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2 meter biaxial press: instrumentation

Strain gage pair Laser vibrometer
( local shear stress ) (measures surface normal velocity)
used for calibration and verification
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Piezoelectric sensor
(detects surface normal motion)
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Capacitive slip sensor
(measures fault slip)
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Capacitive slip sensor

(measures fault slip)
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Earthquake nucleation models

Rapid slip is ALWAYS preceded by slow and

accelerating slip in a nucleation zone

This nucleation zone is ~1m —10m — 100m ?

depending on parameters
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Earthquake nucleation models

Rapid slip is ALWAYS preceded by slow and

accelerating slip in a nucleation zone

This nucleation zone is ~1m —10m — 100m ?

depending on parameters

115

113

111

Accumulated slip (mm)

07
-30 -20 10 0 10 20 30

unD.

h =

cSn(b'a)

Dieterich 1992

g | 2
@
a { .'..-"t_
= [ ﬁ 3
E 20 | N
[ D 0 e—
1of '
o _ _ -
Sioaition 1 M,DUOch

Kan

109t

»|What about seismicity?

[Rubin 2008

Distance along fault, x (m)

1161 |

1141

112
-30 -20 -10 0 10 20 30

Distance along fault, x (m)

o/

10 Bk
5 e
0 - —

170 175 180
X/ Ly

170 175 180 185

X/ Ly



distance (m)

| Top view of one o
_| side of the fault f“;
-t r|||]|| 20 B e S S S
i _
il
— L
I
T IhLII'|" Lt LT r,-'.'dw_'lh‘ ook _pbare . R
' !1|I||. i
|| 1
, ‘“’
Piezoelectric
sensors - o lllq' [y : SLIP
> rlr'““ Iy 0
s T
|5 2 I 400 um
&5 X
: . E
g 0 o EDD_’.LI‘TI
| | | |
[ll 10 20 an 40

time {ms)



distance (m)

0.2 —

04

0.6 -

0.8 4

0.8 —

0.6 —

0.4 —

0.2 —

| Top view of one

side of the fault

Piezoelectric

sensors

vert. gnd. vel.

-

time {ms)



mmfsec

200

150

100

&0

virtical ground velocity

10

15

20



mm/fsec

200

150

100

A0

virtical ground velocity

YWNRPN e

et AN AP A o s p e

MWWMMW
e %WWWMW
S A it A ]

MWWWMW

ety WWW

BV /1 e

18

20 22 24 26 28
time {ms)



aaaaaaaaaaaaaaaaa




scaled voltage

200

—
[y ]
[ ]

100

&0

Bandpass 50 kHz - 200 kHz

I I
R S R
SRR ——

e L

el o L R
| | I | | |
18 20 22 24 26 28

time {ms)




200

—&
[y ]
]

—
o}
—

scaled voltage

A0

Bandpass 200 kHz - 500 kHz

! n ﬂ*+- | - !
ammmmn L Hmee il
P—. e
v
SR T v
et g
b e oy
WM
40 pmn—ten
18 20 2 24 % 2

time {ms)




28

26

Elaa 200 kHz - kHz

20

18

[ ] =
Ly =

-— —

200
A0

sbeyon pajeas



distance (m)

0.2 —

04

0.6 -

0.8 4

0.8 —

0.6 —

0.4 —

0.2 —

| Top view of one

side of the fault

-~
l,.d"
|
A r|||]|| M B P S s w—
A _
’ illlq“”l
— L e
I
ll"'li, R rrlu'dm-llh' ok e R

Piezoelectric

sensors - lll il SLIP
. 4[:' ||"|'_u| |I|.
] i fﬂﬂl
5 3 I 400 um
ED E 2[] T
. E
: . 500 um
| | | |
[ll 10 20 30 40

time {ms)



mrfsec

200

150

100

a0

virtical ground velocity

time (ms)

20




virtical ground velocity

1\4%

i\

i

’i [ﬁ m|




virtical ground velocity

v

11111

time (ms)




I
" JH&H

‘ 4‘ |ll

W
25 Jﬁ\'nm




L\

HW

‘ I‘ JH“

il ‘l I ‘“ il

Mm

1 ||
20




scaled voltage

200

-
o
=

100

a0

Raw, unfiltered signal

W

||u




scaled voltage

200

-
o
=

100

a0

Bandpass 50 kHz - 200 kHz

time (ms)




scaled voltage

200

-
o
=

100

a0

Bandpass 200 kHz - 500 kHz
!

=g
-
e
o

10
time (ms)




scaled voltage

200

-
o
=

100

a0

Bandpass 200 kHz - 500 kHz
!

!
= +
> al
- - -
e . ==
] ] ]
b 10 15

time (ms)



scaled voltage

200

-
o
=

100

a0

Bandpass 50 kHz - 200 kHz

10 15
time (ms)



scaled voltage

200

-
o
=

100

a0

16.1 16.15

10
time (ms)

16.2 16.25 16.3 1635

time (ms)

L

. u"i

b
|
|1

b
I

|



Foreshock locations:
along strike and depth

Foreshock locations from one stick slip event (Slip #6)

. 12 3 4 5 6
0.8 ] —
0.6 >
_ 044 “ -
_GE_; 02 » — — — -
é o ¥ +
T 02+ »
0.4 - 4 .
0.6 : .
aal 10 5 0 5 m 15 )
tima [ms)
1 I I T 1 I T
0.1~
D i====————eee Prm—m——— G T B L=y
_0ar Side view > .
E g2- 3 o)
£ 1 2 4
& -03F ° 4 @
-
B R S — B L
05+
06+
1 | | | | | | | | |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 06 0.8

along strike distance (m)




depth (m)

Foreshocks tend to cluster on 2-70 mm patches
Patches comprise only a small % of total fault area

Migration of foreshocks follows the expansion of
slow slip during earthquake nucleation

Locations persist for more than 1Imm cumulative

fault slip
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How such a small earthquake?

Rapid slip is ALWAYS preceded by slow and

accelerating slip in a nucleation zone

This nucleation zone is ~1m —10m — 100m ?

depending on parameters
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How such a small earthquake?

Rapid slip is ALWAYS preceded by slow and
accelerating slip in a nucleation zone

This nucleation zone is ~1m —10m — 100m ?

_ Dieterich 1992
depending on parameters : _
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How such a small earthquake?

Maybe the constitutive law (i.e. rate-state friction) is
not valid?

— Foreshock characteristics do not change as fault friction
evolves over cumulative slip

— Foreshocks persist over at least 10 stick-slip cycles and > 1
mm cumulative slip

— Shear-type focal mechanisms
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Loading rate / stressing rate effect

e We only observe tiny “foreshocks” 5-50 ms before stick-slip,

never at other times

The tiny (Mw = -6) events
cannot nucleate on their
own!

e sometimes the foreshock
sequence is not detected.

i.e. the foreshock patches
slip aseismically if driven
more slowly!
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Aseismic slip transients

* Collocated with and preceeding foreshocks
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Slow and aseismic slip is always detected before the foreshocks,

The fault cannot instantaneously transition from locked and aseismic to

slipping and radiating seismic waves, slip has to accelerate.
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The foreshocks we record are a by product of the nucleation of the larger stick-
slip instability.




Observations

Small part of the fault radiates seismically even though much of it is slipping
up to 10 um

Low frequency ground deformations (i.e. aseismic slip transients) preceed
collocated high frequency foreshocks

Fault slip appears to be smoothly accelerating even though seismicity occurs
in sparse bursts.

Foreshocks only occur in the final 10s of ms before stick slip and do not occur
if nucleation proceeds at a slower rate.

Conclusions

Foreshocks are caused by fault strength heterogeneity and are a by product
of the nucleation of a larger event.

The tiny events cannot spontaneously nucleate on their own, they must be
driven by aseismic slip of neighboring fault sections.
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