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Why we are interested in volcano seismicity?

Seismic record before eruption, Piton de la Fournaise

Beginninng of
the eruption
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Pre-eruptive seismicity Eruptive tremor

Seismicity: A useful for assessing the state of volcano
A promising tool for forecasting eruptions



Types of volcanic seismicity (simplified)
Long period (LP) eventd = 0.57 5 s)

Volcanotectonic events Aoscillationsof the fluicilled cracks and conduits
Abrittle fracture induced by magma movement triggered by the pressure disturbances within
Abroad spectrum magmatic system (e.g. rapid gas injection/discharge)
Ausually deepe(several km) Ashallow ( 2001000 m), often occurring in swarms
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Why LP events?

High quality LP datasets (recorded by BB instruments) have been available only
recently (last 20 years)

LP events appear to be precursors of eruptions (not always) and linked to the fluid
dynamics inside a volcano (magma, gas, hydrothermal system)

Most demanding of all types of volcano-seismic events in terms of moment tensor
inversion

Pre-eruptive sequence

on Piton de la Fournaise \
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Existing LP source models

A resonating fluid-filled cracks and conduits triggered by pressure

disturbances (Chouet, 1985, 1986; Neuberg, 2000)

A trigger + resonator (different triggers proposed)

A slow waves generated at fluid-solid boundaries A low-frequencies

generated by a small source (Ferazzini and Aki, 1987)

Typical long period (LP) signals (after Chouet, 1996)
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Pre-eruptive process at Redoubt
Volcano, Alaska, on 13-14
December 1989 (after Chouet, 1996)




More examples of LP events

Typical long period (LP) signals (after Chouet, 1996)
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Tectonic earthquakes vs. volcanic LP events

Magnrtude 6.5 eanhquake near coast of central Chile, 29.2934° S, 71.5471° w

Tectonic Volcanic LP Events
Earthquakes
Frequency content Broad spectrum Dominant frequency 0.271 2
Hz
Size range M<9.5 M < 1.5 A small signal to
noise ratio
Depth 51 700 km 200-1000 m A observed in
the near-field (no far-field
approximations possible in
inversions)
Waveform sharp onset, separated emergent onset, intertwined
characteristics phases phases A difficulties with

locating events, different
phases cannot be used
separately in source
inversions

Amplitude

Ongm fime = 17:37:59.0 GMT 1998/09/03 Depth 27km
Station = NNA (Nana, Peru, 11.9875° S, 76.8422° W)
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Propagation effect

medium can be assumed

to be layered halfspace or
sphere (analytical solution,
2D simul ation
functions)

highly heterogeneous

medium with topography A

no analytical solution, 3D
ssimtilations Have ¢odhe used

Source mechanism

Shear faulting (a priori
information)

Several candidates A no
unique a priori constraints
can be used for source
inversions
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Source time
function

Ramp function (a priori
information)

Unknown A no a priori
source-time history can be
used in source inversions




Source inversion - concept

Arecorded seismogram can be viewed as an output of a sequence of linear filters representing
excitation (source), pr capddargnsfdrfuctiondfGarecerdings f unct
instrumentation:

U(t) — S(t)* g(t)* |(t) a time domain A _ {\ \l . "

U (W) = S(W) (W) D(1) & frequency domain

s=7

Knowing how propagation through
the medium affects the seismic
wavefield, the source mechanism
can be obtained from the recorded
seismograms.

The accuracy of the retrieved source
mechanism is limited by the accuracy
of the calculated propagation effects
(Greends functions).




Source description by moment tensor (MT)

Full time-dependent moment-tensor gives a time-dependent representation of a
seismic source by a combination of force couples and dipoles

Moment Tensor
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2) Sourcetime function (can be seen as the time
dependencef the effective displacement in the source)
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Moment tensor for tensile earthquakes

Moment tensor for a fault with arbitrary inclination of the
slip from the fault plane (Aki and Richard, 2002, eq. ):

M g = S[/uknkdpq + n(upnq + uqnp)]

3 € T Lameé constants, l‘]pq I Kronecker delta,
S faultarea, ui slip vector, ni normal of the fault

If:
n=[0 0 1", u=ulcosa 0 sinal", u=|y|

Then:

e/ sina 0 ncosa @ /
M:Sug 0 / sina 0 3

gnrosa 0 (/ +2msinay

MOment tensor for a horizontah
tensile fault/crack (U= 90A:

Yo o

- é /
M = v § 0 /m 0

(e e el ]

e

Vavr yJ0aLk

€90 o //+2b
é /mu

o J

ﬁ/loment tensor for a vertical \
cylindrical conduit (pipe):

e/ 7}
é/m+1 0 Ou

_ é / U
M ané 0 /m+1 Og
S 0 //u

: Y

\ derivationin Lokmer 2008 /




Moment tensor decomposition

[Moment tensor density for a horizontal tensile fault/crack \
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Moment tensor decomposition

volumetric change deviatoric component
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Moment tensor is commonly decomposed into isotropic component , double-couple and CLVD
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P-wave radiation A
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References for MT
decomposition: Knopoff
and Randall, 1970; Jost
and Hermann, 1989;

Gi l emdPgen,l ik
1995; Dahm, 1996;

. Julian et al., 1998;
after Julian et al., 1998 Vavr yJ0aik




Moment tensor for tensile crack: resolution problem

Diagonal form of MT for tensile earthquakes

Ratio of the eigenvalues of moment
tensor varies slowly for steep angles of
crack opening (U> 65°)

A In practice, it is very difficult to
accurately resolve the contribution of
double-couple (slip inclination angle)
in the source mechanism from our
noisy solutions

A Fortunately, the trace of moment
tensor (~ volumetric change) stays
rather constant, so we can determine
volumetric change (limiting factor is
our knowledge of the shear modulus)
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Moment tensor for tensile earthgq

o LT

th Diagonal form of MT for tensile earthquakes
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Problem 2:

For different values 9 Poi s onos/_ati_OA, o
tensile cracks with different mechanisms =2 a=90 Y (1:1:2) A‘B'Z’ a=45"Y (111:2)
have very similar moment tensors

T T
A dle in the source zone can be NE N v
L : : u u
significantly different to a/c in the
intact medium (and is unknown) a a)

A again, deviatoric part of the moment
tensor is a problem, while the
Isotropic part is rather stable




Moment tensor (MT) inversion

The n-th component of displacement (recorded at the station s), due to a moment tensor
M = [M,,(¥)] applied at a point source (frequency domain):
As volcanic sources may

US(M/) — a M (l/l/) C (l/l/) +F (l/l/) GB (l/l/) iInvolve mass transport (gas
n Pq npq . .
P.q

and/or liquid), a single force

term (SF) is usually added to

the standard equations used

For each frequency, we have to solve the following system: for the inversion (e.g. Takei

(n,x1)=(,xny) (N, Xx1) and Kumazawa, 1994,

U= Gm n, - the total number of seismograms Nakano et al.. 2003)
T \ - - the number of MT (+ SF) components

) . . Residual originates from:

Observed Synthetic ui data; o J )
seismograms seismograms GiGreenods f un|l(i) incorrectGr eenads

m 1 source parameters functions (topography

and heterogeneity),
residual= ||observed seismogramsynthetic seismograntsfj, min (i) the breakdown of the

point-source assumption,

est — (~TA~\-1~T a The l luti ) . .
m==(G G) "G u a The least squares solution (iii) the noise contaminating

Ju-Gmf; . @-6my@u-em) o our dataset
a Residual (misfit function)

=a

ool u'u

References for Inverse problem: Aster et al.,
2005; Lawson and Hanson, 1974; Menke, 1984




Principal component analysis (PCA)

APCA is used for determining main factors contributing to a set of observations
ACan the data be explained by a single source-time function?

Singular value decomposition Weights for basis functions
M1 MT source-time functions (n x 6) —~ MT=US\T z zgg}_ ¢ ¢ o+ e« 3
n is the number of time samples - o 2 3 4 5 6
V1 basis functions (n x 6) US = AT 2_2081 ; ; : ; i’
AT basis function weights (6 x 6) Ui orthogonal matrix (6 x 6) o 31
E 1 error matrix (n X 6) . : : 2 s00t—
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Problems related to the modelling of
propagation effect (Greel
on volcanoes



Propagation effect-Gr eend6s functions cal cu

Gr e efangt®ns i a set of seismograms that representing the medium response to the impulse

excitation applied at the source ( if the impulse response of the linear system is known, a response
to any given source time function can be constructed)

Accuracy of Greendés functions critically d
- accurate modelling of topography

. . . easy to account for (numerical simulations
- modelling of near-field wavefield } y ( )

- correct shallow velocity model (remember, very shallow sources!)

_ PROBLEM!
- accuracy of source location




