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E 1- Techniques : Description of a teleseismic signal
S Teleseismic wave = Direct wave (P) + P and S direct waves reflected on the Earth’s surface (pP/sP)
; pP ray ‘ ‘ : :
epicentre ol P« sou*’ce »  oP « echo » or « depth phase »
receiver ol ]
hypocentre P ray 200
o 45 5‘0 5‘5 ﬁ‘O 6‘5 70 75
(secondes)
E- Main characteristics of « depth phases » pP/sP:
E *  Recorded at stations between 30° (3000 km) to 90° (10000 km) away from the source
E *  Emitted rays are nearly verticals (< 30°)

Delays pP-P and sP-P are function of the hypocentral depth and the crustal velocity model above the source

Introduction

Objective : Improving the detection of reflected waves « echoes » in the teleseismic signal

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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1- Techniques : Cepstrum analysis
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§ + Cepstrum : « the power spectrum of the logarithm of the power spectrum »
Application: Detection of echoes in a seismic signal Bogertetal, 1963
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§ . !::j Echo Quefrency (s) Letort etal., 2017
.=l 3. Substraction of the source term s
g (quefrency) &
=
guerRENCY (sEoonES) Letort et al., 2014 : Automatic depth determination after station selection

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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g 1- Techniques : Stack of Hilbert envelopes
E
=] -
g 1- Cross-correlation + stack of small-aperture arrays 1.00 P
= 2- Align all waveforms on the direct phase using an improved kurtosis (Baillard et al., 2014) (filter : 0.8-2.5 Hz) 0.75 e o
3 - Lecture of P-pP et P-sP table as a function of array distance and source depth- ak135 velocity model 950 ! ¥
. . ) . 0.25] BR102 ! Hilbert envelope
4 - Depth migration of stacked signals : case pP / case sP (time - depth) )
. 0.00 "
5 - Sum of Hilbert envelopes at each station for each case (pP/sP) -’ i 1 1Ll
LI
A manual method for picking depth phases (interactive figure) 075
1.00
1 " TN -20 0 20 40 80 80 100
1000 ii i i = sum envelopesif pP . Time (sec) Exemple Chili
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E i ——- Depth IDC:115.8 km convolution with the function p—
2 6004 I —=- Depth-REG (Sippl et al): 110.94 km T
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7 1R Other depth determination techniques :
: 0 T r r r T T iUl 1 T T T T + T T
"g -40 =20 0 20 40 60 80 100 120 140 160 180 200 220 240 . Waveform inversions (i.e. Abe, 1974; Langston, 1976)
= Depth{km} . Global array stacking and source deconvolution (Craig et al., 2018)
E Depth corresponds to the coherent peaks pP + sP . Stacking distance-variable window on binary functions representing

potential arrival (Murphy and Barker, 2006)
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2- Data: Selecting world-wide datasets
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® Stations selected for Nepal
Selected CTBT seismic stations

1 - Chili y

» Hypocentral depths : [0-300] km f
«Reclonal . |

10,000 events + uncertainties (Sippl et al., 2;‘018)

« Teleseismic depths catalogs (4 sets): Vg
ISC-EHB depths \|
Source deconvolution (Craig et al., 2018) >

2- Nepal
» Hypocentral depths : [0-25] km

» Regional constraints :

38 events (MLv> 3.5) + uncertainties
(Laporte et al, 2021)

« A distance télésismique:
ISC -EHB depths

§ + Sum of Hilbert envelopes + Sum of Hilbert envelopes

g + Cepstrum analysis (based on Letort et al.,, 2014) + Cepstrum analysis

£

=

& v’ 1st objective : v’ 2nd gbjective :

.E Validation of teleseismic depth determination techniques Finding limits of teleseismic depth determination techniques for shallow events
Comparison between global networks FDSN/IMS

= 4 9

b 1 - Chili : Large dataset of moderate magnitude events 2a - Far Western Nepal : Dataset of moderate magnitudes (ML>3.5) shallow events

*E (M>4) with a wide-range of depths 2b - Central Nepal : Multi-technique study of the 2021 Lamjung seismic crisis

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Case study n°1: Northern Chile Forearc

PREPARATO OMMISSION
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g Seismicity from Sippl et al., 2018 Comparison of teleseismic depths (Cepstrum, Hilbert) with regional depths
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Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Topography (km)

Mean Nobs* : 800 stations

*Nobs : Number of observations
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‘E Mean processing time : 15 sec Mean processing time : 1000 sec g%
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W W TTW W T W

Regional location uncertainties (Sippl et al,, 2018)
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Case study n°1: Northern Chile Forearc

Envelopes along track A-B
Seismicity from Sippl et al., 2018
o :

Seismicity from Sippl et al., 2018

=]
=)
=
wl
=
=]
=
S
S

Using Hilbert envelopes for seismotectonic studies
(Letort et al., 2018 — Guerrero, Mexico)

* Seismic data from only two IMS stations (TX01/RCBR)

* Sum of Hilbert envelopes of events projected on track A-B
- Cross correlation on mini-arrays (cc>0.75)
- Filtering 0.6 - 2.5 Hz
-SNR >3

21°s

22°S | ..

23°s

g; .

Hilbert envelopes along track

Techniques

24°s

e ' Tewian 'y

g j Objectives :
'g ases [ : : : ] . To recover the chilean slab geometry using Hilbert envelopes
"g ?_ z z E § s6 100 15 of ~1000 events
S = 2 g g s Depth (km) . . -
= . To provide an image of the lateral variations of the slab
=

50 100 150 200 250

Depth (km)
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Case study n°1: Northern Chile Forearc

Seismicity from Sippl et al., 2018 Envelopes along track A-B

The energetical content of
Hilbert envelopes reproduces
the lateral variations of
seismicity at depth

Using Hilbert envelopes for seismotectonic studies
(Letort et al., 2018 — Guerrero, Mexico)

* Seismic data from only two IMS stations (TX01/RCBR)

* Sum of Hilbert envelopes of events projected on track A-B
- Cross correlation on mini-arrays (cc>0.75)
- Filtering 0.6 - 2.5 Hz
-SNR >3

Hilbert envelopes along track

Objectives :

. To recover the chilean slab geometry using Hilbert envelopes
e e 25 of ~1000 events
. To provide an image of the lateral variations of the slab

o

700w [0
69°W [+
68°W

50 100 200 250

150
Depth (km)
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= Case study n°2 : Nepal
=)
47
(=) o Seismicity recorded by the nepalese
© 30°N seismojogical networks RSC/NSC
e "between 1994 - 2014 | ;
- Tibet
Phase identification errors &
FWM Network geometry
Reg biases A /.
Mhe_m. . )
— s e Influence of the
NS P Echoes Tele topography %0
8 A mpp
; ~ 0K
o . 10,
g : 4
=) : 20+
F§ % g i % 5.2mm/yr / E({O v
= 80°E 81°E 82°E 83°E 85°E 86°E 87°E 88°E = e
S 40 F Regional Velocity model \
2 % discrepancies -
N o 1!
.% Why an Himalayan case study ? 50 P
-é' * High seismicity rates 60 )
e * Nepalese seismicity occurs mainly between 10-25 km depth . '. P (téleseismic)
i=) . . . . K [ —
E * Studying the relation between shallow earthquakes and the Main Himalayan Thrust Fault (MHT) (te(esehulc) "
120

1)
. 40 60 80 100
i . Distance from the Main Frontal Thrust (MFT) (km)
Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Case study n°2.a : Far-Western Nepal

=] Far Western Nepal seismicity recorded by HiKNet temporary experiment
=]
o (Laporte et al, 2021)
=
E Comparison with depths from the HiKNet temporary seismological
& 6166; experiment (2014-2016)
Teleseismic Depths vs Regional Depths
38 events recorded at bOth regiona| and te|eseismic Hilbert envelopes FDSN0.8-2.5Hz Low Quality regional (Err.Z>2km)
. . . . © Hilbert envelopes FDSN0.8-2.5Hz High Quality regional (Err.Z<2km)
distances with strong regional constraints 7
29°30" - 17 events considered as High Quality locations 2 Wean Vertical Error (reg) - +/-2km | 7
(nP>6, nS>3, rms<0.4, ERZ<2, ERH<2) rd
@ |/
~20 =
E ’
£ o
£
Envelopes as a function of depth = ,’
29°00" CHILE_M_38_2015-12-18_sum_envelopes_both 2 | P
priprivinties £ podf i
2000 === Depth proposed : 17.62 km 2 )} 4 - 040
2 o 10 720 f
2 -
7 £ 1500
e 28°30' g
-g g 1000
=
ﬁ 80°30" 81°00' 81730 82°00' 8230 500

= Aigas.(xm) © —a0 80 100 120 140 160 180 200 220 240 20 25

= (plain line) 3 e ed Depth {km} Reglonal Dep(h 1Lapor(e et al., 2021) (km)

E 0 0

= £ 1 10 Exemple - MLv 5,2 - 2015.12.18 earthquake Comparison between Teleseismic (Hilbert)
S 5 - Event located at the base of the mid-crustal ramp And Regional (Hypo71) depths

E=} T T T

E : 2 2 2 ) 100 120 o 19 5 events /17 within 2 km of regional depth

12 events/17 within 5 km of regional depth
3 events /17 without adequate teleseiismic depth

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Case study n°2.b:

Regional and Teleseismic joint analysis of the Lamjung seismic crisis (Central Nepal)
Koirala B., Bollinger L., Guilhem-Trilla A., Laporte M., Daria, Wendling-Vasquez N., Letort J.,

* Mainshock : MLv 5.5/Mw 4.69 - 2021.05.18-23:57:57 (UTC)
* Followed by 110 aftershocks within 5 days
* No signs of seismic swarm-like migration

28

27

Y 2021 Lamjung Crisis
Gorkha aftershocks
Seismicity M>4 (1994-201¢)

A NSC (Nepal)

A NK (Japan)

/\ NP (Chinese)

/A Seismo at school

Koirala et al., in prep

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Influence of the
topography

Regional depth (km)
5

Depth (km)

PREPARATORY COMMISSION

Lamjung (Nepal) 2021 Seismic Crisis

Regional Locations

Tl© Hypo71
@ HypoDD
_5 . -
Y MLv>=4.5
101 @ | O a<=MLv<4.5
%9 O 3=<MLv<4
° O 2=<MLv<3
151 ° | o 1=<MLv<2
°
3
-20 - 09
10 G
20 =
30 =
40 5
=251 3 50 «
60 0
70 5
o
T
-30 T T T T T
-8 km -4 km 0 4km  8km

Projection along track AA' (km)

Crucial parameter for seismotectonic interpretation
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Case study n°2.b:

2 Regional and Teleseismic joint analysis of the Lamjung seismic crisis (Central Nepal)
% Koirala B., Bollinger L., Guilhem-Trilla A., Laporte M., Daria, Wendling-Vasquez N., Letort J.,
=
=] . . N . " & e
) Four depths solutions for the mainshock : Lamjung (Nepal) 2021 Seismic Crisis
* 10,75 km : Hypo71(absolute, regional) i T depthe
* 13,8 km : HypoDD (relative, regional) 0Tlo Hypors [ estimates
. . . @ HypoDD Y Mainshock ML5.5
* 17 km : Cepstrum analysis - MT inversion -
e 25km: MT inversion 5] e Co° |
- Uncertainties : Regional velocity model (+/- 5km) (Adhikari.,, 2021), network geometry (regional only),
topography (-3km), complex slab geometry, teleseismic wave interferences ? *
MLv>=4.5
_10 . -
Regional Moment Tensor inversion Sum o{:;}l;:;prj:iﬁ:ha:)zl:n&uo: ﬁogf depth O 4<=MLv<4.5
(Aurelie Guilhem, personal commuzrgggtion) 2021/18/05 - 23:57:57 (UTC) QO 3=<MLv<4
pf $ —— sum envelopes if pP ;é; 15 O 2=<MLv<3
. — i < -15 Cep: -3 km of topography
1750 | II ) c’;{_@ sum envelopes if sP = o epstrum - 3 km of topography o 1=<MLv<2
| ALY ';-,. ®
w Cepstrum : 17 km
g Q1500 - — e MT inversion : 17-25 km 35
g o Depth phase identification —20 3 0%
= 01250 - uncertainties ;8 a
i g 30 2
— 1000 40 =
= g ~25 1 * H EE
~ 750 MT inversion : 17-25 km 60 »
g ‘s (Aurélie Guilhem, personal communication) 70 3
] I
§ E 5001 -30 +— , , : .
= w0 [ Velocity moder | | 8km -4km 0  4km 8km
(=] Aunrzrta!'nn’es | 250 : ) X
E o b i » ! Projection along track AA' (km)
} . . o e .
= o 10 2 N 4 o o o 20 40 60 80 100 130 140 180 180 200 230 240 Crucial parameter for seismotectonic interpretation
Depth (km) Deplh{km}

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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Conclusion

Objectives :
* Development of a new manual method for determining hypocentral depth from global teleseismic network using the Hilbert envelopes of teleseismic waveforms

Conclusion

* Using regional seismic catalogs with well-constrained depths to point out errors in the depth determinations at teleseismic distance

* Highlighting lateral variations of geometry of large tectonic structures (slab, megathrusts...) using projections of Hilbert envelopes of large seismic datasets seen
at one or two teleseismic stations

Results :

* Comparisons of teleseismic depths with depths constrained by regional seismological networks (Chile, Nepal)

-> In Chile : 71 % of teleseismic depths within +/-10 km of regional depths (out of 100 events)

* Projections of stacked Hilbert envelopes of 1000 earthquakes recorded at TX01 and RCBR highlights lateral variations of the northern chilean slab

Determination of the limits of each depth determination technique : for shallow events in complex tectonic environments conjoint studies of regional and teleseismic
depth determination techniques do not always succeed to find a common depth result

Perspectives :

* Quantification of uncertainties and their propagation into the Cepstrum analysis and Hilbert technique
* Finding source of depth errors for the Lamjung crisis

* Application of the projection of Hilbert Envelopes for Himalayan regions

Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO
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