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Dr. G e o r g e Lovell, a Method i s t min i s te r w h o 
as an e n g i n e e r h a d b e e n a col league of N o r 
m a n in his aircraft years , gave a m o v i n g ad
dress at the Memor ia l Service. T h e y b o t h en
j o y e d fell walking; in t he s u m m e r of 1985, 
they set off to cl imb a favori te C u m b r i a n fell. 

N o r m a n ' s illness was b e g i n n i n g to take its 
toll, a n d he could no t m a k e the s u m m i t bu t 
s topped shor t at a lower view point . In Lov-
ell's words , h e s e e m e d to take in the beau ty 
of the scene silently as if h e knew this would 
be his last sight of it, t h e n said "You know, 

George , I 've achieved most of the work I set 
ou t to d o 25 years ago a n d coun t myself 
lucky to have h a d the o p p o r t u n i t y to d o so." 

This tribute was written by David E. Car t -
wr ight , IOS, Wormley, Surrey. He was a friend 
and laboratory director of the late Dr. Heaps. 
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I m a y have b e e n 15 o r 16 years o ld w h e n , 
o n a S u n d a y m o r n i n g , I was si t t ing at h o m e 
t o g e t h e r with my m o t h e r a n d sister, a n d t h e 
floor b e g a n to m o v e u n d e r us . T h e h a n g i n g 
l a m p swayed. I t was very s t r ange . My fa the r 
came in to t he r o o m . "I t was an e a r t h q u a k e , " 
h e said. T h e cen te r h a d evident ly b e e n at a 
cons iderab le d is tance , for t h e m o v e m e n t felt 
slow a n d no t shaky. I n spite of a g r e a t dea l of 
effort, an accura te ep i cen t e r was n e v e r 
found . T h i s was my only e x p e r i e n c e with an 
e a r t h q u a k e unt i l I b e c a m e a seismologist 20 
years later . 

In t he a u t u m n of 1925, I b e c a m e a n assist
an t to N . E. N o r l u n d , w h o short ly be fo re h a d 

been a p p o i n t e d d i r ec to r of " G r a d m a a l i n g e n " 
(a geodet ic ins t i tu t ion tha t was in c h a r g e of 
m e a s u r i n g the m e r i d i a n a rc in D e n m a r k ) . H e 
h a d b e c o m e in te res ted in establ ishing seismic 
stations in D e n m a r k a n d G r e e n l a n d . H e 
wan ted eve ry th ing d o n e in t h e best possible 
way, a n d m u c h a t t en t ion was pa id to the t ime 
service. T h e best exis t ing se i smographs h a d 
to be used , a n d they w e r e to be placed so tha t 
they were no t s t rongly affected by d i s tu rb ing 
m o v e m e n t s , such as traffic, for example . T w o 
solid bui ld ings , p a r t of the fortification sys
t em tha t s u r r o u n d e d C o p e n h a g e n , were 
m a d e available. My first major task was to as
sist in t he instal lat ion of t he Galitzin-Willip 
se i smographs t h e r e . O n N o v e m b e r 18, 1926, 
the seismic stat ion was i n a u g u r a t e d . Its stan
d a r d was h igh in c o m p a r i s o n with exist ing 
seismic stat ions. 

I h e a r d for t he first t ime tha t knowledge of 
the ea r th ' s in te r io r compos i t ion could be ob
ta ined f rom the observa t ions of the seismo
g raphs . I was s t rongly in te res ted in this a n d 
star ted r e a d i n g a b o u t it. I got t he o p p o r t u n i 
ty to visit some of the best E u r o p e a n seismic 
stations, such as those in H a m b u r g , Got t ing-
en (both in G e r m a n y ) , De Bilt ( the Ne the r -
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Fig. 1. Se i smograms f rom the Mexican 
e a r t h q u a k e of March 22 , 1928 [Lehmann, 
1930a]. 

lands) , a n d S t r a s b o u r g (France) . I s tayed for 
a m o n t h in D a r m s t a d t (Germany) , w h e r e 
B e n o G u t e n b e r g still h a d his h o m e . Wi th 
g rea t k indness , h e g u i d e d my studies excel
lently. 
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Fig. 2. T i m e of t he phases ScPcS, Sn, a n d PS (now SKS, S, 
a n d PS) versus ep icen t ra l d i s tance for t h e Mexican e a r t h q u a k e of 
March 22, 1928, as r e c o r d e d at E u r o p e a n stat ions [Lehmann, 
1930a]. 

Fig. 3. T i m e of t he two b r a n c h e s of P' (now PKP) versus epi
cent ra l d is tance for t h e New Zea land e a r t h q u a k e of J u n e 16, 
1929, as r e c o r d e d at E u r o p e a n s tat ions [Lehmann, 19306]. 
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I n t h e s u m m e r of 1927 the In t e rna t i ona l 
Geodet ic a n d Geophysical U n i o n h a d a meet 
ing in P r a g u e . I was a l lowed to a t t end , al
t h o u g h it was not c u s t o m a r y for a p e r s o n in 
my posi t ion. Seismic t ime curves were dis
cussed. T h e s e cause a g rea t dea l of difficulty. 
T i m e curves h a d b e e n w o r k e d ou t by var ious 
seismologists, a n d they all d i f fered. H o w to 
dec ide o n any par t i cu la r one? Which o n e 
shou ld be p r e f e r r e d ? T h e difficulties were 
par t ly d u e to the fact t ha t t h e observa t ions 
used were not very accura t e . M a n y seismo
g r a p h s d id no t r e c o r d sufficiently clearly, a n d 
the t ime services w e r e imper fec t . O n a later 
occasion, I m a d e an invest igat ion of t he accu
racy of t h e stations. T h e observa t ions f rom 
the In t e rna t i ona l Seismological S u m m a r y for 
the 4 years 1 9 3 0 - 1 9 3 3 inclusive were used . 
Five stat ions (one of t h e m C o p e n h a g e n ) were 
f o u n d to be par t icular ly accura te . 

T h e r e was, in add i t ion , a n o t h e r p r o b l e m of 
qu i te a d i f ferent k ind . W e were t ry ing to find 
how observa t ions vary with ep icen t ra l dis
t ance . Consequen t ly , we h a d to d e t e r m i n e t h e 
ep icen te r s of each e a r t h q u a k e f rom the ob
servat ions available. T h i s could no t be d o n e 
with any d e g r e e of accuracy unless good ob
servat ions were well d i s t r ibu ted in az imu th 
a r o u n d t h e ep icen te r s , a n d this was rare ly t he 
case. Most E u r o p e a n s tat ions f o r m e d a 
g r o u p , a n d t h e r e w e r e no t a g rea t m a n y sta
t ions ou t s ide this g r o u p . A t t en t i on h a d not 
b e e n pa id to this. I t was u n d e r s t o o d tha t the 
t ime cu rve could n o t be d e t e r m i n e d directly 
by calculat ing ep icen t ra l d is tances , so we now 
h a d to try to a p p r o a c h t h e t ime cu rve in a 
d i f ferent way. As resu l t of m a n y consider
a t ions it was f o u n d t h a t while t he g r o u p of 
s tat ions d id no t allow travel t imes to be accu
rately d e t e r m i n e d , it was possible to de te r 
m i n e t he s lope of t h e t ime cu rve for t he dis
tances covered by t h e g r o u p . T h i s could be 
d o n e with cons iderab le accuracy if t he cen te r 
was at a fair d is tance f rom t h e g r o u p , for a 
small c h a n g e of e p i c e n t e r wou ld affect t he 
travel t ime of all t h e s tat ions practically in t h e 
s ame way. In m o d e r n t e rmino logy it m igh t be 

said tha t t he E u r o p e a n stat ions w e r e used as 
an a r ray . 

At first, it was chiefly t h e t ime curves of the 
d i rec t long i tud ina l wave P a n d the t r ansverse 
waves S tha t were cons ide red , a long with t he 
t ime di f ference S — P as a funct ion of dis
tance . For P a fairly s m o o t h cu rve was ob
ta ined u p to a b o u t 100°, b u t for S t h e r e w e r e 
difficulties for d is tances g r e a t e r t h a n 85°. T h e 
m o v e m e n t fol lowing the first onse t was com
plex (F igure 1). L a t e r onse ts were m o r e o r 
less clearly ind ica ted . If t h e first onse t was 
t aken to be S, it was n o l o n g e r possible to d e 
rive t he d is tance f r o m S — P. N o w I s tud ied 
a n e a r t h q u a k e t h a t was well r e c o r d e d by t h e 
E u r o p e a n s tat ions at d is tances f rom 85° to 
95°. I t was f o u n d tha t t h e t ravel t imes of t he 
first a r r iv ing S wave w e r e o n a l ine paral le l to 
t h e P cu rve in t h e s ame r a n g e , while several 
of t he la ter onse ts w e r e o n the con t inua t ion 
of t he n o r m a l S cu rve for d is tances smal ler 
t h a n 85° (F igure 2). I t was t h e n u n d e r s t o o d 
tha t the first onse t was d u e to a d i f ferent 
wave. It was d e n o t e d SCPCS (now called SKS), 
for t h e t ime was f o u n d to fit t he travel t ime 
calculated for a wave tha t was t r ansverse in 
t he m a n t l e a n d t r a n s f o r m e d in to long i tud ina l 
w h e r e it e n t e r e d t h e co re a n d t h e n aga in 
t r a n s f o r m e d in to t r ansve r se w h e r e it left t he 
core . W h e n o t h e r e a r t h q u a k e s with good rec
o r d s in t h e s a m e r a n g e w e r e cons ide red , t h e 
SKS cu rve was aga in f o u n d , a n d its s lope was 
well d e t e r m i n e d . T h e s lope of t he t ime c u r v e 
was m a d e for o t h e r d i s tance r a n g e s in t he 
same way. Use cou ld be m a d e of these resul ts 
w h e n t h e c o m p l e t e t ime cu rve was cons t ruc t 
ed . I h a d a lively c o r r e s p o n d e n c e with H a r 
old Jeffreys while h e , in coope ra t i on with K. 
E. Bul len , was ca lcula t ing t h e c o m p l e t e t ime 
curve at C a m b r i d g e Univers i ty ( C a m b r i d g e , 
U.K.) . 

I n t h e beg inn ing , observa t ions f rom the In 
t e rna t iona l Seismological S u m m a r y w e r e 
used . La te r , I p r e f e r r e d to r e a d phases f rom 
b o r r o w e d r e c o r d s o r f rom copies of r e c o r d s 
tha t h a d b e e n ob t a ined . I t m e a n t a lot o f 
work, b u t t h e pub l i shed r e a d i n g s w e r e n o t al

ways satisfactory, especially w h e n t h e m o v e 
m e n t was complex . S o m e obse rve r s r e a d only 
few very p r o m i n e n t phases , while o t h e r r e a d 

I r k u t s k . 110° 8 

Fig. 5. S e i s m o g r a m s of t h e N e w Zea
land e a r t h q u a k e of J u n e 16, 1929, show
ing tha t the u n e x p l a i n e d phases a r e well 
r e c o r d e d o n t h e vertical c o m p o n e n t [Leh
mann, 1936]. 
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Fig. 6. A n e a r t h m o d e l with cons tan t 
velocity in each layer, 10 km/s in t he m a n 
tle, 8 km/s in t h e o u t e r core , a n d 8.6 km/s 
in t he i n n e r co re [Lehmann, 1936]. 

m a n y phases tha t w e r e no t always clearly 
m a r k e d . T h e best way of r e a d i n g r eco rds was 
discussed. If t he observa t ions of a g r o u p of 
stations were all r e a d by o n e a n d the same 
p e r s o n w h o pa id a t t en t ion to t h e s h a p e of t h e 
curves , it m i g h t b e possible to t race a p h a s e 
f rom o n e stat ion to a n o t h e r a n d in this way 
d e t e r m i n e a t ime c u r v e tha t was no t o the r 
wise obta inable . A very critical a t t i t ude is r e 
qu i r ed in o r d e r to avoid r e a d i n g phases 
w h e r e they a r e e x p e c t e d to be . If t he r ead 
ings a r e a d a p t e d to t ime curves tha t a l ready 
exist, they a r e no t very useful . 

A m o n g the phases of in te res t was P', be
cause of t h e long i tud ina l waves t h r o u g h t h e 
core of t h e ea r t h . T h e rays a r e b e n t w h e n 
they leave t h e m a n t l e a n d e n t e r t h e core , in 
which the velocity is m u c h smal ler . T h u s t h e 
t ime cu rve has two b r a n c h e s . T h e first wave 
t h r o u g h t h e core ( the o n e with t h e smallest 
angle of inc idence) e m e r g e s at t h e surface of 
the e a r t h at cons iderab ly g r e a t e r ep icen t ra l 
dis tance a n d la ter t h a n t h e wave tha t j u s t 
touches t he core . W h e n t h e ang le of inci
dence increases , t h e t ime cu rve r u n s back
ward unt i l it s tops at a b o u t 143° ep icen t ra l 
dis tance a n d r u n s fo rward aga in . B o t h 
b r anches of the t ime cu rve a r e ind ica ted by 
E u r o p e a n observa t ions of t h e J u n e 16, 1929, 
New Zea land e a r t h q u a k e (F igure 3). T h e u p 
p e r b r a n c h h a d n o t b e e n ind ica ted in G u t e n 
berg 's t ime curves a n d does no t seem to have 
been obse rved be fo re . 

At o t h e r d is tances , some P' observa t ions 
were f o u n d tha t h a d n o t b e e n exp la ined . If 
the e a r t h simply consis ted of a h a r d m a n t l e 
s u r r o u n d i n g a fluid o r soft core , we could 
no t have observa t ions r e c o r d e d be tween 102°, 
w h e r e t he d i rec t P cu rve e n d e d , a n d 143°, 
t he smallest ep icen t ra l d is tance for P'. G u t e n 
b e r g h a d a l ready pub l i shed (in 1928) t he so-
called " F r a n k f u r t e r Laufze i tku rven , " which 
inc luded a lot of phases (F igure 4) . H e d r e w 
t ime curves for phases h e could n o t expla in , 
a n d h e labeled t h e m " G e b e u g t e Wel len ." Lat
e r on , they were n a m e d "diffracted waves," 
with n o exp l ana t i on given. T h e y w e r e m o r e 
clearly r e c o r d e d w h e n be t t e r vertical seismo
g r a p h s c a m e in to use , a n d an exp lana t ion was 
r e q u i r e d (F igure 5). 

Evidently, t h e r e was a reflection of t he 
waves in t h e in te r io r of t h e e a r t h tha t caused 
t h e m to e m e r g e at a s h o r t e r ep icen t ra l dis

tance. I t was shown in a s imple e x a m p l e how 
this could h a p p e n . I c o n s i d e r e d a g lobe in 
which a h a r d m a n t l e s u r r o u n d e d a softer 
core , t he r ad iu s of which I took to be five 
n in ths of t h e s u r r o u n d i n g s p h e r e . T h e veloci
ty of t he long i tud ina l waves was 10 km/s in 
t he m a n t l e a n d 8 km/s in t he co re . It was 
t h e n a s imple m a t t e r to calculate t h e t ime 
curves ar is ing f rom a n e a r t h q u a k e tha t took 
place at t h e surface of t h e globe. T h e P cu rve 
tha t r e su l t ed f rom waves conf ined to t h e 
man t l e e n d e d at 112° d is tance f rom t h e epi 
cen te r . P' consis ted of two b r a n c h e s , as ob
served in t h e New Zea land e a r t h q u a k e . W h e n 
the var ia t ion of t h e t ravel t ime was consid
e r e d in re la t ion to t h e ang le of inc idence , a n 
es t imate of t h e intensi ty could b e ob ta ined . I n 
this way it was f o u n d tha t t h e intensi ty of t he 
waves c o r r e s p o n d i n g to t h e u p p e r b r a n c h of 
t he P' cu rve wou ld be small . T h i s was in ac
c o r d a n c e with t he fact t ha t it h a d b e e n diffi
cult to observe t he u p p e r b r a n c h . 

N o rays e m e r g e d at ep icen t ra l d is tances be
tween 112° a n d 154° (F igure 6). I t h e n p laced 
a smal ler co re inside t h e first co re a n d let t h e 
velocity in it be l a rge r so tha t a reflection 
would occur w h e n t h e rays t h r o u g h t h e larg
e r co re m e t it. Af ter a choice of velocities in 
t h e i n n e r co re was m a d e , a t ime cu rve was 
ob t a ined (F igure 7), p a r t of which a p p e a r e d 
in t he in terval w h e r e t h e r e h a d n o t b e e n any 
rays be fore . T h e exis tence of a small solid 
co re in t h e i n n e r m o s t p a r t of t h e e a r t h was 
seen to resu l t in waves e m e r g i n g at d is tances 
w h e r e it h a d no t b e e n possible to p red ic t 
the i r p r e s e n c e . 

G u t e n b e r g accep ted t h e idea. H e a n d 
Char les Rich te r (California Ins t i tu te of T e c h 
nology, Pasadena ) p laced a small co re inside 
t he e a r t h a n d ad jus ted t h e r a d i u s of this 
small core unt i l t h e calcula ted t ime curves 
a g r e e d with t h e waves obse rved . Jeffreys was 
slower to accept t he i n n e r core . Jeffreys-Bul-
len t ime curves h a d b e e n c o m p l e t e d in 1935. 
I n 1939, a new edi t ion was pub l i shed in 
which the i n n e r co re h a d b e e n accep ted [Jef
freys, 1939]. 

T h e first resul ts for t h e p r o p e r t i e s of t h e 
i n n e r core were na tura l ly a p p r o x i m a t e . M u c h 
has been wr i t t en a b o u t it, b u t t he last w o r d 
has p robab ly no t yet b e e n said. 
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