The 2016 Bombay Beach Swarm

Triggering Probabilities for Larger Earthquakes
(on the San Andreas and Elsewhere)

Morgan Page
USGS Pasadena



Number of earthquakes per year > M

—
o
N

-

o
\®]
T

—
o
o

-t
S,
N

The Basics of Earthquake Forecasting
The Statistical Seismologist’s Approach

Gutenberg-Richter Magnitude Scaling
| N(M) o« 10@5M)

Earthquakes in California, 1984-2011

Magnitude (M)



— — —
o o o
=) N N

Number of earthquakes per year > M

-t
S,
N

The Basics of Earthquake Forecasting
The Statistical Seismologist’s Approach

Gutenberg-Richter Magnitude Scaling
| N(M) o« 10@5M)

Earthquakes in California, 1984-2011

10°

Omori
\ Decay of &~
T T VS AN Aftershock ;.|
Magnitude (M) E
Rate 5
AMt)=(t+c)7?

10—1 ! 1
102 10 10° 10"
Time since Mainshock (days)



The Basics of Earthquake Forecasting
The Statistical Seismologist’s Approach

—
o
N

—_
o
N

Earthquakes in California, 1984-2011

—
o
o

Number of earthquakes per year > M

-t
S,
N

Magnitude (M)

Gutenberg-Richter Magnitude Scaling

| N(M) o« 10@5M)

10°

Omori
Decay of
Aftershock
Rate
AMt)= (t+c)P

@ 10%F

2
X
c
2
o 10
=
©
>
[a)

10°F

-1
10 : :
102 107 10° 10’

Big earthquakes trigger more aftershocks e snee Hansnon a9

Ao 10°M)



The Basics of Earthquake Forecasting
The Statistical Seismologist’s Approach

—
o
N

—_
o
N

Earthquakes in California, 1984-2011

—
o
o

Number of earthquakes per year > M

-t
S,
N

Magnitude (M)

Gutenberg-Richter Magnitude Scaling

| N(M) o« 10@5M)

10°

Omori
Decay of
Aftershock
Rate
AMt)= (t+c)P

@ 10%F

2
X
c
2
o 10
=
©
>
[a)

10°F

-1
10 : :
102 107 10° 10’

Big earthquakes trigger more aftershocks e snee Hansnon a9

Ao 10°M)

Aftershock rates decay with distance from the mainshock

p(H)=N(r) (2 +d?) /-
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Aftershock rates decay with c/zlistance from the mainshock
p(r)<N(r)(r* +d?) 772

These scaling laws are used in short-term forecasting models
ike ETAS (Ogata, 1988) and STEP (Gerstenberger et al., 2005)



ETAS Predictions

The foreshock rate and the aftershock rate follow the same trend
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No significant correlation between number of
foreshocks and mainshock size
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Inverse Omori Acceleration

ETAS models can match the acceleration
seen in Bouchon et al. (2014) dataset
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Moment Rate (Nm/s x 1019)

-oreshocks are not predictive of mainshock size
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What do changing earthquake probabilities ook like In
time”/

M=6 Event times
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Even though foreshocks are not predictive of earthquake size, foreshock/
aftershock statistics can give orders of magnitude changes in the probabilities

for future earthquakes of all sizes.
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Cumulative number of aftershocks

Major forecast uncertainties

High background rate continues
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Major forecast uncertainties

High background rate continues

Swarm duration in Salton trough
are well-fit by a Poisson model
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Major forecast uncertainties

10 o | | t | ) | =

_ SOUTH—CENTRAL SEGMENT

- SAN ANDREAS FAULT .

10— -

5 - Log N =330 -088M -

' : :

M E E

2 _ n

£ i _
2 o—

2 001 \ =

5 = \ =

= - \ -

E - -

3 - © 1900-1932 \ .

" ® 1932—1980 \ .

0.001—- & 1857 Aftershocks \\ =

- \ .

1 | | | | |

0.0001 3 4 5 8§ 7 8

Schwartz and Coppersmith (1984)
20 km from South-Central SAF
(Aftershocks of 1952 Kern country and 1971 San
Fernando earthquakes removed)

34

-118 -115
Km I
o LOs p
Angeles 0 >0
San Andreas

Fault

San Jacinto
Fault

San
s Diego
——

c 10°

g 10’

)

8 10° Triggered by M 4.8 at

= Bombay Beach

1

5 10

L

€ 10°

= 3

210

= 10% Triggered by M 4.8 on

g N San Jacinto

O 10

-6 ]
0 3 4 5 6 7 8
Magnitude

What is the appropriate magnitude
distribution for the Southern San

Andreas?



Major forecast uncertainties

10 o | | t | ) | =

_ SOUTH—CENTRAL SEGMENT

- SAN ANDREAS FAULT x

10— -

5 - Log N =330 -088M -
> B o j g
3 0.1 e
= B — z
Iy - = 3
2 N . s
g - | A
2 o— )
b4 o]
: 001 \ = =
5 E \ = =2

E n \ .

3 - 0 1900-1932 \ -

" ® 1932—1980 \ .

0.001—- & 1857 Aftershocks \\ =

- \ .

1 | \ | | |

0.0001 3 4 5 8§ 7 8
Magnitude, M,

Schwartz and Coppersmith (1984)
20 km from South-Central SAF
(Aftershocks of 1952 Kern country and 1971 San
Fernando earthquakes removed)

10

—_
o
o

—
(@)

10

10 &

|
N
T

© Modern Instrumental ) within
o Early Instrumental }20km
o Historical of fault
o Paleo “Stringing Pearls”
o

UCERF3

3 4 5 6 7 8
Magnitude (M)

Page and Felzer (2015)

What is the appropriate magnitude
distribution for the Southern San
Andreas?




Major forecast uncertainties

effect of proximity to San Andreas

Post-CFM3.0 Earthquakes (2004-2018)
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Earthquake Swarm Activity Near Bombay Beach

An earthquake swarm near Bombay Beach, California, started on 2016
Sept. 26 at 4:03 am (PDT) in the Brawley Seismic Zone, which lies near
the southern terminus of the San Andreas Fault.

The swarm includes 142 events so far (as of 26 Sep 2016, 11:31PM PDT) in
the magnitude range M1.4 to M4.3. Relocations of these events show that
they are occurring in the depth range 4 to 9 km.

The earthquakes are occurring near a set of north-northeast trending
cross-faults in the Salton Sea. The cross-faults are part of a fault network
that connect the southernmost end of the San Andreas fault with the
Imperial fault. Some of the cross-faults are oriented such that they add
stress to the San Andreas fault and the San Jacinto fault system when
they rupture in small earthquakes like those in the ongoing swarm.

Earthquake Swarms & Probabilities

Swarm-like activity in this region has occurred in the past, so this week’s
activity, in and of itself, is not necessarily cause for alarm.

Preliminary calculations indicate that, as of 10:00 am (PDT) Sept. 27, 2016,
there is a 0.03%-1% chance (1in 3000 to 1in 100) of a magnitude 7 or
greater earthquake being triggered on the Southern San Andreas fault
within the next next seven days through October 4, with the likelihood
decreasing over time. This probability range is estimated using several
models developed in California to assess foreshock/aftershock
probabilities.

Learn more at: http://earthquake.usgs.gov/
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UCERF3 Forecast following Bombay Swarm

What faults are likely to be triggered?
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UCERF3 Forecast following Bombay Swarm

—low are probabilities elevated compared to long-term rate!

San Andreas (Coachella section) Rupture Probabilities
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M=>6.7 Participation Probability
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San Andreas (Coachella section) Rupture Probabilities
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During seismic swarms,
the chance of a large
earthquake can change
by orders of magnitude

These elevated
probabillities decay

quickly

Proximrty to major faults Is
a concern
(but it is not proven that
proximity to major faults
elevates foreshock
probability)



Conclusions

Questions?

During seismic swarms,
the chance of a large
earthquake can change
by orders of magnitude

These elevated
probabilities decay
quickly

Proximrty to major faults Is
a concern
(but it is not proven that
proximity to major faults
elevates foreshock
probability)



