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The mechanism-dependent radiated seismic energy has been proposed recently by
estimating seismic energy using teleseismic records from thousands of earthquakes (Choy and
Boatwright, 1995; Perez-Campos and Beroza, 2001). Even though there is a large scatter in the
results, Perez-Campos and Beroza found the average apparent stress for strike-slip earthquakes is
~4.8 times higher than for reverse events and ~1.8 times higher than for normal events (0.7 MPa
for strike-slip events and 0.15 and 0.25 MPa for thrust and normal faults, respectively). These are
opposite to what is expected for the state of stress. In this report, we study the mechanism-
dependence of seismic energy by modeling dynamic rupture for the 1994 Northridge earthquake,
a thrust event. We calculate radiated seismic energy from the dynamic rupture modeling and
compare it with the radiated energy for the 1979 Imperial Valley strike-slip earthquake estimated
also from a dynamic rupture model (Favreau and Archuleta, 2003).  For Northridge we find the
total radiated energy of 7.89 x 1014 J that leads to an apparent stress of 1.94 MPa.

To model the rupture dynamics we developed our own 3D finite element codes. One of the
primary advantages of the finite element method is that it can deal with complicated boundary
conditions very easily, such as the free surface, including topography, and a dipping fault surface
where the symmetry conditions with respect to the free surface no longer apply.  We use 3D
wedge elements exclusively, for which the mass matrix can be lumped into a diagonal matrix.
This allows a very efficient central-difference approximation to solve explicitly the equations of
motion. To model the boundary conditions for faulting we applied the split-node scheme
following Andrews (1999). One significant advantage of this approach is that the forces and
velocities are co-located at the nodes, i.e., the two critical frictional variables – the tractions on
the fault and the slip rate – are computed at the same location.

During the dynamic modeling we first determined the stress drop distribution from the 3D
inversion results of Liu and Archuleta (2000) using a static finite element method. The slip is
highly heterogeneous and the rupture front is irregular (Figure 1). From the stress drop
distribution we then derived a spatially heterogeneous initial stress and yield stress. In concert
with a slip-weakening friction law we dynamically rupture the fault in a layered velocity model
(Table 1) using the 3D finite-element method. By using trial and error we modified both the
initial stress field and yield stress until dynamic rupture generated a rupture history and final slip
distribution that approximately matched those determined by kinematic inversion. The initial
stress and yield stress distributions we used in our dynamic rupture model are shown in Figure 2.
Figure 3 shows the evolution of slip, slip rate and shear stress over the fault every 0.5 seconds for
the given stress distributions. The resulting dynamic model provides a reasonably good fit
between synthetics and near-field strong motion data. The total radiated seismic energy
calculated from our dynamic model is 7.89 x 1014 J. Combined with the seismic moment (Table
2) we find an apparent stress of 1.94 MPa. The calculated parameters are summarized in Table 2.
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We also calculate the energy flux at a 40 km radius hemi-sphere enclosing the source
(Figure 5). Strong directivity effects are evident: 35.83% of the seismic energy passes through
8.92% area of the whole hemi-sphere, most of which is concentrated in the forward direction of
rupture. Energy going out of the bottom of the sphere, i.e., the energy going to teleseismic
distances, is very small.

In summary, dynamic faulting models that produce ground motion consistent with the data
can provide an independent and direct estimate of seismic energy. Seismic energy for the
Northridge Earthquake from our dynamic rupture model is 7.89 x 1014J. This estimate is roughly
two times larger than the NEIC teleseismic estimate (3.1 x 1014J), less than the estimate 1.3 x
1015J (Kanamori and Heaton, 2000), 1.19 x 1015J (McGarr and Fletcher, 2001) and 2.04 x 1015J
(Meyada and Walter, 1996), but close to the global Gutenberg-Richter estimate of 7.08 x 1014 J.
Our estimate gives an apparent stress if 1.94 MPa, which is a factor of 13 times larger than the
global estimates (Perez-Campos and Beroza, 2001).  Dynamic models, to date, show that the
energy lost to fracture is comparable to the seismic energy.  The energy lost to fracture cannot be
ignored in the balancing of energies. Current estimates of seismic energy have many built in
assumptions. Given the highly heterogeneous distribution of seismic energy, unless the
directivity factor is properly corrected this approach cannot estimate the total energy correctly.
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Table 1: Velocity Structure
Vp(km/s) Vs(km/s) Density(g/cm3) Thickness(km)
4.0 2.0 2.4 1.5
4.7 2.7 2.6 2.5
6.3 3.6 2.8 23.0
6.8 3.9 4.5 13.0
7.8 4.5 3.3 _

Table 2: Calculation Parameters
Radiated Seismic Energy 7.89 x 1014 J
Fracture Energy 7.24 x 1014 J
Slip Weakening Distance 0.46 m
Seismic Moment 1.47 x 1019 Nm
Apparent Stress 1.94 MPa
Average Slip 0.82 m
Area of Fault 4.97 x 108 m2
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Figure 1. Kinematic inversion results (Liu and Archuleta, 2000) used to calculate initial stress for
spontaneous rupture.

Figure 2. (left) dynamic stress drop calculated from inversion results; (right) strength excess
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Figure 3. Snapshots (0.5 s interval) of the fault showing slip, slip rate, and shear stress for the
preferred dynamic model using derived initial stress and yield stress and a constant slip
weakening distance 0.46 m.

Figure 4.  Radiated energy distribution on a far hemi-sphere enclosing the fault. Energy trapped
along layer interfaces is clearly seen. 35.83% of seismic energy passes through 8.92% of the
sphere in the forward direction of rupture propagation. The energy going through the bottom of
the sphere, i.e. going to teleseismic distances, is very small.

Seismic energy flux at 40 km from the fault


