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INTRODUCTION 24 
 25 

 The strongest San Francisco Bay area earthquake since the 1989 M=7.0 Loma Prieta 26 

shock struck south of Napa, California, on August 24, 2014. Field mapping revealed 27 

(Dawson et al., 2014; EERI, 2014; Brocher et al., 2015) and seismic and geodetic source 28 

inversions (Barnhart et al., 2015; Dreger et al., 2015; Wei et al., 2015) confirm that a 15-km-29 

long NW-trending section of the West Napa Valley fault ruptured in the earthquake, the first 30 

indisputable surface-rupturing earthquake in the Bay area since 1906. This event, along with 31 

other smaller earthquakes on the Calaveras and Hayward faults over the past 3-4 decades, 32 

may indicate that the Bay area region is emerging from the stress shadow of the 1906 M=7.8 33 

San Francisco earthquake (Harris and Simpson, 1998; Pollitz et al., 2004). In the broader Bay 34 

area, there have been 113 M≥4.1 shocks during the 36-yr period since 1979, nine with M≥5.5 35 

(M=4.1 is the magnitude of completeness). In the preceding 36 yr, there were 81 M≥4.1 36 

shocks, only two with M≥5.5. Most of the events M≥4.1 since about 1979 are concentrated in 37 

a corridor extending north from the 1989 Loma Prieta aftershock zone through the Calaveras, 38 

Greenville, Green Valley, Napa, and Rogers Creek faults east of the Bay (Fig. 1a). This 39 

corridor roughly coincides with the 1906 stress shadow that is being eroded away by more 40 

than a century of stress re-accumulation. The Napa event, as well as the surrounding faults on 41 

which we calculate the resulting hazard increases, all lie within this reawakening zone. 42 

 Despite a very low aftershock productivity, the South Napa M=6 earthquake has a 43 

high proportion of remote aftershocks. We therefore explore how stress imparted by the 2014 44 

mainshock changed the surrounding seismicity, and we estimate the influence of the South 45 

Napa shock on stress and future seismic hazard on the densely populated Bay Area faults 46 

nearby. We find that, in addition to the sections of the West Napa fault to the north and south 47 

of the rupture, the Concord-Green Valley fault experienced a transient seismicity rate 48 

increase, and we calculate it sustained a Coulomb stress increase that raises the likelihood of 49 

M≥7 Green Valley ruptures by about 3% for the next several decades. A 5-km-long echelon 50 

at the junction of the Rodgers Creek and Hayward faults also received a calculated 0.5-bar 51 

stress increase and a seismicity rate jump. 52 

 53 

AFTERSHOCK PRODUCTIVITY AND SEISMICITY RATE CHANGE 54 
 55 
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 The South Napa aftershock productivity is very low relative to other M~6.0 56 

California earthquakes (Brocher et al., 2015), which we probe in Fig. 2 and Table 2. But 57 

although the aftershock rate is a full order of magnitude lower than the 1992 M=6.1 Joshua 58 

Tree event, the South Napa mainshock triggered far more off-fault aftershocks than did the 59 

2004 M=6.0 Parkfield earthquake (Bakun et al., 2005). These remote aftershocks provide a 60 

further basis for testing the Coulomb calculations. 61 

 We use the ANSS (Advanced National Seismic System) composite catalog and 62 

compare the first two months of post-mainshock seismicity with the preceding 5 years in Fig. 63 

3b and Fig. 3c, assuming that the detection level was constant during this period (Fig. S1). 64 

Because of the low background rate and the short post-mainshock time period, it is 65 

impossible to measure seismicity rate decreases, but increases extending ~25 km beyond the 66 

ends of the South Napa rupture (marked ‘1’ in Fig. 3c), as well as along several portions of 67 

the Rodgers Creek and Green Valley faults (marked 2-5 in Fig. 4c) are evident. More 68 

abundant seismicity rate increases to the north of the rupture could be a directivity effect of 69 

its northward propagation (Brocher et al., 2015; Dreger et al., 2015). Comparison of Fig. 3a 70 

with Fig. 3c shows that the shear stress is calculated to have increased on the nodal planes of 71 

these remote aftershocks.  72 

 73 

COULOMB STRESS CHANGE ANALYSIS 74 

 75 

 We first calculate the Coulomb stress change caused by the South Napa earthquake in 76 

the surrounding crust and on the adjacent faults in an elastic half-space (Okada, 1992). We 77 

use the variable slip model of Barnhart et al. (2015) inverted from 56 continuous GPS time 78 

series, and from surface displacements from a coseismic interferogram by the JPL/ARIA 79 

group. The rupture source is roughly 15 km long and 10 km wide, striking 341° and dipping 80 

80°E. The rake, or slip direction, is fixed to 178° (right-lateral) for all sub-patches. Most of 81 

the slip, up to 1.2 m, is concentrated on an 8-km-long central section, between 3-7 km deep. 82 

We note that the model we used resembles the 2-plane source of Wei et al. (2015), which 83 

also dips to the east and has the same overall strike and location. The source of Dreger et al. 84 

(2015) dips 82°W, but is otherwise similar in seismic moment and extent, although it has 85 

significant non-horizontal rake at the ends. All source inversions concur that rapid posteismic 86 

slip increased the net moment to an equivalent M=6.1; the Barnhart et al. (2015) source that 87 
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we use includes 3 days of post-seismic slip in the GPS time series and a single interferogram. 88 

Since the post seismic slip also contributes to the stress transfer, this inclusion is permissible. 89 

 We resolve the Coulomb stress changes on three types of ‘receivers’ (faults in the 90 

surrounding crust that are subjected to stress changes caused by the South Napa source) to 91 

assess whether fault slip is promoted or inhibited. Each approach has its own intrinsic 92 

advantages and shortcomings; none takes precedence:  93 

1) The first are vertical strike-slip receivers that, for a given fault friction coefficient, are 94 

optimally oriented with respect to the combined regional stress and the Napa stress 95 

changes (King et al., 1994). Here we do not use mapped faults but instead attempt to 96 

capture the role of small faults. We use this approach to determine if stress increases are 97 

correlated with the distribution of aftershocks, since aftershocks need not occur on the 98 

major mapped faults. The implicit assumption in optimally oriented Coulomb stress is 99 

that small faults with a range of orientations exist everywhere in the crust; the faults with 100 

the optimum geometry (on which the Coulomb stress increase is most positive), will be 101 

most likely to host aftershocks (Fig. 1b). In Fig. S2, we explore the impact of the full 102 

range of principal stress azimuths and fault friction on this result. 103 

2) Next, we resolve the Coulomb stress changes on the mapped active faults within 50 km 104 

(about three rupture dimensions from the source, beyond which the stress changes are 105 

negligible, <0.05 bar), using the known or inferred fault rakes and dips compiled into the 106 

UCERF3 fault model (Field et al., 2014). The goal for this calculation is to estimate the 107 

hazard changes on faults thought to be capable of M≥7 shocks (Fig. 4). In Fig. S3, the 108 

full range of friction coefficients is explored. 109 

3) Finally, we calculate the Coulomb stress change on the nodal planes of focal mechanisms 110 

for events having occurred during 15 years before and two months after the South Napa 111 

earthquake in and around the 2014 source fault (lon.: -122.7° to -122.0°, lat.: 37.9° to 112 

38.6°). The nodal planes of shocks that struck before the Napa quake (Fig. 5b and Fig. 113 

S4a-c) serve as proxies for small active faults, while the nodal planes of Napa aftershocks 114 

(Fig. 5c and Fig. S4d) reveal which structures became active after the mainshock. 115 

 116 

Remote aftershocks concentrate in the stress-trigger lobes 117 
 118 

 There are three elements needed for the calculation of the stress imparted to optimally 119 

oriented strike-slip faults (receiver type 1 described above): The receiver fault dip and rake, 120 
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which we take to be vertical and right-lateral; the fault friction coefficient, which we assume 121 

to be 0.4; and the regional stress tensor, which we simplify with an SHmax orientation and a 122 

differential stress compatible with strike-slip faulting. We take SHmax from Townend and 123 

Zoback (2004), who found a range of 22°-46° (reckoned clockwise from North) for the Bay 124 

area. We thus assume the σ1 direction of the regional stress is 34° and its amplitude is 100 125 

bar that is comparable to a typical earthquake stress drop (e.g., King et al., 1994). We set σ3 126 

to be horizontal and perpendicular to σ1, with σ2 vertical (Table 1).  Close to the source 127 

rupture, the stress imparted by the earthquake and the regional stress have roughly the same 128 

magnitude, and so the optimal planes rotate. Far from the source, the optimal planes are 129 

essentially fixed by the regional stress azimuth and the friction coefficient. 130 

 We find that about 90% of the off-fault aftershocks that struck during the first 53 days 131 

occurred where the calculated Coulomb stress increased (Fig. 1b). Many aftershocks 132 

occurred in the northern and southern stress increase lobes beyond the edges of the source 133 

fault, and about 10 events occurred in the western and eastern side lobes. The greatest 134 

number of shocks in one of the side lobes locates near the Green Valley fault, a finding we 135 

first presented in Parsons et al. (2014). 136 

 137 
Several major active faults were stressed 138 
 139 

We represent the faults by contiguous rectangular patches (Fig. 4). For the Barnhart et 140 

al. (2015) rupture source, and for the adjacent portions of the West Napa fault, the patches 141 

are 4 km long x 2 km deep. For other faults within 20 km of the source, the patches are larger 142 

(3-5-km long by 4.5-5-km deep), and for faults at greater distance, fault patches are <10 km 143 

along strike and 10-15 km deep. 144 

 Our results indicate that portions of the Green Valley, West Napa, Contra Costa, and 145 

Franklin faults were brought up to 0.5 bar closer to failure; the increase was >0.2 bar for a 146 

length of 15 km along strike. In addition, a 6-km long echelon between the Rodgers Creek 147 

and Hayward faults was also brought >0.5 bar closer to failure. Parsons et al. (2014) and 148 

Barnhart et al. (2014) reported similar, independent findings. Parsons et al. examined two 149 

values of fault friction at a single depth (0.2 and 0.4; which we also do in Fig. S3), and 150 

Barnhart et al. examined two source fault dips (80°E and 76°W). 151 

 152 
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Exotic aftershock focal mechanisms reveal a heterogeneous stress field 153 
 154 

 The Coulomb stresses on the two nodal planes of a focal mechanism are different; to 155 

avoid this ambiguity, we resolve the imparted shear stress only, equivalent to assuming 156 

friction of zero. We find that the majority (~80%) of the aftershock focal mechanisms more 157 

than 4 km of the source fault are calculated to have experienced shear stress increases. 158 

(Figure 3a). The stress changes closer to the source are sensitive to details in the slip model 159 

that may be artifacts of the slip inversion procedure (i.e. over-simplified fault geometry, rake, 160 

and inversion regularization).  161 

 That a majority of mechanisms in Fig. 3a are positively stressed does not, in itself 162 

mean that the mainshock stress promoted the aftershocks, if this same 80% percentage might 163 

be found among the pre-mainshock, or background, shocks. To test causality, we perform the 164 

same source-fault stress transfer calculation to the mechanisms during the preceding 15 years 165 

(Fig. S4), and find that 40% are positive before the mainshock. The factor or 2 increase in 166 

positively-stressed mechanisms means that the aftershocks were most likely promoted. 167 

  The Green Valley fault slips at 6±1 mm/yr, about half of which occurs as creep 168 

(Lienkaemper et al., 2014). Paleoseismic investigation suggests a ~200-yr recurrence interval 169 

for M~7 shocks on the fault, and ~400 yr has elapsed since the last large earthquake 170 

(Lienkaemper et al., 2013). The fault also poses a substantial risk, since it bisects the city of 171 

Concord, with 200,000 residents. Thus, perhaps the most important remote earthquake 172 

cluster lies near the Green Valley fault (the eastern stress lobe in Fig. 1b, and the highlighted 173 

rectangle in Fig. 3a). 174 

 The Green Valley seismicity cluster began 2-3 days after the mainshock, and contains 175 

15 aftershocks with focal mechanisms. As can be seen in Fig. 1b, only a quarter of the events 176 

occur in the stress-increase lobe for optimally-oriented faults in the assumed regional stress 177 

field, while three-quarters strike in the stress decrease lobe. Yet, when the shear stress is 178 

resolved on the nodal planes of the focal mechanisms along the Green Valley fault, the 179 

proportion of positively stressed mechanisms rises from about 10% before the mainshock 180 

(Fig. 5b) to 80% afterwards (Fig. 5c), consistent with the Coulomb hypothesis despite their 181 

occurrence in the stress shadow for optimally oriented strike-slip faults. As before, the pre-182 

mainshock period serves as the control and the post-mainshock period as the test set; the 183 

difference between the two sets is what matters. Hypocenters of the pre- and post-mainshock 184 
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clusters in the boxed area of Fig. 5 are remarkably close to each other; they lie within 2-3 km 185 

(the mean depth of the pre- and post-mainshock clusters is 9.2 and 7.5 km, respectively). 186 

 The pre-mainshock mechanisms are consistent with right-lateral slip on the Green 187 

Valley or smaller subsidiary faults in our inferred regional stress system (compare the 188 

assumed stress field in Fig. 5a with that inverted in Fig. 5d), but the mechanisms activated 189 

after the South Napa shock (Fig. 5c and Fig. 5e) are not. After the mainshock, the σ1 inferred 190 

from the focal mechanisms is oriented nearly perpendicular to the Green Valley fault (Fig. 191 

5e), so these events most likely activate a different set of nearby faults. The stress tensor 192 

inversions are simplified in the inset boxes in Fig. 5d-e.  193 

 At the site of the aftershock cluster, the Green Valley fault and optimally-oriented 194 

strike-slip faults are inhibited from failure, but reverse faults parallel to the Green Valley are 195 

promoted by ~1 bar (Fig. 5f). So, to explain the 65° clockwise change in the inferred σ1 196 

direction, there must be a nest of faults with many orientations, so that a different set of faults 197 

could activate in response to the stress change. This can only occur if the tectonic stress is 198 

much more heterogeneous than we have assumed, because only in a heterogeneous stress 199 

field could both fault populations be active when the earthquake stress change is only 1 bar. 200 

A similar Coulomb finding was reported by Toda et al. (2011) for the M=9.0 Tohoku-Oki 201 

megathrust earthquake, whose shallow aftershocks were largely normal events. Stress 202 

heterogeneity was proposed as a widespread phenomenon by Smith and Dietrich (2010), and 203 

further explored by Smith and Heaton (2011). 204 

 The focal mechanism analysis reveals why, while widely practiced, resolving the 205 

stress on assumed optimal orientations (Fig. 1b), or on major active faults (Fig. 4), can be 206 

misleading: Even though the burst of aftershocks lies within 2 km of the Green Valley fault, 207 

they are unlikely to have anything to do with the Green Valley fault, and their orientation is 208 

optimal only for a unique and quite local tectonic stress condition. 209 

 210 

HEIGHTENED PROBABILITY OF GREEN VALLEY FAULT RUPTURE 211 
 212 

We next seek to estimate how the South Napa earthquake altered the likelihood of 213 

failure on the Green Valley fault. As evident in Fig. 4, a 15-km-long section of the fault was 214 

brought <1.0 bar closer to failure, but the adjacent 20-km-long section to the south was 215 

inhibited from failure by up to 2.0 bar. The net effect over the 35-km-long section is negative 216 

(-0.5 bar). So, what is important, the local increase or the net decrease?  217 
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The stress transfer from the South Napa earthquake to the Green Valley fault, 218 

resembles the transfer from the 1992 M=7.3 Landers shock to the Lavic Lake fault—which 219 

subsequently ruptured in the 1999 M=7.1 Hector Mine shock (Fig. 1c). Further, the Landers 220 

earthquake also produced remote aftershocks near, but not on, the Lavic Lake fault with a 221 

non-parallel focal mechanisms (Hauksson et al., 2002), and so these cases are remarkably 222 

similar. Another example is the 1997 M=6.5 and 6.3 Kagoshima, Japan, earthquakes (Toda 223 

and Stein, 2003); in both the California and Japanese sequences, the second earthquake 224 

nucleated on or near a promoted section of the fault, and then propagated into or through 225 

inhibited sections. These examples suggest that under some circumstances, what counts is the 226 

peak stress increase, even if it is isolated. 227 

 So, use the calculated 0.6-bar Coulomb stress imparted by the Napa mainshock, and 228 

the seismicity rate equation of Dieterich (1994) to calculate the expected response of 229 

seismicity to the stress jump. We then calculate the time-dependent probability of a surface-230 

cutting earthquake on the Green Valley fault unperturbed by the South Napa event, using the 231 

paleoseismic occurrence information from Lienkaemper et al. (2013): a 250-yr interevent 232 

time with a 0.6 coefficient of variation, and 400 yr since the last event. This yields a 30-yr 233 

probability of 18.5%.  234 

 This rate/state Coulomb calculation is sensitive to the assumed aftershock duration 235 

and a fault constitutive parameter on the Green Valley fault, creating considerable 236 

uncertainty. Aftershock duration is the time until the seismicity rate returns to the pre-237 

mainshock rate; it can be measured on the source fault or on a nearby receiver. In general, we 238 

have found that aftershock durations grow with distance from the San Andreas, probably 239 

because the stressing rate declines with distance (Table 3). On the South Napa fault, we 240 

project the aftershock duration to be 7-10 yr (Fig. S5). We have generally inferred the fault 241 

constitutive parameter times the normal stress, Aσ, to be about 0.5 bar (Toda and Stein, 242 

2002; Toda et al., 2005). The fault stressing rate is proportional to slip rate for isolated faults 243 

of the same length; rates of 0.05-0.5 bar/yr bracket the likely range of this fault. The resulting 244 

range of probabilities is shown in Fig. 6, of which we consider the blue curve (a 5-yr 245 

aftershock duration and 0.1 bar/yr stressing rate) to be the best or median estimate. If so, the 246 

South Napa shock will have elevated the M≥7 probability modestly for up to several decades. 247 

 248 
CONCLUSIONS 249 
 250 
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 Despite a very low aftershock productivity, the South Napa M=6 earthquake has a 251 

high proportion of remote aftershocks that occur up to 25 km from the rupture. Coulomb 252 

stress calculations indicate that these aftershocks were generally promoted by the stress 253 

imparted by the mainshock, even when the faults on which these quakes struck differed 254 

substantially in orientation from the major surface faults, or those expected to be optimally 255 

oriented in a simple uniform tectonic stress field. Subsequent large earthquakes on the West 256 

Napa fault to the north, the Franklin and Contra Costa faults to the south, and the Green 257 

Valley fault to the east, would appear possible because 15-km or longer sections of all of 258 

these faults received a calculated stress increase of more than 0.5 bar. Because paleoseismic 259 

evidence indicates that surface-cutting (M>6.5) ruptures on the Green Valley fault have 260 

occurred every 250±150 yr, and 400 yr has elapsed since the last event, this urban fault bears 261 

special scrutiny.  262 

 Furnishing a time-dependent probabilistic rupture forecast on the Green Valley fault 263 

is uncertain because the northern portion received a calculated stress increase while the 264 

central portion a decrease. But the resemblance between the stress imparted to the Green 265 

Valley fault by the South Napa mainshock, and the stress imparted to the Lavic Lake fault by 266 

the Landers earthquake, encourages us to base our calculation on the 15-km-long patch of the 267 

Green Valley fault brought 0.6 bar closer to failure. This results in the 30-yr earthquake 268 

probability rising from 18.5% to as high as 22-25%, which is forecast to decay back to 19% 269 

over the next 5-20 years. Further monitoring of seismicity and strain on the Green Valley 270 

fault would seem prudent, given this modest and uncertain hazard increase. 271 

 272 
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Figure Captions 405 

 406 

Fig. 1. (a) Moderate earthquakes during the past 36 yr in the San Francisco Bay area show 407 
an active corridor extending from Loma Prieta to the East Bay faults, of which the 2014 408 
South Napa earthquake is only the most recent part. The Bay area is complete for M≥4.1 409 
since 1942 (Felzer, 2013). (b) Maximum Coulomb stress change, using the Barnhart et al. 410 
(2015) source, on optimally oriented strike-slip faults at depths from 5 to 15 km. The 411 
regional stress field is assumed as shown in Table 1, and the coefficient of fault friction is 412 
set to be 0.4. Black lines denote the surface traces of the late Quaternary faults, younger 413 
than 130,000 years compiled by the USGS (2006). All recorded aftershocks during the 414 
first 53 days are plotted (24 August-16 October 2014). (c) A calculation from King et al. 415 
(1994) for the 1992 M=7.3 Landers earthquake bears a resemblance to the South Napa 416 
source-Green Valley fault configuration.  417 

 418 
Fig. 2. Aftershock productivity and decay for three 6.0≤M≤6.1 California mainshocks. The 419 

areas from which the earthquakes were extracted is given in Table 2; each uses 60 days. 420 
It is evident that while they all have about the same temporal decay slope (p~1), the 421 
South Napa quake has a much lower productivity than the others. 422 

 423 
Fig. 3. (a) Shear stress change resolved on aftershocks of the South Napa mainshcok, with 424 

the area of Fig. 5 identified. (b) Seismicity in the first two months after the mainshock. (c) 425 
The seismicity rate change associated with the mainshock, formed by the ratio of the rate 426 
during the first two months after the mainshock to the preceding 5 yr. Areas for which the 427 
rate change is undefined (principally because of the absence of earthquakes during either 428 
period) are grey. In addition, the post-mainshock period is too short to identify seismicity 429 
rate decreases. Salient off-fault rate increases are numbered.  430 

 431 
Fig. 4. Coulomb stress change resolved on the Bay Area faults of the Uniform California 432 

Earthquake Rupture Forecast version 3 (UCERF3, Field et al., 2013). The Green Valley, 433 
West Napa, Contra-Costa, and Franklin faults are split into 3-5-km long by 4.5-5-km wide 434 
sub-patches and stress is calculated on the center of each sub-patch. For these faults 435 
there is an expanded view at right Colors saturate at ±0.5 bar. 436 

 437 
Fig. 5. Mainshock-induced stress and focal mechanism changes near the Green Valley 438 

fault. (a) Our assumed tectonic stress, from Townend and Zoback (2004), drives the right-439 
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lateral Green Valley fault. (b) Pre-mainshock focal mechanisms are consistent with the 440 
stress field in (a). After the mainshock, a larger percentage of mechanisms were 441 
promoted; here (b) is the control set and (c) is the test set. (d) The principal stress axes 442 
for the pre-mainshock period, 2009-2013, derived from 2,000 bootstrap resamplings 443 
using the MSATSI software (Martinez-Garzon et al., 2014), match the assumed principal 444 
stress in (a); R is relative stress magnitude. (Only 12 mechanisms are available during 445 
the post South Napa period. Since the minimum number the software accepts is 20 446 
seismic events, we simply doubled the original data to 24 events before resampling.) The 447 
stereo nets projected onto the lower hemisphere are simplified in the inset boxes. (e) For 448 
the post-mainshock mechanisms, the inferred principal stress axes are oriented ~65° 449 
clockwise. (f) The mechanisms in (c) are promoted by the stress imparted by the 450 
mainshock. (Additional pre-mainshock mechanisms are shown in Fig. S4.) 451 

 452 
Fig. 6. Calculated 30-yr probabilities of a surface-rupturing earthquake on southern Green 453 

Valley fault as a function of time. The probability jump followed by a decaying probability 454 
is caused by the sudden stress change associated with the M=6.0 South Napa 455 
earthquake. The inter-event time, elapsed time, and coefficient of variation  are based on 456 
geologic data of Lienkaemper et al. (2013). Three different aftershock durations, ta, are 457 

assigned with the range of the estimates in Table 3; tau-dot is the fault stressing rate. 458 



σ1 34 0 100
σ2 34 90 30
σ3 124 0 0

Table 1. Regional stress tensor used for Coulomb stress change on
optimally oriented strike-slip faults in Fig. 1b.

Azimuth
(°)

Plunge
(°)

Magnitude
(bar)



Table 2. Comparison of 60-day aftershock productivity between the three M~6 strike-slip, California earthquakes, in Fig. 2.

M
Maximum
aftershock
magnitude

Search area (lon./lat., polygon)

  2014 South Napa 6.0 64 0 3.9 -122.700°/38.600°, -122.000°/38.600°, -122.000°/37.900°, -122.700°/37.900°

  2004 Parkfield 6.0 548 9 5.0 -120.729°/36.066°, -120.617°/36.140°, -120.189°/35.758°, -120.306°/ 35.673°, -120.730°/36.066°

  1992 Joshua Tree 6.1 3108 19 5.0 -116.500°/34.250°, -116.000°/34.250°, -116.000°/33.800°, -116.500°/33.800°

Mainshock
Number of

M≥4.0
Number of

M≥1.8



Table 3. Estimated aftershock durations for California earthquakes

Mainshock and Evaluated Fault
Aftershock 
duration 

(yr)

Distance 
from San 
Andreas 

fault (km)

Source of 
Estimate

Parkfied, creep & transition sections 0.5-3.0 0 Toda and Stein (2002)

Parkfield, 1966 locked section 3-10 0 Toda and Stein (2002)

2004 M = 6.0  Parkfield, section 2 0 This study

1992 M = 6.5 Big Bear fault 7 10-20 Toda & Stein (2005)

1987 M = 6.6 Superstition Hills fault 15 20-30 Toda & Stein (2005)

1989 M=6.9 Loma Prieta on San Gregorio f. 5-15 30-40 Stein (1999)

2014 M = 6.0 on West Napa fault 7-11 40-50 This study

1989 M=6.9 Loma Prieta on Hayward fault 7-11 40-50 Stein (1999)

1992 M = 7.3 Landers on Landers fault 25-50 50-70 Toda and Stein (2005)

1999 M = 7.1 Hector Mine, Lavic Lake fault 66 70-80 Toda and Stein (2005)

1995 M = 5.8 Ridgecrest on ECSZ faults 17-30 140 Toda and Stein (2005)
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2014 M=6.0 South Napa earthquake triggered widespread aftershocks 
and stressed several major faults 
and exotic fault clusters by Shinji Toda and Ross S. Stein 
 

These five figures explain further details of our seismicity and stress analyses. 

 

 

Figure S1.  Cumulative (a) and interval (b) background seismicity rate and magnitude of 

completeness, Mc. The slope of the cumulative number of earthquakes has been stable from 

2004, with a slightly lower rate after ~2007. The magnitude of completeness (Mc) as a function 

of time following Woessner and Wiemer (2005) as implemented in the ZMAP software 

(Wiemer, 2001) is shown with ± 1sigma bounds.  

 

Figure S2.  The 95% confidence interval on the principal stress orientation from Townend and 

Zoback (2004), and on the friction coefficient, are explored for the optimally-oriented Coulomb 

stress change on strike-slip faults (a, b, d, e), and compared to an assumed fixed fault orientation 

(c, f). 

 

Figure S3.  The influence of fault friction on the Coulomb stress imparted to the major mapped 

active faults. Note that regardless of friction, portions of the Green Valley fault are brought 

closer to failure. 

 

Figure S4. Shear stress changes resolved on the nodal planes of small earthquakes that occurred 

prior to (a-c) and after (d) the 2014 South Napa earthquake, as proxies for the sites of small 

active faults. Fault plane solutions are from the Northern California Earthquake Data Center 

(NCEDC, http://ncedc.org/ncedc/catalog-search.html). Color of compressional region on each 

beach ball indicates amount of stress change. We split the pre-South Napa period into three 



sub-periods to avoid overlapping beach balls in the maps. Blue lines are mapped late Quaternary 

faults. 

 

Figure S5. Observed aftershock rates (dots) as a function of time for the South Napa earthquake, 

fitted to an Omori-Utsu function (solid line), N(t)=k/(t+c)p. Two areas, I and II in inset map, are 

applied to the analyses. Together with observed background rates of M≥1.5 as Mc from Fig. S1, 

we estimate aftershock durations, ta, for the wider area I and the narrower area II several months 

and several years respectively. 
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