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Source Complexity of the 1994 Northridge Earthquake and Its Relation 

to Aftershock Mechanisms 

by Hong  Kie Thio* and Hiroo Kanamori  

Abstract We determined the source process of the 1994 Northridge earthquake 
in relation to the aftershock mechanisms. To study the source complexity of the 
mainshock, we inverted the P and S H  waveforms recorded by the IRIS and IDA/IRIS 
networks, using the method of Kikuchi and Kanamori (1991) in which the rupture 
is represented by a series of discrete subevents with varying mechanisms. The wave- 
forms show that the rupture consisted of several subevents with about 2 sec in be- 
tween. Our solution consists of three subevents with essentially the same mechanism, 
viz., strike, dip, and slip of 130 °, 42 °, and 116 °, respectively. The first subevent 
occurred at a depth of about 19 kin, followed after 2 sec by the second and largest 
subevent at a depth of 17 km and the third subevent again 2 sec after the second at 
a depth of about 13 km. The total moment from the body waves of this sequence is 
about 1.1 × 1026 dyne • cm (Mw = 6.6) with a source duration of 7 sec. 

The large depths of these subevents explain the lack of any surface rupture. Fur- 
thermore, the upward propagation of the subevents is consistent with the depth of 
the hypocenter and the distribution of the aftershocks, which are shallower and more 
northerly than the mainshock hypocenter. 

The aftershocks were analyzed using data from the TERRAscope network. We 
inverted short-period surface waves to determine the moment tensor for 70 events 
with M w > 3.5. The aftershocks can be grouped into three regions based on the 
mechanisms: the eastern part of the aftershock zone, where we find thrust events 
with mechanisms very similar to the main event; a central area with predominantly 
strike-slip events; and an area to the west, where we find oblique thrust events but 
with more northerly P axes than in the eastern region. This distribution suggests that 
the fault system on which the Northridge earthquake occurred is segmented and that 
the extent of the Northridge rupture is controlled by a change in geometry of the 
fault. We find a high stress drop (270 bar) for the mainshock; we propose that the 
changes in the fault geometry prevented a slip pulse from propagating, thereby caus- 
ing a high ratio of slip-to-rupture length. 

Introduction 

The Northridge earthquake (Mw = 6.7) is the largest 
earthquake to have occurred in the Los Angeles metropolitan 
area in this century. The epicenter (latitude 34.21 ° N, lon- 
gitude 118.55 ° W) was located in the San Fernando Valley, 
southwest of the 1971 San Fernando earthquake (Fig. 1). 
Due to its location, the earthquake caused a considerable 
amount of casualties and damage in the Santa Clarita Valley, 
the San Feruando Valley, and the northern Los Angeles Ba- 
sin (Scientists of the USGS and SCEC, 1994). The after- 
shocks span an area of about 20 × 30 km 2 (Hauksson et al., 

*Present address: Woodward-Clyde Federal Services, 566 E1 Dorado 
Street, Pasadena, California 91101. 

1995), with the largest concentration in the northeast of the 
mainshock hypocenter. In cross section, the mainshock lo- 
cation and the aftershock distribution suggest that the rupture 
propagated upward on a south-dipping fault plane. The 
mechanism, a thrust, is similar to that of the San Fernando 
earthquake, but the actual rupture plane is south dipping in 
contrast to the north-dipping fault plane of the San Feruando 
earthquake (Whitcomb et al., 1973). 

The fault on which the Northridge earthquake occurred 
is part of a larger system of faults in the Transverse Ranges. 
The fault system in the Transverse Ranges is under NNW 
compression (Norris and Webb, 1990). This compressive 
stress environment is associated with the big bend of the San 
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Figure 1. Map of southern California, with the major faults and the distribution of 
the TERRAscope network. The shaded area is the epicentral area of the 1994 Northridge 
earthquake. The gray circle is the epicenter. 

Andreas fault, the main boundary between the North Amer- 
ican and Pacific plates (Fig. 1). 

Since 1971, there have been numerous earthquakes 
along the Transverse Ranges, notably the 1971 San Fer- 
nando earthquake (M w = 6.6) but more recently the 1990 
Upland earthquake (Mw = 5.5, Dreger and Helmberger, 
1991a), the 1991 Sierra Madre (Mw = 5.8, Dreger and 
Helmberger, 1991b), and the 1989 Pasadena (ML = 4.9, 
Kanamori et al., 1990) earthquakes. The San Fernando 
earthquake occurred just northeast of the Northridge earth- 
quake, with some overlap of the two aftershock zones (Moil 
et al., 1994). Rupture during the San Fernando earthquake 
reached the surface and produced surface breaks at several 
locations. The aftershock distribution shows a distinct pat- 
tern with the western edge of the aftershock zone having a 
sharp linear distribution of aftershocks in the NE-SW direc- 
tion. In this area, the mechanisms are predominantly strike 
slip with the strike aligned to the orientation of the edge. 
This arrangement led Whitcomb et al. (1973) to the conclu- 
sion that the fault plane is offset along a western lineament 
and that this offset may have limited the extent of the San 
Fernando rupture. 

In this article, we determined the spatial extent and the 

complexity of the mainshock rupture using teleseismic body 
waves and the mechanisms of the larger aftershocks using 
TERRAscope data. We will show that there is a connection 
between the aftershock mechanisms and the mainshock rup- 
ture area and will suggest that the extent of the rupture is 
influenced by complexities of the fault plane, which are re- 
flected in the aftershock mechanisms. 

Data and Methods 

In the first part of this study, we used body-wave (P and 
SH) data, from the IRIS and IDA/IRIS networks (Fig. 2), with 
epicentral distances between 30 ° and 90 °. All the data were 
deconvolved to displacement through a very wide passband 
(0.0033 to 4 Hz). The waveform is relatively simple. The 
simplicity of teleseismic waveforms is often characteristic 
of dip-slip earthquakes, for which P waves to teleseismic 
stations leave the source in the direction close to the radia- 
tion maximum, resulting in clean waveforms (Fig. 3). How- 
ever, Figure 3 shows some evidence for source complexity. 
We can distinguish at least three episodes of energy release 
in the P waves approximately 2 sec apart, the second episode 
being the largest. In order to determine the spatial and tern- 
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Figure 3. P wave recorded at station NNA in Chile. 
The data have been deconvolved to displacement. 
Note the individual pulses (numbered) that indicate 
nonuniform energy release. 

Figure 2. Station distribution for the teleseismic 
waveform inversion. This distribution is an azimuthal 
projection centered on Northridge, with a maximum 
distance of 90 ° . 

poral distribution of the energy release, we used the method 
of Kikuchi and Kanamori (1991), where the P and SH wave- 
forms are inverted to determine the subevent distribution, 
allowing the mechanisms of the individual subevents to 
vary. This procedure is accomplished by computing syn- 
thetic wave forms from the fundamental Green's functions 
at all stations and choosing the mechanism (including lo- 
cation and timing) with the largest correlation coefficient. 

In the second part of our study, we determined the 
source mechanisms of the aftershocks using the data from 
the TERRAscope network. We determined the complex 
spectrum of the fundamental mode surface waves, usually 
over a period range of 10 to 40 sec, on the vertical and 
tangential components (Thio and Kanamori, 1995a); applied 
propagation corrections to the spectrum; and determined the 
source spectrum. This source spectrum is inverted for the 
moment-tensor elements. We determined the depth of these 
events by performing inversions for different depths and 
choosing the depth that gives the best fit. 

Mainshock Inversion 

We computed Green's functions using a layered model 
of southem California obtained by Magistrale et al. (1991). 
It consists of a slow sedimentary layer on top of the crustal 
model that is widely used in seismic studies in southern Cal- 
ifornia (Table 1). 

Table 1 
Velocity Structure Used in the Body-Wave Inversion 

P S p 
Thickness (km/sec) (kin/see) (g/cm 3) 

0.5 2.4 1.4 2.0 
1.0 3.8 2.2 2.1 
4.0 5.2 3.0 2.4 
9.5 6.2 3.6 2.7 

19.0 6.6 3.8 2.8 

To determine the overall mechanism, we first inverted 
the seismograms using a long (8 sec) time function and only 
one subevent. This step yielded an event with a strike of 
about 130 °, dip of 40 °, rake of 115 °, and a depth of 17 km. 
On the basis of these results as well as information on the 
main- and aftershock locations, provided by the Southern 
California Seismic Network (SCSN), we set up a grid net- 
work on a plane with a dip of 45 ° and a strike of 130 °. The 
grid points are distributed at depths between 10 and 20 km. 

We subsequently carried out the inversion with a series 
of subevents (up to 4) with individual time functions ranging 
in width from 2 to 4 sec. Using two subevents could not 
explain all the details in the P waveforms, whereas four sub- 
events resulted in an unstable solution. The best result was 
obtained with three subevents (Fig. 4, Table 2). The mech- 
anisms of the subevent were not fixed or constrained but 
determined by the inversion. Thus, the similarity of the sub- 
events means that the mechanism did not change during rup- 
ture. In fact, the differences between the first and second are 
insignificant. The depths of the subevents can be well re- 
solved with depth phases (pP and sP). They indicate that the 
rupture propagated updip, starting at a depth of about 19 km 
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Figure 4. Source time functions and mech- 
anisms of the three subevents. The best results 
were obtained using three subevents. Note that 
the first two subevents are essentially similar. 

Table 2 
Source Parameters for the Subevents Obtained in the First 

Inversion Procedure 

Moment 
Subevent Time Ax* Depth Strike Dip Slip × 10 z5 dyne-cm 

1 0 0 19. 132. 39. 111. 2.98 
2 2.1 2.5 17.5 133. 42. 115. 5.04 
3 4.2 2.5 14.0 127. 47. 125. 2.40 

*Measured along Strike (310 °) from the hypocenter. 

with the largest energy release starting at 17 km and the last 
subevent at 14 kin. The centroid depth of the Northridge 
rupture as a whole is around 15 to 16 km. Our inversion 
suggests that the width (in the horizontal direction) of the 
rupture zone is narrow, on the order of 3 km, but the hori- 
zontal resolution of the location of the subevents in our in- 
version method is limited to approximately 10 kin. Hence, 
this limitation means that the horizontal extent of the rupture 
did not exceed 10 km, which is consistent with the after- 
shock distribution of the first 11 hr. 

The above results were obtained using simple triangular 
time functions. To explore the degree of complexity of the 
rupture, we carried out a second inversion where we fixed 
the mechanism and location of each of the three subevents 
but allowed the time function to have a more complex shape 
than a single triangle. This inversion was done by repre- 
senting each subevent with several narrow triangular time 
functions (Kikuchi and Kanamori, 1991). To evaluate the 
significance of the mechanism change, we inverted the data 
for two cases: one with a different mechanism for each sub- 
event and the other with the same mechanism for all sub- 
events. The results of the inversion with variable mecha- 
nisms and with a single mechanism were only marginally 
different, and we conclude that no significant change of 
mechanism occurred during the rupture. Therefore, we used 
a single mechanism in the subsequent analysis. 

The resulting time function is plotted in Figure 5. This 
time function is of course smoother than that shown in Fig- 
ure 4, but the three pulses remain distinct. The seismic mo- 
ment obtained by the second inversion is 1.1 X 1026 
dyne • cm, which is slightly smaller than the moment de- 
rived from long-period (300 to 150 sec) surface waves, viz., 
1.5 X 1016 dyne .  cm, or regional short-period surface 
waves, 1.6 X 1026 dyne • cm (see below) but similar to 
results by Dreger (1994; 3/0 = 1.2 X 1026 dyne • cm) and 
Wald and Heaton (1994; M 0 = 1.2 X 1026 dyne • cm), 
which are based on local and regional body waves. 

Looking at our rupture model in cross section (Fig. 6), 
we see that the aftershock density along the fault plane be- 
comes much higher above our rupture zone. This phenom- 
enon is frequently observed in aftershock sequences and sug- 
gests that tectonic stresses are relieved on the actual rupture 
plane but increase outside the ruptured areas (Mendoza and 
Hartzell, 1988). If we assume that the rupture extended 10 
km in the updip direction as well as laterally, then we can 
estimate the slip on the fault plane using M o = tzSD, where 
/2 (rigidity) = 3.5 X 1011 dyne/cm 2, S (fault surface) = 100 
km:, and D is the displacement. The average slip is then 3 
m, a measurement which is large for an earthquake of this 
size; this large measurement indicates a relatively high stress 
drop. If we calculate the stress drop using a circular crack 
model, we obtain an estimate of 270 bar. This calculation is 
similar to the stress drops observed on other earthquakes 
along the Transverse Ranges (Kanamori, et al., 1993) like 
the Sierra Madre (460 bar, Dreger and Helmberger, 1991b), 
Whittier Narrows (750 bar, Bent and Helmberger, 1989), 
Upland (265 bar, Dreger, t991a), and Pasadena (200 bar, 
Kanamori et al., 1990) earthquakes. 

Aftershocks 

The Northridge earthquake occurred in the middle of 
the TERRAscope network so that we have an abundance of 
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Figure 5. Results from the second inversion. (a) Final source time function and the 
mechanism used in this inversion. (b) A comparison of data and synthetic seismograms 
for this solution. The top number at every station is the maximum amplitude for that 
pair of seismograms; the bottom number is the azimuth from the earthquake. P and SH 
indicate the type of wave. 

high-quality, very broadband data. This location enabled us 
to make a systematic study of the source mechanisms of  the 
aftershocks using short-period surface waves. The method 
of Thio and Kanamori (1995a) is used for this analysis. We 
present solutions for most aftershocks with Mw > 3.5 with 
the exception of  events that followed within the first couple 
of  hours after the mainshock, including the largest after- 

shock that occurred a few minutes after the main event. The 
records for these events could not be used because of inter- 
ference with the mainshock. 

Since the source dimension of the mainshock is rela- 
tively large compared to the epicentral distances to the TER- 
RAscope stations, the point-source approximation made in 
our method may not be justified. However, by using some 
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Figure 6. Cross section perpendicular to the strike of the fault plane. The ellipses 
correspond to the subevents from the teleseismic inversion. The pluses are aftershock 
locations provided by the Southern California Seismic Network. 

of  the more distant stations, we were able to determine the 
mechanism with sufficient accuracy (Fig. 7). The moment 
of  1.6 × l026 dyne • cm is larger than that from the body 
waves, but this may be due to the longer periods involved 
or to errors arising from the use of  the point-source approx- 
imation or from the fact that we only used three stations for 
this inversion. The best results were obtained with a half- 
duration of  5 sec, which is comparable with the body-wave 
results. The depth, however, was 11 km, which is substan- 
tially shallower than the depth found from the SCSN and our 
body-wave solution. We think that this is also caused by our 
point-source approximation. 

Our inversion method is more suitable for the analysis 
of  smaller events, and the results for the aftershocks are 
much more reliable than that for the mainshock. The results 
are given in Table 3 and plotted in Figures 8a through 8c. 
The mechanisms of  the aftershocks are predominantly thrust 
(Fig. 8a), similar to the mainshock mechanism. There are, 
however, some larger strike-slip aftershocks (Fig. 8b); in 
general, the strike-slip mechanisms seem to be concentrated 
near the center of  the aftershock area. East of  this zone we 
find thrust mechanisms similar to the mainshock, whereas 
to the west (Fig. 8c), we find thrust mechanisms that are 
more oblique than in the eastern zone with more northerly 
oriented P axes. 

We also compared the Mw/Mr ratios for the aftershock 
sequence to see whether there is any trend with respect to 

Northridge I / I  7/94 
1994 17 12 30 55.0 

tat. Long. I ~ l h  
34,210 -I18,5S0 l l . k m  

Momenl.= 1.58 x1026 dyn.cm, Mw~6.7 

Shike Dip Slip 
-69.3 58.3 84.7 

Love Rayleigh 

0 360 0 360 
A z l m u l h  Azimuth 

Figure 7. Moment tensor solution for the North- 
ridge earthquake. Three TERRAscope stations were 
used: SBC, NEE, and PFO. 
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Table 3 
Mechanisms fromthe Short-Period Surface-Wave Inversions 

Date 
(m/d/yr) 

Moment 

Time Mo Exp. Mw ML Strike Dip Slip Lat. Long. Depth 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01 / 17/94 

01 / 17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/17/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/18/94 

01/19/94 

01/19/94 

01/19/94 

01/19/94 

01/19/94 

01121/94 

01/21/94 

01/23/94 

01/23/94 

01/24/94 

01/24/94 

01/24/94 

01/27/94 

01/28/94 

01/29/94 

01/29/94 

02•03/94 

02/04/94 

02/06/94 

02/06/94 

02/11/94 

02/18194 

02/25/94 

03/10/94 

03/20/94 

04/06/94 

04/07/94 

04/27/94 

05104/94 

05/16/94 

05/25/94 

05/28/94 

06/02/94 

06/15194 

07/11/94 

08/19/94 

12:30:55.0 1.6 26 6.7 6.45 - 69. 58. 

17:56:08.0 7.0 22 4.5 4.51 - 7 3  58. 

18:20:24.0 1.6 21 3.4 3.45 - 6 7 .  46. 

18:32:09.0 5.0 21 3.7 3.70 - 5 9 .  30. 

19:23:54.0 2.1 21 3.5 3.6 - 6 3 .  24. 

19:43:53.0 2.5 22 4.2 3.94 - 43. 30. 

19:58:48.0 4.8 21 3.7 3.56 - 59. 9. 

20:02:05.0 4.9 21 3.7 3.80 - 48. 22. 

20:05:28.0 5.6 21 3.8 3.71 - 131. 51. 

20:11:49.0 1.9 21 3.4 3.61 153. 68. 

20:17:38.0 1.5 21 3.4 3.43 - 170. 44. 

20:38:25.0 4.8 21 3.7 3.66 - 87. 85. 

20:46:03.0 3.5 23 5.0 4.94 - 116. 88. 

22:07:43.0 1.7 21 3.4 3.50 139. 48. 

22:19:24.0 8.1 21 3.9 3.81 65. 61. 

23:33:31.0 8.2 24 5.9 5.27 - 30. 40. 

00:39:35.0 4.0 22 4.3 - 74. 28. 

00:43:09.0 4.0 23 5.0 5.2 - 56. 54. 

04:01:27.0 6.0 22 4.4 4.19 90. 58. 

04:31:20.0 5.7 21 3.8 3.66 - 138 53. 

06:29:02.0 3.1 21 3.6 3.68 - 84 61. 

09:41:48.0 3.5 21 3.6 3.7 - 3 7 .  59. 

11:35:10.0 1.5 22 4.1 4.2 - 116. 89. 

13:24:44.0 2.6 22 4.2 4.33 - 107. 60. 

15:19:54.0 9.4 21 3.9 3.81 73. 82. 

15:23:47.0 1.7 23 4.8 4.69 - 95. 49. 

16:23:35.0 5.7 21 3.8 3.79 67. 88. 

04:40:48.0 2.6 22 4.2 4.23 176. 78. 

14:09:15.0 4.8 22 4.4 4.38 - 6 8 .  21. 

14:46:35.0 4.5 21 3.7 4.0 - 56. 49. 

21:09:28.0 8.5 23 5.2 4.97 - 7 6 .  34. 

21:11:43.0 2.5 23 4.9 5.06 - 53. 29. 

18:39:15.0 7.5 22 4.5 4.46 2. 54. 

18:53:44.0 2.4 22 4.2 4.27 - 69. 44. 

08:41:41.0 3.7 21 3.6 3.8 - 4 4 .  58. 

08:55:09.0 5.4 21 3.8 3.98 - 100. 93. 

04:15:19.0 2.5 22 4.2 4.49 - 129. 31. 

05:50:24.0 2.2 22 4.2 4.23 77. 86. 

05:54:21.0 1.7 22 4.1 4.12 75. 87. 

17:19:59.0 3.2 22 4.3 4.46 - 3 6 .  26. 

20:09:53.0 3.5 22 4.3 4.05 - 88. 76. 

11:20:34.6 6.3 23 5.1 5.1 65. 58. 

12:16:56.0 1.7 22 4.1 4.19 - 126. 73. 

16:23:32.0 1.4 22 4.0 4.2 - 6 6 .  54. 

06:33:40.0 4.0 21 3.7 3.50 - 9 1 .  49. 

13:19:27.0 7.7 21 3.9 4.07 - 2 7 .  30. 

13:21:45.0 5.1 21 3.8 3.7 - 3 2 .  40. 

14:07:53.0 3.0 21 3.6 3.56 - 4 7 .  61. 

09:13:28.0 4.4 21 3.7 3.64 138. 42. 

12:59:13.0 7.3 21 3.8 3.97 - 102. 63. 

12:44:15.0 1.2 21 3.3 3.53 50. 53. 

21:20:10.0 1.2 24 5.3 5.35 - 52. 40. 

19:01:04.0 5.5 22 4.4 4.83 23. 67. 

04:19:29.0 2.8 21 3.6 3.47 - 104. 74. 

12:33:10.0 7.5 21 3.9 3.49 - 4 3 .  35. 

04:09:13.0 1.3 21 3.3 3.64 - 104. 89. 

08:40:47.0 2.9 21 3.6 3.73 - 7 3 .  35. 

12:56:57.0 4.6 22 4.4 4.18 - 8 1 .  31. 

17:15:12.0 4.3 21 3.7 3.60 71. 74. 

03:27:14.0 4.4 21 3.7 3.69 118. 50. 

05:59:49.0 8.7 21 3.9 3.99 141. 43. 

06:50:50.0 5.8 21 3.8 3.72 - 101. 56. 

06:56:10.0 3.4 21 3.6 - 54. 30. 

85. 34.21 - 118.55 11. 

76. 34.23 - 118.57 17. 

77. 34.28 - 118.46 9. 

88. 34.29 - 118.51 21. 

127. 34.28 - 118.58 17. 

139. 34.38 - 118.64 17. 

146. 34.47 - 118.63 1. 

107. 34.40 - 118.52 9. 

- 2 0 .  34.35 - 118.49 5. 

101 34.32 - 118.52 10. 

- 5 0 .  34.33 - 118.52 5. 

68. 34.31 - 118.46 20. 

5. 34.32 - 118.56 11. 

- 150. 34.35 - 118.47 5. 

357. 34.35 - 118.64 15. 

148. 34.33 - 118.69 3. 

82. 34.38 - 118.56 13. 

145. 34.38 - 118.70 12. 

33. 34.34 - 118.63 1. 

46. 34.35 - 118.44 14. 

69 34.30 - 118.44 14. 

129. 34.22 - 118.52 16. 

2. 34.22 - 118.60 4. 

2. 34.28 - 118.57 4. 

314. 34.21 - 118.59 5. 

43. 34.302 - 118.59 9. 

324. 34.361 - 118.56 5. 

136. 34.37 - 118.55 1. 

106. 34.23 - 118.50 11. 

93. 34.30 - 118.48 11. 

97. 34.37 - 118.70 13. 

142. 34.37 - 118.70 11. 

150.6 34.30 - 118.46 17. 

70. 34.32 - 118.48 13. 

98. 34.29 - 118.46 14. 

1. 34.30 - 118.32 5. 

1. 34.28 - 118.57 5. 

38. 34.36 - 118.63 20. 

29. 34.37 - 118.63 20. 

- 66. 34.27 - 118.56 20. 

82. 34.37 - 118.48 2. 

i. 34.38 - 118.67 9. 

- 3 .  34.28 - 118.61 5. 

90. 34.33 - 118.41 10. 

30. 34.28 - 118.62 1. 

128. 34.28 - 118.49 11. 

123. 34.35 - 118.50 9. 

101. 34.34 - 118.48 9. 

69. 34.24 - 118.57 13. 
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Figure 8. Topographic map of the Northridge area 
showing the mechanisms determined using short-pe- 
riod surface waves. (a) Thrust mechanisms; the large 
event at the bottom center is the mainshock. (b) 
Strike-slip mechanisms. (c) Oblique mechanisms. 

the locations in the aftershock region, which might indicate 
differences in stress drop. However, as can be judged from 
Figure 9, there is no evidence for that from these ratios alone. 

Discussion 

Our results for the mainshock rupture are consistent 
34.= with the results obtained by Wald and Heaton (1994) and 

Dreger (1994), which favor slip occurring at large depths. 
They are not consistent with the results by Hudnut et aL 

(1994), who find shallower depths. These differences may 
be caused by differences in crustal models. Our teleseismic 
inversion results as well as the results of Wald and Heaton 
(1994) show no evidence of mechanism changes during rup- 
ture, suggesting that the rupture plane is simple in geometry. 

34.1~ This finding is in contrast to the San Femando earthquake 
for which Langston (1978) and Heaton (1982) found evi- 
dence for a change in dip angle. Further evidence for sim- 
plicity of the rupture plane comes from the observation that 
the aftershocks in the rupture area are very similar in mech- 
anism to the mainshock. 

Outside the immediate rupture plane, however, the fault 
geometry seems to become more complicated. Moil et aL 

34" 20. (1994) concluded that the upper continuation of the rupture 
plane is cut off by the rupture plane of the San Femando 
earthquake, which broke to the surface. To the west, our 
aftershock mechanisms suggest that the fault geometry 
changes, ultimately resulting in a zone of more east-west- 
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Figure 9. Mr/M W ratios for the Northridge after- 
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striking fault planes separated from the mainshock area by 
a zone with more strike-slip or oblique mechanisms. 

We suggest that this change in mechanism is a mani- 
festation of structural complexity that limited the extension 
of the Northridge rupture. Thio and Kanamori (1995b) ob- 
served for several large strike-slip earthquakes that com- 
plexity of the structure has a significant influence on the 
rupture process itself, causing complex rupture time histories 
or mechanism changes. This effect may also explain the high 
stress drop of this earthquake. The stress drop, 270 bars, of 
the Northridge earthquake is high, but as discussed previ- 
ously, high stress drop is commonly found for earthquakes 
in the Transverse Ranges and also was found during the 
1992 Landers earthquake (Kanamori, 1994). High-stress- 
drop earthquakes are usually associated with relatively long 
recurrence times of earthquakes, as suggested by Kanamori 
and Allen (1986) and Scholz et al. (1986). One possible 
mechanism is that the faults in the Transverse Ranges with 
low slip rates have not developed to a single through-going 
fault. Faults do not evolve as a single propagating crack but 
rather as a system of smaller cracks that progressively grow 
into a single fault (Scholz, 1989). An example of this growth 
is the development of en-echelon faults that are observed in 
the early stages of strike-slip faults (e.g., Mandl, 1988). Dis- 
continuities in faulting may inhibit propagation of a rupture 
front, thereby limiting the extent of the rupture zone. This 
mechanism, combined with a slip pulse (Heaton, 1990), 
causes high-stress-drop events. In the slip-pulse model (Hea- 
ton, 1990), the slip during rupture occurs in a narrow band 
and propagates on a fault plane. In general, slip pulses with 
large displacements tend to propagate over a large distance, 
which gives rise to the relationship between slip and fault 
length. However, if the slip is stopped by irregularities of 
fault geometry, the ratio of slip to rupture becomes large, 
resulting in a high-stress-drop event. 
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