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TCDP BHS (June, 2006):
15m Slip Zone of the 1999 Chi-Chi, Taiwan, earthquake
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F type events:
2006/11/09 02:00 Z-Comp (1 sec records)

‘ (upward motion, T~0.05 sec)
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Velocity (cm/sec)

2006/11/09 02:00 Z-Comp
(5 sec records, BHS1; BHS4 Z, N, E)

‘ (No S-wave in horizontal components)
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2006/11/20 16:00 Z-Comp (1 sec record)
Upward first motion, pulse width~0.05 sec
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2006/11/20 16:00 Z-Comp (1 sec record)
Upward first motion

‘ (compared to 2006/11/09 02 00 records)
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2006/11/14 23:00 Z-Comp (1 sec record)
Downward first motion pulse width~0.025 sec
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Up

e Ugl;ur o group Afl-4 Vapp. 10
20061114 15 179.5 UpC 0.028 5.836 | 49
20061120 16 168.3 UpA 0.033 4952 | 40
20061126 13 781.6 UpA 0.032 5.107 | 42
20061126 17 1989.55 UpB 0.034 4806 | 38
20070105 7 18.3 UpC 0.033 4952 | 40
20070124 22 29.85 UpA 0.030 5.447 | 46
20070124 22 344 UpB 0.031 5271 | 44
20070205 9 3042.1 UpA 0.033 4952 | 40
20070306 22 1853.92 UpA 0.031 5271 | 44
20070326 11 3286.2 UpA 0.033 4952 | 40
20070401 20 243.6 UpC 0.033 4952 | 40
20070403 01 1913.37 UpC 0.033 4952 | 40

Down
20061105 14 3140 DnC 0.032 5.107 | 42
20070110 8 1680.5 DnC 0.033 4952 | 40
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F type: amplitude > 10> cm/sec

Vopp.~4.95-5.11 km/sec
10~38-49 degree

*Most of the events with
i10~40 degree

FIT Period:
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Velocity (cm/sec)

BHS4-Z-Component
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Upward l reflection Downward l reflection
' ‘ ‘ T ‘ ] : \
,ZU 4
-0 i
= 0611141500 -
1= ]
7
=-f 200611201600
-1 I ' I ' I '
o .
- 1
5 200611261300 -
s ‘ T ] 1
o i
I 200611261700 L "
—F T ] S o -
u? D, B - "0; ‘ T ‘ T ‘ T ;
oa 200701050700 - 5 -
¥ i T i T i 0 Vil
i .
© _1f 200701140100(1671)
s T T T T ]
|
O i
w 757 1
* S o 200701140100 -
L = L .
= 200702050900 | I | | s
1 S o
O 1 —
o 200703062200 - = oL 200702140400
; \ T 5 \ \ \ {
gL 200703261100 - - i
L PR = 1;: 200703291000
Iar 200704012000 T T T
=1 — T T T L
;Z - liw i
st 200704030100 - = | | | 200704040400
O S 7 AN F— ~ 00 00 0r 06 w10 7 14




Ftype events comparison (1): Upward motions
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Ftype events comparison (ll): Upward motions
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Ftype events comparison: Downward motions
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TCDPBHS

| Finite-Difference Modeling
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Events: At, ,=0.033 sec
BHS4 E- N- Z- components 5-sec Records
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Finite-Difference Simulation:

Double-Couple Events, Strong S-wave
TCDPBHS
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8{2[“53)"3 Finite-Difference Simulation: CLVD

Compensated Linear Vector Decomposition Observation
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Schematic Diagram of the Open Cracks




Microevents were from the decollement

No events in the large co-seismic slip region
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Status of STRESS in the FAULT?
Stress was not released in a form of earthquakes, but from
open crack
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Fault-Valve Action in Overpressured Crust
Still Exploring?

FLUID PRESSURE

Open crack events? (Ftype?) |
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Fast Shear Azimuth

Summary I I DS| Loggin
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P-wave only Ftype events 600 - Sm depth
are not from regular double- - oo
couple earthquakes T8
Events are repeatable, but 800 4 ° !
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Events might be related to a . o
CLVD mechanism 1000

Observed events were from
existing or/and new open
cracks

Cracks have the dimension
of about 100-200m in NS
direction (along strike) .

Mechanism
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splayed fault, which had wood | |
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In-Situ TCDP BHS Observatory at Fault Zone:

Preliminary Summary

No any micro-events located within the co-seismic
large slip zone => Locked of the splay fault during the
Inter-seismic period

P-wave only events are the open crack related events,
not faulting

Observed events were from existing or/and new open
cracks in Kueichulin formation?

Mechanism
-Fluid driven events?

Implications ? on going ...

More complete data sorting and analysis (locations,
modeling)



Data Sorting, November, 2006-April 7, 2007
Sampling rate : Filter (only sorting data)

1000p/s before 2008 F I OWCh art Bandreject58-62 Hz

200p/s after 2008 Band pass 10~100 Hz

Correction :
Galperin rotation
Orientation correction

Estimate Ts-Tp arrival time| | A: [ ocal Events
B: Local Events

A J

YES

P-wave amplitude is larger

Remove instrument response than S-wave
Unit correction to cm/sec C : Farfield event
Ts-Tp> 6 secs
Step 1 Step 2
. ‘ AreP &S
Original data > waves clear?

Sorting data hour by hour

: : E : Unable to identif
to find“up goindg wave. Y

: F: One peak event
Using Z component of all No > | P-wave only?

seismometers records

G : Tremor (tube wave?)

Only using Z, N and E
components of BHS4 records




TYPE A (6 seconds record)
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TYPE B(5 seconds record)
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Statistics on identified micro-events:
Lack of events in large slip zone

time (s) i distance (km)
Nov. 5th, 2006-Feb. 28, 2007
25<t5-t,<3.0 86 + 20~24

- 16~20

0.5<t5-1,<1.0 . 17 Very little events with ts-tp<0.5 sec - 4-8
0<te-t,<0.52 L 0~4
0 29 F type 10
0 50 100 150 200 250 300 350

No data:
number of events
- 18 Nov 2006 (3~24:00 GMT)
-19 Nov 2006
-20 Nov 2006 (0~8:00 GMT)

- 21 Nov 2006 (1~24:00 GMT)
B A and B type events - 22 Nov 2006 (0~2:20 GMT)
- 08~21 Dec 2006
\:l - F type events - 22 Dec 2006 (8~24:00GMT)
- 23~25 Dec 2006

-27~31 Dec 2006
-17~22 Feb 2007



F type Event:
2006/11/09 02:00 Z-Comp (1 sec records)
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Velocity Structure in the Fault Zone From Login Data

Thickness P- SVelocity
(km/sec)
Low Velocity Zone, Depth (m)
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Kueichulin Fm: high permeability, large dilatancy

(shallow hole, Tanaka et al., 2002)
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Radiation P,SV,SH
Strike=0,Dip=30,Rake=90

—1 0 1

P Clear P and SV for i0o~40 degree
No Observed SV: indication of only
P-wave event

F Type Events:
Open Crack events?

%
Modeling on progress.....

. B
v




w ™ Applications Places System %@@@ F 1:531FPM @3

Waveforms

Computer

o

fong's Home

[ Observation Theoretical

Preliminary locations of
the F type events
(MIMO, Oye and Roth, 2003)

Using P-wave travel time
and polarization

071-Jan-1330.0000 01-Jan-13930.0000

L4 Waveforms Polarization




1@ eS| RN | U

time residuals obs-synt

Time residual (msec)

&P ? ’ ? ?
$ 3 5 ¢ 5 5
a-F : : : :
: : : : L
.......... ‘_
e
® :
1 1 1 1 1
1] 1 2 3 4 5 B

geoaphone number

angle residuals obs-synt

150

100

al

-a0

-100

-150

Azimuth/incidence residual

azirr!mth : I : :

- @ ihciterice SRR SRR o
.......... & Qﬁﬁ?-
| | I | |
1 P 3 4 3
geophone number

X=59m
Event 1:

Y=463m

10 = 30541 +- 3269 msec
%= D8.734 +- B10.79

y =462 73 +- 17EGS
z=-14425 +- 12033

rms location error = 12347
data residual = 3.2173

model residual = 2.9612e-14

BHS1
497m

Z=1443m
-498 m below BHS1
-332 m below BHS4

1,=43°

465m



1.5 sec displacement records

A vsstdl QL

X 10-3
C
S
\ ?

X 104




e FD slowness



«™ Applications Places System %(ﬁ@@@ 7:08 PM Qﬂ

MIMO [ el Waveforms

Session  Setup  Calibration  Automatic processing  Manual Processing  Wisualization o T T T T

NORSAR

Microseismic Monitoring
MIMO 1.1

Current session:

Event 200611122136

Polarization =[x

| Event numher 1 ]
I% geo  azim inci 0l 02
| 1 11.2 5.3 0.9 1.00
| 2 278 11.8 0.9% 0.91
| 3 15.7 15.6 1.00 0.395
| 4 23.9 30.1 1.00 0.50
| 5 17.1 20.4 1.00 0.88
|
|
________ qm—————

|
|
|
|
|
| 5
| Azimuth
@ c

@® Incidence g

01-Jan-15830.0000 01-Jan-1980.0000

[«@ [ B nvcticorax@seis... || B nvcticorax@Seis... || T MMO [P rsten by stepl B waveforms [ Polarization [P rRqure 11 |
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ongoing

120 42' 120° 45' 120" 48'

A CWB Short Period Networ
A NCU Short Period

120" 39

Short period surface network

5km



| ocation of micro events

Time 2006/11/04~2007/01/31

89 events were located.

S/IN > 4

Notch filter was used only.

Ts-Tp arrival time less than 2 seconds

The records of surface network were not
used.
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2006/11/20 16:00 Z-Comp (1 sec record)
Upward first motion, pulse width~0.05 sec
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2006/11/20 16:00 Z-Comp (1 sec record)
Upward first motion

‘ (compared to 2006/11/09 02 00 records)
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2006/11/14 23:00 Z-Comp (1 sec record)
Downward first motion pulse width~0.025 sec
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Statistics A+B and F (FIT time, and
arrival of ORP and DO signals)

Nov. 3rd, 2006-Feb. 28, 2007

35 1
M AvB
30 1 1istpre AT Bl F
(7-12 Nov)
< >
25 -
w0 2nd pre-AT
20 15 (23-27 Jan)
o <«
@
@
15 1=
(6]
g
10 4=
no data 8-25 Nov nodata s
(one Aevent20Nov) 27-31 Dec e
T —
5 - | <> |
0 | ‘ 1 11 l I ‘ | | l ) ) I ‘ | 1
s 2
3 3 S S S
= Firstsignal Second signal 2 decrease CH, gasg §
S ORPand DO  ORPand DO IS} § peakwmidity S N
9 (10 Nov) (13 Nov) = (27 Jan)
3
2
no data 8-25 Nov nodata no data
(one Aevent 20 Nov) 27-31Dbec 17-22Feb
0 ——
N N N N N
o o o o o
o o o o o
2 = X N x
= [ o o o
= N [y N I\
a1 = = [ ©



Preliminary locations of the open
crack events
* Estimated from V , qrent
- iO (incident angle) — COS-l (VreaI/Vapparent)

- Vapparent—4(BHs4-BHS1) [At
V, .,=3.8 km/sec

larger At=> smaller V,,,=> smaller i, (closer event)

e Location by MIMO (Oye and Roth, 2003)
- P-wave particle motions
- travel times between recelivers



Micro events location

e Polarization
e P and S-wave onset time

e Linear inversion for homogeneous
velocity models

The velocity model we used is the homogenous model which is the
average velocity from Kim’s 3D-model (Kim et al., 2005).

Vp = 4064 m/s

Vs = 2601 m/s

(Oye,V & M. Roth, 2003)
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Small Arrivals from head waves traveling along the faster
layer below LVZ?

Low Velocity Zone,
Vp~3.20-3.40 km/sec
Vs~1.50-1.60 km/sec

Transition zone
Vp~3.50-3.70km/sec
Vs~1.66-1.75 km/sec

Host Rock
Vp~3.80-4.0 km/sec
Vs~1.90-2.00 km/sec
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(including other ambiguous events) .,y »

- -Aand B type events
No data:

- - F type events
-18 Nov 2006 (3~24:00 GMT)

-19 Nov 2006

=20 Nov 2006 (0~8:00 GMT)
-21 Nov 2006 (1~24:00 GMT)
-22 Nov 2006 (0~2:20 GMT)
-08~21 Dec 2006

-22 Dec 2006 (8~24:00 GMT)
-23~25Dec 2006
-27~31Dec 2006

-17~22 Feb 2007



Ftype after correction (also ORP
DO observations, FIT related?)

18 Oct, 12:00 temperature measurement at holeB

4 Nov, 16:55 start slug test

5 Nov, 10:00 finish slug test

7 Nov, 22:00 start 1st pre-FIT

10 Nov, 18:27 a first signal of ORP and DO in chemical measurement
12 Nov, 08:30: finish 1st pre-FIT, temperature measurement at hole B
13 Nov, 21:34: a second signal of ORP and DO in chemical meaurement
15 Nov, 10:50 increase turbidity

17 Nov, ~19:00 water flood at hole A

23 Jan, 18:25 start 2nd pre-FIT

24 Jan, 13:05: electricity power failure

27 Jan, 01:00: decrease CH4 gas, peak turbidity

31 Jan, 11:30: pressure release, temperature measurement at hole B

Ftype: Nov. #13, Dec., None, Jan. #13



2006/11/20 11:00 Z-Comp (1 sec record)

Velocity (cm/sec)
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2006/11/20 11:00 Z-Comp (1 sec record)

Downward first motion with LVZ head waves arrivals (?)

«Small arrivals for the BHS above fault zone (BHS 4,3,2,1)
*Most distinct for BHS3, and 2
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Downward phases at BHS4
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Small Arrivals from head waves traveling along the faster
layer below LVZ?

Low Velocity Zone,
Vp~3.20-3.40 km/sec
Vs~1.50-1.60 km/sec

Transition zone
Vp~3.50-3.70km/sec
Vs~1.66-1.75 km/sec

Host Rock
Vp~3.80-4.0 km/sec
Vs~1.90-2.00 km/sec




headwave phases (2 events) BHS4
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TCDP BHS Events Sorting

Estimate ts-tp arrival time A : Local event
B : P wave amplitude is
larger than S wave

v

C : further event
YES Ts-Tp > 6 secs

Data Processed: Talk by Yen-Yu Lin

November 2006-Feb. 28, 2007 Observations and Scaling of Micro events

o Are P &S
Original data waves clear?

v

Sorting data hour by hour

to find “up going” wave. D : There is a phase after
P wave.
No | E * Unable to identify
G : Tremor F : One peak event
(Tube waves?) | | (P wave only?)







Observations of TCDP 7-level Borehole
Seismometers (TCDP BHS)

e Various types of events
- Regular earthquakes
- Repeating events
- Open Cracks Events



repeating events: events 1, 3 & 4
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TCDP BHS 4 forevents 1,3 & 4

TP 12

S-wave Event1 T

ts-tp=1.60 sec

TCOP 12 -+

ts-tp=1.57 sec

U Event3

D T N

ts-tp=1.38 sec
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X 1043

TCDP BHS 4: S-waves of events 1,3 &4




Fault Zone Velocity Structure from Loggings

Hole-A Hole-B

39m

Vp=3.50 Vs=2.0



Velocity Structure in the Fault Zone

Low Velocity Zone, Depth (m)

Vp~3.20-3.40 km/sec
Vs~1.50-1.60 km/sec

Transition zone
Vp~3.50-3.70km/sec
Vs~1.66-1.75 km/sec PSZ

Host Rock
Vp~3.80-4.0 km/sec
Vs~1.90-2.00 km/sec
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X 10-3 X 10-5 X 10-5

X 10-5

Velocity (cm/sec)
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90 degree phase shift:
Rayleigh Wave V;~0.92f3
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Configuration
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Configuration

At Vi, (km/s) I
R
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Velocity (cm/sec)

New Open Cracks from FIT?
2006/11/05 3140sec Z-Comp Ftype

\ ‘ \
TCDP - BHST-Z

(=)

V,,~4.08 km/sec

PO I~ O 00 O DN> O B~ DD

X 10-4

TCDP  BHS3-7
(309), 20,

4
OO CN P~
=~ H oo

10~

-4
-6

0.066 I TC0P  BHS6-Z
0.064 B A
0.062; ' 14:00:00.000 |
0.060— | -
,15; | | I ! I ]
i I TP, BHST7
"Hl M‘; M» SIY ',iyl‘,.g) !
LR 8 HOhe
& 51 ; o
-~ T \ \ \ \ ! \ \ \ \ \ \ ]
31396 31398 31400 31402 31404 31406 31408 31410 31412 3414

Time (sec)



Fault Zone Velocity Structure from Loggings

Hole-A Hole-B

Vp=3.50 Vs=2.0



Configuration

| |
At
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Conclusions

Repeating events from fault zone were observed
showing similar waveforms

(delay in time, propagating cracks?)

Possible FIT related fault zone tremors were
identified as surface waves. It might triggered by
the passage of the pressure head from FIT

New open cracks were formed during FIT. Only
P-wave was formed without S wave.
Understanding of earthquake nucleation.

The relationship of the locations of the micro
tremors and open cracks to the FIT will be
examined along with gas/chemical and pressure
observation of FIT for understanding of in-situ
fault zone hydraulic property.




 Thank You for your attention
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