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Figure 6. Stress metrics for dynamic stresses: 
maximum Coulomb stress change, number of 
cycles of large stress changes, period of large 
stress changes, and duration of dynamic 
stresses. Dynamic stresses modeled using 
the code of Cotton and Coutant (GJI, 1997) 
and the source models of Hirakawa & Barbour 
(BSSA, 2020) and Asano & Iwata (Earth  
Planets Space, 2016).  Model periods ≥1 sec. 
Average value of metrics over multiple         
realizations with varying receiver fault         
orientation within its uncertainty, Coefficient of 
friction μ sampled between 0.2 and 0.8.  
Background grid shows dynamic stresses 
projected on background fault planes, filled 
circles show dynamic stresses projected on 
the fault planes of shadow aftershocks with 
A-C quality focal mechanisms (Cheng et al., 
JGR, 2023; Uchide, GJI, 2020). Black dots 
show other off-fault aftershocks (distance ≥4 
km).
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Figure 1. Aftershocks during the first 2 weeks following the (left) 2019 M7.1 Ridgecrest, California, and (right) 2016 M7.0 Kumamoto, Japan            
earthquakes.  Events are color-coded by the probability that they occur in a stress shadow, defined as the fraction of realizations of stress change        
calculations that result in Coulomb stress change ΔCS<0.  Mainshock source models are take from the SRCMOD Earthquake Source Model Database 
and literature, M~6 foreshocks included if source models are available, source models indicated by color.  Mainshocks modeled as dislocations in an 
elastic half-space (Okada, BSSA 1992).  Focal mechanisms of pre-mainshock earthquakes used as receiver faults for Coulomb stress calculation,      
multiple realizations sample their observed variation.  Machine learning focal mechanism catalogs for Ridgecrest from Cheng et al. (JGR, 2023) and for 
Kumamoto from Uchide (GJI, 2020). Coefficient of friction μ sampled between 0.2 and 0.8.

Δσ
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slip
directionfault

normalStatic Coulomb stress change:
  ΔCS=Δτ+μΔσ
Δτ : shear stress change on receiver fault
Δσ : normal stress change on receiver fault
μ : coe�cient of friction

ΔCS>0 : stress increase, aftershock triggering expected
ΔCS<0 : stress shadow, no aftershock triggering expected
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Figure 2. (left) Probability that aftershocks occur in a stress shadow, as computed in Figure 1, shown for off-fault       
aftershocks (distance ≥4 km) with good-quality focal mechanisms from machine learning catalogs: Ridgecrest       
mechanisms from Cheng et al. (JGR, 2023) and Kumamoto mechanisms from Uchide (GJI, 2020). (above) Focal 
mechanisms (shown as P-, T-, and B-axes) for pre-mainshock background earthquakes, aftershocks in stress increase 
regions, and aftershocks in stress shadows. Arrows indicate background stress orientation.  Ridgecrest background 
events are gridded for plotting because of the large number of events.

Figure 3.  Probability than an earthquake 
experienced a positive Coulomb stress 
change, defined as the fraction of         
realizations of stress change calculations 
that result in Coulomb stress change 
ΔCS>0.  Coulomb stress realizations as 
in Figure 2, except that the receiver faults 
are the fault planes of the focal        
mechanisms for the individual events, 
rather than the background mechanisms.  
The realizations sample the uncertainty 
of the focal mechanism, and coefficient of 
friction μ is sampled between 0.2 and 
0.8.   

Figure 4. The spatial characteristics of aftershocks of three California sequences: 1992 M7.3 Landers, 1999 M7.2 Hector Mine, and 2019 M7.1 Ridgecrest. 
Aftershocks with positive (red circles) and negative (blue diamonds) static stress change areas plotted separately. (a–c) The ratio of the M≥2 aftershock 
rate over the first three months to background earthquake rate (Raft/Rback) as a function of the absolute value of the static Coulomb stress change |ΔCS|, 
along with static Coulomb Rate and State (CRS) model predictions (dashed curves) for positive and negative ΔCS at t=3 months. Horizontal error bars 
represent the range of values included in each stack, and the vertical error bars represent the uncertainty in Raft/Rback for the stack. (d–f) The ratio 
Raft/Rback as a function of distance from the closest point on the mainshock fault. A simple dynamic triggering model with 1/r^2 is shown (dashed line).  
Mainshocks modeled as dislocations in an elastic half-space (Okada, BSSA 1992).  Mainshock source models from Wald and Heaton (BSSA, 1994), Ji et 
al. (BSSA, 2002), and Liu et al. (GRL, 2019).

Figure 5. The temporal characteristics of aftershocks  of three California sequences. The cumulative number of M≥3 aftershocks, Naft, is 
shown as a function of time after the mainshock, with the modeled number of secondary aftershocks removed using an ETAS model. 
(a–c) Cumulative number of aftershocks in positive stress change regions (red solid curve) and a Coulomb Rate and State (CRS) model 
fit to the observations (red dashed curve). Squares and stars show times of M≥4.5 and M≥5 aftershocks in the whole study area,           
respectively. (d–f) Cumulative number of aftershocks in stress shadows (blue solid curve) and a constant rate fit to the observations 
(green dashed line). Insets show the first 90 days, the time period shown in Figure 4.  Note that the axis limits change between panels.

Spatial Decay

Temporal Decay

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

−118°00' −117°45' −117°30' −117°15'
35°15'

35°30'

35°45'

36°00'

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

−1.5 −1.0 −0.5 0.0 0.5

max Coulomb stress (log10(MPa))

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

1 2 3 4 5

number of large-amplitude cycles

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

2 4 6 8 10 12

period of large-amplitude cycles (s)

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

130°30' 130°45' 131°00' 131°15'

32°30'

32°45'

33°00'

33°15'

5 10 15 20 25 30 35

duration of shaking (s)

10-2 10-1 100
0

0.2

0.4

0.6

0.8

1

101 102

distance from mainshock (km)

0

0.2

0.4

0.6

0.8

1

1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

0 5 10 15
0

0.2

0.4

0.6

0.8

1

10 20 30 40
0

0.2

0.4

0.6

0.8

1

10-1 100
0

0.2

0.4

0.6

0.8

1

1 2 3 4 5 6
number of cycles

0

0.2

0.4

0.6

0.8

1

0 5 10 15
period (s)

0

0.2

0.4

0.6

0.8

1

10 20 30 40
duration (s)

0

0.2

0.4

0.6

0.8

1

Shadow versus non-shadow aftershocks

non-shadow aftershock locations
control: same distance distribution
shadow aftershock locations
control: same distance distribution

max ΔCS (MPa)

101 102

distance from mainshock (km)

0

0.2

0.4

0.6

0.8

1

cu
m

ul
at

ive
 d

ist
rib

ut
io

n
cu

m
ul

at
ive

 d
ist

rib
ut

io
n

non-shadow aftershocks
shadow aftershocks

Ridgecrest Kumamoto

Ridgecrest

Kumamoto

Background fault planes versus aftershock focal mechanisms

cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

10-1 100

max ΔCS (MPa) : background FM

10-1

100

m
ax

 Δ
C

S 
(M

Pa
) :

 a
fte

rs
ho

ck
 F

M

1 2 3 4 5 6
number of cycles : background FM

1

2

3

4

5

6

nu
m

be
r o

f c
yc

le
s 

: a
fte

rs
ho

ck
 F

M

2 4 6 8 10 12
period (s) : background FM

2

4

6

8

10

12

pe
rio

d 
(s

) :
 a

fte
rs

ho
ck

 F
M

10 20 30 40
duration (s) : background FM

10

15

20

25

30

35

40

du
ra

tio
n 

(s
) :

 a
fte

rs
ho

ck
 F

M

10-2 10-1 100

max ΔCS (MPa) : background FM

10-2

10-1

100

m
ax

 Δ
C

S 
(M

Pa
): 

af
te

rs
ho

ck
 F

M

1 2 3 4 5 6
number of cycles : background FM

1

2

3

4

5

6

nu
m

be
r o

f c
yc

le
s 

: a
fte

rs
ho

ck
 F

M

2 4 6 8 10 12
period (s) : background FM

2

4

6

8

10

12

pe
rio

d 
(s

) :
 a

fte
rs

ho
ck

 F
M

10 20 30 40
duration (s) : background FM

10

15

20

25

30

35

40

du
ra

tio
n 

(s
) :

 a
fte

rs
ho

ck
 F

MRidgecrest

Kumamoto

Figure 7 (left). Distance from the mainshock of off-fault aftershocks in the shadows (blue) and outside the 
shadows (red).

Figure 8 (below). Cumulative distribution of dynamic stress metrics at the locations of shadow and 
non-shadow aftershocks.  Dynamic stress is projected on the background fault planes.  Also shown is the 
distribution at control locations: random locations with same distance distribution.  For Ridgecrest, results at 
aftershock locations closely follow the controls, so differences in metrics for aftershocks inside and outside of 
shadows are entirely explained by the differences in distance.  For Kumamoto, there is more deviation from 
control, particularly for the number of cycles, at the locations of the aftershocks in the shadows.

Figure 9. Dynamic stress metrics at the locations of shadow aftershocks, comparing dynamic stress projected on the aftershock focal 
mechanisms with dynamic stress projected on the background fault planes.  Results scatter around the 1-to-1 line, except that Coulomb 
stress change at Kumamoto is slightly smaller on aftershock planes compared to background planes.
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