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In the paper by Arnadéttir and Segall [1994] (here-
inafter referred to as AS94) we argued that there was no
reason to reject the hypothesis that the aftershocks of
the Loma Prieta earthquake occurred on, or very near,
the rupture surface estimated from inversion of geode-
tic data. Subsequent relocation of the aftershocks [e.g.,
Pugjol, 1995; Dietz and Ellsworth, 1996] only strengthens
this conclusion.

To put the AS94 results into context, one must re-
call that previous analyses of geodetic data [Lisowski
et al., 1990; Marshall et al., 1991] had inferred that
the dislocation surface was offset up to 3 km south-
west of the aftershock zone defined by preliminary U.
S. Geological Survey (USGS) locations. Marshall et
al. [1991] suggested that this was evidence that the
rupture surface might be distinct from the aftershock
zone. Eberhart-Phillips and Stuart [1992] pointed out
that three-dimensional variations in elastic properties
across the fault plane could bias the geodetic inversions.
Arnadéttir et al. [1992], however, showed that the dis-
crepancy in location found by Marshall et al. [1991]
could be largely eliminated by accounting for correla-
tions in the leveling data they analyzed. Marshall and
Stein [1996] subsequently concluded that the discrep-
ancy between aftershock locations and geodetic fault
models was insignificant when they included the data
correlations and used a more realistic Earth model. The
discrepancy between aftershock locations and the dis-
location surface inferred by Lisowski et al. [1990], who
analyzed Global Positioning System (GPS) and trilater-
ation data, was less pronounced than that of Marshall
et al. [1991). Arnadéttir et al. [1992] found a more
consistent result using a nonlinear inversion method to
estimate fault geometry from these data, as opposed to
the trial-and-error approach of Lisowski et al. [1990].

The objective of AS94 was to estimate the geometry
and slip distribution of the 1989 earthquake using all
the available geodetic data [Clark et al., 1990; Lisowsk:
et al., 1990; Marshall et al., 1991; Williams et al., 1993].
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shock locations.

We estimated the geometry of the best fitting uniform
slip dislocation using a nonlinear, quasi-Newton method
and determined confidence intervals for the dislocation
parameters using bootstrap resampling (AS94). We
illustrated the uncertainty in the location of the dis-
location plane by plotting the “density” of bootstrap
estimated fault models that are within the 95% confi-
dence level (see AS94). Figure la (identical to Figure
6 of AS94) shows a SW-NE cross section roughly cor-
responding to the combined cross sections AA’ — DD’
shown by Pugol [this issue]. The location of the main
shock and M > 3.0 aftershocks recorded from October
18 to October 31, 1989, shown on Figure la are prelim-
inary USGS locations (provided by D. Oppenheimer,
personal communication, 1992). We were aware of the
possibility of systematic biases in these preliminary af-
tershock locations due to local velocity structure, but
detailed studies of the aftershock locations ongoing at
the time, implied these biases were small. The extent of
the shaded region in Figure 1a demonstrates the range
in uniform slip dislocation models that fit the geodetic
data at the 95% confidence level. Notice that there is a
+2-km uncertainty in the across-strike position of the
fault surface and that this range includes most of the
aftershock zone. This was the basis of our conclusion
that there was not a significantly discrepancy between
the aftershock locations and the estimated dislocation
surface.

In Figure 1b we show the same cross section as in
Figure la but with the aftershocks relocated by Pujol
[1995], again plotting only aftershocks with M > 3.0
recorded from October 18 to October 31, 1989. Com-
paring Figures la and 1b, we see that the aftershock
locations determined by Pujol tend to lie southwest of
the preliminary USGS locations. Dietz and Ellsworth
[1996] also observe the same systematic bias in after-
Their relocations are shown in Fig-
ure 1c for the same magnitude range and time period
as Figures la and 1b. The relocated aftershocks are
in slightly better agreement with our geodetically de-
termined dislocation surface than are the preliminary
USGS locations, as Pugol [this issue] points out. This
reinforces our conclusion that there is not a significant
discrepancy between the aftershock locations and the
fault model we obtained from geodetic data.

20,137



20,138

SW NE

2 4 L

6 -

Depth (km)

—
1)
]

-14 4

-16

2 4 6
Distance (km)

ARNADOTTIR AND SEGALL: COMMENTARY

SW NE

22 L

-4

-6 -

Depth (km)

—
S
1

-14 4

-16

-18 -

-20 — T T T

2 4 6
Distance (km)

Figure 1. A SW-NE cross section along azimuth N41°E through the Loma Prieta main shock
epicenter. The shaded region shows the location of bootstrap models within the 95% confidence
limits of the fault parameters. The solid line is the mean of the 2000 bootstrap models, and the
dashed line is the best fit model from all the data. The locations of earthquakes with M > 3.0
recorded from October 18 to October 31, 1989, are shown with circles. The size of the circles
reflect the magnitudes of the earthquakes. (a) Preliminary USGS location of the main shock and

aftershocks used by AS94 (Figure 6 from AS94).

(b) Relocated main shock and aftershocks from

Pugol [1995]. (c) Relocated main shock and aftershocks from Dietz and Ellsworth [1996].

We did feel it appropriate to point out that the best
fitting dislocation surface was located toward the south-
western edge of the aftershock zone (AS94). This does
not contradict our conclusion that “there is no signif-
icant discrepancy between the geodetic data and the
aftershock locations.” Our comment was simply meant
to point out that systematic biases could still exist at
the +1-km level, but given our error estimates and un-
certainties in the absolute aftershock locations, such a
small bias is not statistically significant. When compar-
ing the absolute location of a geodetic fault model and
aftershock locations, it is important to note that both
are sensitive to the Earth model used to obtain them.
Even if relative earthquake locations determined from

different velocity models appear consistent, the abso-
lute location of these events can differ by up to several
kilometers [e.g., Reasenberg and Ellsworth, 1982]. Simi-
larly, the location of a dislocation model obtained from
geodetic data can be sensitive to assumptions about
elastic homogeneity and isotropy [Eberhart-Phillips and
Stuart, 1992; Du et al., 1994]. It is also worth noting
that many aftershocks have very different focal mech-
anisms from the main shock [e.g., Oppenheimer, 1990;
Beroza and Zoback, 1993; Fozall et al., 1993; Dietz and
Ellsworth, 1996] and thus are probably not occurring
on a simple planar surface. This suggests that the finite
thickness of the aftershock zone, observed in Figures 1a-
1c, is probably real and not an artifact of mislocation.
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Figure 1. (continued)

Small biases due to all of these effects are undoubt-
edly present. The important point is that the ~1-km
potential bias in aftershock locations is well within the
+2-km uncertainty in the geodetic fault location. There
is thus no reason to reject the simplest interpretation
that the aftershocks and the source of the static surface
deformations were coincident.

We agree that a single rectangular dislocation in
a homogeneous elastic half-space cannot represent all
aspects of the Loma Prieta earthquake. As we pre-
viously noted [AS94], the variation in rake observed
in distributed slip calculations could be explained by
variations in fault dip of about 10° from northwest
to southeast, as suggested by the aftershock locations.
The geodetic data, however, do not allow us to re-
solve such details of the fault geometry. The one-sigma
uncertainty in dip for a single dislocation surface is
+9° (AS94). We therefore chose to use the simplest
dislocation model that fits the data, i.e., one fault with
constant dip, rather than allowing the dip to vary along
strike.

20,139

We are delighted that relocations of the Loma Prieta
aftershocks provide somewhat better agreement with
the dislocation surface estimated from geodetic data
than do the preliminary USGS locations. In fact, both
the preliminary USGS locations and the more recent
aftershock relocations agree with the geodetic interpre-
tation at the 95% confidence interval. There is therefore
no reason to change our conclusion that the aftershocks
show the location of the rupture surface, as we stated
in our paper.

Acknowledgments. We thank Jose Pujol, Lynn Di-
etz, and Bill Ellsworth for supplying us with their relocated
aftershock data.
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