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PROBLEMS AND HYPOTHESES 

We are interested m the seismicity and earthquake mechanism 

of the Atlantic Ocean north of Iceland.  Fig. 1 shows the 

nap of epicenters determined for 528 earthquakes during the 

period 1955-1972, reproduced fron Husebye et al (in press). 

They are shown in relation to major tectonic features such 

as the mid-ocean ridges, fracture zones and shelf edges. 

We are particularly interested in the mechanism of intra- 

plate earthquakes occurring in the Norwegian Sea between 

the Mohn's ridge and the Norwegian coast. 

The mechanism of these intra-plate earthquakes was discussed 

by Husebye et al in relation to geological and geophysical 

data from the area within the context of plate tectonics. 

Their discussions suggest the following alternative hypotheses 

for their mechanism. 

1) The post-opening marginal subsidence; in this case, 

we expect a normal faulting with fa^lt strikes parallel 

to the coast. 

2) The intra-plate stress which appears to have the hori- 

zontal compressive axis parallel to the direction of 

plate motion, as pointed out. first by Mendiguren (1971) 

for the Nazca plate and later elaborated by S^'kes 

and Sbar (1973).  In this case, we expect a thrust 

faulting with fault strikes perpendicular to the 

direction of plate motion or a strike-slip faulting 

with the pressure axis parallel to the direction of 

plate motion. 

I. 
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Pig,   1 Epicenter  distribution   (19I
5S-iq72)   in  tho Norwegian-Hrcenland 

Sea  and  adjac-nt  aroas.     Ipicent.jrs  and selectpd sea bottom 
contours   (in  meters)   are   shown   together  with  main  structural 
features.     Earthquakes   for which   focal  mechanisms  have  been 
published are  numbered  from   1  to   15   (Husebye  et   al,   in press). 
The  two earthquakes  used  in   analysis   in  this   study  are  marked 
by  crosses. 
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3) The seismic zone in the Norwegian Rea, especially the 

belt v/hich continues southward as an apparent exten- 

sion of the Knipovich ridqe, may be a plate boundary. 

As shown schematically in Fig. 2,   if the mid-Arctic 

ridge spreads faster than the John's ridge, we expect 

right-lateral strike slip along the Knipovich ridge 

as well as along its extension into the Norwegian 

Sea.  Two fault plane solutions published by T.azareva 

et al (1965) in this zone are r1g^t-lateral strike- 

slip along fault with the *:orth-South strike, con- 

sistent with this hypothesis. 

4) If the Mohn's ridge is spreading faster than the mid- 

Arctic ridge, we expect left-lateral strike-slip 

along the extension of the Knipovich ridge. 

^.n order to examine these hypotheses, we Fhall determine 

the focal mechanism, focal depth and other source para- 

meters as well as the surface wave dispersion and attenua- 

tion properties in various parts of the North Atlantic. 
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Fig.   2 Schemritic  view of principal   spreading  axis   in  the North 
Atlantic. 
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seconds   and   for  earthquakes  with  M  ;    6,   wo   shall   further 

assum.   that   the   fault   .Up   is   .   step-function   in   time  and 

the  effect  of   tilHtm  size  of   fault  nay  be   neglected   (Tsai 

and Aki,   1970).     We   shall   use  a   layered  nediun  approprl.t« 

for   the  »Orth  Atlantxc.     The  nodel   used   in  calculations   so 
far,   denoted  the  Norwegian   Deep Sea  Basin  model,   is   listed 
in  Table   1 

NOBWEGIA.N DEEP   SEA BASIN   MODEL 

Layer Thickness 
(km) 

Density 
(g/cm3) 

P-Velocity 
(km/sec) 

S-Velocity 
(km/sec) 

1 3.50 I.00 1.50 0.0 
2 1.30 2.10 2.10 1.05 
3 1.50 2.40 4.60 2.40 

■1 4.00 3.09 7. 40 4.28 
5 26.7 3.40 8.11 4.61 
6 20.0 3.37 8.01 4.56 
7 20.0 3.37 7.95 4.56 
8 20.0 3.37 7.71 4.40 
9 20.0 3.30 7.68 4. 34 

TABLE   1 

thifstudv^T  T'16  n0del   '^  the  Nc™e<^  -^a   used   in 
this  study.     For  Love  wave  caUulations,   the  water  layer   is 

Hira^r r;d:rntary and crustai ia^s *- **& *** 
densxtv  Ld S h0^  and ^^^   (in Press)-     No^  "»«  the dens   ti   and S-wave   velocity of  the  sedimens   represent  an 
intellxgent  guess.     The   upper  mantle  is   typical   for oceanic 
regions   (Anderson,   1964). ror oceanic 

Two  computer programs  have  been written  at  Massachusetts 

Institute  of Technology   (M.I.T.)    for  calculatina  the   ampli- 
tude   and phase  spectra  of  both   Love   and   Rayleigh  waves   for 
the   above models  of  source  and  medium.     The   first  one   is 

due   to  M.   Saito,   and  computes   the  phase  velocities   and 
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eigenfunctions for an arbitrary layerod mndium.  The second 

one is written by Y.D. Tsai, and computes the amplitude 

and phase spectra of Love and Ravleigh waves for an arbi- 

trary dislocation source using the output of the Saito 

program.  Tsai's program is based on the theory of Saito 

(1967), which is explained in detail in a class note by K. 

Aki.  Both programs are v/orking satisfactorily on the 

computer at NORSAR. 

DATA 

Husebye et al (in press) were able to collect only 15 fault 

plane solutions from about 15 years' earthquako data for 

the area.  We are trying to obtain additional fault plane 

solutions by collecting and reading the 'INSI and other 

records by ourselves.  Reliable fault plane solutions are, 

however, expected only for relatively  .".args nagnitucss 
(mb ~  5*5)'  0n the other hand, the WWSS LP so<snographs 

in Iceland, Greenland, Spitsbergen and Fennoscandia can 

register long-period Rayleigh and Love waves from earth- 

quakes with Ms around 5.  Further, the VLP seismograph 

at KON can record long period waves from earthquakes with 

Ms around 4.  Thus, the surface wave method can be ex- 

tended to earthquakes with magnitude one or two units lower 

than the P-wave fault plane method, thereby increasing the 

number of analyzable earthquakes by more than an order of 

magnitude.  The increase in number of analyzable earthquakes 

is badly needed for the North Atlantic region, where the 

seismic activity is relatively low. 

PRELIMINARY RESULTS 

(1)  The Mohn's Ridge Earthquake of 31 May 1971 - Event 1 

According to Conant (1973), the fault plane solution of 

this earthquake consists of two nodal planes', one striking 

N42 E with dip angle 54°, the other striking N520F with 

dip angle 64 .  The focal parameters for this event are given 

- -- 
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in Table  2.     If the   former   is  the  fault plane,   the-   fault 
is  a  normal   fault with  small   right-lateral  strike-slip. 
The Tsai  program requires   the  slip angle  «,  which   is 

EVENT DATE 
(m/   d/  y) 

0.   TIME 
(h /m /sec) 

LAT 
(deg) 

LONG 
(deg) 

DEPTH 
(km) 

33 

MAG 
(ny (M   ) 

5,5   5.7 

REGION 

1 05/31/71 03.46.52.2 72.2N 1.2E Mohn's 
Pige 

2 05/21/72 07.57.05.2 7 3.6N 7.6F 33 4.5     - Mohn- 

Knipovich 
Ridge 

TABLE   2 

NOAA  focal parameters   for  the  two earthquakes  used in   analysis. 

two related to the difference Af between the strikes of tv 

nodal planes and the dip angle 6 of the auxiliary plane 

(when one of the nodal planes is called "fault pl^ne", the 

other is caUed "auxiliary") by the following formula: 

cos ^ = sin fi» • sin i {1) 

For Event   1,   Ä»   =   10°,   8   .   64°,   theref   >-e  cos   *   =   0.156, 
i = 81°. 

The output of Tsai's  program gives  the  amplitude   and ohase 
spectra at a  certain  azimuth  measured counterclockwise 
from the  strike of  fault plane. 

We  choose  the  strike  direction  X as the positive  X-axis, 
the  upward vertical  as   the  positive  Z-axis.     The  positive 
Y-axis  in  the  right-hand  system,   then,   is   fixed  in   the 
space.     We define  the  dip  angle  as  tlM  angle between  the 
fault-dip  direction  and   the  positive Y-axis.     For   the  Mohn's 
ridge  earthquake,   taking  the  x-axis  to rJ420E,   the  positive 
Y-axis  is  toward N480W.     Since  the  fault plane   is  dipping 
to NW.   the  dip angle  ia   54°. 
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Fia. Comparison  of observed  and theoretical   Rayleigh wave  spectra. 
Thv.   Rayleigh waves were   recorded at KOI   for the  Mohn's   ridge 
earthquake  of   31  May   1971.     The   fault plane  solution  of 
Conant   (1973)   was  used  ,n  the theoretical   calculations, 
assuming  a   focal  depth  of  8 km.     Fault  plane  strike   is 
N42 I with  dip  angle   S4   ,   auxiliary plane  strike  is  N52  R 
with  dip  angle  64   . 

The  slip angle  is  the  angle  between the X-axis  and  the 

direction  of  slip  of  the  body   containing  the  positive  Y- 

axis   relative  to  the  body   containing  the  negative  Y-axis. 
The   angj.«_   is  measured   from  the  positive  X-axis   counter- 

clockwise  in  the   fault plane.     The  slip angle   for  the  "ohn's 

ridge  earthquake  is  279°. 

Tsai's  program  lists  the  amplitude   |A(U))|   and source  phase 

delay  #(M)   under   the heading of POINT AMP.   and FOCAL PHASE 

respectively.     For example,   for Kongsberg A^2000  km  and 

AZIMUTH:*240     from the Mohn's   ridge earthquake which   is 

taken at a  focal  depth of  5  km   (below sea  level), 

■■■MaaMiMta 
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.-26 
lA«.) =0.835 x 10   cmsec/dynocm and M»)-0.377 at freauency 

0.02 Mz.  |A(W)| is thn displaconont arrplitudo spectral 

donsity corrosponding to a unit monont oarthouaVo, : (,.) 

is measure in parts of « cycle.  They are defined as 

A(t) ■ yr / >(.) | exp{i,.t - Ufa - i^Cu») ) d(.'  (2) 

where A(t) is the qround disolacement in cm (already 

Corrected for instrument response) and C(«) is the phase 
velocity. 

SI2 Amplitude Spectrum of Ra^leiah Wavoc; 

Fig. 4 shows the amplitude spectral density ]*{*){    for 

Rayleigh waves from the John's ridqe earthquake recorded 

3 10 26 

I   )0 W 

02 03 04 .06 06 
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07 oe 09 

Fiy.     1 Dopendonco of amplitude spectrum of Rayleigh waves on 
focal depth. The model is the Mohn's ridge earthcuak 
recorded  at  Kongsberg   (KON). 

mm.^1 
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at KON.  The seismogram trace f(t) is digitized and 

IA(UJ)
1
 is obtained as 

AM ; = ! / f(t)eiut dt! / |z(w); o) 

whore |Z(ii»)| is the nagnification of the seisnorrraph at 

frequency u», which is the   ratio of record amplitude to 

ground displacement. 

The observed spectrum is compared in Fig. 3 with the 

theoretical one calculated for the fault plane solution 

given above using the Tsai program.  The theoretical curve 

is given for a source with the seismic moment 1 x 10:'s dyne cm 

buried at a depth (below sea level) of 8 km. 

The estimation of seismic poment depends on the assumption 

on (1) focal depth, (21 focal mechanism, especially the 

azimuth of fault stri'-e, and (3) attenuation.  The effect (3) 

may be neglected for periods longer than 20 sec for the 

epicentral distances wo are interested in here.  The effect 

(1) is very complicated as shown in Fig. 4.  This effect 

requires a very careful examination.  Fig. 4 suggests, 

for example, the best fit between theoretical and observed 

may be obtained for depths greater than 55 km.  This 

was, as a matter of fact, a conclusion given in Tsai's 

thesis (1969) that the dip-slip earthquakes in the mid- 

ocean ridges are deep.  Later, Weidner and ^ki (1973) 

showed by the combined use of phase and amplitude spectra 

that these earthquakes must be shallow.  The discrepancy 

at T<20 sec between the observed and theoretical amplitude 

such as shown in Fig. 4 is attributed to the attenuation 

due to soft sediment by Weidner (1972). 
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tho phase spectra of Payleigh wav'cs as well as the ampli- 

tude and phase spectra rf Lovs waves. 

(3)   Phase Spectrun of Haylelgh '.\'aves 

The phase spectrim of Rayleigh waves is a very nowerful 

tool for deterninincj the focal depth.  For exanole, ir tho 

case of Mohn's ridge earthquake, the theoretical source 

phase at 50 seconds period is roughlv 0.375 for all azi- 

muth for depths h'25 km, and changes to 0.7 ~ 0.8 for 

depths h>35 km.  This difference can be easily detected 

once reliaole dispersion curve for Rayleigh waves is 

established for the area. 

From the record f(t) of Rayleigh waves (vertical component, 

upward positive) we find the phase delay :(.), defined as 

f(t) » / 'EU)  e1^"1''^ d. (4) 

where t is measured from tho origin time o^ an oarthrruake. 

For a single mode, we can write 

M«, = .cf)* :o(.) ♦ WC.-I • 2N-        (5) 

where x is the epicentra] distance, C(.) is the phase velocity, 

'INST^*^ is t^e Phasc delay of record trace relative to 

ground displacement.  For the VTWSS LP record, •    U) 

approaches ^/l  as üJ*^.  (This can be used to check v.he 

- error in phase calculations.) 

In the output of Tsai's program, <i (.) is called the FOC^L 

PHASE.  For simple fault geometries, the values of : (ai) 

are shown in Figs. 6 and 7.  They can be used to check 

blunders such as the TT error. 

J 
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SOURCE   PHASES   FOR  SIMPLH   FAULT   GEO'IJ'TRK 

aKtoi,iM»irt »tun) g»i#i€ii ytYf tf1til,rwul 

AR(t)    =   /   lAR^')|exp[i(4,t-iu.A/CR(u))-c|)R]   du) 

AL(t)    . j   ■AL(0!   tJipC4wt-luA/Ct («)-#,]  d. 

(1)   Strike-slip on  a  vertical   fault 

Fiq.   6 Source  phases   for  Low   and  Raylei^h waves   for  simple 
fault  qeometncs,   i.e.,   strike-slip on  a  vertical   fault 
fl  is epicentral  distance,   Cfw|   and   |   are  phase  velocity 
and phase  delay  for   respectively   Rayleigh or  Love waves 

From  the   observed  phase   M-),   one   can  obtain  the  phase 
velocity  CUI   if   the  source   phase   :o(.)   is   known.     por 

Event   1,   we   assumed  that   the   focal   depth   is   less   tian 

25  km  and  therefore   ^M   =     0.375  at T«50   sec.     For 

different  choices  of  integer N,   one  gets  the  values  of 

C(.)   at  T=50   sec,   such  as...,   3.51,   3.99,   4.62  

Obviously, 3.51 km/sec is too low and 4.62 is too high. 

They are both definitely unacceptable.  This fixes the 

integer N, and determines uniquely the entire phase- 

velocity curve as shown in Fig. 8. 

The observed phase velocity curve is compared with the 

theoretical one used for the eigen'unction calculation 

by the Saito program.  Clearly, the path from the Mohn•s 

ridge to KON is a mixed one (o.g., see Taiwan! and Eldholm, 

1972) and the observed curve departs from the theoretical 

one for the ocean considerably at short period. 
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SOügCE   PHASKS   KOR   SIMPLH   FAULT   GEOtjBTMCS 

(2)    Oip-slip  on   an   inclineii   fault 

THRUS: 1-AbLT 

NORMAL fAblT 

Fi^.   7 Source  phases   fi r   Lov«   and  Rayleigi, wav^s   fr  Kinpl« 
fault   goc.metrics,   i.e.,   dip-slip  on   an   Lnclliwd   fault 

Supposo that tho focal depth was not loss than 25 km 

hut greater than 35 kn.  ^hen, tho source phase chanqus 

by about • , giving alternative values of phase volocitios 

3.7 3 an'l 4.2 8 at T~n sec.  These values seen to bo 

rather too low or too hinh, hut additional data will Ho 

needed to resolve this definitely. 
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Fig     8 Rayleigh wave phase  velocity  ohtamed by  analysis  of 
the    .„l.n's   ridge earthquake  of   31  May   1971   (Fvent   1) 
usinc   Kongsberg   (KON)   records.     The Norwegian Sea Deep 
Basin  dispersion  curve   is   calculated  from the model   in 
Tablo   1,  while  the  Canadian  Shield curve  is  taken   from 
3rune   and Dor-ian   (1963). 
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(4)   Amplitude Spectrum of Lovo Wa^os 

The amplitude spectrum of Love waves does not depend 

critically on the focal depth as Raylciqh waves do. 

Fig. 9 shows the dependence for the case of KON record 

for the Mohn's ridge earthquake. 

FREQUENCY IMj) 

Fig.   9 Love  wave   amplitude  dependence   on   focal   depth   for   the 
Mohn's   ridgf'  earthquake   recorded  at  Kongsberg. 

The  observed  spectrum  is   compared with   the   theoretical   in 

Fig.   10.     A  good   fit  of  the  amplitude   spectral   shape   is 

obtained   for   20   '  T   ^   50   sec.     The  observed   spectral 

density   at T  *  50   sec   is   around   0.35   •   10       cm  sec,   and 
— 2 6 the  theoretical   density   is   0.17   -10 cm  sec/dyne  cm. 

This  gives   a  seismic  moment   of —^ ' —=-^ ■< 2   •   10       dyne   en. 

This   is  about  a  factor of  2  greater  tnan  the  value  previously 
estimated   from Rayleigh waves. 
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Fiq. i-J Ohse-rved Lovo wave amplitude spectrum for the Mohn's 
ridge earthquake of 31 May 1971, using the Kongsberg 
sta ta.on. 

The above discrepancy may be resolved if we allow a small 

change in the fault plane solution.  As shown in Fig. 11 

and also in Fig. 5 both Love and Payleigh wave amplitudes 

are sensitive to the change in the azimuth of fault strike. 

For example, if we rotate the fault clockwise by 20° or so, 

making the strike direction a*-  N2n0E, then both Rayleigh 

and Love waves would give the same moment estimate, about 
25 

i'5 • 10   dyne cm.  (Since the distance dependence of 

surface wave amplitude is inversely proportional to the 

square root of distance, and the theoretical value is 

calculated for A=2000 km, but the actual distance is 

about 1500, the moment is overestimated by /■wSS = 1.15.) 
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(S)   Phase Spectrum of Love Waves 

For Love waves, we define the focal phase ^(w) in the 

same way as for Rayloigh waves.  The Uve wave displacement 

f(t) (horizontal transverse component, counterclockwise 

as seen fron the source positive) is given by 

f(t) = / !FU)' expi iut-i<Mu)) }  dw (6) 

where 

For the Mohn's ridge earthquake, ^(«1 is +0.13 cycle at 

T=50 sec.  Different choices of integer N give values of 

the phase velocity C(.) as ...,3.83, 4.40, ^.20,... .  Only 

possible value is 4.40, and this choice determines the 

rest of the phase velocity curve, as shown in Fig. 12. 

The phase velocities for oeriods less than 20 sec show 

some irregular behavior.  The contamination by higher 

modes or Rayleigh v/avos may be effective in the nhort 

periods. 

In addition to the Mohn's ridge earthquake, we analyzed 

t!ie KON record of a shock at the intersection of Knipovich 

ridge and Mohn's ridge {Event 2) which occurred on 21 May 

1972.  The focal parameters of this event are given in 

Table 2.  If we assume that the source mechanism of this 

earthquake is the same as the two nearby earthquakes given 

by Lazareva et al (1965), then we expect that the focal 

phase t  of Love waves to be +.125 at KON. 
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Fig.   12       Love  wave   phase   velocity meapuroments   using  Kongsberg 
records   for  the  Mohn's   ridae  earthguake  of   31   May   1^71 
(event   1)   and Mohn-Knipovich  ridge earthquake  of  21  May 
1972   (event   2) .     The Norwegian  Sea  Deep Basin  dispersion 
curve   is   calculated  from the  model   in Table   1,   while 
the Gutenberg-Birch  II   curve   is  taken   from Anderson   (1^4) 
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The observed phase spectrum of Love waves from Event 2 gives 

the phase velocity of 4.47 km/sec at T=50 sec for i  ■ +.125, s 
The corresponding phase velocity curve is also shown in 
Fig. 12. 

If v.-o choose the hypothesis (4), and assume the strike- 

slip motion opposite to those given by Lazareva et al 

(1965) (and therefore A = +.625), we get the phase velocity 

values at Tw50 sec such as 4.10 and/or 4.82 km/sec.  They 

seem to be too low or too high, not in favor of the hypo- 
thesis (4) . 

(6)   Instrument Response for VLP Seismograph at KON 

Unfortunately, the phase delay response of the VLP seis- 

mograph at KON (Locke, 1971) is not available at this 

moment.  We tried to obtain it empirically by comparing 

the records of VLP seismographs with those of LP seismo- 

graphs at the same station.  We digitized and Fourier- 

analyzed both Love and Rayleigh waves from the Mohn- 

Knipovich ridge earthquake, and measured the amplitude 

spectral ratios and phase differences at various frequencies 

Combining these measurements with the calculated response 

for the standard WWSS LP (T =15 sec, c =1, T =100 sec, o o    g 
e =0.93 and coupling coefficient G=0.047 (Anonymous, 1966)), 

we obtained a reasonably stable estimate of amplification 

(Fig. 13) and phase delay curve (Fig. 14) for the VLP 

seismograph.  These curves, however, should be considered 

as tentative. 
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Fig. 13  Estimated eunplification curves for the Very Long Period 
(VLP) seismograph at Kongsberg.  For comparison similar 
curves for the ordinary, long period (LP) seismograph 
at the same location also are given. 
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Fig.   l-l       Estimated phase  delay  curves   for  the  Very  Long Period 
(VLr>)   seismograph   at   Kongsberg.     For   comparison    i 
similar  curve   for  the  ordinary   long period   (LP)     tation 
is  also  given. 

FUTURE   STUDIES 

The  above  preliminary  results offer  the   firsf   approximations 

to  the  basic quantities   involved  in  the  analysis of  surface 

waves   from the North Atlantic ocean   for the purpose  of  source 

mechanism  studies.     We  made  a  thorough   analysis  of  amplitude 

and  phase  spectra of  Love  and  Rayleigh  waves   for. the KON 

record of  a  Mohn's   ridge earthguako with  known   fault plane 

solution.     From  this   analysis,   we  obtained  the   first  aoproxi- 

nation   to   the  phase  velocity  of  Love   and  Rayleigh  waves 

over   the  Norwegian  Sea. 
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The next step will be the following: 

1) A similar analysis of Rayleigh and Love waves from 

the same Mohn's ridge earthquake recorded at other 

stations. 

2) A similar analysis of other North Atlantic earthquakes 

with known fault plane solution published by others 

or obtained by ourselves.  Improve the phase velocity 

curves for various paths. 

3) Determination of source mechanism of smaller earth- 

quakes from the measurement of source phase using the 

first approximation phase velocity curves.  Combine 

Love and Rayleigh waves for more reliable estimation. 

4) Determination of seismic moment for smaller earthquakes 

using the source mechanism obtained from the source 

phase analysis.  Combine Love and Rayleigh waves for 

more reliable estimation. 

REMARK 

The value of seismic moment obtained for Event 1 earthquake 

is comparable to the Parkfield, California, earthquake 

for which detailed source studies have been made by Aki (1972] 

We are somewhat bothered by this result, because H- of 

Parkfield earthquake v/as determined to be 6.4 by 

Wu (1968) but M  of this earthquake seems about 1 unit 

smaller than the Parkfield.  We could not find, however, 

any blunder in the estimate of seismic moment. 

_ 
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