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INTRODUCTION 

The M w 6.5 San Simeon earthquake struck the central Cali- 
fornia coast on 22 December 2003 at 19:15:56 UTC 
(11:15:56 AM local time.) The epicenter was located 11 km 
northeast of the town of San Simeon, and 39 km west-north- 
west of Paso Robles (Figure 1), as reported by the California 
Integrated Seismic Network (CISN, the California region of 
the Advanced National Seismic System [ANSS]). The main- 
shock nucleated at 35.702~ 121.108~ and a depth of 
7.1 km, and the rupture propagated unilaterally to the south- 
east. The strong directivity of the rupture resulted in a con- 
centration of damage and aftershock activity to the southeast 
of the hypocenter. The worst earthquake damage occurred in 
Paso Robles, where two people died in the collapse of an 
unreinforced masonry building. The accurate and rapid 
earthquake information provided in near real-time by CISN/ 
ANSS to the Governor's Office of Emergency Services made 
it possible to focus emergency response in the source area, 
although the earthquake was felt from San Francisco to Los 
Angeles. 

The San Simeon earthquake occurred on a reverse fault 
striking northwest and most likely dipping to the northeast. 
Although motion along the Pacific-North America plate 
boundary in California is dominantly strike-slip, there is a 
small compressional component through central California. 
Repeated thrust earthquakes such as the San Simeon event 
accommodate this compression and build the Coast Ranges. 
Other recent thrust earthquakes in central California include 
the 1983 Coalinga (M 6.4) and the 1985 Kettleman Hills 
(M 6.0) earthquakes. Prior earthquakes in the vicinity of the 
San Simeon event include a M 5-6 earthquake in 1853, a 
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M 5.7 earthquake in 1906, and the M L 6.2 Bryson earth- 
quake of 1952 (Figure 1) (McLaren and Savage, 2001.) 

The San Simeon earthquake occurred on a previously 
unknown blind thrust fault. No surface rupture associated 
with the earthquake has been identified. A number of roads, 
including State Highway 46, buckled due to the earthquake, 
but this deformation appears mainly to be failure of road fill 
due to ground shaking and not the result of tectonic surface 
rupture. Extrapolation of the fault plane to the surface would 
roughly align with the surface trace of the Oceanic Fault, but 
this is thought to be a vertical strike-slip fault. 

Two models for the kinematics of the region have previ- 
ously been proposed. The first is a fault-propagation fold 
model developed by Namson and Davis (1990) for the Santa 
Lucia mountains -30 km to the southeast of the San Simeon 
sequence. The mainshock geometry is similar to, although 
more steeply dipping than, the main blind thrust of this 
model, implying that this model may be applicable to the San 
Simeon region as well. The second is the model of McLaren 
and Savage (2001), in which the region is dominated by 
strike-slip faulting with shortening on high-angle reverse 
faults. This model also may be applicable, although the dip of 
the San Simeon mainshock is shallower than predicted. 

The San Simeon earthquake was followed by a vigorous 
aftershock sequence, with 165 events above M 3 reported by 
CISN within the first week of the mainshock. Although the 
event triggered many aftershocks, it did not significantly 
impact the seismicity rates of other nearby faults such as the 
San Andreas Fault and the San Simeon-Hosgri fault zone. 
The only triggered seismicity seems to be a few small events 
within the mainshock coda at the Geysers geothermal area, 
north of San Francisco. The San Simeon earthquake did, 
however, trigger shallow creep on the San Andreas Fault at 
Parkfield and hydrologic changes in hot springs in Paso 
Robles. 

MAINSHOCK SOURCE MODELING 

The mainshock was first modeled as a spatial and temporal 
point source, using regional data from CISN. The seismic 
moment tensor and the best source depth were determined 

Hardebeck, et al. 2004. Published in Seismological Research Letters, 75(2): 155-172. 
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A Fioure 1. A map of the Central California coast near the hypocenter of the 2003 M 6.5 San Simeon earthquake. Lines indicate mapped fault traces from 
Jennings (1975). The moment-tensor solution for the 2003 earthquake is shown, along with probable locations of prior earthquakes from McLaren and Savage 
(2001). 

fitting seismic waveform data from the Berkeley Digital Seis- 
mic Network (BDSN/CISN). The focal parameters for the 
mainshock were found to be strike 290 ~ dip 58 ~ rake 78 ~ 
and depth 8 km with a scalar seismic moment of 6.0 � 
1025 dyne-cm. The strike of the fault is aligned WNW-ESE 
with the predominant trend of regional structure (Figure 1). 
The P-wave first-motion solution found by the Northern Cal- 
ifornia Seismic Network (NCSN/CISN) was strike 297 ~ dip 
56 ~ rake 97 ~ very similar to the moment-tensor solution. 

A finite source model was also determined from the 
regional BDSN/CISN stations. Broadband, three-compo- 
nent, displacement waveforms from six stations were inverted 
using the method of Dreger and Kaverina (2000) to deter- 
mine the distribution of fault slip. The finite-fault modeling 
assumes a planar fault striking 290 ~ and dipping 58 ~ to the 
northeast. Although there is a slight preference for the north- 
east-dipping plane, the difference in fit using either of the 

moment-tensor nodal planes is not significant. The after- 
shock distribution suggests the northeast-dipping plane, dis- 
cussed below (Figure 2). The rake is held fixed at the moment 
tensor value of 78 ~ The fault dimensions are 44 km along 
strike and 22 km along dip, with 2 km by 2 km subfaults. 
The hypocenter is located at a depth of 8 km in the center of 
the fault. The fault dimensions are oversized for an M w 6.5 
event to allow the data to determine the direction of the rup- 
ture. Slip positivity and derivative minimization smoothing 
(e.g., Hartzell and Heaton, 1983; Dreger and Kaverina, 
2000) were employed to stabilize the inversions. 

Assuming a single slip time window, the slip rise time and 
rupture velocity were found by performing inversions over a 
range of values. The data are rich in low frequencies, and we 
found that a rise time of 3 seconds and a rupture velocity of 
2.1 km/s best fit the data. With this simplified initial fault 
model the slip was found to extend to the southeast 
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, i  Figure 2. Double-difference event locations for 783 aftershocks occurring within a week of the San Simeon mainshock, shown in map view and cross- 

section. The star denotes the mainshock hypocenter. 

mately 20 km and primarily updip from the hypocenter (Fig- 
ure 3). The shallow nature of the slip is consistent with the 
shallow nature of the aftershocks, which are generally shal- 
lower than the mainshock's 8 km depth (Figure 2). The peak 
and average slip were found to be 131 cm and 33 cm. The 
scalar seismic moment was found to be 5.7 � 1025 dyne-cm, 
consistent with the long-period moment-tensor result. The 
average slip and area of the main slip patch yield a static stress 
drop of 12.6 bars. With this simplified fault model, reason- 
ably good fits to the data were obtained (Figure 3). 

A second finite slip model for the 2003 San Simeon 
earthquake was developed from teleseismic P waveforms, 
obtained from the IRIS/DMC Data Center (Figure 4). Two 
fault planes were first constructed using the NCSN/CISN 
hypocenter location and the CMT solution of SCSN/CISN 
and then modified to achieve a better waveform fit. A finite 
fault inversion using the method of Ji et al. (2002) indicates 
that both nodal planes could fit the data well but that the 
northeast-dipping plane (strike 307 ~ , dip 50 ~ ) fits slightly 
better. Modeling with either possible fault plane clearly shows 
that rupture propagated southeastward. The southeast 
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A Figure 3. Mainshock slip distribution from BDSN/CISN data. Top: Map showing faults (gray), highways (thick black lines), and the surface projection of 
fault slip. The slip is located updip and to the southeast of the hypocenter. The fault strikes 290 ~ and dips 58 ~ to the northeast. Bottom: Comparison of broad- 
band (0.01-5.0 Hz) observed (black) and synthetic (red) displacement waveforms at sites used to obtain the slip model shown in Figure 3. The fits are good, 
with a combined variance reduction of 45%. The distance and azimuth with respect to the epicenter to each of the stations is 
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, i  Figure 4. Top: Cross-section of a teleseismic slip model for the 2003 San Simeon earthquake. The color shows the slip amplitudes, and white arrows 
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tivity can be seen by comparing the waveforms at stations 
PAYG and MAJO: The waveform at PAYG is much more 
compact than that at MAJO. Since the ray path to PAYG is 
roughly southeast, and that to MAJO is roughly northwest, 
only southeast propagation could explain the difference. The 
slip is concentrated around -10 km depth, with a peak of 
-50 cm, and is nearly pure dip-slip. The total scalar moment 
is 5.2 � 1025 dyne-cm (M~ 6.4) using a layered rigidity model 
converted from CRUST 2.0 (Bassinet al., 2000) at the hypo- 
center. 

Both finite-fault models described above produce similar, 
fairly simple slip patterns. The teleseismic model has lower 
peak slip but larger downdip extension. The majority of slip 
takes place on a small area near the hypocenter and a main 
area -15 km to the southeast. Neither model contains much 
slip at the surface, suggesting a blind thrust fault. Both finite- 

fault models indicate that this earthquake had a significant 
component of directivity to the southeast, providing an 
explanation for the relatively high levels of damage in Paso 
Robles and the high peak acceleration recorded in Temple- 
ton, both located to the southeast of the epicenter. 

STRONG MOTION, ShakeMap, AND COMMUNITY 
INTERNET INTENSITIES 

The mainshock was recorded by three strong-motion instru- 
ments in the near-source region. All three of these instru- 
ments are operated by the California Geological Survey 
(CGS) under the CSMIP and CISN programs. The distribu- 
tion of peak motions indicates that the ground motion was 
strongly conditioned by the mainshock rupture directivity to 
the southeast (Figure 5). The instrument near Cambria, 
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13 km south of the epicenter, recorded a peak acceleration of 
0.18 g, while the instrument at the crest of the San Antonio 
Dam, 22 km north-northeast of the epicenter, recorded 
0.22 g (although dam crests are considered structural rather 
than flee-field sites). The largest ground acceleration, 0.48 g, 
was recorded in Templeton, 38 km south-southeast of the 
epicenter but much closer to the southeast end of the after- 
shock zone and the probable rupture area. The mainshock 
was also recorded by CSMIP/CISN instruments further to 
the southeast, in San Luis Obispo (0.17 g) and Park Hill 
(0.15 g), as well as by instruments in Parkfield (0.03 g), Coal- 
inga (0.03 g), and Simmler (0.07 g). The Parkfield Array, 
operated by CGS, recorded peak accelerations that ranged 
from 0.04 g to 0.23 g, very similar to the range observed for 
the 1983 M 6.5 Coalinga earthquake. The 0.23 g peak accel- 
eration was recorded at Parkfield Array station C12W, the 
array station closest to Paso Robles. 

A preliminary comparison of the peak acceleration data 
for this event with those predicted by a standard relationship 
is useful. A plot of peak acceleration versus distance (log-log) 
for the records obtained to date is shown in Figure 6. The dis- 
tances range from 12 km, for the Cambria station, to many 
stations at distances of more than 250 km. For reference, the 
Boore-Joyner-Fumal (BJF97, Boore et al., 1997) attenuation 
relationship is shown. (Coefficients for a reverse fault and an 
average shallow Vs of 700 m/sec were used; the thin line indi- 
cates distances beyond the suggested limit of the authors, 
80 km.) The data show reasonable agreement with BJF97 in 
the applicable range. Beyond that, higher attenuation with 
distance than predicted by the extrapolated BJF97 curve is 

indicated. These new data, and other recent data from digital 
instruments, allow extending the existing relationships to 
greater distances. 

The point above the curve at about 15 km is Templeton, 
which had 0.48 g, the largest value recorded in the earth- 
quake; higher-than-expected acceleration is consistent with 
directivity-increased shaking in the rupture direction. The 
other two closest stations, Cambria and San Antonio Dam, 
both plot below the curve, consistent with directivity- 
reduced values in the direction away from the rupture. 

The absence of stations near the rupture initially limited 
the accuracy of the automatically produced CISN ShakeMap. 
When a line-source model for the earthquake became avail- 
able, the CISN ShakeMap was updated, measuring the dis- 
tances to sites from the surface projection of the line source. 
With the line source included, ShakeMap adequately pre- 
dicted the intensity in the near field, including the MMI 7-8 
suffered by Paso Robles and Atascadero. The Templeton and 
Cambria records were retrieved and incorporated a few hours 
after the earthquake, further improving the ShakeMap. This 
highlights the importance of expanding the real-time data 
collection of strong-motion stations to improve the useful- 
ness of ShakeMap to emergency response. 

The nearly unilateral rupture and consequent directivity 
in the earthquake contributed to the extensive building and 
chimney damage in Paso Robles and Atascadero. The largest 
CIIM (Community Internet Intensity Map) intensity 
reported for the San Simeon earthquake was the MMI 7-8 in 
Paso Robles, Templeton, and Atascadero. MMI 6 intensities 
were reported as far south as Santa Maria, and MMI 5-6 
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a Figure 7. Static displacements observed at continuously operating GPS stations of the Bay Area Regional Deformation (BARD)/Southern California Inte- 
grated GPS Network (SCIGN) array. Station positions before and after the earthquake were differenced to obtain this sampling of ground deformation, that is, 
permanent shifts that accompanied the earthquake. 

intensities in Lompoc and Point Conception, some 100 km 
south-southeast of the earthquake. In the opposite direction, 
however, King City reported only an MMI 5 intensity at a 
distance of 50 km from the epicenter. The elongation of the 
MMI 6 region to the southeast corroborates the conclusion 
that there was substantial directivity in the mainshock. 

GEODETIC OBSERVATIONS 

The earthquake produced measurable static displacements at 
the fourteen continuously operating Global Positioning Sys- 
tem (GPS) stations located closest to the event (Figure 7). All 
but one of the stations are northeast of the rupture, in the 
inferred hanging wall, and recorded motion to the southwest. 
The largest recorded motion, 5.9 +_ 0.3 cm toward the south- 
west, was observed at station CRBT (Camp Roberts). The 
cluster of stations near Parkfield all recorded southwestward 
movement of approximately 1.5 � 0.5 cm. The stations are 
too far away from the mainshock to constrain a detailed 
source model. As of one week after the earthquake, no post- 
seismic motion could yet be discerned at CRBT or any of the 

other nearby stations, nor was there any indication of tran- 
sient deformation at sites along the San Andreas Fault. 

In addition to the coseismic offsets, the GPS stations 
near Parkfield record at 1-second intervals. Using the method 
described by Bock et al. (2000), positions of each site relative 
to the master site, POMM, are estimated at each sample. The 
positions for the north component are shown in Figure 8. For 
the site which is closest to the mainshock, CRBT, the peak to 
peak displacement is 17 cm and the coseismic displacement is 
easily seen just after the arrival of the P wave. 

GEOLOGIC FIELD OBSERVATIONS 

The San Simeon area was searched both on the ground and 
by helicopter for signs of surface rupture due to the earth- 
quake. No features that could be ascribed to coseismic surface 
faulting were found. Almost all the earthquake ground effects 
that were observed are best ascribed to rockfalls and land- 
slides or to the settlement or slumping of man-made fills. 
Liquefaction was mapped in the Salinas River channel, in 
parts of Oceano on the coast, and west of Paso 
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The aerial reconnaissance covered the most probable 
regions for surface rupture, including a -10-mile wide zone 
around the epicenter, the mapped trace of the Oceanic Fault, 
which approximately corresponds to the upward extension of 
the northeast-dipping mainshock nodal plane, and the 
upward extension of the southwest-dipping plane. No fea- 
tures interpretable as surface rupture were observed, although 
other features such as game trails, cow paths, and flesh ero- 
sional rills dating from the last storm were easily seen. Any 
through-going surface rupture producing greater than 
10-15 cm disturbance of the surface of the earth would likely 
have been spotted. The absence of tectonic surface rupture 
implies that the mainshock was a blind thrust event. 

The high degree of directivity in energy release in this 
earthquake was observable in the field. The pattern of land- 
slides, recently snapped-off trees, and severely damaged tile or 
slate roofs defines a zone extending south-southeast from the 
epicenter to slightly west of Atascadero. The zone is a few 
kilometers across and wedge-shaped, widening slightly to the 
southeast. Outside this apparently high-ground-motion 
zone, the landslides and rockfalls decrease markedly both in 
frequency and size. The epicentral area was remarkably undis- 
turbed, with only small rockfalls from roadcuts. The types 
and distribution of ground failures observed were consistent 
with experience elsewhere in earthquakes of similar magni- 
tude worldwide. 

AFTERSHOCKS 

The San Simeon earthquake produced an energetic after- 
shock sequence, with more than 1,100 aftershocks above 
M 1.8, and 165 above M 3, recorded by the CISN in the first 
week. The majority of the aftershocks occurred to the south- 
east of the hypocenter, consistent with the rupture directivity. 
The aftershocks occurred mainly in the hanging wall and 
exhibit a mix of thrust and strike-slip mechanisms, both 
accommodating northeast-southwest compression. 

The first five days of the aftershock sequence of the San 
Simeon earthquake were analyzed to determine the statistical 
characteristics of the sequence. Compared to the generic Cal- 
ifornia aftershock sequence (Reasenberg and Jones, 1989), 
the rate of aftershocks for this sequence has been slightly 
higher than average and the decay rate has been slightly 
slower than average. In the Reasenberg and Jones model of 
aftershock rate, 

r(t)- lO(~+b(Mm-Mc)) 
(,§ 

(1) 

the a value is -1.6, compared to the median value of-1.76 
(meaning the rate is -50o/0 higher than average), and the p 
value is 0.88, compared to the median value of 1.08. The b 
value (0.9) is exactly at the median. Because of the higher 
productivity and slower decay, the ongoing probability of 

damaging aftershocks is above the generic values. As usual for 
aftershock statistics, the probability is concentrated in the 
region of the mainshock. 

The magnitude-frequency distribution of the aftershocks 
is not completely linear (Figure 9). The nonlinearity is most 
pronounced between 3 <- M _ 4 and might be related to the 
transition from using M L to M w for reported magnitude. It is 
also notable that the sequence includes twenty aftershocks of 
M _> 4 but has not yet experienced a M >_ 5. The probability 
of a M _> 5 in the month following 27 December 2003 was 
still greater than 50%. 

The aftershocks were relocated with the double-differ- 
ence algorithm of Waldhauser and Ellsworth (2000), using 
phase information from the Northern California Seismic Net- 
work (NCSN/CISN), distributed by the Northern California 
Earthquake Data Center (NCEDC), and the 1D seismic 
velocity model for the region found by McLaren and Savage 
(2001). Locations were determined for 783 aftershocks occur- 
ring within a week of the mainshock, and 283 background 
events occurring between 1 January 1985 and 22 December 
2003. (To explore these data interactively in 3D, go to http:// 
www. siovizce rite r. ucsd.ed u/[i bra~j/objects/i ndex. htm [.) 

The aftershocks (Figure 2) concentrate in three areas: 
around and directly to the southeast of the mainshock hypo- 
center (cross-section A-A'), a cluster elongated in the north- 
south direction --25 km to the southeast of the mainshock 
(cross-section B-B'), and a smaller cluster -15 km to the 
southeast of the mainshock (cross-section B-B'). The low- 
seismicity gap between the two major clusters approximately 
corresponds to the peak slip of the mainshock .- 15 km south- 
east of the hypocenter (Figure 4). The aftershocks in the 
larger clusters appear to be filling in the area around the main 
rupture zone of the mainshock. 

Although the aftershock sequence does not define a sin- 
gle mainshock fault plane in cross-section, a northeast-dip- 
ping plane is suggested. In the region of the mainshock 
hypocenter, the plane has strike -295 ~ and dip -40 ~ (Figure 
2, cross-section A-A'), shallower than the northeast-dipping 
plane found for the mainshock. Most of the aftershocks 
occurred in the hanging wall. In the southeast clusters, a 
plane defined by the base of seismicity has strike .-330 ~ and 
dip -30 ~ . The more northerly strike for the southeast cluster 
is also apparent in the seismicity trends in map view. The 
afiershocks appear largely confined to the hanging wall of a 
curving or segmented fault plane. 

Data from BDSN/CISN were used to find the seismic 
moment tensor and the best source depth for twelve of the 
largest (M L _> 4.0) aftershocks. These events were all found to 
be shallow, many of them having the shallowest source depth 
allowed in the inversion. The moment-tensor solutions are pre- 
dominantly reverse type with P axes oriented northeast (Figure 
10, black beachballs). Generally, the northwest-striking nodal 
plane has a relatively steep dip. Many of the solutions for the 
aftershocks show large non-double-couple components, which 
may be an artifact due to the events' shallow 
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First-motion focal mechanisms were also computed, 
using phase information from NCSN/CISN (Figure 10, gray 
beachballs). Take-off angles were recomputed using the dou- 
ble-difference event locations and the seismic velocity model 
of McLaren and Savage (2001). The technique of Hardebeck 
and Shearer (2002) identified reasonably good-quality (A-C) 
focal mechanisms for 174 aftershocks. In addition, first- 
motion mechanisms were computed for 41 events prior to 
the mainshock. 

A mix of thrust and strike-slip mechanisms is observed 
for both aftershocks and background seismicity. Both types of 
events accommodate northeast-southwest shortening in the 
hanging wall, with near-horizontal compressional axes trend- 
ing approximately N30E (Figure 10). Thrust events balance 
the northeast-southwest shortening with thickening of the 
crust, while the strike-slip events balance the shortening with 
northwest-southeast extrusion. Strike-slip aftershocks were 
also observed in the hanging wall of the M 6.7 1994 
Northridge, California thrust earthquake (Unruh and 
Hauksson, 1997; Shearer et  al.,  2003.) 

EARTHQUAKE STRESS TRIGGERING 

Earthquakes may be triggered due to changes in static stress, 
or through dynamic stress changes caused by passing seismic 
waves. Here we investigate whether the San Simeon earth- 
quake may have been triggered by stress changes and whether 
it may have triggered other events. 

The most recent major earthquake on the nearby seg- 
ment of the San Andreas Fault, the 1857 M w 7.9 Ft. Tejon 
earthquake, is calculated to have had negligible effect on--or 
perhaps slightly inhibited--the 2003 San Simeon earthquake 
(Figure 11A). In contrast, the San Simeon rupture plane was 
brought about 0.2 bars closer to failure by interseismic stress 
accumulation on the San Andreas Fault since 1857 (Figure 
11B). The San Simeon shock lies within a cluster of M _ 5 
shocks during the past half-century; many of them have focal 
mechanisms similar to that of the 2003 earthquake and 
might have been promoted by interseismic stress accumula- 
tion. This lobe arises from the transition between a fully 
creeping San Andreas Fault north of Parkfield to a fully 
locked fault south of Cajon Creek (Figure 11B). The M L 6.2 
1952 Bryson shock, in turn, likely changed stress on the San 
Simeon rupture plane, but the 1952 source is too uncertain 
to make a reliable calculation. Most of the other central coast 
M>_ 5 shocks appear to occur in regions of increased stress 
from interseismic stress accumulation since 1857. 

Static Coulomb stress changes due to the San Simeon 
earthquake should have brought parts of nearby faults, 
including the San Simeon Fault (the northern extension of 
the Hosgri fault system), the Rinconada Fault, and the San 
Andreas Fault in the Parkfield region, closer to failure (Figure 
12, top, red areas). There has not been a detectable increase in 
seismicity rate on these or any other faults in the region, how- 
ever, aside from the immediate aftershock zone. Mthough the 
stress changes are small, <0.1 bar on the San Andreas Fault 

and -1 bar on the San Simeon and Rinconada Faults, stresses 
on this order are often observed to trigger earthquakes (see 
review by Harris, 1998). 

The only evidence for far-field dynamic triggering is 
three to five small earthquakes observed at the Geysers geo- 
thermal area north of San Francisco during the coda of the 
San Simeon earthquake. Triggering due to passing seismic 
waves is often seen at the Geysers area, and the triggering due 
to San Simeon is relatively weak. Other hydrothermal areas in 
California, including the Long Valley caldera and the Coso 
geothermal area, showed no signs of triggered seismicity. 

The San Simeon earthquake did trigger hydrological 
changes in the hard-hit town of Paso Robles. After the earth- 
quake, hot sulfuric water began to flood a parking lot on the 
site of a former hot spring resort. It was initially thought that 
the sealed pipes from the former baths had ruptured due to 
the earthquake, but they were found to be intact. The earth- 
quake must have opened new shallow fractures in the rock, 
allowing fluids to flow to the surface. The temperature of the 
water was reported to be 11 I~ and the flow reached approx- 
imately 1,000 gallons/minute, comparable to the tempera- 
ture of 105~ and flow of 1,700 gallons/minute when the 
resort was in use (Waring et al.,  1965). 

RESPONSE OF THE SAN ANDREAS FAULT AT 
PARKFIELD 

The San Simeon earthquake occurred -50 km west of Park- 
field, the most intensively monitored location along the San 
Andreas Fault. The USGS creepmeter array at Parkfield 
detected a small amount of right-lateral creep due to the San 
Simeon event. At most creepmeters, this creep occurred as a 
step of <1 mm at the time of the mainshock, and no further 
creep activity was observed. The creep at Parkfield may have 
been shallow slip triggered by the passing seismic waves, or by 
the permanent stress change of-0.1 bar encouraging right- 
lateral slip (Figure 12, top, red areas.) The apparent postseis- 
mic motions at a few locations are probably due to rainfall. 

Changes due to the San Simeon earthquake were also 
observed at borehole dilatometers in the Parkfield area also 
operated by USGS (Figure 13). The static strain steps range 
from 1.75 ppm of dilatation at VC01 (although this may be 
an instrumental artifact), to 0.08-0.11 ppm of dilatation at 
DL01 and FR01, to 0.12 ppm of contraction at RH01, and 
no discernible step at JC01. The observations are qualita- 
tively consistent with the results of the static stress change cal- 
culations (Figure 12, bottom), in which VC01, DL01, and 
FRO 1 fall within a > 0.03 microstrain dilatational lobe, while 
RH01 is in a > 0.03 microstrain contractional lobe and JC01 
is in a < 0.03 microstrain nodal region. 

STRUCTURAL ENGINEERING OBSERVATIONS 

Most structural damage during the 22 December 2003 San 
Simeon earthquake occurred in downtown Paso Robles, 
located about 39 km from the epicenter. In addition, 
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area wineries sustained damage to tasting rooms and produc- 
tion facilities. Summarized here are the overall observations 
on the structural damage pattern to buildings in downtown 
Paso Robles and nonstructural damage to local area wineries. 

Most buildings in the downtown Paso Robles business 
district area are very old, some built more than a century ago, 
constructed of unreinforced masonry (URM). This type of 
construction is known to be especially vulnerable to earth- 
quakes, and it is not surprising that such buildings suffered 
extensive damage during the San Simeon earthquake. Most 
of these buildings were not designed for seismic loads and 
lacked proper seismic load transfer path. One such building 
(Acorn building, Figure 14) collapsed, killing two people. 

URM buildings that had been seismically retrofitted 
(Bistro Laurent Building, Figure 14) in general performed 
much better compared to those that had not been retrofitted; 
none of the retrofitted buildings collapsed. The basic seismic 
retrofit scheme included tying the floor diaphragm to the 
walls (see the bolts in the insert in Figure 14). 

In general, buildings on street corners performed poorly 
compared to other buildings. Configuration of these corner 
buildings with windows on the street sides and solid walls 
without openings on the other two sides created plan asym- 

metry, i.e., large eccentricity between floor center of mass and 
center of rigidity. The resulting torsional motions during the 
earthquake shaking imposed much larger demands on lateral 
load-resisting elements (such as walls) located on street faces 
of these buildings, compared to buildings with symmetric 
plans, leading to much larger damage. 

URM buildings (even without seismic retrofit) located 
midblock did not suffer catastrophic failure such as that of 
the Acorn building, which was located at the end of a block. 
Most buildings in the affected area are constructed without 
any gaps between them. It seems that adjacent buildings pro- 
vided confinement to each other and prevented collapse, 
except to those buildings sited on the corners. In general, 
URM parapets and facades were damaged due to out-of- 
plane motion of both midblock buildings and corner build- 
ings (Ali's Persian Rug building, Figure 14), imposing hazard 
to adjacent buildings and pedestrians. 

Finally, the damage pattern indicates a much stronger 
shaking in the east-west direction, the direction approxi- 
mately normal to the fault rupture, as compared to the north- 
south direction. This observation is consistent with the obser- 
vation in previous earthquakes that the shaking may 
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strong in the fault-normal direction compared to the fault- 
parallel direction. 

Many wineries throughout the region sustained damage 
to tasting rooms and production facilities. The most severe 
winery damage was centered along Highway 46, west of the 
city ofTempleton. Nonstructural damage included damaged 
glasses and bottles of wine in tasting facilities, broken bottles 
in the valuable wine libraries, ruptured stainless steel wine 
tanks, and collapse of wine barrels stacked in pyramids and 
on portable steel racks (Figure 14). Collapsed stacks resulted 
in rupture of wine barrels and loss of a substantial amount of 
wine. 

No structural damage was observed at any of the wineries 
in this region. Recovery efforts following the event were 
fueled by the fact that the wineries are not too busy during 
the winter months, allowing adequate manpower to clean up 
the damaged areas. Losses would have been greater and recov- 
ery lengthier had the event occurred in the late summer 
months, during the busy harvest season. 

CONCLUSIONS 

The M~ 6.5 San Simeon earthquake was probably a typical 
event for the central California coast, a thrust earthquake 
accommodating a compressional component of Pacific- 
North America plate motion and incrementally building the 
mountains that contribute to the beauty of the coast. The 
mainshock rupture had significant directivity to the south- 
east, which influenced the pattern of damage and the loca- 
tions of aftershocks. The aftershock sequence was more 
vigorous than average, but not greatly so, and the mainshock 
triggered no more than a half-dozen events outside the imme- 
diate aftershock region. The fault structure of the San Simeon 
region is not well understood, although the mainshock geom- 
etry is similar to the main blind thrust of a fault-propagation 
fold model developed by Namson and Davis (1990). We 
hope further study of this event will lead to a better under- 
standing of the faults and the earthquake hazards of the cen- 
tral coastal region. 

The most significant implication of this event is societal: 
the importance of retrofitting buildings in earthquake-prone 
areas. The relatively few lives lost in the San Simeon earth- 
quake can be compared to the more than 30,000 casualties 
just four days later in the 26 December 2003 M 6.6 Barn 
earthquake in Iran, mostly due to the collapse of unreinforced 
masonry buildings. Part of the difference is that the strongest 
shaking from the San Simeon earthquake probably occurred 
in the sparsely populated epicentral region, while the fault in 
the Barn earthquake ran directly through a sizable city. Cali- 
fornia was also more prepared: Some potentially hazardous 
buildings in Paso Robles had been retrofitted and performed 
well in the earthquake. However, there are still many unrein- 
forced masonry buildings in California cities. The tragedies 
in Paso Robles and in Bam emphasize the importance of ret- 
rofitting unreinforced masonry buildings before another 
earthquake strikes. El 
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