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C2A OUTLINES

Rotation motion in seismology
B Definition and interest

The current different ways to estimate seismic rotation motion

The Amatrice and Norcia records at LSBB (ixblue prototype)

The PYLO Station Experiment: The Jonsac event (Bluseis 3A)

Conclusions
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C2A ROTATION MOTION IN SEISMOLOGY

» Displacement vector field in elastic solid

Translation -> seismometer Deformation: \‘9’
" e, =1 % + % B’ g
u(x) = U2 U2\ ox;  ax ‘
U3 B A
€ij
u(x + 0x) =/u(x)|He ox[Hw x ox A g
\ ) \ >

I

—
Displacement vector field Rotation: w = 1/, X u(x)

1 62u3—63u2
w = E 63u1—61u3
61u2—62u1
* Rotation motion of seismic waves .
B Helmotz ormulglt%n: u= gra\éy%cb) + Curl(y) curl(grad(¢))=0 -> No rotation of P waves

P waves S waves
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C2A ROTATION MOTION IN SEISMOLOGY

» Rotation motion of seismic waves .
B Helmotz ormulgt%n: u= gra\él%c],’)) + rot(y) curl(grad(gb)):o -> No rotation of P waves

P waves S waves
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Dijreg,
Clion,
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Pa,

No rotation!
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C2A ROTATION MOTION IN SEISMOLOGY

e |nterest:

B Wave field separation from single 6C station (Sollberger 2018, Nakata 2016)
Helmotz formulation: _
u = grad (¢) + rot(y) curl(grad(qb)):O -> No rotation of P waves

P waves S waves

Automated 6C ground-roll suppression

Sollberger 2018

c)

i

i
1NN
i

1
1

100 150 200 250 300 100 150 200 250 300 100 150 200 250 300
Distance (m)

Distance (m) Distance (m)



C2A ROTATION MOTION IN SEISMOLOGY

e |nterest:

B Wave field separation from single 6C station (Sollberger 2018, Nakata 2016)
Helmotz formulation: _
u = grad (¢) + rot(y) curl(grad(q'))):O -> No rotation of P waves

P waves S waves North
Automated 6C ground-roll suppression Sollberger 2018 r Eapp "‘Qaz Sel sm I C Array
o 235 ,1 : 7 : < 5 processing
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B Phase velocity and Direction finding from single 6C station
(translations and rotations)

Igel et al. 2007, Kurrle et al. 2010 Hadziioannou et al 2012, Wasserman et al. 2015

» Transverse acceleration and rotation are in phase 6C Seismic station

\

/ 1 dyu, — d,u,, i (@)
w =—=|0d,u, —d,u, o (w) = — 2
/ ;/ 2 OxUy — Oy Uy - 02(0) 2¢(w)

X
U= Uy (t _ E) J CEA | PAGE 6




C2A ROTATION MOTION IN SEISMOLOGY

* Interest: 2
B Phase velocity and Direction finding from single 6C station (translations and rotations)
lgel et al. 2007, Kurrle et al. 2010 Hadziioannou et al 2012, Wasserman et al. 2015

)
> Transverse acceleration and rotation are in phase
Love wave Vs Profile
. dispersion ’ 6C Seismic station
Local phase velocity 2
ity (w)
C(w) e ?, ) goooa q E

20, (w) || ==
d)z(w) = _uy(w)

2¢c(w)
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C2A ROTATION MOTION IN SEISMOLOGY

* Interest: 2
B Phase velocity and Direction finding from single 6C station (translations and rotations)
Igel et al. 2007, Kurrle et al. 2010 Hadziioannou et al 2012, Wasserman et al. 2015

> Transverse acceleration and rotation are in phase

North X .
a7 6C Seismic station
— H .
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C2A ROTATION MOTION IN SEISMOLOGY

* |nterest:

B Phase velocity and Direction finding from single 6C station (translations and rotations)
lgel et al. 2007, Kurrle et al. 2010 Hadziioannou et al 2012, Wasserman et al. 2015

-
> Transverse acceleration and rotation are in phase
Love wave Vs Profile
. dispersion = 6C Seismic station
Local phase velocity . = ¢
u (Cl)) 3
_— y §oooa =% - .
c(w) = — 20, (@) > — Wavefield gradiometry
z . o MES . Without an array
. B ﬁy (a)) Vp (m/s) -8
w,(w) = ——— E
2¢(w) 5

Tohoku-Oki earthquake 2011 (Ring-Laser)

Cross-correlation for 2. and a in 120 seconds time windows (lowpass, cutoff: 1.0 Hz). Event: 2011-03-11 05:47:32.800000Z

— Rotation rate
—— Transversal acceleration

4000 6000 8000 10000

Direction finding o : E Liang &Langston 2009
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C2A ROTATION MOTION IN SEISMOLOGY

* Interest:
B Improved source characterization (Donner et al. 2018, Reinwald et al. 2016 )
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B Remove tilt effects on moment tensor inversion (Van Driel et al. 2015)

Small number of station and heterogeneous media
Gaussian noise Tilt-contamined seismograms
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C2A ROTATION MOTION IN SEISMOLOGY

* Interest: enit=2005,230°
B Seismic tomography improvement (Fichtner 2008, Bernauer et al. 2009, 2012) :
. . . . 0° °
> Observable: Amplitude ratio of velocity and rotation |
> Tomography without travel time! esl - oene
100° 115°
» Constraint on local structure without knowledge in the deeper Earth
Apparent S Ve|ocity: ’B (X ) = 1 u(Xr) OSHWE‘%ZOS), latitude = 07| Ko  [Lovewave (50s) depth =25 km]
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B Seismic risk and strong motion: rotation effect on building CEA| PAGE 11



blué'geis

ROTATIONAL MEASUREMENT: THE OPTIC
iXDlue SENSORS

« The Optic Gyroscope “seismometers” are based on the Relativistic Sagnhac Effet:
B Interfering 2 counter—propagating beams and measuring phase shift of the light propagating in “moving”

rng cavity AT =4S. Q/c2  Interferences

" (where S is apparent area) 19y Ring interferometer
- .

M
M
: 7 | e Light Separator . I
: ‘ Optic _l:r — *l Mirror
| i source | ) |
I I
: I
! 11 Rotation/ :
(a) (b) [ ‘ l I ) [
: : I
B the co-rotating path is longer than one turn, : N I
the counter-rotating one is shorter b e e e e e e = = - |
* the Ring Laser Gyroscope (RLG). * Ring cavity = fiber-optic gyroscope (FOG)
| ROMY ~4-6km

Target sensitivity: 1012rad/s B BlueSeis 3A: first portable “3 axes” instrument with

such low noise of 20 nrad/s/VHz

s

K\§ i

o

Wettzell Geodetic Observatory
10-%rad.sY/\Hz before 2009
10-%rad.sY/Hz after 2009

U w,

3C Rotational
Seismometer
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C2A OTHER SENSORS AND PERFORMANCE

LCG demonstrator, FOG
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R1: Electrochemical rotational sensor
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C2A ROTATION MEASUREMENT: INDIRECT ESTIMATIONS

» Array-Derived Rotation (ADR)

B Free surface condition: <

\

Uz 3 =

u(x + 0x) =

u(x) + Gox

B Finite difference approximation of the Gradient tensor G

6x Array

Data G unknown
geometry
“J,l — U il urp | U3
Wy —ub = U1 2p | U23
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] i _ aui
= where u; ; = 2%,

/Sradient along the vertical direction!

<

U3 = —U3zq
Uz3 = U3

A
— m (u1,1 + uz,z)

6 unknowns :

B Mean square inversion of the Gradient tensor G,

(Spudich et al 1995, Spudich & Fletcher 2008, 2009)
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IXblue

IXBLUE ROTATIONAL SENSORS AT LSBB LSBE\

ll;eboratonre Souterram a Bas Bruit

» iXblue experiment: toward giant-FOG (Guattari et al 2017 & 2018)

N = 3
=
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3x1C Rotation  Scorsese 1 2 R=9cm
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Projet de galerie o
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ce2 BROAD-BAND SEISMIC RECORDS OF THE AMATRICE

EARTHQUAKE

e The broad-band seismic records of the Amatrice

earthquake:
B Origin time: 2016-08-24 at 3h36 local time
B Magnitude: 6.2

B Epicentral distance: 650km =

RRRRRR

B Time & frequency (psd) comparison

Projet de galerie
(2016-2017)
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-3 Power spectrum density (N)
DE LA RECHERCHE A L'INDUSTRIE 10

10

C2A SCORSESE 2:

1075

Frequency (Hz)

power spectrum (rad/s)?/Hz

10°16

» Comparison:
B Array derived rotation
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C2A INSTALLATION OF A 6C STATION AT PYLO, LOURDES

42030 o o o o o
W 1°W 0 1% 2% 3%

Direct Rotation measurment:
blueseis 3A at PYLO

A

“u, Uw,

| o ) =
1 x 6C Seismic station | S a e @' ra p
Institut Supérieur de I'Aéronautique et de 'Espace

s u P A E R 0 astrophysique & planétologie




ce2 INSTALLATION OF A 6C STATION AT PYLO, LONG TERM

NOISE RECORDINGS

From February to September: continuous recordings
Trillium BlueSeis 3A

o FR.PYLO.01.H)3 2019-03-20 -- 2019-08-01 (2989 segments)
455Ny FR.PYLO.01.HHZ 2019-03-20 -- 2019-08-02 (3239 segments) -80 30

467N

440N .........

Amplitude [dB]
|

Amplitude [dB]
|

43°N

period [s] 10.00 100.00

2 o, o5, g, % o, 0 0
1)’49199 2 %9‘1347 2 g g /}%?9 2 %Iéls 180 162 -145 -127 -110

42030 o o o o o
W 1°W 0 1% 2% 3%

44444

Direct Rotation measurment:

blueseis 3A at PYLO

TRARY

— 101005 1105 —

oo i e i

001 10
001
6
4
2
0
-2
= -4
g -6
80
-180

) 6
! i A R :

3 40 £
£ 2 PR ) 2
2 30 ‘ 2 2 ~- -t M
2 S ] g 2 -
§ 20 d m, % 5
g s & 6
< . § 10 1 - e " i dal b =

< > & Ll ) L | -6 th RN (i L !
U w wr
X X

Fromyens
ah° o P (60% D on® O 600 gade 0 4 8

9 9 a9 9 o o CY 9 0 4 8 12 16 20 3 O - i ulke S Hour [UTC]
g 190? gt 10? aP? 190? et (o0 o gqed Hour [UTC] ST T T 7 o o o g @

LS e
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Seismic rotation noise not reached e A 19
Need care for installation...reboot before to leave...



~H~> INSTALLATION OF A 6C STATION AT PYLO, EVENT

- RECORDS...

From February to September:

46°N
about 12 events has been detected :
I nA® time lat lon magtype mag
1 2019/03/20 09:56:43.000 45.31000 -0.35000 Mlv 4.90000
e 2 2019/04/03 15:29:52.000 42.39000 1.30000 M1 4.40000
3 2019/04/16 12:24:18.000 43.01000 -0.05000 M1 2.20000
4 2019/05/03 10:16:05.000 43.06000 -0.03000 M1 1.20000
5 2019/05/03 22:11:19.000 43.00000 0.01000 M1 1.80000
= 6 2019/05/06 20:44:27.000 43.03000 -0.04000 M1 1.90000
7 2019/05/28 22:57:55.000 43.01000 -0.04000 M1 1.80000
8 2019/05/28 22:58:15.000 43.02000 -0.05000 M1 1.80000
9 2019/05/29 02:30:49.000 43.01000 -0.05000 M1 2.00000
a2y = - - — 10 2019/07/12 10:05:51.000 43.18000 -0.04000 M1 1.00000
L Lo 0 Lk Sk 3°E 11 2019/08/01 08:59:05.000 43.07800 -0.04500 M1 0.80000
12 2019/08/02 17:36:36.000 43.01100 0.06400 M1 1.90000

Direct Rotation measurment:
blueseis 3A at PYLO

20190320 J079 09:5643  Lat 4531 Long.-035 Mlv. 49  Séisme 20190712 J193 100551  Lat 4318 Long. 004 MIL0
temps T-V ~ 0.5 sec

2019.04.03 J093 15:29:52 Lat 4239 Long. 130 Mi44 Séisme 20190801 J213 08:59:05 Lat 43.078 ‘[lang 0045 MLO0S

temps T-V ~ 0.5 sec

1 x 6C Seismic station

2019.04.16 J106 12:24:18 Lat 4301 Long-005 MI22 Séisme ' " e
temps T-V ~ 0.5 sec 2019-08-02 J214 173636  Lat 43011 Long 0064 ML19 Séisme
temps T-V 2




DE LA RECHERCHE A LINDUSTRIE

C2A 6C EVENT RECORDS: JONZAC, ML=4.9

Event n°1:2019-03-20 09:56:43, MIv:4.9 Station: FR-PYLO-01-HH* Power spectrum density

05
Love waves
ol = o | 10710t
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o T | [ S DRI S S
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0 e 19,8 e
HHR N
£ T L] S
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101 L
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\ | N .
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time (s)
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DE LA RECHERCHE A LINDUSTRIE

C2A 6C EVENT RECORDS : JONZAC, ML=4.9

Event n°1:2019-03-20 09:56:43, MIv:4.9 Station: FR-PYLO-01-HJ* 10-10 Power spectrum density
T T T T T T : . T

H)Z

Frequenty \nz)
(Rad/S)’ /Hz

wz(w) = " 2c@)

] ﬁﬂ]ﬁ:&f;%u ﬂ
Hﬁ

HIT

10° 10!
Frequency (Hz)

Rad/S
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DE LA RECHERCHE A LINDUSTRIE

C2A 6C EVENT RECORDS : ANDORE, ML=4.4

Event n°2: 2019-04-03 15:29:52, MI:4.4 Station: FR-PYLO-01-HH* 105 que; spectrum density ‘
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DE LA RECHERCHE A LINDUSTRIE

C2A 6C EVENT RECORDS : ANDORE, ML=4.4

Event n°2 : 2019-04-03 15:29:52, MI:4.4 Station: FR-PYLO-01-HJ* 10-10 que; spectrum density ‘
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C2A 6C EVENT RECORDS : LOCAL EVENT, ML=2.0

Egent n°9: 2019-05-29 02:30:49, MI:2.0 Station: FR-PYLO-01-HH* Power spectrum density
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C2A 6C EVENT RECORDS : LOCAL EVENT, ML=2.0

5Ea-‘ent n°9:2019-05-29 02:30:49, MI:2.0 Station: FR-PYLO-01-HJ* 0-10 Power spectrum density
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C2A cLOCK DRIFT...
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SAV -> Quartz problem!
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ROTATION MOTION AMPLITUDE MEASURED:

— PRELIMINARY RESULTS...
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ROTATION MOTION AMPLITUDE MEASURED:

— PRELIMINARY RESULTS...
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ROTATION MOTION AMPLITUDE MEASURED:

event Magnitude
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C22A JONZAC EARTHQUAKE: A FIRST 6C RECORD!

Direction Finding:

lir(w)
2¢c(w)

Max|Corr(é,,iir(0))]

Wy (w) = —

Direct Rotation measurment:
blueseis 3Aat PYLO 5@

1 x 6C Seismic station

200m
Rameau: STS2+
Accelerométre
Gravimétre

Projet de galerie
(2016-2017) —

EEEEEE

[ Rotationnel (IxBlue)
/A CMG3ESP (CEA)

O STS2.5 (LSBB)
® STS2

Entrée

Rotation derived from array
analysis at LSBB

N x 3C Stations =
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< > ‘
u, Jw,

6C Seismic station
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C22A JONZAC EARTHQUAKE: DIRECTION FINDING

Direction Finding: Rotation derived from array
tir(w) analysis at LSBB
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Direct Rotatign measurment:
blueseis 3A at PYLO

Tansverse Acceleration vs Vertical Rotation Correlation, Best Azimuth: 160.0
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C2A CONCLUSION

BlueSeis 3A: New instrument
B Very good job but be carrefull
> Soft improvement
> Clock Quartz changed
B New version of the BlueSeis 3A: improved processing

Give the possibility to record seismic rotation in Moderated active region as France:

B frequency range [0.01 100]Hz
(Je

B Noise level: 20 nrad/s/sqrt(Hz)
Toward a systematic 6C seismic measurment : Need more recordings to evaluate

Next generation: BlueSeis 1C
B 5 nrad/s/sqgrt(Hz)

performance and Interest: Array Derived rotation @LSBB
B Re-install the BlueSeis3A ' I
B Compare with other sensor and array derived rot ot

(LSBB)
B Test the new BlueSeis 1C
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