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Abstract

We studied intermediate depth earthquakes in the Chile, Peru and Mexican subduction zones, paying special attention to
slab-push (down-dip compression) and slab-pull (down-dip extension) mechanisms. Although, slab-push events are relatively
rare in comparison with slab-pull earthquakes, quite a few have occurred recently. In Peru, a couple slab-push events occurred
in 1991 and one slab-pull together with several slab-push events occurred in 1970 near Chimbote. In Mexico, several slab-push
and slab-pull events occurred near Zihuatanejo below the fault zone of the 1985 Michoacan event. In central Chile, a large
M = 7.1 slab-push event occurred in October 1997 that followed a series of four shidjlow 6 thrust earthquakes on the
plate interface. We used teleseismic body waveform inversion of a numbéy of 5.9 slab-push and slab-pull earthquakes
in order to obtain accurate mechanisms, depths and source time functions. We used a master event method in order to get
relative locations. We discussed the occurrence of the relatively rare slab-push events in the three subduction zones. Were
they due to the geometry of the subduction that produces flexure inside the downgoing slab, or were they produced by stress
transfer during the earthquake cycle? Stress transfer can not explain the occurence of several compressional and extensiona
intraplate intermediate depth earthquakes in central Chile, central Mexico and central Peru. It seemed that the heterogeneity of
the stress field produced by complex slab geometry has an important influence on intraplate intermediate depth earthquakes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction earthquake(Lomnitz, 1971; Kelleher, 1972pn 24
January 1939 caused close to 30.000 fatalities.

We studied intermediate depth earthquakes which  Intraplate intermediate depth earthquakes have been
occured inside the downgoing subducted plate in studied by a number of authof®lalgrange et al.,
the Eastern Pacific subduction zones from Chile to 1981; Malgrange and Madariaga, 1983; Singh et al.,
Mexico. This kind of event is often more destructive 1985, 1999, 2000; Astiz and Kanamori, 1986, Astiz,
than the typical interplate subduction events because 1987; Astiz et al., 1988; Lay et al., 1989; Cocco et al.,
hypocenters are usually inland, below large popula- 1997) They occur in the subducted plate, at some dis-
tion centers. For example, in Southern Chile, the large tance down-dip from the strongly coupled interplate
M,, = 7.8 normal fault, intermediate depth Chillan interface.The fault plane commonly chosenis the most

nearly vertical on€Cocco et al., 1997; Mikumo et al.,

1999; Hernandez et al., 200Beveral of these authors
* Corresponding author. have suggested a temporal relationship between large
E-mail addressiemoine@geologie.ens.fr (A. Lemoine). intraplate earthquakes at intermediate depth, outer rise
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earthquakes and large shallow thrust events in cou-in Guerrero {4y, = 7.1) (Mikumo et al., 2000and 30
pled subduction zonegChristensen and Ruff, 1983; September 1999 in Oaxac#/{, = 7.5) (Singh et al.,
Astiz and Kanamori, 1986; Astiz, 1987; Astiz et al., 2000) Mikumo et al. (1999explained the occurrence
1988; Dmowska et al., 1988; Christensen and Ruff, of the 11 January 1997 Guerrero event by its location
1988; Dmowska et al., 1996; Taylor etal., 1996, 1998) on the zone of maximum coseismic stress increase pro-
They suggested that before a large thrust event, theduced by the Michoacan thrust earthquakes of 19 and
interface between the downgoing and the overriding 21 September 1985s = 8.1 and 76, respectively).
plates is strongly coupled so that the subducted slab We studied several recent intraplate intermediate
is under tensional stresses at intermediate depth duedepth earthquakes in central Mexico, north central
to slab-pull. After the occurrence of a large interplate Chile and central Peru. Subduction zones beneath
thrust earthquake, on the other hand, the slab would northern and central Peru and beneath north central
be under compressional stresses due to stress relaxChile are characterized by a shallow dipping subduct-
ation at the plate interfacddmowska et al. (1988, ing slab, and complex geometry of the plate interface
1996), Taylor et al. (1996, 1998hodeled this stress  between the downgoing slab and the overriding con-
transfer during the earthquake cycle in coupled sub- tinental plate associated with three inflection points
duction zones. Their results are compatible with the (Stauder, 1973, 1975; Barazangi and Isacks, 1976,
general idea that down-dip extensional and compres- 1979; Isacks and Barazangi, 1977; Suarez et al., 1990;
sional events should occur before and after shallow Araujo and Suarez, 1994; Gutscher et al., 20Q0)b-
interplate thrust events, respectively. duction geometry under central Mexico is not as clear.
Gardi et al. (2000used a vertical 2D finite element  Suéarez et al. (1990), Singh et al. (1993), Pardo and
method to simulate the subduction of the Cocos plate Suarez (1995jound a subhorizontal geometry of the
beneath the North American plate in central Mexico. subducted Cocos plate wherg2ardoba et al. (1993),
Their results showed that the stress pattern is very sen-Valdes-Gonzalez and Meyer (1996), Gonzélez et al.
sitive to the geometry of the plate interface which is (1997) disagree with this hypothesis. There are two
complex in this area. They showed that after a large in- types of source mechanisms for intraplate intermedi-
terplate thrust earthquake associated with partial stressate depth earthquakes: slab-push and slab-pull which
drop, a wide area with extensional stress remains be-are associated with downplate compression and ex-
low the down-dip edge of the fault plane of the large tension, respectively. If slab-pull events are relatively
subduction event for a downgoing slab undergoing common in Mexico, Peru and Chile, slab-push earth-
bending and unbending. So, the complexity of the ge- quakes are very rare. We found some recent slab-push
ometry of the subducted plate could explain the occur- events, such as the 15 October 199y, = 7.1 Puni-
rence of some normal faulting events at the beginning taqui earthquake in north central Chile, three events
of the earthquake cycle as for example the Peruvian in the Guerrero region in Mexico (10 December 1994,
Ms = 7.8 intraplate event of 31 May 1970 which took 21 June 1999 and 29 December 1999) and two events
place after thé/s = 7.5 shallow interplate event of 17  in central Peru (5 and 29 April 1991). Our goal is to
October 1966Abe, 1972; Stauder, 1975; Dewey and describe the occurrence of such down-dip compres-
Spence, 1979; Beck and Ruff, 1989; Dorbath et al., sional and down-dip extensional events. We used tele-
1990) Singh et al. (19853tudied the Oaxace = 7.8 seismic body waveform inversions in order to estimate
intraplate normal faulting event of 15 January 1931 source parameters and depth. We then use relative
which occurred landward, inside the subducted Cocos locations in central Mexico and north central Chile to
plate and followed a series of large thrust earthquakes determine the intermediate depth seismicity pattern.
in 1928. They suggested that such events may have a
role in the decoupling between the Cocos plate and
the upper part of the slab and, perhaps, between the
downgoing slab and the overriding continental plate. 2 1. Body wave data analysis
Some intermediate depth, normal faulting events oc-
cured closer to the coast under the plate interface as We conducted a systematic search of the harvard
for example in Mexico, the events of 11 January 1997 centroid moment tensor (CMT) databdBeiewonski

2. Data analysis
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Fig. 1. Point source modelling of P- and SH-waveforms of Mig = 7.1 15 October 1997 Punitaqui earthquake in north central Chile.

Its depth was 68 km. Solid and dashed lines denote observed and synthetic displacement seismograms, respectively. The overall fit is good
except for P-waves at some nodal stations (WVT, HKT). Comparing the SH waveforms at stations SDV and CCM or HKT, we noticed

a possible downward directivity effect on the subvertical fault. The source time function shown at the center of the figure has two main
pulses of moment release. This event occured inside the downgoing Nazca plate at intermediate depth. It was a slab-oriented compressional

event (slab-push).
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et al., 2001)for M\, > 6 intermediate depth earth-

guakes that took place in the subduction zones of cen-

tral Mexico, north central Chile and central Peru. We

only looked for recent events for which a large number
of digital broadband seismograms are available. We
finally determined the source parameters ofM1{ >

5.9 earthquakes from the inversion of far field body

waveforms using all available broadband digital data
recorded by global networks (IRIS and GEOSCOPE).
Fig. 1represents an example of a body waveform in-
version performed for a Chilean earthquake. In order
to avoid multipathing, upper mantle and core arrivals,
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studied. Finally, all data were decimated to 0.5s
sample intervals.

2.2. Depth determination

The aim of our study is to try to understand the
occurrence of intraplate earthquakes which took place
in three different subduction zones. In order to obtain
source locations inside the downgoing slab, we de-
termined separately the source depth and epicenter.
Source depth was determined using body waveforms
inversion. We inverted body waveforms for a set of

we only inverted body waveforms from stations in the depths after fixing the fault mechanism. For each
range 30 < A < 90°. inversion, we calculated a normalized rms, and the
We modeled the earthquakes as single point double- best centr@ depth was taken as that which gave the
couple sources. The velocity structure near the lowest rms residual between observed and synthetic
source and beneath the stations was approximatedseismogramsHig. 2). It is important to remark that
by a half space with standard upper mantle wave there is always a trade-off between depth and source
speeds. The main contributions to the seismogramstime function: an incorrect depth can often be com-
come from the direct waves (P and S) and the re- pensated by changes in the source time function, pro-
flected phases from the free surface (pP, sP, sS,ducing the same synthetic seismograi@8ristensen
pS). We assumed* = 1s for P-waves and 4s for and Ruff, 1985) So, once we found a depth, we in-
SH-waves in order to simulate seismic attenuation. verted the body waveforms once again, varying the
We used a maximum likelihood principle to obtain other source parameters in order to obtain the best
the source parameters that provide the best fit be- source time function associated with that particular
tween observed and synthetic waveforfhakelek, depth. This procedure is a trial-and-error method in
1984, 1985) In the inversion, we solved simultane- order to minimize the trade-off between depth and
ously for focal mechanism and source time function source-time functionKig. 3).
using the CMT solutions as a priori models. We
selected a set of teleseismic stations that gave us2.3. Relative hypocenter location
the best azimuthal coverage as possible in order to
have a good constraint on the fault plane parameters. In order to improve source locations, we relocated
We sometimes had to cope with the lack of data in the the events using the master event technique. Locations
western direction which corresponds to the Pacific, of “slave events” were determined with respect to the
because for moderate-size events it was sometimeslocation of a “master event”. We used a sufficiently
impossible to use the noisy records from stations large “ master event” and assumed that it was well
located on Pacific islands. We assigned weights to located by NEIC. The relative epicenter determina-
stations on the basis of focal sphere coverage andtion technique we used is based on the arrival-time
average amplitude of P- and SH-waves in order to differences of P-wavegFitch, 1975; Spence, 1980;
reduce the possibility of a bias in the solution be- Korrat, 1986) This method assumes that travel times
cause of an imbalance in the data coverage. We usedof rays which travel from the source region toward
displacement seismograms from which the station’s a particular recording site is adequately described
instrument response was deconvolved, followed by by first-order perturbations between ray paths. This
reconvolution by a common instrumental response. To assumption is correct as long as the source region
avoid problems with low-and-high frequency noise, is sufficiently small (much smaller than the shortest
we band-passed filtered the displacement records with source—receiver distance). We used a set of P-wave ar-
a band-pass Butterworth filter of order 3. The corner rival time differences as recorded at stations 1, N
frequency we applied depended on the earthquakes wefrom a reference everR, and a nearby event The
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Fig. 2. Two steps of body waveform inversion for two events which occurred in central Mexico. (A) and (B) represent depth and source-time
function determination for two Mexican events. Computing inversions for different depths, we calculated the root mean squared residual
(rms) between real and synthetic seismograms for each inversion. We choose the depth corresponding to the minimum of the residual. On

the lower part of the figure, the source time functions determined for the depth chosen are shown for each event.

differential travel time to theith station from the
master event angith secondary eventA(7jj), can be
expressed as the difference in origin tin2eTp;) and
first order differences in the ray paths:

L; cos(Sjj)
v

where L; is the distance between the master earth-
guake and thgth secondary event angj; the angle
formed by a vector joining the two events and a vector
tangent to the ray that travels from the focus of the
master event to thah station,V the P-wave speed in
the region near the two events. We applied singular
value decomposition (SVD) in order to find the solu-
tions of the linearized form of the preceding equation.

ATy = AToj —

As slave events are chosen close to the master event,
the ray paths to one station from both slave and mas-
ter events will traverse almost the same structure. As
we could not get accurate depth estimates from this
method of relocation, we used the depths determined
from body wave modelling, so that in fact we did
horizontal relative hypocenter location.

We relocated two kinds of earthquakes. In a first
step, for larger eventsMy > 6), we hand-picked
arrivals times of P-waves from digital teleseismic
broadband stations of global networks (IRIS and
GEOSCORPE). For smaller eventsf4 M,, < 6) we
could not get enough broad band readings so that we
used the depths and arrival times reported in the earth-
quake data report (EDR) of the USGS. This method



LPAZ

7z=47.5km z=59%km
Mw=6.4 /f\ " /\ & Mw=6.2
. l r[“ e i i M
i i"\j J
(X1} 0.0 49.0 60,0 20.9 40.0 60.0 80.0
A z=66km
o \\/\/" Mw=6.5
210899 " o \
Central Mexico jff \3\/

(X)) 20.0 4.0 6.0 £0.0 0.0 200 40.0 6.0 80.0
2=49.5km ﬁ ‘ 7=68km
Mw=5.9 i . g '\ {a M Mw=6

il f\\ﬂ WW -~ ﬁ\/\ii b\w\ Vs
Yo Y
, V
0.0 200 40.0 60.0 80.0 0"0 300 100 §00 $0.0

time (s)
time (s}

0.0 200 400 600 30.0
time (3)

Fig. 3. Displacement seismograms recorded at two stations (FFC and LPAZ) for seven earthquakes in central Mexico. Seismograms for events with the same kind of fault
mechanism are shown at the same station (FFC for slab-push events on the left side and LPAZ for slab-pull events on the right side). The dependence on depth and moment

is clear if we compare the different phases of signals.

291

G/T—/ST (2002) Z€T slousw| Arelaueld pue yue3 syl Jo soisAud/ [e 18 aulows 'y



A. Lemoine et al./Physics of the Earth and Planetary Interiors 132 (2002) 157-175 163
allowed us to obtain an accurate horizontal location sevenM,, > 6 earthquakes. These events were spread
of some events in one particular region. As we deter- over an area that overlaps the northern half of the rup-
mined very accurately the depth of each earthquake ture zone of the greatt,, = 7.9 lllapel earthquake
by inverting body waveforms, we then obtain precise of 1943 (Madariaga, 1998)We can describe the se-
3D locations. quence of 1997-1998 north central Chile events as two
closely related swarms. The first swarm began with
the My, = 6.7 6 July 1997 interplate shallow thrust
event ¢ = 17 km) that occurred in the northern part
of the rupture area of the great lllapel thrust event of
1943. This thrust event was followed in July 1997 by
three others shallow thrust events. These four inter-
plate events followed a cascade pattern propagating
Beneath central Chile between 27 and S3the southward, offshore. The July thrust seismicity ended
oceanic Nazca plate descends under the continentalnear the future location of the largest event of the
South American plate at very shallow angle. This sequence: the Punitaqui earthquake of October 1997.
geometry has been studied Barazangi and Isacks  After two and a half months of quiescence, the second
(1976), Isacks and Barazangi (1977), Araujo and swarm began with the very unusudl, = 7.1 15 Oc-
Suarez (1994)sing seismicity: this segment of the tober 1997 Punitaqui earthquakiéid. 1). This event
Nazca plate is relatively flat and roughly follows the took place inside the downgoing Nazca plate at 68 km
contours of the lower boundary of the overriding plate depth, just below the bottom of the coupling zone de-
without leaving any asthenospheric material between fined byTichelaar and Ruff (1991)t was a slab-push
them. There is no quaternary volcanism above this event, i.e. an intermediate depth, intraplate earthquake
region and no AltiplanaJordan et al., 1983)This with a downdip compressional mechanism. We ob-
segment of flat subduction is associated with a deep served clear directivity in the SH waves implying that
seismically coupled zone (48-53 km) which is not ob- the actual fault plane was almost vertical with rupture

3. The Punitaqui slab-push earthquake
in north central Chile

3.1. Tectonic setting

served in normal dipping subduction zor{@ghelaar
and Ruff, 1991) The initial dip of the seismic zone
is 16° + 2° (Tichelaar and Ruff, 1991efore a pro-
gressive downward bending down to 80 km of depth

where there is an unbending. After that the slab be-

comes subhorizontal for a distance of about 250 km
(Araujo and Suarez, 1994Finally, after a new down-

ward bend, the downgoing slab subducts at a steeper

angle. In north central Chile, the last large thrust
event was theM,, = 7.9 lllapel earthquake which
occurred on 6 April 1943Lomnitz, 1971; Kelleher,
1972; Beck et al., 1998)its estimated rupture zone
extends from 30.2 to 32°S.

3.2. An unusual sequence M, > 6 earthquakes

Seven events of magnitudd,, > 6 occurred be-
tween July 1997 and January 1998 inside the lllapel
gap in north central ChildLemoine et al., 2001)
(Fig. 4). This high level of seismicity in such a small

beginning at the top of the slab and propagating down-
wards. The second swarm started after the 15 October
slab-push event with two medium-size thrust events
of My, = 6.2 and 6.6 that took place on the plate in-
terface just above the Octobéf,, = 7.1 event on 3
November 1997 and 12 January 1998 49.5 and

36 km, respectively).

Down-dip compressional events (slab-push) as
large as the Punitaqui earthquake of October 1997
which occur inside the downgoing plate near the
plate interface are very unusual for Chile. We found
a few rare slab-push events in the Harvard CMT cat-
alogue. They are not common and usually they are
either too small to be studied using teleseismic body
waveform inversion, or too old to get enough digital
data. The only other event we could study occurred
in southern Chile on 10 October 1994 at a depth of
169 km. One other important even¥, = 7.2) was
reported byAstiz and Kanamori (1986)t took place
in southern Chile on 8 May 1971 and its depth was

area during only a few months is very unusual (except 150 km. But these two events are much deeper than
for aftershock sequences). For this reason, we thoughtthat of Punitaqui one. Actually, they took place near
that these events constitute a closely related swarm ofthe bottom of the Benioff zone beyond the end of the
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Fig. 4. InvertedM,, > 6 focal mechanisms. Focal mechanisms are projected on a vertical cross-section. Dots reptesépt =6 4.5

relocated earthquakes using a master event method. The darker dots represent deeper earthquakes. Relocations have been made with resy
to the largest event of the sequence: Mg = 7.1 Punitaqui earthquake of 15 October 1997 (fault mechanism in the bottom right corner).

The sequence can be separated into two swarms. The first swarm of thrust events which followed a cascade pattern towards the soutt
(focal mechanisms on the left). The second swarm began with the occurence of the intraplate compressional slab-push Punitaqui event,
followed by two interplate thrust events £ 49.5 and 36 km).

strongly coupled zone between the Nazca and Southstress changes computations in this region in order to
American plates. They were not considered from the investigate whether the unusual Punitaqui “slab-push”

present study. event had been triggered by some stress transfer be-
tween the interplate zone and the downgoing plate.
3.3. Evidence for earthquake interaction As we mentioned earlier, the July swarm of thrust

events on the subduction interface followed a clear
The context of the occurence of the slab-push Puni- cascade pattern from north to south. These events were
taqui earthquake is very unusual. The high level of almost certainly triggered by each other producing a
interplate thrust seismicity that preceded this earth- migration of seismicity from north to south. Since the
guake just a few tens of kilometers from it is a possible initial state of stress is unknown, we considered the
explanation for its occurrence. We made some static Coulomb failure stress changedp; which can be
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expressed as follows: coefficient (/) (Reasenberg and Simpson, 1992;
Simpson and Reasenberg, 1994; King et al., 1994;
Aot = AT+ u(Aon + AP) Stein, 1999) An earthquake can change the chance
where At is the shear stress change on a fanlt. of occurrence of failure on optimally oriented faults
is positive in the direction of fault slipAoy, is the in its neighbourhood. Faults are more likely to break
normal stress change which is positive if the fault is if the Coulomb failure stress changess is positive,
unclampedyu is the friction coefficient and\ P the and failure is discouraged if it is negative. Okada'’s
pore pressure change in the fault zone (it is positive in formulation is used to estimate stress transmitted
compression). Usually, the influence afP on Aoy by an earthquake on the faul©kada, 1992) The
is taken into account using a reduced effective friction stress transfer is calculated for slip corresponding to

‘6-27 July 1997 bars _
- 0.5

15 Oct 1997

-60 -40 -20 0 20 40 60

b
2° 1.0
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Fig. 5. (a) Coulomb stress changes produced by the July swarm of thrust events along a cross section parallel to the direction of convergence
drawn on the location of the Punitaqui slab-push event of 15 October 199Figed. Coulomb stress change was computed on planes
parallel to the vertical nodal plane of the 15 October 1997 earthquake. This event occurred in a region where there is no increase of the
Coulomb stress. (b) Same representation as above. Coulomb stress changes produced by the Punitaqui slab-push event on fault plane:
parallel to that of the 12 January 1998 event. This thrust event is on a region where there is an increase of the Coulomb stress. It was
enhanced by the slab-push event.
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a dislocation in an elastic medium. We use the dis- plate subducts beneath Mexico, and the Michoacan,
location code (DLC) for our computatiorfSimpson Guerrero and Oaxaca regions where the Cocos plate
and Reasenberg, 1994) subducts beneath Mexico. These segments are boun-
It was clear from our computations that the change ded approximately by major bathymetric features.
in Coulomb failure stress produced by the ensemble  Despite this segmentation, the depth and dip of the
of July events can not explain the occurrence of the 15 shallow interplate interface between the Cocos plate
October 1997 Punitaqui earthquakeéq. 5. Coulomb and Mexico change very little along strike. Shallow
failure stress did not increase on the sub-vertical fault thrust events all have depth less than 25@ardo
plane of the Punitaqui event. So, we could not ex- and Suarez, 1995But at depths greater than 30 km,
plain the occurrence of the Punitaqui event by static there are lateral variations in the dip angle of the slab.
stress transfer produced by the unusually high inter- Unfortunately, because of the scarcity of intermedi-
plate thrust seismicity level of July 1997. On the other ate depth earthquakes west of 99 (i.e. West of
hand, the Coulomb failure stress change produced by Oaxaca region) and sparce coverage from local and
the slab-push Punitaqui event favored the occurrenceregional networks along the coast, the morphology of
of the 3 November 1997 and 12 January 1998 thrust the Wadati-Benioff zone is poorly know{Burbach
events which took place at the plate interface just et al., 1984; Singh and Mortera, 199Qur region of
above it. Thus, the static stress modelling has demon-interest is located in the extreme east of the Michoa-
strated that there is interaction within each swarm, but can region, very close to its border with the Guerrero
it can not explain the occurrence of the intermediate in- region. There is a controverse regarding the mor-
traplate compressional Punitaqui event after the thrust phology of the downgoing slab in this region. Using
event swarm of July 199{L.emoine et al., 2001) seismicity studiesSuarez et al. (1990), Singh et al.
(1993), Pardo and Suarez (1995pposed a subhori-
zontal slab beneath the Guerrero region: the oceanic

4. Central Mexico Cocos plate penetrates beneath central Mexico with a
shallow dip angle and it becomes subhorizontal at a
4.1. Tectonic setting depth of about 50 km beyond about 110 km from the

trench and up to about 275 km from the trench. Be-

The subduction of the oceanic Cocos plate beneath yond this distance, the geometry of the slab is not con-
the North American lithosphere along the Middle strained because of a lack of seismic activiardo
American Trench is complex. Its morphology has and Suérez (1995placed this flat subducting slab
been studied by many authors using different methods between 102 and 98V, i.e. between the projections
such as hypocentral distribution of earthquakes either on the coast of the Orozco and O’Gorman fracture
teleseismically recorde(Burbach et al., 1984; Singh  zones. The flat segment of the downgoing Cocos plate
and Mortera, 1991; Pardo and Suérez, 199%)lo- is twice as shallow (50 km as opposed to 100 km) and
cally recordedStolte et al., 1986; Suérez et al., 1990; much shorter (around 150 km as opposed to 250 km)
Singh et al., 1993; Nufiez-Cornu and Sanchez-Mora, than that of the Nazca plate under central Chile. In
1999; Nufiez-Cornu et al., 20Q03eismic refraction ~ Mexico, the overriding North American plate is half as
experiments(Valdes et al., 1986; Nava et al., 1988; thick as that observed in South Ameri&uarez et al.,
Cordoba et al., 1993; Nufiez-Corn and Nava, 1993) 1990) Pardo and Suarez (1995)ggested that from
and gravimetric and magnetotelluric studigszate the Guerrero flat segment, the dip angle of the down-
et al., 1995) Burbach et al. (1984proposed that the  going slab increases eastward and westward at depths
subducted Cocos plate can be divided into segmentsgreater than 30 km. On the other hand, other authors
with common features. Subduction under Mexico is did not find evidence for a subhorizontal plate under
commonly divided in four segments on the basis of the Guerrero region. Close to our region of interest,
the seismicity, focal mechanisms and the geometry of Stolte et al. (1986)sed the hypocentral distribution of
the downgoing slal§Singh and Mortera, 1991; Pardo locally recorded aftershocks of thiés = 8.1 Michoa-
and Suarez, 1995)From north-west to south-east, can earthquake of 1985 in order to define the Benioff
this segments are the Jalisco region where the Riverazone structure as far as approximately 120 km from
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the trench. They defined the subduction interface as asubduction without unbending down to 150 km from
nearly planar structure dipping at approximately.14 refraction profiles.

But they noticed a sudden increase in the depth of Earthquakes we studied occurred west of the
hypocenters around 110 km inlandaldes-Gonzalez ~ supposed flat subduction where the geometry of the
and Meyer (1996)btained a dip angle of t0un- subduction is still poorly constrained. They were pre-
til 150km from the trenchCordoba et al. (1993), ceded by large thrust events in 1978 = 7.6),
Gonzélez et al. (1997jound also shallow-dipping 1981 (M, = 7.4) and 1985 {,, = 8.0 and 7.6).
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Fig. 6. Intermediate depth seismicity in central Mexico. Events were relocated using a master event method. Fault mechanisms were
determined using body waveform inversions. Depth is given by the dark numbers. The rupture zones of the last large thrust earthquakes
in central Mexico are indicated (fromlikumo et al., 1999. The dotted line on the cross-section correspond to the supposed geometry of

the Cocos plate fronfPardo and Sarez (1995) Earthquakes can be separated into two groups: three events drawn on the lower part of

the figure are intraplate compressional events whereas the four others are extensional events. Except the 11 January 1997 event, slab-pull
events occurred deeper than the slab-push ones.
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4.2. Unusual intermediate depth seismicity (around 50 Million years old) Nazca plate subducts
between 1994 and 1999 under the overriding South American plate with an ap-
proximate convergence velocity of 7.8 cm per year in
Beneath central Mexico, there was a high level of direction 80N (DeMets et al., 1990)The subducted
intermediate depth seismicity between 1994 and 1999 Nazca plate shows a lateral variation in dip. From lati-
in a confined area. Seven intraplate intermediate depthtude 15S down to 27S in northern Chile, the Benioff
earthquakes with magnitude betwegfy, = 5.9 and zone has a dip of 30 But beneath northern and cen-
7.1 occurred inland in the subducted Cocos plate. This tral Peru, subduction takes place with a low dip angle.
intraplate intermediate depth seismicity is particularly Several studies of the seismicity of this subduction
unusual in this region northwest of 989/ where there ~ zone have been made in order to constrain the geom-
is a lack of intermediate depth earthquakes. We applied etry of the downgoing slatStauder, 1975; Barazangi
body waveform inversions in order to obtain the source and Isacks, 1976, 1979; Isacks and Barazangi, 1977,
parameters and relative relocations for this group of Suarez et al., 1990; Gutscher et al., 2000)e Nazca
events. We can separate these seven earthquakes intplate subducts under northern and central Peru at
two groups Fig. 6). a shallow angle which steepens progressively. At a
The first group was composed of three earthquakes depth of about 100 km, very close to the Pacific coast,
that occurred downdip of the interplate coupled zone the slab unbends and becomes sub-horizontal for a
at depths between 47.5 and 49.5km. These threedistance of approximately 300 km. Then, the Nazca
events have a P-axis which follows the dip-direction of plate bends a last time to finally dip very steeply.
the downgoing subducted plate, i.e. they are slab-pushThe southern and northern limits of the flat segment
events. These compressional earthquakes occurred orseem to be controlled by the existence of aseismic

10 December 1994 (Zihuatanejd,, = 6.6 earth- structural features (the Nazca ridge and the Carnegie
guake seeCocco et al. (1997and Quintanar et al. ridge). These features are probably zones of weakness
(1999), and on 21 June and 29 December 1999 = along which the Nazca plate is being torn. The flat ge-

6.4 and 5.9, respectivelySingh et al., 2000)For ometry of the slab beneath northern and central Peru
the Zihuatanejo earthquake, the prefered fault plane is characterized by a lack of Quaternary volcanism.
was determined byCocco et al. (1997)it was the When it descends, the slab follows the contours of
subvertical one (azimuth of 130dip of 79 and rake the overriding South American plate without allowing
of —86°). the presence of asthenospheric material between the
The four other earthquakes had tensional mecha- two plates.
nisms. The largest event occurred very close to the We studied more particularly earthquakes in cen-
coast on 11 January 1998, = 7.1). It was accu-  tral Peru. This region is characterized by a complex
rately studied byMikumo et al. (1999, 2000)it oc- pattern of seismicity. To the North, all the rupture
curred next to the northern border of the rupture area of zones end at about 18, where the Mendafa fracture
the large Michoacan 1985 earthquake. The three otherzone enters into the subduction zone, for example,
intraplate extensional events took place farther inland the large interplate thrust events in 1744 & 8.4),

and deeper. They occurred on 23 May 1994, (= 1940 My = 8.1), 1966 M = 7.7) (Dorbath et al.,
6.2, z = 59km), 22 May 1997 My, = 6.5, 7 = 1990) There are also many intraplate, intermedi-
66 km) and 20 April 1998%,, = 6.0, z = 68 km). ate depth earthquakes such as the very destructive

31 May 1970M,, = 8.0 earthquake(Abe, 1972;
Stauder, 1975; Dewey and Spence, 1979; Beck and
5. Preliminary results from central Peru Ruff, 1989)

5.1. Tectonic setting 5.2. Very important intermediate depth

. . o seismicity in central Peru
Peru is located on the well-defined seismic belt of

the Peru-Chile arc. It is characterized by high seis- The CMT catalogue from Harvard shows a very
mic activity and a deep trench. The relatively young high level of intermediate depth seismicity in Peru,
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Fig. 7. My, > 5.5 moment tensors solutions from 1977 to 2000 obtained from the Harvard CMT catalog at intermediate depth
(40km < z < 300km). Thin arrows represent approximate rupture areas of the last large thrust events. Two slab-push events have been
modeled (29 April 1991 and 5 April 1991). Depth is indicated by the dark numbers. This very high level of intermediate depth seismicity
contains both compressional and extensional intraplate earthquakes.

with both compressional and extensional events. the main shock and are characterized by down-dip
Unfortunately, only two events could be studied us- tension. The second cluster was larger and focal mech-
ing teleseismic digital stationd=ig. 7). We applied anisms of the aftershocks were down-dip compres-
teleseismic body waveform inversion in order to ob- sional Fig. 8), and three largest aftershocks belonged
tain the source parameters of these earthquakes whichto this second cluster; (= 54, 55 and 47 km). This
occurred on 5 and 29 April 1993, = 6.3 and 5.9, cluster was located approximately 50—60 km southeast
respectively). We found that these two events occurred from the main shock epicentéstauder, 1975; Dewey
inside the downgoing plate. Their depths were 55 and and Spence, 1979Beck and Ruff (1989livided the
56 km, respectively and they had down-dip compres- main shock into two subevents: during the first 40 s, the
sional mechanisms (slab-push). They occurred very first subevent occurred at 50 km depth with a down-dip
close to the coast. tensional mechanism, then the second subevent oc-
North of these two events, next to the location of curred at 30 km depth with a down-dip compressional
the large 1966 thrust event, occurred the large 31 May mechanism (depths shallower than the one determined
1970 intraplate normal faulting even¢ = 7.8, z = by Dewey and Spence (1979). 64 km). Aftershock
64 km (Dewey and Spence, 1979 he relocated af-  complexity reflected the main shock complexity. We
tershocks of the 1970 event form two clustédewey noted that the down-dip compressional aftershocks of
and Spence, 1979 he first cluster lies on the lo- the second cluster represent the same kind of events
cation of the main shock of 31 May. In this clus- as those we studied using body waveform inversion (5
ter, the aftershocks have similar focal mechanism to and 29 April 1991).
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Fig. 8. Focal mechanisms frotauder (1975and aftershock clusters fromewey and Spence (197®r the M,, = 7.9 earthquake of
31 May 1970. This was an intraplate extensional event whereas the June-July cluster was composed of several intraplate compressione
events. These intraplate earthquakes occured next to the rupture areaMf, theB.1, 17 October 1966 underthrusting event. The dotted

line represents the approximate shape of the oceanic Nazca plateGintsnher et al. (2000)

6. Discussion

tral Mexico and central Peru. Are they due to stress
transfer during the earthquake cycle as suggested by
The purpose of this study was to try to under- Astiz and Kanamori (1986), Astiz (1987), Astiz et al.
stand what phenomena can explain the occurrence(1988), Lay et al. (1989), Dmowska et al. (1988,
of intraplate intermediate depth earthquakes in three 1996) or to stress transfer due to the bending inside
distinct subduction zones: north central Chile, cen- these slabs?
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We studied oneM,, = 7.1 slab-push event in  showed that the large extensional event of 11 January
north central Chile—the Punitaqui earthquake of 1997 took place in the zone of maximum coseismic
15 October 1997—which took place at the top of stress increase. It is not possible to explain in the
the downgoing subducted plate where the unbending same way the other intermediate depth earthquakes
of the Nazca plate should produce compressional as they occurred inland, farther from the interplate
stresses. Coulomb stress changes calculations showedoupled zone. The three slab-push events were shal-
that the swarm of interplate thrust events occurring lower (z = 47.5, 49 and 49.5km) and closer to the
three months before the Punitaqui slab push event coast than the three slab-pull evenis<{ 59, 66 and
just a few tens of kilometers from it was not large 68 km). In this region, the last large thrust event was
enough to trigger this down-dip compressional event. the 1985 Michoacan earthquake. Thus, this subduc-
Moreover, the duration of the earthquake cycle in this tion area is also at the beginning of the earthquake
region is around 100 years. Around lllapel region, cycle, so that at intermediate depth the Cocos plate
the last large thrust event occurred in 1943. The sub- should be under compression, but there were as many
duction is then approximately at the middle of the down-dip extensional events as down-dip compres-
earthquake cycle. At intermediate depth, the down- sional ones. Under central Mexico, the geometry of
going slab should undergo compressional stresses atthe subducted Cocos plate is poorly constrained. But
the beginning of the earthquake cycle and tensional the hypothesis of a flat slab under this region pro-
stresses at the er(@éstiz and Kanamori, 1986But posed bySuarez et al. (1990)Singh et al. (1993)
can the earthquake cycle determine the state of stressandPardo and Suérez (1998puld explain that both
in the lllapel region? compressional and extensional events occur almost

We also studied two slab-push earthquakes which simultaneously. MoreoverGardi et al. (2000)was
occurred beneath central Peru. These events occurredorced to introduce this flexured geometry in order
respectively down-dip of the large thrust events of to explain the occurence of the 10 December 1994
1974 and 1942. They both had approximately the Zihuatanejo earthquake using dynamic modelling
same location inside the downgoing Nazca plate than of the subduction zone. According to the hypoth-
the slab-push Punitaqui event of north central Chile: esis of a flat slab beneath central Mexico, the flat
they were located at the top of the plate where it segment of the downgoing oceanic plate is shorter
bends upward before it flattenEi¢. 9). Several au-  than beneath north central Chile and north and cen-
thors have studied the very interesting sequence oftral Peru (around 150km beneath central Mexico
intraplate intermediate depth events which occurred and around 300 km beneath central Peru and 250 km
in 1970 after the 1966 large thrust event. In 31 May beneath north central Chile). The flat segment is pre-
1970, an intermediate depth earthquake occurred in- ceded by a concave curvature (compression at the
side the oceanic Nazca plate. It had a complex dual top of the slab and extension at the bottom) and fol-
focal mechanismBeck and Ruff, 1989) The first lowed by a convex curvature (extension at the top
subevent had a downdip extensional focal mechanism of the slab and compression at the bottom). If the
at depth 50 km whereas the second subevent occurrediat segment dips slightly, the geometry of the sub-
at z = 30km with a downdip compressional focal ducted plate could explain the intermediate depth
mechanism. Moreover, aftershocks of the 31 May seismicity we observed between 1994 and 1999. The
1970 earthquake can be separated in two different three shallower down-dip compressional earthquakes
clusters: the first one was close to the main shock were located close to the top of the concave bend and
and the second one was larger and caracterised bythe three down-dip extensional events were located
compressional intraplate events. close to the top of the convex bend ending the flat

Next to Guerrero, we studied several intermediate segmentkig. 9). Singh et al. (20003tudied intraplate
depth earthquakes. Four were slab-pull events andearthquakes under central Mexico since 1964. They
three were slab-push ones. The shallower event (11also suggested that the slab-push events of 12 De-
January 1997) was studied Iikumo et al. (1999) cember 1994, 21 June 1999 and 29 December 1999
who computed coseismic stress changes induced bycan be related to the bending and unbending of the
the 1985 Michoacan earthquakeésy( = 8.1). He slab in this region.
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Fig. 9. Schematic context of the occurence of intermediate depth earthquakes within the subducting plate. In central Mexico (A) both
extensional and compressional mechanisms occured. In this region, the morphology of the subducted Cocos plate is still debatable. The
dotted line corresponds to the shape of the slab proposeealyo and Sarez (1995) Mikumo et al. (1999)explained the occurence of

the 11 January 1997 extensional event by the coseismic stress increase generated by the 1985 thrust event. Intraplate intermediate dep
compressional and extensional events could be associated with unbending and bending of the Cocos plate. In north central Chile (B),
Coulomb stress changes calculations could not explain the occurence of the Punitaqui slab-push event (15 October 1997). The Punitaqu
slab-push event was located at the top of the Nazca plate, where bending is upward (i. e. the same situation as in Peru).
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7. Conclusion 1981) Thus the slab-pull due to the sinking of the
downgoing slab may be reduced in these regions, so
For the three subduction zones of north central that other effects of subduction may be predominant,
Chile, central Mexico and central Peru, the tempo- such as bending and unbending of the slab in north
ral link between large intraplate intermediate depth central Chile, central Peru and central Mexico (if we
earthquakes we studied does not seem to provide anuse the debated hypothesis of a flat slab under central
explanation for the intermediate depth earthquakes Mexico). The predominance of the effect of the ge-
we studied.Taylor et al. (1996)pbserved that while  ometry of the slab could allow the occurrence of both
there is a clear time-in-cycle dependence of outer rise compressional and extensional earthquakes in these
seismicity, the subducted slab at intermediate depth subduction zones. The slab-push and slab-pull events
may have a much more complex stress field. At this we studied seem to be related to the heterogeneity of
depth, the slab may undergo thermal stressing, de-the stress field inside flexed downgoing slabs.
hydration, asthenospheric relative motion, unbending
and, possibly loading from the weight of the thick
overriding continental plate that may produce local Acknowledgements
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