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Outline

1- Seismic / Geophysics Arrays at all Scales : fundamental Research & Industrial applications

2- Localization of Source buried in noise :
- Matched Field Processing in Underwater acoustics
- Time reversal
- Applications at the geophysics scale

3- Imaging with Ambient noise :
- Vs from Surface waves with Eikonal /Helmholtz tomography
- Vp from Body waves
- Anisotropy with Marine seismic data

4- Double beamforming : Identify / Separate different Wave types
- Active source array in Underwater acoustics
- Active source array in Geophysics
- Ambient noise on dense arrays in Geophysics / Seismology
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Dense Seismic arrays : Large scale
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Dense seismic arrays . Small scale

Long Beach project in 2011-2012 (CA)
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Dense seismic array (1108 sensors) accross De nse Se |S m |C arrays
the San Jacinto Fault (June 2014) e ..
> | Recent acquisitions

Dense active/passive seismic experiment in La
Solfatara (Puozzoli, Italy, 2013 & 2014)
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Oil/Gas Seismic Exploration (1)

Seismic Acquisition Geometries More than 10,000 sensors for Imaging purpose
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Oil/Gas Seismic Exploration (2)

Detection/Localization of
fracturation events or microseisms

~120 m

The Patch Design
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Two goals for dense seismic arrays:
- Imaging / Monitoring with active / passive data

- Detection / Localization of local sources (at depth)
buried in noise
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Detection / Localization of (acoustic) sources
buried in noise

Matched Field Processing using Dense Hydrophone
Arrays in Underwater acoustics



SOund SUrveillance
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Historical Underwater Acoustics
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(2) Micro-Seismicity : Pulse Detection/Localization in Seismic Exploration Context

Network

- High frequency ~ 30 Hz

- Atemplate is required (data)
- Stack of absolute values

(no phase match as in MFP)
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Examples of MFP in Geophysics

- Tracking of bubbling activity in Geothermal area

- Microseismicity monitoring in Exploration geophysics



Old Faithful Geyser, Yellowstone National Park
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Localization of cluster of bubbles with MFP
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Spatial resolution with MFP
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Spatial-Temporal Monitoring of Geyser activity
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Micro-seismicity Monitoring with MFP
In Exploration Geophysics
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10-min noise recordings
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Multi-Rate Beamforming :
Cancellation of the Dominant source

Singular Value decomposition
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Micro-seismicity Localization with Multi-Rate Beamforming
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Automatic Detection of Micro-seisms over 5 days
for ambient noise time windows of 2.5 min.
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Comparison Multi-Rate Beamforming vs Pulse Detection Technique

Multi-Rate Beamforming
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Outline

1- Seismic / Geophysics Arrays at all Scales : fundamental Research & Industrial applications

2- Localization of Source buried in noise :
- Matched Field Processing in Underwater acoustics
- Time reversal
- Applications at the geophysics scale

3- Imaging with Ambient noise :
- Vs from Surface waves with Eikonal /Helmholtz tomography
- Vp from Body waves
- Anisotropy with Marine seismic ambient noise data

4- Double beamforming : Identify / Separate different Wave types
- Active source array in Underwater acoustics : Application to imaging
- Active source array in Geophysics : Application to monitoring
- Ambient noise on dense arrays in Geophysics / Seismology
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Virtual source movie
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Eikonal / Helmholtz Tomography
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Figure 4. A demonstration of eikonal tomography. (a) The 1-Hz Rayleigh wave phase traveltime observed across the array for the wavefield
shown in Figure 3. Only stations with S/N higher than our selection criterion are shown. The source distance contours are separated by 1-km
interval. (b) The phase traveltime map derived from (a) using the minimum curvature fitting method. The traveltime contours are separated by a
I-s interval. (c) The phase velocity map derived from (b) based on the eikonal equation (equation 4). Only areas satisfying our one-period
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Surface Wave Inversion with Eikonal tomography
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Body Wave Tomography from Ambient noise
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Figure 9. Vertical and horizontal slices of inverted P wave velocity cube. (a-c) Slices shift shallower, east, and north. The magenta lines show the location of
slices, and the depths of horizontal slices are 0.17, 0.40, and 0.90 km. (d) Velocities are detrended by subtracting the horizontally averaged 1-D velocities. The
color map is valid for Figures 9a-9c¢, where blue indicates velocities faster than the velocity at the corresponding depth in Figure 9d. The shaded areas in the
velocity slices are poor ray coverage areas (see Figure C1). The black lines in Figure 9¢ show the portions of the surface location of the Newport-Inglewood fault
[U.S. Geological Survey and California Geological Survey, 2006]. The origin of the local coordinate in this figure (Easting = 0 km and Northing = 0 km) is the
southwest corner in Figure 1.

Nakata et al, JGR: Solid Earth, 2015



Ambient Noise on Marine Seismic Array in the
context of Exploration Geophysics
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Northward (km)

Ambient Noise on Marine Seismic Array in the
context of Exploration Geophysics
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Noise correlation and Surface Wave Inversion
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Noise correlation and Surface wave Inversion

Comparison with Full Waveform Inversion result (active P-wave data)
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Figure 7. Images of average P-wave velocities obtained using waveform inversion (Sirgue et al., 2010) of active P-wave data: (a) berween 60
and 105 m depth, (b) between 150 and 195 m depth. Dotted red lines indicate channel features; dotted blue lines indicate two distinct low-

velocity zones.



MNarthward (km)

Marthward (km)

Raw travel time

1 1.5 ] 2 25 3 a5
Eastward (km)

95 -

(=]

e
[

I

1i 1?5 - ,I'! IE.iS - 3I l3.i5
Eastward (km)
Direction of propagation

Eikonal / Helmholtz Tomography

Interpolated travel time

4 BH

315 10.5

15

Marth

Phasetravel time (s)
xid[km]

Marthward (km)
e

Angle diffe rence ( deg)

1 15 . 2 25 3 35
Eastward (km)

95 [y

1 15 2 15 3 15
Eastward (km)

Phase velocity

Phasetraitime (s)

hase velocity (m/s)

MWarthward (km)

Gradient of travel time

1 15 2 25 3 EL 4

Eastward (km)

25

245

14

235

23

225

22

215

21

205

Phase slowness (s/m)

Mordret et al, GRL, 2013
Mordret et al, GJInt, 2014



Northward (km)

Comparison Eikonal Tomography vs Surface Wave Inversion
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Azimuthal Anisotropy from Eikonal tomography

Azimuthal anisotropy
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Azimuthal Anisotropy from Eikonal tomography
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Outline

1- Seismic / Geophysics Arrays at all Scales : fundamental Research & Industrial applications

2- Localization of Source buried in noise :
- Matched Field Processing in Underwater acoustics
- Time reversal
- Applications at the geophysics scale

3- Imaging with Ambient noise :
- Vs from Surface waves with Eikonal /Helmholtz tomography
- Vp from Body waves
- Anisotropy with Marine seismic data

4- Double beamforming : Identify / Separate different Wave types
- Active source array in Underwater acoustics : Application to imaging
- Active source array in Geophysics : Application to monitoring
- Ambient noise on dense arrays in Geophysics / Seismology



Principles of Double BeamForming (DBF)

t=0
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DBF in Underwater Acoustics...
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Double Beamforming on Source/Receiver Arrays
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Receive Angle (deg)

DBF for Wave Separation & |Identification
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Tomography Application at the Lab scale

Ray’s trajectory
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Sha”OW Water Tomogra phy Acquisition time = 8.5s
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Target Localization in Shallow water 0
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Acquisition time
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DBF in Geophysics :
Gel-based phantom at the Lab scale

F1GUuRrE 19: Antennes 5x5 (a) Isolation acoustique en mousse et rainures creusées entre les lignes de
sources (b) Isolation acoustique par bouchon d’oreille.
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Numerical simulation

B . 3 - . @ O

Slowness-Slowness DBF representation
Vs source-receiver distance

375m 687.5m

i i ]
Relative power [dE

]
1]
=

Boue et al, Geophysics, 2013



DBF + Ambient noise data in seismology
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DBF + Ambient noise :
Cross-correlations instead of active Sources
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DBF + Ambient noise :
The Azimuthal angles are relevant!
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And finally DBF + Ambient noise for Global seismology...

e )
(@)
L
S
QU
©
s 2
3= 'y
— 2
= " .
—50; AR
-150 -100 -50 0 50
Longitude (deg)

<

£

h}

E

'—

Stack on a lot of
station pairs
SYNTHETIC
Poli et al, Science, 2012 0 Phesa : St
Boue et al, GJint, 2013 0 50 100 150 0 50 100 150

Distance {(deg) Distance (deq)



DBF + Ambient noise + Body Waves on dense Networks

a8l Travel Time Anomalies between LAPNET and a Part of USArray
547 @ Small array aperture and weak heterogeneities under LAPNET
gj%. (Poli et al., 2013) — Average seismograms in Finland
g4

e Comparison with Vp tomography from Shen et al. (2013)
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Future / Present work : Experimental Design for DBF processing (1)

Piton de la Fournaise Volcano - July 2014

Wave extraction from DBF

Three arrays made of 7 x 7 geophones
4 weeks continuous recording

Boue, Nakata et al, in preparation



Future / Present work : Experimental Design for DBF processing (2)

San Jacinto Fault (CA) — Dense array data —June 2014
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Conclusion

1- Seismic / Geophysics Arrays at all Scales : fundamental Research & Industrial applications

2- Localization of Source buried in noise :
- Matched Field Processing in Underwater acoustics
- Time reversal
- Applications at the geophysics scale

3- Imaging with Ambient noise :
- Vs from Surface waves with Eikonal /Helmholtz tomography
- Vp from Body waves
- Anisotropy with Marine seismic data

4- Double beamforming : Identify / Separate different Wave types
- Active source array in Underwater acoustics : Application to imaging
- Active source array in Geophysics : Application to monitoring
- Ambient noise on dense arrays in Geophysics / Seismology



