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Finite fault source study of the great 1994 deep Bolivia earthquake 

M. An•olik, D. Dreger, and B. Romanowicz 
Seismographic Station, University of California, Berkeley, CA 94720 

Abstract. We apply an empirical Green's function 
method to recordings of teleseismic body waves from 
the June 9, 1994 deep-focus Bolivia earthquake. The 
far-field source time functions reveal that rupture oc- 
curred on a sub-horir. ontal fault plane. The main rup- 
ture began some 25 km to the east of the hypocenter, 
consists of three large subevents, and covers a total area 
of about 60 x 40 km 2. The static stress drop is quite 
large, more than 150 MPa, and the obtained rupture 
velocity is less than 2 km/sec. While the total dimen- 
sions of the earthquake are large compared to estimates 
of the width of a metastable olivine wedge at this depth, 
the moment release is confined largely to a narrow band 
along an EW axis, and may be compatible with phase 
transitions within a thickened slab core. 

Introduction 

The recent large Bolivia earthquake (9 June, 1994; 
M•0 8.3; depth 637 km (NEIC)) represents the best op- 
portunity to date to test the validity of mechanisms 
which have been put forth to explain the occurrence 
of shear faulting at depths where brittle failure should 
not normally occur. Historically, only one other deep 
earthquake has occurred with M > 8.0, the 31 July, 
1970 Colombian event (M,o 8.2; depth 653 km). Stud- 
ies of this event have led to an ambiguous picture as to 
the total area spanned by the rupture (e.g., Furumoto, 
1977). The much greater quality of data available for 
the Bolivia earthquake makes it possible to constrain 
the source parameters and rupture area with a high de- 
gree of confidence and using a variety of methods (e.g., 
Kikuchi and Kanamori, 1994; Beck et al., 1995). 

The most favored explanation of deep earthquake 
occurrence involves the transformation of metastable 

olivine within a subducted slab to its denser spinel 
structure, which is delayed due to lower temperatures 
and involves shear failure promoted by nonhydrostatic 
stress conditions (Kirb•l et al., 1991; Burnlelt et al., 
1991). However the limiting temperature for this pro- 
cess is thought to be around 600 ø C' (e.g., Wu et al., 
1993), and existing thermal models of the subduction 
process predict a roetastable olivine wedge of almost 
negligible thickness below 600 km (e.g., Helfrich et 
al., 1989). This poses a problem for the occurrence of 
M•o 8+ events at these depths. As aftershocks do not 
generally provide reliable constraints on the rupture 
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area of deep shocks (Willeman and Frohlich, 1987), fi- 
nite fault models are essential for this purpose. This 
study aims to derive such a model for the Bolivia event 
through the use of an empirical Green's function (EGF) 
technique applied to data from the USGS/IRIS and 
GEOSCOPE broadband seismograph networks. 

Data Analysis and Method 

The 1994 Bolivia earthquake occurred in a portion 
of the Nab. ca subduction •.one with a pronounced kink 
in the slab strike, and where a previous gap in deep 
seismicity existed (Fig. 1). The focal mechanism (Har- 
vard CMT) indicates a normal faulting event involving 
rupture on either an eastward striking vertical plane 
or sub-hori•.ontal plane. Activity began with a M• 7.0 
event on 10 Jan. 94 located about 200 km to the west of 
the future main event and with a similar focal mecha- 

nism (Fig. 1). We selected this event as an EGF. Various 
body wave phases including direct P, pP, PP, and PKP 
were windowed and deconvolved from the mainshock 

using a frequency domain water-level method. The de- 
convolutions were performed on the vertical component 
seismograms at each station. Resulting estimates of the 
source time function (STF) of the mainshock (e.g., Fig. 
4) show that moment release began slowly with a rela- 
tively small precursory event lasting for ,,, 10 sec. The 
main rupture contains three dominant subevents with 
a duration of ,,, 30 sec. The total duration of rupture is 
thus extremely short for such a large event. The STFs 
are estimates of the actual source time function relative 

to that of the EGF,and although the source duration 
of the EGF is short (,,, 6 sec), slight underestimation 
of the STF durations may result. However it was neces- 
sary to use the Jan. 10 event to achieve adequate signal 
power at epicentral distances greater than 30 ø . Some 
representative waveforms are shown in Fig. 2. 

The STFs were used to obtain a map of moment re- 
lease and estimates of the source parameters for the 
June 9 event by using a finite fault inversion technique 
introduced by Mori and Hartzell (1990) at local dis- 
tances. This method maps the STFs onto the spatial 
and temporal slip distribution by allowing directivity in 
any direction while confining the rupture to one of the 
nodal planes. Following Dreger (1994) we solve a system 
of equations relating the observed STF at each station 
to the time function and slip amplitude of each subfault 
on the grid according to least squares with slip positiv- 
ity and spatial derivative smoothing constraints. The 
inversion assumes a radially expanding rupture front 
with constant rupture velocity and dislocation rise time. 
The subfault time functions are assumed to be boxcars. 
The travel time for each phase is calculated from the 
global iasp91 velocity model. Actual values of slip are 
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Figure 1. Map of the region of the great June 9, 1994 
deep Bolivia earthquake (inset) and the global distribu- 
tion of stations used in the present study. Inset shows 
focal mechanisms (Harvard) of the mainshock and the 
smaller event used as an emprical Green's function (see 
text) along with a 5-year sample of background seismic- 
ity. Epicentral data is from the NEIC. 
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Figure 3. Plot of variance vs. rupture velocity for in- 
versions of STFs. A horizontal fault plane gives a con- 
sisently better solution, and a minimum occurs at a 
value of 1.7 km/s (arrow). Variance is defined as the 
ratio of squared data misfit to the number of degrees 
of freedom. Inset shows the result of inversion of only 
the main portion of the STFs for the horizontal plane. 
There is no longer a minimum solution, but there is in- 
dication that the rupture velocity may have increased 
slightly during the main rupture phase. 

obtained by using the moment value from the Harvard 
CMT solution (3.0 x 10•'XNrn) and represent average 
values over the area covered by each subfault. The total 
grid size is 180 x 180 krn •' and divided into subfaults 
with an area of 25 km 2. 

Results 

Prior to inversion, the STFs were low-pass filtered 
at 10 sec period to remove high frequency noise. We 
inverted a set of 20 STFs consisting primarily of di- 

v 

- 

20 40 60 sec 

Figure 2. Vertical component displacement records 
(low-pass filtered at i Hz) for the Jan 10 EGF and the 
Jun 9 mainshock, respectively, are shown at the top and 
bottom of each subplot for selected stations. The entire 
window used for the deconvolutions is shown. 

rect P-waves but including a number of other phases. 
Each time function is assumed to represent the com- 
plete slip history and is normalized to unit area over 
the entire data set. For each nodal plane, the rupture 
velocity was varied from 1.0 to 3.4 km/s and the rise 
time from 2.5-7.5 sec. The best fitting solution is cho- 
sen to minimize a variance function defined as the ratio 
of squared misfit between data and synthetics to num- 
ber of degrees of freedom in the model, which varies 
according to the number of subfaults having non-zero 
slip (Mori arid Hartzell, !990). The number of free 
rameters in the solution is important in assessing the 
validity of the model, as it is usually possible to fit the 
data better at unrealistically high rupture velocities as 
the rupture dimension increases. 

For all values of rupture velocity tested, the horizon- 
tal nodal plane (strike 302 ø, dip 11 ø) gave a better fit to 
the data (Fig. 3). A minimum was obtained at a value 
of 1.7 km/s, although there is little variation between 
!.4 and 2.0 km/s. The best dislocation rise time is 5 
sec. An F-test applied to the variances indicates that 
the significance level of the improvement in fit afforded 
by the horizontal plane is 85% at the minimum, and we 
conclude that this plane represents the rupture plane. 
However, rupture of sub-parallel vertical planes would 
probably not be resolved by this method and such a sce- 
nario, though unlikely, should not be ruled out. The fit 
of synthetics to the data is shown in Fig. 4. Generally 
the STFs are fit well, although the phasing of subevents 
is off at a few stations. This indicates that the rupture 
is well explained by a radially expanding fault model 
along a single plane at low frequencies. 

A number of features of the model were found to be 
well resolved (Fig. 5). The main rupture is offset about 
25 km to the east of the hypocenter, from which it is 
separated by a patch of little or no slip. The three large 
subevents cover an area of about 60 x 40 krn •', and 
rupture bilaterally to the north and south. The onset 
of the main rupture is extremely abrupt. In addition, 
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Vigure 4. D• (solid) •nd synthetic STPs (dashed) 
for •he bes• fi•fing f•uk model shown in Pig. S. The 
observed STPs h•ve been low-p•ss tikered • 10 sec. 
Amplitudes refiec• normalization •o uni• •re•. The 
fion •nd phase •re indicated • right. 

•he initial precursory even• con•is•s of •wo resolvable 
subevents •nd ruptures primarily •o •he west, •way 
from •he •re• of l•rge momen• release. Akhough •he 
m•jori•y of slip is concentrated •1ong •n gW •xis, •1ong 
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Figure 5. Slip map obtained from inversion along the 
horizontal plane with a rupture velocity of 1.7 km/s and 
dislocation rise time of 5 s. View is normal to the fault 

plane. The distribution shows the main rupture offset 25 
km to the east of the hypocenter in a fan-shaped region. 
The peak value of slip is 16.5 m. Contour inverval is 1 m. 
The hypocenter is indicated by the cross and the dashed 
line indicates the strike of the aftershock distribution 

determined by Miters et al. (1995). 

Table 1. Bolivia Earthquake Source Parameters 

Rupture velocity (km/s) 
Average slip (rn) 

Pe&k slip (m) 
Ruptttre area (krn •) 
Stress drop (MPa) 

Entire Precttrsor Main 
Rupture Rupture 

1.4-2.0 - • 2 
4-6 2-4 - 

13-18 5-7 13-18 

4000-6000 • 1700 - 

150-350 30-80 > 1000 

the null axis of the focal mechanism, there is enough 
directivity in the NS direction to resolve a horizontal 
rupture plane. The small peak of slip at the south edge 
of the rupture is not robust and is greatly reduced in 
amplitude at lower rupture velocities. Also visible are 
arcuate patches of low level slip to the west (.-• 3% of 
peak value). These represent artifacts of the radially 
expanding rupture and were ignored in calculating the 
source parameters. 

The primary difference between these results and 
those of other published studies is the presence of the 
large subevent about 45 km to the east of the hypocen- 
ter. Although Kikuchi and Kanamori (1994) obtain a 
subevent located in this area, it is offset slightly to the 
north. Silver et al. (1995) give no indication of slip in 
this area, although one large pulse of moment release 
(E2) is ignored in their analysis. The overall dimen- 
sions of rupture are similar to those obtained by Silver 
et al. (1995). Their later subevents are located around 
the northern boundaries of the rupture shown in Fig. 5, 
which may indicate that they represent stopping phases. 
However since our inversion is only sensitive to long 
wavelength features we cannot rule out some minor slip 
patches in these areas. Some differences may also be 
caused by our constraint of a constant rupture velocity. 

The average slip is 4-6 m, and we obtain a peak value 
of 16.5 rn in the best fitting model. To calculate stress 
drop, we first estimate the rupture area by summing 
the areas of the subfaults with significant slip, then use 
equation (3) of Kikuchi and Ishida (1993). The small 
total rupture area for such a large shock leads to a stress 
drop in excess of 150 MPa. The local stress drop within 
the largest subevent exceeds 1 G Pa. The initial event 
has a moment of 1.5-3 x 10 •'ø Nrn and a stress drop 
of 30-80 MPa. The calculated source parameters are 
summarized in Table 1. 

We can resolve no slip in the gap between the hypocen- 
ter and the main rupture. This suggests that the rup- 
ture may have terminated and reinitiated with a higher 
velocity, perhaps involving a different mechanism. We 
examined this question by redoing the calculations af- 
ter repicking the STFs at the onset of the main moment 
release. There is no longer a minimum in the variance 
(inset, Fig. 3) which becomes essentially constant above 
2.0 km/s. Thus there is evidence that the rupture veloc- 
ity may indeed have increased slightly during the event. 

Discussion and Conclusion 

It has been proposed (Silver et al., 1995) that this 
event resulted from slip on a previously existing fault 
formed during a great normal faulting event when this 
portion of the slab was at a shallow depth. However 
others maintain that the metastable slab core can be 

deformed and thickened by resistance to penetration of 
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the lower mantle, particularly in the presence of a simi- 
lar curvature in the slab strike (Kirb•t et al., 1995). The 
concentration of the moment release along an EW axis 
25 km wide, including that of the precursory event, may 
be consistent with this idea as it indicates that the rup- 
ture was strongly temperature controlled. We suggest 
that this axis defines the strike of the slab. This strike 

differs by about 35 ø from the strike of the aftershock dis- 
tribution (Myers et al., 1995; Fig. 5); however the slip 
distribution shows curvature in the direction of moment 

release with the portion to the east of the hypocenter 
exhibiting a strike that is more consistent with the af- 
tershocks. As pointed out by M•ters et al. (1995), the 
location of the January 10 event is consistent with a 
slab which is bent toward the west. The gap in slip sug- 
gests that the slab may not be continuous through this 
bend. 

One intriguing recent observation regarding large, 
deep earthquakes is the predominately horizontal ex- 
tent of moment release. In addition to the 1970 Colom- 

bian and Bolivian events, this has also been suggested 
for the March 9, 1994 deep earthquake near the Fiji 
Islands (A•tolik et al., 1995; Lu•dgre• a•d Giardi•i, 
1995). This may be indicative of an isobaric process 
controlling the rupture, although the stress redistribu- 
tion can clearly induce aftershocks both above and be- 
low the main rupture. The total lateral extent of the 
rupture (> 35 km across the slab) extends completely 
across the aftershock zone. Thus a separate mechanism 
may be responsible for the continuation of rupture out- 
side the slab core. One plausible factor, suggested by 
Kikuchi a•d Kanarnori (1994), is the inducement of 
melting during the rupture process. The olivine-spinel 
phase transition is exothermic and larger events may 
produce sufficient heat to drive the rupture past the 
edge of the metastable wedge, as may the heat gen- 
eration due to the faulting itself. On the other hand, 
Ogawa (1987) suggested that melting associated with 
shear instabilites might cause earthquakes within a slab 
at realistic strain rates without the occurrence of phase 
transitions. Instability is enhanced in his model by the 
presence of localized shear zones, and this may suggest 
a role for preexisting failure planes in generating deep 
earthquakes. Present data on deep earthquakes are in- 
sufficient to distinguish between these two possibilities. 
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