is a typical example 
of the phase nomenclature as used by Jeffreys, showing Pn, Pg, Sn, S*, and Sg. 

A Tucson Bcnioff long-period (Tg 
=77 sec.) vertical instrument gives a typical record for the distance of 1,960 kni. 
Located a t  43%' N., 128):' W., off the coast of Oregon. H=OSh 20111 51s. The long 
period waves are well represented by this record whorein the P I  S, and L are denoted. 

The College Wenner horizontal (N-S) 
record is of an earthquake in the Lake Baikal region of the USSR, 52' K., 106$$' E. 
H=17h 03m 10s. Distance 5,540 km. Magnitude 6%-6%, Pasadena. From data on 
short-period vertical records of more distant stations i t  appears that the focus is slightly 
deeper than normal. This accounts for the sharp impulsive character of the PP,  S, and 
SS phases. Generally speaking, phases arc more impulsive and are more easily recog- 
nized with increasing depth. 

Figure 16 (Pocket). E-February 23, 1958. Eureka Benioff short-period vertical 
record of two different deep shocks. The upper record depicts a shock located in the 
Santiago del Estero Province, Argentina, 27):' S., 63' W. H=08h 14m 48s. Depth 
about 600 km. This typical record of a deep shock illustrates 
the depth interpretative ossibilities of the p P  as well as the more complex phases 
associated with deep foci ( !7 KPP' ,  p P K K P ) .  The other shock, with a P approximately 
under the SKPP' of the Argentina one, occurred in the Bonin Islands 28):' K., 139):' 
E. H=09h 12m 20s. Dopth about 400 kni. Distance 9,144 km. The magnitude of 
these shocks is slightly above 6. 

Figure 16 (Pocket). The Tucson Benioff records of the 
New Zealand shock, 37' S., 1 76);" E., demonstrates the recording characteristics of 
different instruments. H=07h 02m 59s. Depth about 300 km. Distance 10,750 kin. 
Magnitude 6):-67$, Pasadena. The short-period vertical record shows the principal 
longitudinal phases that are detected considering the conditions above. Note the 
impulsive nature of the wave groups. The short-period horizontal shows the transverse 
waves as typically recorded on this component. This record as well as the long-period 
vertical show the characteristic diminution of the surface waves with increasing depth. 

Figure 17 (Pocket). &February 7, 1959. The Philadelphia Wenner horizontals 
illustrate the directional nature of the particle motion of seismic waves. The earth- 
quake, near the coast of northern Peru *4O s., 81%" W., is almost due south of the 
recordlng station. H=09h 36m 51s. fiistance 4,950 km. Magnitude 73:-7)(, Pasa- 
dena. Note the larger amplitudes of the P and S waves on the N-S component, and 
the em hasis of surface waves on the E-W component. The emergence of the ScP 
on the 5-23 record strong1 implies a deeper than normal focus 

Figure 17 (Pocket). &-July 20, 1969. The Eureka short-period Benioff vertical 
record is of an earthquake in the Java Sea, 6' S., 110' E. H=02h 411n 04s. Distance 
L3,gOo km. At this distance the S K K P ,  as well as the P K K P ,  
is well recorded on sensitive short-period vertical instruments. Note also, the low 
am litude rather uniform a Gutenberg 
a n a  others call this PKIEf;q assuming that this slightly higher velocity wave has 
penetrated the higher velocity medium of the inner core. The impulsive character 
of the waves are accentuated owing to the depth of the focus. 

H=08h 15m 03s. 

Figure 16 (Pocket). C-September 26, 1959. 

Figure 16 (Pocket). &August 29, 1959. 

Distance 9,210 km. 

F-December 10, 1968. 

Depth about 500 km. 

earing preliminary group of the P K P  (P') .  
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Figure 17 (Pocket). I-Februury 15, 1959. This Eureka short-period vertical 
record contains waves of three earthqup.lies. Two are P' shocks and the other is 
within P distance. The P (P=04h 15m 49s) on the record is of an earthquake in the 
Sinkiang Province, China, 44)/2O N., 83%" E. Distance 10,550 km. 
The first P' comes about 2)4 minutes after the P cited above. The shock was in the 
Sandwich Islands, 59);' S., 25' W. H=03h 59m 25s. Distance 13,800 km. P', PP,  
P K K P ,  SKKP are shown. The second Sandwich Islands shock has a P' at 05h Olm 
33s. Location 5954' S., 26' W. H=04h 42m 35s. Distance 13,750 km. The latter 
shock is about j i  magnitude larger, and the focus is slightly deeper than normal, which 
accounts for the more effective emergence of PKKP and SKKP.  

Figure 17 (Pocket). The Honolulu HTL short-period vertical 
record illustrates the water-borne T wave of a shock near Kodiak Island, 56' N., 154' 
W. H=llh 29m 58s. Distance 3,870 km. Ma nitude 7, Pasadena. 

Figure 17 (Pocket). K-November 6, 1959. $he Butte short-period vertical record 
is of a chemical explosion located about 170 km. from the station. Note the com- 
pressional first motion. 

Figure 17 (Pocket). &May 1 1 ,  1958. The Eureka short-period vertical record 
shows a typical longitudinal wave of a distant nuclear blast from the Marshall Islands. 
H=17h 50m 00s. 

H=04h 02m 22s. 

J-April 10, 1957 

Distance 8,200 km. Note the compressional first motion. 
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z-SP 

- 
- I 

I A-Oct.  13, 1959 

z-LP C 

B - Sept. 12, 1959 
z-SP 

Sept. 26, 1959 

N-S D - Aug. 29, 1959 

z-SP E - Feb. 23, 1958 

F - Dec.10, 1958 



N-S G - Feb. 7, 1959 

E-W 

z-SP H - July20, 1959 

I - Feb. 15, 1959 z-SP 

7-CP J - April 10, 1957 

z-SP 

L - May 11, 1958 
z-SP 

FI(:I:RE l7.--S(:isniogr1tms from I3Ilttc, Ehroktr ,  IIo~rolulu, tmd l ' l~i l~t~lclpl~it~,  I'ltttc 11. SCP 
ltist section of tcxt for disciission. 


