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1. Introduction
« General context of the Vanuatu subduction zone
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The Vanuatu subduction zone




The Vanuatu subduction zone
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Structure of the central part of the arc
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Structure of the central part of the arc

The famous subduction cannibalization!
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Structure of the central part of the arc What is the influence of the subducted
bathymetric highs on geodynamics
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About the long-term geodynamics
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About the long-term geodynamics
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About the Seismicity

Seismicity Mw > 6 / USGS [1973 —> 2013] Time since last earthquake M > 6
25 per year (USGS 1973 > 2013, seismogenic zone)
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About the Seismicity

Number of events 7331 USGS [2008 —> 2013]
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Time since last earthquake M > 6
(USGS 1973 > 2013, seismogenic zone)
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Main questions concerning the Vanuatu subduction zone..

1. What is the earthquake distribution with depth under the central
part of the arc ?

2. What is the geometry of the subduction interface ?
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Shallow
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Main questions concerning the Vanuatu subduction zone..
1.

What is the earthquake distribution with depth under the central

part of the arc ?

What is the geometry of the subduction interface ?

What is the influence of the subducted bathymetric highs on:

Seismogenic zone

extension
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Main questions concerning the Vanuatu subduction zone..
1.

What is the earthquake distribution with depth under the central
part of the arc ?

What is the geometry of the subduction interface ?

What is the influence of the subducted bathymetric highs on:
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Main questions concerning the Vanuatu subduction zone..
1.

What is the earthquake distribution with depth under the central
part of the arc ?

What is the geometry of the subduction interface ?

What is the influence of the subducted bathymetric highs on:

Seismogenic zone Intermediate depth

extension earthquake
distribution



3 main coupling models

A) Ridge as a strong asperity B) Aseismic ridge barrier C) Strong asperity barrier
Ridge

Ridge Ridge

High coupling patch Low coupling patch highly coupled patch

Cloos, 1992; Scholz & Small, 1997 Wang & Bilek 2011; Singh et al., 2011 Collot et al.,2004; Graindorge et al., 2004



Main questions concerning the Vanuatu subduction zone..

1. What is the earthquake distribution with depth under the central
part of the arc ?

2. What is the geometry of the subduction interface ?

3. What s the influence of the subducted bathymetric highs on:

Shallow Seismogenic zone Intermediate depth

geometry extension earthquake
of the interface distribution
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GPS data

. o o ] GPS network :
162 166 168 10 . 8 continuous GPS stations (ARC-VANUATU)
iy = « 32 geodetic points (measured since 1996)
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Seismic data ARC-VANUATU seismic network (2008):

e 20 Broadband land stations
e 10 Ocean Bottom Seismometers

A RS < e s NN 10 Months of acquisition for land stations
—12° M =ad OF o o 4 Months of acquisition for OBS
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Acquisition + Power

~ 40.000 events detected during
the monitoring

i

-

ARC-VANUATU seismic network (2008):
e 20 Broadband land stations
e 10 Ocean Bottom Seismometers

10 Months of acquisition for land stations
4 Months of acquisition for OBS

A Land stations
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About the seismic catalog

Recipe on how to get a reliable seismic catalog:
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Perform picking of the onsets

What about already existing tools...?
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Perform picking of the onsets

Introduced by Saragiotis et al., (2002) for automatic picking of seismic onset = E[(X = p)'] — M4
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Perform picking of the onsets

Obtaining the final characteristic function - 4 steps process
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Perform picking of the onsets

Polarization analysis

P; = f (rectilinearity, direction)

Based on covariance matrix analysis
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Perform picking of the onsets

Polarization analysis
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Perform picking of the onsets
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Perform picking of the onsets

Example on rockfall events (Piton de la Fournaise)
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Update the velocity model

Goal: Reduce location errors

80

90
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110

Monte-Carlo approach
400 models tested
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Update the velocity model

Station corrections Ambient noise tomography
ZZ Period : 4s

A)

. Low velocities

@ High velocities 26

25
)

— 154 | 24
o g
3 23 =
‘.,_:; -156 | =
. = 22 8
P corrections | Ssgeaet £ s8] f 21 Q
= o
E 3
—16} reo 5

.
: -162} _;,{,':Lg 18
GOOd agreement 1666 1668 167 1672 1674 1676

Eastward (deg) Investigation depth ~ 3 km
ZZ Period : 6s

Ay 1A
SR -
-152 | \.7_ ]

o
o<}

n
Y

I
—_
[4)]
»
\S]
o

L/
o
)]

S corrections

|
[%2]
=)}

-158

Northward (deg)
\S] A%
w S
Group velocity (km/s)

L
(o2}
B
e
i
N
N

=162

ﬁ
€
N

N

e
16I55 1668 167 1672 16‘7.4‘ 16I76
Eastward (deg)

(in collaboration with A. Mordret)




About the seismic catalog

Preliminary catalog ~ 28000 events
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Error estimates
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The “Bootstrap” method
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Error estimates

The “Bootstrap” method °
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Error estimates

Result of the bootstrap
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Error estimates

Result of the bootstrap
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Perform relocation

Relative relocation method

Method: HypoDD
Waldhauser, 2000

Y

Hypocenters selected for relocation

Links between event pairs (Pairs with obs > 4)

(10 % of total number of earthquakes in the selected region)
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Perform relocation

837 Events before relocalisation

~15°00" !
Relative error of about ~100 m
Baillard et al., 2015
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Compute focal mechanisms

Focal mechanism computation on relocated clusters
2104 P-polarities 13 clusters

Method: HASH
Hardebeck &
Shearer, 2002

Profile 1
~15°00" X(km)
0 20 40 60
15 0 T e A A L A AN At
o
10 % 18 7
3 10 - - 14 ]
5 f)
€ ‘P°
% 1 N 5 o
Sl W -
8 1]
-15°30' - i 3 S < .
H
30 - P X :
r @ -
LI ) - . »
a 17
40 .
-16°00' ‘ ‘
166°30" 167°00' 167°30'

45



Compute focal mechanisms

Focal mechanism computation on relocated clusters

2104 P-polarities 13 clusters
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Subduction Interface interpretation

8 Normal fault mechanism (sideview)

(:) Thrust fault mechanism (sideview)
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Getting the interface geometry

Manually picking the seismogenic planes under Santo and Maewo on 41 profiles (N70°)
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Getting the interface geometry
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Gett|ng the ihterface geometry Depth of subduction interface
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3. Interpretation
« Seismological study
« 2D mechanical model



Interpretation of geometry and seismicity
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Geometry of the interface
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Geometry of the interface

Bump induced by the buoyancy
effect of the d’Entrecasteaux ridge

a) b) X from trench [km]
0 20 40 60 80 100 -
-14° + i l l I l 0 f T 1
i 0 100 200
P - 0 1 Quter
E 20
x ~—
£ N i E Subducting
| i = Overriding Oceanic Plate
o i -7 — 10
-15° - 40 8‘ E Plate
L o) =
s 2
& a
NDF < _ | 60 20
> k) 0
160".3 5 - 30 = Watts et al., 2010
o ] ” L 20
o . .
-40 O This buoyancy effect could explain 20% to
A7° s 60% of the uplift observed on the forearc
| 60 islands
166° 1670 168° o A 20 A 20 100 Gardner et al,, 1992; Litchfield et al., 2007

Baillard et al., 2015 53



Shallow seismogenic zone
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Shallow seismogenic zone

Previous model
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Shallow seismogenic zone

Previous model
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Seismicity in the central Vanuatu region
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Shallow seismogenic zone

Seismicity in the central Vanuatu region
N (WG SO = R

Depth(km)
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Profile 1
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[Moho

“|A Seismogenic zone
downdip limit

The seismogenic downdip limit is 20 km under the forearc moho

« Seismicity at the crust/mantle contact
« Stick-slip behavior of the contact

Why ?




Shallow seismogenic zone

Thermal parameter: o= AV.sin &

~ 3500 for australian plate in Vanuatu
(Mean ~1000 for other subduction zones)
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Shallow seismogenic zone

P-T diagram indicating facies of crustal rocks

Thermal parameter: o= AV.sin &
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Shallow seismogenic zone

P (GPa)

P-T diagram indicating facies of crustal rocks
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Shallow intraplate earthquakes
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Shallow intraplate earthquakes

Depth(km)
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@ Interplate earthquakes

e Shallow intraplate earthquakes

® Intermediate intraplate earthquakes

Double seismic zone observed in Japan

volcanic front

Japan trench

e A

Peacock et al., 2001

BI

1 T
300

Distance (km)

S L L
100

T
0

Deserpentinization and dehydration embrittlement is a
possible cause of seismicity in the lower layer of the double

seismic zone.

(Bradley et al., 2003; Rupke et al.,, 2004)

In the Vanuatu case the double seismic zone is at depth
lower than 45 km. Temperature is probably lower than
450°C preventing deserpentinization in the upper mantle

of the subducting slab
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Shallow intraplate earthquakes
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Deep intraplate earthquakes
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Deep intraplate earthquakes
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Deep intraplate earthquakes

D’Entrecasteaux entering point

Profile 1
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Deep intraplate earthquakes

Link between deep seismicity and ride subduction D’Entrecasteaux entering point
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Deep intraplate earthquakes

Kinematic reconstruction of D’Entrecasteaux ridge position and projection on subduction interface
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Deep intraplate earthquakes

Profile 1
X(km) North

100 150 200 250 300 350
| | .| L

Lineation of earthquakes correlates with ridge
extension

Hydrous content of the ridge promotes dehydration
embrittlement and earthquakes generation
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3. Interpretation

« 2D mechanical model



Concept of locking

Conceptual model for strain accumulation and release

Strain accumulation
(Interseismic)

Tsunami

Strain release
(Coseismic + Postseismic)

Coconut plantation underwater
(Torres islands, IRD source)

[llustration from Jonsson, 2013
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Concept of locking

Conceptual model for strain accumulation and release

Tsunami

[llustration from Jonsson, 2013

Elastic model after Savage, 1983

. aye |
ertical velocities

Relative horizontal: ________________
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Locked segment
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GPS horizontal velocities

GPS horizontal interseismic velocities into Maewo - Pentecost rigid bloc reference
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GPS horizontal velocities

Velocities selected for 2D mechanical model

10 mm/yr |

—14°

-15°

-16°

17’
166° 167" 168"

30

25

20

15

10

Velocities along profile [mm/yr]

lSSAN

RATA

IAVUN

I fhualo

RATU

Trench

100 150 200
Distance from trench [km]

250

76



2D mechanical model

. Method: PYLITH
* Integrates interpreted slab geometry Aagaard et al.,2013
» Visco-elastic asthenosphere supporting an elastic lithosphere
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Mesh generated by software CUBIT
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Fitting the data
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Fitting the data
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Horizontal velocity [mm/yr]

Fitting the data
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Horizontal velocity [mm/yr]

Fitting the data
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Results

~14 ture patches since 1971
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pture patches since 1971
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4. Conclusions & Perspectives
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« P-S 2D/3D tomography using 2008-2009 catalog
« Existence of Low Velocity Layer that can indicate presence of
hydrous minerals in subducting upper crust
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P-S 2D/3D tomography using 2008-2009 catalog
« Existence of Low Velocity Layer that can indicate presence of
hydrous minerals in subducting upper crust
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« P-S 2D/3D tomography using 2008-2009 catalog
» Existence of Low Velocity Layer that can indicate presence of
hydrous minerals in subducting upper crust

» Perform 3D mechanical modelling and use of vertical interseismic GPS
velocities to know extension of the locked patch

* Improve the Automatic Picker
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« P-S 2D/3D tomography using 2008-2009 catalog
« Existence of Low Velocity Layer that can indicate presence of
hydrous minerals in subducting upper crust

« Perform 3D mechanical modelling and use of vertical interseismic GPS
velocities to know extension of the locked patch

* Improve the Automatic Picker

Thank you for your attention !
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Additional slides
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1) STA/LTA Picking
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1) STA/LTA Picking
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1) STA/LTA Picking

01-May-2015 00:00:03.760
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2) Phase Association

Perform coarse phase picking
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2) Phase Association

Compute theoretical arrival times
from stations to each bin of the grid
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2) Phase Association
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2) Phase Association
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2) Phase Association Output of phase association

> Origin times and initial locations of
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3) Picking refinement

Amplitude

Theoretical arrival times delivered by the phase association
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3) Picking refinement

Amplitude
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3) Picking refinement
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About the mantle upwelling under NFB

160°

-2500 -2000 -1500 -1000 =500 ‘ 1 1500 2000

Figure 2. (a) Anomalous topography corrected from GDHI plate cooling and subsidence model. (b) Residual
topographies corrected from CRUST 2.0 data. The AA’, BB’, and CC’ are locations of cross sections shown in
Figures 3 and 4.

Zhang et al., 2006
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About the mantle upwelling under NFB

(a) East-West cross sections along 17 deg. S
Su & al. (1994)
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Fig. 3. (a) East—West cross sections along 17°S. The uppermost cross-section displays the velocity anomalies (in percentage of the average
velocity for each cross-section, scale on the right) for model SH-12 [36), expanded up to angular order 12, obtained from SS-S differential
travel times and surface waves. Below is the Inoue et al. [39] model for P waves, obtained from P-wave arrival times given by the
International Seismic Center. The lowermost cross-section is the model of Zhang and Tanimoto [37] expanded up to angular order 36,
obtained from surface waves inversion. Af= Africa; CIR = Central Indian Ridge; AP = Australian Plate; NFB = North Fiji Basin;
S-E. Pac.R. = South-East Pacific Ridge; S-Am. = South America Plate; S-A7l.R. = South Atlantic Ridge.

Lagabrielle et al., 1997

This upwelling has been shown
by velocity anomalies, high heat
flow, geoid anomalies

Upwelling could explain low
viscosity and mantle flux
associated to steep interface.
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About the mantle upwelling under NFB

165°E 170°E 176'E 180°E 185°E 190°E

Pelletier et al., 1998
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About sediments going into subduction in the Vanuatu region

__ Site 831 Site 828 Site 829 Site 827 Site 830 Site 832 Site 833

s e
g aky ul o
.

Ple.

» Thin layer of sediment. ~50 m on NDR.
Bougainville seamount exhibit thicker
lagonal limestone that cannot be
extended to other part of seafloor

= « Small amount of sediments could

explain coupling near the surface
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LEG 134
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Figure 3. Geologic columns and cross sections, Leg 134, Location of cross sections is indicated in Figure 2. | = oceanic crust;
2 = Western Belt volcanic rocks; 3 = Eastern Belt volcanic rocks; 4 = Central Chain volcanic rocks; 5 = basin fill; 6 = guyot
volcanic rocks; 7 = volcanic 8 = volcanic silt/si 9 = volcanic sandstone/siltstone/claystone; 10 =
sed-lithic breccia; 11 = volcanic breccia; 12 = basalt chalk; 13 = multiple slivers of siltstone and chalk; 14 = foraminiferal ooze;
15= il coze: 16 = inil chalk; 17 = il chalk; 18 = chalk; 19 = pelagic limestone; 20 =
lagoonal limestone; 21 = unconformity; 22 = ash; 23 = thrust fault. NDR = North d’Entrecastcaux Ridge; BG = Bougainville
Guyot; NAB = North Aoba Basin; NFB = North Fiji Basin.
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About P-T stability domain of minerals
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About P-T stability domain of minerals

a) MORB + HO b) Peridotite + Hz0
16 Jadeite eclogite Garnetite [450km 161 [~ 450km
154 154
¥id [] hydrous minerals stable . 144 [_] hydrous minerals stable &% [-400m
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Serpentinisation could be maintain to 150 km in the case of high

thermal parameter slab path (< 650°C)
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About historical seismicity
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About 1965 Mw 7.5 earthquake
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About OBS data
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083(06-33)
084(06-34)
0O85(06-35)
0OS6(06-36)
0O87(06-37)
0OS8(06-38)
0O89(06-39)
0OS10(06-40)

04

- o
_02 -
0.4 -
-0.6 | | | | | | | | I

0 20 40 60 80 100 120 140 160 180 200
Deployment length (days)
Site Last Data Y4 X Y P End Sync?
0S1 15 Aug Bad OK OK OK Non
0S2 15 Sept OK OK OK OK Non
0S3 10 Sept FLAT FLAT FLAT OK Non
0S4 12 Aug Chopped |Chopped |Chopped |OK Yes
0S5 16 Aug Chopped |Chopped [Chopped |OK Non
0S6 31 Aug FLAT Chopped [Chopped |Weak Non
0Ss7 8 Sept Chopped |Chopped |Chopped |OK Non
0S8 30 Aug Chopped  [Chopped |Chopped |OK Yes
0S9 18 Sept Chopped |Chopped |Chopped [OK Non
0S10 13 Sept OK OK OK OK Non

FINAL Network EQ time residuals

0S10

0S09

0S08

0so07

0S06

0S05

0Ss04

0S03

0Ss02

0so1
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About OBS data

OS3, avg sound speed = 1497 m/s

ninrange=3656.1m (2442 ms)=> maxdepth = 3661 for 59m horiz, 5m gundepth
Orig: -15d49.5150'N, 166d26.0100'E, 3640z, misfit=

Best: -15d49.4338'N, 166d25.9655'E, 36562, misfit=0.5
Horizontal offset = 170 meters at -28 degrees (150m y, -79m x, 16m z)
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Dérive de 170 m

Our 2D model parameter:
E=1.6X10" N.m (litho)
n=101° Pa.s (astheno)
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About the mechanical model

Vertical deformation rate (mm/yr)

50 T T T T 1 T T T
[
Dip(°) Locked length(km) |
[
40F | — 10° 50km ‘
— 10° 70km |
10° 90km I
301 25° 10km :
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20+ 25° 70km |
25° 90km ‘
[
[
10 |
0
-10
-201 ‘
[
Offshore [ Onshore
_30 1 1 1 1 ‘ 1 1 1
-200 -150 -100 -50 0 50 100 150

Distance to the trench (km)

Our 2D model parameter:
E=1.6X10' N.m (litho)
n=101° Pa.s (astheno)
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About rupture barrer

 C——
R 079 |

% 54 mm/yr

Influence of the inner forearc structure.
Faults distribution

-— 'v‘
- = '.
" f -

10 mm/yr  GPS motion relative to South America,
fixed reference frame [Trenkamp et al, 2002]
—

Collot et al., 2004
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 New automatic picking tool based on Kurtosis
* Accurate onset picking with P-S characterization
 Fast
« Adaptable to a wide range of local network geometries

 New P-S velocity model
» Accurate earthquake catalog of ~10,000 events under the network

« 3D geometry for the subduction interface and the Maewo-PentecOte back-arc
thrust belt

* Conceptual model for the Vanuatu subduction zone
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