
regional seismograph stations (Fig. 1 ) , 
are 34"04.2'N, 1 19"02.01W and a 
depth of 17 k n ~ .  The uncertainty in 
[he focal coordinates is estimated to be 

Reports 
less than 5 km. The mode of faulting 
inferred from the P-wave fault plane 
solution for the main shock (Fig. 1 )  
is north-over-south reverse slip accom- 
panied by a smaller component of lefi- 
lateral strike slip on a plane that strikes 
N69"E and dips 49"N. The local mag- 

Point Mugu, California, Earthquake of 21 February 1973 nitude, based on readings from four 
southern California stations, is M ,  = 

and Its Aftershocks 6.0. A body-wave magnitude of m,, = 
5.7 and a surface-wave magnitude of 

Abstract. Seisr?xological investigations show that the Point Mugit earthquake M s  = 5.2 were reported for the main 
involved north-south crustal shortening deep within the complex fault zone that shock by the National Oceanic and 
marks the southern front of the Transverse Ranges province. This  earthquake Atmospheric Administration (2).  This 
sequence results from the same stress system responsible for the deformation in  is the largest shock to occur along the 
this province in  the Pliocene through Holocene and draws attention t o  the signifi- southern frontal fault system of the 
cant earthquake hazard that the southern frontal fault s y s t e t ~poses to the Los Transverse Ranges province since at 
Angeles metropolitan area. least 1932, when a network of seismic 

stations was established in southern 
On 21 February 1973 a moderate- of the main shock and the spatial dis- California which made it possible to 

aized earthquake (magnitude M ,  = tribution of the aftershocks are con- locate the events to within a few 
6.0) occurred in the vicinity of Point sistent with this mode of deformation; kilometers. The maximum horizontal 
Mugu, California, causing minor dam- thus, it is probable that the stresses that acceleration recorded from the main 
age to structures in the Oxnard region caused the Pleistocene and Holocene shock was 0.13g, at a hypocentral dis- 
with no loss of life. No tectonic ground deformation continue to the present. tance of 25 km at Port Hueneme (Fig. 
rupture was observed, and, except for The hypocentral coordinates of the I ).  This value lies within the range of 
anomalously large earth tilts that oc- main shock, determined with data from values observed at equivalent distances 
curred at the time of the main shock 
along the Raymond Hill fault in Pasa- 
dena about 90 km east of the epicenter, LIV 

35*
119' 

surface effects can be attributed to "' 

seismic shaking. The earthquake oc-
curred within a west-trending zone of 
deformation that marks the southern 
front of the Transverse Ranges prov- io--Lo to 20.L-J 30 miles 

ince along the south Aank of the I;,,,,,,? I? 2p 30 kilome-

Santa Monica Mountains. This zone, 
which can be traced eastward through 
Santa Monica, Hollywood, Los An-
geles, Glendale, Pasadena, Monrovia, 
Glendora, and as far as Cajon Pass, 
north of San Bernardino, has under-
gone north-south crustal shortening by 

"' 34" 
reverse faulting on north-dipping sur-
faces since at least Pleistocene time 
( I )  possibly accompanied by left-
lateral strike slip. The focal mechanism 

Scoreboard for Reports: In the past few weeks 
the editors have received an average of 68 Reports 
per week and have accepted 12 (17 percent). We 
plan to accept about 12 reports per week for the 
next several weeks. In the selection of papers to 
be published we must deal with several factors: 
the number of good papers subntitted, the number 
of accepted papers that have not yet been pub-
lished, the balance of subjects. and length of in-
dividual papers. 119' IIB' 

Authors of Reports published in Scieltce find 
that their results receive good attention from an Fig. 1 .  Location and focal mechanism of the Point Mugu earthquake relative to the 
interdisciplinary audience. Most contributors send major fault systems. Double arrows on faults indicate the sense of strike slip motion. 
11s excellent papers that meet high scientific stan-
dards, We seek to papers on a wide range Single arrows on the upper block of thrust faults are inclined in the direction of 
of subjects, but financial limitations restrict the known or suspected lateral displacement. The focal mechanism is represented by the 
number of ~ e p o r t s  published to about 15 per equal-area, lower-hemisphere projection of P-wave first motions; closed circles denote 

compression, open circles dilatation. Closed triangles represent regional seismograph 
ance rate of items dealing with physical science stations providing data for the location of the main shock. The open triangle is the 
will be greater than average. strong-motion accelerograph site nearest the epicenter. 

~ ~ ; h ~ ~ ~ t a ~ t ~ d ~ a ~ ~ ~ C , " ' , " ~ " , ~ , " ~ , " ~ t " ~ i ~ a ~ ~ ~  
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for othcr earthquakes of comparable 
magnitude (3). 

Rccent advances in seismic source 
theory (4) provide a basis for a more 
physical description of earthquakes 
than can be given by a single number 
such as magnitude. Source parameters 
for the main shock are estimated by 
two independent methods from low-
gain ( ~ 4 )torsion seismograms re-
corded at Pasadena (5). The first in- 
volves construction of synthetic seismo- 
grams produced by a propagating dis-
location for various sets of source 
parameters. Synthetic seismograms ( 6 )  
computed for a square dislocation 
surface on the fault plane dipping 
49" toward N21 "CV and having equal 
left-lateral and reverse slip fit the ob- 
served seismograms reasonably well. 
If a bilateral rupture is assumed, the 
parameters are as follows: fault size, 
5 x 5 km" average fault slip, 15 cm; 
moment ( M , ) ,  1.1 x 102-L dyne-cm; 
stress drop (lo), 11 bars; rise time of 
displacement dislocation, 0.5 second; 
and dislocation velocity, 30 cm/sec. If 
a unilateral rupture from west to east 
is assumed, the corresponding fault 
parameters are as follows: 2.5 x 2.5 
km2, 30 cm, 0.6 X 10%' dyne-cm, 40 
bars, 0.5 second, and 60 cm/sec, re-
spectively. The second method involves 
estimation of the source parameters 
directly from the amplitude spectra of 
the seismograms, corrected for instru- 
ment response (7). The amplitude 
spectrum provides estimates of M ,  and 
the radius (r) of an equivalent circular 
source area. The average slip and Au 
can in turn be derived from these 
parameters. With this method, Mo is 
estimated to be 1.2 x 10" dyne-cm, 
which is in good agreement with the 
values estimated from the propagating 
dislocation model. Thc source dimen-
sion is estimated to be r = 1.6 km, 
resulting in an area sligi~tly larger than 
the lower estimate inferred from the 
dislocation model. The three estimates 
of rupture area are smaller than the 
aftershock zone (40 to 50 km". The 
stress drop inferred from the spectral 
observations is 128 bars, considerably 
greater than the 11 to 40 bars esti-
mated from the dislocation model; 
however, stress-drop estimates are 
typically subject to an uncertainty of 
a factor of 5. Relative to a large num- 
ber of southern California earthquakes 
with source parameters similarly deter- 
mined from amplitude spectra (7),the 
Point Mugu earthquake is a high stress- 
drop earthquake. 

Quasi-static tilts associated with the 

Fig. 2. Epicenters, focal depths (in kilome- 
ters), and reliable focal mechanism 
solutions of the main shock and larger 
aftershocks. Shaded regions of the lower-
hemisphere focal mechanism diagrams are 
areas of compre\sion, open regions are 
areas of dilatation. 

Point Mugu earthquake were recorded 
at four tiltmeter stations along or ad-
jacent to the Raymond Hill fault some 
80 to 90 km east of Point Mugu. The 
observed tilts were several orders of 
magnitude greater than the tilt values 
that would be predicted from the main 
shock source parameters. It is possible 
to explain the observed tilts on the 
basis of a small dislocation 011 the 
Raymond Hill fault "triggered" by the 
passage of elastic waves from the Point 
Mugu earthquake through a prestressed 
area on the fault surface (8). Such a 
phenomenon was suggested (9) to ex-
plain the possible sympathetic fault 
s l ~ p  associated with the 1968 Borrego 
Mountain earthquake. 

Locations for the larger aftershocks 
and reliable focal mechanism solutions 
from the first week of the sequence 
(Fig. 2)  reveal a complex pattern of 
strain release. The hypocenters of this 
sequence of earthquakes were unusu-
ally deep (10 to 17 km) by con~parison 
with previously studied sequences in 
southern Cal~fornia. The attitude of 
the primary rupture surface is poorly 
defined by the aftershock hypocenters 
because the size of the altershock zone 
is small relative to the estimated loca- 
tion uncertainties of l to 2 km in epi- 
center and 2 to 3 km in depth (10). 
Some aftershocks have focal mecha-
nisms corresponding to north-south 
thrusting similar to the main shock; 
they occur about 6 km east to south- 
cast of the main shock and about 2 to 
4 km 5hallower. 'These events, together 

with the main shock, possibly outline 
the perimeter of the primary rupture 
surface in the form of a triangular 
surface dipping roughly 30" northwest- 
ward. Focal mechanisms on the eastern 
cdge of the aftershock zone reflect 
variations in the type of faulting rang- 
ing from nearly pure strike slip to 
nearly pure reverse slip. The orienta- 
tion of the maximum compressional 
axis, however, is relatively stationary 
about a line east of north lying in a 
horizontal plane and is rotated about 
45' clockwise from the axis for the 
main shock. The absence of after-
shocks within the central part of the 
aftershock zone and the concentration 
of aftershocks along the eastern edge 
of the zone (Fig. 2)  suggest that the 
rupture in the main shock effectively 
reduced the stresses in the central re- 
gion and concentrated stress along the 
eastern perimeter of the rupture sur-
face. 

This earthquake sequence cannot be 
identified with ally specific fault pro-
jected from onshore geologic mapping 
or inferred from acoustic profiles 011- 
shore, but it is clearly associated with 
the zone of deformation that marks 
the southern front of the Transverse 
Ranges province. The shocks center at 
depths well below the north-dipping 
Malibu Coast fault, in closer proximity 
to a steep north-dipping plane projected 
downward from the inferred seaward 
extension of the Santa Monica fault 
(Fig. 1). The diversity of focal mech- 
anisms and the complex spatial distri- 
bution of hypocenters suggest that slip 
associated with the aftershocks was not 
confined to the primary rupture sur-
face. This conclusion is compatible 
with the general style of Late Pleisto- 
cene and younger faulting in the rocks 
to the south of the Malibu Coast fault 
( 1 1 ) .  Late Pleistocene marine and 
younger nonmarine terrace deposits 
have been displaced on several dis-
continuous, west-trending fault seg-
ments on which the dominant move-
ment has been north-over-south reverse 
slip, probably with some associated 
left-lateral slip. 

This earthquake sequence is similar 
to the San Fernando sequence of 9 
February 1971 (12)  in that both in- 
volved north-over-south reverse slip 
and left-lateral strike slip deformatiol~ 
along east-west fault zones that are 
characteristic of the Transverse Ranges 
province. The two earthquake se-
quences are also similar in the degree 
and character of the complexities as-
sociated with the spatial distribution 
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and focal mechanisms of the after-
shocks. They differ, however, in the 
level and extent of aftershock activity 
which. in the San Fernando earth-
quake, was at least an order of magni- 
tude greater and was distributed 
through an aftershock area that was 
larger by a factor of 20. 

A second moderate-sized earthquake 
( M , ,=4.8) occurred more recently 
within the southern frontal fault sys-
tem of the Transverse Ranges province 
on 6 August 1973. This event, like the 
Point Mugu earthquake, was felt in 
southern California from Santa Bar-
bara to the Los Angeles metropolitan 
area and beyond. The hypocenter was 
located 40 km west of Point Mugu and 
7 km southwest of Anacapa Island, at 
a focal depth of 15 km. The P-wave 
focal mechanism solution, which is 
compatible with the sense of Iate 
Quaternary displacement on the Santa 
Cruz Island fault (13),  is left-lateral 
strike slip movement along a fault 
plane striking east-west and dipping 
70"s. This earthquake may have been 
associated with the eastern extension 
of 	 that fault. 

The Point Mugu and Anacapa Is-
land earthquakes, like the San Fer-
nando earthquake, focus attention on 
the likelihood that faults within the 
Transverse Ranges province on which 
movement occurred during Pleistocene 
time are seismically active today, and 
on the fact that serious seismic hazards 
are associated with the east-west fault 
systems transverse to the more widely 
publicized San Andreas fault system. 
Although the southern frontal fault 
bystem, comprised of the Malibu 
Coast, Santa Monica, Raymond Hill, 
Sierra Madre, and Cucamonga faults 
(Fig. I ) ,  may not be capable of gen- 
erating as large an earthquake as the 
San Andreas system, the frontal fault 
system passes directly through the Los 
Angeles metropolitan area and for this 
reason must be regarded as potentially 
as 	dangerous to the metropolitan area 
as 	the more distant San Andreas sys- 
tem. 
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Premonitory Variations in S-Wave Velocity Anisotropy 

before Earthquakes in Nevada 

Abstract. Application o j  nonhydrostatic stress to  rock induces velocity arri~ot- 
ropy, cau.sing the S wave to split into two colnponents tral-eling with sornewh~tt 
clioerent velocities. Large prenzonitory changes in the extent o f  S-wave splitting 
have been observed for two eurthquuke.~ in Nevada. Observations o f  the difference 
between the two  S-wave velocitie,~ incry provide a simple method for predicting 
earthquakes. 

Recent laboratory and theoretical 
studies have shown that the application 
of nonhydrostatic stress to rock con-
taining cracks induces appreciable veloc- 
ity anisotropy of S waves ( 1 ,  2 ) .  For 
an anisotropic medium, there are, in 
gcneral, three velocities of elastic wave 
propagation and only in special direc- 
tions do these reduce to purely com-
pressional (P) and purely shcar (S) 
motion. The S wave splits into two dis- 
tinct coniponcnts traveling with veloc-

ties that are generally different along 
a given direction of wave propagation. 
This phenomenon has been called 
"acoustic double refraction" (1 ,  3) 
owing to its apparent similarity to the 
production of double refraction in glass 
by the application of stress. The separa- 
tion between the two components of 
the S wave increases with increasing 
deviatoric stress. I describe here my 
observations of significant temporal 
changes in the extcnt of S-wave splitting 

W. L. ELLSWORTH,R. W.CAMPBELL 
D. P. HILL,R. A. PAGP 

National Center /or Earthquake T a b l e  1. C ~ i r e r i a  fol- i d e n t ~ f y i n g  SH, SV phases a t  T o n o p a h  f o r  events near  Mina .  
-

Research, U.S. Geological Survey, Phase SH 
Menlo Park, Californiu 94025 1)  Litt le o r  n o  mot ion  o n  t h e  vertical ins t rument  

R. W. AI EWINE, 111, T. C. HANKS 2) First  mot ions  generally wc\t  a n d  south  o n  t h e  cast-west a n d  north-south instrument? 

T. H. HEATON, J. A. HILEMAN 3)  In-phasc trace n ~ o t i o n s  o n  the  eait-wcst a n d  north-south ins t ruments  

H. KANAMORI, 	 Phase SVB. MINSTER 
J. 	H. WHITCOMB 1) Fi r \ t  mot ions  generally down,  east ,  a n d  s o u t h  

2) ( a )  Out-of-phase trace mot ions  o n  t h c  vertical and  cast-west instruments
Se~.stnological Luborutory, (b)  In-phaie  t race  mot ions  o n  thc  vertical a n d  north-south instruments 
Calijort?ia Institute o f  Technology, 3) W a v e  f o r m  of SV as  scen o n  thc  vertical ins t rumcnt  similar t o  tha t  of SH seen o n  

Pasadena 911 09 	 t h e  east-west or north-south ins t rument  
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