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Wide-Band Analysis of the 3 March 1985 Central Chile Earthquake:

Overall Source Process and Rupture History

by Carlos Mendoza, Stephen Hartzell, and Tony Monfret

Abstract We apply a linear, finite-fault waveform inversion scheme to the
near-source strong-motion records, the teleseismic body waves, and the long-
period Rayleigh waves recorded for the 3 March 1985 Chile earthquake to re-
cover the mainshock rupture history. The data contain periods between about 2
and 350 sec and are inverted by allowing a variable dislocation rise time at each
point on the fault. The results indicate that the mainshock had a seismic moment
of 1.5 X 10?® dyne-cm (M,, 8.0) and ruptured mainly updip and to the south of
the hypocenter for a distance of about 150 km along the Nazca—South America
plate boundary. A smaller northward component of propagation is also evident,
giving a total rupture length of about 200 km. The total source duration of the
mainshock is 70 sec, with the majority of the slip occurring within the first 40
sec in a broad 100-km-wide zone in the northern half of the rupture area. Slip
in this region extends from a depth of 55 km to within about 10 km of the
surface and contains two areas of maximum slip (2.3 and 2.9 m) with rise times
of approximately 14 sec. Slip in the southern portion of the fault reaches lower
peak values (1.8 m) and extends downdip to depths no greater than 30 km. An
independent variable rise-time inversion of the teleseismic body waves alone
yields similar results, indicating that a significant component of slow fault mo-
tion is not required for this earthquake. The mainshock was preceded by several
smaller precursors, the largest of which is an M,, ~ 6.6 thrust earthquake oc-
curring at a depth of 22 km in the shallow 15° dipping portion of the plate

interface.

Introduction

The use of finite-fault inversion schemes has be-
come relatively common in the study of large earthquake
ruptures. Although the methods vary, the procedure usu-
ally involves an inversion of the observed ground-mo-
tion records to recover the co-seismic moment release
on the fault using a fault orientation prescribed by pre-
viously computed centroidal parameters. These inver-
sion methods, which can be linear or nonlinear in ap-
proach, have been applied to near-source strong ground
motions and teleseismic body-wave observations to iden-
tify the spatial and temporal rupture pattern as a function
of position on the fault (e.g., Hartzell and Heaton, 1983;
Kikuchi and Fukao, 1985; Yoshida, 1986; Fukuyama and
Trikura, 1986; Takeo, 1987; Beroza and Spudich, 1988;
Hartzell, 1989; Das and Kostrov, 1990). The seismic
records are typically dominated by energy at periods be-
low 50 sec. Periods shorter than about 1 sec, however,
are usually not considered because they are difficult to
model reliably owing to complex propagation-path ef-
fects. An inversion technique has also been applied to
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intermediate-period (10 to 25 sec) Rayleigh waves re-
corded at regional distances where the effects of lateral
crustal-velocity variations are minimized (e.g., Mori and
Shimazaki, 1985). The results of these applications in-
dicate that the details of the fault dislocation can be in-
ferred from a direct analysis of seismic waves recorded
at relatively short periods (less than 50 sec) and suggest
a heterogeneous rupture history characterized by inde-
pendent source regions separated in both space and time
on an earthquake fault.

Seismic data recorded at periods longer than 100 sec
are usually not considered in finite-fault studies even
though they provide information on the overall size and
duration of the earthquake. This is mainly owing to the
fact that long-period waveforms have a limited resolu-
tion in defining the spatial and temporal details of the
source (e.g., Mendoza and Hartzell, 1988). However,
seismic-moment and source-duration estimates currently
obtained in finite-fault inversions would be underesti-
mated if the earthquake preferentially excites long-pe-
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riod surface waves without affecting the body-wave
radiation. Recent centroidal studies of some large plate-
boundary earthquakes have found a discrepancy in the
seismic moments estimated independently from body-
wave and surface-wave data, suggesting that frequency-
dependent seismic-wave excitation may sometimes oc-
cur as a result of an anomalously slow fault-dislocation
process (e.g., Anderson and Zhang, 1991). In a long-
period (150 to 300 sec) analysis of two large (M,, > 8.0)
earthquakes, Zhang and Lay (1989) also discovered that
source complexity can affect Rayleigh waveforms suf-
ficiently to influence the derivation of centroidal source
parameters. This would suggest that long-period Ray-
leigh waves may also provide constraints on the tem-
poral and spatial pattern of large earthquake rupture when
used in conjunction with the body-wave data.

In this study, we apply a linear, point-by-point in-
version scheme to long-period Rayleigh waves, in ad-
dition to near-source strong motions and teleseismic body
waves, to infer the source properties of a large earth-
quake rupture. The study represents the first application
of a formal finite-fault inversion scheme to wide-band
seismic-wave data that contain periods greater than 100
sec. In particular, we examine the large 7.8 M; central
Chile earthquake of 3 March 1985. This earthquake oc-
curred within a region of previous great historical sub-
duction earthquakes and may have filled a gap of high
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seismic potential on the Nazca—South America plate
boundary (Nishenko, 1985; Comte et al., 1986). Seis-
mic moments previously estimated for the earthquake vary
with the frequency content of the data utilized (see Table
1). The moment calculated using surface waves and geo-
detic data are consistently greater than that determined
using teleseismic body waves. This discrepancy in es-
timated moment may suggest that the 1985 Chile earth-
quake involved a slow component of fault slip that ra-
diated little or no body-wave energy.

Moment-tensor inversions of long-period surface
waves (Dziewonski et al., 1985; Monfret and Roma-
nowicz, 1986; Zhang and Kanamori, 1988a) require 2
source centroid with a thrust mechanism consistent with
shallow-angle subduction (Table 1). Choy and Dewey
(1988) obtain a similar mechanism from forward mod-
eling the broadband teleseismic P waves. Centroidal
analyses of the recorded P waves (Christensen and Ruff,
1986; Choy and Dewey, 1988) and long-period Rayleigh
waves (Monfret and Romanowicz, 1986; Zhang and
Kanamori, 1988b) indicate that the rupture propagated
southward from the hypocenter. The rupture lengths es-
timated from these data, however, appear to be fre-
quency dependent, similar to the seismic moment (see
Table 1). The P waves suggest rupture lengths of 75 to
90 km, whereas the long-period Rayleigh waves indicate
lengths of 100 to 150 km. The geodetic data prefer an

Table 1
Source Properties of the 3 March 1985 Chile Earthquake
Data* v 50) ¥ Depth (km) Mot L (km) 7 (se0)

'Geodetic Deformation 10" 18 1057 20-60 1.6 250* —
*GEOSCOPE/IDA

Rayleigh Waves 10 25 110 60** 1.2 100 60-80
*GDSN/IDA Rayleigh

Waves 4 21 95 44%* 1.2 150 69
*GDSN LP Body and

Surface Waves 11 26 110 4]%* 1.0 — 69
*GDSN IP, LP P Waves 11! 26’ 1107 20-50 1.0° 120 —
°GDSN BB, IP, LP P

Waves 10" 30" 105" 5-35 — 180* 60
'GDSN BB P Waves 360 35 105 34-46 0.4 90 —_
SWWSSN LP P Waves 11" 267 110° 10-40 0.7 75 —
SWWSSN LP P Waves — — — — 0.3 — 40
“GDSN BB, IP, LP

Body Waves;

GEOSCOPE/IDA

Rayleigh Waves;

Strong Motions 5! 15",30" 90%,110" 10-55 1.5 200* 70

*The superior numbers in this column refer to the following references: 'Barrientos (1988); Monfret and Romanowicz (1986); *Zhang and
Kanamori (1988a; 1988b); “Dziewonski ez al. (1985); *Yoshida (1992); “Houston and Kanamori (1990); ‘Choy and Dewey (1988); *Christensen

and Ruff (1986); *Korrat and Madariaga (1986); "°this study.
'Seismic moment in units of 10”® dyne-cm.
*Rupture length,
$Mainshock duration.
Fixed in computation.
*Bilateral rupture.
**Centroid depth.
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even greater rupture length of about 250 km (Barrientos,
1988).

The depth extent of faulting during the 1985 Chile
earthquake is also not well constrained. Previous esti-
mates cover different depth ranges between 5 and 60 km
with the body waves favoring depths shallower than 40
km (Table 1). The long-period surface-wave centroid
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Figure 1. Geographic map of central Chile
showing the epicentral locations of the main-rup-
ture nucleation point (star) and precursory sub-
events msl and ms2 of the 3 March 1985 Chile
earthquake (from Choy and Dewey, 1988). Cir-
cles denote strong-motion sites, and the rectangle
is the surface projection of the fault plane used in
our final analysis of the seismic-wave data. The
dashed line indicates where the fault dip changes
landward from 15° to 30°.

Table 2
Strong-Motion Stations

Station Code Latitude (°S) Longitude ("W) Components
Santiago SAN 33.45 70.67 0,Up,%0
Melipilla MEL 33.68 71.22 0,Up,90
Pichilemu PIC 34.38 72.02 0,Up,90
Quintay QUI 33.20 71.68 90,Up,0
Rapel RAP 34.03 71.58 0,Up,90
San Fernando  FER 34.60 71.00 0,Up,90
San Isidro ISI 32.90 71.27 0,Up,90
Zapallar ZAP 32.57 71.47 0,Up,9%0
San Felipe FEL 32.75 70.73 170,Up,80
Llolleo LLO 33.58 71.61 100,Up, 10
Vina Del Mar MAR 33.03 71.58 290,Up,200
Valparaiso VAL 33.08 71.63 160,Up,70

depths would suggest that the Rayleigh-wave data re-
solve a deeper rupture extent further downdip than in-
dicated by the teleseismic P waves. If so, then the dis-
crepancy in seismic moment might be explained by an
anomalously slow dislocation process in the downdip
portion of the plate interface that would preferentially
excite the long-period seismic waves without introducing
additional moment to the recorded body waveforms. This
mechanism of faulting has been proposed by Anderson
and Zhang (1991) for the large 1989 Macquarie Ridge
strike-slip plate-boundary earthquake and has been sug-
gested for the 1985 Chile earthquake by Zhang and Kan-
amori (1988a). We examine this hypothesis using the
very broad frequency content present in our data set. Our
results, however, indicate that a single rupture model with
a variable dislocation rise time can explain the entire suite
of observations well, and it is not necessary to introduce
a significant component of slower fault motion to rec-
oncile the long-period Rayleigh-wave amplitudes.

Seismic Waveform Data

The 1985 Chile earthquake is characterized by a se-
ries of multiple events that are well separated in time in
the recorded P waveforms (e.g., Christensen and Ruff,
1986; Korrat and Madariaga, 1986; Choy and Dewey,
1988). Choy and Dewey (1988) identify three distinct P
arrivals in the Global Digital Seismograph Network
(GDSN) waveforms, including two precursory phases (msl
and ms2) prior to the mainshock (MS). The ms2 arrival,
which occurs 16 to 18 sec before the MS onset, was ini-
tially interpreted as the mainshock (e.g., Korrat and Ma-
dariaga, 1986), but MS clearly corresponds to the major
moment release during the earthquake (Choy and Dewey,
1988) and is the principal contributor to the observed
long-period Rayleigh waveforms. The MS is located on
the Nazca—South America plate interface at a depth of
40 km (Choy and Dewey, 1988). The ms1 and ms2 ep-
icenters are seaward of the MS hypocenter (see Fig. 1),
consistent with occurrence in the updip portion of the
plate boundary. Focal depths for ms1 and ms2, however,
cannot be accurately estimated from the observed dif-
ferential arrival times (Choy and Dewey, 1988).

Figure 1 also shows the local strong-motion stations
used in our study. These stations are listed in Table 2.
Uncorrected accelerograms came from two sources: Em-
presa Nacional de Electricidad (ENDESA) and the De-
partment of Geology and Geophysics of the University
of Chile (Celebi, 1987; Campbell et al., 1989). Inac-
curacies in digitization resulted in large baseline errors
for many of the records. Multiple piecewise baseline
corrections were applied to the acceleration records to
recover as long a period content as possible. The acce-
lerograms were then corrected for the response of the
instrument and integrated to velocity. Many of the strong-
motion records exhibit a predominantly high-frequency
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content (greater than 1 Hz) and a ringing character in-
dicating significant site effects. Stations with strong site
effects were not used in the inversion. Velocity records
from the remaining sites were bandpass-filtered with a
Butterworth filter (Oppenheim and Schafer, 1975) from
2.0 to 7.5 sec. This passband was judged to yield the
most accurately modelable ground motion given our lim-
ited knowledge of the local velocity structure. The ve-
locity records were then resampled at a time step of 0.2
sec (Nyquist frequency of 2.5 Hz) for the inversion.
Body- and surface-wave records used in the inver-
sion are listed in Table 3. These include teleseismic P
and SH waveforms recorded by the GDSN and long-pe-
riod R1, R2, and R3 vertical Rayleigh waves recorded
at very long periods by the GEOSCOPE and IDA (Inter-
national Deployment of Accelerometers) networks. Tel-
eseismic GDSN P waves recorded at distances between
27° and 125° were considered for inversion. Teleseismic
distances considered for SH waves range from 40° to 100°.
Because body-wave amplitudes may be significantly re-
duced at large distances as a result of core diffractions,
however, we downweighted P waveforms beyond 110°
and SH waves recorded at distances greater than 90°.
The character of the these downweighted records is sim-
ilar to those receiving full weight in the inversion, and
we believe that any errors introduced by including the
more distant stations are small and outweighed by the
increased azimuthal coverage. Whenever available, we

Table 3
Teleseismic and Surface-Wave Stations

Network Station Records Distance (°) Azimuth (°)
GDSN BCAO BB P 92.73 86.52
GRFO BB P 110.37 43.45

CTAO BB P 115.76 220.12

COL BB P 113.89 333.09

SCP BB P, IP SH 73.77 355.26

LON IP P, IP SH 91.35 328.23

SLR IP P, IP SH 84.17 116.82

TAU IP P, IP SH 96.24 207.84

RSNY IPP,IP SH 77.35 358.05

RSON IP P, IP SH 85.82 346.33

RSSD PP 82.29 337.24

BDF PP 27.80 57.04

TOL IP P 95.95 45.76

KEV LP P 123.71 24.42

AF1 LPP 90.59 253.06

NWAO LP P 113.73 188.36

GEOSCOPE  SSB R1, R2, R3 104.19 45.13
PCR R1, R2, R3 106.04 129.48

PAF R1, R2, R3 90.99 156.23

TAM R1, R2, R3 92.20 64.37

WFM R2, R3 75.54 00.10

IDA ESK R2, R3 105.77 33.63
KIP R2, R3 98.60 289.70

PFO R2, R3 78.77 323.03

SUR R2, R3 74.86 119.02

TWO R2, R3 106.37 205.40

C. Mendoza, S. Hartzell, and T. Monfret

used the intermediate-period channel of the GDSN body-
wave data to be inverted. For five of the GDSN stations,
however, both short- and long-period records are avail-
able, allowing us to reconstruct vertical broadband P
waveforms using the procedure described by Harvey and
Choy (1982). These reconstructed waveforms contain
ground displacement for frequencies between 0.01 and
5.0 Hz. Long-period, vertical P waveforms were also
included for those GDSN stations lacking short- and in-
termediate-period channels. Except for station RSSD,
where a maximum of 70 sec was available, body-wave
record lengths of 100 sec were selected for analysis. The
intermediate-period and broadband waveforms have a
0.25-sec sampling interval, and the long-period records
are sampled once every second.

We used only the three Rayleigh wave trains (R1,
R2, and R3) to minimize travel-path effects in modeling
the dynamics of the source (Monfret and Romanowicz,
1986). These wave trains were generally available for
the GEOSCOPE stations. The R1 waves recorded by the
IDA network were off-scale and were not included. We
used the variable-filter algorithm of Cara (1973) to select
the Rayleigh fundamental mode, thereby eliminating
overtone contamination and increasing the signal-to-noise
ratio. This filtering process can result in amplitude per-
turbations to the fundamental mode; however, the per-
turbations are relatively small (less than 2%) and do not
affect our analysis of the earthquake source. We could
not properly recover the R1 fundamental mode for GEO-
SCOPE station WFM and thus did not include it in the
inversion. The Rayleigh records are sampled once every
10 sec and have been bandpass-filtered at periods be-
tween 100 and 350 sec using an 8-pole Butterworth fil-
ter. Record lengths vary from station to station but have
generally been set to about 20, 35, and 70 min for R1,
R2, and R3 wave trains, respectively.

Finite-Fault Inversion Method

We use the linear point-by-point inversion scheme
developed by Hartzell and Heaton (1983; 1986). This
technique has since been widely used in the analysis of
near-source and teleseismic data (e.g., Mendoza and
Hartzell, 1988; 1989; Hartzell and Iida, 1990; Hartzell
et al., 1991; Wald et al., 1990; Mendoza, 1993). For a
detailed discussion of the method see Hartzell (1989).
Briefly, the procedure requires placing a fault plane in
the earthquake source region and subdividing it into a
finite number of subfaults. Synthetic Green’s functions
are then generated for each subfault assuming a dislo-
cation rise time of finite duration and a constant prop-
agation of rupture away from the hypocenter. For each
subfault, the synthetic waveforms at all stations are joined
end to end, forming a large synthetics matrix A. The
observations are similarly joined in a data vector b, re-
sulting in an overdetermined system of linear equations
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of the form Ax = b that can then be solved for x, the
dislocation weights required of each subfault to repro-
duce the observed data. Stability is achieved by impos-
ing a positivity constraint and additional linear con-
straints of the form AFx = Ad, where A is a scalar
weighting factor. The solution is constrained to have a
smooth variation of slip from subfault to subfault by
choosing F and d such that the weighted difference be-
tween adjacent dislocations is zero. Also, the total seis-
mic moment is minimized by letting F be the identity
matrix and d the zero vector. In practice, several inver-
sion runs must be conducted to identify the proper
weighting for smoothing and moment minimization. The
proper weighting is given by the largest A values that
allow the observed records to be fit by the synthetics,
resulting in the least complicated model for the source.

This fixed-velocity approach can provide an accu-
rate image of the co-seismic slip distribution for simple
coherent ruptures. For more complicated events, how-
ever, the method may yield incorrect results if flexibility
in the rise time and rupture time of the individual subfaults
is not allowed. We introduce this flexibility by using a
time-window application that allows multiple consecu-
tive slip intervals that discretize the subfault rise time
and rupture time. In this alternative approach, the slip
function at any point on the fault is approximated by a
discrete number of boxcars of fixed duration and vari-
able amplitude. The inversion then solves for the con-
tribution of slip within each time window (the boxcar
amplitude) thus allowing for a variable subfault rise time
and relaxing the constraints of fixed rupture velocity. This
method has been applied previously to several large
earthquakes but has generally been restricted to a max-
imum of three time windows owing to computational
limitations (e.g., Hartzell and Heaton, 1983; 1986; Men-
doza and Hartzell, 1989). Our current computational ca-
pabilities allow us to use up to 14 time windows for the
Chile earthquake. Boxcar durations of 1 or 2 sec are used
to compute the subfault Green’s functions using a max-
imum rupture velocity of 3 km/sec. This velocity cor-
responds to the maximum allowable velocity for rupture
propagation across the fault.

Teleseismic body-wave Green’s functions were ob-
tained by summing individual point-source responses
distributed across each subfault. These responses were
computed with the generalized ray procedure of Langs-
ton and Helmberger (1975), which considers internal re-
flections within a layered velocity structure and P-to-SV
conversions at the surface and Moho interfaces. Atten-
uation was included by convolving the synthetics with
the frequency-dependent #* operator obtained by Choy
and Cormier (1986) for a surface source. This operator
has r* values for P waves that vary from 1 to 0.5 for
frequencies from 0.1 to 5 Hz. The #* values for § waves
are approximately 4.5 times greater at these same fre-
quencies. Strong-motion synthetics were calculated us-

ing the wavenumber integration method of Saikia and
Burdick (1991). Ground-motion synthetics were calcu-
lated to a Nyquist frequency of 2.5 Hz for a suite of
source-to-site ranges and depths. Point-source summa-
tion and waveform interpolation (Hartzell and Heaton,
1983) were then used to calculate the response of a finite
fault. The strong-motion synthetics were bandpass-fil-
tered with the same Butterworth filter used on the data
and resampled at a time step of 0.2 sec. We used local
crustal velocities based on the results of Pardo and Fuen-
zalida (1988) and Kausel and Cruzat (1985) to calculate
both strong-motion and teleseismic body-wave synthet-
ics. The crustal structure used to calculate the strong-
motion synthetics is given in Table 4. For the teleseismic
synthetics, we omitted the top 0.1-km layer, and we
combined layers 6 and 7 into a single layer 13-km thick.

Fundamental-mode R1, R2, and R3 synthetic seis-
mograms were calculated using time-domain eigenmode
summation (Kanamori and Cipar, 1974) assuming a point
source with a step-function dislocation for each subfault.
Convolution with the 1- or 2-sec boxcar durations con-
sidered here has no measurable effect on the surface-
wave synthetics. Surface-wave eigenfunctions and atten-
uation were obtained from the Preliminary Reference Earth
Model (PREM) of Dziewonski and Anderson (1981). The
wavelengths of the GEOSCOPE and IDA Rayleigh wave
trains examined in this study are greater than 300 km
and are not affected by the crustal velocity structure. Thus,
it is not necessary to consider near-surface properties to
generate the Rayleigh-wave synthetics. Prior to the in-
version, the Rayleigh synthetics were bandpass-filtered
at periods between 100 and 350 sec, similar to the ob-
served records.

Teleseismic Body-Wave Analysis

We have independently inverted the GDSN body-wave
data set described earlier to identify the source properties
of the 1985 Chile earthquake that are consistent with
seismic-wave periods below 100 sec. Previous finite-fault
studies of the earthquake (e.g., Houston and Kanamori,
1990; Yoshida, 1992) have inverted the P-wave records

Table 4
Local Crustal Structure
Vp (km/sec) Vs (km/sec) Density (g/cm®)  Thickness (km) Or Qs
2.50 1.44 1.60 0.1 60 30
4.00 2.31 1.70 1.0 100 50
4.75 2.74 2.00 3.0 200 100
5.56 3.21 2.30 4.0 400 200
6.07 3.50 2.50 8.9 500 250
6.53 3.77 2.65 5.5 600 300
7.00 4.04 2.80 7.6 600 300
8.00 4.62 3.28 — 1000 500
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alone using the ms2 arrival times. Yoshida (1992) used
a fixed-velocity approach and found that a rupture ve-
locity of 2 km/sec gave the best fit to the observed GDSN
P waveforms. Our own analysis of both P and SH body
waves using a constant rupture velocity of 2 km/sec and
a similar fault geometry (5° strike, 25° dip) yields a sim-
ilar rupture pattern. The solution (Fig. 2) suggests that
rupture began with a relatively small source near the hy-
pocenter followed by the majority of the slip southward
and downdip of ms2. In our inversion, we compute both
strike-slip and dip-slip contributions to the source as-
suming a triangular rise time of 2 sec. Except for the
source near the hypocenter, the vector sum of both com-
ponents yields a relatively constant 115° rake across the
fault. This value is consistent with rakes previously com-
puted for the earthquake (see Table 1) and is similar to
the 110° rake used by Yoshida (1992) to model the GDSN
P waves.

The result is in general agreement with previous es-
timates of the rupture process obtained from less quan-
titative analyses of the recorded P waves. However, we
consider the solution to be unsatisfactory for several rea-
sons. First, the slip history of the ms2 precursor is poorly
resolved owing both to its smaller amplitude, which re-
sults in decreased weighting in the inversion, and to the
relatively coarse subfault size used to parameterize the
fault. Secondly, the constant rupture-velocity assump-
tion dictates a coherent rupture propagation from the ms2
nucleation point and requires that all subsequent seismic
radiation correspond to fault locations at prescribed dis-
tances from the hypocenter. For earthquakes thatinvolve
multiple events occurring at nearby positions on the fault,
but at different times, this parameterization yields er-
roneous distributions of slip (see Mendoza, 1993).

Houston and Kanamori (1990) used the Kikuchi

S
/Dﬁ
1—%
Q :30 km
Figure 2.  Fault slip inferred from the teleseis-
mic body waves using a fixed rupture velocity of
2 km/sec and record start times corresponding to
the arrival of ms2. The fault dip is constant (25°),
and the nucleation point (asterisk) is located at the

downward projection of the ms2 epicenter. Co-
seismic slip is contoured at 25-cm intervals.

C. Mendoza, S. Hartzell, and T. Monfret

method (Kikuchi and Fukao, 1985) in their finite-fault
inversion of the GDSN P waves recorded for the Chile
earthquake. The method uses an iterative deconvolution
procedure to identify the fault locations and times of point-
source contributions to the total seismic moment inde-
pendent of rupture velocity. Their solution shows that
ms2 contributes little moment compared to the principal
moment release that initiates about 16 sec later. This ob-
servation is consistent with the interpretation of Choy
and Dewey (1988) that MS dominates the earthquake
rupture process. In this study, we will concentrate fur-
ther investigation of the 1985 Chile earthquake on the
MS portion of the recorded waveforms to constrain the
location and depth of the principal moment release. In
addition, we independently examine the initial failure
process of the earthquake by conducting a forward-mod-
eling analysis of the ms2 subevent. This subevent was
sufficiently well recorded above the noise level at sev-
eral GDSN stations.

From source parameters computed for Chile after-
shocks located within 100 km of the trench, Choy and
Dewey (1988) suggest that the plate interface dips at an
angle of 15° in this region but increases to about 35°
landward of this distance. Point-source forward model-
ing of the intermediate-period, vertical GDSN P waves
recorded for ms2 yields a pure dip-slip thrust mechanism
(5° strike, 15° dip) at a depth of 22 km using a 1-2-1
sec trapezoidal source-time function. The corresponding
waveform fits are shown in Figure 3. The mechanism,
depth, and location of ms2 are consistent with shallow-
angle thrusting in the updip portion of the plate boundary
prior to the principal moment release. Based on this re-
sult and on the aftershock analysis of Choy and Dewey
(1988), we use a hinged-fault parameterization to study
the 1985 Chile earthquake (Fig. 4). The fault has a strike
of 5° and consists of two separate segments with differ-
ent dips and rakes. The upper segment has a dip of 15°
and a rake of 90°, consistent with our modeling results
for ms2 and the aftershock parameters obtained by Choy
Aand Dewey (1988). The dip and rake of the lower seg-
ment are 30° and 110°, respectively, consistent with cen-
troid mechanisms obtained for the earthquake. This lower
segment contains the MS rupture nucleation point at a
depth of 40 km. The two fault segments meet at a depth
of 26 km with the entire fault covering depths between
6.6 and 71 km. We inverted the MS teleseismic body
waveforms using 10 time windows, each with a boxcar
duration of 2 sec, thus allowing up to 20 sec for the
dislocation rise time on the fault.

The inversion (model BW1) produces a lower vari-
ance and misfit error than the ms2 fixed-velocity run de-
scribed earlier (see Table 5). Also listed in Table 5 are
the results of an additional body-wave time-window in-
version where the observed intermediate-period records
have been exponentially tapered after 60 sec (model
BW2). The majority of the body-wave energy observed
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in these records is contained in the first 50 to 60 sec
following the arrival of MS. The two time-window runs
give similar slip patterns, but we consider the second run
to provide a better-constrained estimate of the co-seismic
slip because it does not attempt to model the latter non-
source-related portion of the records. The resulting dis-
tribution of slip (Fig. 5) shows several peaks, including
a maximum displacement of 2.4 m near the hypocenter
and three zones of peak slip in the upper section of the
fault. Also shown in Figure 5 is the rise-time function
obtained for the maximum slip near the hypocenter. This
function suggests a rise time of about 14 sec. Rise-time
functions computed for the shallower peaks show similar
14-sec durations. The inferred rupture pattern is consis-
tent with the distribution of mainshock moment release
obtained by Houston and Kanamori (1990) using a single
planar fault dipping at 30°. Both solutions indicate sig-
nificant co-seismic rupture along the shallow section of
the plate boundary. Also, the deepest point source ob-
served by Houston and Kanamori (1990) is near the MS
hypocenter at a depth of 40 km.

LON

SLR ..

BDF

TOL __

Figure 3.
period GDSN stations (solid) and synthetic waveforms (dashed) predicted by a
point source with 5° strike, 15° dip, 90° rake, 22-km depth, (1-2-1 sec) trape-
zoidal source-time function, and seismic moment of 1.0 X 10° dyne-cm. Syn-
thetic-to-observed amplitude ratios are given for each seismogram pair.

Surface-Wave Analysis

Our body-wave time-window inversion indicates that
the majority of the moment release during the 1985 Chile
mainshock (MS) occurs in the first 60 sec. This duration
is consistent with the P-wave results of Houston and
Kanamori (1990). Source durations computed for the
earthquake using long-period surface waves vary be-
tween 60 and 80 sec (see Table 1). The similarity in
durations, together with the similarity between our body-
wave moment estimate (1.18 X 10”® dyne-cm) and the
long-period surface-wave moments listed in Table 1,
would suggest that the rupture history of the 1985 Chile
earthquake is fairly well explained by the teleseismic body-
wave data.

We re-examine the long-period source duration and
surface-wave seismic moment of the 1985 Chile earth-
quake by inverting the full Rayleigh waveforms recorded
at the IDA and GEOSCOPE stations assuming a point-
source mechanism. In this procedure, we first generate
Rayleigh-wave synthetics for a point source with a given

Comparison of the ms2 P waveforms recorded at the intermediate-
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source rise time. We then construct a discretized source-
time function with time intervals equivalent to the point-
source duration and invert the observations to calculate
the contribution in each time interval to the total seismic
moment. We place the source at the MS hypocenter (40-
km depth) and assume a 20-sec boxcar for each time
window. The strike, dip, and rake of the fault are 5°,
30°, and 110°, respectively. This mechanism is based on
the centroid parameters listed in Table 1 and is the same
as that used for the lower segment of the hinged fault in
our body-wave analysis. Figure 6 shows the results of
the inversion. Although the inversion allows up to 400
sec for the source duration, the majority of the long-
period moment release occurs within the interval of 20
to 80 sec, consistent with the body-wave results. Con-
tributions to the moment outside of this interval are less
than 15% of the peak and are not well resolved. The
surface-wave moment in the first 80 sec is 1.2 x 10
dyne-cm, consistent with previous estimates and almost
identical to our body-wave moment.

Inversion of Strong-Motion, Teleseismic, and
Surface-Wave Data

We have performed a simultaneous inversion of the
teleseismic body waves, long-period surface waves, and
local strong motions to further constrain the distribution
of mainshock slip for the 1985 Chile earthquake. In our
previous body-wave inversion, we used a discretized rise-
time function consisting of 2-sec boxcars. Boxcars with
a duration greater than 1 sec, however, do not reproduce

S N

o
—

10

[
o
T

- 20

=3
(=3

- 30

0
(=1
T

L] 40

-
n
=]

- 50

|- 60

| L - L L 70
0 30 60 90 120 150 180 210 240

DISTANCE ALONG STRIKE (KM)

DISTANCE DOWNDIP (KM)
[
|
|
L
|
|
|
|
|
i
|
|
|
|
-
l
DEPTH (KM)

[
=]
=]

Figure 4. Parameterization of hinged fault used
in the time-window analysis of the 1985 Chile
earthquake. The fault measures 255 by 165 km
and is divided into 187 15- by 15-km subfaults.
The upper section above the hinge (dashed line)
dips at 15° and is assumed to have a rake of 90°.
The lower section has a dip and rake of 30° and
110°, respectively. The nucleation point (filled
circle) corresponds to the MS hypocenter located
by Choy and Dewey (1988).
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the high-frequency content present in the strong-motion
records, and their inclusion requires us to use a boxcar
width of 1 sec or less. Thus, in the joint inversion of all
three data types, we apply the variable rise-time ap-
proach using a 1-sec duration for each of 14 time win-
dows to allow for the subfault rise time observed in the
body-wave analysis. Each of the three data sets is weighted
appropriately to prevent any one data type from domi-
nating the result. The results are shown in Figure 7. The
pattern is very similar to that obtained using only body
waves (Fig. 5), except that peak slips are up to 50 cm
greater for several of the source regions. This results in
an increased seismic moment of 1.5 X 10°® dyne-cm.

The synthetic waveforms predicted by the slip dis-
tribution are compared with the observed seismic data in
Figure 8. This comparison indicates that the waveforms
considered here, which cover a very wide range of fre-
quencies, can be explained by a single rupture model and
do not require a separate longer-duration component of
fault motion to reconcile the observed Rayleigh-wave
amplitudes. The inferred depth range (10 to 55 km) is
consistent with the long-period surface-wave centroid
depths computed by Dziewonski et al. (1985) and by
Zhang and Kanamori (1988a). The results are also gen-
erally consistent with the slip pattern obtained by Bar-
rientos (1988) from a finite-fault inversion of the post-
seismic elevation changes observed on an east—west line
extending from the city of Santiago to the coast. Using
a strike of 10° and a rake of 105°, Barrientos (1988) in-
ferred a fault dip of 18° and a seismic moment of 1.6 X
10 dyne-cm from the geodetic data. The maximum slip
(2.6 m) in the geodetic model is at a depth of about 35
km and is located very close to the 2.9-m hypocentral
peak observed in our seismic-wave model. Barrientos
(1988) observed a second region of large slip about 80
km south of the hypocenter. This second slip region may
correspond to the southern source observed in our rup-
ture model, but the geodetic leveling data inverted by
Barrientos (1988) may be too far north to fully resolve
its location. Also, unlike our solution, the geodetic model
does not show significant slip updip of the hypocentral
source. The updip slip in our fault model is located up
to 75 km seaward of the Chile coast and would thus have
little effect on the vertical deformation measurements
utilized by Barrientos (1988).

Figure 9 shows the far-field source-time function
obtained by integrating our inferred slip distribution across
the fault. Also shown in Figure 9 is the time evolution
of the co-seismic slip. This rupture history is obtained
by calculating the contributions of slip at 5-sec intervals
for the 70-sec mainshock duration indicated by the cor-
responding source-time function. The slip history indi-
cates that mainshock rupture propagated mainly updip
from the hypocenter and then moved southward along
the shallow-dipping section of the plate boundary. The
large source near the hypocenter occurs within the first
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15 sec. Rupture then propagates updip toward the trench
until about 40 sec into the rupture. The southern source
begins to develop after 35 sec of rupture and moves
southward along the fault. The majority of the slip oc-
curs in the northern portion of the fault. This spatial dis-
tribution of slip is reflected in the mainshock source-time
function, which shows the majority of the moment re-
leased in the first 40 sec.

Conclusions and Discussion

Several investigators (e.g., Christensen and Ruff,
1986; Korrat and Madariaga, 1986; Choy and Dewey,

1988) have pointed out the multiple-event nature of the
3 March 1985 Chile earthquake. Choy and Dewey (1988)
identify two progressively larger precursors prior to the
arrival of the principal P-wave energy in the recorded
GDSN waveforms. From P-waveform modeling of the
mainshock and large aftershocks, they suggest that the
dip of the thrust interface in this portion of the Nazca—
South America plate boundary progressively increases
landward from about 15° to about 35°. The mainshock
hypocenter is on the downdip portion of the plate inter-
face at a depth of 40 km. The larger of the two precur-
sors (ms2) precedes the main moment release by about
16 sec and has source parameters similar to those ob-

Table 5
Body-Wave Inversion Results
Run Moment (dyne-cm) b ~ Ax Variance Comments
ms2 1.45 x 10% 20.671 0.0613 2 km/sec rupture velocity ms2 start times
BW1 1.33 x 10% 19.744 0.0553 10 2-sec time windows MS start times
BW2 1.18 x 10% 18.930 0.0496 exponential taper after 60 sec

250
cM

200

150

100+

50+

o
0 5 10 15 20 25 30SEC

DEPTH (KM)

150 100 50

0 50

DISTANCE (KM)

Figure 5.

Slip distribution obtained from a variable rise-time inversion of the

teleseismic body waves using 10 2-sec time windows. Cumulative slip is con-
toured at 25-cm intervals and contains all fault displacement occurring within 20
sec after the passage of a rupture front propagating at 3 km/sec away from the
hypocenter (filled circle). The dashed line marks where the fault dip changes
from 15° to 30°. The inset shows the dislocation rise time observed for the region
of maximum slip located near the hypocenter. The other regions of peak slip

have similar rise times.
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Figure 6. Source-time function of the 1985
Chile earthquake obtained from a point-source
analysis of the long-period Rayleigh waves re-
corded at the GEOSCOPE and IDA stations. Eight
percent of the total seismic moment of 1.5 X 10°®
dyne-cm is contained in the first 80 sec.

served by Choy and Dewey (1988) for large aftershocks
in the updip portion of the plate interface. Our forward
modeling of the intermediate-period, vertical P waves
recorded for ms2 suggests a 15° dipping thrust mecha-
nism at a depth of 22 km. The corresponding seismic
moment is 1.0 X 10” dyne-cm. These observations would
suggest that the 1985 Chile earthquake began with sev-
eral precursory events, including a larger (M,, ~ 6.6)

S
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thrust earthquake at a depth of 22 km, followed by the
principal moment release further downdip in the more
steeply dipping portion of the plate boundary.

We have examined the local strong ground motions
and teleseismic body and surface waves recorded for the
earthquake using a variable rise-time finite-fault inver-
sion scheme to recover a detailed rupture history of the
principal moment release. In the inversion, we assume
a hinged fault with two different dips to simulate the
landward increase in plate-boundary dip suggested by
Choy and Dewey (1988). We consider this hinged fault
to provide a more realistic description of the actual plate
geometry in the region. However, modeling the slip dis-
tribution on a fault with constant dip would yield a sim-
ilar rupture pattern and would not change the major con-
clusions of this study. The teleseismic body-wave data
include GDSN P and SH waves, and the surface waves
are R1, R2, and R3 wave trains from the IDA and GEO-
SCOPE networks. Together with the strong motions, these
seismic records contain a wide range of frequencies that
include periods from about 2 to 350 sec. The resulting
slip distribution explains all three data types equally well.
The pattern is very similar to that obtained from a vari-
able rise-time inversion of only the body-wave records,
indicating that a significant downdip component of slower
fault motion is not required to fully explain the IDA and
GEOSCOPE Rayleigh waves. The increased seismic mo-
ment (1.5 X 10® dyne-cm) relative to the body-wave
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Figure 7.  Slip distribution obtained from a time-window inversion of the body-

wave, surface-wave, and strong-motion data. Fault slip is contoured at 25-cm
intervals 14 sec after the passage of a rupture front propagating at 3 km/sec away
from the hypocenter (filled circle). The dashed line marks where the fault dip

changes from 15° to 30°.
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Figure 8—Continued

estimate may reflect the band limitation of the body-wave
data. The GDSN body waveforms utilized in the inver-
sion are dominated by seismic energy at periods lower
than about 30 sec and do not well resolve longer-period
excitation that results from fault motion over the entire
200-km length of the fault.

The majority of the moment released during the
mainshock is located in the northern half of the fault and
covers depths between 10 and 55 km. Peak slips in this
region exceed 2 m and include the maximum slip ob-
served for the earthquake, a 2.9-m peak slip near the
mainshock hypocenter at a depth of 40 km. A smaller
region of lesser slip (1.8-m peak) is also resolvable in
the southern portion of the fault. This smaller source is
narrower and does not extend deeper than 30 km down-
dip along the assumed plate interface. The slip pattern
indicates that mainshock rupture propagated mainly up-
dip from the hypocenter toward the trench and then lat-
erally to the south along the plate boundary. Distribu-
tions of co-seismic slip inferred for other large interplate
thrust earthquakes would suggest a similar updip prop-
agation of rupture. Many of the rupture patterns pre-
sented by Thatcher (1989) show the earthquake hypo-
center located near the downdip edge of the slip region.
Precise nucleation points for large subduction earth-
quakes, however, are difficult to determine, owing to the
complicated nature of the P-wave arrivals, and the fact

that the general characteristics of rupture initiation and
propagation at subducting plate boundaries cannot be
easily identified. The large M,, ~ 6.6 precursor observed
for the 1985 Chile earthquake, for example, would sug-
gest a complex mechanism of coherent rupture involving
slip in the upper portion of the plate boundary prior to
the updip propagation of rupture from the mainshock hy-
pocenter. Alternatively, however, the precursory events
may represent foreshocks occurring in separate small re-
gions of the fault where the stress is higher than the local
breaking strength (e.g., Das and Scholz, 1981). In this
case, the precursors would not be an integral part of the
mainshock nucleation process.

Our analysis also indicates that a rise time of about
14 sec is required for regions of maximum slip on the
fault. This rise time is longer than that usually consid-
ered in body-wave finite-fault inversions but is still short
compared to the total source duration of the mainshock
(70 sec) and would not necessarily be inconsistent with
a propagating-pulse rupture mechanism (e.g., Heaton,
1990) across the entire fault dimensions. However, a 14-
sec rise time would also be consistent with the dynamic
rupture of a single asperity. Numerical simulations by
Day (1982) indicate that, for a square shear crack, the
rise time at the center of the fault is approximately equal
to the fault length divided by the shear-wave speed. For
a 14-sec rise time, the crustal properties listed in Table



Wide-Band Analysis of the 3 March 1985 Central Chile Earthquake: Overall Source Process and Rupture History

>

@
L1

W ~ tn
| S T |

- N
I . |

MOMENT (e+26 DYN-CM)

(=3
o
N
3

T
40

.

30 50
TIME (SEC)

55 s

60 s

35 s

65 s

70 s

Figure 9.

Far-field source-time function (a) and
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Figure 10. Geographic map of central Chile
showing our inferred dislocation model from Fig-
ure 7 projected to the surface of the Earth. Slip
greater than 1 m is contoured at 50-cm intervals.

4 would suggest a linear dimension of about 50 to 60
km. This dimension agrees very well with the areas of
large slip observed for the 1985 Chile earthquake and
may indicate that the mainshock involved the dynamic
failure of independent asperities distributed along the plate
interface. The peak slips observed for these asperity zones
would suggest particle velocities on the order of 15 to
20 cm/sec.

The distribution of slip obtained from our wide-band
analysis is shown projected onto the Chile coast in Fig-
ure 10. The entire 1985 rupture area covers a lateral dis-
tance of about 200 km with the large northern source
region centered near 33° S latitude. This location has
been the epicentral site of several large thrust earth-
quakes, including the great M,, ~ 8.5 earthquake of 16
August 1906 that ruptured from about 32° S to 35° S
(Nishenko, 1985; Comte ef al., 1986). The rate of rel-
ative plate convergence in this region (9 cm/yr) would
suggest an accumulation of over 7 m of tectonic slip in
the 78.5 yr between the 1906 and 1985 earthquakes. Our
inferred maximum slip (2.9 m) is too small to reconcile
the accumulation of tectonic strain since 1906 and would
suggest that a future large-slip event has yet to occur in
the area. However, the 1985 earthquake may have in-
volved a larger peak slip that cannot be fully derived
using the smoothing constraints imposed in our inver-
sion. That is, localized peak slips closer to the expected
tectonic slip would be smoothed out in the inversion pro-
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cess. Nonetheless, the potential is probably high for large
earthquake occurrence in the region, considering that the
1985 earthquake covered only a portion of the rupture
inferred for the 1906 earthquake. A large M,, 7.8 earth-
quake occurred on 9 July 1971 within the 1906 rupture
zone north of the 1985 earthquake, but the region south
of the 1985 zone has not reruptured and may be the most
likely site for a future large earthquake (Comte et al.,
1986; Christensen and Ruff, 1986).
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