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Abstrakt: Zemétiesné ohnisko je standardné popisovano pomoci momentového
tenzoru. V mnoha pripadech potiebujeme vice informaci o seismickém zdroji a
proto se zabyvame vyssimi momenty. Tento pfistup nam umoziuje odhadnout
nebodové veliiny véetné nékterych dynamickych parametri (geometrie zdroje,
trvani zdrojového procesu, primérny skluz na zlomu, prostorovy a ¢asovy cent-
roid a prumérnou rychlost rozrugovani) z aproximace bodovym zdrojem. Tento
popis zahrnuje celkem 20 parametri: 6 pro standardni momentovy tenzor a 14 pro
momenty druhého fadu. Nejdiive aplikujeme metodu na syntetickd data. Mnoho
velkych zemétfeseni na vyraznych zlomech vykazuje falesnou nesmykovou sloz-
kou, kterd mize byt zplisobena aproximaci kone¢ného zdroje zdrojem bodovym.
Tato hypotéza byla ovéfena na piipadu jednostranné se sitici trhliny kde klasicky
momentovy tenzor obsahoval vice nez 20 % nesmykovych slozek a po odecteni
vySSich momentu tato slozka klesla na 6 %. V dal3i ¢asti byla metoda aplikovana
na realna data. Vybrali jsme velké jevy (Mw>6) s vyraznou nesmykovou slozkou.
Urcili jsme pro né vyssi momenty a potvrdili falesné nesmykové slozky zptisobené
konec¢nosti zdroje. V posledni ¢asti jsme aplikovali metodu na dilni data a urcili
rovinu zlomu.
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Abstract: The earthquake source is routinely modeled by moment tensor de-
scription. In many cases we need more information about the source process and
for that reason we occupy with higher degree moments. This approach allows
us to estimate non-point characteristics (including some dynamic parameters):
geometry of the source, duration of the source process, average slip on the fault,
spatial and temporal centroid and rupture velocity vector within the point source
approach. This description includes 20 parameters — 6 parameters for standard
moment tensor (MT) and 14 parameters for second degree moments (SDM). First,
we studied synthetic tests. Large amount of significant earthquakes contains false
non-DC component which can be caused by approximation finite source by point
source. This hypothesis was proved on the case of unilateral rupture. Standard
MT contains more than 20 % non-DC components which was reduced to 6 %. In
the second part we applied this procedure to real data. We chose large earthquakes
(Mw=>6) with large non-DC component. We estimated second degree moments
for them and compared them with previous studies. Moreover we restitute higher
degree moments from data and proved that false non-DC component were caused
by source finiteness. In the last part we applied this method to mining data and
identified the fault plane.
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Chapter 1

Introduction

Earthquake source modelling is a broad topic with different applications. These appli-
cations range from the earthquake mechanism retrievals mostly for needs of geologists
inferring tectonics and its evolution in time, through modelling of fault slip history during
significant and well monitored earthquakes, to investigation of the earthquake physics. In
such a way it is possible to study the dynamics of rupture process in complexities of non-
elastic rheology and examine constitutive laws ruling the phenomena on the crack edges
and on the fault surface.

In our study we aimed at applications of the earthquake mechanism retrievals dealing
with the mechanism of a seismic event but in a generalized way. This approach allowed us
to extend the concept of the mechanism from a point source quantity towards the finite
extent sources. The finiteness is treated in a simplified way, of course, aiming to keep the
applicability of the method to events with a limited amount of data which excludes the
reconstruction of slip history. The source finiteness in our approach means the determi-
nation of several integral parameters over the focus which provide rough information on
its orientation, shape, average rupture velocity etc. When these parameters have been
obtained, an implicit benefit can be seen in the identification of the fault plane from the
couple of the nodal planes. Decreasing the ambiguity in the fault plane solution may be
a major help for geologists who use seismic investigation and represent a bridge towards
tectonic interpretations.

Knowledge of a mechanism of seismic wave generation is important because it provides
the first insight into source physics and the processes inside. The process of rupturing of
geological material is obviously very complex. Its study is indirect, from data which are
necessarily limited due to technical aspects of data collection, and needs prior simplification.
It means that we cannot study the physics of the process in a straightforward way as
physicists do in their labs, but we are constrained to a phenomenological description of the
source.

The moment tensor is the general dipole source (Backus and Mulcahy 1976a, b). It
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is the second-rank tensor, which describes a superposition of nine elementary dipoles: the
diagonal components correspond to linear dipoles without torque, and the non-diagonal
elements correspond to force couples. For the sake of interpretation it is usually decomposed
into several "elementary mechanisms”. Apart from the separation of the isotropic part
(ISO), the decomposition is not unique. The most common decomposition is separating
the deviatoric part into the double couple (DC) and compensated linear vector dipole
(CLVD) with the same P or T axis. Usually the moment tensor (MT) is not retrieved in
the full complexity, but for the sake of increasing the stability of the waveform inversion,
it is assumed to be deviatoric, i.e. without the ISO part.

Non-DC components (CLVD and ISO) have been widely studied during last years.
Their occurrence can have many reasons (Julian et al., 1998; Miller et al., 1998). Let’s
note the following: 1. Complex shear faulting: multiple shear events, volcanic ring faults
or Ortlepp shear fault (Ortlepp, 1984); 2. Tensile faulting: opening tensile faults, effects of
fluids, combined tensile and shear faulting, shear faulting in an anisotropic or heterogeneous
medium.

The higher degree moment tensor representation was suggested by Backus (1977a, b).
His formalism initiated the effort to determine finite extent source parameters described
by higher degree moments from the inverse problem. Doornbos (1982) designed the source
model based on second degree moments consisting of 20 parameters, which he related to
Haskell (1964) and Savage (1966) finite extent fault models. Stump and Johnson (1982)
related higher-degree moments with 19 parameters of plane rectangular shear source where
the rupture propagates unilaterally with constant velocity and rise time. They found the
convergence of the moment series to be frequency dependent with the higher frequencies
being emphasized in the higher degree moment tensors. The convergence is also a function
of azimuth and fault model. Das and Kostrov (1997) formulated the inverse problem of
determining the temporal and spatial power moments of the seismic source moment rate
density distribution. In numerical experiments, they demonstrated the necessity of the
positivity constraints (in their formalism the absence of back-slip on the fault), which
they enforced through a set of linear equations. They suggested to proceed from low
degree moments (zero and first degree moments specifying the size and duration) retrieved
from long periods to higher degree moments estimated from high frequencies. They stress
the necessity to subdivide the source region to achieve a low approximation error of the
Green’s functions. Similarly, Dahm and Kriiger (1999) pointed out that for inversion of
seismic waves with periods and wavelengths in the range of the rupture duration and spatial
extent of the fault, respectively, a single centroid is not sufficient for the Green’s function
approximation to be accurate enough. Therefore, they developed a method to estimate
the extended source parameters by using higher degree moments at 27 centroid locations
(3 along the time duration of the rupture and 9 centroids covering the rupture area).
They developed an iterative scheme to estimate the higher degree moments related to uni-
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and bi-directional finite source model of Haskell, and showed that the rupture model can
be distinguished, fault and auxiliary plane resolved and the rupture direction estimated.
The higher degree moments approach has particular importance if applied to studying the
foci of deep earthquakes because these seismic events usually have few aftershocks, from
which extension of active fault area is usually estimated (the couple of papers listed above;
Gusev and Pavlov 1986, 1988). However, it has been used to study the spatial-temporal
characteristics of sources of shallow earthquakes as well (e.g., Silver and Masuda 1985,
Bukchin et al. 1992).

From all the approaches listed we focused on the representation by Doornbos (1982)
for its clarity and straightforward relation of its parameters to quantities describing the
rupturing along a simple finite-extent fault.

Higher degree moments represent an advantageous formalism for description of the
temporal and geometrical characteristics of extended seismic source from the point source
approximation. It means that it is not necessary to specify ad hoc a finite extent focus
(e.g., the fault plane orientation and size) and solve for the rupture propagation in a
tomographic inverse problem. Of course, these two approaches are not equivalent: higher
degree moments provide averaged parameters only while computing rupture propagation
is performed to obtain a detailed insight into the kinematics of the rupturing. However,
the approach of higher degree moments is less laborious and can be applied even when
only low period data are available in a particular site. Thus, it is anticipated to be a
next step following the standard retrievals of the seismic moment tensor. Then, we may
ask a similar question which is vital in the routine of the MT determination, namely
how reliably it is reconstructed when the response of the earth structure, the Green’s
function, is not known accurately. Apart from the global studies where extremely long
waves are used, in local and frequently also regional studies, we rarely know the medium
sufficiently well to model successfully the details of the waveforms. The poor knowledge
about the medium in this frequency band is rather a rule than the exception. Therefore,
it is important to investigate how the resolution of the parameters of the finite extent
source, described by the higher-degree moments, is limited by the unfamiliarity with the
medium. In configurations of several case studies, we intend to simulate mislocation of
the hypocenter and mismodeling of the structure of the earth crust/mantle and test how
successfully the finite source parameters are reconstructed.

We will apply this methodology to two applications. First, we apply second degree
moments to large non-DC earthquake and show that these non-DC components can be
caused by neglecting source finiteness. Second application will be determination of second
degree moments for mining events where we can identify the fault plane from two nodal
planes.
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Theory

2.1 Second degree moments

If we have enough data available for the detailed modeling of the rupture history along
the fault, we can use the second degree moment approach and obtain at least average
values of parameters of the fault like geometry, orientation, slip velocity, etc. we can
use second degree moment tensor. The standard moment tensor does not contain spatial
information, and cannot be related to finite-extent source parameters like fault geometry,
average velocity at the fault, etc. The information on geometry of the focus and simplified
insight into the dynamics of the source process are contained in quantities called second
degree moments (SDM). We follow the approach developed by Doornbos (1982). In his
approach he starts from the relation of the displacement with moment tensor density

w;i(x,t) = /_ /V@@Gij({,t — 7)mjx(&, 7)dVdr (2.1)

derived from the representation theorem. The elementary source substituted by the
m;,(§,7) is applied at position € and in time 7; G;; is Green’s function tensor. In the
following text (from the equation 2.2) we use notation 0¢,G;; = G . Equation (2.1) can
be replaced by a point source representation by expanding G, about a reference source
point &g using Taylor expansion up to degree two. The expansion of the Green’s function
can be written as

Gij,k(xv &1, T) = Gij,k(x7 507 2 T) + GiJ}kl(Xu 507 2 T) (51 - 510) (2'2>

+%Gij,k:lm<xa 507 tv T) (55 - flo)(fm B 59”)

We neglect terms of degree three and higher. The displacement can be now written as
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ui<X7 t) = Gij,k(&oa X, ta 7_) * M]k<t) + Gij,kl<€07 X, t? T) * Mjk,l(£07 t) +
+Gijkim (&0, X, 1, T) * Mg 1m (&0, )

where

M (t) :/ijk(S,T)dV

Myoi(€ont) = /V (& = )mu(€, T)AV

M (Eor ) = /V (& — E0)(Em — E)mp(E, T)AV

(2.3)

(2.4)

(2.5)

(2.6)

We expand the convolution into series of time moments of degree less than three (Doornbos,

1981)

mw:G@*HQ:G@—mW@—G@—mwmmﬁ+;M—mﬁ@@ﬁ+m (2.7)

where F((73) is n-th moment of the function F aroundr,

F(”)(TO) = /_OO (t — To)"F(T)dT

o0

Then, we obtain formula for displacement in this form:



CHAPTER 2. THEORY 7

ui(x,t) = Gijr(§o, X, t — 70 / T)dT— (2.9)
zy,k(&Oa X>t - 7_0) / (7— - 7—0) ( )dT+
+ %éij,k(gm x,t— 1) /_Z(T — 70)? M (1)dr+

+ Gij(&o, %, t — 70) M (o) —

= Giylbo x.t — ) / [ =t - (e ravir
+5 ng kim (€05 X, t — 70) Mijp, 1m (€0)

+= GW o, %, t — / /T—ro — &) (&, 7)dV dr
~5Gumn(oxt—m) [ [ (0= m)(& (e avar
41 Gw,m €0, %1 — / /T—TO (& — E iy (€, 7)AV dr

When we use terms up to degree 2 only, we obtain the following formula:

wi(x,t) = Gijr(&o,x,t — 70) / T)dT— (2.10)
Cris (€0, %, £ — 70) / (7 =) (r)r+
" léij,k(ﬁmxa t— ) / (= M)+
+Gijr(€o, x, t — 70) M1 (&o)—

Giin(€o,x 75—7'0/ /T—To — &) (€, 7)dVdr+

+ §Gij,klm<£0> X, t — 70) Mjr.im(&o)

For brevity we use term ’second degree moments’ for all moments of degree 1 and 2,
some authors use different terminology: ’first degree moments’ for parameters with first GF

derivative and 'second degree moments’ for parameters with second GF derivative. Here,
we introduce the second degree moments (SDM)
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o0

M (o) = /_ (1 — 70)" Mjp(7)dr

[e.o]

M o) = [ Z / (r — 1)(& — )iy (€, T)dVdr

Then, the formula for the displacement can be written as

) 1 ..
ui(x,t) = GipaMji = G (10) + GijaMiea (o) + 5 G ()= (2.11)

. 1
_Gij,klM;;,)l(éO, To) + §Gz‘j,klmMjk,lm(£O)

This formula describes multipole expansion up to degree two of the displacement ex-
pression for point source. In general case this formulation contains 90 parameters. To
reduce number of parameters we make assumption that all the components of the moment
tensor have the same spatial and temporal history. In that case we simplify relations for
second degree moments and reduce number of parameters to 20. For instance, for the SDM
which corresponds to temporal centroid we can write

M](;)(To) = MjkAT
And analogicaly for the other SDM:
MR (r0) = MjpA(7?)
MP,(€0,70) = M A(7&)
Mjk,z(ﬁoﬁo) = MjkAfl
Mjk,zm(goﬁo) = Mjkﬁ(fzﬁm)

where

(oo}

AT = / (T —10) fi(T)dr
sa = [ (a=a) v

A(T&) = / /V(T — 10)(& — &) f3(€, 7)dVdr

e}

>

—
\]

no

)= [ =m)hiar

AGn) = / (6= &) (6n — €0) fo (€) AV (2.12)
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are SDM. Functions f; are normalized functions which are defined by the following
relations:

fi(r) = —Mﬁj(T)
f2(€) = _mj]\;(ﬁ)
f3(&,7) = %ﬂﬁﬂ')

Then, the representation in equation (2.11) results in

. 1 -
Ui(X, t) = Mj [G,’xk — Gij7kA7' + Gz’j,k:lAgl + EGij’kA (7‘2) — (2.13)

_Gij,klA (T&) + %Gij,klmA (€l§m) + .. ]

where x and ¢ are respectively the point of observation and point on the fault, u;(x,t)
is the ground displacement, M, is the zero degree moment (6 parameters) - standard
moment tensor describing the mechanism of a “point source”, the others are 2nd degree
moments: temporal centroid A7, spatial centroid A¢;, spatial-temporal moment A (7§;),
second temporal moment A (72), and second spatial moment A (§&,,) . Second degree
moments can be interpreted in terms of the parameters related to the finite extent of the
focus: (a) temporal centroid (1 parameter) specifying the origin time of the finite-extent
source estimate; (b) spatial centroid (3 parameters) — specifies the position of a point
source substituting the finite-extent focus; (c) spatial-temporal moment (3 parameters):
after division by second degree temporal moment it estimates the rupture propagation, i.e.
both its direction and speed; (d) second temporal moment (1 parameter) — squared estimate
of the source process duration; (e) second spatial moment (6 parameters) — geometrical
characteristics of the source: it specifies an ellipsoid (hereinafter the source ellipsoid), the
orientation of its major axis indicates the direction of the extension of the focus.

Relation between second degree moments and physical parameters

Second degree moments are related to particular physical parameters of the focus. The
type of faulting should be known apriori before interpretation of second degree moments as
physical parameters. The most common assumption is dislocation source occuring across
a planar surface. For instance, for unilateral propagation, Haskell source model, we can
write:
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2/ (AT%) =T

2.1.1 Inversion scheme

The seismic displacement expressed in terms of moments up to the degree two (see eq. 2.13)
depends on parameters of the source in a nonlinear way, which introduce diffuculties for the
inversion. We use advantageously a separation of the standard moment tensor (MT) and
the moments up to degree 2. It is possible thanks to the suitable structure of the formula
2.11, which contains two terms: the standard MT (A/;;) and linear form corresponding to
SDM. The structure of the formula (2.13) offers an advantageous separation of the MT
and the SDM. To invert for both the MT and SDM, we can solve two linear problems,
which may be combined in an iterative loop. The first one, the determination of the six
parameters of the standard moment tensor M;;, follows the standard MT retrieval, similar
e.g., to the MT determination from low frequency data which is routinely performed by
seismological agencies. The second one concerns the SDM only and can be designed specif-
icaly to optimize its retieval in terms of applying a necessary constraint. The splitting of
(2.13) has several advantages. First, we benefit from removing the non-linearity. Second,
we benefit from the separation of the standard M'T and SDM in the course of their deter-
mination. Another advantage of the separation into two terms is that for the inversion of
each term, we can use different frequency range. In the first step concerning the retrieval
of the standard MT, we can work in low frequencies in order to recover the MT as a point
source characteristics. For the second step (SDM retrieval) we work in a range beyond the
low frequency plateau to be able to see the effects of the source finiteness. An additional
advantage of separation the inversion into two steps isthe scaling: moment tensor compo-
nents (first six parameters corresponding to MT solution) are of the order, e.g., of 10e17),
while the other 14 parameters corresponding to the SDM part reach the order of about
10e4. The first step, determination of the standard MT from low-pass filtered records, we
solve in a standard way by singular value decomposition. The second step concerns as
many as 14 SDM parameters.

In principle, it could be solved directly similarly to the first step with the MT. It however
appeared necessary to limit the space of the SDM parameters in order to avoid non-physical
solutions. We introduce the constraint to keep the four-dimensional ’source volume’ non-
negative. It is an inherent property of earthquakes, and the constraint in this form was
designed by McGuire (2001, 2002). The four dimensional volume is defined by temporo-
spatial characteristic of the source. For implementing this condition, we use 10 parameters
from our 14 SDM parameters: 6 parameters for source ellipsoid (spatial coordinates), 1
parameter describing duration of the source process and finally 3 parameters containing
combination of spatial and temporal quantities. To introduce the condition, we consider
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the following matrix as positive semidefinite (for more details refer to McGuire et al. (2001,
2002)).

A(&i6) A(6i&) A(Gg) AlTé)
A(&i6a) A(&) A(Es) A(Té)
A(683) A(6&s) A(&E) A(Té)
A(TE)  A(TE)  A(TE)  AT?

We determine the 14 SDM parametersfrom the constrained inversion by using the ge-
netic algoritm (Goldberg 1989)SDM describe integral characteristics of the finite source
(size, orientation, etc.) which we can be obviously seen only beyond the low-frequency
plateau in regional broadband data. We however need to employ also low-pass filtering
because seismograms at high frequencies are too complex for the inversion. It is obvious
that for a successful retrieval of the SDM in the second step of the procedure, we need
a reliable estimate of the MT in the first step. If we have a centroid position from some
previous study, we use that position in the retrieving of SDM (i.e., we choose &g in that
centroid position). In case we haven’t centroid position, we usually use hypocenter as &g
(We can use any position, but the hypocenter position is usually good starting point in
adequate distance from the centroid position). Other parameters of a crucial importance
are Green’s functions and their derivatives which we compute numerically (eq. 2.13) for
synthetic tests and for large earthquakes where 1-D velocity models are available, and an-
alytically for mining tremors because we use homogeneous model there. The flow-chart of
the algorithm is presented in Fig. 2.1. We start with estimating of the mechanism from the
low-pass filtered records in the MT approximation. This solution is the standard moment
tensor for point source computed at low frequencies similar to solution routinely deter-
mined by common seismological agencies (Global CMT catalog, U.S. Geological Survey,
National Research Institute for Earth Science and Disaster Prevention, Schweizerischer
Erdbebendienst or Mediterranean Network). We however do not apply the adjustement of
the hypocenter position/depth and, more importantly, do not constrain the MT to be devi-
atoric only. Then, we determine the SDM from the original data with the mechanism fixed
at the value from the previous step (Fig. 2.1), and evaluate their synthetic contribution to
the data.

Last step of the procedure is to subtract contribution of the SDM from the observed
records that is to correct the finite-extent source data for the estimated source finiteness
to reconstruct the point-source data. At the end of this loop we go back to the first step
(standard point source MT), but with the data corrected for the SDM effect. In principle,
the loop can be repeated several times until negligible adjustments of the mechanism are
observed, but from the applications performed it seems that one loop is usually enough.
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Figure 2.1: Flow chart of the retrieval of the mechanism in the MT representation together
with the second degree moments (SDM). MT inversion, top; SDM inversion, bottom. In-
puts into the procedure, left; outputs, right. The arrows between the MT and SDM blocks
symbolize the iterative loop.

2.2 Synthetic tests

The presented method has a high computational complexity, and for that reason it is nec-
essary to test it on synthetic data first. As a rule, a reliable retrieval of an earthquake
mechanism generally requires good station coverage. Similarly to the MT retrieval, it
is reasonable to test the resolution and stability of the SDM determination by using such
station geometry that is similar to the real configuration of the stations that will be investi-
gated later. Another reason for a thorough testing is the fact that the SDM retrieval hasn’t
been applied massively yet and, thus, experiments exploring its resolution are scarce (e.g.
Doornbos, 1982; Dahm, 1999). The inversion consists of two steps at different frequency
ranges. We test each step separately and finally we focus on the second step with SDM,
which are even more sensitive to the noise in the data and various types of inconsistency
in the inverse procedure because we take into account higher frequencies, which we have
to use to observe the source finiteness. Our synthetic experiments simulate actual station
configuration from the North Anatolian fault area (Fig. 2.2). These stations were installed
by GFZ Potsdam after the large Izmit 1999 earthquake - the network consists from about
50 (mainly short-period) stations. We selected only some of them following two criteria.
First, we wanted to have configuration with a good azimuthal coverage and, second, we
would like to use stations with records of majority of the aftershocks. Despite the high
seismicity and a fairly dense observation, only a relatively simple 1-D velocity model with
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flat layers of constant velocities is available for the area, which was provided by Bulut et
al. (2007).

Green’s functions were computed using dicrete wave number (DWN) method in the
independent program package AXITRA (Bouchon and Coutant, 1994). The temporal
and spatial derivatives were computed numerically (see eq. 2.11) for all synthetic tests.
Numerical differentiation replacing analytical derivatives requires to set a differential step.
In its choice we took into account the following facts. We employ frequencies up to 0.2 Hz
(for the choice of this limit see later). It means that we work with wavelength around 10 or
20 kilometers (average velocity of S-wave 2 to 4 km/s). Roughly a quarter of wavelength,
i.e. about from 2.5 to 5 kilometers, constitutes the upper limit for the differential step. The
lower limit is related to the precision of evaluation of seismograms by the DWN method.
We evaluated derivatives for a set of trial values of the differential step ranging from 100
meters to 5 kilometers. We observed that roughly within the interval from 300 to 1000
meters, the derivative was stable so we fixed the differential step at the value of 500 meters.
As a source model we used unilateral rupture propagation (velocity of rupture propagation
was 2.8 km/s), see Fig. 2.3 and geometry of the main shock of Izmit earthquake (strike
90°, dip 72°, rake 180°), buried at a depth of 13 km. Rectangular fault 20 km x 10 km
was assumed with the hypocenter in the center; such a size corresponds approximately to
magnitude 6 after empirical formulation. For the sake of the artificial data synthesis, the
fault was approximated with 120 to 120 subfaults and the contributions of each subfault
were summed together with the proper time delay. The physical model of the slip along the
finite-extent source implies (eq. 2.13) theoretical values of the SDM summarized in Tab.
2.2: these values were computed using spatial /temporal integration of slip function on the
fault (we employed equations 2.12). In addition to the synthetic data described above,
we constructed another set of records (second degree approximation data from now on)
corresponding just to theoretical values of the MT and SDM parameters (i.e. our synthetic
seismograms contain only terms up to degree 2).

Testing the inversion method with the second degree approximation data prior to the
data corresponding to the complete slip is reasonable, as the former records are simpler,
consisting of the MT and SDM terms only. In other words, here we invert for the same
parameters which were used to produce the data. This is not the case in reality, where the
measured data correspond to the nature, not to our models. This case will be simulated
(in a limited extent, of course) by inverting the data constructed by assuming the complete
slip distribution on the fault. The differences between the second degree approximation
data and the data describing the complete slip on the fault are shown on Fig. 2.4. While
the purpose of the experiment with inverting the second degree approximation data is to
test the convergence of the inversion algorithm to the true values of the MT and SDM,
i.e. the ability to reach a complete fit of the data, inversion of the slip data estimates
the resolution of the average values implied by the slip on the fault, reconstruction of the
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integral characteristics of the slip along whole the fault.

28.5° 29° 29.5° 30° 30.5° 31° 31.5°

Figure 2.2: Configuration of stations in the following synthetic tests: it simulates a part
of the seismic network deployed along the North Anatolian fault around the epicenter of
the Izmit earthquake (August 17, 1999) by GFZ Potsdam (Ozalaybey, 2002). Red star -
epicenter of the earthquake used in the synthetic test. Black triangles - stations used in
the inversion.

2.2.1 Second degree approximation data

We follow the inversion scheme described above. In the first step we estimated standard MT
(6 parameters). It is inherent to a point source solution, therefore, taking into account the
corner frequency of the records is around 0.1 Hz, we filtered the data within 0.02-0.08 Hz
by a Butterworth second order low-pass filter. Fault plane orientation was retrieved in
good agreement with initial source model but we obtained a false non-DC component -
around 20 %, see Table 2.1, we call this mechanism MP°. The retrieved non-DC component
can be caused by approximation of the finite source by point source (for more details see
Adamové and Sileny, 2010). The Green’s functions and their derivatives were computed
in the hypocenter position (i.e. &g coincides with the hypocenter ). Using this standard
MT solution as an input for second part of inversion, we estimated the 14 SDM parameters
in the frequency range 0.02-0.2Hz. The filter window was tuned to contain frequencies
above the corner frequency just to be able to reconstruct the finite-source characteristics
described by the SDM parameters, and stay at low frequencies at the same time, in order
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centroid

estimated by
SDM

-10 0 10

Figure 2.3: Source model for the synthetic test. Moment density distribution along a
rectangular 20 km x 10 km steeply dipping fault striking east: initiation point of the
unilaterally propagating rupture - red asterisk; dashed circles, isochrones corresponding to
1, 2, and 3 sec. Theoretical and estimated centroid position is plotted by pink and yellow
stars, respectively.

to keep the waveform simple (for details about choosing frequency range see Adamové and
Sileny, 2010). We obtained a very good agreement with the synthetic data (see Table 2.2).
Variance reduction between the synthetic data and synthetics was 95 %. After subtraction
of the SDM contribution from the original data we acquire new MT estimate which is
better than MP° (see Table 2.1). We mark this MT M? and use it as an input for the next
iteration. The Green’s function and their derivatives are evaluated in the centroid position
estimated in the previous step. After second iteration with the corrected data as the input
data (M'as an input moment tensor and GF computed in the centroid position) we obtain
a new MT (M?) for which the variance reduction increase to 99 %. In the second iteration
we had MT (M?') computed in the previous iteration as the input for the SDM which is
very close to the true theoretical mechanism (see Tab. 2.1). For this reason, we were able
to obtain an excellent agreement between synthetic data and observed data in this case.
The final moment tensor is nearly the same as that one of the true source. In this synthetic
test we apply 2 iterations of the inversion method because we worked with synthetic data
and we wanted to show the ability of the method to reconstruct synthetic data exactly.
We showed that after 2 iterations we can completely reconstruct input data and in the
first iteration we obtained a pretty good approximation of the theoretical source (variance
reduction 95 %). In the next chapter we will discuss applications to real data where we
are in different situations. The improvement of 4 % is comparable with uncertainty in data
caused e.g. by improper Green’s function or noise, so we accepted first iteration as the
final solution.
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estimated )
estimated after esf’?ma;te((;l
theoretical | in the ﬁrst removing jencf)virrllg
step (M?) SDM
(M) SDM (M?)
strike [deg] 90 91 91 90
dip [deg] 72 77 7 73
rake [deg] 180 -178 -178 -179
DC [%)] 100 78.5 96.7 98.0
CLVD [%] 0 14.0 3.3 2.0
ISO [%] 0 7.5 0 0
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Table 2.1: Standard MT for second degree approximation data. First column are theoreti-
cal data, second one mechanism estimated from the original data, third and fourth column
are mechanism after removing effects of SDM.

theoretical estimated SPM —‘2nd
SDM iteration
ATls] 1.33 1.5 1.33
AT?[s?] 1.62 1.5 1.62
A& [km] 4.1 3.9 3.8
A&y 6.9 7.2 6.5
A& 0 0.1 0
A& [s.km)] 0 0.2 0.1
ATEy 7.4 7.5 7.4
ATE3 0 0 0
A(&6) [km?] 0.003 0.1 0.047
A(&162) 0.005 0.15 0.095
A(6:€3) 0 0 0
A(&262) 33 32.5 32.2
A(&Es) 0.1 0
A(&383) 0.2 0

Table 2.2: Theoretical SDM computed from the second degree approximation data and as
the result of the inversion. Duration of the source process (A7?) is computed for centroid
position. The other SDM are for & in hypocenter.
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. estimated
estimated fto
theoretical | in the first a r
o removing
SHep SDM
strike [deg] 90 93 93
dip [deg] 72 73 73
rake [deg] 180 -178 -178
DC [%] 100 78 94
CLVD [%] 0 12 4
ISO [%)] 0 10 2

Table 2.3: Standard MT for the complete slip distribution data. First column contains
theoretical MT value, second column: MT estimated in the first step, i.e. computed from
the original data, third column: MT computed from corrected data after removing SDM.

2.2.2 Slip data inversion

Slip data with DC mechanism

The previous section was about inversion of the second degree approximation data, i.e.
data originated only by the MT and SDM parameters. It was rather an artificial study,
as the data corresponded exactly to the source parametrization. A more realistic, though
also synthetic study, is the experiment with inversion of the complete slip distribution data
into the MT and SDM, i.e. using a simplified parametrization of the source. These data
are computed for the model described in the previous section (see Fig. 2.3). Similarly as in
previous test, the first step MT solution contains more than 20 % of non-DC components
(see Tab. 2.3 and Fig. 2.5). In the second step we obtained pretty good fit of the main
features of the source model (centroid position, unilateral propagation, duration of the
source process). Real and estimated centroid position is shown at Fig. 2.3. We work
with data corresponding to a source model with more parameters than second degree
approximation data so we can expect a worse fit because the parametrization doesn’t
agree with the data. The complete match is not possible at all, as within the SDM we
only estimate integral slip parameters over the whole fault, while the data corresponds
to a spatially varying slip. Nevertheless, the variance reduction of data and synthetic
seismograms obtained was as high as 0.65. Described data set is more realistic than second
degree approximation data but it still does not include common inconsistencies like noise or
inconsistencies in Green’s functions. In the case of real data we cannot expect a better fit
than in the synthetic experiment with exact data. Synthetic tests with some inconsistencies
are described in the included paper P1 (Adamova and Sileny, 2010).
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theoretical estimated by
SDM
ATls] 1.33 1
AT?[s?] 1.62 2
A& [km] 4.1 3.4
A&y 6.9 7.2
A& 0 1
AT [s.km] 0 0.8
ATE 7.4 9.6
ATE3 0 1.6
AG&)[km?] | 0.003 3.4
A(&62) 0.005 0.2
A(&&3) 0 0.1
A(&262) 33 27.9
A(&263) 0.1
A(&383) 2.3

Table 2.4: Theoretical SDM evaluated for the slip distribution, and SDM estimated by
inverting the seismograms corresponding to the slip distribution. Duration of the source
process (A7?) is computed for centroid position. The other SDM are for & in the hypocen-
ter.

Slip data with non-DC mechanism

In the previous experiment, we studied the effect of false non-DC component caused
by source finiteness. We used MT with zero non-DC component there. But there can be
a real, i.e. a source-generated non-DC component in the data. With the aim to check
whether we obtain a good estimate of the source-generated non-DC after the removal of
the finiteness effect, we made another synthetic test with non-DC source. As the true
source model we adopted shear-tensile fault, a combination of shear slip and tensile crack,
see Fig. 2.6 (see Dufumier & Rivera,1997; Vavrycuk, 2001) with slope angle 5 degrees:
The slope is the angle of deviation of the slip vector from the fault plane; it is 0° for a
shear slip and 90° for the tensile crack. This source has approximately 20 % of non-DC
component (CLVD = 10% and isotropic component is 12 %, see Tab. 2.5). We want to
test if we are able to estimate this non-DC in the source. We work in the same iteration
scheme as in synthetic tests with the DC source. In the first step we determine standard
MT (6 parameters) where the non-DC components were very similar to the theoretical
MT (CLVD = 13% and isotropic component is 9%, see Tab. 2.5). It means, almost no
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2T

oY
TV,

Figure 2.5: Left part: Mechanism reconstructed in the experiment inverting exact synthetic
slip data filtered outside 0.02-0.08 Hz, Right part: mechanism from data corrected for the
contribution of the second degree moments. In the lower- hemisphere plots of the fault
plane solution (FPS), compressions are shown in gray.

spurious non-DC component was detected in this set-up. In the second step of inversion we
compute the SDM (14 parameters, see Tab. 2.6). The crucial point is that after computing
and subtracting the SDM from the data we obtain the proper value of non-DC component,
i.e. it remains nearly the same as before computing the SDM.

-~ -
- 7

off-plane
angle o

shear slip + tensile crack / cavity closure

Figure 2.6: Scheme of a shear-tensile fault - composition of a shear fault and a tensile crack
(opening or closure of tensile crack).

] estimated
estimated after
theoretical | in the first .
removing
step SDM
strike [deg] 87 84 85
dip [deg] 72 74 72
rake [deg] 179 167 170
DC [%] 78 78 75
CLVD [%] 10 13 15
ISO [%] 12 9 10

Table 2.5: Standard MT for non-DC synthetic test.
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theoretical | estimated by
SDM

ATls] 1.33 1.
AT?[s?] 1.62 2.
A& [km] 4.1 4.2
A&, 6.9 7.4
A&3 0 0.5
AT [s.km] 0 0.6
ATE 7.4 8.2
ATE;s 0 1.2
A(&&)[skm 0.003 2.5
A(&1&) 0.005 0.2
A(&63) 0 0.1
A(&89) 33 31
A(&:63) 0.2
A(&363) 1.8
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Table 2.6: Theoretical SDM computed from the complete slip distribution on the fault.
Duration of the source process (A7?) is computed for the centroid position. The other
SDM are for &g in the hypocenter.
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Application to strong earthquakes

We selected five strong tectonic events with large non-DC components in the Global
CMT solution: Kobe earthquake (16/01/1995 at 20:46:59.4,M,, 6.9), Izmit earthquake
(17/08/1999 at 0:1:50.1,M,, 7.6), Solomon earthquake (12/06/2003 at 8:59:23.9, M, 6.2),
Tohoku aftershock (07/04/2011 at 14:32:51.4, M, 7.1), Bolivia earthquake (17/11/2005 at
19:27:0.0, M, 6.8). Global CMTs are retrieved from long-period waves ranging about 125
- 350 s, while our MT are determined from low-pass filtered regional records in the range
20 - 50 s. Therefore, the MT solution and its non-DC content in particular, need not be
necessarily the same. Nomination of eligible candidates was not completely straightforward
due to several criteria which we demanded to be fulfilled with the aim of a prospective re-
trieval of the SDM. First, we need events from the last roughly 15 years because earlier the
station distribution was frequently sparse, excluding retrieval of "second-order” source cha-
racteristics. Second, we search among large events with magnitude above approximately
6.5 capable to be seen in regional distances, which is the range of available data. Moreover,
we prefer to treat events associated clearly to a distinct geological fault, just to be able to
verify resulting source parameters. And finally we concentrate on events with large non-DC
components expressed in Global CMT and USGS solutions.

e Data quality of the selected earthquakes

We used data from the IRIS (http://www.iris.edu/data) and ORFEUS (http://www.orfeus-
eu.org) data center. It should be noted that they can be of rather low quality and must
be checked before the processing. There can be problem with polarity, confusion about
components, wrong transfer functions, etc. Example of data is shown on Fig. 3.1.

In the following text, we briefly discuss results for the following earthquakes:

e Kobe 1995 earthquake

The Kobe earthquake (M ,= 6.9) occurred on 16th January 1995 in western Japan at a
depth of 14 km. The mechanism is a strike slip with a small thrust component (Ide et al,

22
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Figure 3.1: Example of two stations recording the Kobe earthquake: left column - raw
unfiltered data, right column - data filtered for the MT inversion.
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1996). We obtained a very good agreement between the orientation of the source ellipsoid
and its shape on one hand, and the aftershock distribution by Ide et al. (1996), on the
other: aftershocks are sharply concentrated along a steeply dipping plane striking NE, the
source ellipsoid in map view is narrow and stretched in the nearly same azimuth. Rupture
velocity vector, if drawn from the Global CMT centroid, points towards the high-slip area,
the estimated velocity is 2.8 km/s, see Fig. 3.2. Second degree moments are computed in 2
iterations. We started with Green’s function and their derivatives computed in the Global
CMT epicenter. It can serve as a test of our solution because in this step we should obtain
zero for spatial and temporal centroid.
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Figure 3.2: Second degree moments for the Kobe earthquake. Left: aftershock distribution
by Ide et al. (1996), in the plan view framed in blue for comparison to the source ellipsoid
on the right. In the depth view, it is framed in red to compare with the slip distribution in
the bottom right. The azimuth of the plane is oriented N52°E. Top right: source ellipsoid
in 3D view and its projections (a - map view, b — depth view looking N, ¢ — depth view
looking W), axonometric projection; coordinate center in the spatial centroid (geographical
coordinates: latitude 34.760, longitude 134.970, depth 15 km), axes in kilometers. The
azimuth of the ellipsoid in map view is oriented approximately N62°E. Bottom right: spatial
slip distribution derived by Ide et al. (1996) (retrieved from the SRCMOD website) and
its integral characteristics plotted on the assumed fault plane: the spatial centroid (green
asterisk), projection of the source ellipsoid on the fault plane (green ellipse), and the
rupture velocity vector (green arrow). Black symbols: centroid, source ellipsoid projection
onto the fault plane, and rupture velocity vector obtained in this study. The velocity vector
is multiplied by the source duration, thus in scale to the source ellipsoid.

e Izmit 1999 earthquake

A very strong earthquake (M,,= 7.6) occurred in 1999 on the Northern Anatolian fault
in Turkey near the town Izmit. The centroid moment tensor (CMT) reported by agencies
contains large amount of the CLVD. Slip distribution of this event was studied by several
authors from high frequency data recorded near the fault. Clévédé et al. (2004) analyzed
teleseismic surface waves in the periods 50-100 s and were the first who determined second
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degree moments of this earthquake. In detail they compared their integral parameters with
those derived from slip distributions obtained by several authors from high frequency data
recorded near the fault on one hand, and from GPS, SAR and tectonic observations on the
other. They showed that although these slip distributions differ a lot, some of the integral
characteristics are similar and can be compared with their long-period solution. Then, by
evaluating parameters of ‘equivalent models’, i.e. constrained simplified models of slip dis-
tribution on the assumed fault plane, they arrived with conclusions which parameters rule
the integral characteristics they decided to compare. We obtained the source ellipsoid well
similar in both the shape and size with their study regardless rather different frequencies
involved in the data being processed in the two approaches: we inverted low-pass filtered
records, while Clevede et al. (2004) evaluated the source ellipsoid from the slip distribu-
tions obtained from high frequency data. The average velocity of rupturing was estimated
as 2.6 km/s.

e Error estimate for Izmit 1999 earthquake

To test the stability of the SDM retrieval on the data quality, we simulate a noise con-
tamination. We generated random noise of a uniform distribution reaching, in turn, the
level 20% and 30% of the maximum amplitude and superimposed it onto the data of Izmit
earthquake, then we performed the inversion for 5 samples of noisy records in both the
noise levels. In the level 30% the retrieved second degree moments are scattered a lot —
standard deviations are rather high, mainly for average rupture velocity and source ellip-
soid (Table 4 in P2). In the noise level 20 % we observe much more stability (Table 4 in P2)
with acceptably small standard deviations. Second degree moments determined from noisy
data are summarized in Table 3 (in P2)for noise levels 30% and 20%, respectively. The
results suggest that the level of about 20% is an extreme noise contamination, which still
need not destroy the reconstruction of the second degree moments, while 30% is possibly
already beyond the limit.

e Solomon 2003 earthquake

The Solomon earthquake (M, = 6.2) occurred on 12th June 2003 in the Pacific area near
Solomon’s islands at a depth of 185 km. Source ellipsoid is very slim and elongated in a
single direction. This indicates a nearly linear source, where the rupture propagates either
unilaterally or bilaterally. The reasonable value of the average rupture velocity derived
from the retrieved SDM suggests that the former option is probable.

e Aftershock of Tohoku-oki earthquake

The aftershock of the large Tohoku-oki earthquake (11 March 2011, M,= 9.1) occurred
on 7 April 2011 at a depth of 53 km about 60 km to the west from the main shock.
We compare our MT solution with Global CMT and obtained very similar solution, the
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only difference is in the non-DC part. In the second step we inverted for the SDM. The
parameters obtained are summarized in Table 2 and Fig. 8 in P2.

e Bolivia earthquake

A magnitude 6.8 earthquake occurred on the Bolivia and northern Chile border on 17
November 2005 at a depth of 155 km. The earthquake was centered 110 kilometers east
of Calama, Chile, in the Potosi region of Bolivia. In comparison of our MT with Global
CMT solution, a good similarity of the fault plane solution can be seen, but there is a
small difference in non-DC part of the MT solution. As to the SDM, the results seem to
be fairly realistic taken into account the scheme of the subduction process, but we cannot
compare it in detail with any previous study. The parameters obtained are summarized in
Table 2 and in Fig. 9. in P2.

More detailed results for all events (mainly figures for MT and SDM and comparison
with the previous studies) are summarized in paper P2.



Chapter 4

Application to mining tremors

Finite sources in mines are rarely investigated by seismologists. Foci of mining tremors
are usually treated in the point source approximation and inverted for the moment tensor
solution (usually an amplitude MT inversion) which yield basic information about the
seismic source. In this chapter, we apply second degree moments method, recently tested
on synthetic data (Adamové and Sileny, 2010) and on large tectonic events (Adamova and
Sileny, 2013), to mining induced data.

Monitoring of mining induced events underground frequently has an additional advan-
tage compared to recording seismograms of natural earthquakes: stations are not con-
strained to a single level - the Earth surface, so they are situated both above and below the
focus of the event. Also the azimuthal distribution is often better in mines than for events
in global seismology. Additionally, identification of phases is significantly simplified, as of-
ten only the direct P and S body wave arrivals need to be considered-due to the simplicity
of the velocity model.

For this purpose, we tested the method on local records from the deep-level gold mine
Ridgeway in East Australia. Ridgeway Mine, situated in the Cadia Valley province in New
South Wales, Australia, is a block-cave mine operated by Newcrest Mining. It is one of the
largest underground operations in Australia but it will be surpassed by the nearby Cadia
East (also Newcrest Mining). The ore body has the shape of an inverted teardrop and is
situated 500 m below surface.

A significant advantage of the data set from Ridgeway mine is that it has been processed
on a routine basis by the Institute of Mine Seismology (IMS). The Institute provides seismic
service for this mine; they manually picked thousands of events and located them. Only
part of these events can then be used for the source inversion: they process data with
magnitude larger than zero using spectral amplitude inversion method (reference - regular
monthly report of the IMS by D. Malovichko). Their results provide basic information
about the source while our solution yields more detailed information of seismic source
including its size and shape.

28
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Figure 4.1: Example of poor data quality. Ground motion velocity on the z-component
is corrupted by a long period disturbance. Colors represents component: north - south
component (red), east-west component (green), vertical component (blue). Vertical lines
are P and S wave automatic picking.

Data

The microseismic monitoring system at Ridgeway mine had (apart from later expansion
of the system) 21 sensors. This consisted of 14 triaxial and 2 uniaxial accelerometers, as
well as 5 triaxial geophones (with natural frequencies of 4.5 Hz, 14 Hz and 30 Hz). The
sensors are mounted in boreholes, with orientations validated by observing the P-wave
polarisations from large number of events. The main body of sensors is distributed in a
700mx 700m x 500m volume.

Data quality

There can be several problems with the mining data. The data set from Ridgeway mine
was processed by IMS and they removed data with poor orientation, unknown polarity
or stations with high noise level. We focused on that in more detail and removed several
other stations with some instrumental problems. Such an example is plotted in Fig. 4.1.
In principle we have two options what to do with corrupted data: we can remove that
station or we can remove long-term disturbance (see e.g. Zahradnik and Plesinger, 2005 or
Adamové, 2006). In this study we simply remove those stations. Generally, the number of
usable stations (see Tab. 4.1) and their coverage is sufficient for our study (see Fig. 4.3).
Examples of data used in the inversion for near (epicentral distance 228 m) and distant
(epicentral distance 363 m) station are plotted in Fig. 4.2.
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Figure 4.2: Example of waveforms for event 4. Top - near station (epicentral distance
228 m), bottom - distant station (363 m). Colors represents component: north - south
component (red), east-west component (green), vertical component (blue). Time window
for both station is nearly the same (0.397 s and 0.389 s). Left-hand column figures illustrate
raw accelerometer records while on right-hand column are plotted ground motion velocities.

Vertical lines are the P and S wave automatic picks.
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event origin time north [m] | east [m] | up[m)] local number of
magnitude | stations
1 4/12/2009 3:19:07 22462.0 | 11355.1 | 4783.9 1.3 12
2 4/12/2009 7:35:06 22693.7 | 11119.1 | 49674 2.1 13
3 7/12/2009 10:57:17 | 22636.2 | 11212.8 | 4876.6 1.4 14
4 8/12/2009 17:38:15 22478.0 | 11334.3 | 4775.1 2.1 13
5 26/12/2009 17:31:52 | 22647.8 | 11245.9 | 4908.7 1.4 13

Table 4.1: Location of events in local Ridgeway coordinates.

Standard MT

We start with standard MTs which we can compare with solutions obtained from routine
analysis by the IMS. They employed inversion of spectral amplitudes of P and S waves
from approximately 10 to 20 stations (mostly accelerographs, a few 14 Hz geophones in
addition). We apply different method: full waveform inversion in the time domain. The
chosen frequency range for all events is from 5 to approximately 20 or 30 Hz. The upper
limit is selected slightly below corner frequency (see Table 4.2) because we need to see the
source as a point. Corner frequency is derived from displacement spectra. For all events
we used from 12 to 14 three-component stations. We approximate the medium by the
homogeneous model with P wave velocity v, = 5.6 km/s and S wave velocity v, = 3.2
km/s. These stations are selected from the set of IMS stations installed at Ridgeway mine.
We excluded all uni- and bi-axial sites from the source mechanism estimation. From the
rest of the stations (18 sites) we chose stations with proper orientation, correct response
function and sufficient data quality.

Resulting standard MTs are plotted in Figure 4.4 (middle line) and summarized in
Table 4.2. For events 1-3 they are in a fairly good agreement with the IMS solutions from
spectral amplitude inversion. There are some differences for events 4 and 5. We think
that it can be caused by worse station coverage on the focal sphere, mainly for event 4 the
azimuthal gap is nearly 180 degrees. The fit of data and synthetics for events 1 and 2 is
plotted at Figure 4.5.



CHAPTER 4. APPLICATION TO MINING TREMORS 32

2 Legend-ev... [ 52|
Local Magnitude

1.01
1.15
129
143
1.57
171
1.86
2.00

2.14
228

Figure 4.3: Location of the selected events (spheres colored according to magnitude),
numbers correspond to Tab. 4.1. Triangles - stations providing the data. Top left - plan
view, top right - section view looking east, bottom left - section view looking north. Grey
lines and areas - mine tunnels and mined out areas, respectively.
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event | corner | filtration | strike dip rake DC | CLVD ISO | variance
no. fre- [Hz| [deg] [deg] [deg] | [%] | [%] | [%] | reduc-

quency tion
[Hz]
1 30 5-30 | 120/316| 47/44 | 78/102 | 38 25 37 40
2 21 5-20 | 136/321| 44/46 | 87/93 51 30 19 51
3 37 5-30 | 167/284| 54/58 | 140/43 | 32 68 0 41
4 17 5-16 | 178/295| 22/80 | 151/71 | 68 4 28 38
5 36 5-28 | 137/329| 45/46 | 81/98 29 29 42 37
event | strike dip rake DC [%] | CLVD | ISO [%]
no. [deg] [deg] [deg] %]
1 120/316 | 47/44 78/102 40 23 37
2 170/287 | 52/55 142/45 58 28 14
3 168/282 | 55/60 142/41 28 69 3
4 182/295 | 21/80 154/69 84 0 16
5 135/328 | 44/45 80/96 35 27 38

Table 4.2: Parameters of data filtration, moment tensors, their decomposition and synthe-
tics vs. data fit in the inversion for the MT (top). Moment tensors and their decomposition
after removing the contribution of the SDM from the data (bottom).

Second degree moments

Benefits of evaluation of the second degree moments are twofold. Mining tremors fre-
quently exhibit significant non-DC mechanisms, which reflects the complex mining environ-
ment (caves, tunnels, etc.) and ambient stress field. The SDM method allows for making
the estimate of the non-DC contents more precise than for the large non-DC components
described in the previous section. In the case of the five mining tremors investigated, the
change of the non-DC components was very small, see Table 4.2. This implies that the
non-DC component was not caused by source finiteness, but rather has a different origin
including a real non-DC source. The other advantage provided by the SDM technique is
the hint about the fault plane, which is particularly beneficial in the mining environment,
where knowledge about small scale tectonics is frequently scarce. Large faults within the
mine are regularly mapped by mine geologists by in situ observation.

We apply the same methodology as for large earthquakes. We choose frequencies slightly
above corner frequency for estimation of SDM. A careful trade-off needs to be made here, as
on the one hand the effects of a finite source need to be preserved in the seismograms, whilst
simultaneously the seismograms should be simple enough to allow for successful inversion.
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Figure 4.4: Standard MTs for the 5 mining events investigated. Top: IMS fault-plane solu-
tions from spectral amplitudes together with projections of the stations providing the data;
compressions - grey. Middle: fault-plane solutions obtained in this study. Compressions -
green; T, P and N axes - triangle up, right and left, in turn. Solid lines - nodal lines. The
plane determined as the fault from the SDM solution (see later) is marked in red. Bottom:
projections of stations used in this study. In 3-D view, station distribution is displayed in

Fig. 4.3.
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Figure 4.5: Data (blue) vs. synthetic seismograms (black) for events 1 (top) and 2 (bottom).
The synthetics constructed from the MTs retrieved in the first step of the procedure.
Records filtered in the range 5-30 Hz (event 1) and 5-20 Hz (event 2).
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A simple indication of the finiteness of the source is the observation of directivity effects in
the records, namely distinct pulse widths at different azimuths. We found that the SDM
parameters involving time are much more stable than those containing spatial information
- temporal parameters converge to their final value faster than the spatial ones. The
less stable parameter is the source ellipsoid because it contains the second order spatial
derivative. Moreover, the temporal and spatial centroid are determined more easily (i.e.
parameters connected with the Green’s function’s first derivative) than the other second
order moments - it needs much less iterations during the numerical procedure. This is not
surprising, as the centroids are related to the Green’s function derivatives of lower order
than for the other SDM parameters. A very important description of a finite-size focus
is the average velocity of rupture propagation. It can be determined as a ratio of two
parameters from the SDM set (for unilateral rupture it is defined as the ratio of the term
containing combination of spatial and temporal derivative and term with second temporal
derivative - for details see the Theory section). For all events we obtain a rupture velocity
of around 2 km/s. Detailed values for each of the 5 events are summarised in Table 4.3.
This value is quite realistic: it is approximately 0.6 of shear wave velocity.

Removing ambiguity of the fault plane
The source ellipsoid is a characteristics of the focus which is of extreme importance, as it
can help to eliminate the ambiguity involved in the fault-plane solution, thus to identify
the correct fault plane from the couple of nodal planes that are indistinguishable from
the radiation pattern in the classical DC solution. The source ellipsoid (as symmetric
3x3 matrix) is defined by the six SDM parameters. By evaluating its eigenvalues and
eigenvectors we can determine the directions and lengths of its principal axes. For all the
events considered, the source ellipsoids display a large eccentricity, i.e. they are stretched
in a single particular direction. This is an important feature, as they can be used as a
hint to discern the fault from the two nodal planes determined by the DC part of the MT
solution: the fault should be identified with that plane which contains the major axis of
the source ellipsoid. In this way, for Events 1, 3, 4 and 5 the fault was determined clearly
(see Table 4.3), while for Event 2 the ellipsoid lies very near to intersection of fault and
auxiliary plane, see the scheme in Figure 4.8. However, it seems that the plane plotted by
the red curve in Figure 4.4 is the more likely fault plane for the event 2.

Comparing our fault plane solutions with the known geological faults at Ridgeway Mine,
we find generally a good agreement. Our solutions (in the form of the source ellipsoids) as
well as the 3D representation of the faults are shown at Figure 4.10 for comparison.

Resolution test for two events
We tested resolution of the SDM parameters by jack-knife test for events 3 and 5. In each
test we removed one station from the data set and computed standard MT and then SDM
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Figure 4.6: Mechanisms from the jack-knife test for event 3. Left: all jack-knife trials,
right: jack- knife trials except of removal of stations 25 and 39.

Figure 4.7: Mechanisms from the jack-knife test for event 5. Left: all jack-knife trials right:
jack- knife trials except of removal of stations 41 and 42.

solution. The MT solutions are plotted in Figure 4.6.

Event 3
The left plot summarised all jack-knife trials, in the right plot there are all jack-knife
trials except removal of stations 25 and 39. The solutions without these two stations are
different from the others, therefore it indicates that stations 25 and 39 are particulary
important during inversion. Thus, we didn’t exclude them during inversions for second
degree parameters. In this way, we obtained 13 MT solutions and 11 SDM solutions. The
SDM parameters were very stable except for the source ellipsoid.

Event 5
For the source ellipsoid the differences were larger (maximum difference was 10 %), see
Figure 4.11. The correlation with the known geological fault is still acceptable.

Figure 4.8: Sketch of a convenient (left) and an inconvenient (right) orientation of the
source ellipsoid with respect to the nodal planes of the fault-plane solution derived from
the MT: In the latter case, the major axis is oriented close to the intersection of nodal
planes and the fault plane cannot be distinguished.
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Figure 4.9: Source ellipsoid and rupture velocity vector (red arrow) for all the Ridgeway
events investigated. For each event the three sections are plotted: plan view (top left),
depth section view looking west (top right), depth section view looking north (bottom
left). Bottom right: schematic sketch of the three projections.
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Figure 4.10: Location of all events with source ellipsoids in view looking east. Geological
faults in Ridgeway mine are plotted in the same figure: orange, red and purple planes.
Source ellipsoids are slightly shifted from their right positions to see them clearly.
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. temp. | source
variance cen. | dura.
event | reduc- | rupture velocity [km/s] | spatial centroid [m] _ _
) troid | tion
tion
[s] [s]
NS EW Z NS EW Z
1 0.44 0.7 1.9 0.1 5) 7 10 0.01 0.1
2 0.61 1.9 0.1 0.5 2 4 0 0.025 | 0.15
3 0.45 0.1 -0.1 2.1 1 1 -10 0.01 0.18
4 0.42 0.8 2.1 0.2 4 6 7 0.03 | 0.21
5) 0.42 0.5 0.1 2.0 2 3 -8 0.01 0.15
event source ellipsoid
Al A | As AT AT | As[] | af]
1 10.2 | 50.4 | 4.52 50 10 10 15
2 84 | 2.8 1603 | 15 26 8 3
3 1.1 | 3.2 | 38.1 8 48 10 10
4 24 1652 3.5 45 7 12 23
5 42 | 1.2 | 30.7 5 35 32 18

Table 4.3: Second degree moments for the 5 mining tremors investigated. For the source
ellipsoid, the lengths A; of the axes are presented, which illustrate the amount of the
eccentricity. To display the orientation, the angles, the angles A; indicate the deviation
of the major axis of the ellipsoid, in turn, from the east—west, north-south and up-down
directions. The angle « indicates deviation of major axis of the ellipsoid from the line of
intersection of the two nodal planes of the DC part of the MT solution.

Assessment of the mine application
Up to now, SDM were used exlusively for crustal earthquakes, we show here that this can
also yield useful information about finie extent sources in mines.

Similarly to the standard moment tensor retrieval and even in a higher frequency, the
importance of having a good azimuthal distribution of good quality recordings is obvious.
The reason is that the directivity of the source, which is one of the manifestations of source
finiteness, can only be detected by careful comparison of recordings at different azimuths.
In the domain of induced seismicity (as for events recorded in mines) we generally benefit
from good station coverage as sensors can be available around the source, and not only
limited to the Earth’s surface.
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Figure 4.11: Jack-knife test for the Event 3. Side view looking to the north. Blue line:
Fault plane from the geological model. Gray ellipsoid: ellipsoid computed using all stations.
Dashed ellipsoids - jack-knife trials with the maximum deviation.
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Figure 4.12: Jack-knife test for the Event 5. Side view looking to the north. Blue line:
Fault plane from the geological model. Gray ellipsoid: ellipsoid computed using all stations.
Dashed ellipsoids - jack-knife trials with the maximum deviation.
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The approach was applied to five large events from Ridgeway mine, Australia. Assess-
ment of these case studies indicates the possibility of partly automating the procedure in
the future.

We have showed that the information provided by the SDM allows for fault plane
detection, in particular by comparing the source ellipsoid and its principal axes to the
candidate fault planes.

The resolution and stability of the solution was tested using two of our events. Jack-
knife testing was applied, which showed good stability for all the parameters. The most
robust parameters were temporal parameters, and the least robust parameters were spatial
parameters (in particular, the shape and orientation of the source ellipsoid). Nevertheless,
even with these variations, derived rupture velocity vector for the event is still very stable.



Chapter 5

Discussion and conclusion

The second degree moment approach beneficially provides additional information to stan-
dard MT: geometry of the source, duration of the source process, spatial and temporal
centroid and rupture velocity vector. In addition to the usefulness of them for gaining
more insight about the source, the SDM can help to obtain a more accurate estimate of
the mechanism, especially concerning its DC vs. non-DC contents. To do that, we proceed
in an iterative loop, where we determine the zero degree MT from the data filtered below
the corner frequency, use it to estimate the second degree moments from the data keeping
the information from the frequency range reaching beyond the corner frequency, subtract
their effects from the records, and invert them subsequently for the zero degree MT. In
this way we have demonstrated the following:

e Neglect of source finiteness, the effects of which remain in the data even after excessive
low-pass filtering, yields spurious non-DC components in the reconstructed MT;

e The orientation of the mechanism, that is, the position of the fault plane solution is,
however, almost unbiased;

e Correcting the data for source finiteness by subtracting the contribution of the second
degree moments reduces spurious non-DC components substantially.

With the skill to reduce spurious non-DC component of the mechanism, we have a
good chance to reconstruct the genuine non-DC originated by the source process itself, in
particular, to decide between DC and non-DC events.

With this aim we studied five events with large non-DC component using SDM approach
(Kobe 1995, Izmit 1999, Solomon 2003, Bolivia 2005 and aftershock of Tohoku-oki 2011).
For all 5 events we determined standard MT and estimated the SDM. For Kobe and Izmit
earthquake we performed the jack-knife test which demonstrated the robustness of the
results. We compared the SDM obtained for Kobe and Izmit earthquakes with previous
studies and found our results largely in agreement with them. Then, we removed the SDM
contribution from the data and recomputed the standard MT by using the data without
the SDM effects. We demonstrated that the large non-DC component was probably the
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effect of the source finiteness, which remained in the data even after the low-pass filtering.

The second application was to mining tremors, where we studied five events from the
large Ridgeway data set. The MT solutions are similar to that obtained by IMS from the
spectral amplitude inversion.

Unfortunately, the Ridgeway SDM cannot be compared with any previous study be-
cause our evaluation is the first application of the methodology to mining tremor data.
The major benefit for the practice is foreseen in the capability of the approach to remove
the ambiguity of the two nodal planes within the traditional MT solution, i.e. to identify
the genuine fault plane. We demonstrated this advantage clearly on the sample events.
As a completely novel approach, the IMS company is interested to implement it into their
processing package as an advanced extension of the existing routine procedures.
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Non-Double-Couple Earthquake Mechanism as an Artifact
of the Point-Source Approach Applied
to a Finite-Extent Focus

by Petra Adamové and Jan Sileny

Abstract A sizable amount of moderate and strong earthquakes exhibit a consider-
able percentage of non-double-couple (non-DC) components in the mechanism, as
reported by agencies determining moment tensors on a routine basis from long-period
seismograms. As most of them are tectonic events where a simple shear slip is antic-
ipated along a roughly planar fault (at least in the optics of the long periods used),
suspicion arises about their source origin. Leaving aside anisotropy in the source
region, we assign them to be side effects of the application of the first degree moment
tensor approximation to data still containing (after low-pass filtering) information
about the source finiteness. We verify the hypothesis in a synthetic experiment simu-
lating a finite-extent source—a unilaterally propagating shear slip—and invert the
synthetic data into moments up to degree 2. The first degree moment—traditional
moment tensor—exhibits more that 20% of non-DC components. If we restitute
the data by subtracting the contribution of the second degree moments, these spurious
components are suppressed and the mechanism becomes almost pure double couple.
The orientation of the mechanism is, however, not affected discernibly. Spurious non-
DC components can be generated also by noise contamination of the observed seismic
records and by using an improper Green’s function when inverting the data, which
happens in cases of mislocation of the hypocenter and/or mismodeling the
velocity/attenuation in the area. In additional synthetic experiments, we demonstrate
that reasonably estimated effects just listed do not mask the phenomenon of appear-
ance of the non-DC originated by neglecting the source finiteness and correcting for
the second degree moments reveals the proper mechanism.

Introduction

During recent years, the moment tensor (MT) approach
in retrieving the earthquake mechanism has become a stan-
dard, replacing the formerly universal description of the
source by a double couple (DC). In many cases this more
general approach is well substantiated physically, as for vol-
canic earthquakes, various types of induced seismicity like
the activity in mines, and seismicity related to injection
experiments in wells in the oil, gas, and geothermal industry
(for a review, see, for example, Miller ez al., 1998). Tectonic
earthquakes, especially the strong and moderate events,
are, however, supposed to be simple shear slips along
approximately planar faults in the view of the long-periods
processed, and the MT approach is used merely as an advan-
tageous tool in the waveform inversion because of its linear-
ity. This is the case of all the standard routines of determining
the mechanism from teleseismic and regional records, like
the Global Centroid Moment Tensor Catalog (e.g., Ekstrom
et al., 2005), U.S. Geological Survey (e.g., Sipkin and
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Zirbes, 2004), National Research Institute for Earth Science
and Disaster Prevention (Kubo et al., 2002), Schweizerischer
Erdbebendienst (SED) (e.g., Bernardi et al., 2004), the Med-
iterranean Network (e.g., Pondrelli ez al., 2002), and Instituto
Andaluz de Geofisica (Stich et al., 2003). In these catalogs,
many events—even strong earthquakes—are reported as pos-
sessing a noticeable percentage of the non-double-couple
(non-DC) component in the mechanism, which is obviously
spurious in most cases. We suspect that it may be due to
applying the first degree MT approach (which, in common
understanding, is regarded as a point-source mechanism)
to data from events that are rather large to be treated using
this approach. A clear indication of this discrepancy is the
directivity.

An advantageous framework in which to consider
finite-source effects, while keeping the point-source ap-
proach, is implementing higher degree moments into the
source description. The concept was originated by Backus
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(1977a,b). Subsequently, considerable effort was invested to
determine the finite-extent source parameters described by
higher degree moments by inverting seismic data. Doornbos
(1982) designed the source model based on second degree
moments and related its parameters to the Haskell model.
Kagan (1988) used the expansion of seismic radiation of
a finite source in higher degree MTs and suggested discerning
the complexity or nonplanarity of the source from the pre-
sence of particular higher degree moments. Das and Kostrov
(1997) formulated the inverse problem of determining the
temporal and spatial power moments of the seismic source
moment rate density distribution, in which its positivity (i.e.,
the absence of back-slip on the fault) is enforced through a
set of linear equations. They suggested proceeding from low-
degree moments retrieved from long periods to higher-degree
moments estimated from high frequencies. The necessity to
subdivide the source region to achieve a low approximation
error of Green’s functions (GFs) was stressed by Dahm and
Krueger (1999). Inversion schemes to determine higher de-
gree moments were also designed by Gusev and Pavlov
(1988) and Bukchin (1995). McGuire et al. (2001) developed
a method for retrieving second degree moments by inverting
the shifts in the travel time and amplitude of various seismic
phases at global stations and stressed the importance of im-
posing the physical constraint of keeping the volume of the
source region positive. McGuire et al. (2002) evaluated the
mixed spatiotemporal moment estimating the propagation of
the rupture for a number of M,, > 7 earthquakes in different
tectonic regions. Using this tool to distinguish between uni-
lateral and bilateral rupture propagation, they found that
about 80% of large shallow ruptures are predominantly uni-
lateral.

We follow the method by Doornbos (1982), whose
source model up to the second degree consists of 20
parameters. The general representation of the displacement
due to forces distributed in the source volume can be replaced
by the point source after expanding the GF around a reference
source point. The Taylor expansion up to degree two of the
response function (RF) (spatial derivative of GF) in the
representation theorem yields the expression for seismic
displacement that contains 90 parameters; the smoothing
assumption of a common space and time history of the com-
ponents of the MT density reduces the number to 20 and the
expression becomes

. < . 1 i
u; = M]k[ij — Gj’kAT + G;,k[Agl + EG]'J"A(T2)
- 1 .
= G uA(TE) + EG},kJmA(flfm) + ..., (D)

where u;(x, ?) is the ground displacement; and M j; is the first
degree moment (6 parameters), classical MT describing the
mechanism of a point source; the other variables are second
degree moments: temporal centroid A7, spatial centroid A&,
spatiotemporal moment A(7¢;), second temporal moment
A(7?), and second spatial moment A(&,,). G}k(x, £, 1,7)
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is the RF; G.j,k(x, £,t,7) is the time derivative of the
RF; G‘] (X, & t,7) is the spatial derivativq ‘of the RF;
G x(x,&, t,7) is the second time derivative; G} (X, .1, 7)
is the combination of the time and spatial derivative; and
}klm(x, &,t,7) is the second spatial derivative. x and &
are, respectively, the point observation and point on the fault.
Second degree moments can be interpreted in terms of the
parameters related to the finite extent of the focus:

1. Temporal centroid (1 parameter): specifies the origin time
of the finite-extent source estimate;

2. Spatial centroid (3 parameters): specifies the position of a
point source substituting the finite-extent focus;

3. Spatiotemporal moment (3 parameters): after division by
second degree temporal moment it estimates the rupture
propagation, that is, both its direction and speed;

4. Second temporal moment (1 parameter): squared esti-
mate of the source process duration;

5. Second spatial moment (6 parameters): geometrical char-
acteristics of the source; it specifies an ellipsoid (herein-
after the source ellipsoid), the orientation of its major axis
indicates the direction of the extension of the focus.

We use the previous description of the second degree
moments to express the finiteness of the earthquake focus.
In a synthetic test, we check the hypothesis that the mechan-
ism is distorted when the data that originated in a finite-
extent source are inverted using the point-source description.
For a simple shear slip along a planar fault embedded in an
isotropic medium we obtain an MT possessing a considerable
percentage of non-DC components. We design a procedure
to correct the data for the source finiteness and reconstruct
the proper mechanism.

Method

The seismic displacement expressed in terms of mo-
ments up to degree two depends on the parameters of the
source in a nonlinear way: equation (1) contains a product
of the first degree moment M;; describing the source mecha-
nism with the terms corresponding to the second degree
moments related to the finiteness of the focus. Therefore,
we solve the task of waveform inversion in iterations. First,
we estimate the mechanism from the low-pass filtered
records in the first degree MT approximation, where we ben-
efit from the linearity of the task and invert the data in a
single-step procedure. Then, we determine the second degree
moments from the original data with the mechanism fixed at
the value from the previous step (Fig. 1). The second degree
moments having been determined (see the next paragraph),
we evaluate their synthetic contribution to the data and sub-
tract it from the observed records, that is, we correct the
finite-extent source data for the estimated source finiteness
to reconstruct the point-source data. Subsequently, we invert
the corrected data in the first degree MT approach and obtain
the estimate of the true mechanism not biased by the effect of
the finiteness. This loop, in principle, can be repeated several
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Figure 1.

Flow chart of the retrieval of the mechanism in the MT representation together with the second degree moments (2DM).

MT inversion, top; second degree moments inversion, bottom. Inputs into the procedure, left; outputs, right.

times until nonnegligible adjustments of the mechanism are
observed. In our synthetic experiments, however, a single
iteration appeared to be enough.

Splitting the inverse problem with the synthetics
expressed by equation (1) into two stages, namely, in turn,
by neglecting the second degree moments and keeping the
first degree moment constant, provides us, in principle, with
two subsequent linear problems. The first stage, determining
the M;; from low-pass filtered records, we solve advanta-
geously by single value decomposition. The second stage,
evaluating the 14 parameters related to the second degree
moments with M;; fixed, though also linear must, however,
be solved iteratively as an additional nonlinear constraint is
employed, which ensures keeping the volume of the focus
nonnegative (McGuire et al., 2001). Therefore, we proceed
as with a generally nonlinear functional. We determine the 14
parameters describing the second degree moments by using
the genetic algorithm (Goldberg, 1989) with the additional
constraint of keeping the four-dimensional source volume
nonnegative, which is an inherent property of all earthquakes
(McGuire et al., 2002).

Data

We verify the hypothesis of generating spurious non-DC
source components in the mechanism of a simple shear slip
propagating unilaterally along a fault, when seen by using
the standard first degree MT approach. We designed a syn-
thetic experiment simulating a hypothetical earthquake on
the North Anatolian fault at the site of the strong Izmit
earthquake of 17 August 1999 (00:01:38, M,, 7.5). Four
days after the main event, a network of seismic stations
was deployed by GeoForschungsZentrum (GFZ) Potsdam

(Ozalaybey et al., 2002). It consisted of nearly 50 stations;
in our synthetic experimentation we consider 18 of them
(Fig. 2). Synthetic data were computed for the geometry
of the main shock (strike = 90°, dip = 72°, rake = 180°
in the Aki and Richards, 2002, convention), at a depth of
13 km a rectangular fault, 20 km long and 10 km wide,
was assumed. In accordance with the observation, unilateral
rupturing directed eastward was modeled, the velocity of
rupture propagation reaching 2.8 km/sec. The synthetic data
for the finite-extent source at the stations in Figure 2 were
computed by J. Burjanek, ETH Zurich (Fig. 3). The one-
dimensional layered model by Bulut et al. (2007) was used
(Fig. 4). GFs are identical for constructing the synthetic data
and their subsequent inversion and are computed by DWN/
reflectivity code AXITRA (Bouchon and Coutant, 1994),
modified by Sokos and Zahradnik (2008)). The GF deriva-
tives requested in equation (1) are evaluated by numerical
differentiation.

It is worth pointing out the well-pronounced directivity
in the records of stations in various azimuths, which indicates
the significant contribution of the terms describing the finite-
ness of the focus, see, for reference, the records of stations
east of the epicenter (in the forward direction) and to the west
(reverse direction) of the epicenter (Fig. 5).

Frequency Tests

For the sake of necessary simplification of the inversion
process, the data have to be low-pass filtered as much as
possible, but they still should keep the second degree effects.
To determine the optimum frequency range, we performed a
series of tests varying the cutoff frequency and comparing the
resulting second degree moments. We filtered the synthetic
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Figure 2.

Configuration of stations in synthetic tests: simulates part of the seismic network deployed on the North Anatolia fault around

the epicenter of the Izmit earthquake (17 August 1999) by GeoForschungsZentrum (GFZ) Potsdam (Ozalaybey et al., 2002). Earthquake’s

epicenter, star.

records by a band-pass third order Butterworth filter with a
low cutoff at 0.02 Hz (for all tests) and a high cutoff at 0.1,
0.2, 0.3, and 0.4 Hz. The first degree moment was deter-
mined from the data in the range 0.02-0.08 Hz (see Fig. 6).
In the second stage of the inversion, we estimated the second
degree moments from the data filtered up to the four values
of the frequency mentioned previously. We have obtained
similar results for frequencies of 0.2, 0.3, and 0.4 Hz (see
Fig. 7, Table 1). The result for the frequency interval
0.02-0.1 Hz is out of the pattern of the higher frequencies,
which may indicate that it is difficult to retrieve second
degree moments here. Thus, we accepted the frequency
range 0.02-0.2 Hz as the optimum.

Synthetic Tests—Exact Data

In the first stage of the procedure—determination of the
first degree moment—we invert the band-pass filtered data in

Figure 3.

Source model for the synthetic test. Moment density
distribution along a rectangular 20 km x 10 km steeply dipping
fault striking east (left-hand panel): initiation point of the unilater-
ally propagating rupture, star; dashed circles, isochrones corre-
sponding to 1, 2, and 3 sec. Lower-hemisphere plot of the FPS
(right-hand panel). Compressions are shown in gray.

the 0.02-0.08 Hz window to enhance the point-source char-
acteristics of the focus and suppress its finite-extent features.
It is largely the common MT solution routinely reported by
the agencies listed in the Introduction; it should be noted that
they search for deviatoric MT. Contrary to the agencies, our
solution is unconstrained MT, which also possesses an iso-
tropic component (ISO). We use the widely accepted decom-
position of the MT into the DC, ISO, and compensated linear
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Figure 4.  Velocity profile for the North Anatolia area by Bulut

et al. (2007) (solid line) and the simplified model for simulating the
effect of the velocity mismodeling (dashed line).
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Figure 5.

Examples of the unfiltered synthetic data demonstrating the source directivity: station BAL in the forward direction, station

HER in the reverse direction, and station SDL in the direction perpendicular to the fault strike.

vector dipole (CLVD) and evaluated the percentages of the
individual components according to Vavrycuk (2001). We
obtained a mechanism oriented fairly close to the theoretical
DC source (strike = 93°, dip = 73°, rake = —178°) but pos-
sessing rather large non-DC components: 12% of CLVD and
10% of 1SO (Fig. 8, top left). The large non-DC components
are the consequence of the existence of the remnants of
directivity due to the source finiteness, which remained in
the data even after the heavy low-pass filtering. It should
be pointed out that this directivity cannot be discerned by
visually inspecting the low-frequency records.

The scalar moment of the theoretical source model
was 10'® N'm, while its value provided by the experiment
remained at 7.7 x 10'7 Nm. The underestimation is due to
the destructive interference resulting from the source finite-
ness, which is not accounted for in the source parametriza-
tion by the first degree MT in the first stage of our algorithm.

In the second stage, we estimate the second degree
moments from data filtered up to 0.2 Hz. We obtained good
estimates of the temporal centroid (the output value
AT =1 sec is low in accordance with the undelayed initia-
tion of the theoretical source), the spatial centroid A&, (with

O Q@
DS

Figure 6. Mechanisms reconstructed in the testing frequency
range. For each frequency a couple of mechanisms is displayed: the
mechanism obtained by inverting data filtered outside 0.02-0.08 Hz
(left) and the mechanism from data corrected for the contribution of
the second degree moments (right). In the lower-hemisphere plot of
the FPS, compressions are shown in gray. The letters A, B, C, and D
are for frequencies used in the inversion of second degree moments:
A, 0.02-0.1 Hz; B, 0.02-0.2 Hz; C, 0.02-0.3 Hz; and D, 0.02—
0.4 Hz.



452

P. Adamova and J. Sileny

N 4 N Y
4 40 T 40 T
» i S
c ‘ c ‘
204+-F +E
B B
A
A
0L 01
% l I > | | [ >
15 0 15 ° 15 0 s ¢
[Km] [Km]
le

Figure 7.

Geometrical characteristics of the source from second degree moments: the source ellipsoid, the major axis of which indicates

the direction of the extension of the focus. Frequency intervals: A, 0.02-0.1; B, 0.02-0.2; C, 0.02-0.3; and D, 0.02-0.4 Hz. Shown are the
map view (top left); depth section, view from east (top right); depth section, view from south (bottom left), three-dimensional view together

with the source model in the background (bottom right).

the final position [3.4, 7.2, 1] in the coordinate system
originated in the hypocenter with axes pointing north, east,
and vertically downwards, while the theoretical position is
[0, 5, 0], see Fig. 3), and the time duration (2 sec), which
is a reasonable estimate because the theoretical source is a
unilateral rupture propagating along the 10 km length of
the fault at a speed of 2.8 km/sec. The geometrical charac-

teristics of the focus, expressed by the double spatial moment
A(&E,,), are stretched roughly in the east—west direction as
expected because of the east—west orientation of the rectan-
gular fault, Figure 9. The spatiotemporal moment, the three
parameters which—after having been divided by the squared
time duration—specify the vector of velocity of the rupture
propagation. In accordance with the theoretical model we
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Table 1

Experiments Exploring the Influence of the Frequency Content Considered in Determining the Second Degree Moments

Geometrical Characteristics

Experiment Variance Spatial Temporal Propagation Velocity Source
Reduction Centroid (km) Centroid (sec) Vector (km/sec) Duration (sec) A/ A3/ A A A3 A
A 0.45 42 31 3 2 1.5 1.4 4 136 183 3.6 49 9 23
B 0.65 34 72 1 1 02 24 04 2 155 4 1.8 28 112 14
C 0.62 28 68 14 1 01 27 02 2 173 373 15 26 9.7 11
D 0.63 26 7 0.6 1 04 24 05 2 175 49 12 21 103 9

Synthetic records filtered by the band-pass third order Butterworth filter with the low cutoff at 0.02 Hz and high cutoff at 0.1 (A), 0.2 (B), 0.3

(C), and 0.4 Hz (D).

obtain prevailingly eastward propagation A(7¢))/A(?) =
(0.2,2.4,0.4) (Fig. 10); the rupture rate was estimated at
2.4 km/sec, while the true velocity was 2.8 km/sec. Having
determined the second degree moments, we evaluate their
contribution in the synthetic seismograms and subtract it
from the data. These records, corrected for the source finite-
ness, are just the data that should be matched by the first
degree MT retrieved in the first stage if the procedure of
elimination of source finiteness was successful. Figure 11
displays comparisons of our synthetic data and the seismo-
grams predicted by the model at stations HER (in the reverse
direction with respect to the rupture propagation) and BAL
(in the forward direction); we can see that the fit is very good.

Synthetic Tests—Experiments Simulating
Inconsistencies during the Data Inversion

In the experiment inverting exact data, we obtained the
mechanism and parameters of the source finiteness fairly
close to the true model values. In practice, however, GFs
are inexact due to inaccurate hypocenter location and/or
improper velocity/attenuation model of the medium, and
seismic records are contaminated by noise. As a result, spu-
rious non-DC components, which hamper the resolution of

Exact data Velocity mismodeling

Source mislocation Noise in data

Figure 8. Mechanisms reconstructed in the experiment invert-
ing exact synthetic data (top left), in the experiment simulating the
hypocenter mislocation (bottom left), in the seismic velocity profile
mismodeling (top right), and in the experiment with noisy data (bot-
tom right). A couple of mechanisms are displayed for each experi-
ment: the mechanism obtained by inverting data filtered outside
0.02-0.08 Hz (left), and the mechanism from data corrected for
the contribution of the second degree moments (right). In the low-
er-hemisphere plots of the FPS, compressions are shown in gray.

the true mechanism, can be generated. With the aim of
checking if these spurious non-DC components do not mask
the non-DC due to neglecting the source finiteness (which
would prevent us from their proper identification and elim-
ination), we perform additional synthetic tests simulating (1)
hypocenter mislocation, (2) velocity profile mismodeling,
and (3) noisy data. In the setups (1-3) we have chosen real-
istic values, namely,

1. Mislocation of the hypocenter when evaluating the GF:
1 km to the east, 1 km to the south, 2 km deeper than the
true hypocenter. The larger error in depth than in the hor-
izontal coordinates simulates a smaller location precision
due to stations on the surface only;

2. Mismodeling of the velocity profile: for the sake of con-
structing the GF, the true one-dimensional model used to
synthesize the data was simplified, Figure 4 (three layers
only and velocities changed randomly by 10%);

3. Noise in data (ranging randomly within 15-30% of the
maximum amplitude at each station). The low-pass filter-
ing decreases the noise level by about 10%.

Hypocenter Mislocation

The magnitude of the hypocenter mislocation chosen
previously is realistic, taking into account the usual uncertain-
ties involved in the localization process. It can be expected
a priori that its effect on the resolution of the mechanism
determined in the frequency band applied will be small
because a mislocation of several kilometers is not very signif-
icant where wavelengths of tens of kilometers are concerned.
In accordance with this, we have confirmed that the influence
on both the first and second degree moments was very small:
the centroids, source duration, rupture propagation vector,
and the ellipsoid acquire very similar values (Table 2, Figs. 9
and 10). The only discernible effect is in the MT orientation:
the strike angle of the fault-plane solution (FPS) of the mis-
located solution is increased by about 10°.

Velocity Profile Mismodeling

An inaccurate estimate of the velocity profile in the crust
is a common shortcoming occurring during source studies.
How much it affects the result depends primarily on the
frequencies applied in the data inversion: if the scale of the
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Figure 9.

Source ellipsoids from the experiments simulating inconsistencies during the data inversion: A, mislocation of the hypocenter

when evaluating GF; B, mismodeling of the velocity profile, the true one-dimensional model used to synthesize data, simplified when eval-
uating GF; C, noisy data. For comparison, the source ellipsoid obtained from noise-free data and exact GF is shown with the bold line.

velocity model change remains within the prevailing wave-
length, a significant bias of the reconstructed source need not
be expected. To assess the influence of a realistic mismodel-
ing of the crust, we simplified the model available for the
North Anatolia zone by merging some layers and modifying
their velocity by as much as 10% of the original values. Thus,
the mismodeling can be regarded as very slight when seen by
10+ sec waves used in the first inversion stage retrieving the
point-source mechanism in the traditional way. In accor-
dance with this, the MT obtained from the biased GF differs
very little from that determined with the exact GF: the orien-
tation is practically the same and the non-DC contents differ
by 3% only (Table 3, Fig. 8). In the second stage (second
degree moments retrieval) we use less-filtered data, and for
5+ sec waves the velocity profile modification is already
more significant. This is reflected in a larger error of the sec-
ond degree moments parameters, in particular of the vector
of rupture propagation (Fig. 10) and the source ellipsoid
(Fig. 9), which deviate from the expected east—west orienta-
tion. The new estimate of the first degree MT from the data
corrected for the second degree moments parameters differs
from hypocenter mislocation case just due to a larger error in
second degree moments, but the difference is not essential
and remains only in the strike angle (Table 3, Fig. 8).

Noisy Data

Real seismograms nearly always contain some noise.
To simulate rather extreme contamination, we chose random
white noise uniformly distributed between 15% and 30% of

the maximum amplitude at each station to model moderate to
strong noise. The low-pass filtering decreases the noise level
by about 10%. The noise adds preferentially some ISO into
the MT, which may be due to the fact that noise has no
directivity, but also affects the orientation of the FPS (Table 3,
Fig. 8). The second degree moments parameters are biased
similarly to the velocity profile mismodeling case but the

[kmis]

0

kmigy 1 -3

Figure 10.  Vectors of the rupture propagation velocity obtained
as the ratio of second degree moments A(7¢;)/A(72) determined,
in turn, in the synthetic experiment with exact data (thick black
arrow), in the experiment simulating the hypocenter mislocation
(arrow a), in the seismic velocity profile mismodeling (arrow b),
and in the experiment with noisy data (arrow c). The background
shows the vertical projection of the source model: the moment
density distribution of the unilaterally propagating rupture (gray
area) together with the 1, 2, and 3 sec isochrones.
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Synthetic data (black curve) versus synthetic seismograms predicted by the model (middle gray curve), together with the

separate contribution of the second degree moments (bottom gray curve). Station BAL in the forward direction, station HER in the reverse

direction, and station SDL in the direction perpendicular to the fault strike. The frequency range is 0.02-0.2 Hz.

vector of rupture propagation and the source ellipsoid deviate
to opposite directions (Figs. 9 and 10). The reconstruction
of the point-source mechanism, after subtracting the second
degree moments effects, yields a satisfactory result compar-

Table

able to the experiments (hypocenter mislocation, velocity
profile mismodeling). This is encouraging as a rather high
amount of noise was included and real data may be less
contaminated.

2

Second Degree Moments Retrieved in Synthetic Experiments with Exact Data, Mislocated Hypocenter, Inaccurate Modeling of the Velocity
Profile, and Noisy Data

Geometrical Characteristics

Variance Spatial Temporal Propagation Velocity Source
Experiment Reduction Centroid (km) Centroid (sec) Vector (km/sec) Duration (sec) A/ A3/ A Al Ay A3 A (°)
Exact data 0.65 34 72 1 1 02 24 04 2 1.55 4.0 1.8 28 112 14
Mislocation 0.66 25 68 2 1 01 23 05 2 1.60 374 18 29 108 8
Inaccurate model 0.62 43 75 038 1 03 22 06 2 1.50 382 19 29 110 12
Noisy data 0.60 38 71 13 0 04 23 03 2 152 391 18 28 109 16

Spatial centroid and propagation velocity vector in (north, east, z) coordinate system. For the geometrical characteristics, the lengths \; of the axes are
determined and the ratios presented, which illustrate the amount of the eccentricity. Angle A indicates the deviation of the major axis of the ellipsoid from

the east—west direction.
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Table 3

MT (First Degree Moment) Retrieved in Synthetic Experiments with Exact Data, Mislocated Hypocenter,
Inaccurate Modeling of the Velocity Profile, and Noisy Data

Experiment Strike (°) Dip () Rake (°) DC (%) CLVD (%) ISO (%) M (10" Nm)
Exact data 93/93  73/73 —178/—178 78/94  12/4 10/2 7.7
Mislocation 100/100  70/70 —177/—173 80/95  10/5 10/5 75
Inaccurate model ~ 93/97 7373 —179/—180 81/98  12/2 7/0 7.9
Noisy data 88/87  80/81 —174/—172 78/96  2/0 19/4 72

Decomposition into the DC, CLVD, and ISO according to Vavrycuk (2001); the orientation of the DC part is
expressed in terms of strike, dip, and rake angles. The couple of values a/b in each cell indicates retrieval from
data filtered by the 0.02-0.08 Hz passband filter (a) and from data corrected for the contribution of the second

degree moments ().

Discussion and Conclusions

Obviously it is reasonable to doubt the reality of the
non-DC components in the unconstrained or deviatoric MTs
of strong and moderate earthquakes, which are sometimes
reported in the solutions issued by seismological agencies.
Physically, these events, dominantly of a tectonic nature,
are believed to be mostly shear slips. The non-DC compo-
nents sometimes obtained are usually attributed to the
complicated geometry of the portion of the fault participating
in the slippage or to the anisotropy in the focal zone of the
earthquake. We suggest an additional reason for the appear-
ance of spurious non-DC components in MTs of strong and
moderate earthquakes, namely, the directivity of the radiation
caused by a rupture propagating along a finite length of the
active fault, which is misinterpreted during inversion of the
data by an algorithm applying the point-source approxima-
tion. Such approach does not take into account the directivity
present in the data and converts it spuriously into the com-
plexity of the reconstructed MT—appearance of non-DC
components. In the standard approach, the influence of the
source finiteness is believed to be suppressed by inverting
low frequencies only; the appearance of spurious non-DC
components, however, indicates that there are remnants of
the directivity in the records even after the heavy low-pass
filtering has been applied.

We suggest a procedure for reducing the effects of the
source finiteness in the data before inverting them for the
mechanism and for obtaining the MT unbiased by the direc-
tivity still present in the long-period records. We demonstrate
its effectiveness in the synthetic experiment simulating the
situation on the North Anatolia fault and the seismic network
existing there. In particular, we simulate a unilaterally prop-
agating rupture represented by a nearly vertical strike slip. To
consider a finite-extent focus and remain in the point-
source representation, second degree moments are used to an
advantage. In the iterative loop, we determine the first degree
MT from filtered data, use it to estimate the second degree
moments from unfiltered data, subtract their effects from the
records, and invert them subsequently for the first degree MT.
In this way we have demonstrated the following:

* Neglect of source finiteness, which remains in the data
even after excessive low-pass filtering, underestimates the
scalar moment by almost 30%;

At the same time, it yields spurious non-DC components in
the reconstructed MT;
The orientation of the mechanism, that is, the position of
the FPS, is, however, almost unbiased;
Correcting the data for source finiteness by subtracting the
contribution of the second degree moments reduces spuri-
ous non-DC components substantially. Thus, we should be
able to reconstruct the genuine non-DC originated by the
source process itself, in particular, to decide between DC
and non-DC events.
Noise in the data, hypocenter mislocation, and velocity
profile mismodeling may also originate spurious non-DC
components in the mechanism. We, however, demonstrate
that with realistic values of these effects, which can be
encountered in practice, the spurious non-DC components
remain small in comparison with the non-DC caused by the
source finiteness.

Data and Resources

No data were used in this article. Station configuration
simulates the surface seismic network monitoring the seismi-
city at the North Anatolian fault in Turkey, deployed by GFZ
Potsdam (Ozalaybey et al., 2002). The velocity model of the
Anatolian area was provided by Bulut et al. (2007). GFs were
made using the program AXITRA (Bouchon and Coutant,
1994), modified by Sokos and Zahradnik (2008).
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Disputable Non-Double-Couple Mechanisms of Several Strong

Earthquakes: Second-Degree Moment Approach

by Petra Adamova and Jan Sileny

Abstract The earthquake source mechanism (description of the geometry of the
source and its strength in terms of forces equivalent to rupturing of the rock mass)
is routinely modeled as a moment tensor (MT) describing the earthquake focus as a
point. However, sometimes this approximation is not satisfied, and seismic radiation
keeps the directivity due to the finite extent of the source. Inversion into the MT then
may yield a biased mechanism. Synthetic study in the Adamova and Sileny (2010)
demonstrated the appearance of spurious non-double-couple components in the
mechanism even for a pure double-couple (DC) source. Their method was designed
to reduce the spurious source components by using the second-degree moments to
evaluate their contribution into the records and subtract it from the data. Here we
applied the procedure to five moderate to large regional events with large nonshear
components. They are mostly located on large tectonic faults where predominantly
pure shear slip is expected. We studied one event on the prominent North Anatolian
fault, three events in the Pacific area, and one event in Bolivia. In most cases, the
non-DC components essentially were reduced, and the geometry of the mechanism
remained largely unchanged. This confirms the hypothesis that part of the non-DC
components in regional MT solutions may be spurious due to the neglect of the source
finiteness in the routine procedure of the MT retrieval. In addition, the geometrical and
kinematical characteristics of the foci provided by the second-degree moments (the
source ellipsoid and rupture velocity vector) are mostly consistent with the fault geom-
etry, aftershock distribution, and estimates of rupture speed from available previous
studies.

Introduction

The mechanism is an important characteristic of an
earthquake, providing the first insight into the physics of
the source in terms of a description of the geometry of forces
in the rock mass continuum, which generates the same wave-
field as the rupture. Since the 1970s, several agencies have
been determining moment tensors (MT) of earthquakes from
moderate to strong events (M, >5). Applying the concept of
the MT expands the earthquake focus description from the
fault-plane solution corresponding to a shear slip along
the fault plane to more general types of dislocation. The force
equivalent of a pure shear slip is a double couple (DC, for a
planar fault within an isotropic medium), while general types
of dislocation imply appearance of non-DC components. The
MT approach in the retrieval of an earthquake mechanism has
become a standard, replacing the formerly universal descrip-
tion of the source by a DC. Using the full MT, we can study
some of the physical features of the source in addition to the
geometrical characteristics described by the traditional fault-
plane solution. Major seismological agencies, such as Global
Centroid Moment Tensor (Global CMT; Ekstrom et al.,

2005), U.S. Geological Survey (USGS; Sipkin and Zirbes,
2004), and Schweizerischer Erdbebendienst (SED; Bernardi
et al., 2004), routinely evaluate MT, though they are usually
constrained to be purely deviatoric in order to obtain stable
solutions. Until recently, the seismological and geological
community has been requesting mostly the DC component
for the purpose of tectonic studies; however, the retrieved
non-DC is receiving increasing attention now. Nevertheless,
the main reason for a description of the earthquake source by
the MT is the linearity of the inversion, while constraining to
the DC yields a nonlinear problem. The deviatoric constraint
(zero MT trace, or zero isotropic component, then the remain-
ing non-DC component is only the compensated linear vector
dipole [CLVD]), routinely applied in the agency solutions,
keeps the linearity of the task and at least partially expands
the description of the dislocations in the focus. It can,
however, distort the retrieved “best DC,” so that it does not
represent the optimum estimate of the genuine DC in the
focus (Henry et al., 2002). It is well known that retrieval of
non-DC components is vulnerable to several factors violating
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the setup of the inverse task: mislocation of the hypocenter,
mismodeling of the velocity profile, noise contamination of
the data, and quality of the station distribution (Henry er al.,
2002; gﬂeny, 2009). In such cases, the non-DC components
determined can simply be artifacts of an ill-posed inversion.
It is very important to properly estimate which part is spu-
rious and which is related to the source. The assessment of
the latter is highly significant from the viewpoint of fracture
mechanics. From the non-DC components, we can distin-
guish between a tensile crack or the collapse of a void space
on one side and the shear along a pre-existing fault on
the other.

Non-DC components have been widely studied during
recent years. They can be originated by several effects (Julian
et al., 1998; Miller et al., 1998): (1) processes involving net
forces such as landslides, volcanic eruptions, and unsteady
fluid flow; (2) complex shear faulting, such as multiple shear
events, volcanic ring faults, and Ortlepp shear fault (Ortlepp,
1984); and (3) tensile faulting, such as opening of tensile
cracks as the effect of migration of pressurized fluids, com-
bined tensile and shear faulting (Dufumier and Rivera, 1997;
Vavrycuk, 2001; §ﬂen§’/ and Milev, 2008), and shear faulting
in an anisotropic medium (Kawasaki and Tanimoto, 1981).
In terms of fracture mechanics, tensile faulting may be ex-
pected for events induced by industrial activities involving
fluid injection to fracture the rock mass in the vicinity of
boreholes (e.g., during hydrofracturing in oil and gas wells;
Sileny et al., 2009), during geothermal energy exploitation
(Jost et al., 1998; Julian et al., 2010), or during hydrofrac-
turing of deep research boreholes (Vavrycuk et al., 2008).
Tensile faulting also may be important in foci of natural seis-
mic events, mainly for some small intraplate earthquakes
(Hordlek et al., 2002; Vavrycuk, 2011). On the other hand,
strong events representing a slip along a large fault are
mostly shear, and tensile faulting is probably less relevant
here. If some non-DC components occur in these cases, they
may be suspected to be spurious.

In the catalogs of MTs collected by seismological agen-
cies, many events—even strong earthquakes—are reported
as possessing a noticeable percentage of the CLVD, which
is assumed to have originated mostly by unmodeled 3D Earth
structure (Henry et al., 2002; Ferreira and Woodhouse,
2006). We studied the generation of the false non-DC com-
ponents in frequencies corresponding to regional data,
hypothesizing that they are due to inverting records from a
finite-extent source by the standard MT approach. In the syn-
thetic example, we demonstrated that even after substantial
low-pass filtering, a directivity remains in the radiation that is
converted into spurious non-DC components in the standard
MT approach (Adamova and Sileny, 2010).

In this paper, we aim to demonstrate this effect on real
data. We apply the method of second-degree moments (SDM)
to several moderate to strong earthquakes that exhibit a
considerable percentage of non-DC components in the mech-
anism: three events from the Pacific, one event on the North
Anatolian fault, and one event from Bolivia. The SDM
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approach is a convenient alternative to a detailed modeling
of slip distribution, for which the data are not available in
many cases; at least the rough information on the source
finiteness provided by the SDM is valuable. In terms of the
SDM, we can estimate several finite source parameters from
the point-source approximation: geometry of the source,
duration of the source process, temporal-spatial centroid,
and rupture velocity vector. One of the greatest benefits of
the SDM is obviously its capacity to distinguish the fault
plane from the couple of nodal planes just by comparing the
retrieved source ellipsoid to the fault-plane solution. It has
been demonstrated in particular case studies (including those
by Gusev and Pavlov (1988), who demonstrated the ap-
proach on a moderate deep earthquake, and by McGuire
(2004) and Chen et al. (2010), who were dealing with resolv-
ing the fault-plane ambiguity for small earthquakes) and is
implicit in the study by McGuire ef al. (2002) in their deter-
mination of the unilateral versus bilateral rupture propaga-
tion for a set of M, >7 earthquakes. With the aim of
assessing the effect of the source finiteness on the mecha-
nism, we evaluate both the standard MT and the SDM and
compare them with the agency catalogs and available eviden-
ces from geology. We also draw comparisons between SDM
parameters and the aftershock distribution published in avail-
able literature. We show that after removing the SDM effects
from the data, the amount of the non-DC part of the mecha-
nism is reduced, which indicates that it may be an artifact of
the source directivity that is neglected in the standard MT
approach. It is important to note that this effect is supposed [§
to take place in regional source inversions, where waveforms
with periods ranging across tens of seconds are inverted. The
Global CMT solutions are retrieved using data with periods
typically up to the first hundreds of seconds: they use periods
of 35-40 s for body waves, periods around 50 s for surface
waves, and periods of 150-200 s for mantle surface waves.
At these periods, the source finiteness is expected to have
much smaller effect than in inversion from regional data.
Spurious non-DC components in a Global CMT solution are
likely due to unmodeled 3D inhomogeneities (Henry et al.,
2002; Ferreira and Woodhouse, 2006). Importance of the
proper modeling of the medium in periods relevant to
regional distances was demonstrated by Covellone and Sav-
age (2012); they compared unconstrained MT inversions by
1D versus 3D velocity models and showed that in the periods
of 25—125 s there is a notable deficit of 1D mechanisms, with
high DC percentage compared to the 3D solutions. This
means that in the former there was a statistically higher con-
tent of non-DC components.

Method

The first papers about higher-degree moments were
published by Backus (1977a,b). After this pioneering work,
the concept of higher-degree moments was developed by
several authors in the early 1980s (Doornbos, 1982; Stump
and Johnson, 1982). We follow the approach of Doornbos
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(1982). We describe seismic displacement using representa-
B tion theorem. When we express it in second-degree terms

(i.e., we apply the Taylor expansion up to degree 2), we ob-

tain a description of seismic source parameters in a nonlinear

way. Applying Doornbos’s notation, we can separate the
g standard MT solution (M ;) and second-degree terms:

L : 1.,
ui(x.8) = MalG) = Gl + Gy A8 + 3G A )

- |
= GiuATE) + 5 G AEE) + -] )

[ in which M;; is the zero-degree moment (six parameters)
standard MT describing the mechanism of an instantaneous
source. The others are second-degree moments: temporal
centroid AT, spatial centroid AE;, temporal-spatial moment
A(7&)), double temporal moment A(72), and double spatial
moment A(§,)- G}k(x, &, t,7) is the response function
(RF), Gji(x,§,t,7) the time derivative of RF,
G’ ;,(x,L t, 7) the spatial derivative of RF, Gji(x,& t,7) the
second time derivative, G_’,;k, (x, &, t, 7) the combination of the
time and spatial derivative, and G;’,klm (x,&,t,7) the second
spatial derivative. Second-degree moments have the follow-
ing physical interpretation: temporal centroid, spatial cent-
roid, rupture propagation vector, source process duration,
and geometrical characteristic of the source (for details see
Adamovi and Sileny, 2010).

Throughout the computation, we work in the time do-
main and use complete waveforms in the inversion. In the
first step, we compute zero-degree (standard) MT in the
low frequency range. In the second step, we estimate sec-
ond-degree terms at a frequency range beyond the low fre-
quency plateau. We use a genetic algorithm with an
additional constraint to keep the 4D (temporal—spatial) vol-
ume of the focus nonnegative (McGuire et al., 2002). In
other words, we keep the following matrix positive semide-
finite:

2

[A(SS) A(Tf)T}
A(r€) AP |

This matrix contains three terms from Doornbos’s notation:

e A(&f) is a term related to the source ellipsoid.

e A(1€) is a temporal-spatial term related to the average
velocity on the fault.

« A(7?) is a term related to the source duration.

Green’s functions (GF) are computed using the discrete
wavenumber (DWN)/reflectivity code AXITRA (Bouchon
and Coutant, 1994), modified by Sokos and Zahradnik
(2008). The GF derivatives in equation (1) are evaluated
by numerical differentiations that replace the analytical
derivatives. Numerical derivatives require setting a differen-
tial step. In order to choose this, we took into account the
following facts. We employ frequencies up to 0.2 Hz (we
use a different frequency range for each event, but for all

of them we are slightly below 0.2 Hz; i.e., we work with
wavelengths around 20 or 30 km). Roughly a quarter of a
wavelength (approximately 5—7 km) constitutes the upper
limit for the differential step. The lower limit is related to
the precision of evaluation of seismograms by the DWN
method. We evaluated derivatives for the set of trial values
of the differential step ranging from 100 to 5 km. Within the
approximate interval of 300—-1000 m, we observed that the
derivative was stable, so we fixed the differential step at the
value of 500 m. We applied the same methodology as Ada-
movia and Sileny (2010) for our SDM approach.

Applications: Standard MT

We selected five strong earthquakes with a large non-DC
component in the Global CMT solution (Fig. 1): Izmit (17
August 1999 at 00:01:50.1, M, 7.6, CLVD = 16%), Solo-
mon (12 June 2003 at 08:59:23.9, M, 6.2, CLVD = 79%),
Kobe (16 January 1995 at 20:46:594, M, 6.9,
CLVD = 29%), the Tohoku aftershock (7 April 2011 at
14:32:51.4, M, 7.1, CLVD = 19%), and Bolivia (17 No-
vember 2005 at 19:27:0.0, M, 6.8, CLVD = 25%). Global
CMTs are retrieved from long-period waves ranging from
periods of about 50 s for body waves to 125-350 s for mantle
surface waves, while our MTs are determined from low-pass
filtered regional records in the 20-50 s range. Therefore, the
MT solution (including its non-DC content) need not be nec-
essarily the same. In addition, we determine a complete MT,
while the Global CMT is constrained to be deviatoric (i.e., its
non-DC component is represented only by a CLVD).

For the construction of the GFs, we used 1D velocity
models with an earth-flattening approximation. Because
regional models for individual localities mostly were not
available, we applied the Iasp91 model (Kennett and Eng-
dahl, 1991) for the Kobe and Solomon earthquakes, the To-
hoku aftershock, and the Bolivia earthquake. The only
exception within our set is the Izmit earthquake, for which
the regional model derived by Bulut et al. (2007) is avail-
able (Fig. 2).

As is usual in the task of mechanism retrieval, the key
issue is the pattern of distribution of the stations with respect
to the epicenter. Apart from the effort to invert data from sta-
tions with similar epicenter distances, this was the principal
criterion in selecting suitable events for the study. Of course,
there is not enough data to achieve a regular and dense cover-
age of the focal sphere by the station projections; never-
theless, the configurations for the events selected represent
still reasonable setups. For individual events, from five to
eight stations are available with gaps in azimuth. In the cases
of the Bolivia and Izmit earthquakes, we have a gap of ap-
proximately 180°; for the other events this gap doesn’t ex-
ceed 90°.

To retrieve the MT analogous to the Global CMT solution
(hereafter referred to as the standard MT), we invert the
regional records in the low-frequency domain to enhance the
point-source characteristics. The MT obtained is compared to
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Figure 2. Crustal models applied in the inversion. (Red line,
model by Bulut (2007) for the Izmit earthquake; black line, Iasp91
model.)

the Global CMT solution. For each event, we use a different
frequency range during the band-pass filtering of the records
according to their frequency contents corresponding to the
magnitude of the event (Table 1). We invert the complete
seismograms (both the body and surface waves together), as-
suming the hypocenter is in the position of the Global CMT
centroid.

Regardless of the difference in the data processed, for
four events (Kobe, Izmit, Tohoku aftershock, and Bolivia)
we obtained solutions similar to the Global CMT. For the
Solomon earthquake, however, our mechanism is almost a
DC with only 9% of non-DC components. This difference
is probably due to the large difference in the input data sets:
the CMT of the Solomon event is the result of inverting 79
worldwide stations (in the frequency range 125-350 s), while
our MT is determined from records of 8 stations only (filtered
as specified in Table 1). We nevertheless process this event
as well, just to verify that the non-DC content in the solution
corrected for the effect of the source finiteness remains low.
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Table 1

Frequency Ranges Used for Standard MT Inversion
and for Second Degree Moment (SDM) Inversion

Frequency Range [Hz] Frequency Range [Hz]

Event Standard MT SDM
Kobe 0.02-0.04 0.02-0.12
Izmit 0.02-0.04 0.02-0.08
Solomon 0.02-0.04 0.02-0.15
Tohoku 0.02-0.04 0.02-0.08
Bolivia 0.02-0.04 0.02-0.12

Fault-plane solutions corresponding to the Global CMT and
the standard MT are similar for most events (Fig. 3).
Deviation in the directions of the nodal lines remains below
about 20°. Such dissimilarity is acceptable, taking into ac-
count the difference in the input data mentioned above.
Also, the match of the synthetics, as constructed with the
final MT, to the data is fairly good (see the variance reduction
in Table 2).

To assess the credibility of our solutions, we checked
their robustness using a jackknife test. In turn, we exclude
a single station from the set of stations and recompute the
standard MT from the remaining stations. We applied the
jackknife test for the Izmit and Kobe earthquakes, for which
we have sufficient number of stations; in the case of the other
earthquakes, the jackknife trials unfortunately would not rea-
sonably represent overdetermined inversions. For Kobe, ex-
cluding the nearest station (MAJ) yields a different solution
from that derived from all the stations. In contrast, excluding
any of the more distant stations results in nearly the same
solution as when using all stations. This indicates the crucial
importance of the nearest station in the inversion. For the
Izmit earthquake, we observed a similar feature (the nearest
station is SAN; Fig. 4). Moreover, for this event we obtained
a dual solution yielded by the data set lacking the CSS sta-
tion: the variance reduction differs by less than 1%. In addi-

Global CMT solution
(a) Solomon Kobe I1zmit Tohoku

@@@@

79 % 29 % 16 % 19 %

9%

Figure 3. Focal mechanisms of selected earthquakes. Top:
Global CMT solution with the percentage of the non-DC component.
Bottom: standard MT solution of this study (frequency range 0.02—
0.04 Hz). The decomposition of the standard complete MTs in this
study was done according to Vavrycuk (2001), which for deviatoric
MTs yields the same percentage as the decomposition applied in the
Global CMT solutions.

Bolivia

25% CLVD
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Td@®

67 % 35 % 52 %
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tion, for the Kobe earthquake, we performed an additional
jackknife trial: we inverted the data from just the two nearest
stations. The results indicate their importance for the retrieval
of the mechanism, as both the resulting MT and the quality of
the match of the synthetics to the data are very similar to the
solution obtained from the complete data set. Thus, to obtain
a good estimate of the standard MT for the Kobe earthquake,
it is sufficient to consider only the two closest stations. This
is, however, not the case with the second-degree moments,
for the retrieval of which we need more stations in different
azimuths.

Second Degree Moments

Second-degree moments are the terms in expansion (1)
that carry information on finite-extent source properties.
Therefore, contrary to the standard MT describing the mecha-
nism of the point source and thus determined from the low-
frequency part of the spectrum in the low-frequency plateau,
second-degree moments must be retrieved from higher
frequencies beyond the plateau. However, we cannot go
far beyond the plateau because we are only able to invert
relatively simple waveforms due to availability of simple
models of the structure. In this tradeoff, we extend the fre-
quency interval for the inversion of the second-degree mo-
ments only slightly beyond the plateau by just involving the
initial piece of the slope of the spectrum. The frequency
range has to be tuned empirically, depending on the magni-
tude of the event processed (Adamové and Sileny, 2010).
With this criterion, for the earthquakes studied, we arrived
at the choice of frequency ranges shown in Table 1. Within
these frequency ranges for individual events, we invert the
data for 14 parameters (spatial centroid, temporal centroid,
duration of the source process, average rupture velocity,
and source ellipsoid). We successfully followed the two-step
procedure of evaluating the standard MT and the SDM for all
five events in Table 1.

Kobe Earthquake

The Kobe earthquake (M, 6.9) occurred on 16 January
1995 in western Japan at a depth of 14 km. Strong ground
motions were recorded at a number of seismic stations well
around the epicenter and inverted into the slip function dis-
tribution along the fault. According to Ide ez al. (1996), most
of the rupture was located southwest of the hypocenter, im-
plying a unilateral propagation of the rupture. There are,
however, other estimates favoring bilateral rupture propaga-
tion (Yoshida et al., 1996; McGuire et al., 2002). The mecha-
nism is a strike slip with a small thrust component (Ide et al.,
1996). We obtained a fairly good agreement between the ori-
entation and shape of the source ellipsoid and the aftershock
distribution by Ide ef al. (1996). The aftershocks are sharply
concentrated along a steeply dipping plane striking N52°E;
the source ellipsoid in the map view is narrow and stretched
in the azimuth of 62° (Fig. 5, Table 2). In the depth view, it is
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Table 2
Second Degree Moments

Source Ellipsoid*

Variance Temporal Source Spatial Average Velocity Directivity

Event Reduction* Centroid (s) Duration (s) Centroid (km)* Vector (km/s) /AL /A AL () A2 (9 Ratio
Kobe 0.51 2. 3.5 15. -45 15. 1.8 1.9 02 2.2 1.9 62 50 0.28
Kobe (Ide et al., 1996) X X X X X x 21 1.8 0.1 2.0 1.8 52 47 X
Izmit 0.52 6.25 7 2. -85 12. 02 28 03 5.6 5.2 76 75 0.93
Izmit (CIévédé et al., 2004) X X 15 X X X 3.6-4.2 X X X X X
Solomon 0.55 1.0 5 -6 9 185. 06 04 3.1 5.8 4.1 —45 10 0.48
Tohoku 0.57 9.5 5 15 3 50. 3.1 0.8 0.1 5.3 4.8 10 25 0.38
Bolivia 0.51 8.5 10 -12 -10 158. 04 03 35 5.2 4.7 77 —18 0.92

|d_5‘L2
Isle,

*Variance reduction is computed from the formula var,qy = 1 —
are in frequency ranges from Table 1, second column.

in which d represents the data and s the synthetic seismograms. Data and synthetics

Spatial centroid and propagation velocity vector in the (north, east, Z) coordinate system. For the Izmit event, the SDM values obtained by Clévédé et al.
(2004), which were listed explicitly in their paper, are added for the comparison; similarly for the Kobe earthquake processed by Ide er al. (1996), we
evaluated the SDM from the slip distribution published at the SRCMOD website (see Data and Resources).

#Concerning the source ellipsoid, the lengths A ; of its axes are determined and their ratios presented, which illustrate the amount of the eccentricity. Angles
Al and A2 indicate the deviation of the ellipsoid from the north (measured positive towards the east) and from the Z direction, respectively.

wider, indicating that the focal zone is fairly thin and dipping
steeply, which corresponds well to the depth distribution of
the aftershock hypocenters. Availability of the slip distribu-
tion determined by Ide ez al. (1996) at the SRCMOD website
allows us to evaluate the spatial centroid and projection of the
source ellipsoid into the fault plane and compare it with the
centroid and source ellipsoid obtained in this study (bottom
right, Fig. 5). As expected, the centroid related to Ide ef al.
(1996) slip distribution is situated near the center of the high-
slip zone. The centroid of this study is shifted to the south-
west by only about 5 km so still resides close to the zone of
the maximum slip. The ellipse related to Ide et al. (1996) and

MAJ

o

TSK BJT

OGS

32
[e) All stations
X
CSS: dual solutions
E KRI IDI SKD Al stations
Figure 4. Jackknife test for (top row) the Kobe and (bottom

row) Izmit earthquakes. The bottom right part of each panel shows
the MT solution derived from all of the stations providing the data
(see Fig. 1). The other solutions are MTs from jackknife trials with a
single station missing from the data set. In the case of the Izmit
earthquake, we obtained the dual solution for the trial with the
CSS station missing (difference in the correlation below 1%). Re-
moval of the nearest station is marked by a shaded background.

projection of the source ellipsoid of this study exhibit a sim-
ilar shape. The former one is nearly horizontal; the latter is
inclined by only 20° from the horizontal, and their size is
very similar (Table 2). The rupture velocity vector deter-
mined in this study roughly coincides with the source ellip-
soid orientation (the maximum deviation amounts to only
10°) and the estimated velocity is 2.8 km/s. This is in good
agreement with corresponding parameters evaluated from the
slip distribution by Ide et al. (1996); the rupture velocity dif-
fers by 0.4 km/s only.

Izmit Earthquake

A very strong earthquake (M, 7.6) occurred in 1999 on
the North Anatolian fault in Turkey near the town of Izmit. It
was the seventh event in the series of earthquakes migrating
along the North Anatolian fault (with interevent time inter-
vals ranging from 3 months to 32 years). The earthquake rup-
turing over a period of 45 s (USGS) was derived from several
subsources. The centroid moment tensor (CMT) reported by
agencies contains a large amount of the CLVD. In addition to
standard CMT retrieval, the event was studied in detail by sev-
eral authors by using both long-period and high-frequency
data.

Clévédé et al. (2004) analyzed teleseismic surface
waves in the periods 50-100 s and were the first to determine
second-degree moments of this earthquake. They performed
detailed comparisons of their integral parameters with those
derived from slip distributions obtained by several authors
from high-frequency data recorded near the fault on one hand
and from Global Positioning System (GPS), Synthetic Aper-
ture Radar (SAR), and tectonic observations on the other.
They showed that, although these slip distributions differ a
lot, some of the integral characteristics are similar and can be
compared with their long-period solution. Then, by evaluat-
ing parameters of equivalent models (i.e., constrained simpli-
fied models of slip distribution on the assumed fault plane),
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they identified which parameters determine the integral char-
acteristics they decided to compare. Their model, character-
ized by a relatively short source duration and a high

P directivity, is between models by Bouchon e al. (2002; short
duration and small directivity) and Delouis et al. (2000; long

Figure S.

duration and high directivity). Their smart modeling pro-
vides the insight that the long-period data can provide a
useful constraint to slip models constructed from detailed
high-frequency data.

Our regional records contain higher frequencies: we in-
verted the range 12.5-50 s (Table 1). To align our integral
characteristics into the list considered by Clévédé er al
(2004), our SDM model is close to the model by Bouchon
et al. (2002). We obtained even shorter source duration; how-
ever, our directivity of 0.45 is between their value of 0.23 and
values of 0.85 (Delouis ef al., 2000) and 0.84-0.98 (Clévédé
et al., 2004). An important feature of the SDM solution is the
orientation of the source ellipsoid. ClIévédé et al. (2004) de-
termine it in a constrained inversion (major axis constrained
within the fault plane) and obtain two equivalent positions

350 00' — :

340 30'
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inclined £+25° from the horizontal axis of the fault plane.
Our ellipsoid is more horizontal but deviates slightly from
the east—west direction of the fault (Table 2). The orientation
is, in fact, very similar to the ellipses evaluated by Clévédé
et al. (2004) from various existing slip models derived from
high-frequency records and GPS and SAR data (Fig. 6).

Estimate of Error Due to Noise for the Izmit Earthquake.

With the aim of estimating the stability of individual SDM
parameters retrieved by inversion of the regional waveforms,
we simulated an artificial contamination of the records by a
noise. We generated random noise from a uniform distribu-
tion reaching levels of 20% and 30% of the maximum
amplitude and superimposed it onto the records of the Izmit
earthquake. We then performed the inversion for five sam-
ples of noisy records, assuming both noise levels (Table 3).
For the 30% level, the retrieved second-degree moments are
scattered widely and imply rather high standard deviations,
mainly for the average rupture velocity and source ellipsoid

(right-hand column of Table 4). For the 20% noise level, we

(a) (c)

W

| |
5 km

E 10 5 0 5 7

[wo] uonnqusip diIs

Global CMT
hypocenter

Second-degree moments for the Kobe earthquake. Top left: aftershock distribution by Ide ez al. (1996), in the plan view framed

in blue for comparison to the source ellipsoid on the top right. Bottom left: In this depth view, it is framed in red to compare with the slip
distribution in the bottom right. The azimuth of the plane is oriented N52°E. Top right: source ellipsoid in 3D view and its projections (a, map
view; b, depth view looking north; c, depth view looking west; and axonometric projection). In the axonometric projection, the coordinate
center in the spatial centroid has geographical coordinates of latitude 34.76°, longitude 134.97°, and depth 15 km; the axes are shown in
kilometers. The azimuth of the ellipsoid in the map view (a) is oriented approximately N62°E. Bottom right: spatial slip distribution derived
by Ide et al. (1996; retrieved from the SRCMOD website) and its integral characteristics plotted on the assumed fault plane. The spatial
centroid (green star), projection of the source ellipsoid on the fault plane (green ellipse), and the rupture velocity vector (green arrow). Similar
black symbols indicate the centroid, source ellipsoid projection onto the fault plane, and rupture velocity vector obtained in this study,
respectively. The velocity vector is multiplied by the source duration, thus is in scale to the source ellipsoid.
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Table 3
SDM from Noisy Records

Source Ellipsoid*

Noise Noise Variance Temporal Source Spatial Average Velocity

Sample Event Level (%)* Reduction Centroid (s) Duration (s) Centroid (km) Vector (km/s) /A N/ AL A2

1 Izmit 30 0.48 6 6.5 2 =7. 11.5 05 2. 0.8 4.1 4.7 75 59

20 0.51 6.1 6.5 2 -8 12 0.3 2.5 0.2 53 4.8 77 80

Tohoku 20 0.40 8.1 7 10 1 55. 2.5 0.4 0.2 42 3.1 30 35

2 Izmit 30 0.41 5.7 5.5 1.5 -8 10. 0.1 3.5 1.1 34 7.3 60 79

20 0.49 6. 7 1 -85 11 0.1 2.8 0.1 5.1 4.9 80 72

Tohoku 20 0.42 7. 4.1 12 =3 52. 2.0 0.1 0.1 32 3.5 5 40

3 Izmit 30 0.44 7. 6.3 1 -8.5 13. 0.9 22 0.2 7.3 3.5 85 65

20 0.5 6.4 7 2 -8. 11 0.1 3 0.2 5.8 4.7 73 68

Tohoku 20 0.38 12.5 10.1 5 8 48 2.5 0.3 0.8 7.1 6.2 30 20

4 Izmit 30 0.45 5.8 8 25 -8 12. 0.1 3 0.8 2.5 4.1 61 53

20 0.5 6.3 7.5 1.5 -9 13. 0.2 2.7 0.2 5. 53 78 69

Tohoku 20 0.41 8.2 5.8 20 9 45 29 0.8 0.2 4.5 4.2 40 50

5 Izmit 30 0.47 6.1 7.5 2 =7. 11. 0.7 2.5 0.5 3.1 4.2 70 45

20 0.48 6.4 6 2 =75 11 0.1 2.5 0.3 59 5.1 75 70

Tohoku 20 0.44 6.1 6.2 16 5 50 3.0 0.5 0.2 5.1 35 26 5

*Izmit earthquake with noise contamination amounting to 20% and 30% of the peak data amplitude and Tohoku aftershock with 20% noise.
fAngle Al is the azimuth of the source ellipsoid orientation measured from the north positive to the east; A2 indicates the deviation of the source ellipsoid
from the vertical.
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Figure 6. Second-degree moments for the Izmit earthquake. Left: source ellipsoid in 3D view and its projections (a, map view; b, depth
view looking north; c, depth view looking west; and axonometric projection), with the coordinate center in the spatial centroid (geographical
coordinates: latitude 40.67°, longitude 29.73°, depth 12 km) and axes in kilometers. The azimuth of the ellipsoid in map view is oriented
approximately N76°E. The blue arrow indicates the velocity vector in the 3D view; the velocity vector is multiplied by the source duration,
thus is in scale to the source ellipsoid. Right: slip distributions from previous papers summarized by Clévédé er al. (2004), who comple-
mented them by evaluation of the source ellipse (black) and velocity vector. Panels: I, Yagi and Kikuchi (2000), from body waves + strondf&]
motions; II, Delouis ef al. (2000), from SAR + body waves + strong motions; III, Bouchon et al. (2002), from strong motions; IV, Sekiguchi
and Iwata (2002), from strong motions; and V, Cakir et al. (2003), from GPS, SAR, and tectonic observations. The fault plane in -V is
assumed vertical and oriented east-west (i.e., the direction of the view corresponds to cross section b, bottom left). The coordinate center in
the projections on the left corresponds to the black star in maps I-V on the right.
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Table 4
pd SDM Deviations Due to Noise Contamination
Izmit Tohoku
Second Degree Moments 20% 30% Rel. 20% Rel. 30% 20% Rel. 20%
Temporal Centroid 0.18 0.52 0.029 0.085 2.46 0.29
Source Duration 0.57 1. 0.08 0.15 22 0.33
Spatial Centroid r (km) 1.10 0.96 0.08 0.07 2.78 0.05
Spatial Centroid ¢ (°) 4.38 3.39 0.01 0.01 26.51 1.46
Spatial Centroid © (°) 2.36 1.41 0.07 0.04 6.58 0.41
Average Velocity Vector r (km)  0.20 0.59 0.08 0.21 0.43 0.16
Average Velocity Vector ¢ (°) 2.11 9.04 0.02 0.11 3.1 0.35
Average Velocity Vector © (°) 1.72 6.3 0.02 0.08 4.45 0.05
Source Ellipsoid: A,/ \; 0.41 1.89 0.075 0.46 1.45 0.30
Source Ellipsoid: A3/\, 0.24 1.48 0.048 0.31 1.24 0.30
Source Ellipsoid: Al (°) 2.7 10.2 0.035 0.15 12.9 0.49
Source Ellipsoid: A2 (°) 482 129 0.067 0.21 17.7 0.59

SDM deviations due to noise contamination of the data of the Izmit earthquake and the Tohoku
aftershock: standard deviations of individual SDM parameters evaluated from five samples of noisy
records, assuming noise levels 20% and 30% of the peak data amplitude for the Izmit and 20% for the
Tohoku events. The spatial centroid and average velocity vector are expressed in spherical coordinates
by the absolute value r, azimuth ¢ (clockwise from the north) and inclination © (from vertical
downward). The “Rel.” columns contain the relative values of the standard deviation normalized

to the value of the corresponding SDM parameter.

observe a much more stable solution (left-hand column of
Table 4) with acceptably small standard deviations. Second-
degree moments determined from the noisy data are summa-
rized for both noise levels in Table 3. The results suggest
that a level of about 20% is an extreme noise contamination
that does not necessarily prevent the reconstruction of the
second-degree moments, while 30% is possibly already be-
yond the limit. Size of the average velocity vector and pro-
portions of the source ellipsoid are biased largely, in relative
values above 20% and 30%, respectively.

Solomon Earthquake

The Solomon earthquake (M, 6.2) occurred on 12 June
2003 in the Pacific area near the Solomon Islands at a depth
of 185 km. The geologic and tectonic structure in that area is
very complex (Mann and Taira, 2004), and we are not aware
of any papers discussing this event in detail. Thus, we cannot
compare our results with any previous study. The source
ellipsoid we determined is very slim and elongated along a
single principal axis, which indicates that the rupture propa-
gated in the single direction. The average rupture velocity is
supposed to have a realistic value of 3.2 km/s (Table 2).
Moreover, as it is reasonably high above zero, we may thus
assume that the propagation was unilateral. The remaining
SDM parameters are summarized in Table 2 and in Figure 7.

The event is of an intermediate depth, and from this
viewpoint the occurrence of a noticeable non-DC component
need not be surprising. Kuge and Kawakatsu (1993) demon-
strated several events from this depth range that have consis-
tent non-DC and argued this was unlikely to have been
caused by unmodeled propagation effects or an instability of
the inversion procedure. In comparison, our solution is

mostly DC and remains such even after correcting for the
SDM. This suggests that the source finiteness is of a minor
influence on the mechanism in this case. The non-DC
percentage itself is difficult to discuss anyway. Taking into
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Figure 7. Solomon 2003 earthquake: source ellipsoid in 3D
view and its projections (a, map view; b, depth view looking north;
¢, depth view looking west, and axonometric projection), with the
coordinate center in the spatial centroid (geographical coordinates:
latitude —6.04°, longitude 154.86°, depth 185 km) and axes in kilo-
meters. The velocity vector (red arrow) is in scale to the source
ellipsoid. Box at bottom right: scheme of the projections (a)—(c)
of the 3D ellipsoid.
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account the depth of the event, the non-DC component may
be real; on the other hand, for the same reason, we cannot be
sure that, in the frequencies of the regional data, we are able
to accurately model the velocity structure up to this depth.

Tohoku Earthquake Aftershock

The aftershock of the large Tohoku earthquake (11
March 2011, M, 9.1) occurred on 7 April 2011 (M, 7.1) at
a depth of 53 km about 60 km to the west of the mainshock.

Standard MT obtained from regional records is very similar to

the Global CMT solution, apart from the non-DC part, which
in our solution, is significantly larger than in the Global CMT.
Similar to the Solomon 2003 earthquake, the SDM yield a
very slim source ellipsoid (in this case oriented nearly ver-
tically; Fig. 8) and rupture velocity of 3.1 km/s (Table 2).
The value of the directivity ratio d = 0.38 (Table 2) indicates
a unilateral propagation of the rupture. For the event, the
jackknife test with noise contamination amounting to 20%
was performed, which indicated rather low stability of the
reconstructed SDM (see the Bolivia Earthquake section).

Bolivia Earthquake

An M, 6.8 earthquake occurred on the border of Bolivia
and northern Chile on 17 November 2005 at a depth of
155 km. The earthquake was centered 110 kilometers east of
Calama, Chile, in the Potosi region of Bolivia. Standard MT
was evaluated by inverting regional records of seven stations
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Figure 8. Aftershock of the Tohoku 2011 earthquake: source
ellipsoids from noise-free data (gray) and from five realizations
of noisy data (colors). Records contaminated by random noise
reaching 20% of peak data amplitude. Source ellipsoids in 3D view
and its projections (for details, see the caption for Fig. 7); geo-
graphical coordinatesare latitude 38.5°, longitude 141.92°, and
depth 50 km.

P. Adamova and J. Sileny

around South America (Fig. 1, top right) and displays a good
similarity to the Global CMT as concerns the fault-plane sol-
ution, while the amount of non-DC components differs some-
what (Fig. 3); both values are, however, large enough. The
SDM imply a narrow source ellipsoid steeply dipping north-
east (Fig. 9), which seems to be realistic, taking into account
the scheme of the subduction in the area. We are not able to
check it independently, as no relevant studies of this earth-
quake are available.

Removing Spurious Non-DC

The aim of this study is to discuss the non-DC content in
the mechanism of selected strong earthquakes and check its
possible bias due to neglect of the finite-source effects in the
seismograms inverted by means of standard MT (i.e., assum-
ing a point source). Thus, we evaluate the contribution of the
finite-source effects (which we describe by the second-
degree moments) to the seismograms and subsequently sub-
tract it from the data. These records, corrected for the source
finiteness in this way, are the data that should be matched by
the standard MT retrieval. The approach is described in detail
by Adamovi and Sileny (2010), whereby the decrease of the
spurious non-DC part of the mechanism is demonstrated
using the SDM methodology on synthetic data.

For five strong earthquakes selected (Solomon 2003,
Kobe 1995, Izmit 1999, Tohoku aftershock 2011, and
Bolivia 2005), we reduced the initially mostly large non-DC

component. Contrary to the Global CMT solution (possessing
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Figure 9.  Bolivia 2005 earthquake: source ellipsoid in 3D view
and its projections (for details, see the caption for Fig. 7; geographi-
cal coordinates are latitude —22.46°, longitude —68.13°, and depth
155 km.
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Table 5

MT Parameters

Event Strike (°)  Dip (°) Rake (°) Non-DC (%)  Variance Reduction

Kobe 232/324  73/86 176/17 67 0.46
229/324  67/78 16724 8 0.60

Izmit 3477257 89/87 3/180 35 0.43
164/74 80/88 2/170 8 0.78

Solomon 111720 29/89 —178/-60 9 0.51
110/18 30/88 —177/-59 9 0.55

Tohoku 32/254 56/42 64/123 52 0.45
1/213 82/8 85/122 10 0.66

Bolivia 23/134 79/28 —64/—-156 44 0.48
28/150 78/23 —71/-146 29 0.57

Parameters of the moment tensor: fault-plane solution (strike, dip, and rake values
evaluated for both nodal planes) and percentage of the non-DC component, together
with the corresponding variance reduction. Standard evaluation: The first line for I8}
each event involved retrieval by inverting the records, from which the effects of the
second-degree moments (second line) were removed. For the evaluation of the
variance see the footnote to Table 2. Frequency range for the MT determination:

0.02-0.04 Hz.

as much as 79% of CLVD), for the Solomon 2003 earthquake,
we obtained a low non-DC (9%) in the MT from regional
records. We applied the procedure of removing the spurious
non-DC to this event as well to check its stability; the mecha-
nism remained nearly unchanged, which indicates that the
procedure works well. The remaining events (Kobe 1995,
Izmit 1999, Tohoku aftershock 2011, and Bolivia 2005)
exhibit a notable non-DC in both Global CMT and the MT
from regional data. After extracting the SDM contribution
from the data, the non-DC component is reduced signifi-
cantly; it drops by 30% at least (excluding the Bolivia
2005 event, where it decreased by 15%; Table 5). The
fault-plane solution is not changed much (i.e., the orientation
of the DC remains stable; Fig. 10). At the same time, the
match of the synthetics to the data is improved throughout
the procedure, and substantially so for the Izmit and Kobe
earthquakes (Table 5; see examples in Figs. 11-13). The only
exception is the Tohoku aftershock. To explain the change,
we performed a study of stability of the solution here and
compared it with the others, which behave properly. We

Solomon Kobe [zmit Tohoku Bolivia

9% 67 % 35 % 52 % 44 %

9 % 8 % 8 % 10 % 29 %
Figure 10. Removal of the spurious non-DC component due to

source finiteness from the mechanism. Top: standard MT solution
from the long-period regional data. Bottom: reprocessed MT solu-
tion from records after removing the SDM effects.

did a sensitivity study of the second-degree moments by per-
turbing the data randomly; we assumed a noise contamina-
tion of the Tohoku records, similar to that described for the
Izmit data (see Second Degree Moments section). For Izmit,
we investigated the distortion of the second-degree moments
when contaminating the records, in turn, by noise reaching
20% and 30% of the maximum in the record and concluded
that the former level is still acceptable while the latter harms
the solution severely. Taking into account this behavior in the
case of Izmit, we made the same test with the Tohoku data,
assuming the lower level of contamination. While 20% noise
was acceptable for Izmit, it destroyed the resolution in the
case of Tohoku (Tables 4, 5; Fig. 8). We conclude that the
solution for Tohoku is less stable, providing possibly biased
second-degree moments and, consequently, a biased pro-
cedure of reconstruction of the standard MT as well. This
case suggests that the stability of determination of the sec-
ond-degree moments should be checked anyway, and the
result of the mechanism “correction” assessed accordingly.

Discussion and Conclusion

The second-degree moment approach brings additional
information to the standard MT: estimate of the geometry
of the source zone expressed by the source ellipsoid, duration
of the source process, temporal—spatial centroid, and vector
of average velocity of the rupture propagation. Using this
methodology, we studied five events possessing a noticeable
non-DC component and for all of them obtained the SDM
estimates. By modeling synthetic noise at different levels, in
the setup of the Izmit 1999 earthquake it appears that 30%
noise level (related to the peak amplitude within the record)
already disables the SDM retrieval. In our exercise, the noise
was simulated using a computer generator of pseudorandom
numbers and filtered accordingly. Real noise is certainly dif-
ferent, but we assume that its particular characteristics are of
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a minor effect compared to the amplitude of the contami-
nation.

Similar to the earthquake mechanism retrieval, major
factors influencing determination of the SDM are the geom-
etry of the observation and availability of a sufficiently
accurate GF necessary in the inverse task. The requirement
for the quality of the distribution of seismic stations provid-
ing the records to be inverted with respect to the earthquake
focus is obvious: the finiteness of the focus is expressed first
in the directivity of the seismic-wave radiation, which can be
tracked only if observation from different azimuths is avail-
able. This is a big problem with regional data for the simple
reason of geography of the continents and surrounding ocean
areas. Although we tried to retrieve the maximum number of
suitable records in each particular case from the Incorporated
Research Institutions for Seismology (IRIS), resulting data
sets are rather sparse. In the case of the Bolivia and Izmit
earthquakes, the maximum gap in the azimuth is as high as
about 180°; for the others it does not exceed 90°. Inaccuracy
of the GF results from an error in the location of the hypo-
center or from using a velocity—attenuation model, which
may be a rough approximation only of the properties of the
medium in the particular zone under study. We tested the
effect of mislocation on the synthetic example in a previous
paper (Adamova and Sileny, 2010), but the modeled error in
the localization was rather small (1 and 2 km in horizontal
and vertical coordinates, respectively, in the configuration of
the Izmit 1999 earthquake observation). To be more realistic,
we reconsidered the test but with the values 3 and 5 km. We
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obtained a solution that is comparable with the previous test;
the error of the SDM parameters is similar (with the differ-
ence below 2%). Accuracy of the velocity—attenuation model
is the crucial issue in both the MT and SDM retrieval; in the
latter, accuracy is even more urgent as frequencies beyond
the plateau must be processed. While even rough 1D models
are sufficient in the low frequencies exploited for the Global
CMT, their application may be disputable for the inversion of
regional records (typically between 0.02-0.1 Hz). Covellone
and Savage (2012) demonstrated the bias of unconstrained
MT obtained by a 1D velocity model: compared to the 3D
solutions, there are more non-DC components there and their
percentage below about 20% should not be trusted to be a
source effect. Therefore, detailed 3D models for particular
zones of interest would be optimum, but, to our knowledge,
they are mostly not available. Available regional models are
1D as a rule, and in many cases there is no alternative to
using a global 1D model such as Iasp91. Then, only suffi-
ciently large non-DC content exceeding about 20% must be
considered in the suggested study of the connection non-DC
versus source finiteness. With little or no information on the
accuracy of a global 1D model for the particular region, the
error of the retrieved SDM cannot be estimated by a standard
routine of error propagation from the medium into the
source, but by crude resampling approaches only. We per-
formed the jackknife test to explor the MT retrieval for the
Kobe and Izmit earthquakes, and the results were satisfacto-
rily robust. There are many more parameters to be deter-
mined with the SDM than in the MT; thus, with only few

0.002 — OGS

0.001 —

-0.001 -
-0.002 —| NS
0003 — 1 T T T T T T ]
1000

0 200 400 600 800

0.004
0.002

AEE NN

-0.002 EW
V1T 1 T 1 T T T |

200 400 600 800 1000

o

0.0015
0.001
0.0005

bl

-0.0005
-0.001 T T 1 T 1 T T T |
0 200 400 600 800 1000

Time (s)

Observed records from stations MDJ and OGS, corrected for SDM effect (blue), and synthetic seismograms (red) for the Kobe
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records available for inversion, the jackknife is not reason-
able. To gain insight into the part of the uncertainty of the
SDM that is due to possible deterioration of the data by a
noise, we performed an experiment of inverting for the
SDM of records contaminated by two levels of a synthetic
random noise, reaching 20% and 30% of the peak amplitude
within the signal. The tolerable level is between these values:
noise up to 20% still allows us to get a reasonable estimate of
the SDM, while 30% is already too much.

An important indication of the soundness of results ob-
tained with a particular method is their consistency with re-
sults yielded by another approach. We compared the SDM
obtained for the Kobe and Izmit earthquakes with the slip
distribution determined by Ide ez al. (1996) and Clévédé et al.
(2004), and found results largely in agreement with these
studies. Particularly important is the comparison with results
by Clévédé et al. (2004), as they determined the SDM from
long-period teleseismic surface waves and evaluated them
from various existing models of the slip distribution (i.e.,
they provide the SDM retrieved from data spanning a huge
range of frequencies). Moreover, they designed the method
of equivalent models (simplified models of slip distribution
on the assumed fault) and tested the known slip distributions
from the viewpoint of the equivalent model properties that
can be checked mutually. Thanks to that, we can align our
SDM into the sequence of the models already published.

The genuine aim of the paper was to explore how the
effect of the source finiteness, which is neglected in the
determination of the standard MT, can bias the retrieved
mechanism. The SDM tool is suitable for the purpose. After
determining the MT and SDM, we removed the SDM contri-
bution from the data and recomputed the MT by using the
data without the SDM effects. Processing regional records
of five moderate to strong earthquakes in this way, we dem-
onstrated that the large non-DC component obtained initially
in the MT was probably the effect of the source finiteness,
which remained in the data even after essential low-pass
filtering. The suggested procedure substantially reduces the
spurious non-DC component, which indicates that violation
of the point-source assumption provides another possible
source of spurious non-DC components, in addition to that
due to velocity model error. It is, however, necessary to care-
fully check how confidently the SDM are determined and to
correct the MT only if the SDM are retrieved well. Although
we browsed the Global CMT catalog in the search for events
with a large non-DC component, the subject of the study—
the appearance of a spurious non-DC source component as a
consequence of the source finiteness and design of the
method for its removal—is relevant mostly to regional source
inversions. Regional records with periods of tens of seconds
are likely to be affected by the finiteness of the foci of mod-
erate to strong events, while the effect is obviously small for
periods of hundreds of seconds processed for the retrieval of
Global CMT solutions.

P. Adamova and J. Sileny

Data and Resources

Seismograms used in this study were collected from the
Incorporated Research Institutions for Seismology (IRIS)
Data Management Center at www.iris.edu (last accessed
January 2013). Some plots were made using Generic Map-
ping Tools (www.soest.hawaii.edu/gmt, last accessed Janu-
ary 2013; Wessel and Smith, 1998). We used the Finite-

Source Rupture Model Database (SRCMOD) at http://

www.seismo.ethz.ch/static/sccmod/  (last accessed Janu-

ary 2013).
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