Multi-scale imaging/monitoring of fault zone regions and detection of small events

Yehuda Ben-Zion, University of Southern California, with
F. Vernon, A. Allam, P. Share, H. Qiu, L. Qin, F.-C. Lin, 6. Hillers, P. Roux, M. Campillo, F. Niu & others

Complex structures with
Hierarchical damage zones

Strong geometrical and material
heterogeneities (bimaterial interfaces,
distributed damage, fluids, ....)

Strong attenuation and anisotropy

Ongoing and episodic femporal changes
of properties

Other challenging ingredients (multi-
scale/signal seismic wavefield)

Outline

Use seismic data from the San Jacinto
and North Anatolian faults to

1. Image fault zone structures
2. Monitor temporal changes

3. Detect small earthquakes

Results relevant for

* Developing accurate seismic catalogs and

analysis of earthquake source properties.

* Evolutionary processes on long (tectonic) and

short (e.g., precursory) fimescales.

* Static/dynamic stress fields (e.g. from internal

fault zone structure).

* Brittle rock rheology (e.g. from observing &

monitoring rock damage).

* FZs control crustal fluid flow: hydrology, oil,

sub-surface storage, efc.

- Elements of FZ structure (bimaterial interfaces

and damage zones) can control future (and
reflect past) earthquake rupture properties.




Hierarchical Seismic Networks
around the San Jacinto Fault
Zone in southern CA

Data: Earthquake waveforms,
ambient seismic noise (+ small
"Besty" gunshots)
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Seismic Velocity Structures in the Southern California Plate Boundary Environment from Double-

Difference Earthquake Tomography (Allam and Ben-Zion, 6JI, 2012)
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Complementary noise-based results for the top 0.5-7 km are given by

Zigone et al. (PAGEOPH, 2015).

Internal components of the SJFZ are imaged with fault zone head and

trapped waves (next slides).

Properties of the top 0.5 km are imaged and monitored with high-

frequency data (later slides).
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-Follow overall "flower” shape
with depth

-Hallows of mild damage extend
to 10-15 km

-Larger reductions of Vs (up to
40% in top 3-5 km) than Vp

Clear velocity contrasts
(bimaterial interfaces?) in
different sections; polarity
flips NW of SJB.
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Fault zone head and trapped waves

Ben-Zion, 1989, 1990

Fault interface Fault zone
h}ead waves

fast velocity block slow velocity block
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The head waves are first arrivals on slow
side positions x < x_ =r tan [cos™(a,/a,)]

Ben-Zion and Aki, 1990
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Fault zone head and trapped waves

4980m

Ben-Zion and Aki, 1990
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Column number

Waveform changes at column 32: Seismogenic Clark fault
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Delay times of P waves and trapped waves indicate a local reversal of
the velocity structure

large-scale fast |
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Allam & Ben-Zion (2012)

large-scale slow

The large scale velocity contrast and local reversal (damage asymmetry) across

the fault indicate preferred direction of earthquake ruptures to the NW
(toward Riverside, away from San Diego)

Detailed imaging of the internal fault zone structure (Hillers et al., 2016; Roux et
al., 2016, 2017).
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Expected damage patterns generated by earthquakes

Dynamic rupture on a frictional fault with off-fault plastic yielding

Homogenous solid: bilateral crack ruptures
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Analyses of seismic and geological data in several large structures show strongly asymmetric
damage zones, producing local reversal of the large-scale contrast, as expected for
bimaterial ruptures with persistent directivity (Lewis et al. 2005, 07; Dor et al. 06, 08; Wechsler et
al. 09; Mitchell et al. 2011; Rempe et al. 2013; Qiu et al. 2017; Share et al., 2017, ...)




Using focal spot properties for detailed imaging of the subsurface
material (Hillers, Roux, Campillo, Ben-Zion, JGR, 2016)

Observed correlation amplitude distributions (2D-filtered)
at different lapse times (2.9 - 5.8 Hz)
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Hillers et al.
JGR, 2016
(c/f ~ 50-500 m)
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Internal structure of the San Jacinto fault zone at Jackass Flat (JF) from data recorded by a dense
linear array (Qiu, et al., 6JI, 2017)

(a) Synthetic waveform fits for event 8170
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earthquake ruptures to the NW



Internal structure of the San Jacinto fault zone at Blackburn Saddle from a dense linear

Allam et al., 2017)
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deployment across the fault (Share et al., 2017
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Average 10% velocity contrast across the SIFZ from trifurcation area to the BB array
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Fault Zone Resonance (Allam et al., 2017)
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Station Number

Average maximum amplitude for 278 events
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Vertical Low Velocity Zone Normal Modes
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relative velocity change, Av/v(%)

Temporal changes of seismic velocities

Brenguier et al. 2008

Co- and post-seismic changes at Parkfield
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Seasonal velocity changes in the SJFZ area
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Seismic observations associated with rupture zones along the NAF
(Ben-Zion et al., 03; Peng & Ben-Zion, 04, 05, 06; Wu et al., 09, 10; Lewis & Ben-Zion, 10; Roux & Ben-Zion 14)
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4D analysis of seismic properties along the Karadere-Duzce branch
of the NAF (Peng and Ben-Zion, 2004, 2005, 2006)
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Temporal changes of delay times based on evolving de-correlation analysis
(Peng and Ben-Zion, 2006)

CID C04, station VO, comp z ) — - A T
264053722 (a) Iwo10mn

180202 fan U "
5 190505 Station VO, 36 clusters

288114942

303132540
i

316030935

326142330

-
175}
-
330150933 -
3151205116 W
2 L
008231945 R=!
-
027014615 .
c_:
p 1S ‘1Y Coda 1 = r
| L1 | \\I?l\ll | L | R R A Qm

™1
b) —
1% 01 €23
@020 24
IQ_Q[MVES
T {®05026

107 w6227
1m10+28
— 1042 ]]s‘::’l) [
(C?) v 1+12@30
4 E {x1303l
¥ 288114942 nd 1@ l14@32
< 2 s]e15¢33 [
g 61423 £ T qolemd
.= 034 126142330k - 1y 17435
g 151205116 - 1o 18436
= 008231945 E pde19wa7 i
=02 v {1+20 @38
g O {s2e
9 022840
s .
Q0.1+
Q |
_10-1‘ T i
0.0 |

" " T " " T T T T T T
240 270 300 330 360 390

E;nl]“ﬂ A .
Julian day



2L

he

'—'—[‘_:_\J[J

h

hn

o n

Lhtn

[
e S A S I N e |
hn

hn

hn

o
PPN YT T P Y P R Y I AP

Lhtn

[
= P PP P ==y
hn

hn

hn

hn

Lhtn

[
e e S S N e R
hn

hn

hn

hn

Latn

[
= g DD Pad = =y
hn

o h

hn

[
[d bod = =y

hn

PR S TN NN Y TN N Lo
70O, 36 clusters, 280 events

PR N N TN TN TN (N TN SN TN SR A S S W
FP, 36 clusters, 271 events

CH, 22 clusters, 105 events
W'—WMW

250

300

350

Julian day since 1999

400

i

250

Julian day since 1999

300

350

400

Co-seismic delays (ms)

b (8] [U'S)
n <o n
| T

07 g®§, *u =

—_— —_— (o]
jan’ i - W jan’
| BRI AN A

VO

*

WF

GE

e

® *m

rCH
|
@

7 BN

@ Vertical

¢ North
B East

BU
"
o

0 2 4

6

g 10 12
Distance to rupture (km)

*The changes are strongest (3% with At of
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Monitoring fault zone environments with correlations of earthquake
waveforms (Roux and Ben-Zion, GJI, 2014)
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Temporal evolution of correlation coefficient of different consecutive groups (overlapping) of
events with the reference wavelet
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Correlation coefficient

Number of events

1.005

Temporal evolution of correlation coefficient of different groups of events with
the referenece wavelet

Central frequency = 0.8 Hz
| | |

a.,.xw:--‘r- hw’:-wmrﬂ“rml

0l *I
0.995 I U“ —
1-2% coseismic i
0.99 | s
coherency drop Green : 25 events
0.985 | Red: 50 events ]
|
0.98 Blue: 100 events |
0.975 | | | | | | | |
304 309 314 319 324 329 334 339 344
Time (JD)
Histogram calculated with 2-hour sampling interval
250 | | | | |
200 —
Duzce event
1501~ JD 316 N

100

50

305 310 315 320 325 330 335 340 345
Time (JD)

349



Temporal changes of fault zone site with spectral ratios
(Wu, Peng and Ben-Zion, 6JI, 2009)
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Relative S=wave Velocity Change (%)
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*The results suggest >30% S velocity
reduction in the top 100-300 m, and
logarithmic healing with strong effects
over ~1 day (continuing with appreciable
change over 3 months or longer duration).

*Similar results obtained by Karabulut and
Bouchon (07), Rubenstein et al. (04, 05,
07), Sawazaki et al. (06, 08), and others
for earthquakes in the US and Japan.



Temporal changes of seismic velocities after the M7.2 2010 El Mayor -
Cucapah earthquake (Qin, Ben-Zion, Vernon, 2017)

Garner Valley Downhole Array
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Temporal changes
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Temporal changes - S waves (two horizontal components)
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Effects of shallow seismic properties on phase velocities up to 20 s
(Li, Niu and Ben-Zion, 2017)

R 0 et

o

o] [ ©)
8 - i - 8 s
E 16 + Vs(km/s) i B 16 s i B
= 06 18 30 1 40 80 120 i
= T e MUK bl 5 A 0.0 '
B o -
o 24 04 1 = 24 0.4 i B
o.sg i OSE i
32 1 12§ = 32+ K AT
L6 -y 1.6 !
40 I 1 40 oot 20
0o 1 2 3 4 5 150 300 450 60
Vs(km/s) Qs
"] o ‘= a
- —
The low shallow : - = -
velocities generate 4 - 10 -
peak sensitivity at | f : f
shallow depth up to ERN - 20 -
18 s (and beyond) Z
212- - 30 =
— s 7 | 10s 7
16 - s I 40 - s I
— 8 | 1 18s |
20 ! | ! | 50 ! | ! |
0.0 0.5 1.0 0.0 0.5 1.0

Amplitude Amplitude



Case 1: 30% Vs drop in top 0.5 km
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Case 2: 30% Vs drop in top 1.5 km
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Casel 5-15s Casel 10-25s
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Similar values as reported changes at seismogenic depth!



In conclusion: the discussed techniques and array data allow us to resolve key
structural elements of fault zone, temporal changes of properties and small

earthquakes
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