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Deep borehole array observation at Ikata site
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Observed earthquake events
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LAT.
¢ )

33.520
33.522
33.089
33.461
33.641
32.832
33.625
32.798
33.401
33.507
33.101
33.692

LONG.
¢ )

132.301
132.295
132.388
132.275
131.894
132.642
132.059
132.033
132.241
132.386
132177
131.891

Focal
depth
(km)

46.6
45.9
40.8
48.3
7.7
30.0
99.2
42.2
44.8
45.4
421
80.0

M JMA

4.5
3.4
3.4
2.3
3.6
3.8
3.4
4.1
2.1
3.2
3.0
6.1

GL-5m

18.4
4.9
1.9
0.7
1.8
D9
1.7
1.5
0.6
1.0
0.8

100.7

Vector PGA (Gal)

GL-160m

9.6
2.7
1.1
0.3
1.1
0.4
1.2
1.0
0.3
0.6
0.5
93.9

GL-500m

8.9
2.7
1.2
0.5
1.3
0.5
=2
1.1
0.4
0.8
0.4
95.2

GL-2000m

8.5
3.0
1.0
0.4
1.6
0.6
1.1
1.0
0.4
0.8
0.3
74.2

» No.12 event records(largest records) are used in this study.

€ GL-2000mTl1GalfEED /NS EEMNIFEAETH AN, #hE T100Gal (GL-2000m T74Gal)
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Deep borehole array observation records —Largest records event(No.12) -
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Q (ATTENUATION) MEASUREMENTS IN DEEPER UNDERGROUND BY BOREHOLE RECORDS — METHOD -

The attenuation of seismic wave in a borehole can be determined from the
following spectral model by using direct up-going S wave:

Surface
= (Ax2/Ax’I)°CeXp[ (-(U/ZQ) (t2't’|)]
/@ sz (e.g. Hauksson et al. 1987, Abercrombie, 1995, Sato et al, 2012)
Xy A\
- ' IN(AL/A,) IN(Ayol/As)
(t=t,) ] ) A
i girr’:g:rj;)_rggi‘r’] ;’f least-squares fitting
' S-wave
0 0 lope ((tz t1)/2Q)
Attenuation - e ;
zone _/_\4""\\ = J«f
Xi___ . A pa
(t=t1) A Direct up-going S-wave (S (,U
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Result of Q measurements in deeper underground -—Largest records —

@ Figure shows a comparison of the spectral ratio of the largest event and
attenuation model of Q=132 estimated by least-squares fitting in the frequency.
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In the case of applying to
- broadband Q
- shallower underground Q
there are some difficulties in this method.
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Measurements of broadband Q in shallower and deeper underground by borehole records

€ Multiple-reflected plane SH-wave spectral-ratio inversions are often applied to an estimation of a
broadband and shallower Q in underground by using borehole records.

€ Qisidentified as a part of complex S wave velocity: v.*=v, (1+i/2Q).
€ For calculation of transfer functions, a layered model of S-wave velocity is needed in an inversion.

Multiple-reflected
plane SH-wave part

Spectral ratios of multiple
reflected plane SH-wave

Transfer functions of plane
SH wave (Haskell, 1960)

F— \ N
=W — : >t Inversi g
I nversion 0g, A f
Down-going Og/:j\W\ — !— I8
"""""" \Wave 0 Genetic 0 %\
> f algorithms >t
Up-going (GA) are used o
S wave log in this study. 9
A
A
,"' Direkgt up-going SHE*E&ET]-E&;(& EEEEI?&%FHL\T::E%*WZJ:U N
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10Hz transition of broadband Q

€ The rapidly increasing Q with frequency is determined in the frequency range 1 to 10 Hz.

€ The increasing Q with frequency is weak between 10 and 100 Hz.

@ |tis clearly unwise to extrapolate Q estimates made below about 10 Hz to higher frequencies.

Total Q (Shear Wave)

1000 ¢

100 |

10

10 Hz

\

= A P—

o—o A&A 1998, Deep
o—o0 A&A 1998, CSP

/ ! =—m Kinoshita 1994
s &—an L&A 1994

— Abercrombie 1995

1 10 100
Frequency (Hz)

(Abercrombie, 1998)
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(Morozov, 2008)
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Broadband Q model

€ We proposed a bi-linear frequency-dependent Q model which can consider
characteristics of broadband Q such as 10 Hz transition.(Sato et al.,2006)

€ Ininversions using this model, it’s necessary that the three parameters are identified.

Q

N

QO e G D R S S Sy Q(f) = Qo

| > f
fo (Frequency)
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Inversion

€ Genetic algorithms (GA) are used in the inversion.

€ Unknown parameters(Qy,fy,a in this study) are searched in the given areas.

€ In GA, the iterations was terminated at the given generation number. (used 1000 generations in this study)
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No. | Seismo- depth Thick- | Density Vs Broadband Q parameters
| meter ness(m) | (g/cm?® m/s
(m) (9 ) (m/s) Qs f o
1 0 5 2.30 400
GL-5m
2 5 1565 2.90 2400 16.6-50 | 1.0-20 | 0.0-1.5
GL-160m
3 160 20 2.90 2400
4 180 120 2.70 2200
5 300 200 2.70 2600
GL-500m
6 500 120 2.70 2600
50-500 1.0-20 | 0.0-1.5
7 620 660 2.70 3000
8 1280 720 2.70 3300
- m
9 2000 - 2.70 3500
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The result of multiple-reflected plane SH-wave spectral-ratio inversions —Largest records —

@ The observed spectral-ratios of 0.3Hz to 20Hz are well explained by transfer functions with

identified Q. ikata Tr(GL-5m/GL—160m)
; o= ____.a (5] -Bm a 2 10
100 basic schist | GL-5m E ; Black line:
e = = szﬁ ] Observed spec. ratio
200 o L | T i o
GL-160m += 1 f Red line:
o f o Inverted transfer func
i 8. -
400 : = D
1 i e 101 1 10
600 - i -
S ; ikata Tr(GL-160m/GL-500m)
E 800 E o 10
E 900 - ] e GL-160m 'E hwmn i
3= 1,000 = i — 1 1000 = Ea AVA] .ujl [
Q0o - pelitic sghist ; - GL-500m = 1 ==
TR | = 8
- 1,300 E — E ) 0.1
1,400 i B ] 0.1 1 10
1,500 - E i —1500 ikata Tr(GL-500m/GL-2000m)
1,600 ! = | -
: - 2 10
b : ! GL-500m %
1,800 i 7 = = : 1
1,900 . = GL-2000m g 1 SR Aﬁ ;
B0 : — e H Fava i
- e Sa’ i
0 1000 2000 3000 4000 ) P ‘?’. v jrr
0.1
S wave vel.(m/s) 0.1 1 10
Frequency(Hz)
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Result of broadband Q measurements in deeper underground —Largest records —

€ 500 GA inversions were carried out by using different initial random numbers.
@ Three parameters of broadband Q were identified in each inversions.

€ The distributions of three parameters of Q from the best 50 inversion results are
shown below:

Qo fo a

1.0 1 107 H - 1 107 ’ —
0.8 +ft1+— —F—— 08} i 4 o08|— —
0.6 0.6 — | "'I esfmmn. of isfit) 0.6 — 1 1___ 1L
0.4 [H-HH 1l oab—11 04— ‘
oy | -?est(min of mifit) J oo —1 | A ‘ H N R ] s Hestm-oristit
00 L J—'{\ 00 L -’ l 1 ool —;: ]

0 100 neqi20 500 ! 2 Smedidd 20 0.0 0.5 median' 1

(Hz)

v" The best inversion result is Q,=103, f,=5.5(Hz) and a=0.85, respectively.
v" The median of each parameters are Q,=111, f,=5.1(Hz) and a=0.93, respectively.
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Comparison of deeper underground Qs in Ikata site by different methods —Largest records —

€ The best inversion result and the median model are almost the same.

€ In a high-frequency range, identified broadband Qs are in good agreement with the Q determined
by direct up-going S-wave.
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GL-500m:to -2G00m)

T R ATV g Q

300

400 -

100 |

500

—1500

if\)o :
—_1{]1]1] i f

- 10 | g 1

600 -
700
800

i
i
i
i
i
[
1
i
i

900

i

i

%
-

1, 000

Ty

pelitic sghist

1,100

1, 200

Depth{m)

1, 300

1, 400

1 11500 - — Best model
0 mxrs i (GL-160m to -2000m)

B rERH gy R
pelitic schist (Lal=10Um 1O ~L0UU

, - || wars 1 S 1
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Result of broadband Q measurements in shallower underground —Largest records —

€ The each parameters of the best inversion result are Q,=17.0, f,=16.5(Hz) and a=1.49, respectively.

€ The median of each parameters from the best 50 inversion results are Q,=18.3, f,=18.0(Hz) and

a=1.47, respectively.
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Near-surface Q of Rock

@ Identified Q,(=18.3) shallower than GL-160m is consistent with near-
surface Qs of rock in high-frequency ranges by previous researches.

Rock Site Q, Depth(m) | Vs(km/s) |Referenses
9 0 - 475
Ophiolite Oroville 3.3 Malin et al.(1988)
11 375 - 475
9 0- 150
Anza 28 Aster and Shearer(1991)
26 150 - 300
Granite
Garner valley 12 0 - 220 25 Archuleta et al.(1992)
Cajon ~21=+=7 | 0-2900 33-35 |Abecrombie(1997)
8-19 0 - 200 <1.0 Blakeslee and Malin(1991)
Tertially rock Parkfield 10 0 - 300 -
Jongman and Malin(1995)
37 0 - 1000 -
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Acceleration response spectra of incident waves at GL-2000m —Largest record —

GL-2000m T ABEME

€ Incident waves at GL-2000m are calculated from de-convolution of observed records at GL-

2000m based on transfer functions using the identified Qs.

@ Acceleration response spectra of incident waves are almost identical to the ones of two times
observed records at GL-2000m.
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400

Acceleration resp.(Gal)

» GL-2000m records are free from reflected waves.
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e e
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Comparison of incident wave at GL-2000m and observed record at GL-5m

€ Acceleration response spectra of incident waves at GL-2000m are diminished in
propagating to the surface.

€ During wave propagation in lkata site, it is suggested that attenuation effects are
dominant rather than amplification effects.

SH-wave NS EW
500 ——7—rTTrm T 500 —r—rrrrmm T T T 500 ——rrrrm T EER
m—— | dent wave at GL-2000m | || s yjd et wave at GL-20001 .| | | e—— |nident wave al GL-2000m
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: — Observation record at GL-5m | i Observation record at GL-5m | | | = Observation record at GL-6m
. 400 . 400 . 400
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CONCLUDING REMARKS
€® Measurements of broadband Q in shallower and deeper underground by borehole records

» Q=132 in deeper underground was estimated by least-squares fitting of attenuation
model using direct up-going S-wave spectral ratio .

» Multiple-reflected plane SH-wave spectral-ratio inversion using bi-linear frequency-
dependent Q model was applied to the estimation of broadband Q in Ikata site.

» As a result, in a high-frequency range, identified broadband Qs are in good
agreement with the Q determined by direct up-going S-wave.

> |dentified Q,(=18.3) shallower than GL-160m is consistent with near-surface Qs of
rock in high-frequency ranges by previous researches.
@ Acceleration response spectra of incident wave at GL-2000m and response spectral amplification
» Acceleration response spectra of incident waves are almost identical to the ones of
two times observed records at GL-2000m.
=> GL-2000m records are free from reflected waves.

» Acceleration response spectra of incident waves at GL-2000m are diminished in propagating
to the surface.lt is suggested that attenuation effects are dominant rather than
amplification effects.
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