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The San Andreas Fault (SAF) is the major fault in California that accommodates right-

lateral motion between the Pacific plate, to the SW, and the North American plate, to the NE. 

Different sections of the fault exhibit different seismic behaviors. The locked sections generate 

large earthquakes that repeat in large time intervals (Mw>7, recurrence period >150years). The 

creeping sections accommodate slip aseismically (plastic silent deformation, without production 

of earthquakes) and/or producing many frequent small earthquakes (M<3, recurrence period 

<1year). Parkfield is located between a creeping section (NW) and a locked section (SE) of the 

SAF. In historical times, it released 5 moderate size earthquakes (Mw6), approximately every 22 

years. Bakun and McEvilly (1984) observed that ground motion recorded during the 1922, 1934 

and 1966 Parkfield earthquakes was extremely similar. Only identical ruptures can generate 

similar ground motion. According to Bakun and McEvilly’s (1984) idea, the next Parkfield 

earthquake was due between 1983 and 1993. As a consequence of this prediction, many 

geophysical instruments were deployed in the Parkfield region to trap the next Mw6 event 

(Langbein et al., 2005; Shakal et al., 2005). The long awaited Mw6 Parkfield earthquake 

occurred on September 28, 2004, generating a seismic data set of unprecedented quantity, 

quality, and diversity.  

The 2004 Parkfield earthquake exhibited two intriguing aspects: 1) even though it was 

only a Mw6 event, it generated very large peak ground motion (peak ground accelerations 

exceeded the value of gravity) (Shakal, et al., 2005); and 2) the 2004 earthquake was not a 

characteristic event—it occurred 38 years after the previous Mw6 event, nucleated at a point 

20km SE of the anticipated hypocenter, and ruptured 

the SAF from SE to NW, in a direction opposite from 

previous Mw6 Parkfield ruptures (Langbein et al., 

2005).  

To infer the kinematic parameters that 

describe the faulting we first inverted the data 

(Custódio et al., 2005) from 43 near-source strong-

motion accelerometers (Figure 1). We used a non-

linear global inversion yields slip amplitude, slip rake, 

rupture velocity, and rise time on the fault (Liu and 

Archuleta, 2004). By using subsets of the data, we 

study the dependence of the kinematic solutions on 

data input.  

Figure 1. Accelerometers (green, USGS; black, CGS) 

near the San Andreas Fault (light grey lines). 

Epicenter is the star. Blue line is our approximation to 

the fault. Grey circles are aftershock epicenters 

(Hardebeck and Michael, 2004). 
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To determine how robust the model we have used various techniques. 1) The 43 

accelerometers were subdivided into 12 groups of approximately 20-25 stations. Each group had 

approximately the same azimuthal and distance distribution with respect to the fault. The 

resulting 12 rupture models allow us to determine a mean and a standard deviation for the 

kinematic parameters. 2) Data from a given subset of stations were inverted to find a model. This 

rupture model was used to predict ground motion at the stations not used in the inversion.  

We inverted the data for 12 different subsets of the stations. The basic results are 

summarized in a single plot (Figure 2) where we show the mean, variance and coefficient of 

variation (std/mean) of the kinematic parameters based on12 inversions as well as the result of 

inverting all the stations. First note that the slip distribution found from inverting all of the 

stations is quite similar to that found for the average of the 12 inversions. The largest slip ~70 cm 

occurs near the hypocenter but slightly to the southeast. Most of the large-amplitude slip occurs 

at depths less than 10 km. There is one small deep patch (about 10 km NW of the hypocenter) 

that is evident on the average of the  

 
Figure 2. The kinematic parameters are plotted on the assumed fault plane. The asterisk marks 

the hypocenter. First column are contours of slip amplitude (cm) with the rupture time shown as 

white lines at 1 sec intervals. Second column is slip vector showing the amplitude and rake; third 

column are contour plots of rise time (sec). In Row A we show the results of inverting all of the 

seismograms. In Row B we show the average of the 12 inversions. In Row C we contour the 

standard deviation for the 12 inversions. In Row D we contour the coefficient of variation 

(standard deviation/mean). The average retains the coherent features from the 12 different 

models. The coefficient of variance shows the percentage of variability of the models with 

respect to the average.  

 

To explain the large amplitudes of the 2004 Parkfield earthquake we had to consider site 

effects. The Earth structure in the Parkfield region is extremely heterogeneous, as revealed by 

velocity structure studies (Michelini and McEvilly, 1991; Eberhart-Phillips and Michael, 1993; 

Thurber et al., 2003) and recent drilling at SAFOD. The strong material heterogeneity suggests 
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that the source signal recorded at individual surface stations may be severely distorted by non-

linear effects and amplifications in the near-surface layers. Using records from the 1983 

Coalinga earthquake we were able to assess the effects of local site conditions particular to each 

station. Figure 3 shows that the stations that recorded larger peak ground velocities in 2004 are 

those most affected by site effects. Thus site effects appear to be the most important factor in the 

generation of large peak ground-motion during the 2004 Parkfield earthquake.  

After correcting for site effects, we computed 10 rupture models, based on all 43 stations, 

that explain the observed ground-motion equally well. The comparison between different models 

indicates the fault regions where the rupture model is robust (Figure 4). In order to assess the 

dependency of our models on dataset used, we inverted subsets of data; the derived rupture 

models are identical to the ones obtained by simultaneous inversion of all available data. We find 

that the hypocentral region (Zone A, Figure 4) produced the maximum amount of slip – 65 cm. 

A secondary region to the NW of the hypocenter (Zones B and C) also ruptured. Details of slip 

cannot be resolved in this secondary region. In 1994, Zone B generated a MW 5  event; therefore 

it could be interpreted as a strong patch. After nucleating in a relatively quiet seismic region 

(Zone A), and breaking through the strong Zone B, the rupture continued to shallower depths, 

into zone C. The rupture did not proceed into the strong Zones D and E, which produced two 

MW 5  aftershocks in the two days after the mainshock. Our model yields a highly heterogeneous 

rupture velocity distribution, which includes supershear (4.25km/s) in the SE rupture direction 

(YY’ in Figure 4). This high rupture velocity probably contributes to the strong ground motion 

recorded towards the SE end of the rupture zone. Even though our time-space slip models show a 

zone of shallow slip towards the NW of the hypocenter, no surface break occurred at the time of 

the mainshock - the slow rupture velocities in the NW zone of shallow slip might explain the 

inexistence of surface break. 

This research resulted in two papers, one in press in the Geophysical Research Letters 

and another submitted to the Bulletin of the Seismological Society of America. 

 
Custódio, S., P. Liu, and R. J. Archuleta (2005), 2004 Mw6.0 Parkfield, California, earthquake: 

inversion of near-source ground motion using multiple datasets, Geophysical Research 
Letters, in press. 

Liu, P., S. Custódio, and R. J. Archuleta (2005), Kinematic inversion of the 2004 Mw6.0 
Parkfield earthquake including site effects, Bulletin of the Seismological Society of America, 
submitted. 
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Figure 3 – Maps of the Parkfield region showing: A) Local amplification of ground-motion from 

a common source signal—1983 Coalinga mainshock; B) Amplification of specific frequencies; 

C) Peak ground velocity (PGV) at frequencies < 1Hz, observed during the 2004 Parkfield 

earthquake. D) PGV at frequencies > 1Hz, observed during the 2004 Parkfield earthquake. Maps 

produced by linear interpolation between stations. Stations (white circles) denote values that are 

higher than the colorbar maximum. Most local amplification and resonances, as well as large 

PGV, take place on the fault-zone. 
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Figure 4 – A-C) Rupture models: slip amplitude (m) and rupture time (white lines are 1 sec 

contours). A) Rupture model that best fits the data. B) Average of 10 models that fit data 

identically well. The average retains only the coherent features from the 10 models. C) Standard 

deviation between the 10 models. Regions that present high standard deviation are not well 

resolved in our model. D) Seismicity before and after the 2004 mainshock (1984-2004) 

[Waldhauser et al., 2004; Hardebeck and Michael, 2004]. The area of the circles corresponds to 

the rupture area of each earthquake assuming a constant stress drop of 3MPa. The white asterisk 

marks the hypocenter. The three largest aftershocks in the hypocentral region, two Mw4.2 and 

one Mw4.7 events, took place on the edges of Zone A. Large slip (Zones A, B and C) occurred 

in zones of reduced no micro-seismicity. One of the two Mw5 aftershocks coincided with a the 

hypocenter of a 1993 Mw5 earthquake (Zone D). The other Mw5 aftershock (Zone E) coincides 

with the 1966 Mw6 hypocenter. Zones D and E did not slip during the mainshock but generated 

two Mw5 aftershocks in the two days after the mainshock. Zone F, which also did not slip during 

the Mw6 event, is delineated by several small aftershocks. The rupture front is highly 

heterogeneous. Along XX’ the rupture advances with an average velocity of 3.35km/s, and along 

YY’ it moves at super-shear speed – 4.25km/s. 

 

 

 


