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The My, = 8.1 Antofagasta (North Chile) Earthquake of July 30, 1995
First results from teleseismic and geodetic data
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Abstract. A strong (M, = 8.1) subduction carthquake oc-
curred on July 30, 1995 in Antofagasta (northern Chile). This is
one of the largest events during this century in the region. It
ruptured the southernmost portion of a seismic gap between
18°S and 25°S. In 1992 we had used GPS to survey a network
with about 50 benchmarks covering a region nearly 500 km
long (N-S) and 200 km wide (E-W). Part of these marks were
re-surveyed with GPS after the 1995 earthquake. Comparison
with 1992 positions indicate relative horizontal displacement
towards the trench reaching 0.7 m. The inland subsided several
decimeters. The Mejillones Peninsula was uplifted by more
than 15 cm. Teleseismic body-wave modelling of VBB records
gives a subduction focal mechanism and source time function
with three distinct cpisodes of moment release and southward
divectivity. Modelling the displacement field using a disloca-
tion with uniform slip in elastic half-space suggests a rupture
zone with 19°-24° eastward dip extending to a depth no greater
than 50 km with N-S length of 180 km and an average slip of
about 5 m. The component of right-lateral slip inferred both
from the teleseismic and geodetic data does not require slip
partitioning at the plate boundary. That the well-constrained
northern end of the 1995 rupiure zone lies under the southern
part of the Mejillones Peninsula increases the probability for a
next rupture in the gap north of it.

Introduction

Coastal southern Peru and northern Chile have been identi-
fied as seismic gaps with high potential for large earthquakes
in the near future [ Nishenko, 1985]. A sequence of two great
subduction earthquakes (M = 8.5-9) ruptured contiguous fault
segments each about 450 km long in 1868 (southern Peru) and
1877 (northern Chile). The recurrence period of earthquakes
M>8 in the region is of the order of 100 years [Comte and
Pardo, 1991].

Since 1991 we have developed a French-Chilean project for
the study of the seismic cycle and of precursory deformation in
Northern Chile [Armijo et al., 1993]. The project includes re-
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gional tectonics, a geophysical observatory in the center of the
gap near Iquique, and repealed geodelic surveys of a GPS
network first measured with dual-frequency receivers in 1991-
1992 (Fig. 1). There are more than 50 benchmarks tied to aver-
age sea-level at three tide gages. The GPS network covers
both the segment that ruptured in 1877 (Arica to Mejillones
Peninsula; 18°S-23°S) and part of the smaller gap between
Mejillones Peninsula and Taltal (roughly between 23°5-26°S)
in which no large (M>8) historical earthquakes have been re-
ported. South of our survcy, the segment roughly between
26°S-29.5°S ruptured in 1922 (My, = 8.4) [ Kelleher, 1972].

The July 30, 1995, a My, = 8.1, earthquake ruptured the °
southernmost part of the surveyed area, with hypocenter de-
termined by the local network to be at 23.43°S; 70.48°W and
36 km depth [ Monfret er al., 1995} (Fig. 1). Two weeks after
the event we remeasured part of the GPS network. Here we
use the preliminary results on geodetic displacements and
long-period teleseismic recordings to infer the localion, geom-
ctry and dynamics of the rupturc. through simple modelling.

Teleseismic modelling of the mainshock

“The location of the 1995 earthquake below Mejillones
peninsula [Monfret et al., 1995] falls in the northern part of the
area of aftershock epicenters determined by the USGS, which
extends about 220 km parallel to thé Chilean coast (Fig. 1).
Although the USGS magnitude My is 7.3, the Harvard's CMT
solution yields Mg = 1.7 x 102! Nm. The corresponding fault
plane solution and aftershock distribution are consistent with
east-dipping thrusting on the subduction interface.

We used Very Broad Band (VBB) (cleseismic digital
records from the IRIS and GEOSCOPE networks. Only mantle
body waves from stations at distances of 30° < Dp <90° and-
34°< D gy <87° were included in the data set, to avmd upper"' - *‘*’”‘f*
mantle and core arrivals (Fig. 2). We used the inversion pro- :
cedure ol Ndbelek [1984] in simple half-space model to esti-

—— i
mate the source parameters and performed a limited y:xplo— = §
ration of parameter space, following the strategy of Canpes et E.—:—_R f
al. [1994]. To control the resolution of the inversion and to de- E:uo)
termine rupture propagation and subevent distribution, \vc pro- ==
ceeded by steps with increasing model complexity. We equal- %Eg
ized the records to displacement seismograms with the same 2%8 ‘
gain at a distance of 40° from the epicenter and filterq'd them 8Hi= |
with a bandpass filter between 0.01 and 0.5 Hz. i =

As a first step, we determined the best point-source model
at the hypocenter. With linearized inversion, we obtained a 4

solution with N8°E strike, 19° dip, and 110° rake. The centroid
source depth is 32 km with seismic moment of 9.0 x IO~O Nm,
which is about half of the CMT momentl. Inversion was re-
peated for a point-source model with a uniformly propagating
rupture using the above focal mechanism. Directivity obtained
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Figure 1. Subduction segments and seismic gaps in Northern
Chile: GPS network, afltershocks and models for the 1995
Antofagasta carthquake. Plate convergence (7.9 cm/yr) from
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records (Fig. 2); stations south of the epicenter record shorter

periods than statlons north of it.

A

s a second step, we inveried for average moment’ release .

with fixed fault geometry and found a source-time function
with three distinct episodes of moment release (Fig. 2). Then,
fixing the first source at the hypocenter (23.43°S; 70.48°W),

we 1

fivertéd Tor depth; fault Thechanist, moment release, and -

the location of the second and third sources. Then we globally

inve:

rted for all parameters of the three point sources obtaining

the same total moment and average mechanism as for the best
single point source model (Table 1). , oo

GPS data and mddelling

Our GPS network comprises 4 profiles 150 km apart running
between the coast and the Altiplano (Fig. 1). Points along the

coas
delo

‘cam
GAMIT software [ Bock et al., 1986] and precise IGS orbital

para

t every 50 km ensure good resolution where maximum
rmation is expected. Position coordinates for the *1992
paign were estimated with daily solutions using the

meters. Long vectors were estimated between Iquique,

Antofagasta, and 3 permanent IGS stations. The repeatability
on each individual baseline is less than 15 mm and the overall

rms

resmua s of lhc adjustment is 19 mm.
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Figure 2. Average fault plane solution for the three point
. source model (Table 1} and and corresponding observed and
" synthetic body-wave band-pass yf’illm"cd diﬁplaé"gn]ent.u_

RS ‘ : BT
Fifleen days after the 1995 earthquake, we remeasured parl
of the GPS network in the epicentral arca and in the central
part of the gap (lquique). For this preliminary study, the 1995
measurements were analyzed with the GPPS software (simpler
but less accurate than GAMIT) using precise IGS orbits. A set
of new relative coordinates were obtained for the 10 points in

- the area of the 1995 shock using the position of point PA6 in
1992-as-reference~(Fig. 3): The repeatability-is-betterthan-30 — -« --- -

mm on each individual baseline, and the overall rms residuals
of the adjustment is about 22 mm. ‘

Comparison with the 1992 coordinates gives relative dis-

- placement with maximum combined error.(2w) of dcm (Fig.

3, Table 2). This crror, however, docs fgo( cansider possible

systematic bias induced by un helerogencous troposphere, for

Table 1. Source paramelers from body-wave modelling

Source Mo A B H Az T
i 4.1 7122/110 165/70/82 + 35 - 0
2 39 9/16/113 165/75/84 - 33 187 25
3 09 8/18/110 167/73/8¢ = 31 190 50

Moment (Mo) in 102 N m. Strike/dip/rake for primary (A)
and auxiliary (B) planes in degrees. Depth (H) in km. Azimuth
(Az) and delay (T) from first source in degrees and seconds.
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Figure 3. Uniform slip modcl based on GPS measurements.
Observed and modelled values from Table 2. (a) Fit to hori-
zontal displacement with 19° dip (solid arrow with 95%
confidence ellipses, observed; dashed, modelled). S1, S2, S3
are the 3 point sources of Table 1. (b) Fit to vertical
displacement with 24° dip (squares with error bars, observed;
crosses, modelled; curve, modelled across AB section).

which the vertical component is especially sensitive. The
relative horizontal displacement reaches a maximum of about
70 cm, and strikes ENE-WSW. Although resolved with less
accuracy, the vertical displacement relative to PA6 is mostly
subsidence, with a maximum of 34 cm, except for the point in
the southern end of the Mejillones Peninsula (JLP), which
shows a relative uplift of 15 cm.

To model the coseismic surface displacement field we use
a dislocation embedded in an elastic half space [ Okada, 1985].
The earthquake fault is taken as a rectangular plane with N8°E
strike consistent with the fault plane solution obtained from
body-wave inversion, and it is positioned lecss than 2 km dis -
tant from the hypocenter. By trial and error we obtained a sat-
isfactory fit to the displacement vectors with eastward dip be-
tween 19° and 24° consistent with that of the subduction inter-
face deduced from seismicity [ Comte et al., 1994] and with the
fault plane solution. The uniform slip required is of about 5 m
due N265°E (4.5 m thrust; 1 m right-lateral slip). This implies
about 1 m of maximum absolute horizontal displacement at
point PA3 (Table 2). The northern end of the rupture at 23.3°S
under Mejillones Peninsula is well constrained by the fit to the
vectors at and north of Antofagasta (Fig. 3a). The width (60
km) and the length (180 km) of the rupture are compatible
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with the aftershock distribution and with a maximum depth of
50 km for the seismically coupled interface [Tichelaar and
Ruff; 1991]. Taking shear modulus of 33 GPa this gives a
scismic moment of 1.5 x 1021 Nm, the same as the Harvard's
CMTT solution. The rupture, however, does not exiend to the
northern end of the aftershock zone and does not appear to
reach the ocean floor (Fig. 1).

Our first-order model overestimates the vertical displace-
ment of points near the coast (Fig. 3b). However, the uncer-
tainty in the vertical component of the GPS vectors for these
points is probably greater than our statistical estimate due to
tropospheric contrast between the wet coast and the desertic
infand plateau (at 1000 m average elevation). To refine the in-
terpretation of vertical displacement and better constrain the
fault geometry the 1995 and 1992 measurements need to be
processed with the same software and to be calibrated with re -
spect to distant stations of the IGS network. Calibration must
also include some external constraints. For instance, prelimi-
nary inspection of the tide-gage record at Antofagasta shows
no significant coseismic vertical variation (within a resolution
of 5 cm). Besides, shoreline coseismic uplift was deduced
from the observation of dead algae along the coast [ Ortlieb et
al, 1995). This suggests uplift that reaches a maximum of
about 40 cm at the southern end of the Mejillones Peninsula,
and of a few cm at Antofagasta, in agreement with the gradi-
ent of vertical displacement in the model (Fig. 3b). It is cru-
cial to precisely determine the absolute vertical displacement
to resolve further the total deformation in the 1992-1995 pe-
riod, whether it is all coseismic or not.

Discussion

Both the GPS and body-wave models require a fault strike
parallel to the trench and a slip vector directed WSW, consis-
tent within few degrees with the relative plaic convergence
(Fig. 1). This implies oblique slip with 20-25% right-lateral
motion at the subduction interface; an argument against slip
partitioning in this part of the plate boundary. Armijo and
Thiele [1990] described left-lateral morphological offsets along
the trench-paralle]l Atacama Fault system (Fig. 3) suggesting
no room for slip partitioning. The modelled fault plane with 24°
dip requires the subduction interface to shallow toward the
west to reach the ocean floor at the trench. This change in dip
would induce extensional strain near the surface consistent
with the Quaternary deformation described on the Mejillones

Table 2. Observed and modelled displacement

Station GPS (1992-1995) Modelled

PA1l -66 -20 -22 -57 -15 -38
PA2 -64 -14 -26 -63 -10 -51
PA3 -69 -15 -34 -68 -08 -55
PA4 =52 -02 -34 -64 0l -41
PAS 27 0l 24 -37 02 -15
PAG 0 0 0 0 0 0
ANT -53 =26 -13 -50 -17 -23
ANQ -53 =27 -14 -50 -17 =22
JLP -33 -10 15 -40 -04 34
BAQ -12 -14 -18 -14 -15 -11

Components relative to PAG (East, North, vertical, in cm).
Adding modelled absolute displacement for PA6 (-[29, 2, 3]
cm) yields absolute displacement.
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Peninsula by Armijo and Thiele [1990]. They suggested that
such a subduction interface geometry may have caused large-
scale west-dipping normal faulting in the fore-arc which would
be responsible of the formation of the prominent Coastal Scarp
of Northern Chile (Fig. 3).

The Antofagasta earthquake raises some puzzling problems.
Despite its large moment, the associated tsunami recorded at
the Antofagasta tide-gage (wave 1.3 m high), the magnitude
Mg (7.3), the maximum [eclt intensity (VII) and the destruction
were moderate. This casts doubt on the evaluation of the
former regional seismicity, both old instrumental and
historical. Events similar to the 1995 one may be

underestijated, or ignored. The small Ms/Mw ratio can be’

explained by the prescnce of two peaks in the displacement
spectra’at| 65 and 130 s. Our body wave modelling includes the
65 s peak only, due to the low-frequency band-pass filtering.
The discrepancies between seismic moments determined with
body waves and geodetic data is also consistent with moment
release at low {requency. Preliminary inspection of our VBB
record. at Iquique shows a slow (low-frequency) start of the
rupture process. Both the low-frequency peak and the start hint
at peculiar rupture dynamics including a slow ecarthquake.
Despite the large surface displacement observed with GPS
no significant surface break was observed along the numerous
Quaternary faults described in the epicentral area [Armijo and
Thiele, 1990]. However, the occurrence of ground fissures
along two faults segments (Cerro Moreno and Salar del
Carmen) could have resulted from slip on those faults at some
depth, possibly due to small aftershocks. The GPS model im-
plies coseismic subsidence of the high coastal range and uplift
of offshore areas. Interscismic vertical deformation possibly by

postscismic relaxation in the oppositc scnse will probably be”

accomoddgted by normal faulting at the Coastal Scarp.

The place of the 1995 earthquake in the seismic cycle is
unclear. Although it ruptured most of the 23°S-26°S gap be-
tween thg 1877 and the 1922 rupture zones (Fig. 1), two inler-
plate thrust events of moderate magnitude have apparently
ruptured parts of this gap [e.g., Tichelaar and Ruff, 19911: (a)
on 12/28/1966 (M,=7.4), with aftershock zone between 25°S-
25.7°S and (b) on 3/5/1987 (M w=7.3), with aftershock zone
24°S-24.7°S and a local tsunami. The 1995 rupture zone
overlaps that of the 1987 event but does not reach that of 1966.
In addition, Kausel and Campos [1992] interpreted the 1950
(M'5=8) extensional event at 100 km depth within the
subducted slab. east of Antofagasta, to indicate increased
potential for strong carthquakes at the plate interface.

The 1995 carthquake apparently did not rupture under the
northern Mejillones Peninsula, thus not reaching the segment
supposed to have broken in 1877. This is in spite of nucleation
that occurs at the northern end of the 1995 rupture. Hence the

subductian interface under Mejillones Peninsula, which seems’

to have dcted as a barrier to southward propagation in 1877,
has now|{becen both an asperity from which the 1995 cvent
propagated southward, and again a barrier to northward
propagation. This suggests that the potential for a large
earthquake in the gap north of Antofagasta is now increased.
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