
On Lg as read in North American records (*) 

I . L E H M A N N 

I m p o r t a n t s tudies of su r face waves of 
e a r t h q u a k e s carr ied out in recen t years , for 
t h e g r ea t e r p a r t b y M. Ewing , P. Press a n d 
o the r worker s of t h e L a m o n t Geologica! 
Obse rva to ry , Pal isades , N e w York , l iave 
led to r e m a r k a b l e advances in t h e under -
s t a n d i n g of t hese waves . Dispersion as ob-
served is now f o u n d to be concordante wi th 
t h e dispersion der ived theoret ical ly , a n d new 
i m p o r t a n t phases h a v e been recognized. 

P r o p a g a t i o n over oceanic p a t h s has long 
been k n o w n to differ d is t inc t ly f r o m propa-
ga t ion over con t inen ta l p a t h s . I n recen t 
yea rs t h e s t r u c t u r e of t h e bo t ton i of t h e 
deep ocean has been d e t e r m i n e d in var ious 
places b y means of ' refl 'action measu remenrs 
a n d w i t h a p p r o x i m a t e l y t h e sanie resul ts 
eve rywhere . W h e n these resul ts were used 
a n d t h e w a t e r layer t a k e n to be ac t ive in 
Rayle igh wave p ropaga t ion , dispersion cur-
ves could be ca lcula ted to which t h e disper-
sion as observed h a d a ve ry good fit. The 
long du ra t i on of t h e Rayle igh w a v e t ra in , 
ex t end ing to g roup velocities snialler t h a n 
t h e veloci ty of sound in wa te r , could now 
be expla ined . T h e o r y p red ic t ed t h e pre-
sence of an A i ry phase whicli was ac tua l ly 
f o u n d in t h e records . A n o t h e r oceanic 
phase , t h e T phase , was also discovered. 

I n t h e con t inen ta l t r a ins of sur face waves 
two new phases were also found . These are 
the Lg a n d t h e Bg phases a p p e a r i n g in t h e 
Love w a v e t r a i n a n d t h e Ray le igh wave 
t ra in respec t ive ly (Press a n d E w i n g 1952). 
Whi l e t h e T phase which develops in t h e 
ocean m a y t r ave l p a r t of i t s w a y in conti-
nen t a l s t r u c t u r e t h e Lg a n d Bg phases a re 
exclusively con t inen ta l a n d a re absen t when 

(*) Lamont Geologica! Observatory Contri-
bution No. 222. 

a deep ocean pa t i i in te rvenes . Therefore t h e 
shor t -per iod Lg phase which is o f t en qu i te 
conspicuous a n d more easily identif ied t h a n 
Rg can be used to dis t inguish be tween con-
t inen ta l a n d oceanic s t r u c t u r e in w a t e r co-
vered areas (see Oliver e t al. 1955). T h u s 
t h e d iscovery af t h e phase has p rov ided an 
i m p o r t a n t tool for t h e explora t ion of t h e 
c rus t . 

The period of Lg is usua l ly f r o m % sec. 
to 6 sec. a n d t h e phase was first discovered 

Octobor LB, 

Fig. 1. - Pasadena records of Ilelena 
earthquakes, October 1935 

in t h e records of special Pa l i sades ins t ru-
m e n t s hav ing pa r t i cu la r ly good response in 
tliis range . Lg was qu i t e o f t en t h e largest 
phase in t h e records and the re fo re ve ry 
conspicuous. B u t , once discovered, t h e 
phase was f o u n d to be p resen t in t h e records 
of o the r i n s t r u m e n t s , also t h e long-period 
ones. H e r e t h e sl iort-period Lg waves h a v e 
snialler ampl i tude , b u t a t smal l a n d mode-
r a t e d is tances t h e y a r r ive a t t h e t i m e when 
t h e long-period Love waves a re a b o u t t o 
rise to m a x i m u m a m p l i t u d e so t h a t t h e 
combined phase has g rea t p rominence . I n 
fig. 1 a r e seen t h e P a s a d e n a l inear s t ra in 
records of t h e ITelena e a r t h q u a k e s of Octo-
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b e r 19, a n d 31, 1935. T h e ep icen t ra l dis-
t a r l e is 13°.2. 

Press a n d E w i n g read t h e onset of Lg in 
a b o u t 40 N o r t h a m e r i c a n records, most of 
t h e m Pal isades records , a n d found t h e velo-
ci ty 3 .51 ± 0.07 km/sec . This is d o s e t o 
t h e S veloci ty in t h e u p p e r p a r t of t h e c rus t 
a n d since t h e mot ion is m a i n l y t r ansve r se 
a l t h o u g h i t h a s also longi tudina l a n d ver t ica l 
componen t s i t is likely to be p roduced b y S 
waves confined to t h e u p p e r c rus t . T h e 

Fitf. 2 sliows t h e record of a shot f i red 
on t h e bo t ton i of w a t e r 60 fee t deep. T h e r e 
a re 7 channels fed f r o m 3 p ick-ups a n d w i t h 
t h e i m p u t s magni f i ed a n d fi l tered in s u d i a 
w a y t h a t high a n d low f r e q u e n c y response 
of v a r y i n g in tens i ty is ob ta ined . W h a t is 
seen to l iappen is th i s : f i rs t low f r e q u e n c y 
g r o u n d waves a r r ive a n d a f t e r a n i n t e rva l 
of t i m e a h igh f r e q u e n c y w a v e sets in ab-
rup t ly . I t ha s t h e veloci ty of sound in 
w a t e r a n d is t e r m e d t h e w a t e r wave . E w i n g 

Mark U High Fre<juencr ' 

Mark il Rectified 

Mark II Ketlifwd 
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Ti' n . DISPERSIONI IN WATER WAVE AND RIDER WAVE 
Sbot No. 90. Jacksonville Shoal. Depth oI water, 60 Icel; charge weifhl. 5 Ibi. Charg» and hydrophone beachcd on bottoni. 

Pig. 2. - Dispersion in water wave and rider wave 

mechan i sm is no t ye t fu l ly unders tood , b u t 
as was i m m e d i a t e l y not iced b y Press and 
Ewing , t h e combined Lg a n d Love wave 
phase resembles t h e records ob ta ined of ex-
plosions in shallow wa te r a n d the re fo re is 
likely t o be expla inab le in a s imilar way. 
T h e explosion resul t s a r e descr ibed in t h e 
work : " P r o p a g a t i o n of Sound in t h e Ocean " 
(Ewing, Worze l a n d Peker i s , 1948) which 
m a y be considered an in t roduc t ion to t h e 
Pal i sades inves t iga t ions of sur face waves . 
Some of t h e p e r t i n e n t resu l t s will be describ-
ed briefly. 

observed t h a t i t h a d inverse dispersion, i. e. 
i ts f r e q u e n c y decreased w i t h t ime . This is 
seen more clearly in fig. 3. 

Peker i s in t h e second p a r t of t h e work 
men t ioned works out t h e comple te t h e o r y 
of t h e p ropaga t ion of sound set u p in a 
l iquid layer res t ing on a liquid bo t ton i in 
which t h e veloci ty of sound is g rea te r . W a -
ves will be gu ided t l i rough t h e u p p e r l ayer 
by mul t ip l e reflections a t t h e sur face and 
a t t h e bo t ton i , se t t ing u p a t t h e s ame t i m e 
waves in t h e bo t ton i . E w i n g a n d Worze l 
d e t e r m i n e d t h e wave veloci ty in t h e bo t ton i 
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| . . DISl'KRMON IN WATKR WAVE 
Shol No. 91, Jacksonville Shoal. n«i'lh of water, Wl (e<-t: charRe wcight. 5 ll»s Charije and hydrophotie beached on bottom. 

Fig. 3. - Dispersion in water wave 

— or b o t t o m layers — b y t h e usua i refi-ac-
t ion m e t h o d s a n d Peker is , us ing the i r re-
sults, was capable of p red ic t ing t h e even t s 
ac tua l ly found to t a k e place . Work ing out 
t h e dispersion in t h e g round a n d wa t e r 
waves on his t h e o r y he found ag reemen t 
wi th observa t ion . H e f o u n d also t h a t t h e 
w a t e r w a v e would a r r ive r id ing on a g round 
wave, t h e r ider wave , and t h a t t h e fre-
quency of t he r ider wave increased while 
t h a t of t h e w a t e r wave decreased un t i l t h e y 

increases w i th decreas ing g roup veloci ty. 
T h e o the r b r a n d i is t h a t of t h e w a t e r wave , 
indica t ing inverse dispersion. At t h e lo west 
pò in t cor responding to t h e smallest g roup 
veloci ty we h a v e t h e Ai ry f r equency . T h e 
r ider f r e q u e n c y is t h e f r e q u e n c y of t h e 
low f r e q u e n c y b r a n c h cor responding to t h e 
f r e q u e n c y of t h e f irst a r r iv ing w a t e r wave . 

Compar ing tìgs. 1 a n d 2 we see t h a t t h e r e 
is a s imi la r i ty in t h e records in as muoh as 
we have high f r e q u e n c y waves ar r iv ing rid-

Mark II Hitfh Frequency 

liad t h e sanie f r equency , t h e Ai ry f r equency , 
which r ema ined Constant . T h e a m p l i t u d e 
r eached i ts m a x i m u m dur ing t h e process and 
in t h e A i i y phase decreased . T h e r ider 
w a v e a n d Airy f requenc ies as well as t h e 
c u t off f r e q u e n c y of t h e first a r r iv ing ground 
w a v e ali depend on t h e d e p t h of w a t e r and 
t h e veloci ty in t h e b o t t o m a n d , when 
k n o w n , a id in t h e d e t e r m i n a t i o n of these 
quant i t i es . 

F ig . 4 sliows Peker i s ' m o d e l dispersion 
curve . One b r a n c h represen t s t h e disper-
sion c u r v e of t h e g round wave . F r e q u e n c y 

ing on low f r e q u e n c y waves t h e f r e q u e n c y 
of which increases while t h è a m p l i t u d e rea-
ches a m a x i m u m . As to t h e possible de-
crease of f r e q u e n c y in t h e h igh f r e q u e n c y 
Lg w a v e it would not be observable in th i s 
record where t h e t i m e scale is too nar row. 
Bu t , ac tua l ly , t h e ana logy is no t complete . 
T h e Lg t r a i n of waves does no t combine 
wi th t h e Love wave in t h e w a y in which 
t h e w a t e r wave combines w i t h t h e g round 
wave b u t is o f t en seen to con t inue as a 
shor t -per iod wave while t h e Love waves rise 
to a m a x i m u m and fall olì'. 
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T h e r e is, never theless , no d o u b t t h a t Lg 
is guided along some k ind of channel in t h e 
c rus t , and a ve ry efTective channel , since 

t - f r e q u e n c y 

Fig. 4. - Dispersion curve 
(Pekeris, 1948, p. 5) 

t h e phase is known to l iave been observed 
a t epic.entral d is tances u p to a b o u t 80°. 
T h e channel is no t l ikely to be p rov ided b y 
t h e ent i re c rus t down to t h e Mohorovicic 
discont inui ty , p a r t l y because t h e coupl ing 

b y n o r m a l mode p r o p a g a t i o n in a channe l 
hav ing def ini te boundar ies . B u t o the r w a v e 
guide act ions have been considered. T h e r e 
is t h e S O F A R channel in t h e deep ocean 
discovered b y E w i n g a n d Worze l a n d de-
scr ibed a n d expla ined by t h e m in t h e t h i rd 
p a r t of " P r o p a g a t i o n of Sound in t h e O-
cean " . H e r e a h ighly efflcient wave gu ide 
is e f fec ted b y veloci ty g rad ien t s above as 
well as be low t h e axis of t h e channel . T h e 
Oceanie T wave seems to be guided in a 
s imilar way . W a v e guide ac t ion m a y also 
be set u p in a channel hav ing a disconti-
nu i ty su r f ace for one of i ts bounda r i e s while 
t h e o the r b o u n d a r y is p rov ided b y a veloci ty 
g rad ien t . Lg m a y possibly be S waves 
refiected a t t h e sur face of t h e E a r t h a n d 
r e f r a c t e d a t some dep th in t h e crus t . T h e 
p rob lem of t h e mechan i sm of Lg h a s been 
considered b y B à t h (.1954) a n d Gutenberg-
fi 955). 

To achieve a b e t t e r u n d e r s t a n d i n g of t h e 
n a t u r e oi' Lg it would be h igh ly i m p o r t a n t 

Ìmin. • 

— "W"' " li * ' II itfNé'g xNg'»1" —"*"* - """ — — 
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Fig. 5. - Palisades long-period records of Oklahoma ear thquake 

with the Love wave is no t comple te , p a r t l y 
because i ts veloci ty indica tes t h a t i t is con-
fined to t h e u p p e r p a r t of t h e c rus t . N o 
sha rp d i scont inu i ty seems to exist wi th in 
t h e c rus t , a t least no t in N o r t h e a s t e r n Ame-
rica, wherefore Lg is no t l ikely to be set u p 

to have t h e complex. wave mot ion ana lysed 
in a w a y similar to t h a t in which t h e w a v e 
mot ion is ana lysed in t h e explosion expe-
r imen t s , b u t v e r y f ew observator ies h a v e 
i n s t r u m e n t s of suff iciently var ied response. 
T h e Pa l i sades observa to ry , however , posses-

m& 
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ses a v a r i e t y of i n s t r u m e n t s in t h e records 
of which a s t u d y of t h e componen t s of t h e 
w a v e m o t i o n can be m a d e . I t ha s t h r e e 
componen t s long-period i n s t r u m e n t s wi th a 
response similar t o t h a t o f t heGab tz in -Wi l ip ; 
t h e t h r e e componen t e lectronic seismograph 

large Love waves of long per iod on which 
t h e shor t -per iod Lg waves a re superposed. 
On t h e E a n d Z records t h e long-period 
waves a re lacking, b u t t h e shor t -per iod Lg 
waves a re clearly p resen t . L a t e r long-
per iod waves , ev ident ly Eay le igh waves, ar-

Fig. 6. - Oklahoma ear thquake recorded at Palisades 
on 12s electronic seismograph. 

(pendulum^ per iod 12s) previous ly ment ion-
ed w i t h pa r t i cu la r ly good response to waves 
of per iod less t h a n 5 sec.; t h ree -componen t 
Benioff shor t - a n d long-period se ismographs 
a n d a ve r t i ca l electronic se ismograph wi th 
p e n d u l u m period 1 sec. Since 1952 it has 
h a d in addi t ion a ve r t i ca l seismograph wi th 
p e n d u l u m per iod 10 sec. and ga lvanome te r 
per iod 75 sec. a n d since 1953 two horizon-
tals to m a t c h i t . 

I n t h e O k l a h o m a e a r t h q u a k e of Apr i i 9, 
1952 Lg was v e r y well recorded on t h e 
var ious Pa l i sades i n s t r u m e n t s a t a n epi-
cen t ra l d i s tance of 19°.6. T h e epicentre 
be ing prac t ica l ly due wes t of Pal isades, t he 
eas t -wes t componen t i n s t r u m e n t s recorded 
longi tud ina l mot ion , t h e no r th - sou th com-
p o n e n t s t r ansve r se mot ion . Tliis is appa-
renti in t h e long-period records of fig. 5. On 
t h e no r th - sou th componen t record m a r k e d 
N t h e first a r r iv ing sur face waves a re r a t h e r 

r ive on E a n d Z\ t h e two wave t ra ins a re 
r e m a r k a b l y similar. 

The records of t h e 12 sec. electronic seis-
mograph p resen t a n ent i re ly d i f ferent p ic tu-
re (see fig. 6). H e r e t h e short-per iod Lg 
waves a re v e r y large a n d f o r m a large g roup 
of waves in each record while t h e long-
period Love waves a re absen t . Lg is largest 
on t h e N record, t h e t ransverse component , 
b u t also v e r y large on t h e o the r two. T h e 
mot ion was too s t rong for t h e pens to 
record it d i s t inc t ly a n d periods eannot be 
measu red , b u t t l iey a re seen to be shor t . 

T h e Benioff short- a n d long-period seis-
m o g r a p h s also record s t rong Lg w i th im-
pulsive beginnings. On t h e short-period N 
record t h e m o v e m e n t is too s t rong to be 
readable . T h e l s electronic seismograph 
has a large b u t never theless dis t inct record 
of Lg (see fig. 7). H e r e t h e period is seen 
to v a r y be tween l s a n d y2 ' . Dispersion is 
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not discernible in th is record a n d shor t -
period m o v e m e n t persis ts ali du r ing t h e 
long-period Love w a v e p h a s e a n d longer. 
T h e Lg veloci ty as d e t e r m i n e d f r o m t h e 
Pal isades records is 3.59 km/sec . 

m u c h larger t h a n a t P a s a d e n a . T h e domi-
n a n t per iod a t Pa l i sades is 1", t h e m a x i m u m 
a m p l i t u d e a b o u t 30 nini , while a t P a s a d e n a 
t h e per iod is a b o u t 2" a n d t h e m a x i m u m 
a m p l i t u d e 6 nini . T h e magni f ica t ion of t h e 

Pig. 7. - Oklahoma ear thquake recorded a t Palisades 
on l s electronie seismograph 

P a s a d e n a also recorded t h e Lg of t h e 
Oklahoma e a r t h q u a k e . T h e ep icent ra l di-
s tance is 16°.8 a n d t l ius smaller t h a n t h a t of 
Pal isades. T h e i n s t r u m e n t a t i o n is d i f ferent , 
t h e only similar i n s t r u m e n t s be ing t h e shor t -
period Benioft' ver t ica l seismograplis. The-
re a re th ree -componen t long-period Benioft' 
se ismographs a t b o t h s ta t ions , b u t a t P a s a -
dena t h e ga lvanome te r period is 90 sec. 
while a t Pa l i sades i t is 75 sec. Ali t h e 

Benioff se ismograph is m u c h g rea te r fo r 
waves of per iod l 8 t h a n for waves of per iod 
2S, so m u c h so t h a t t h e ground- amp l i t udes 
were a p p r o x i m a t e l y equa! if t h e i n s t r u m e n t s 
were s imilar ly a d j u s t e d . B u t t h e energies of 
t h e w a v e t r a ins be ing a p p r o x i m a t e l y in t h e 
inverse p ropor t ion of t h e squares of t h e 
per iods w h e n t h e amp l i t udes a re equal , t h e 
energy of Lg would t l ien have been f a r 
g r ea t e r a t Pal isades t h a n a t t h e nea re r 

h min. <4 

ass. ,'ri;/;•;,'; j s s r ^ s f r ^ 

SS = » r 
s c r r.. r.T\ Lg ' " ' ->= 

Pig. 8. — Oklahoma ear thquake recorded at Palisades and at Pasadena 
on short-period Benioff vertical seismographs 

Benioff records of L g a re m u c h smaller a t 
P a s a d e n a t h a n a t Pal isades . T h e two shor t -
per iod ver t i ca l records a re seen in fig. 8. 
T h e y differ grea t ly , t h e per iod of t h e Pali-
sades Lg be ing shor te r and t h e ampl i tudes 

P a s a d e n a s ta t ion . I t is n o t k n o w n w h e t h e r 
t h e a d j u s t m e n t of t h e i n s t r u m e n t s ac tua l ly 
is t h e same, so no def ini te conclusion can be 
reached , b u t i t does no t seem unreasonab le 
to suppose t h a t t h e m o v e m e n t was d a m p e d 
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in pass ing t h e m o u n t a i n cliains on i ts way 
to P a s a d e n a . Lg of t h e O k l a h o m a ea r th -
q u a k e is k n o w n to h a v e been s trong, no t 
only a t Pal isades , b u t also a t o the r s ta t ions 
in N o r t h e a s t e r n Amer ica , a n d t h e r e are 

d is t inct . Yelocities as ca lcula ted ranged 
f r o m 3.49 to 3.53 km/sec . -

I n a n u m b e r of records of t h e O k l a h o m a 
e a r t h q u a k e collected a t Sa in t Louis for a 
special s t u d y Lg was found to be a v e r y 

E . 

La . 

-." A -Vv-

Fig. 9. - Pasadena long-period Benioff records of Oklahoma ear thquake 

o t h e r indicat ions of Lg be ing pa r t i cu la r ly 
well t r a n s m i t t e d t he re . This m a y b e a r re-
la t ion to t h e f a c t t h a t t h e a reas over which 
m a n y of t h e sliocks of N o r t h e a s t e r n Amer i ca 
a re fe l t a re large re la t ive to the i r epicentra l 
i n t ens i ty (see e. g. L e h m a n n 1955). 

T h e P a s a d e n a long-period records are seen 
in fig. 9. I n t h e N record, t h e t r ansverse 
componen t , t h e shor t -per iod Lg waves a re 
superposed on t h e long-period Love waves , 
b u t t h e y a re n o t m u c h la rger t h a n in t h e 

well recorded phase . Yelocities as de ter -
mined for H a r v a r d a n d P i t t s b u r g h were 
3.58 a n d 3.57 km/sec respect ively . 

I n t h e large sou thern California ea r th -
q u a k e of J u l y 21 ,1952 , t h e Arv in-Tehac l iap i 
shock, Lg was v e r y well recorded a t m a n y 
s ta t ions . G u t e n b e r g (1955) finds t h e velo-
ci ty 3.58 ± 0.02 km/sec . A t Pal isades , a t 
an epicent ra l d i s tance of 35°. 7 t h e move-
m e n t was stili v e r y s t rong, too s t rong indeed 
to be well recorded by i n s t r u m e n t s r o f ali 

Fig. 10. - Pasadena torsion seismometer records of Oklahoma ear thquake 

jE record; the i r onset , however , is more 
d is t inc t . T h e p h a s e bui lds u p gradua l ly 
a n d is r ead l a t e r in t h e longi tudinal and 
ver t ica l records. The P a s a d e n a s t anda rd 
torsion se ismometers also recorded Lg as 
seen in fig. 10. Using t h e earl iest onset 
in t h e P a s a d e n a records we find t h e velo-
ci ty 3.58 km/sec . 

Lg was clearly recorded a t t h e o the r 
s ta t ions in Sou the rn California, b u t t h e first 
waves were smal l a n d t h e onsets no t v e r y 

types . The 12 sec. electronic i n s t r u m e n t 
h a d v e r y large records . I n t h e N record 
large swings of va ry ing per iod con t inued 
f r o m S onwards . Lg was t a k e n to be t h e 
group of waves of per iod of a b o u t 3 % sec. 
m a r k e d by t h e second a r row in fig. 11. 
T h e per iod of t h e m o v e m e n t immedia te ly 
preceding i t is a b o u t 12 sec. The first a r row 
m a r k s a g roup of waves of re la t ively shor t 
per iod, 5-6 sec. w i th sur face veloci ty 3.9 
km/sec . Somet imes in s t rong E u r o p e a n 
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e a r t h q u a k e s similar wave-groups w i th a b o u t 
t h e s ame veloci ty h a v e been observed. Sin-
ce t h e per iod of Lg in th i s case is re la t ive ly 
long, t h e amp l i t udes of t h e shor t -per iod 
Benioff records a re no t excessively large. 

I t possibly corresponds to t h e ear ly shor t -
per iod waves of t h e m a i n shock. 

I n these f ew examples we h a v e seen t h a t 
t h e per iod of Lg is n o t a lways t h e s a m e a n d 
t h a t one a n d t h e s a m e shock m a y p r o d u c e 

Fig. 11. - California ear thquake of Ju ly 21, 1952 recorded a t Palisades 
on 12s electronic seismograph. 

F ig . 12 shows t h e v e r y clear Benioff shor t -
per iod N record. T h e veloci ty as de te rmin-
ed f r o m th is record is 3.59 km/sec . T h e 

Lg waves of d i f ferent per iod in d i f ferent 
localities; t h e per iod, therefore , ev iden t ly 
depends on t h e p a t h . T h e n a t u r e of t h e 

Fig. 12. - Palisades short-period Benioff record of California 
ear thquake of Ju ly 21, 1952. 

onsets a r e a Uttle l a t e r on t h e E a n d Z 
records. 

I n t h e two la rge a f t e r shocks of J u l y 23. 
Lg was also recorded, b u t in m o s t of t h e 
Pal isades records t h e onsets were n o t so 
clear because Lg was p receded b y m o v e m e n t 
similar t o i t . I n t h e record of t h e 10 s ,75 s 

ver t ica l se ismograph (fig. 13) Lg seems to 
a r r ive a t t h e second a r row wi th t h e veloci ty 
3.60 km/sec . ; i t is seen to r ide on Bay le igh 
waves of long per iod. T h e first a r row m a r k s 
t h e a r r iva i of a g roup of smal l waves of 
per iod 6 ! h a v i n g t h e veloci ty 3.97 km/sec . 

onsets was also f o u n d to differ, those of t h e 
O k l a h o m a Lg be ing m u c h la rger a n d sha rpe r 
a t Pa l i sades t h a n in S o u t h e r n California. 
I t would be of in te res t to s t u d y m o r e closely 
h o w t h e c h a r a c t e r of Lg depends on t h e 
va r ious f ac to r s which de t e rmine i t . 

* * * 

D u r i n g a s t a y a t t h e L a m o n t Geological 
O b s e r v a t o r y I was g iven t h e o p p o r t u n i t y to 
s t u d y Lg in t h e records collected t h e r e of 
f o u r Noi'tli A m e r i c a n e a r t h q u a k e s . T h e 
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ob jec t -was to see w h e t h e r Lg could be dist in-
guisbed in t h e var ious records, m o s t of 
t h e m f r o m i n s t r u m e n t s t h e response of 
which to t h e shor t -per iod Lg waves was n o t 
pa r t i cu la r ly good, and , if so, to de t e rmine 

s t and ing of t h e n a t u r e of Lg to find out 
w h e t h e r e a r t h q u a k e s deeper t h a n no rma l 
a re capable of p roduc ing s u d i s t rong Lg 
waves as those f o u n d to be recorded in 
these two ea r thquakes . A r ede t e rmina t ion 

v 

Fig. 13. - California earthquake, of Ju ly 23, 1952 recorded at Palisades 
on 10s, 75s vertical seismograph. 

t h e veloci ty . Whi l e Lg was f o u n d to be 
c leai ly p resen t in mos t of t h e records, t h e 
de t e rmina t i on of t h e veloci ty of Lg m e t 
w i th some diff iculty. T h e resul ts first arr iv-
ed a t ( L e h m a n n 1953) h a v e he re been mo-
dified. 

T h e e a r t h q u a k e s were : 
T h e T imiskaming e a r t h q u a k e of No-

v e m b e r 1, 1935 
t h e St . Lawrence e a r t h q u a k e of Oc-

tobe r 19, 1939 
t h e He lena e a r t h q u a k e of October 

31, 1935 
t h e G r a n d B a n k s e a r t h q u a k e of No-

v e m b e r 18, 1929. 

Since t h e veloci ty of Lg was w a n t e d t h e 
epicentres a n d t imes of occurrence of t h e 
e a r t h q u a k e s h a d to be known . T h e y were 
ali in T h e I n t e r n a t i o n a l Seismological Sum-
m a r y (I. S. S.) a n d also in t h e " Seismicity 
of t h e E a r t h " (Gutenberg a n d B i c h t e r 1949) 
b u t t h e two sets of va lues dici no t qui te 
agree . Besides, d e p t h s of 60 k m a n d 40 k m 
were assigned to t h e T imi skaming a n d t h e 
St . Lawrence e a r t h q u a k e s respect ive ly in t h e 
" Seismici ty of t h e E a r t h " whi le in t h e 
I . S. S. ali t h e e a r t h q u a k e s were t a k e n to be 
normal . This lat tei ' po in t r equ i red a t t en -
t ion, fo r i t is of i m p o r t a n c e for t h e under -

of the i r epicentres a n d d e p t h s was the re fore 
a t t e m p t e d . I n t h e course of t h e ensuing 
s t u d y i t was f o u n d t h a t t h e P a n d 8 t r ave l 
t imes for small d is tances of these a n d o the r 
N o r t h e a s t e r n Amer ican e a r t h q u a k e s differ-
ed f r o m those of cu r ren t t ab les b u t agreed 
wi th those f o u n d in explosion work a n d in 
t h e mos t r ecen t s tudies of E u r o p e a n ea r th -
quake t r ave l t imes for P (Lehmann , 1955. 
P o r o the r references see th is publ ica t ion) . 
Tr ia l t ime- tab les were the re fore cons t ruc t -
ed a n d epicentres and t imes of occurrence 
a d a p t e d to t h e m . There was t h e n no longer 
any indica t ion of d e p t h g rea te r t h a n normal . 
The t imes of occurrence a n d epicentres 
adop t ed were : 

Nov . 1,1935 6 : 0 3 : 3 5 46°.8 N 79° .1W 
Oct . 19,1939 1 1 : 5 3 :56 47°.8 N 70°.0 W 

W e shall consider first Lg as recorded in the-
se two e a r t h q u a k e s . 

The re were severa! good records avai lable 
of t h e T imiskaming e a r t h q u a k e for epicen-
t r a l d is tances f r o m 2° to 13° a n d some for 
g r ea t e r dis tances . E x c e p t a t t h e smallest 
d is tances P is r a t h e r small, b u t i t is clearly 
m a r k e d ; S is m u c h larger . Two dis t inc t 
groups of sur face waves were v e r y well 
recorded a t severa! s ta t ions , b u t a t some 
t h e t r a c e was too f a i n t or h a d van i shed 
because t h e m o v e m e n t was too s t rong. T h e 
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Fig. 14. - Phi ladelphia records of Timiskaming ea r thquake 

P h i l a d e l p h i a r e c o r d of fig. 14 w a s o b t a i n e d 
a t a n e p i c e n t r a l d i s t a n c e of 7°.2. S is seen 
t o b e r a t h e r l a rge a n d h a v e a s h a r p onse t . 
S u b s e q u e n t t o S t h e m o v e m e n t is s o m e w h a t 

i r r egu la r , b u t a l i t t l e m o r e t h a n y 2 m i n . 
a f t e r 8 l a rge swings of pe r iod of a b o u t 2 sec. 
se t in a b r u p t l y , a n d t h i s is w h e r e Lg is 
a s s u m e d t o h a v e b e g u n . T h e w a v e s a r e lar-
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ger ou t h e E componen t record t h a n on t h e 
N componen t , so, since t h e ep icent re i s N N W 
of Phi lade lph ia , t h e y a re ma in ly t ransverse . 
Long-per iod waves, u n d o u b t e d l y Love wa-
ves, a r e also present , b u t i t is unce r t a in 
w h e r e t h e y begin. T h e complex mot ion of 
t h e g roup subsides quickly so as t o allow t h e 
second group, t h e Ray le igh wave group, to 
b e clearly recorded. T h e per iod of t h e wa-
ves of th is g roup is a t f irst a b o u t 10", b u t 
i t quickly decreases to 5S. 

A t small d is tances t h e ampl i tudes of t h e 
shor t -per iod Lg waves a re large as in t h e 

O-Ci a re agains t a line t l i rough t h e origin 
hav ing this slope. The re a re 5 v e r y large 
residuals. T h a t of Columbia is possibly due 
to incorrec t ident i f icat ion; t h e r e is a 29 
sec. la ter onset which m a y be t h e t r u e Lg. 
A t Flor issant a n d Sain t Louis large move-
m e n t sets in where t h e readings were m a d e , 
b u t t h e subsequent t r ace be ing too f a i n t 
to be readable , Lg m a y h a v e been t a k e n 
too early. A t Tucson a n d Sea t t le t h e shor t -
per iod Lg waves f o r m small ripples on t h e 
long-period waves , a n d t h e earliest swings 
m a y h a v e been lost. 3 s ta t ions h a v e 2 read-

Pig. 15. - Bozeman records of Timiskaming ear thquake 

Ph i l ade lph ia records, b u t t h e y decrease w i th 
d i s t ance un t i l t h e y appea r as r ipples on t h e 
under ly ing long-period Love waves as in t h e 
B o z e m a n records of fig. 15. T h e epicentra l 
d i s t ance is 22°. B o z e m a n is wes t of t h e 
ep icen t re a n d here we h a v e t h e two groups 
of sur face waves even b e t t e r s epa ra t ed t h a n 
in t h e Ph i lade lph ia records . I n t h e Boze-
m a n N record t h e Love waves a re v e r y 
clear a n d t h e Ray le igh waves f o r m a large 
a n d regular g roup of waves in t h e E record. 
Shor t -per iod Lg waves a re superposed on 
t h e long-period Love waves in t h e N record; 
t h e y a re also p resen t in t h e E record, and 
t h e y are, perl iaps, more conspicuous here 
w h e r e t h e long-period m o v e m e n t is smaller. 

T h e onsets of Lg were r ead in ali t h e 
records a n d t h e t r ave l t imes t a b u l a t e d in 
t a b l e 1. T h e y were p lo t t ed agains t epicen-
t r a l d i s tance a n d a s t r a igh t line d r a w n 
" t h r o u g h " t h e points . I t s slope was 31.1 
sec/degree which corresponds to t h e veloci ty 
3.57 km/sec . I n t h e t ab le t h e residuals 

ings. A t Buf fa lo and Phi lade lph ia t h e ear-
lier read ings a re f r o m more sensit ive in-
s t r u m e n t s t h a n t h e la te r ones, a n d indeed 
f r o m more sensit ive i n s t r u m e n t s t h a n m o s t 
of t h e observat ions a t l iand. A t Char lot tes-
ville t h e earlier reading is f r o m t h e E 
componen t i n s t rumen t , recording t ransverse 
mot ion . 

T h e 5 observat ions hav ing v e r y large resi-
duals were neglected, a n d so were t h e ear ly 
readings a t Phi lade lphia a n d Buffa lo a n d 
t h e l a t e read ing a t Charlottesvil le. T h e 
remain ing t rave l t imes were smootl ied on a 
s t ra igh t line by t h e m e t h o d of least squares . 
T h e resul t ing line h a d a sl ightly g rea te r 
slope t h a n t h e one first f o u n d a n d i t h a d 
i ts poin t of in te rcep t below t h e origin. This 
could possibly ind ica te t h a t t h e ac tua l t i m e 
of occurrence of t h e e a r t h q u a k e was earlier 
t h a n t h e t i m e adop ted . This t i m e was 
f o u n d b y fitting the t ransmission t imes of 
P for small d is tances to t h e l inear expression 
7S.37 + A ° X 13.58 sec/degree (see L e h m a n n , 
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T a b l e 1 
1935, November 1, 6 : 0 3 : 3 5 46°.8 N 79o.l W 

Station A Az. Lg O-C O-C vel. 

0 0 m s s s km/sec 

Buffalo 3.9 177 1 51 -10 3.90 
59 - 2 - 1 3.64 

I thaca 4.8 155 2 26 - 3 - 2 3.65 
Ann Arbor 5.6 218 2.9 0 1 3.58 
Philadelphia 7.4 155 3 39 -11 3.75 

45 - 5 - 3 3.65 
Chicago Loyola 7.9 234 4 10 4 6 3.51 
Chicago Univ 7.9 234 4 12 6 8 3.48 
Charlottesville 8.8 176 4 27 - 7 - 4 3.66 

36 2 3.54 
Halifax 11.1 95 5 39 - 6 - 3 3.64 
Florissant 11.5 229 5 30 -2S 
Saint Louis 11.6 229 5 45 -16 
Columbia 12.9 187 6 10 -31 
Saskatoon 18.6 297 9 34 - 4 0 3.60 
Bozeman 22.0 280 11 27 3 8 3.56 
Tucson 28.2 251 14 58 21 
Seattle 29.1 279 15 25 20 
Tinemaha 30.4 273 15 45 0 7 3.57 
Sitka 35.2 309 18 18 3 12 3.56 

T a b l e 2 
1939, October 19, 1 1 : 5 3 : 5 6 47°.8 N 70°.0 W 

Station A Az. Lg O-C vel. 

0 0 m s s km/sec 

East Machias 3.5 153 1 48 0 3.60 
Ottawa 4.6 243 2 21 - 1 3.62 
Weston 5.5 190 2 46 - 4 3.68 
Halifax 5.5 125 3 04 14 3.32 
Fordham 7.5 205 3.9 3 3.56 
Philadelphia 8.7 207 4 15 -13 3.79 
Georgetown 10.3 213 5 19 1 3.59 
Cleveland 10.4 236 5 11 -10 3.72 
Cincinnati 13.6 236 6 55 - 5 3.64 
Chicago Loyola 13.S 252 7 07 1 3.59 
Columbia 16.1 215 8 32 15 3.49 
Saint Louis 17.3 248 8 59 5 3.57 
Lincoln 20.2 261 10 27 4 3.58 
Bozeman 28.0 258 14 36 12 3.55 
Tucson 34.5 260 17 59 15 3.55 
Pasadena 38.2 268 20 11 33 3.50 
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1955, p. 353) bu t , while t h e observa t ions 
clearly fitted a line of this slope, t h e r e was 
no w a y of ascer ta in ing w h e t h e r t h e Constant 
t e rn i was correct for th is e a r t h q u a k e . How-
ever, ITodgson's resul t for t h e sanie re-
gion be ing t (Pn) = 7S.50 ± O ' . l l + A k m / 
(8.176 + 0.013) km/sec (Hodgson, 1953, 
p. 146) our T0 p robab ly is no t f a r wrong. 
Since we cannot accep t a n Lg line hav ing 
i ts po in t of i n t e rcep t below t h e origin we 
neglect t h e observat ions for d is tances great-
er t h a n 20° which m a y be la te because t h e 
p h a s e is small a t these dis tances, a n d we 
t h e n f m d b y t r ia l a n d error t h a t t h e s t ra igh t 
line of slope 30.85 sec/degree t h r o u g h t h e 
origin fì ts t h e remain ing t r a v e l t imes fa i r ly 
well. T h e residuals a re t h e 0 -C 2 of tab le 1. 
T h e corresponding veloci ty is 3.60 km/sec , 

a d is tance of 451 k m , t h e mos t d i s t a n t 
942.7 k m away . H e men t ions t h e possi-
bi l i ty of i t s being Lg which, he th inks , 
would expla in i ts e r ra t ic beginning a n d t h e 
n a t u r e of t h e phase . I t appea r s as a g roup 
of short -per iod waves of r a t h e r large ampli -
t u d e not readi ly expla inable as be ing due 
to body waves . H e hes i t a tes t o i den t i fy i t 
w i t h Lg because i ts veloci ty is h igher t h a n 
t h e average veloci ty 3.51 k m / s e c f o u n d b y 
Press a n d E w i n g (1952) f r o m e a r t h q u a k e 
observat ions , b u t t h e r e seems to m e to be 
no escape f r o m t h e conclusion t h a t i t is a 
w a v e of t h e n a t u r e of Lg. Hodgson found 
t h e veloci ty 3.71 ± 0.08 km/sec , whe re 
0.08 is t h e p robab le error , so i t is no t signi-
ficantly h igher t h a n t h e veloci ty found for 
t h e T imiskaming e a r t h q u a k e . 

Fig. 16. - Tucson short-period record of St. Lawrence ear thquake. 

n o t v e r y d i f ferent f r o m t h e one first f o u n d . 
T h e m e t h o d of least squares was no t appl ied 
since it does no t necessari ly yield t h e " b e s t " 
resul t w h e n t h e d is t r ibut ion of t h e residuals 
is n o t normal . T h e velocit-ies as calcula ted 
f r o m indiv idua i observat ions were t abu l a t -
ed. T h e y a re seen to v a r y a g rea t deal, 
especially a t smal l d is tances where a large 
res iduai a f fec ts t h e veloci ty more t h a n a t 
g rea te r d is tances . 

I n s t r u m e n t s such as t h e Pal isades electro-
nic i n s t r u m e n t s hav ing an except ional ly 
good response to t h e shor t -per iod Lg waves 
p robab ly would h a v e yiekled more consistent 
readings t h a n those here obta ined . I t has 
to be l e f t t o f u t u r e s tudies t o find wi th 
w h a t accu racy t h e Lg veloci ty can be de-
t e rmined a n d whe the r , wi th in t h e l imits of 
accuracy , i t is t h e sanie everywhere , inde-
p e n d e n t of t h e p a t h . 

Hodgson in his rockbur s t s tudies is a t a 
loss t o expla in t h e phase he calls >S1 (Hodg-
son, 1953, p. 160) as i t appears in t h e records 
of his 5 " d i s t an t " s ta t ions, t h e neares t a t 

The St . Lawrence e a r t h q u a k e of Oct . 19, 
1939 was m u c h snialler t h a n t h e T imiskam-
ing e a r t h q u a k e . Only 4 s ta t ions a t d is tan-
ces g rea te r t h a n 40° recorded P , a n d t h e 
fo re runners were small also a t t h e shor te r 
dis tances. Lg is t h e largest phase in t h e 
records s tud ied a n d a t shor t d is tances i t s 
onset is sha rp ; 3ome of t h e I . S. S. en t rances 
a re due to readings of th is phase . T h e 
appea rance of t h e records is pecul iar , t h e 
per iod of t h e mot ion be ing unusua l ly shor t 
t h r o u g h o u t , in t h e fo re runner s and also in 
t h e sur face waves . F o r th is reason t h e 
t r ace is mos t ly f a in t a n d good reproduc t ions 
no t obta inable . F ig . 16 shows a t r ac ing of 
t h e Tucson (A = 34°.5) shor t -per iod ver t ica l 
Benioff record. The phase is stili qu i t e large 
a t th is r a t h e r d i s t an t s ta t ion . I n ali t h e 
records s tudied, also those of long-period 
in s t rumen t s , t h e Rayle igh waves a re small 
a n d not clearly sepa rà t ed f r o m t h e first 
m u c h larger g roup of sur face waves . 

T h e t rave l t imes of Lg a re t a b u l a t e d in 
t ab le 2. T h e residuals a re agains t t(Lg) — 
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30.85 X A as t a k e n for the Timiskaming 
ea r thquake . T h e y sca t te r a great deal, b u t 
u p t o abou t 20° t hey have no appa ren t syste-
ma t i c t rend . Fo r grea te r distances t h e re-
siduals are large and positive, possibly be-
cause small movemen t in t h e first p a r t of 
the phase was lost. Actual ly , a t Tucson, 
t h e phase is found to build u p gradual ly . 
I n fig. 16 t h e first p a r t of Lg is no t large, 
and there is a la ter increase. I n ano the r 
record there is a small beginning earlier 
t h a n t h e one in this record. The velocities 
as calculated f r o m individuai observat ions 
were t abu la ted . 

Lg was also recorded in t h e Helena ear th-
quake of Oct . 31, 1935. I t was read in 
t h e records of 10 observatories. 

This ea r thquake was one of a swarm of 
ea r thquakes t h a t began early in October 
1935 (see Heck and Maughan , 1936). T h e 
largest shock, of magn i tude 6 % , occurred 
on October 19; t h e one of October 31 h a d 
magni tude 6 (Gutenberg and Kichter , 1949). 
T h e t w o shocks p r o b a b l y h a d t h e same focus, 
for their records were alike and the i r t rans-
mission t imes were equal or differed ve ry 
little. The P and S t ransmission t imes 
t abu la ted in table 3 are mean values. T h e 
t imes are chiefly f r o m t h e I . S. S., b u t some 
are f rom Gutenberg and E ich t e r (1938) and 
a few are m y own readings. W h e n t h e 
diflerence of the t imes of t h e two shocks 
did not exceed 2S, a X was affixed to the 
t abu la ted mean ; if t h e difl'erence exceeded 
4", t he mean was p u t in brackets . T h e 
suffixes 1 and 2 indicate t h a t only readings 
of the first or the second shock respectively 
were available. 

The two shocks were highly des t ruc t ive 
in Helena, so t h e focus was evident lv qui te 
dose to t h e city. F . N e u m a n n (1937) de-
te rmined t h e epicentre 46° 37' N, 111°58'W. 
Fo r t h e I . S. S. the coordinates were round-
ed off to 46°.6N", 112°.0W, and this is t h e 
position here adopted . As N e u m a n n points 
out , there is no way of de termining t h e epi-
centre very accurate ly . There is only one 
near stat ion, Bozeman; the nex t , Seat t le , 
is 7° away, and the dis t r ibut ion in az imuth 
of the more d i s tan t s tat ions is qui te un-
sat isfactory. N e u m a n n therefore based bis 
de te rmina t ion on t h e records of t h e s t rong 
mot ion accelerograph operat ing in He lena 

f rom October 21. I t h a d an au tomat i c 
s t a r t e r and was set working b y t h e preli-
mina ry t remors of t h e large shock of Oc-
tober 31, b u t it did no t record t h e onset of 
P. Once s t a r t ed it k e p t working for some 
t ime and therefore gave complete records 
of a number of af tershocks . These were 
found to b a v e the i r epicentres f r o m 3 to 
6 k m f r o m t h e accelerograph a n d focal 
dep ths f r o m 2 to 5 km. Because t h e small, 
completely recorded shocks, 10 in ali, were 
so shallow i t was concluded t h a t t h e large 
shocks were also qui te shallow. I t seems 
quest ionable, however, w h e t h e r th is con-
clusion is war ran ted . There is no th ing in 
t h e records to indicate t h a t t h e shocks are 
exceptional ly shallow; t h e y look qui te " nor-
mal " , and forerunners of b o t h shocks were 
recorded out to an epicentra l dis tance of 94°. 
Also, t h e macroseismic areas had grea t ex-
t en t . N e u m a n n (1937, pp. 43-46) accounts 
in some detai l for t h e considerations on 
which t h e de te rmina t ion of t h e epicentre 
was based and ends b y saying: " I n view 
of t h e appa ren t ly wide spread of t h e a f te r -
shocks and t h e lack of precise in format ion 
concerning t h e ma in shocks of t h e series 
an epicenter a t 46° 37 'N, 111° 58 'W is adopt -
ed as represent ing as near as we know it , 
t h e cent ra i poin t of ac t iv i ty " . T h e Boze-
m a n Sg-Pg was found to be 17s.0, and this 
corresponds closely to t h e dis tance f r o m 
t h e adop ted epicentre when t h e velocities 
of Pg and Sg are t a k e n to be 5.5 km/sec 
and 3.2 km/sec respectively. T h e veloci-
ties a re now bebeved to be higher, and t h e 
reading of Sg has evident ly caused some 
difficulty, for different readings were report -
ed la ter by Gutenberg and E i c h t e r (1938) 
and in t h e I . S. S. T h e B o z e m a n observa-
t ion, therefore , cannot be said to give s t rong 
suppor t to the de termined epicentre. This 
however, is p robab ly no t f a r wrong. 

W e need also the t imes of occurrence, and 
the values obta ined for t h e m depend on t h e 
tables used. F o r t h e shock of October 31, 
L e u m a n n has 18 : 37 : 47, Gu tenberg and 
E i c h t e r 18 :37 :49, b o t h values being derived 
f r o m wave velocities a t small dis tances no 
longer believed to be correct. I . S. S. has 
T0 = 18 : 37 : 56, b u t this is no t supposed 
to be t h e t ime of occurrence. Taking 
t(Pn) = 7S.37 -f A 0 x 13.58 sec/degree as for 
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T a b l e 3 

1935 October 19. 4 : 48 : 11 
1935 October 31. 18 : 37 : 35 

Station A Az. P (mean) O-Ci 0-C2 S (mean) O-Cì 0-C2 

0 0 m s s s m s a s 

Bozeman 1.1 144 16 x 37 x 
Seattle 7.1 282 1 43, - 1 3 (9) 5 9 
Victoria 7.9 288 1 54x -1 3 172 -7 - 3 
Denver 8.5 141 2 8 x 5 3 30 - 9 -4 
Tinemalia 10.6 208 31 x 0 
Ukiali 11.1 232 38 x 0 4 39 x - 4 3 
Haiwee 11.4 205 42 x 0 5 31 13 19 
Berkeley 11.6 224 45 0 (1) 6 13 
Lick 11.7 221 48x 2 42 6 13 
Santa Clara 11.8 221 2 46i - 2 Si S 15 
Mt, Wilson 13.2 203 3 8 x 1 
Riverside 13.2 200 7 0 
Pasadena 13.3 202 9 x 1 
Santa Barbara 13.5 209 10i - 1 
La .lolla 14.3 198 23 x 1 
Tucson 14.4 176 19 -4 6 (10) 7 
Madison 16.4 94 482 1 6 552 5 
Florissant 17.7 108 3 57 x -5 7 16 x - 3 
Sitka 17.7 315 4 (3) -1 31 x 12 
Saint Louis 17.9 109 3 58! -S 27! 3 
Chicago 18.1 96 4 l x —7 24 x - 5 
Little Rock 19.0 122 (1.7) -3 7 (50) 1 
Ann Arbor 20.6 92 34 x - 3 

7 (50) 

Cincinnati 21.4 100 4 43t - 2 8 47! 8 
Toronto 23.1 86 5 3 x 1 9 12 x 2 
Buffalo 23.7 94 8 x 0 30 x 9 
Ottawa 25.1 79 21 - 1 (42) - 3 
I thaca 25.5 85 28 x 2 10 9 18 
Charlottesville 26.0 97 
Georgetown 26.6 95 34 x -2 - 4 
Columbia 26.6 106 - 8 
Vermont 27.1 80 152 - 3 
Philadelphia 27.4 91 (45) 1 21 x -2 
Fordham 27.9 90 50! 2 26j -5 
Harvard 28.9 82 5 53 x - 4 49 x 2 
Huancayo 67.0 140 10 48 x - 3 19 33j -11 
Pulkovo 69.6 19 20 142 - 1 
Stu t tgar t 72.1 36 11 21 x - 1 

74.2 136 (38) 4 
Vladivostok 74.3 316 

(38) 
21 92 1 

G-ranada 74.8 52 11 432 0 
Sverdlovsk 76.8 4 21 35! -1 
Chiufeng 83.6 325 22 492 
Grozny 88.3 16 12 432 -6 
Nanking 89.3 319 23 41, - 1 
Tiflis S9.7 17 12 572 2 23 352 -11 
Tashkent 92.5 359 13 92 1 24 132 2 
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t h e T imiskaming e a r t h q u a k e a n d fitting t h e 
H e l e n a P t r a n s m i s s i o n t imes for d is tances u p 
to 14°.4 to i t , we find for t h e Tn ( = t i m e of 
occurrence) of Oc tober 19, 4 : 4 8 : 1 1 a n d of 
Oc tober 3 1 , 1 8 : 37 : 55. The resu l t ing resi-
d u a i a r e t a b u l a t e d in t ab le 3 u n d e r t h e 
head ing 0-C2. T h e y a re ve ry sa t i s fac tory , 
b u t t h e r e being no Pn observa t ions fo r 
d is tances smal ler t h a n 7°, we do no t k n o w 
w h e t h e r our s t ra igh t bne would f i t also a t 
t h e smal les t d is tances . Ac tua l ly t h e obser-
va t ions a t h a n d fi t t h e Je f f reys -Bul l en ta-

to 14° in N o r t h e a s t e r n Amer ica . F o r smal l 
d i s tances ne i the r t h e one nor t h e o the r of 
t h e t w o sets of 8 res iduals a r e a t ali satis-
f a c t o r y . F o r g r ea t e r d i s tances t h e P t imes 
h a v e qu i t e a good fit excep t in t h e r a n g e 
17°.7 t o 21°.4 where ali t h e res iduals a r e 
nega t ive a n d some of t h e m surpr is ingly lar-
ge. T h e S res iduals h a v e m u c h g rea t e r 
sca t t e r , b u t no a p p a r e n t s y s t e m a t i c t r e n d . 
T h u s f r o m a b o u t 22° onwards t h e H e l e n a 
S-P agree, on t h e average , w i t h t h e J - B 
S-P fo r a su r face focus, whereas t h e 

mo'w * * * * * 
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Pig. 17. - Ukiah records of Helena ear thquake . 

bles jus t as well, b u t T0 ha s t h e n to be 
t a k e n 5S earlier. B o z e m a n has p robab ly 
recorded Pg. Tak ing t h e veloci ty of th i s 
w a v e to be 6.2 km/sec , t h e observa t ion as 
quo ted is a b o u t 4S ear ly a n d T„ should h a v e 
to be t a k e n 4' earl ier t o f i t i t . However , 
ne i t he r t h e posi t ion of t l ie ep icent re nor 
t h e B o z e m a n observa t ion is l ikely t o be 
qu i te correct . W e shall, there fore , leave 
our T0s as de t e rmined above , b u t h a v e 
to a d m i t t h a t t h e u n c e r t a i n t y is consi-
deratale. 

Al thougl i i t is somewha t outs ide t h e scope 
of t h e p resen t inves t iga t ion we shall consider 
also t h e t r ave l t imes of P f o r g r ea t e r d is tan-
ces a n d t h e t r ave l t imes of 8. I n t ab le 3 
t h e P residuals for d is tances g rea te r t h a n 
16° a r e agains t t h e Je f f reys -Bul len (J-B) 
t r ave l t imes for a sur face focus m i n u s 6S, 
a n d so a re ali t h e 8 res iduals h e a d e d 0-C 1 , 
whereas t h e 0-C2 a r e aga ins t t h e S t imes 
de t e rmined f r o m t(S) = 10s + A° X 24.0 
sec/degree f o u n d to lìt t h e t r a v e l t imes u p 

8-P of JSTortheastern A m e r i c a n e a r t h q u a k e s 
were a lways g rea te r t h a n t h e 8-P of t h e 
s a m e tab les (see L e h m a n n , 1955, p . 365). 
This seems con t r ad ic to ry to t h e conclusion 
t h a t t h e He lena shocks a re except iona l ly 
shallow. 

Lg was clearly p resen t in t h e records 
s tud ied . I n t h e long-period records t h e 
shor t -per iod Lg wave a r r ived r id ing on t h e 
long Love waves . These somet imes b e g a n 
earl ier as in t h e P a s a d e n a record of fig. 1, 
a n d somet imes a lmos t s imul taneous ly w i th 
Lg. T h e U k i a h records a re seen in fig. 17. 
T h e ep icent ra l d i s tance is l l ° . l . T h e seis-
m o g r a p h s h a v e or ien ta t ion N 50°E a n d 
N 40° W . T h e a z i m u t h of t h e ep icent re in 
U k i a h be ing 59°, t h e lattei- c o m p o n e n t re-
cords t r ansve r se mot ion , t h e o the r one long-
i t u d i n i mo t ion . As a resu l t t h e Love a n d 
Bay le igh w a v e groups a re v e r y clearly 
s epa ra t ed . Lg r ides on long waves in t h e 
t r ansve r se componen t , b u t is m o r e conspi-
cuous in t h e long i tud ina l componen t w h e r e 

i W f • v Ami i JMff ldF . . 
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i t is u n d i s t u r b e d . F ig . 18 shows a short-
per iod Berke ley E record of t h e e a r t h q u a k e . 
H e r e Lg is clearly recorded wi th a well 
def ined onset . 

T h e Lg t r ave l t imes a re t a b u l a t e d in 

Press a n d Ewing . I t is closer t o t h e m e a n 
veloci ty f o u n d for t h e Sou the rn California 
shock of 1952 (Gutenberg, 1955) a n d to 
t h e bes t de t e rmined velocities of t h e Okla-
h o m a shock. 

Fig. 18. - Berkeley short-period record of Ilelena ear thquake. 

t ab le 4. W h e n t h e y a re compared wi th t h e 
t imes ca lcula ted f r o m t(Lg) = A 0 X 30.85 sec/ 
degree as t a k e n for t h e o ther two ear th-
quakes , we fìnd t h e residuals headed O-C. 
T h e y are as e r ra t ic as those of t h e o the r 
shocks. I nd iv idua i velocities were calculat-
ed. The i r m e a n is 3.59 km/sec while t h e 
veloci ty de t e rmined b y t h e slope of t h e 
s t ra igh t line represen t ing t h e t rave l t imes 
is 3.60 km/sec . The " s t a n d a r d error " 
ca lcula ted in t h e usua i w a y is 0.02 k m / 
sec, b u t ne i t he r th is q u a n t i t y nor t h e m e a n 
itself h a s m u c h signifìcance since t h e distri-
bu t ion of t h e residuals shows no approach 
to a n o r m a l d i s t r ibu t ion . 

I n spi te of t h e f a c t t h a t t h e veloci ty as 
d e t e r m i n e d for t h e t h r e e shocks h a s no 
g r ea t accu racy the re is no d o u b t a b o u t i ts 
exceeding t h e va lue 3.51 km/sec f o u n d b y 

T h e r e were only 5 records avai lable of t h e 
G r a n d B a n k s e a r t h q u a k e of N o v e m b e r 18, 
1929 a n d t h e y were n o t v e r y use fu l fo r Lg. 
I t was a s t ronger e a r t h q u a k e t h a n t h e o thers 
considered a n d in t h e photograpl i ic records 
of t h e nea re r s ta t ions t h e t r a c e van i shed 
where large swings commenced a n d Lg could 
n o t be dis t inguished. A n n A r b o r a t a dis-
t a n c e of 20°.3 h a d a mechanica l ly record ing 
i n s t r u m e n t , b u t t he records were pecul iar 
w i th shor t -per iod m o v e m e n t t h r o u g h o u t a n d 
no d is t inc t Lg. T h e Tucson N record of 
fig. 19 is f r o m a d is tance of -1-1°.0, a n d here 
sur face waves of shor t per iod a re v e r y con-
spicuous. Since Tucson is eas t of t h e epi-
cent re it is t h e t ransverse componen t record. 
On t h e E record t h e onset is somewha t l a te r 
b u t t h e shor t -per iod waves a re also large. 
The ep icent re of th is e a r t h q u a k e could no t 

T a b l e 4 
1935, October 31, 1 8 : 3 7 : 5 5 

Station A L g O-C vel. 

0 m s s km/sec 

Victoria 7.9 3 56 - 8 3.72 
Ukiah 11.1 5 49 7 3.53 
Berkeley 11.6 6 5 7 3.53 
Pasadena 13.3 6 55 5 3.56 
Tucson 14.4 7 29 5 3.56 
Sitka 17.7 8 50 -16 3.71 
Chicago 18.1 9 25 7 3.56 
Toronto 23.1 11 45 - 8 3.64 
Ottawa 25.1 13 10 16 3.53 
Columbia 26.6 13 45 4 3.58 
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b e d e t e r m i n e d w i t h m u c h a c c u r a c y . T a k -
ing t h e pos i t ion 44° N , 56° W a n d T 0 = 
20 : 31 : 58 as g iven in " T h e Se i smic i ty of 
t h e E a r t h " w e find t h a t Lg a s m a r k e d in 
fig. 19 a r r ives w i t h t h e ve loc i ty 3.76 k m / s e c . 
T h e r e is a s t rong l a t e r increase of a m p l i t u d e 
a n d t h e co r re spond ing ve loc i ty is 3.48 k m / 
sec. H o w e v e r , t h e s e velocit ies h a v e g r e a t 
u n e e r t a i n t y owing to t h e u n c e r t a i n t y of t h e 
ep icen t r e a n d T 0 . C o p e n h a g e n is a t v e r y 
nea r ly t h e s a m e ep icen t r a l d i s t a n c e as Tuc -
son, a n d i t is i n t e r e s t i n g to find t h a t i t h a s 

2. 1954. Apr i i 29, 10 : 49 : 27, 29°i/2:N" 
112° i/2 W , M = 7 l / 4 — 7i / 2 

3. 1954, A p r i i 29, 11 : 34 : 34, 29°i / 2N" 
112°I/2 W , M = 7 % — 7 3/4 

4. 1954, M a y 5, 13 : 09 : 46, 27° i / 2 :N 
II201/2 W , M = 6 3 / 4 

T h e ep icen t re s a n d t i m e s of o c c u r r e n c e 
of t h e s e e a r t h q u a k e s could n o t be d e t e r m i n -
ed v e r y a c c u r a t e l y b e c a u s e t h e r e c o r d i n g 
s t a t i o n s a n d especial ly t h e n e a r ones were 
n o t well d i s t r i b u t e d in a z i m u t h . Th is m a y 

Fig. 19. - Tucson record of Grand Banks e a r t h q u a k e 

no t r a c e of shor t -pe r iod s u r f a c e waves , b u t 
records r a t h e r l a rge r e g u l a r L o v e w a v e s of 
long per iod . 

* * * 

Severa l o t h e r r eco rds o b t a i n e d in N o r t h 
A m e r i c a w e r e e x a m i n e d fo r Lg. A t P a s a -
d e n a a selection of r ecords of d e e p M e x i c a n 
e a r t h q u a k e s m a d e fo r a n o t h e r s t u d y w a s 
e x a m i n e d . This w a s of i n t e r e s t in connec-
t ion w i t h t h e ques t ion as t o w h e t h e r or n o t 
Lg is p r e sen t in r ecords of d e e p shocks. T h e 
p h a s e w a s n o t f o u n d in a n y of t h e r ecords 
e x a m i n e d . 

Some shocks o r ig ina t ing in t h e Gulf of 
CaUfornia w e r e f o u n d t o h a v e v e r y c lear Lg 
in t h e P a s a d e n a a n d o t h e r S o u t h e r n Cali-
fo rn ia records . T h e onse t of t h e phase , 
however , w a s n o t a l w a y s d i s t i nc t b e c a u s e 
t h e a m p l i t u d e s of t h e first swings were smal l 
a n d t h e r e w e r e shor t -pe r iod w a v e s s imi lar 
t o t h e Lg w a v e s in t h e m o v e m e n t i m m e d i a -
te lv p reced ing t h e p h a s e (most of t h e r eco rds 
a r e f r o m shor t -pe r iod i n s t r u m e n t s ) . Lg was 
r e a d in some of t h e r ecords of t h e S o u t h e r n 
Cal i forn ia n e t w o r k of s t a t i ons fo r t h e follow-
ing e a r t h q u a k e s : 

1. 1945, J u n e 27, 13 : 08 : 20, 26°.S N 
111°. 8 W , M = 7.0 

a c c o u n t fo r e r ro rs in t h e veloci t ies as de te r -
m i n e d fo r Lg b u t n o t f o r t h e s p r e a d i n g of 
t h e va lue s a s f o u n d f o r s t a t i ons t h a t a r e 
ali v e r y n e a r l y in t h e san ie a z i m u t h . F o r 
t h e first e a r t h q u a k e Lg w a s r e a d in t h e 
r ecords of 6 S o u t h e r n Cal i forn ia s t a t i ons a n d 
t h e veloci t ies v a r i e d f r o m 3 35 to 3 .51 k m / s e c . 
F o r t h e second a n d t h i r d e a r t h q u a k e s t h e 
v a r i a t i o n w a s stil i g r e a t e r , f r o m a b o u t 3.2 
t o 3.5 k m / s e c . T h e Lg onse t s of t h e first 
of t h e t w o e a r t h q u a k e s of A p r i i 29, 1954 
w e r e smal le r t h a n t h o s e of t h e second a n d 
t h e r ead ings m o r e u n c e r t a i n . T h e r e is a 
r e m a r k a b l e a n d v e r y i n t e r e s t i n g d i f fe rence 
b e t w e e n t h e r ecords of t h e s e t w o shocks . 
T h e t i m e d i f fe rence b e t w e e n t h e m is 45 
m i n . T h e r e f o r e co r r e spond ing p h a s e s a r e 
w r i t t e n i m m e d i a t e l y be low each o t h e r b y 
i n s t r u m e n t s h a v i n g r e c o r d i n g speed 60 m m / 
m i n . a n d t h i s f ac i l i t a t e s eompar i son . T h e 
H a i w e e N r eco rd (A = 8°) is seen in fig. 20. 
P a n d t h e s u b s e q u e n t m o v e m e n t a r e equa l ly 
b ig in b o t h e a r t h q u a k e s , b u t a b o u t 2 m i n . 
a f t e r P long w a v e s of per iod 25 sec a r r i v e 
in t h e second e a r t h q u a k e wliile smal l m o v e -
m e n t con t inues in t h e first; t h e long w a v e s 
inc rease a n d r ise to la rge a m p l i t u d e s . Lg 
sets in s h a r p l y 2m 27s a f t e r P in t h e second 
shock ; in t h e first t h e r e is a smal l corre-
spond ing inc rease of m o v e m e n t w h i c h m a y 
a n d m a y n o t be Lg, whi le t h e r e is a c lear 
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onset of Lg waves 10 sec. l a te r a n d again 
an increase of shor t -per iod waves 20 sec. 
la ter . P o r a l i t t le more t h a n 3 min . t h e 
m o v e m e n t as recorded in t h e t w o ea r th -
quakes differs grea t ly , t h e n t h e long-period 
waves of t h e second e a r t h q u a k e subside and 
t h e t w o records are aga in ve ry m u c h alike, 

expression used earlier (see p. 11), a l a t e r T„ 
was f o u n d a n d t h e cor responding Lg velo-
cities r anged f r o m 3.42 to 3.50 km/sec . 

T h e e a r t h q u a k e of Dee . 14, 1950, 13" 
or iginated in t h e sanie region, a n d it also 
h a d clear Lg. Severa! records filed b y t h e 
Seismology B r a n c h of t h e U . S. Coast a n d 

t h e one no s t ronger t h a n t h e o ther . This 
raises t h e quest ion as t o w h a t is responsible 
for t h e p roduc t ion of long waves a n d Lg, 
t h e s t r u c t u r e of t h e layer in which t h e ea r th -
q u a k e occurs or possibly t h e mechan i sm of 
t h e shock. T h e two shocks here considered 
h a v e been t a k e n to h a v e t h e same epicentre 
a n d no rma l dep th , b u t small differences in 
locat ion a re no t exc luded . I n t h e shock 
of M a y 5, 1954 we h a v e again clear Lg 
waves b u t somewha t unce r t a in onsets and 
t h e velocities f o u n d v a r y a g rea t deal. 

O t h e r P a s a d e n a records were examined 
for Lg, a n d in n o r m a l shocks t h e phase was 
usual ly p resen t , b u t as in t h e Sou the rn 
California shocks, i t o f t en grew ou t of a 
b a c k g r o u n d of shor t -per iod m o v e m e n t which 
resembled i t a g r ea t deal excep t for being 
less regular . T h e n t h e readings were un-
cer ta in a n d t h e velocities as de te rmined 
var ied considerably. The re were , however , 
also e a r t h q u a k e s in which t h e first Lg mo-
v e m e n t was large and t h e onsets sl iarp as 
in t h e N'evada e a r t h q u a k e of P e b r . 8, 1940, 
8 h . Lg was r ead in t h e records of 4 Sou the rn 
California s ta t ions a t d is tances f r o m 4°.5 to 
6°.5. T h e wave per iod was a b o u t l s . T h e 
G u t e n b e r g a n d B ich t e r (1949) ep icent re a n d 
T0 were t a k e n a n d Lg velocities f r o m 3.27 
to 3.39 km/sec found . However , w h e n t h e 
P observa t ions were fìtted to t h e l inear 

Geodet ic Su rvey a t W a s h i n g t o n were exa-
mined for Lg a n d good readings ob ta ined 
for 7 s ta t ions a t d is tances rang ing f r o m 700 
k m (Salt L a k e City) t o 3620 k m (Washing-
ton). B u t t e a t a d is tance of 900 k m was 
t h e only s ta t ion which h a d no clear Lg. 
The provisionai ep icent re and t i m e of occur-
rence were t a k e n a n d velocities ranging 
f r o m 3.39 km/sec (for Wash ing ton , t h e mos t 
d i s t an t s ta t ion) t o 3.54 km/sec were f o u n d . 

I n t h e Man ix e a r t h q u a k e of Apr i i 10, 
1947 Lg was also recorded b y t h e U. S. 
Coast a n d Geodet ic S u r v e y s ta t ions . Sal t 
L a k e City a t a d is tance of 6°.8 h a d an Lg 
which increased gradua l ly to become v e r y 
large; i t was f o u n d to a r r ivewi t l i t h e veloci ty 
3.65 km/sec . A t Lincoln (16°.7) a n d Chicago 
(23°. 7) t h e Lg g roup was small a n d of shor t 
du ra t i on b u t clearly m a r k e d . T h e veloci-
ties f o u n d w7ere 3.60 a n d 3.58 km/sec respec-
t ively. A t B u t t e (11°.4) a n d B a p i d City 
(13°.7) t h e onsets were less clear a n d t h e 
velocities as de t e rmined 3.41 a n d 3.45 k m / 
sec respect ively. 

Yery large Lg waves of qui te shor t per iod 
(less t h a n 1") wrere found in some of t h e 
U. S. Coast a n d Geodet ic Su rvey records of 
t h e M o n t a n a e a r t h q u a k e of Nov . 23, 1947, 
b u t in m a n y o ther records t h e phase was 
unreadab le because t h e m o v e m e n t h a d been 
so s t rong as to m a k e t h e t r ace vanish . T h e 
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veloci ty f o u n d for Lg a t S i tka (18°.2) was 
3.38 km/sec , b u t microseismic m o v e m e n t 
m a s k e d t h e phase . T h e velocities f o u n d 
for t h ree o the r s ta t ions were 3.42, 3.48 a n d 
3.55 km/sec . 

Ali in ali a considerable n u m b e r of S o r t i i 
Amer ican records were e x a m i n e d for Lg. 
In no rma l shocks t h e phase was usual ly 
found to be clearly present and th is is t h e 
chief resul t of t h e last section of th is work . 
As to t h e velocities t h e y a re no t v e r y rebab le 
for var ious reasons. Most of t h e records 
were f r o m i n s t r u m e n t s t h e response of wliich 
to t h e shor t -per iod waves is n o t pa r t i cu la r ly 
good, a n d m a n y of t h e epicent res a n d t imes 
of occurence were no t k n o w n w i t h m u c h 
accuracy . This a f fec t s velocities a t smal l 
d is tances r a t h e r s t rongly a n d m a n y of t h e 
records were ob ta ined a t smal l d is tances . 

A g rea t n i any K a b e n l i a v n records were also 
examined for Lg. I t is i n t ended to publ i sh 
t h e resul ts of th is s t u d y la te r , b u t m e n t i o n 
m a y be m a d e here of t h e impress ion gained 
t h a t on t h e whole t h e K e b e n h a v n Lg's a re 
less conspicuous t h a n those recorded in 
S o r t i i Amer ica ; moreover t h e y a re qu i te of-
t e n comple te ly lacking also on con t inen ta l 
pat l is . This is t r u e also for U p p s a l a (see 
B à t h , 1954). T h e average Lg per iod is lon-
ger in K o b e n h a v n t h a n in S o r t i i Amer ica . 
T h e periods of t h e Lg's he re s tud ied b a v e n o t 
o f t en been given because t h e y could n o t be 
measu red wi th m u c h accuracy , b u t t h e y were 
mos t ly qu i te shor t , f r o m a b o u t % sec t o 
3 sec. A t K o b e n h a v n m a n y Lg's h a d a 
per iod of a b o u t 6 sec a n d m o s t of t h e 
periods were in t h e r a n g e 4 sec to 6 sec. 
This is in accorci wi th t h e resu l t ob ta ined for 
Uppsa l a where t h e m a x i m u m f r e q u e n c y is 
a t 5-6 sec (Bà th , 1954, p . 306). A t U p p -
sala only Wieche r t records were avai lable , 
b u t a t K o b e n h a v n t h e r e were in add i t ion to 
records f r o m long-period i n s t r u m e n t s m a n y 
records f r o m t h e shor t -per iod Benioff ver-
t ical se ismograph. Lg was ra re ly clearly pre-
sen t in t h e m while in S o r t i i Amer i ca good 
Lg records were ob ta ined on these ins t ru -
m e n t s (see e. g. figs. 8 a n d 16). T h u s t h e 
dif ference observed in t h e per iods is n o t of 
i n s t r u m e n t a i origin. A t K 0 b e n h a v n t h e r e 
is o f t en a b a c k g r o u n d m o v e m e n t of a per iod 
d o s e t o t h a t of Lg and th is m a s k s t h e phase , 
somet imes severely so. I t m a y be difficult 

or p e r h a p s impossible to say w h e t h e r Lg is 
p resen t . 

Whi l e t h e wel l -de te rmined velocities of 
S o r t i i A m e r i c a n Lg belong to t h e r ange 3.5-
3.6 k m / s e c t h e velocities of t h e K o b e n h a v n 
Lg we re usual ly f o u n d to be smaller . W h e -
t h e r th is is signiflcant cannot- be said, for pre-
cise ve loci ty de t e rmina t ions requi re well re-
corded Lg's w i th clear onsets, a n d epicent res 
a n d t imes of occurrence more a c c u r a t e t h a n 
those avai lable for t h e m a j o r i t y of E u r o -
as ia t ic shocks (see L e h m a n n 1949). 

A closer s t u d y of t h e phase Lg a n d precise 
de t e rmina t i ons of i t s veloci ty should yield 
in te res t ing a n d i m p o r t a n t resul ts . 

T h e work here r epo r t ed on was done dur-
ing a visi t t o seismological observator ies in 
t h e U . S. A . a n d chiefly dur ing m y s t a y a t 
t h e L a m o n t Geological Obse rva to ry , Pal i -
sades. I an i i ndep t ed to Professor Maur ice 
E w i n g for b r ing ing a b o u t th is visi t , fo r sug-
ges t ing t h e sub jec t of m y research a n d for 
ex t end ing to m e use fu l i n fo rma t ion a n d ad-
vice. M y visi ts t o t h e o the r observator ies 
were m a d e prof ì table t h r o u g h t h e k ind w a y 
in which the i r facil i t ies a n d records were 
m a d e avai lable t o me . M y t h a n k s a re due, 
in pa r t i cu la r , to D r . B e n o Gutenbe rg , D r . 
C. P . E i c h t e r , D r . P e r r y Byer ly , t h e l a t e 
R e v e r e n d J a m e s B . Macelwane, Cap ta in 
E . B . R o b e r t s a n d Mr. L. M. M u r p h y . 

T h e work was suppor t ed b y con t r ac t A F 
19 (122)-441 wi th T h e Geophysics Resea rch 
Divis ion of t h e Air F o r c e Cambr idge Re-
search Center , Cambr idge , Mass., U . S . A . 
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