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Abstract

In this work a multidisciplinary study of the December 26, 2004 Sumatra,
earthquake has been carried out. We have investigated both the effect of the
earthquake on the Earth rotation and the stress field variations associated
with the seismic event.

In the first part of the work we have quantified the effects of a water
mass redistribution associated with the propagation of a tsunami wave on the
Earth’s pole path and on the length-of-day (LOD) and applied our modeling
results to the tsunami following the 2004 giant Sumatra earthquake. We
compared the result of our simulations on the instantaneous rotational axis
variations with some preliminary instrumental evidences on the pole path
perturbation (which has not been confirmed yet) registered just after the
occurrence of the earthquake, which showed a step-like discontinuity that
cannot be attributed to the effect of a seismic dislocation.

Our results show that the perturbation induced by the tsunami on the
instantaneous rotational pole is characterized by a step-like discontinuity,
which is compatible with the observations but its magnitude turns out to be
almost one hundred times smaller than the detected one. The LOD variation

induced by the water mass redistribution turns out to be not significant



vi

because the total effect is smaller than current measurements uncertainties.

In the second part of this work of thesis we modeled the coseismic and
postseismic stress evolution following the Sumatra earthquake. By means of
a semi-analytical, viscoelastic, spherical model of global postseismic defor-
mation and a numerical finite-element approach, we performed an analysis
of the stress diffusion following the earthquake in the near and far field of
the mainshock source. We evaluated the stress changes due to the Sumatra
earthquake by projecting the Coulomb stress over the sequence of aftershocks
taken from various catalogues in a time window spanning about two years
and finally analyzed the spatio-temporal pattern.

The analysis performed with the semi-analytical and the finite-element
modeling gives a complex picture of the stress diffusion, in the area under
study, after the Sumatra earthquake. We believe that the results obtained
with the analytical method suffer heavily for the restrictions imposed, on the
hypocentral depths of the aftershocks, in order to obtain the convergence of
the harmonic series of the stress components. On the contrary we imposed no
constraints on the numerical method so we expect that the results obtained

give a more realistic description of the stress variations pattern.



Chapter 1

Preface

The giant megathrust event occurred on the December 26, 2004 off the west
coast of northern Sumatra, Indonesia, represents one of the most devastating
earthquake of the modern history.

The oblique subducting motion of the Indo-Australian plate under the
southeastern part of the Eurasian plate, segmented into Burma and Sunda
subplates, ruptured a boundary of about 1300 km [Ammon et al., 2005]. The
mainshock rupture began at 00:58:53 GMT at (3.3°N, 96.0°E) at a depth of
about 30 km [Lay et al., 2005]; the Harvard Centroid Moment Tensor (CMT)
solution indicates predominantly thrust faulting on a shallow dipping plane
(8°) with a strike angle of 329°. The rake angle is 110° and indicates a slip
direction ~ 20° closer to the trench-normal direction than to the interplate
convergence direction [Lay et al., 2005].

The CMT solution provided a scalar moment M, = 3.95 x 10?2 Nm
equivalent to a moment magnitude M,, = 9.0 [Dziewonski et al., 2000]. By

studying the contribution of the very low frequency free oscillations, the



earthquake magnitude was estimated as M,, = 9.3, corresponding to a seismic
moment of My = 1.0 X 102 Nm [Ammon et al., 2005, Park et al., 2005, Stein
and Okal, 2005]. According to this estimate, the Sumatra event is the largest
earthquake ever recorded after the 1960 Chile earthquake.

The undersea seismic rupture displaced a huge volume of water resulting
in a tsunami wave that struck the coasts of the Indian Ocean causing massive
damages and casualties. The 2004 tsunami is considered the deadliest in
records.

The Sumatra earthquake represented a phenomenon that involved studies
in many reaserch fields such us geophysics, geology, geodesy, etc., representing
a unique opportunity to study, by means of new models and new technologies,
the global effects of a giant seismic event on our Planet.

In this work, we were involved in a comprehensive study of the Suma-
tra earthquake, we evaluated the impact of the event on the secular pole
motion and also the effects of the regional and long-distance stress transfer
since the earthquake perturbed the stress field configuration over a wide area
surrounding the mainshock source [Pollitz et al., 2006].

For decades researchers have aspired to predict the time and place of
occurrence of disastrous shocks. Until the beginning of the 1990s, due the
complexity of the seismogenetic faults, it was believed that large earthquakes
occurred randomly and in unpredictable way, without influencing the timing
or location of the next ones [Stein, 2003].

In the 2000s new studies showed that when an earthquake releases part of
the stress accumulated in the Earth plate movements, there is a drop of the

stress on the slipped fault and a raise of the stress elsewhere, at sites off the



slipped fault. The regions where the stress rises will be the sites where the
next either large or small earthquakes will more likely occur. Even for small
variations of stress, for exampe equal to one eighth of the pressure required to
inflate a care tire, this process could be effective [Stein, 2003]. Infact as also
reported in Stein [1999], the calculated off-fault stress increases rarely exceed
few bars (1 bar = 0.1 MPa ~ atmospheric pressure at sea level), or just a
few percent of the mean earthquake stress drop. This hypothesis, known as
stress triggering, continued to gain credibility due to the ability in explaining
the location and frequency of earthquakes that followed several distructive
shocks in California (Landers and Big Bear in 1992, Hector Mine in 1999)
[Pollitz and Sacks, 2002] and in Turkey (Izmit and Diizce in 1999) [Parsons
et al., 2000].

So, while evidences of fault interactions at local and regional scale were
supported by several studies, the skepticism about the possibility to a inter-
action at long distances among seismogenetics structures [Kerr, 1998] began
to be driven out starting from the work of Pollitz et al. [1998].

The occurrence of the giant Sumatra earthquake offers a chance to re-
open the discussion about the fault interactions at local, regional and great
distances from the event source by analyzing the coseismic and postsesimic
stress pattern.

Within the realm of global effects, the Sumatra earthquake raised a big
debate about its potential effect on Earth rotation. Earth scientists have
tried to associate Earth rotational instabilities and seismic activity for 40
years. The attempts concerned both permanent instabilities, associated with

global seismic activity as well as single detected irregularities in the pole



path, associated with single earthquakes [Soldati et al., 2001, Alfonsi et al.,
1997, Dahlen, 1973, 1971].

The coseismic effects of the Sumatra earthquake affected many geophys-
ical observables, among which the Earth rotation and gravitional field. In
particular, a decrease of the LOD of 6.8 us, a shift in the position of the
mean rotation pole of 2.32 mas (milliarcseconds) towards 127° E longitude,
a decrease of the Earth’s oblateness J; of 2.37 x 10~ and of the Earth’s
pear-shapedness Js of 0.63 x 107! [Gross and Chao, 2006, Boschi et al.,
2006] are expected on the basis of current models; at the same time the ac-
curacy of pole position detecting techniques have drastically improved in the
last decades, yielding an increase in accuracy by more than two orders of
magnitude since 1960.

These modeled coseismic effects on the Earth rotation are not evidenced
by observations not even in the recent studies carried out by Gross and
Chao [2006]; instead preliminary, but not still confirmed, observations in the
geodetic measurements revealed a step-like discontinuity in correspondence of
the Sumatra earthquake. A step-like shape, in agreement with the rotational
theory, seemed to be not the footprint of a seismic event, being instead
compatible with a transient effect.

The perspective to be involved in studies on such a relevant phenomenon,
that for years scientist have tried to explain, motivated us to investigate the
possible cause of such jump in the instantaneous rotational pole.

In this thesis, we treated separately the questions about the effect of the
Sumatra event on the pole path and the stress diffusion due to the earthquake.

In the first chapter, on the basis of the standard rotational theory [Lam-



beck, 1980, Munk and MacDonald, 1960], we studied the perturbations to
the instantaneous rotational pole by modeling an effect never investigated
before, namely the effect due to the transient propagation of a tsunami wave
both on the Earth pole path and on the length-of-day (LOD). We explained
in details the theory that has been used to model such perturbation, we
solved explicitly the excitation functions, which contain the perturbation,
and the pole motion equations. Finally, the theory has been applied to the
particular case of the tsunami wave that travelled along the Indian Ocean
after the earthquake.

In the second chapter, we studied the stress field changes imposed by
the Sumatra earthquake on the area along the Sunda (Java) Trench. This
analysis has been performed taking advantage of a semi-analytical, viscoelas-
tic, spherical model of global postseismic deformation developed by Piersanti
et al. [1995] and a numerical finite-element approach developed by Volpe et al.
[2007]. The Coulomb Failure Function variations, obtained by projecting the
Coulomb stress on the sequence of the Sumatra aftershocks extracted from
the USGS and CMT catalogue in a time window of two years after the event,
helped us to evaluate how the stress due to the Sumatra earthquake acted

to trigger the subsequent events.



Chapter 2

Effects of transient water mass
redistribution associated with a

tsunami wave on Earth’s pole

path

2.1 Introduction

Due to the action of various internal geophysical processes, the Earth rotates
about an axis not aligned with its figure axis; this induces the Planet to
wobble as it rotates. The Earth wobbles over a broad range of frequencies in
response to a variety of forcing mechanisms; besides, it is characterized by a
few discrete frequencies at which it naturally wobbles in the absence of forc-
ing (this natural wobble is referred to as Chandler wobble) that are function

of its internal structure. In absence of an excitation source, the Chandler
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wobble would freely decay due to the action of dissipation processes, such
as mantle anelasticity [Gross, 2003]. Since its discovery, several processes
have been investigated to determine whether or not they could be excita-
tion mechanisms of the Chandler wobble, for istance atmospheric processes,
continental water storage cycles, core-mantle interactions and earthquakes
(for a review, see Gross [2000] and references therein). The predominant
mechanisms were found to be concerned with the periodical redistribution of
atmospheric, oceanic and hydrologic masses [Gross, 2003].

In this part of the work, our aim is to study the perturbation to the
instantaneous rotational pole due to a transient phenomenon that, to our
knowledge, has not been still investigated: the transient water mass redistri-
bution associated with the propagation of a tsunami wave.

Tsunamis are generally caused by seafloor perturbations associated mostly
with earthquakes, submarine landslides or submarine volcanic eruptions. Not
all earthquakes produce tsunamis because in order to generate them, they
must occur at a shallow depth, have a large seismic moment and produce a
significant vertical displacement of the sea floor.

In this chapter we are taking into account the propagation of a tsunami
following a giant earthquake. The phenomenon involves both a permanent
solid mass redistribution, represented by the static deformation induced by
the earthquake and a transient water mass redistribution due to the tsunami
propagation.

Such phenomenon, in agreement with the rotational theory, will be mod-
eled by means of an excitation function that represents the forcing term in

the pole motion equations.
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Theoretically, the rotational effect on the pole path due to a seismic dis-
location is a step-like perturbation that produces a jump of the excitation
pole, while the instantaneous rotational pole describes a curve without breaks
[Lambeck, 1980]. Such an effect on the Earth rotation has never been ob-
served, not even in recent earthquakes (i.e. the 26th December 2004 Sumatra
earthquake) [Gross and Chao, 2006], with the exception of a preliminary ob-
servation by Bianco et al. [2005a,b] who evidenced a step-like discontinuity
in the pole path instead of the expected change in curvature radius in corre-
spondence of the Sumatra earthquake.

The effect on the pole motion associated with a tsunami wave propagation
is quite different from that produced by a permanent solid mass redistribu-
tion because it is the effect of a transient phenomenon due to the water mass
redistribution. The rotational theory predicts that a transient phenomenon
can be modeled by an excitation function with a delta-like temporal depen-
dence that will give a step-discontinuous solution in the pole path [Lambeck,
1980], as it will be shown in section 2.2; the effect produced by such ex-
citation could qualitatively explain the step-like discontinuity evidenced in
Bianco et al. [2005a,b] data.

Using a synthetic numerical simulation of the 2004 Indian Ocean tsunami,
we performed a forward modeling of the expected effect of the water mass
transient redistribution on the pole path and length-of-day (LOD), that will
be discussed in section 2.4. We explicitly computed the time dependent
excitation functions, the pole path and the LOD variations induced by the
tsunami wave. The pole path variations turn out to have the same temporal

dependence of the step-like signal observed by Bianco et al. [2005a,b], but
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their magnitude is too small to explain the observed data, besides the LOD

variations turn out to be smaller than the uncertainty in the measurements.

2.2 Model formulation

The equations of motion for a deformable Earth come from the solution of
the Liouville equation [Munk and MacDonald, 1960] and have the following

form:

m = iog(m — W), (2.1)
1y = Uy (2.2)

where equation (2.1) describes the wobble, o is the frequency of the free os-
cillation (Chandler wobble) and m = m; + imsy represents the instantaneous
rotational pole path in the complex plane. In equation (2.2) mg is related to
the changes in the LOD (AA) and to the instantaneous rotational velocity
[Lambeck, 1980, Munk and MacDonald, 1960]; ¥ = ¥, 4+ W, and V3 are the
excitation functions which are used to describe, approximately, the phenom-
ena which act to perturb the motion of the instantaneous rotational pole. ¥
represents the excitation pole, in the complex plane, around which revolves
the instantaneous axis of rotation. Some examples of excitation functions
useful to understand the phenomenon that we are going to study, will be
given in subsection 2.2.1. In eqs. (2.1) and (2.2), ¥ and W3 represent the
“modified excitation functions” which contain the perturbation associated

with any prescribed event:
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U = i) (2.3)
V3 = kropts (2.4)

where ¥ = 11 + 1105 is a vector quantity and k,, and kpop are the “transfer
functions” which arise from the correction for the elastic deformation asso-
ciated with the centrifugal forces due to Earth rotation; their values depend
on whether the event does or does not load (i.e. winds) the Earth [Lambeck,
1980, Munk and MacDonald, 1960]. The solutions of equation (2.1) for the

wobble and of equation (2.2) for the LOD variations are:

t
m(t) = mye'’" — iaoei"ot/ U(r)e "7 dr (2.5)
AN Q—-w

where mg is an arbitrary complex constant, Ay is the nominal LOD (e.g.
86400 s), €2 is the mean angular velocity of the Earth and w3 is the instanta-
neous rotational velocity [Lambeck, 1980, Munk and MacDonald, 1960]. In
particular, once the excitation function ¥ has been determined, the effect
of a perturbation to the istantaneous pole of rotation at any time t can be
quantified from equation (2.5). In this case, since we are studying a pertur-
bation occurring on a short time scale than the 14 months Chandler period,
we will neglect the term of free nutation mge’®? and will solve the partial

solution of the pole motion equation:
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t
m(t) ~ —z'aoewot/ W (7)e 7 dr (2.7)

—00

while the variation of the LOD can be directly obtained from eq. (2.6).

2.2.1 Solution of motion for simple excitation func-

tions

Many of the geophysical phenomena perturbing the Earth rotation can be
approximated by simple excitations such as step, delta, ramp or periodic
functions. The ramp function represents an excitation that occurs if there
is a secular exchange of mass between the polar ice caps and the oceans,
while a periodic function is a useful model related to the electromagnetic
core-mantle coupling mechanism [Lambeck, 1980].

As we explained in the introduction, in this chapter we are taking into
account the propagation of a tsunami following a giant earthquake.

Since the phenomenon that we are going to study is concerned both with
the earthquake that generates the tsunami and the propagation of the wave
through the ocean, in this subsection, following the rotational theory, our aim
is to give a schematic example of the effects produced by these phenomena

on the Earth pole path.

Step excitation function

A step excitation function is the best representation of the effect due a per-
manent dislocation associated with a seismic event and has the following

form:
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W(t) = AWVH(t) (2.8)
where
0 fort<O
H(t)= (2.9)
1 fort>0

is H(t) is the Heaviside step function and AW is the amplitude of the excita-
tion; this excitation represents an instantaneous shift of the excitation pole
at t = 0. In correspondence of this excitation, for ¢ > 0, the partial solution

of the instantaneous pole of rotation (2.7) becomes:

t
m(t) = —iaoeia(’t/ AWe 77
0

= AU(1 — "0, (2.10)

At the time t = 0 the excitation pole has jumped from ¥ = 0 to a new
position ¥ = AW about which the rotation axis begins to turn. If there are
other jumps for ¢ > 0 from AW¥ to AW + AW’ the instantaneous pole of
rotation will begin to rotate around this new position describing a continuous
curve with a sudden change in the curvature radius when the perturbation
is “turned on” [Lambeck, 1980] (figure 2.1a).

The effect produced by such excitation on the Earth pole path is not
compatible with the step-like discontinuity observed in the geodetic data of
Bianco et al. [2005a,b].
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Delta excitation function

An excitation represented by a sudden impulse is described by a Dirac delta

function

(t) = ATS(H) (2.11)

where

d(t) =0,for t <0 and for t > 0

/_ : §(t)dt = 1

t 0 fort<O
o(t) :/ d(t)dt (2.12)
—o0 1 fort>0

In this case the partial solution of the wobble equation (2.7) becomes:

t
m(t) = —iaoeiJOtAlIl/ S(T)e " dr

. s
= gpc ™ AP0 E)

= —iooe" " AW H (t). (2.13)

In this case the excitation pole remains at its original position while the
instantaneous rotational pole w undergoes a jump of magnitude oo AW and
is shifted 7 from the direction of the impulse [Lambeck, 1980] (figure 2.1b).

A delta excitation function describes a perturbation compatible with tran-
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sient phenomena such as the redistribution of water mass due to the propaga-
tion of a tsunami wave. Such excitation induce a jump in the Earth pole path

compatible with that detected in the observations of Bianco et al. [2005a,b].

2.2.2 Tsunami excitation function

In order to estimate the perturbation to the istantaneous pole of rotation
and to the LOD due to a transient water mass displacement occurred during
the propagation of a tsunami, we have to calculate first the corresponding
time dependent excitation functions.

The perturbation due to a propagation of a tsunami wave may be modeled
with the excitation function ¥, expressed as the sum of two main contribu-

tions:

‘I’t(wObble) =0, +, (2'14)

7,00 — g, + v, (2.15)

where the temporal dependence has been left implicit for the sake of clarity.
v, and V,, are associated with the perturbation to the Earth static mass
distribution caused by the variation of the sea surface (“matter” term); in
this case the event loads the Earth, so the transfer functions in eq. (2.3)
and in eq. (2.4) assume the following values k, = 1.03 and kop = 0.7
[Lambeck, 1980, Munk and MacDonald, 1960]. ¥, and ¥, are associated
with the angular momentum exchange between the horizontal flowing water

and the solid Earth (“velocity” term ); in this case there is no loading so the
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transfer functions in eq. (2.3) and in eq. (2.4) assume the following values
ky = 1.47 and krop = 1.0 [Lambeck, 1980, Munk and MacDonald, 1960].
Therefore the total excitation functions for the perturbation to the pole path

in eq. (2.7) and to the LOD in eq. (2.6) can be written as follows:

\Ilt(wobble) — 1'03¢m(wobble) + 1.471/)v(wobble) (216)

@, (LOD) — () 7y, (LOD) 4 ), (LOD) (2.17)

where 1), and 1), are vector quantities. In spherical coordinates the excita-
tion functions corresponding to a water mass element dm = p,,dV located at

latitude 6 and longitude ¢ read (“matter” term) [Lambeck, 1980]:

(wobble)
Ccos
. = —/ prAr2 cos fsin 6 ) av (2.18)
(0 Vw = sin ¢
Y FOP) = —/ %Urz cos? 0 dV (2.19)

where the integration is carried out over the wave volume V,, that grows
up above the unperturbed sea surface, while C' and A are the axial and the
equatorial inertia moment of the Earth.

The excitation functions corresponding to a mass dm = p,dV moving

with tangential velocity v = (vg, v,) read (“velocity” term) [Lambeck, 1980]:
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(wobble)

— COS
wl = / #TW, Sin 9 ¢ dV“—
¢2 Vo ( - ) —sin ¢

v

D) sin
+ /#rvgsm%’ ¢ v (2.20)
L A0 A) s

Y, o) = —/ g—érv(b cosf dV (2.21)
Vo

where €2 is the mean Earth angular velocity and Vj is the total oceanic volume
involved in the tsunami propagation evaluated considering the volume of
water under an unperturbed oceanic surface.

The excitation functions resulting from the integration of eqs. (2.18)-
(2.19) and (2.20)-(2.21) will represent by construction a transient phenomenon:
in fact the wave volume V,, in egs. (2.18)-(2.19) and the velocity fields in egs.
(2.20)-(2.21) are identically null before and after the tsunami propagation,
so that the excitation functions will be non-zero only during the tsunami
propagation.

To evaluate the “matter” and “velocity” terms of the excitation functions
(2.18)-(2.19) and (2.20)-(2.21) we estimated the water vertical displacement
and the horizontal velocity, as a function of time, by means of a numerical
tsunami model [Mader, 2004, Mei, 1983], in the whole area interested by the
propagation of the tsunami.

Once the sea depth h(6, ¢), the water elevation z(6, ¢) and the horizontal

velocity vector v(#, ¢) have been determined, the excitation functions can be
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obtained through a numerical integration by substituting

dV = 2(0, ¢)r* cos 0dfdo

in egs. (2.18)-(2.19) and

dV = [W(8, ¢) + 2(0, ¢)r? cos dOdd ~ h(8, $)r* cos Odfdg

in egs. (2.20)-(2.21). The last two integrations have been carried out drop-
ping z, under the assumption z << h. This approximation is adequate
everywhere in the domain in which we performed our simulations, with the
exception of the proximity of the coasts, where anyway the contribution to
the integration of the egs. (2.20)-(2.21) results to be negligible.

Afterwards, the variation in the pole path can be computed by numeri-

cally integrating eq. (2.7) while the LOD variation is directly obtained from

eq. (2.6).

2.3 The tsunami modeling

Tsunamis propagate in the sea as gravity waves and since their wavelength
(typically of the order of ~ 10* — 105m) is at least one order of magnitude
larger than the sea depth (< 103m), they are considered as long waves propa-
gating in shallow waters [Piatanesi and Tinti, 1998]. In open water tsunamis
have extremely long periods (from minutes to hours) and travel across the
ocean with typical speeds from 500 to 1000 km/h and with a phase velocity

given by ¢ = % = V/gh, where g is the gravity acceleration and h is the sea
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depth; so when the wave approaches the coast and the sea depth becomes
small the wave velocity diminishes and, in agreement with the Green’s law,
the front wave grows up as a = h_i, where a is the amplitude of the wave
and h is the sea depth [Lamb, 1932]. During the propagation the waves have
a little energy loss even over long distances and their motion involve the en-
tire water column from the surface to the sea bed. The tsunamis are very
different from typical wind-generated waves in the ocean, which have typical
periods of about 10 s and wavelengths of 150 m with a motion that typically
involves only a zone down to a depth of few tens of meters.

The model for tsunami propagation is based on the nonlinear nondis-
persive shallow-water approximation of the Navier-Stokes equations which
describe the evolution of an incompressible fluid in response to gravitational
and rotational accelerations (e.g. Piatanesi and Tinti [1998]). In the classi-
cal theory of shallow water, the vertical component of the water particles is
assumed negligible [Mader, 2004, Lautrup, 2005] and the horizontal velocity

field is retrieved from the mass and momentum equations:

d(z+h) B
T—FV'(V(Z—G—}Z))—O (2.1)
S v V)v=gVztC (22)

where z is the water elevation above the unperturbed sea level, v is the
depth-averaged horizontal velocity vector, h is the sea depth, ¢ is the grav-
ity acceleration and C represents the Coriolis force; the frictional term has

been neglected from the eq. (2.2) because we deal with a propagation of a
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wave in deep waters (transoceanic). This system is completed by boundary
conditions of pure wave reflection along the coastlines and of full wave trans-
mission at the open ocean. We assume that the initial tsunami wave is set in
motion by the instantaneous transmission of the sea bed displacement to the
overlying water mass. Once the seismic fault geometry has been specified, we
compute the coseismic deformation of the sea floor using an elastic disloca-
tion model [Okada, 1985]. Equations (2.1) and (2.2) are solved numerically
by means of a finite difference method in a staggered grid of 2 arcminutes of

spatial resolution [Mader, 2004, Mei, 1983].

2.4 Application to the Sumatra event

In this section our aim is to study the effect of the transient water mass
redistribution on the pole path applying the theoretical model, developed
above, to the tsunami wave following the devastating megathrust earthquake
of December 26, 2004 off the west coast of northern Sumatra.

The Sumatra event has been considered the largest after the 1960 Chile
earthquake and reopened discussions and stimulated investigations on the
possible effects of earthquakes on the Earth rotation.

In recent studies Gross and Chao [2006] modeled the expected coseimic
effects on the Earth rotation due to the Sumatra earthquake, obtaining a
shift of the excitation pole of 2.32 mas and a LOD decrease of 6.8 us. Since
the polar motion excitation functions and the LOD can currently be deter-
mined with an accuracy of 5 mas and 20 us, respectively, these changes in the

Earth rotation turn out to be about three times smaller than the measure-
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ments uncertainties. Moreover the analysis performed on the Earth rotation
observations do not show evidence of a signal induced by the Sumatra earth-
quake [Gross and Chao, 2006].

Otherwise preliminary geodetic observations of Bianco et al. [2005a,b],
based on laser ranging and GPS techniques, reveal a westward step discon-
tinuity in the y-pole component of the instantaneous rotational pole path in
correspondence of the earthquake, as it is shown in figures 2.2 and 2.3. The
observed discontinuity, however, has not been confirmed but, in our opinion,
is an evidence which is worth considering.

Figure 2.2 shows the observed discontinuity in the SLR data. The analy-
sis, based on the extimates of the residuals of the quadratic polinomial fit of
the y-pole component data, revealed a jump of magnitude of about 1.5 — 2.0
mas. Figure 2.3 shows a work, performed some months later, in which dif-
ferent analyses, retrieved by means different geodetic techniques, evidence
coherently the step discontinuity in correspondence of the Sumatra event.

Theoretically, the observed step-like discontinuity cannot be explained
only in terms of a solid mass redistribution associated with a coseismic per-
manent dislocation. As discussed in subsection 2.2.1, a step-like discontinu-
ity in the pole path may be modeled with an excitation having a delta-like
temporal dependence, which represents a transient perturbation induced, for
istance, by a tsunami wave propagation.

Since the time scale in which we perform our analysis (i.e. 16 hours) is
less than that the pole path determination (i.e. about 24 hours) we expect
that the functional form of excitation associated with the propagation of the

tsunami wave, shows a delta-like temporal dependence which represents a
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step-like discontinuity in the pole path.

The time dependent excitation functions have been evaluated by means of
a numerical tsunami model, whose outputs are the vertical displacement and
the horizontal velocity field of the propagating tsunami wave, as described
in section 2.3. The numerical tsunami simulation has been carried out in
a time window of 16 hours (i.e. 57600 s) and on a spatial domain covering
the whole Indian Ocean area interested by the propagation of the tsunami
(about 10% km?). The tsunami source geometry is the one obtained by Bao
et al. [2005] and summarized in the table of figure 2.4.

The volume V; on which the integration of eq. (2.20) and eq. (2.21) has
been carried out takes into account the Indian Ocean bathymetry from the
ETOPO2 dataset [Smith and Sandwell, 1997] available at
http://www.ngdc.noaa.gov/mgg/global /global.html.

Figure 2.5 shows the snapshots of the elevation and velocity fields of the
modeled tsunami, taken at 4 hours interval. The bathymetric complexities of
the Indian Ocean, such as trenches, ridges and seamounts, affect the tsunami
propagation and induce strong refraction of the wavefields. In the open sea,
the tsunami waves hardly exceed an amplitude of 10 cm while the induced
particle velocity is generally smaller than 1 mm/s. On the contrary, due to
the conservation of the quantity of motion, when the waves enter in very
shallow waters and approach the coastline, the water elevation may grow up
to several meters and the velocity may be as large as few m/s.

The temporal evolution of the ¥y and ¥y components and of |¥,| are
reported in figure 2.6 and 2.7. Figure 2.7 shows that the maximum variation

of ¥, during the propagation of the tsunami wave exceeds 2 x 1078, The
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curves plotted between the dotted lines evidence the delta-like temporal evo-
lution of the perturbation associated with the simulated tsunami, out of the
simulated range the curves have been smoothly cut off in order to mimic an
excitation that “turns on” and “switches off”. If we compare our result to
those obtained for the coseismic effect of the Sumatra earthquake by Gross
et al. (2006) it can be seen that this value is two times greater than the
one associated with the seismic excitation function ¥, that has been esti-
mated to be about 1078, This of course does not imply that the pole path
perturbation induced by the tsunami is more significant, due to the different
temporal dependence between ¥, and ¥,.

From the numerical integration of eq. (2.7) we obtained the temporal
evolution of the pole position shown in figure 2.8. Figure 2.9 shows the
evolution of the instantaneous pole of rotation (polodia) during the 16 hours
of simulation of the tsunami. As can be seen from figure 2.8, the propagation
of the tsunami wave induces a step-like perturbation in the pole path with a
magnitude of about 0.02 mas.

According to what we obtained the observed step-like discontinuity of
figures 2.2 and 2.3 could be related to an excitation with a delta-like temporal
dependence due to transient mechanisms. We compared our modeled step
discontinuity with that observed in geodetic data and even if the curves
have the same temporal dependence, our result is almost one hundred times
smaller than the observed, therefore too small to be detectable.

Figure 2.10 shows the evolution of LOD variations during the propagation
of the simulated tsunami obtained from eq. (2.6). The plot evidences a

transient perturbation of LOD in agreement with the transient nature of a
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water mass redistribution. The transient corresponds to a LOD decrease as
in the case of static coseismic deformation and has a peak of 8.8 us four
hours after the beginning of the tsunami propagation, greater than the value
obtained by Gross and Chao [2006] as a result of solid mass redistribution
(6.8 us).

Anyway, these transient variations occur in a too short time window to
be evidenced by the current daily measurement techniques. We note also
that, since the LOD changes can currently be determined with an accuracy
of about 20 ps [Gross and Chao, 2006] and our modeled LOD variations are
2.3 times smaller than the uncertainty in the measurements, the changes due

to a water mass redistribution could be too small to be detected.

2.5 Conclusions

In this chaper we studied the effect of a perturbation to the Earth rotation
due to a transient phenomenon associated with the propagation of a tsunami
wave that has been never investigated yet.

We developed a theoretical model to evaluate the effect of a transient
water mass redistribution on the instantaneous pole of rotation and on the
LOD. The modeling is based on the explicit solution of the partial pole
motion equation that can be retrieved by means of the calculation of the
excitation functions, according with the theory outlined in Lambeck [1980]
and Munk and MacDonald [1960], which contain the perturbation to the
pole path and to the LOD. Since the perturbation is associated both with

the redistribution of mass caused by the variation of sea surface and the
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exchange of angular momentum between the solid Earth and the horizontal
flowing water, a numerical tsunami model has been used to evaluate the
vertical displacement of the wave and the horizontal velocity field.

The effect of such perturbation on the Earth pole path has been evalu-
ated by applying the modeling scheme to the tsunami following the Sumatra
earthquake.

The effect produced by the modeled water mass redistribution on the pole
path is qualitatively in agreement with the observed step-like discontinuity
in the pole path but its magnitude is one hundred times smaller than that
assessed in geodetic data. The geodetic observations however have still to
be confirmed, but unfortunately no work on this topic is available in the
literature yet.

The LOD variation caused by the modeled tsunami is a transient de-
crease with a peak value greater than the coseismic effect due to the static
dislocation, but its time scale is too short to be detected by current mea-
surement techniques and its amplitude is smaller than current measurement
uncertainties.

Therefore we have to discard the perturbation effect of the tsunami as a
possible explanation of the step-like discontinuity in the pole path observed

in available geodetic data.
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Figure 2.1: Motion of the instantaneous rotation axis w due to a) step and b) delta
excitation functions. The figure a) shows that at the time 7j, when w is at Pp, the
excitation pole is shifted from A to B; w now turns about B with radius BP; until time
T, when w is at P», and a second shift in the excitation occurs from B to C. The figure
b) shows that initially w = 0, ¥» = 0. At the time 77 a delta function excitation occurs
and for a short time displaces ¢ from O to A. w jumps to B, § behind A in phase,
and now rotate about O. At the time 15, w is at C' and a second impulse occurs in the
direction OD; now w moves to E and continues to rotate about O but with a modified

radius [Lambeck, 1980].
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Figure 2.2: Preliminary estimates of the earthquake effect on pole motion provided by
the International Laser Ranging Service (ILRS) on 19th January 2005. a) Zoom of the
jump in the y-pole component data in correspondence of the Sumatra earthquake. b)
Residuals of the quadratic polinomial fit of the y-pole component data in which a jump
of magnitude of about 1.5 — 2.0 mas is evidenced [Bianco et al., 2005a].
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Figure 2.3: Comparison of detrended daily y-pole estimates, the red line shows SLR
(combined ILRS product), the blue line represents GPS estimates obtained in the study
of Bianco et al. [2005b] (see “This study” in the figure) and cyan shows the daily GPS
computed at CODE (courtesy of U. Hugentobler). The green asterisks refer to the official
IERS C04 solution. The independent solutions give a coherent measure of the Y-pole
displacement during the Great Sumatra event [Bianco et al., 2005b].

Lon Lat Width Length Strike Rake Dip Slip Depth
(deg)  (deg)  (km)  (km)  (deg) (deg) (deg) (meter) (km)

S01 94.610 2.375 300 5

S02 93.902 2.918 315 15

S03 93.359 3.625 330 15

S04 93.018 4.449 345 15

S05 92.823 5.326 350 15

S06 92.667 6.212 350 15

S07 92.435 7.077 200 100 340 90 11 15 2

S08 92.165 7.934 345 15

S09 91.970 8.811 350 15

S10 91.853 9.702 355 15

S11 91.853 10.598 5 15

S12 91.970 11.488 10 15

S13 92.165 12.366 15 5

Figure 2.4: Seismic fault geometry.
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Figure 2.5: Snapshots of the propagating tsunami taken at 4 hours interval show a) the
water elevation, b) the modulus of the horizontal velocity field. In the snapshots a) the
red area show an elevation greater than 10 cm. In the in the snapshots b) the pink area
evidence a velocity greater than 1 cm/s (36x1072 km/h)
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Figure 2.6: Temporal evolution of ¥; and W5 components of the total excitation function.
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Figure 2.8: Temporal evolution of m; and mo components of the instantaneous pole of
rotation.
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Figure 2.10: LOD variation during the 16 hours of propagation of the simulated tsunami.



Chapter 3

Coseismic and postseismic
stress diffusion associated with

the Sumatra earthquake

3.1 Introduction

The giant Sumatra earthquake occurred on December 26", 2004 perturbed
the stress field configuration over a large area surrounding the event source,
triggering a seismic sequence consisting of 2992 aftershocks recorded just in
the first three months, and 4643 aftershocks recorded in the first six months.

When an earthquake occurs the Earth reacts elastically and is instan-
taneously deformed. This deformation, which is referred to as “static” or
“coseismic”, induces an instantaneous change of the state of stress in the
surrounding lithosphere [Boschi and Dragoni, 2000, Casarotti et al., 2001,

Casarotti and Piersanti, 2003].

34
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Due to their long term fluid behaviour, the astenosphere and the mantle
react to the imposed elastic shear stress deforming and superimposing a time-
dependent deformation process on the elastic static coseismic contribution;
this phenomenon is referred to as postseismic deformation. [Ranalli, 1995,
Casarotti et al., 2001, Casarotti and Piersanti, 2003].

The earlier studies of the stress transfer by large earthquakes and their
interaction with seismogenetic structures at global scale is due to Romanow-
icz [1993], who examined the spatio-temporal pattern of energy release by
great strike-slip and thrust earthquakes in a time window from 1908 to 1992,
evidencing alternating periods of these mechanisms. While the fault inter-
actions at local or regional scale are supported by phenomenological and
modelistic evidences and is now considered an important feature in the seis-
mic hazard assessment [Stein, 1999, Parsons et al., 2000, Steacy et al., 2005,
the idea of remote triggering of earthquakes and of fault interaction at great
distances is still a controversed topic [Kerr, 1998|. A quantitative approach
to the interaction between earthquakes at great distances was addressed for
the first time by Pollitz et al. [1998], who analyzed the spatio-temporal corre-
lation between the viscoelastic relaxation process following the great Alaska
earthquakes of the 1950s and 1960s and the following seismic activity of the
north-east Pacific. Subsequently other studies about the fault interactions at
global scale were carried out in the works of Marzocchi [2000], Melini et al.
[2002], Casarotti et al. [2001], Casarotti and Piersanti [2003]

In this chapter we discuss an analysis of the coseismic (static) and post-
seismic (quasi-static) stress diffusion due to the December 26, 2004 Sumatra

earthquake along the Sunda-Java Trench, following both an analytical and
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a numerical approach. In order to evaluate the stress changes due to the
Sumatra earthquake we computed the Coulomb stress on the source mecha-
nisms of Sumatra aftershocks taken both from the Centroid Moment Tensor
(CMT) and United States Geological Survey (USGS) catalogues in a time
window spanning two years (from December 26!, 2004 to November 30",
2006), that includes Nias (March 28" 2005, M,, = 8.6) and Java (July 17",
2006, M, = 7.7) earthquakes, and analyzed the spatio-temporal stress pat-
tern. The modeling approach and the dataset selection used to perform this
analysis, will be explained in the subsections 3.2.1 and 3.2.2 respectively.

In the subsection 3.2.3 we briefly outline the theoretical principles of
the analytical, viscoelastic spherical model of global postseismic deformation
(PSD) originally proposed by Piersanti et al. [1995, 1997] and of the numerical
finite-element (FE) package FEMSA developed by Volpe et al. [2007], which
have been used to calculate the stress field components.

The results obtained with the two modeling approach have been resumed
in section 3.3 where we give a detailed description of the results obtained
in the modeling and we make a more deeper analysis, focusing on the Java

earthquake, in order to validate our modeling procedures.

3.2 Modeling approach

3.2.1 The Coulomb Failure Function

Earthquakes occur when the shear stresses which act to rupture a fault are

large enough to overcome the normal (or clamping) stresses that, in combi-
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nation with friction, prevent a locked fault from slipping [Freed, 2005]. This
balance is conveniently expressed by the CoulombFailure Function (CFF),
that is a useful tool to evaluate the interactions between the perturbation to
the stress field due to earthquakes and the preexisting seismogenic structures
[Stein, 1999]. The Coulomb stress o, or Coulomb Failure Function CFF, is
given by [Stein, 1999, Cocco and Rice, 2002]

o.=CFF =1+n(0,+p) (3.1)

where 7 is the shear stress (i.e. parallel to the slip direction), o,, is the normal
stress (by convention assumed positive if the fault is unclamped), p is the
pore fluid pressure and 7 is the friction coefficient.

Equation (3.1) represents the balance between the shear stress 7 that acts
to break and the normal stress o, that tends to clamp the fault. The term
(o, + p) is the effective normal stress and takes into account the pore fluid
pressure that acts against the normal stress by reducing the resistance to
shear fracture and the resistance to sliding ([Ranalli, 1995] and references
therein).

Since is not possible to know the absolute value of stress on a fault, we
can calculate the Coulomb stress changes caused by an earthquake by means

of changes in the shear and normal stresses, by using the expression

Ao, = ACFF = At + n(Ao, + Ap) (3.2)

The knowledge of the sign of the CFF variations on a fault allows us to predict

if the stress field imposed by an earthquake acts to promote (ACFF>0) or
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to oppose (ACFF<0) the rupture of the fault.

The calculation of the ACFF is indipendent from any knowledge of the
prevailing regional stresses or any preexisting stress fields from other events
[Freed, 2005].

Pore fluid pressure changes are commonly assumed to be proportional to
normal stress changes and included into an effective coefficient of friction, 7/,

so that eq. (3.2) is written in the following form [Cocco and Rice, 2002]

ACFF = At +1'Ao, (3.3)

where the effective coefficient of friction is defined as:

n =n(l—-DB) (3.4)

where B is Skempton’s coefficient, which by means of laboratory experiments
typically ranges between 0.5 and 0.9 [Roeloffs, 1996]. The effective coefficient
of friction varies in a range from 0.0 to 0.75, with an average value of ' = 0.4

that is often used ([Cocco and Rice, 2002] and reference therein).

3.2.2 Dataset selection

In order to evaluate the CFF variations we have to project the Coulomb stress
over the seismic rupture planes of the events we are going to study. To this
aim we selected a sequence of aftershocks of the Sumatra earthquake taken
from the CMT and USGS catalogues in the time window from December
26" 2004 to November 30", 2006 located in the geographical area included
between longitudes 85°E and 115°E and latitudes -15°N and 20°N.
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In the selected period we collected 7219 events at all magnitude values
from the USGS catalogue. Since the USGS catalogue does not provide a
focal mechanism solution, we assigned to the selected events the same focal
mechanism of the mainshock, i.e. that of the “composite” source evaluated
in the work of Tsai et al. [2005], which is located at at (6.6°N, 93.0°E) at
depth of 25 km with strike, dip and rake angles respectively of 343.0°, 6.1°,
107.0° (figure 3.1).
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Table 2. Source Parameters for the Final, Five-Source Model®

Source Strike Dip Rake Moment My €

I 318 6.4 94 0.318 8.94 0.00
Il 345 6.3 109 0.387 9.00 0.00
11 343 5.8 95 0.275 8.90 0.02
v 15 8.4 132 0.105 8.02 0.04
A% 35 8.1 155 0.081 8.54 0.01
Comp 343 6.1 107 1.15 9.31 0.02

“Strike, dip and rake are given in degrees. Moment is given in units of
10* dyne-cm. & describes the relative size of the non-double-couple
component of the moment tensor and is calculated as —e,/max(|a, |&|)
where ¢; are the ordered eigenvectors of the moment tensor. Values for a
composite (“Comp”) solution obtained by summing the moment-tensor
components of the individual sources are also listed. The centroid location
and time for the composite source are 6.6'N, 93.0°E and 214 s.

Figure 3.1: Multiple CMT solution obtained by [Tsai et al., 2005] for the Sumatra
earthquake with their focal parameters. In yellow the “composite” source.
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For the 875 CMT aftershocks instead, the strike, dip and rake angles of
the two nodal planes are provided for each event [Dziewonski et al., 2000].
However, we had to discriminate the actual fault plane between the two so-
lutions to project the Coulomb stress and calculate the CFF variation. To
this aim we followed the idea developed in the work of Casarotti et al. [2001]
in which the authors evaluated the stress transferred by eight particular big
earthquakes, selected from 1960 to 1989, to all the seismogenic structures of
the circum-Pacific area. At this purpose at first they divided the circum-
Pacific area into smaller areas enclosing plate boundary segments of roughly
coherent geometry and fault type mechanism, then selected a great number
of events from the CMT catalogue and evaluated their actual focal mech-
anism, on which project the Coulomb stress, on the basis of a functional
relashionship among the strike, dip and rake angles of the first and second
nodal plane for all the earthquakes occurring within these areas [Casarotti
et al., 2001].

According to the procedure adopted in Casarotti et al. [2001], in figure
3.2 we plotted the two CMT focal solutions on the (rake, dip), (dip, strike)
and (rake, strike) planes, and looked for a functional relashionship of the
focal angles. The first and second nodal planes are plotted in black and red,
respectively.

From the 875 CMT solutions, we selected a set of 299 events having
mainly thrust type mechanism (black ellipse in figure 3.2¢), i.e. with rake>0°
and dip<45°, as expected along a subduction zone; this set also has strike
angles greater than 270°, quite in agreement with the north-eastward sub-

duction direction of the Australia plate boundary.
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The red ellipse in figure 3.2c encloses the complementary nodal planes of
the events enclosed in the black one; these solutions have strike directions
between 120° and 180° and dip>45°, which are not compatible with the
subducting direction of the Australia plate. Since the investigated area has
predominantly a thrust-type regime, we selected as actual fault planes those
in the black ellipse and discarded those included in the red one.

Another interesting cluster, including 152 events, is evidenced in 3.2¢ in
the blue ellipse. For this set we could not follow the selection procedure
adopted before because the corresponding cluster of their complentary nodal
planes are distributed on the whole (rake, strike) plane without forming a
cluster; therefore the solutions evidenced in the blue ellipse were selected
without any discrimination procedure.

We will refer to the 451 events enclosed in the black and blue ellipses as
the group a.

For the remaining 424 CMT events, the selection of their actual nodal
planes has been carried out by isolating small groups of events whose focal

mechanisms have the following features:

e compatibility with the regional tectonic regime, such as thrust-type

fault mechanism;

e similarity of the focal mechanism with the nearest source of the five

mechanisms obtained by Tsai et al. [2005];

e direction of strike angle following the path of the subduction zone

boundary;
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e similarity of the focal mechanism among small groups of events located

in the same geographic area.

We will refer to these 424 events as the group b.

3.2.3 Modeling the stress field

Once the focal mechanisms have been selected, the next step consists of cal-
culating the time-dependent stress components. These have been calculated
using both an analytical, viscoelastic, spherical model of global postseismic
deformation developed by Piersanti et al. [1995, 1997] and a finite-element
method recently developed by Volpe et al. [2007]. In the next two subsections

we outline the characteristics of the two methods.

The semi-analytical method

The semi-analytical model of global postseismic deformation originally de-
veloped by Piersanti et al. [1995, 1997] and further refined by Boschi et al.
[2000] is based on a spherical, incompressible, layered, laterally homogeneous
and self-gravitating Earth model and allows to compute the time-dependent
response to a seismic excitation through a normal mode decomposition of
the physical observables.

This approach is based on the correspondence principle of linear viscoelas-
ticity [Fung, 1960] that enables us to deal with equations of motion formally

identical to these of the elastic case, provided that we solve the problem in

the Laplace domain and define a complex rigidity fi(s) = -£5, where 7 is the

)
s+ £
n

viscosity and s is the Laplace variable. The equations of motion of a linear



43

h

ing approac

3.2 — Model

[INTH

oL
.
eider”

i

.
21,

.

PPRi

180 1
150
120 1
90 A
60 1
30 1
0
-30 A

(004bap) ayes

-60
-90 A
-120 1
-150 1

-180

dip (degree)

(ea1bap) dip

strike (degree)

180 oo

o
o

(e01bap) ayes

strike (degree)

* 2° Nodal plane

+1° Nodal plane

Functional relationship among parameters of the two nodal planes for all

selected CMT events.

.
.

Figure 3.2



3.2 — Modeling approach 44

viscoeleastic Maxwell body are then written in the Laplace domain in the

following form:

—pVéy — V(i pogoe,) + V- T = pf (3.5)
V-i=0 (3.6)

V24, =0 (3.7)

T = 2iE + pi1 (3.8)

B - %[v- i+ (V-)7) (3.9)

where the tilde denotes Laplace-transformed variables and the subscrtipts
0 and 1 denote the equilibrium and the perturbed quantities [Peltier, 1974,
Wu and Peltier, 1982, Sabadini et al., 1984, Wolf, 1991, Spada, 1992, Pier-
santi et al., 1995]. Equation (3.5) states the momentum conservation and
f represents the equivalent force distribution corresponding to a point seis-
mic dislocation [Smylie and Mansinha, 1971, Mansinha et al., 1979, Piersanti
et al., 1995], whereas  and T represent the displacement field and the stress
tensor. Equation (3.6) is the incompressibility condition; equation (3.7) is
the Poisson equation for the incremental gravitational potential (51; equation
(3.8) is the costitutive law of an incompressible viscoelastic medium with lin-
ear rheology, where p; is the incremental pressure and I is the identity matrix.
Equation (3.9) is the definition of tensor of the infinitesimal deformations E.

The solution of the problem is obtained through a decomposition of the

physical quantities on a spherical harmonic basis and applying symmetry
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constraints. In this way the equation system (3.5) - (3.9) is linearized and
for each harmonic degree and order it is possible to obtain a sets of first-order
ordinary differential equations, for the poloidal and toroidal parts [Smylie and

Mansinha, 1971, Piersanti et al., 1995]:

d m m m
Y= Sty +f] (3.10)
d m I m m
% Zl =T Zl + gl (311)

where the poloidal six-component vector y;"* and the toroidal two-component
vector z;" contain harmonic expansion coefficients of displacement, incremen-
tal stress field and gravity potential. In order to simplify the notation the
Laplace variable s has been left implicit. The elements of S! and T* depends
on the mechanical and the rheological parameters of the Earth model [Pier-
santi et al., 1995]; the functions f/* and g* contain the spectral components
of the body force equivalent to a point dislocation [Smylie and Mansinha,
1971, Mansinha et al., 1979, Piersanti et al., 1995].

The solution of the equations (3.10) and (3.11) is obtained by imposing as
boundary conditions the continuity at the internal interfaces and vanishing
shear stresses at the free surface and at the Core-Mantle-Boundary [Sabadini
et al., 1982]. The solution at the CMB is then propagated to the observer
radius [Gilbert and Backus, 1966]. Once the solution in the Laplace domain
has been obtained, the time-dependence can be recovered by applying the
residue theorem [James, 1991, Spada, 1992].

Starting from the semi-analytical model the time evolution of the stress

tensors can be computed by a summation of the spherical harmonic terms.
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Since the harmonic expansions of displacements and stress contain rapidly
oscillating terms, a special care has to be devoted to the choice of the sum
truncation point to ensure its convergence. This issue has been addressed in
the work of Casarotti [2003], which carried out a detailed study assuming that
the solution reaches convergence at an harmonic degree depending mostly on
the radial distance D between the source and the receiver (see Tab. 1.1 in
Casarotti [2003]).

In our study of the postseismic stress relaxation due to the Sumatra event,
we assumed a radial rheological stratification with an 80 km elastic litho-
sphere, a 200 km thick asthenosphere, a uniform mantle and a fluid inviscid
core. Both the asthenosphere and mantle are caracterized by a viscoelestic
Maxwell rheology with viscosity values of 10! Pa s and 10?! Pa s respec-
tively. The density and the rigidity values are obtained by volume-averaging
the corresponding PREM reference values [Dziewonski and Anderson, 1981].
The seismic source for the Sumatra earthquake has been modeled with the
composite point source of the work of Tsai et al. [2005] (figure 3.1). The anal-
ysis has been carried out in a time window of two years; for each aftershock
the stress field has been evaluated at the exact time of its occurrence.

As explained before, a critical numerical problem is represented by the
convergence of the harmonic expansion, since the number of required degrees
strongly increases when the source and receiver get radially closer [Riva and
Vermeersen, 2002, Casarotti, 2003]. To overcome convergence problems with
aftershocks occurring at depths close to the mainshock depth, we constrained
the source-receiver radial distance to assume a minimum value of 20 km. If

the mainshock depth is z, we assigned at all aftershocks located at depths
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between z and z + 20 km depth d = z + 20 km, while at aftershocks located
between z and z — 20 km we assigned a depth d = z — 20 km. To the
aftershocks located at exactly at the same depth of the mainshock we assigned

alternately a depth d = z % 20.

The numerical finite-element method

FEMSA, the acronym for “Finite Element Modeling for Seismic Applica-
tions”, is a numerical simulation tool aimed to calculate stress and displace-
ment fields resulting from seismic faulting [Volpe et al., 2007]. FEMSA is
based on CalculiX, a free 3D structural Finite Element solver, created by
Guido Dhondt & Klaus Wittig (http://www.calculix.de/).

In order to evaluate the stress changes due to the Sumatra earthquake we
considered a spherical domain consisting of a portion of spherical zone about
1000 km thick spanning 9 x 107 km? on the Earth surface (figure 3.3); the
domain has been meshed with 38348 20-nodes brick elements resulting in a
mesh containing 171537 nodes. The mesh was designed to be finer near the
Sumatra source where the internode distance is about 2 km, while outside the
region the spatial resolution decrease with increasing distance [Volpe et al.,
2007].

The domain is laterally homogeneous and has been rheologically layered in
two different ways in order to perform the coseismic and postseismic analyses.
For static analysis, a multi-layered elastic rheology has been considered, while
for the quasi-static analysis a three-layered model has been defined with a
125 km thick elastic lithosphere, a 250 km thick viscoelastic asthenosphere

with 7=10'® Pa s and 625 km viscoelastic mantle with n=10%! Pa s. Both the
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Figure 3.3: Portion of spherical zone used in the numerical simulation [Volpe et al.,
2007].

asthenosphere and the mantle have a linear Maxwell viscoelastic rheology. In
both analyses the elastic parameters have been evaluated by a volume average
of the corresponding PREM values [Dziewonski and Anderson, 1981]. The
simulation has been carried out in a time window of two years with a time
step of one year, the seismic source has been modeled with the multiple point
sources model proposed by Tsai et al. [2005] (figure 3.1).

Although in the FE modeling the faults are usually considered as con-
tact interfaces, CalculiX has no contact capabilities implemented yet, so the
sources are implemented by FEMSA as a distribution of double couples of
forces, under the equivalent body force theorem [Volpe et al., 2007]. The
application points of the double couple of forces are chosen in groups of four
according to the slip vector and eventually moved in order to obtain the
correct orientation accordingly with the dip angle.

For computational semplicity the simulation is carried out assuming zero
strike and subsequently field values, for strike angles different from zero, are

obtained by means of a suitable reference frame rotation. While the FE
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simulation computes only pure strike-slip (0°, 180°) and dip-slip (90°, 270°)
mechanisms, arbitrary rake angles are modeled as a linear combination of
pure mechanisms.

Since the FE method is intrinsically limited to deal with finite domains,
careful boundary conditions have to be introduced, in order to avoid edge
effects [Wolf, 2004]. FEMSA implements the so-called Okada inhomogeneous
boundary conditions. Since the Okada model [Okada, 1985, 1992] provide the
exact analytical solution for the displacement field generated by a faulting
source within an infinite homogeneous domain, the exact displacements (in
an assumed infinite domain) belonging to nodes on the bottom and lateral
surfaces delimiting the volume can be calculated and imposed as inhomoge-
neous boundary conditions [Volpe et al., 2007].

The postseismic stresses have been calculated using FEMSA in a time
window of two years (i.e. from December 2004 to December 2006) with a
time step of one year. In order to associate the most reliable stress values
to all the aftershocks in the sequence, we applied a coseismic stress to the
aftershocks occurred in the time window from December 26", 2004 to the
June 30", 2005 (6 months); a postseismic stress evaluated after one year
from the mainshock to the events occurred from July 1%¢, 2005 to the June
30" 2006 and finally a postseismic stress evaluated after two years to the
aftershocks occurred from July 1%, 2006 to the November 30", 2006. This

procedure is schematically represented in figure 3.4.
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Figure 3.4: Diagram which represents the time step used for the postseismic numerical
finite-element simulation.

3.3 Results and discussions

3.3.1 CFF sign variations distribution

Figures 3.5a and 3.5b show the coseismic CFF variation in the investigated
area at a depth of 20 km above and below the mainshock, respectively. The
Coulomb stress has been projected on a plane with the same orientation of
the mainshock fault. The plots evidence that both at depth of 5 km and
of 45 km (i.e. £20 km from the Sumatra hypocentre), a wide area around
the source is interested by an overall CFF variation of about 0.2 bar (black
rectangles in figures 3.5a and 3.5b). Along the Sunda arc, at depth of 5 km
(figure 3.5a), the ACFF>0 and ~0.02 bar; while at depth of 20 km below
the mainshock, the stress changes are less effective (figure 3.5b).

Figures 3.6a and 3.6b represent the postseismic CFF sign variations on
the aftershocks of the Sumatra event for the USGS and CMT datasets, re-

spectively, computed with the semi-analytical method.
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As we described in subsection 3.2.2, for the USGS events we projected
the Coulomb stress on the focal mechanism of the mainshock, while for the
CMTs we selected the focal mechanisms as explained in subsection 3.2.2.
Nevertheless, the plots of figures 3.6a and 3.6b evidence a similar pattern
of the CFF variations for both datasets, even if the sample of the selected
earthquakes from the two catalogues is quite different.

The plots in figures 3.6 show that for the aftershocks located above the
equator there is no predominant regime of ACFF sign. The ACFF value of
Nias 2005 earthquake obtained by projecting the Coulomb stress on the focal
mechanism of the Sumatra mainshock, is very low (5 x 1073 bar), while it is
negative (—4 x 1074 bar) using the CMT focal mechanism, obtained in the
selection of the group a (subsection 3.2.2). In the region, below the equator,
there is a prevalent regime of ACFF<O0, as if the Sumatra earthquake would
not act to promote the ruptures; more to on south, in correspondence of the
2006 Java earthquake (green star), there is a cluster of events occurring in
ACFF>0 conditions.

As described in subsection 3.2.3, the simulations with the semi-analytical
model have been carried out with a constraint on the radial distance be-
tween the source and the receiver in order to prevent convergence problems
in the harmonic sums. The computations performed with the finite-element
method does not suffer from these restrictions and therefore have improved
our modeling of stress relaxation.

The stress field obtained with the numerical simulation has been calcu-
lated by superimposing contributions of each point source obtained by Tsai

et al. [2005]. For each aftershock the six stress components have been ob-
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tained by finding the grid point closest to the aftershock hypocenter.

Figure 3.7 shows the coseismic CFF sign variations obtained both in the
coseismic and in the postseismic case by means of the finite-element method.

Figure 3.7a shows the sign of the coseismic CFF variations projected on
the USGS events. In the northern part of the investigated region (above the
equator), as obtained with the analytical model (figure 3.6), the plots do not
show a prevalence of positive or negative CFF variations. Below the equator,
instead, there is a striking prevalence of earthquakes occurring in conditions
of positive CFF variation; this result has a great statistical relevance because
there are almost no earthquakes with negative ACFF sign in the southern
part.

In figure 3.7b we represented the coseismic CFF sign variations on the
CMT earthquakes. Even if in this case the statistical significance is weaker
with respect to that obtained with the USGS catalogue, due to the smaller
sample of events, the pattern of the ACFF sign distribution confirms what
observed in the previous plots, except for the presence of a cluster of earth-
quakes, located in the southern-eastern part of the investigated region, in-
terested by a general negative CFF variation (green circle).

Figure 3.8 shows the postseismic CFF sign variations both for the two
catalogues obtained with the FE method. If we compare postseismic sign
variations (figures 3.8a and 3.8b) with the coseismic ones (figures 3.7a and
3.7b), we observe that they have qualitatively the same pattern. In corre-
spondence of the Nias earthquake source there is an increase of CFF variation
of about 1 bar for both datasets. The ACFF value of the Nias event is the

same both in coseismic and postseismic case because, as we explained in the
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subsection 3.2.3 (figure 3.4), we associated a coseismic stress to the events
belonging to the first six months after the Sumatra earthquake. More to the
south, in correspondence of the Java event, occurred in July 17, 2006 the
values in the postseismic case are three times greater (i.e. 7x1073 for the
USGSs and 4.5x1073for the CMTs) than those obtained in the coseismic.
Due to the similarity of the coseismic and postseismic stress patterns, from
this analysis we can conclude that the postseismic stress did not cause a
change of the ACFF signs in the majority of the events.

In figure 3.9 we analyzed the spatio-temporal evolution of the postseis-
mic CFF variations obtained with the finite-element method. We observe a
migration of seismicity, from the equator towards the southern part of the
investigated region, during the two years in which the analysis has been car-
ried out. This pattern of seismicity is in agreement with the results obtained
by Pollitz et al. [2006], who evaluated the stress changes associated with co-
seismic and postseismic deformation following the Sumatra and Nias events.
Their results show a stress increase slowly moving towards the southern part
of the Sunda arc in a time window of ten years; such increase of stress along
the arc could affect the 1797 and 1833 rupture zones [Sieh et al., 2004, Pollitz

et al., 2006] triggering other large earthquakes.

3.3.2 The Java earthquake

In this section our aim is to study the CFF sign variations on the cluster of
events, located in the southern-eastern region along the Sunda (Java) Trench,

that includes the July 17, 2006 Java earthquake (green circle in figure 3.7b).
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The Java earthquake occurred off the southwestern coast of Java, Indonesia,
and caused a three-meter-high tsunami which struck the southern Indonesian
coasts of Java. The event is characterized by a scalar moment My = 4.61 X
10%° Nm, corresponding to a moment magnitude M, = 7.7 as a result of
thrust-faulting on the boundary between the Australia plate and the Sunda
plate (strike, dip and rake angles equal to 290°, 10° and 102° respectively)
[Dziewonski et al., 2000]. The rupture nucleated at (-9.25°N, 107.41°E) at
34 km depth, on the shallow part of the plate boundary, about 50 km north
of the Java Trench ([Dziewonski et al., 2000], http://earthquake.usgs.gov).

In the previous analyses (subsection 3.3.1) we evaluated the effect of the
stress acting on this region as a consequence of the Sumatra earthquake,
by projecting the Coulomb stress over the focal mechanisms selected in the
subsection 3.2.2 and collected in the group 0. The majority of the events
of the cluster have a focal mechanism belonging to the group b (section
3.2.2) except the Java mainshock and two other seismic events whose focal
mechanism belongs to the group a.

As described in subsection 3.3.1 the stress variations due to the Sumatra
earthquake on the cluster, computed by means of semi-analytical and the
finite-element modeling, show different results. The semi-analytical modeling
gives predominantly a positive CFF sign variation both for the USGS and
CMT cluster events (figures 3.6a and 3.6b), while in particular the Java event
shows a negative ACFF value both projecting stress on the mainshock and
on the CMT focal mechanism; this result shows that the stress field of the
Sumatra event does not seem to be responsible of the rupture of the Java

fault.
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Both the coseismic and the postseismic stress analyses performed with
the finite-element modeling on the cluster show a net presence of positive
ACFF in case of the USGS events and a prevalence of negative ACFF in
case of the CMT events (figures 3.7 and 3.8). In particular, in the coseismic
and postseismic FE modeling, performed on the CMT events, the cluster is
interested by a general negative CFF sign variation; while the Java earth-
quake occurs in regime of ACFF>0 both in the coseismic and postseismic
analysis. But even if in the quasi-static case the value of ACFF is three times
greater (4.5 x 1072 bar) than the static case, in both cases the transferred
stress values turn out to be not relevant.

Since the coseismic and postseismic FE analysis on the cluster showed
different results for the two dataset, we want to exclude an error due to the
choice of the focal mechanism of the group 6. To this aim, we carried out
a coseismic and postseismic stress analysis with the finite-element method
projecting the the Coulomb stress on the focal mechanism ruled out in the
selection of the group b (subsection 3.2.2) and then we tested the effect of
that change on the ACFF signs. As a result we obtained again an high
percentage of ACFF<0 both in the coseismic and postseismic case (figure
3.10). We observed that the change of the focal mechanism do not influence
the sign of the ACFF and infered that the stress imposed by the Sumatra
earthquake does not act to facilitate the failure of the cluster faults.

As a last step, since the spatio-temporal location of the cluster corre-
sponds to the sequence of the Java aftershocks, we evaluated the stress field
variations generated by the Java earthquake on the cluster events. At this

purpose we performed the stress field calculation with the semi-analytical
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method; we did not use the FE model because the simulation would require
the creation of a new mesh, since the Java earthquake is located in a region
in which our current mesh is less refined.

The focal mechanism used to project the stress tensor has been assumed
equal to that of the mainshock (i.e. the July 17" 2006 Java source) for
the USGS events, while for the CMT events we used the same procedure as
described in subsection 3.2.2. In figure 3.11 are shown the results obtained.
In the case of the USGS events the aftershocks enclosed in the cluster occur
in a regime of positive ACFF, while in the case of the CMT events there is
a predominant regime of negative ACFF for both nodal planes. This result
is the opposite that we expected but since we cannot perform a detailed FE
simulation without creating a new mesh, we may conclude that this could be

a bias in modeling due to the constraints imposed on the hypocentral dephts.

3.3.3 Effect of postseismic relaxation on ACFF levels

The study of the CFF sign variations in the FEMSA modeling, both with the
USGS and CMT datasets, produced qualitatively the same stress patterns
both in the coseismic and in postseismic case (figure 3.7 and 3.8), and this
seems to evidence that the postseismic relaxation does not act to change the
signs of the ACFF. Therefore in this subsection we perform an analysis of
the CFF variation levels in order to investigate if the postseismic relaxation
induces some changes on the values of the ACFF. To this aim, we computed
the difference between the postseismic and coseismic ACFF and plotted it on

the histograms of figure 3.12. As described in subsection 3.2.3 (figure 3.4),
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in the postseismic analysis on the USGS and CMT datasets we associated
a coseismic stress to the events belonging to the first six months from the
occurrence of the Sumatra mainshock. Therefore, for these events we could
get a difference exactly equal to zero, that would introduce a bias in the
central peak of the histogram. In order to avoid this effect we removed these
events from the analyses.

From figure 3.12 it is evident that both for the USGSs and CMTs the
number of events with a positive postseismic CFF variation is greater than
of that with negative values. As evidenced from the CFF sign variations
patterns of figures 3.7 and 3.8 the postseismic relaxation does not act to
change the signs of the ACFF but acts to increase the CFF variations values

as evidenced by the histograms of figure 3.12.

3.4 Conclusions

In this chapter we carried out an analysis of the coseismic and postseismic
stress diffusion associated with the Sumatra earthquake both by means of a
semi-analytical, model of global postseismic deformation and with a finite-
element package (FEMSA). The stress changes have been projected assuming
a focal mechanism identical to that of the mainshock for the whole sequence
of events taken from the USGS, while for the events taken from the CMT
catalogue the focal mechanisms have been conveniently selected between the
two nodal planes.

The use of the two different modeling approaches is due to the constraints

on hypocentral depth introduced in the semi-analytical method in which we
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need to impose the aftershocks to be at a minimum radial distance of 20 km
from the mainshock due to convergence issues, while with the numerical FE
method we expected a more realistic picture of the stress changes pattern. In
the numerical postseismic modeling, however, we had to introduce an artifact
on the time discretization, as explained in the subsection 3.2.3, while for the
semi-analytical model there is no such approximation.

The results obtained by means of the semi-analytical approach in the
postseismic analysis of the USGS dataset, show that above the equator there
is no predominant regime of ACFF sign. Below the equator there is a preva-
lence of negative ACFF signs, while more to south the events occurs in a
regime of ACFF>0, expecially in correspondence of the cluster of events
which include the Java earthquake. These considerations are also valid for
the analysis on the CMT dataset even if they are not so evident due to the
small sample of selected events from the catalogue.

The coseismic and postseismic analysis carried out by means of the nu-
merical finite-element method showed both in the coseismic and in the post-
seismic case the same stress pattern. This is evident for both the examined
datasets. The plots do not show a net prevalence of the positive or negative
CFF variations in the region above the equator, but what is surprising is the
complete absence of events occurring in regime of ACFF<0 in the southern
part of the investigated region, below the equator. This represents quite a
significant statistical result, particularly evident in the USGS dataset. The
analysis performed on the CMT dataset shows the same result above the
equator, but is quite different in the southern region because the cluster in

correspondence of the Java earthquake shows mostly earthquakes occurring
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in conditions of ACFF <.

From the results of the FE modeling we obtained an high percentage of
negative ACFF signs for the Java seismic sequence also when we projected
the stress tensor on the conjugated nodal planes, both in the coseismic and
in the postseismic case; therefore we inferred that this cluster does not obey
to the stress regime imposed by the Sumatra event. This can be explained
if we consider the large energy release of the Java earthquake (M, = 7.7),
that leads us to conclude that the evolution of this cluster is dominated by
the stress regime imposed by the Java earthquake.

Nevertheless, the study of the stress variations due to the Java event and
performed with the semi-analytical model gave again a global negative CFF
variation. This is not what we were expecting, but confirms that the results
obtained with this modeling are strongly affected by the constraints imposed
on the hypocentral depths.

The final test that we performed is concerned with the effect of postseis-
mic relaxation on ACFF levels. As described in subsection 3.3.1 the analysis
of the stress diffusion, carried out with FEMSA, shows a small impact of the
posteismic relaxation on the ACFF signs. This effect, due both to the short
time scale in which the stress analysis has been performed (i.e. 2 years)
and the rheology adopted, produce as a result similar patterns of the co-
seismic and postseismic CFF sign variations; maybe, larger variations could
have been obtained introducing a transient rheology [Yuen and Peltier, 1982,
Pollitz et al., 2006]. The analyses of ACFF levels, reported in the plots as his-
tograms, evidenced that, even if the postseismic relaxation does not change

the ACFF patterns, the quasi-static relaxation process acts by prevalently
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increasing the ACFF values.
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Figure 3.9: Postseismic ACFF evolution obtained by means of the FEMSA modeling
for the USGS dataset from December 26", 2004 to November 30**, 2006. The snapshot
shows the results at the three time steps used for the posteseismic modeling. In the first
panel positive and negative CFF variations are plotted together; the central and the right
plots show positive (red) and negative (blue) ACFF respectively.
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Figure 3.10: Influence of the focal mechanism changing (little box outside the figure)
on the Java cluster both in the a) coseismic and b) postseismic FE modeling. In the first
panel positive and negative CFF variations are plotted together; the central and the right
plots show positive (red) and negative (blue) ACFF respectively.
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Figure 3.11: Postseismic CFF sign variations due to the stress imposed by the Java
earthquake on both a) USGS and b) CMT sequence of Java aftershocks performed with
the semi-analytical method. The little box outside below the figure b) is the ACFF sign
analysis on the other CMT focal mechanism. In the first panel positive and negative CFF
variations are plotted together; the central and the right plots show positive (red) and
negative (blue) ACFF respectively.



3.4 — Conclusions 68

1000 7
900 7
800 7
700 7
600 7

500 7

freq

400 7

300 7

200

100 7

-4 -09 -08 -07 -06 -05 -04 -03 -02 -01 0 01 02 03 04 05 06 07 08 09 1
ACFF range (bar)

BOUSGS_post-cos

freq

-1 -09 -08 -07 -06 -05 -04 -03 -02 -01 0 01 02 03 04 05 06 07 08 09 1
ACFF range (bar)

OCMT_post-cos

Figure 3.12: Analysis of ACFF levels in FEMSA modelling on the a) USGS and b)
CMT events.



Chapter 4

Conclusions

The occurrence of the December 26!, 2004 Sumatra earthquake has moti-
vated this work of thesis where we have carried out a global study about
the perturbations induced by the earthquake on the instantaneous rotational
pole and on the LOD, and about the stress field diffusion due to the seismic
rupture.

Our investigations on the Earth rotation perturbations has been moti-
vated by the step-like discontinuity observed in the geodetic data in corre-
spondence of the Sumatra event. Such discontinuity (not yet confirmed),
turned out to be compatible with a perturbation due to a transient phe-
nomenon such as the water mass redistribuition due to the propagation of
the tsunami wave. So, following the principles of the rotational theory and by
means of a numerical tsunami model, we evaluated the excitation functions
which contain the perturbation and solved explicitly the instantaneous pole
motion equation.

Comparing our results with the observations, our modeling produced a
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negligible effect both on the perturbations to the pole path, even if qualita-
tively they have the same shape, and to the LOD, which results to be smaller
than measurements uncertainties.

The coseismic and postseismic stress field changes have been evaluated by
means of a semi-analitical, sferical model of global postseismic deformation
(PSD) and a numerical finite-element method (FE). Once the stress field
has been obtained, the spatio-temporal stress changes along the Sunda-Java
Trench have been evaluated projecting the Coulomb stress (CFF) over the
sequence of aftershocks taken from the USGS and CMT catalogues in a time
window of two years from the mainshock.

The use of two distinct methods is due to the fact that the semi-analytical
method is by far more efficient but limited by the constraints imposed on the
hypocentral depths of the aftershocks in order to obtain the convergence of
the harmonic series of the stress tensor. This means that we expect a more
realistic description of the stress pattern in the numerical FE method.

The major result obtained by our analysis, on the stress imposed by the
Sumatra event, is the one achieved by means of the numerical approach in
the case of the USGS dataset. The pattern shows an extremely significant
statistical result since all the sequence of aftershocks, below the equator,
occurs in regime of ACFF>0. The analysis performed with the CMTs con-
firms the results obtained with the USGSs, even if, in this case, the sample of
earthquakes is poor. We register also an exception for the CMT solution due
to a cluster of events corresponding to the sequence of aftershocks following
the July 17", 2006 Java earthquake, which occur in regime of ACFF<0.

The further analyses performed with the FE method on the cluster of the
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Java earthquake, by changing the nodal plane, does not improve the results
and from this we may conclude (as expected) that the stress imposed by the
Sumatra earthquake does not act to promote those events that are, more
likely, aftershocks of the Java earthquake.

The analyses of the postseismic viscoelastic relaxation, on the ACFF
levels obtained with the finite-element method, evidence that the relaxation

process acts by prevalently increasing the ACFF values.
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