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(a) Abstract

The seismic radiation energy and its relation to the fracture energy on subdivided
fault segments are directly estimated from the results of kinematic waveform
inversion and dynamic modeling for two different types of earthquakes, one being a
shallow crustal earthquake, the 2000 western Tottori, Japan, and another an in—slab
event, the 1999 Oaxaca, Mexico. The procedure incorporates the spatial distribution
of slip, critical slip—weakening distance, stress drop, and strength excess. The
results show that the seismic energy density radiated from major asperities on the
fault are nearly the same for the two earthquakes, while the fracture energy density
on the in-slab fault are appreciably larger than that for the crustal fault,
suggesting higher strength in the in-slab fault zone

(b) Introduction

The seismic energy radiated from earthquake source may be one of the fundamental
parameters for understanding the dynamic rupture on the fault. To estimate the
radiated seismic energy, numerous studies have been made to date, based not only on
teleseismic waves by integrating outgoing energy flux with correcting for path
attenuation effects and site response but also on regional data without these
effects! 23 4.9

On the other hand, recent kinematic waveform inversion and dynamic modeling of
the rupture process enabled us to estimate the slip and stress change distributed
on the fault for a number of large to moderate—size earthquakes. Accordingly, it
is now possible to get into direct estimate of seismic energy radiated from the fault

by incorporating all the above information®".

In the present paper, we are
estimating the seismic radiation energy, and discuss its relation to the fracture
energy on the basis of a dynamic slip-weakening model, for two different types of

earthquakes.
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Figure 1. Fracture energy and seismic radiation energy on a unit area of the fault,

under a simple dynamic slip-weakening behavior (modified from Andrews, 1976a,b).

Energy Balance on the Fault under a Simple Slip-Weakening Model
Now, we consider a heterogeneous fault surface, where the slip distribution has been
estimated on divided subfaults fromkinematic waveform inversion and the distribution
of the resultant dynamic and static stress changes and the strength excess has been
calculated from dynamic modeling. The rupture in this case propagates either
spontaneously or at a nearly constant velocity. We assume here a simple slip—weakening
constitutive relation for dynamic rupture on each subfault, as shown in Figure 1.
The initial stress o, at this point increases up to the yield stress o, as the rupture
front approaches this point, and is assumed to decrease linearly with ongoing slip

8.9 The slip at this point is defined as the critical

to the dynamic friction level o
slip—weakening distance Dc, and the final slip on this subfault is D. In this case,

Ao =0, o is the dynamic stress drop, Ao.= o, - o0, is called the strength

y

excess, and A 0, =0 0 is defined as the breakdown stress drop. If we also define

y_

the final stress o, then o0, =0, - o, is the static stress drop. In the present

case, however, we simply assume o .= o;, then o, = A o for the dynamic rupture
process lasting for quite a short duration. In addition, if we consider the average
shear stress o, working during the faulting process, then o, = (oo+ o) / 2.
Now let us consider the energy balance on each subfault with an area A. If the potential
energy W ( strain energy plus gravitational energy ) drops to W — AW, where AW
is the strain energy drop during the dynamic faulting process, which is given by AW
= o, DA ' The energy balance on this subfault may be given by,
W =Er + Ef + Eg (1)
, where Er is the radiated seismic energy, Ef is the frictional energy loss during

the faulting, and Eg is the fracture energy, which is the the surface energy to be

work done on this subfault'?. We have Ef = o ;DA in the case when o ; does not change
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rapidly during this process, and Eg = (0,0 )DcA / 2, as shown in Figure 1. From

Eq. (1), we have

Er =AW -Ef —~Eg = (o,+ o;)DA/2 - oDA- (o,- o)DcA/2
= Ao DA/2 [ 1 - (1+8)Dc/D ] (2)
where S= Ao,/ Ao = Ao,/ Ao - 1 is called the stress jump factor'®

Equation (2) is essentially the same as given by Archuleta®, but somewhat different
from Eq. (6° ) given by Kanamori and Heaton'?” because they have finally omitted Eg.
The ratio of the seismic radiation energy Er to the fracture energy Eg can be written
as,
Er / Eg = (Ao DA/2)[1-(1+S)Dc/D] / (A o, DcA/2)
= [ (1+ $De/D ] -1 -1 (3)
and the ratio of the seismic radiation energy Er to the strain energy drop AW is
given by,
Er /AW = [ 1-(1+S)De/D] / (1420, /Ao ) (4)

Equation (3) means that the ratio Er/Eg is a function only of S and Dc¢/D and can be
estimated from the results of dynamic calculations, and the seismic energy radiated
from each subfault can also be estimated from Eq. (2) if the final slip and dynamic
stress drop have been determined. These situations may be understood also from Figure
1. On the other hand, the ratio Er/ W, which corresponds to the seismic efficiency,
may not be easily estimated unless the absolute value of o, is known from any other
information. Archuleta® argued that if the rupture velocity is less than the Rayleigh
wave speed, then S > 1.77", and that D must be greater than 2. 77 Dc for any subfault
to radiate seismic energy. Although this assumption is valid for a 2D inplane shear
crack extending over a homogeneous fault plane, it may not necessarily be applicable
to the case of a rupture propagating on a heterogeneous fault with a finite dimension
located in a 3D half—space or more realistic crust and upper mantle structure. Also,
the results from laboratory experiments of dynamic rupture propagating on a

15,100 For these reasons,

frictional surface indicate appreciably smaller S-values
we do not put any pre-constraints on S, but instead simply assume Er > 0. Under this

assumption, an allowable condition is Dc/D < (1+S) -1.

Apparent Slip-Dependence of Critical Slip—Weakening Distance

The critical slip—weakening distance Dc has so far been estimated for several

)

earthquakes through various techniques!'”. 18),19)

Recent studies estimated this dynamic
parameter from the time of peak value in the slip-velocity functions on the fault,
which have been obtained from kinematic waveform inversion in the frequency range
between 0. 05 and 0.5 Hz, with corrections through dynamic rupture calculations taking

20 Tt was also shown that the estimated

into considerations of some numerical tests
Dc-values, with uncertainties of about 30 %, appear to be dependent on local maximum

slip D. We call this in term of apparent slip—dependence of the critical
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slip—weakening distance. In this case Dc/D scatters in a rather wide range, 0.27 <

Dc/D < 0.56 for the 2000 Tottori, Japan earthquake'®, and 0.25 < De¢/D < 0.60 for

199 A similar estimate of Dc¢/D ~ 0.63 was also

the 1999 Oaxaca, Mexico earthquake
obtained for the 1999 Chi—-Chi, Taiwan earthquake®”. The above apparent
slip-dependence of Dc suggests a scale—effect of the critical slip—weakening distance.
Up to this time, there are much arguments as to whether such scale-effects are real
or Dc is almost constant on a single fault within the accuracy of its estimate. It
has been shown, however, that this type of scale—dependence might be interpreted by
21),22),23)

the roughness of fault surface, as suggested by laboratory experiments and

29,25 in which Dc was found to be distributed as

by field surveys of natural faults
a fractal-like structure of the fault roughness and hence is expected to scale with
slip. An increase of Dc and the fracture energy with rupture propagating distance
keeping such a scaling relation is also suggested by theoretical and numerical

approach 227
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(¢) Fracture Energy and Radiated Seismic Energy
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FigFigure 2. Distribution of the estimated energy densities on the fault for
the 2002 Tottori, crustal earthquake. (a) fracture energy density Eg/A, (b)
the ratio of the radiated seismic energy density to the fracture energy
density Er/Eg, (c) seismic energy density radiated from each subfault,
Er/A.

Since the distribution of maximum slip D, dynamic stress drop ¢ and the
strength excess A o, has been estimated for these earthquakes'® '”, the radiated
seismic energy and its ratio to the fracture energy can be estimated incorporating
Dc/D on each subfault through Eqs. (2) and (3), although A ¢, is somewhat less well
resolved than o in the numerical calculations. Figure 2 shows the distributions
of (a) the fracture energy density Eg/A, (b) the ratio of the radiated seismic energy
to the fracture energy Er/Eg, and (¢) the radiated seismic energy density Er/A, for
the case of the Tottori earthquake. Several subfaults with A ¢ <0 or Dc < 40 cm
have been excluded due to its poor resolution (Fig.16 in Mikumo et al.,'®). In this
case, A o ranges between 0.6 and 8.5 MPa while A o, ranges between 0.5 and 4.5

MPa. It can be seen that Eg/A ranges between 3 and 5 MJ/m?® in the high slip and large
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stress—drop zone (Fig. 8, Mikumo et al.,'®), and that Er/A in this zone is in the
range between 2 and 4 MJ/m? . It is to be noted here that Er/A is somewhat less than
Eg/A on almost all subfaults except at several segments, taking account of the
uncertainty in the estimated Dc—values. If we integrate these energies over 30 major
subfaults with a dimension of 2 km x 2 km, XEg = 2.4 x 10 8 MJ, XEr = 1.6 x 108
MJ, and its ratio XEr / XEg = 0.67. The last one suggests that the seismic energy
radiated from the major part of the fault is about two third of the fracture energy
spent to break that part of the fault. The spatial pattern of Er/A may be compared
with that estimated from an envelope inversion analysis of high frequency (1-8 Hz)

seismic waves, which indicates higher energy radiated from the southeastern deeper
part of the fault?®.

Similar estimates are also shown in Figure 3 for the case of the 1999 Oaxaca earthquake,
where subfaults with A ¢ < 0 or Dc < 40 cm are also not included!”. In this case,

A ¢ ranges between 2.2 and 12.5 MPa and A ¢ e ranges between 1.2 and 14.7 MPa. The
results show that Eg/A in two high slip and large stress—drop zones (Figs. 3 and 4
in Mikumo and Yagi'”) ranges between 9 and 13 MJ/m?, while Er/A in these zones is
in the range between 2 and 5 MJ/m?. Again in this case, Er/A is considerably smaller
than Eg/A on almost all subfaults except on several segments. It should be mentioned,

however, that the calculated seismic energy density Er/A goes down to slightly
negative values on several subfaults around the right bottom segments in Figure 3.

This comes from large A o and hence large S-values, probably because the

propagating rupture reached the upper fault edge there. Since these cases may be
artifact, Er/A in these subfaults is assumed to be zero. The total energies over 100
major subfaults with a dimension of 2.5 km x 2.5 km are,

XEg = 3.1 x 109 MJ, YEr = 6.5 x 108 MJ, and its ratio XEr / XEg = 0.21.
Comparing these energies in the two types of earthquakes, the fracture energy density
on the major fault segments of the Oaxaca, in—slab earthquake is nearly twice that
in the Tottori, crustal earthquake. This difference might be attributed to somewhat
higher strength of the in—-slab fault than that of the shallow crustal fault. On the
other hand, the seismic energy density radiated from the major fault segments are
almost the same. It should be noted, however, that the ratio Er/Eg is mostly less
than 1.0 and does not exceed 1.5 on many subfaults in the two earthquake faults. The
total fracture energy over the fault and the seismic energy radiated from there are
much larger in the Oaxaca earthquake than in the Tottori earthquake. This is simply
due to a larger fault size (60 km x 40 km) of the former earthquake than the latter
(24 km x 15 km). It is interesting to note that the ratio of the fracture energy to
the seismic radiation energy is somewhat larger in the in—slab earthquake than in

the crustal one.
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FigFigure 3. Distribution of the estimated energy densities
on the fault of the 1999 Oaxaca, Mexico in—-slab, normal
faulting earthquake. The same explanations apply as in Figure

2. For blank subfaults, there are no reliable data available.

(d) Conclusions

We have estimated the seismic energy radiated from the fault and its ratio to
the fracture energy there, considering the energy balance on subdivided fault
segments under a simple slip—weakening model. These energies have been calculated

for the 2000 Tottori, Japan, crustal earthquake and the 1999 Oaxaca, Mexico, in—slab
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earthquake, from the distribution of slip, dynamic stress drop, strength excess, with
apparent slip—dependence of the critical slip—weakening distance, all of which have
been obtained from previous kinematic waveform inversion and dynamic rupture modeling.
It was found that the seismic energy radiated from major asperities (high slip and
large stress—drop segments) ranges between 2 and 5 MJ/m?, about the same for the two
different types of earthquakes, while the fracture energy to break the in—-slab fault
needed about twice that on the crustal fault. This might be attributed to higher
strength of the in-slab fault, leading to smaller ratio of the seismic radiation
energy to the fracture energy. The ratio is mostly less than 1 on many subfaults
both for the two types of earthquakes analyzed here. (Submitted to short notes in

bulletin of the seismological society of America, February, 2004)
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