
Geophysical Journal International Royal

Society
Astronomical

Geophys. J. Int. (2025) 242, 1–14 https://doi.org/10.1093/gji/ggaf225 
Advance Access publication 2025 June 18 
Research paper 

The Complex and Long-Duration 2002 April 18 M w 

6.7 Near-Trench 

Earthquake in the Guerrero Seismic Gap, Mexico 
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S U M M A R Y 

The seismic behaviour of the near-trench plate interface of the Guerrero seismic gap and other 
segments of the Mexican subduction zone is likely to play a critical role in the seismic and 

tsunami hazard of the region. In this context, a detailed study of the near-trench 2002 April 18 

M w 

6.7 earthquake that occurred about 55 km off the coast of Guerrero and generated a small 
tsunami attains particular importance. From an analysis of the teleseismic P waves and S waves, 
local recordings and aftershock distribution, we find that the rupture most likely began at a 
subducted seamount, propagated unilaterally towards NW, parallel to the trench for ∼ 54–58 km 

and a duration of ∼ 68–70 s. The moment rate function is highly rugged, with two dominant 
pulses separated by about 50 s. Although relatively small in magnitude, the earthquake has 
all the characteristics of a tsunami earthquake: the slip occurs very close to the trench, the 
rupture speed is slow ( ∼ 1 km s −1 ), the high-frequency radiation is deficient, and, in common 

with tsunami earthquakes, the moment-scaled radiated energy is low ( E R/ M 0 = 1.45 × 10 

−6 ). 
We confirm that the duration of the event ( ∼ 70 s) is extraordinarily long compared to that 
expected from scaling relations ( ∼ 12.8 s), consistent with it being the most anomalous of all 
the events studied in the last 40 yr. Our results support a conditionally stable upper 15 km of 
the plate interface in the region reported from recent offshore seismic observations. 

Key words: North America; Tsunamis; Earthquake source observations; Subduction zone 
processes. 

1

O  

e  

i  

i  

e  

t  

w  

t  

t  

i  

o  

s  

e  

1  

n  

w  

i  

2  

s  

o  

e
 

r  

M  

a  

t  

t  

e  

D
ow

nloaded from
 academ

ic.oup.com
/gji/article/242/2/ggaf225/8168475 by R

eykjavik U
niversity user on 01 O

ctober 2026
 I N T RO D U C T I O N  

n 2002 April 18, an M w 6.7 near-trench earthquake occurred. This
vent generated a small tsunami (Iglesias et al. 2003 ) and took place
n a region known not to generate large earthquakes. This situation
s reminiscent of the 2011 March 11 M w 9.0 Tohoku-Oki, Japan,
arthquake and the ensuing tsunami, which came as a surprise to
he seismological community. Even though Japan has some of the
orld’s most complete documentation of historical earthquakes,

here was no indication of such a large earthquake occurring where
he Pacific plate subducts beneath the Okhotsk plate (Ito et al. 2011 )
n the last 1000 yr. On the other hand, relati vel y small earthquakes
f magnitudes 7.6–7.8 have been occurring regularly in the Japan
ubduction zone over the last decades. The rupture areas of recent
v ents hav e been located at depths of 10–40 km (e.g. Seno et al.
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
980 ; Yamanaka & Kikuchi 2004 ; Okada et al. 2005 ), with no slip
ear the trench, except during the 1896 Sanriku tsunami earthquake,
hich apparently broke only the part of the megathrust fault that

s near the trench (Tanioka & Satake 1996 ). In contrast, during the
011 Tohoku earthquake, large slip occurred over both deeper and
hallower parts of the subduction interface, with as much as 60 m
f slip near the trench (Shao et al. 2011 ; Simons et al. 2011 ; Iinuma
t al. 2012 ). 

A similar situation may be observed in Mexico. Fig. 1 shows
upture areas of subduction thrust earthquakes with magnitudes
 w ≥ 7.0. These areas have been compiled from numerous sources

nd are based on locations of aftershocks using local, regional or
eleseismic data and, in some cases, tsunami modelling (from west
o east: 1932—Singh, Ponce & Nishenko 1985 ; 1995—Pacheco
t al. 1997 ; 2003—Singh et al. 2003 ; 1973—Reyes, Brune &
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
 the original work is properly cited. 1 
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Figure 1. (a) Rupture areas of large earthquakes along the Mexican subduction zone estimated from regional and local seismograms and/or tsunami modeling 
(in pink) and from teleseismic seismograms (in white). Red circle shows the 2002 April 18 M w 6.7 earthquake. Purple dots represent shallow-dipping interface 
thr ust ear thquakes near the trench, with distances less than 15 km (5.3 ≤ M w ≤ 8.0), and characterized by deficient high-frequency radiation (Singh et al. 
2016 ). Purple dashed line shows the average areal extent of 6 cm contour of slow slip events of 2001–2002, 2006, 2009–2010 and 2014 (Radiguet et al. 2012 , 
2016 ). Rupture areas of large earthquakes, with two e xceptions, hav e left the upper 30 km of the plate interface unbroken (shown by quotation marks enclosed 
by dashed elongated contours). Black circles are locations of regular earthquakes (2017–2019) from Plata-Mart ́ınez et al. ( 2021 ). Yellow and green triangles 
are repeating large earthquakes in eastern and western Oaxaca, respecti vel y, from Singh et al. ( 2024 ). The dashed blue rectangle shows the estimated rupture 
length of the 1787 March 28 earthquake, inferred from intensity data and tsunami reports along the coast (Su árez & Albini 2009 ). An enlarged view of the 
rectangular area marked in red is shown in b. (b) Red circles: 2002 April 18 main shock and its aftershocks (Iglesias et al. 2003 ; Pacheco & Singh 2010 ). 
Green dots and orange triangles are locations of shallow tremors (2017–2018) and of repeaters (2001–2019), respecti vel y, from Plata-Mart ́ınez et al. ( 2021 ). 
Red crosses: aftershocks located from the CAIG and ZIIG recordings only. Those five aftershocks were constrained to lie on the dashed black line, which 
passed through the hypocentre of the main shock. Blue circle: 2014 May 8 M w 6.5 earthquake. Dashed black line: Aftershocks were located along a 111 ◦–291 ◦
profile; passing through the hypocentre of the main shock, which we take as the origin. 
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omnitz 1979 ; 1981, 1985a,b—UNAM Seismology Group 1986 ;
979—Vald és et al. 1982 ; 2014—UNAM Seismology Group 2015 ;
962a,b, 1957—Ortiz et al. 2000 ; 1989—Singh et al. 1989 ; 1995—
ourboulex et al. 1997 ; 1982—Nava 1984 ; 1996—Iglesias et al.
003 ; 2012—UNAM Seismology Group 2013 ; 2018—SSN 2021 ;
968, 1978, 1965—Singh et al. 1980 ; 2020—SSN 2021 ). Typically,
he rupture areas are centred on the coast, reaching about halfway
owards the trench, leaving the near-trench segment, ∼ 30 km wide,
nbroken. There are two exceptions: the 1995 October 9 M w 8.0
alisco and the 1996 Febr uar y 25 M w 7.2 Oaxaca earthquakes, both
f which broke the near-trench region (Shapiro, Singh & Pacheco
998 ; Iglesias et al. 2003 ; Hj örleifsd óttir et al. 2018 ). Thus, a seg-
ent of the plate interface, about 650 km long and 30 km wide near

he trench between Colima and Oaxaca, as well as a 300 km long
egment along the coast of Oaxaca, have not broken in a large event,
t least in the last 90 yr. We will refer to these unbroken segments as
he near-trench seismic gaps (N-T gaps). Since the aftershock areas
ften overestimate the rupture areas, the width of the N-T gaps may
e greater than 30 km. 

The Oaxaca segment of the Mexican subduction zone, between
5.4 ◦W and 98.4 ◦W, generally breaks in discrete and remarkably
imple M ∼ 7.3–7.6 earthquakes (Singh, Astiz & Havskov 1981 ;
hael & Ste w art 1982 ,Singh & Mortera 1991 ). It ruptured in four

arge earthquakes in 1928: 22 March ( M w 7.5), 17 June ( M w 7.8), 4
ugust ( M w 7.3, M S 7.4) and 9 October ( M w 7.6) (Anderson et al.
989 ; Singh & Mortera 1991 ). The segment hosted earthquakes in
965 ( M w 7.5), 1968 ( M w 7.3), 1978 ( M w 7.6) and most recently
n 2020 ( M w 7.4). Some of these events are members of repeating
arthquake sequences according to Singh et al. ( 2024 ); they show
hat there are two sequences of three repeating large earthquakes
n eastern Oaxaca that occurred on 1928 March 22 ( M S 7.5), 1965
ugust 23 ( M S 7.6, M W 

7.5) and 2020 September 9 ( M S 7.4, M w 

.4) and in western Oaxaca, on 1928 August 4 ( M S 7.4), 1968
ugust 2 ( M S 7.2, M w 7.3) and 2018 Febr uar y 16 ( M S 7.2, M w 7.2)

Fig. 1 a). 
Ho wever , the Oaxaca segment does not al wa ys break in charac-

eristic M ∼ 7.3–7.6 earthquakes. For example, in 1787, the entire
egment broke in one great M w ∼ 8.6 earthquake (Su árez & Al-
ini 2009 ) (Fig 1 a). The earthquake caused damage to the state
f Oaxaca and produced a tsunami with an inundation distance of
ore than 6 km (Garc ́ıa Acosta & Su árez Reynoso 1996 ). The large

sunami suggests a rupture along the near-trench plate interface,
nalogous to the 2011 Tohoku earthquake. This event prompts ques-
ions about whether such profound trench-reaching ruptures could
lso occur elsewhere along the Mexican subduction zone. Address-
ng this query necessitates a thorough understanding of the seismic
ehaviour along the near trench portion of the plate interface, that
s, the N-T gap. 

Along the Mexican subduction zone, between the towns of Aca-
ulco and Zihuatanejo (from 100 ◦ to 101 ◦ W), is the western Guer-
ero seismic gap (Fig. 1 ), a segment that has not broken in a large
arthquake since at least 1911 (Singh et al. 1981 ; UNAM Seismol-
gy Group 2015 ). Recently, Ram ́ırez-Herrera et al. ( 2024 ) presented
vidence of an event M w > 8 around the year 1300 in the Guerrero
eismic gap. A large earthquake ( M w > 8) in the gap poses signifi-
ant seismic and tsunami hazards to towns in and near the epicen-
ral region. Simulations show that an M w 8.2 earthquake may cause
ccelerations in Mexico City twice those recorded during the dis-
strous 1985 Michoac án M w 8.0 earthquake (Kanamori et al. 1993 ;
rdaz, Arboleda & Singh 1995 ) and, hence, ma y ha ve a de v astating

ffect on the city. These concerns have led to a relati vel y dense
nstrumentation of the region (see UNAM Seismology Group 2015
or a brief re vie w). Consequentl y, much has been learned about the
estern Guerrero seismic gap. Large slow slip events (SSEs), some
 xceeding M w 7.5, hav e been detected with a periodicity of about
our years on the deeper part of the plate interface of the gap. These
SEs reach at least up to the coast and perhaps even further updip,
eleasing the stress aseismically. The coupling on the plate interface
etween the trench and the coast is estimated to be one-fourth of
hat on the adjacent segments (Kostoglodov et al. 2003 ; Radiguet
t al. 2012 , 2016 ). A large earthquake, M w 7.3, ruptured the plate
nterface to the east of Zihuatanejo (ZIIG, Fig. 1 ) and to the west
f the gap on 2014 April 18, leaving the gap mostly intact (UNAM
eismology Group 2015 ). 
Since onshore instrumentation has limited sensitivity to detect

rocesses occurring on the shallower portion of the plate interface,
ffshore instrumentation has been deployed in the region recently
Cruz-Atienza et al. 2018 ). The new data is beginning to provide
aluable information on seismicity, shallow tremors and repeating
arthquakes occurring on the shallow part of the interface (Plata-
art ́ınez et al. 2021 ). In this context, a detailed study of the 2002

vent with epicentre in the Guerrero gap (Fig. 1 ) is critically im-
ortant as this may shed light on the seismic and tsunami potential
f the gap as well as provide complementary information to the ob-
ervations based on the offshore instrumentation. The 2002 event
s also interesting as it is the earthquake with the longest duration
elative to its magnitude recorded globally in the last 40 yr, as es-
imated from the difference between the hypocentral and centroid
imes (Duputel et al. 2013 ). This finding aligns with Bilek, Lay,
 Ruff ( 2004 ), who showed that longer duration events tend to

ccur in the shallow part of megathrusts. A previous study of the
arthquake by Iglesias et al. ( 2003 ) documents anomalously low
ccelerations produced by the event. Rodr ́ıguez P érez, Ottem őller
 Raeesi ( 2015 ) present a kinematic source model and an estimate

f the radiated energy based on teleseismic seismograms. 
In view of the importance of the event, we, again, study the

ource characteristics of the 2002 earthquake. We first estimate the
uration, dimension and rupture velocity by analysing the local and
eleseismic data. We then invert teleseismic P and surface waves
or the slip on the fault plane and calculate its radiated energy. We
ompare our results with those reported by Rodr ́ıguez-P érez et al.
 2015 ) and find similarities but also significant dif ferences. Finall y,
e discuss the implications of the 2002 event for the Guerrero

eismic gap in particular and the N-T gap in general. 

 RU P T U R E  L E N G T H ,  D U R AT I O N  A N D  

P E E D  

he long duration of the 2002 earthquake is suggested by the differ-
nce in the origin and centroid times listed in the Global Centroid
oment Tensor (GCMT) catalogue and is reported in a global study

n source duration by Duputel et al. ( 2013 ). To confirm this and
o obtain an approximate initial estimate of the rupture length and
peed, we examine the P and S waveforms recorded at teleseismic
istances (Fig. 2 a). We use data downloaded from the IRIS dat-
center ( www.iris.edu ) from the Global Seismograph Network—
RIS/DIA (II, Scripps Institution of Oceanography 1986 ), Global
eismograph Network—IRIS/USGS (IU, ASL/USGD 1988 ), the
ew China Digital Seismograph Network (IC, ASL/USGS 1992 ),

he GEOFON Seismic Network (GE, GEOFON Data Centre 1993 )
nd the GEOSCOPE network (G, IPGP & EOST 1982 ). The wave-
orms, plotted in Figs 2 (b) and 2 (c), are aligned at the initial break.
he P waves are emergent at many stations, making it difficult to

http://www.iris.edu
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identify the first arri v al. We observe records with several coherent 
pulses across most stations (Figs 2 b and 2 c). The last and largest 
of these pulses arrives nearly 60 s after the first one. To confirm 

that these pulses are due to complexities of the source, we com- 
pare these records with those from an event with similar magnitude, 
the 2014 May 8 M w 6.5 earthquake located 55 km to the north of 
the 2002 event (Fig. 1 b). The records of the 2014 event are very 
simple, with no coherent pulses arriving after the first main pulse 
(Fig. 2 d), suggesting that the complexity in the 2002 event is due 
to the earthquake source, not due to structure along the path. This 

art/ggaf225_f2.eps
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lso confirms that the duration of the 2002 event is at least 60 s. The
ifference in the waveforms of these two events, located relatively
lose to each other and of similar magnitude, illustrates the highly
nusual character of the 2002 event. 

To estimate the rupture length, we order the records by cos θ
c , where

is the angle between the strike of the fault (291 ◦) and the azimuth of
ach station and the apparent horizontal speed, c = v / sin ( δ) , where
is the take-off angle (using obspy.taup with model = ‘iasp91’) and
is either v p or v s , the P - or S -wave velocity, respecti vel y. We note

hat the last pulse at stations to the northwest (where cos θ
c has positive

 alues) arri ves earlier than at stations to the southeast (where cos θ
c 

as ne gativ e values), suggesting a rupture towards the northwest
Fig 2 b and 2 c). The timing between the first and last pulse at each
tation is given by the same equation that describes the duration of
he pulse of a wave with apparent horizontal wave speed c ( P or
 wave) due to a unilateral rupture of length L , propagating at a
upture speed v r (Haskell 1964 ): 

c = 

L 

v r 
− L cos θ

c 
. (1) 

Using a linear regression with the time of the second large pulse
bserved at each station as a function of cos θ

c (Fig. 2 b), the intercept
f the line with cos θ

c = 0 gives the event duration τ = 

L 
v r 

= 68 and
0 s, with P and S w aves, respecti vel y. We then estimate L from
he slope, that is, 54 and 58 km, with P and S w aves, respecti vel y.
inally, we can estimate the rupture speed v r = L/τ = 0 . 79 km s −1 

nd v r = 0.83 km s −1 . 
The directivity and long duration of the source are also in agree-

ent with the local data of two stations, ZIIG and CAIG, located in
ifferent azimuths ( ϕ) and at a similar distance from the epicentre to
he station location ( R ). Unfiltered v ertical v elocity traces recorded
t stations ZIIG (R = 105.4 km, ϕ = 337 ◦) and CAIG (R = 93.4 km,
 = 68 ◦) are presented in the top panel of Fig. 3 (see Fig. 1 b for sta-

ion locations). The panels below illustrate band-pass filtered traces
t the two stations. The high-frequency signals (2–4 Hz; 4–8 Hz),
ost likely related to bodywave radiation, have a longer duration at
AIG than at ZIIG. A large burst of high-frequency energy ∼ 55

o 65 s after the P -wave arrival is clearly seen at ZIIG but not at
AIG. A complex rupture propagating NW towards ZIIG and away

rom CAIG and culminating in a large burst of energy after ∼ 60 s
grees with both the teleseismic and local data. 

 A F T E R S H O C K S  

 rough estimate of the rupture dimension can also be obtained
rom the aftershock distribution. Unfortunately, due to the non-
mpulsiveness of near trench events resulting in emergent phase
rri v als, the small number of seismic stations located onshore and
he difficulty in picking the S phase, only four aftershocks could be
ocated (Iglesias et al. 2003 ; Pacheco & Singh 2010 ). These events,
ncluding the main shock, are listed in Table 1 , and their locations are
hown in Fig. 1 (b). Three of these aftershocks are located close to the
ain shock. The locations suggest a probable rupture length of about

5 to 50 km. To increase the number of aftershocks, we use more
vents located from regional data. We selected those that had clear
 -w ave arri v al at the closest two stations, CAIG and ZIIG (Fig. 1 b).
or the main shock and each of the aftershocks, we measured T diff ,
here T diff = ( T P,CAIG –T P , ZIIG ) and T P ,CAIG and T P ,ZIIG are P -wave

rri v al times at CAIG and ZIIG, respecti vel y. Since the depth of the
 vents is poorl y constrained, w e assumed that they w ere located on
he plate interface near the trench, that is, at 7 km depth. We further
ssumed the P -wav e v elocity as 5.8 km s −1 and that all aftershocks
ere located along a 291 ◦ profile, constrained to pass through the
ypocentre of the main shock, which we take as the origin and
efine a positive distance from the origin towards 291 ◦ and ne gativ e
o 111 ◦. We determined the location of the events along this profile
orresponding to the observed values of T diff . Fig. 4 (a) shows T diff as
 function of time. As expected, the aftershock activity is relati vel y
igh during the first 24 hr. T diff of the main shock and 11 aftershocks,
hich occurred during the first eight days, ranged between − 4.4

nd 13.2 s. A plot of T diff versus the distance of the aftershock
easured from the main shock location is shown in Fig. 4 (b). The

bserved T diff values correspond to the distances between − 10
nd 70 km. The distance from the origin to the furthest aftershock
n the positive direction, 70 km, represents an upper bound of the
nilateral rupture length and is in rough agreement with the rupture
ength of 54–58 km, obtained in the previous section assuming a
nilateral rupture. 

 D I S T R I B U T I O N  O F  S L I P  

lip distribution on the fault was mapped using teleseismic P and SH
aves recorded at 19 and 15 stations, respecti vel y, with a relati vel y
ood azimuthal distribution (Fig. 5 ). Additionally, we used Rayleigh
nd Love waves registered at 5 and 6 stations, respecti vel y (Fig. 6 ).
he stations were located at angular distances between 30 ◦ and 110 ◦.
he P - and S -wave arrival times were picked manually, as described
arlier, to remove the effect of 3-D structure along their trajectories
n the traveltime of the waves. We took special care to ensure all
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Table 1. Source parameters the 2002 April 18 earthquake and its aftershocks (modified from Iglesias et al. 2003 ). 

Date yymmdd Time Latitude (deg) Longitude (deg) Depth (km) Strike (deg) Dip (deg) Rake (deg) M 0 (N–m) Magnitude 

020 418 a , c 05:02:43.1 16.75 −101.06 6.0 291 ◦ 9 ◦ 89 ◦ 1.5 × 10 19 6.7 M w 

020 418 b,c 07:24:27.3 16.77 −101.00 2.0 – – – 2.40 × 10 15 4.2 M w 

020 418 
d 

07:37:28 
020 418 c 08:01:34.9 16.82 −101.01 2.0 – – – – 4.3 M c 

020 418 c 08:28:05.7 16.83 −101.07 2.0 – – – – 4.3 M c 

020 418 a,c 17:57:23.4 16.96 −101.4 4.0 273 ◦ 17 ◦ 81 ◦ 8.88 × 10 17 5.9 M w 

020 419 d 02:58:47 – – – – – – – –
020 420 d 04:02:35 – – – – – – – –
020 421 d 06:09:36 – – – – – – – –
020 424 d 03:08:20 – – – – – – – –
020 425 d 01:47:05 – – – – – – – –
020 425 d 19:50:14 – – – – – – – –

a Moment and focal mechanism from Global CMT catalogue. 
b Moment from regional data. From Iglesias et al. ( 2003 ). 
c Epicentre and depth from local and regional data. Depth is poorly controlled. From Iglesias et al. ( 2003 ). 
d Location relative using only CAIG and ZIIG stations. 

Hours from the mainshock Distance from the mainshock, km

T
s ,

(a) (b)

Figure 4. (a) T diff = ( T P,CAIG –T P,ZIIG ), where T P,CAIG , and T P,ZIIG are P- w ave arri v al times at CAIG and ZIIG, respecti vel y, of aftershocks. T diff of the main 
shock and the aftershocks as a function of time measured from the origin time of the main shock. Red circles: main shock and aftershocks located by Iglesias 
et al. ( 2003 ) and Pacheco & Singh ( 2010 ). Crosses are other aftershocks located only from the CAIG and ZIIG recordings. (b) T diff as a function of the distance 
of the aftershocks from the main shock location, assuming that they occurred along a line with azimuth 291 ◦ passing through the main shock. A P -wave speed 
of 5.8 km s −1 is assumed. 

We draw attention to several stations located at distances less than 
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traces aligned on the same phase. The instrument response was 
deconvolved from the original records, resulting in displacement 
seismograms, which were subsequently band-passed between 1 and 
80 s for the body-wave records and 170–250 s for the surface-wave 
seismograms. 

To invert the observed records, we used the Fast Finite Fault 
(FFF) inversion algorithm (Ji, Wald & Helmberger 2002a , b ). The 
algorithm uses a simulated annealing method that minimizes the 
w eighted difference betw een wa velet coefficients of observed and 
simulated seismograms. The slip on each subfault has an asymmet- 
ric time function (Ji et al. 2003 ), and smoothing is applied both to 
the slip distribution and the rupture contours (Shao et al. 2011 ). 
The local velocity structure at the source is obtained from Crust 
2.0. Other details of the procedure are given in Ji et al. 2002a , b ). 

Se veral subjecti ve choices of parameters need to be made in the 
inversion, and each can have a significant effect on the result. We 
used a fault strike of 291 ◦ and a dip of 9 ◦, consistent with the GCMT 

solution. The fault strike agrees with the general strike of the trench 
in this region (Fig. 1 ). The rake was allowed to vary within ± 45 ◦

from an average rake of 90 ◦. Since the slip on the fault plane is 
determined relative to the hypocentre, its location affects the geo- 
graphical locations of the slip patches. We used the epicentre listed 
in Table 1 (16.75 ◦N, 101.06 ◦W) reported in a study that carefully 
relocated events in the Guerrero segment of the Mexican subduc- 
tion zone (Iglesias et al. 2003 ). The depth of the event is poorly 
constrained. We assigned it a depth of 7 km, consistent with the 
assumed plate interface. Guided by the rupture velocity obtained 
earlier from direct analysis of the teleseismic P and S wa ves, w e 
allowed it to vary between 0.5 and 1.5 km s −1 , with the average 
constrained to 1 km s −1 . Observed and synthetic waveforms cor- 
responding to our preferred model are compared in Figs 5 and 6 . 
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Figure 5. Comparison of observed (black) and synthetic (red) teleseismic P and SH displacement waveforms. Synthetics correspond to our preferred slip 
model. Labels on each trace indicate from top to bottom, left to right. Vertical ( P ) and transverse ( SH ) component, the station name, azimuth from the source, 
angular distance and relative amplitude of each trace. 

Figure 6. Comparison of observed (black) and synthetic (red) surface-wave displacement waveforms. Synthetics correspond to our preferred slip model. 
Labels on each trace indicate from top to bottom, left to right. Vertical (UD) and transverse (SH) component, the station name, azimuth from the source, angular 
distance and relative amplitude of each trace. 
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40 degrees (COR, FFC, HRV, NNA and SJG), which exhibit a PP 

arri v al. This phase has a significantly different slowness than the 
direct P wave, and due to the wide range of epicentral distances 
considered, the PP arri v al does not appear coherentl y across man y 
traces. Therefore, although its inclusion slightly increases the un- 
certainty at times later than 60 s (when the PP phase arrives at 
∼33 degrees), incorporating the portion of the waveform where PP 

waves occur does not significantly impact the final solution. 
The in verted slip, sho wn in Fig. 7 , is distributed in a narrow 

strip immediately downdip from the trench. The maximum slip is 
80 cm, and the slip area is approximately 10 km × 60 km, with 
almost all the slip occurring above 8 km depth. In this model, 
we see two distinct slip patches that are reflected in the two main 
pulses of the moment rate function (MRF) (Fig. 7 b). The small 
patch of slip at the bottom of the slip model is poorly resolved 
and may be an artefact. The largest aftershock, M w 5.9, which 
occurred ∼ 13 hr later (Table 1 and Fig. 1 b), was located near the 
second slip patch (Fig. 7 ). Even though there are only two main 
patches in the smoothed slip model, the overall ruggedness of the 
MRF, as observed directly in the multiple impulses seen in the P 

and S arri v als, suggests a relati vel y complex rupture to the smooth 
ruptures suggested for tsunami earthquakes, as for example the 
2010 M 7.8 Mentawai earthquake (Lay et al. 2011 ; Newman et al. 
2011 ). Fur ther more, the wavefor ms from the direct P and S waves 
have such a long duration that they start interfering with reflected 
and converted phases. Hence, it is difficult to accurately determine 
the end of the rupture. The inversion procedure allows for a rupture 
duration of up to 105 s (Fig. 7 b), but most of the slip has occurred 
before a duration τ of about 72 s, and we take that as the end of 
the rupture. While we cannot exclude the possibility of a longer 
rupture, we attribute the imaged slip occurring after this time as an 
artefact of the algorithm fitting noise in the data. 

5  M O M E N T  R AT E  S P E C T RU M  A N D  

R A D I AT E D  E N E RG Y  

The moment rate spectrum and the seismic energy give an insight 
into the earthquake rupture dynamics. For that reason, we estimated 

the moment rate spectrum, ̂ 

. 

M 

( f ) , of the 2002 event and computed 
the radiated seismic energy, E R , using the expression (Venkataraman 
& Kanamori 2004 ), 

E R = 

[ 

1 + 

3 V 

5 
α

2 V 

5 
β

] 

8 π

15 ρh V 

5 
α

∞ 

∫ 

0 
f 2 

∣∣∣̂ 

. 

M 

( f ) 
∣∣∣ d f, (2) 

where V α,β are the P - and S -wave velocities, ρh is the density at the 

source region and ̂ 

. 

M 

( f ) , the moment rate spectrum (also called the 
source spectrum). We took V α = 5800 m s −1 , V β = 3600 m s −1 and 
ρh = 3000 kg m 

−3 . ̂ 

. 

M 

( f ) was constructed in a manner similar to Ye et al. ( 2016 ), 
combining the spectrum of the MRF retrieved from the finite fault 
inversion (Fig. 8 a) at lower frequencies with the spectrum com- 
puted from teleseismic P waves at higher frequencies. To compute ̂ 

. 

M 

( f ) from the spectra of teleseismic P wa ves, w e cut the records 
with a cosine window from t P − 15 s to t P + 105 s. This time win- 
dow includes the P -wave group ( P , pP and sP phases) and brackets 
the estimated duration of the rupture. The records were corrected 
for instrument response, followed by computation of the Fourier 
amplitude spectra, which were then corrected for attenuation and 
site effect following P érez-Campos, Singh & Beroza ( 2003 ). Fi- 

nall y, ̂ 

. 

M 

( f ) w as computed using the method of Boatwright & Choy 
( 1986 ) and modified by P érez-Campos & Beroza ( 2001 ). Fig. 8 (b) 

shows the logarithmic average of ̂ 

. 

M 

( f ) estimated from P waves, 

and ̂ 

. 

M 

( f ) from the MRF obtained from finite fault (FF) modelling. 

Our composite spectrum, shown in Fig. 8 (c), patches ̂ 

. 

M 

( f ) com- 
puted from MRF for f ≤ 0.06 Hz and from P waves for (0.06 ≤ f 
≤1 Hz). Scalloping in the spectrum is a consequence of the two 
distinct pulses in the MRF. For reference, Fig. 8 (c) shows theoreti- 
cal spectra from the Brune source model (Brune 1970 ) with a stress 
drop of 3 and 0.37 MPa. The observed spectrum is se verel y depleted 
at all frequencies compared with the theoretical spectrum, with a 
stress drop of 3 MPa. The observed spectrum between 0.2 and 1 Hz 
is consistent with the theoretical spectrum with the stress drop of 
0.37 MPa, but it is still highly deficient at lower frequencies. 

We assumed that the composite ̂ 

. 

M 

( f ) falls off as f −2 at f > 1 Hz 
and computed the total radiated seismic energy, E R , from eq. ( 2 ) as 
2.21 × 10 13 J. This yields seismic moment-scaled radiated energy, 
E R / M 0 , of 1.45 × 10 −6 , a low value that is typical of tsunami earth- 
quakes (Okal & Ne wman 2001 ; Venkataraman, Ri vera & Kanamori 
2002 ; Ye et al. 2016 ). 

6  D I S C U S S I O N  

A consistent picture of the source process of the M w 6.7 2002 earth- 
quake in offshore Guerrero emerges from the analysis of teleseismic 
P and S waves, local recordings and aftershock distribution. 

In the following discussion, we first present a comparison of 
our results with previous studies. We focus on the rupture length, 
duration and speed, highlighting similarities and differences. In the 
second part, we analyse the distribution of slip, MRF and energy, 
examining their relationship with local tectonic features. 

6.1. Rupture length 

In this study, we find that the rupture length is at least 60 km, as esti- 
mated from body waves when assuming unilateral rupture, and less 
than 80 km, as observed from aftershocks when assuming that after- 
shocks occur at the edges of the rupture. The finite-slip distribution 
suggests a rupture length close to 80 km. The slip distribution, as 
imaged by Rodr ́ıguez-P érez et al. ( 2015 ), is somewhat smaller but 
consistent with the first sub-event observed in this study. 

6.2. Rupture duration 

The rupture duration obtained in this study, both from direct obser- 
vations of coherent pulses observed on P - and S -wave records, τ = 

68 to 70 s, and from finite-fault inversion of slip, 72 s, is very long 
given the size of the earthquake. 

The expected duration τ = 1.2 × 10 −8 M 0 
1/3 (M 0 in dyne-cm) 

from Duputel et al. ( 2012 ) for a M w 6.7 is 12.8 s. A similar scaling 
law developed for the Mexican subduction zone (where the duration 
is τ = 1.18 × 10 −8 M 0 

1/3 , M 0 in dyne-cm) predicts a duration of 
6.1 s (Singh et al. 2000 ). Our results, therefore, indicate that the 
duration of this event is an order of magnitude longer than expected 
from scaling laws. 

Other studies have noted the anomalous nature of this event. A 

rough estimate of the duration can be obtained from moment-tensor 
analysis as τ = 2 T c , where T c is the difference between the centroid 
time and the origin time of an event (e.g. Duputel et al. 2013 ; Ye 
et al. 2016 ). For this event, the GCMT and WCMT (Duputel et al. 
2013 ) catalogues list T c of 29.5 and 35 s, respectively, corresponding 
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Figure 7. (a) Slip distribution in the 2002 April 18 earthquake. Colours indicate slip amplitude and direction with white arrows. Red circles show the epicentre 
of the main shock and its aftershocks. Blue circle is the epicentre of the 2014 May 8 M w 6.5 earthquake, whose teleseismic records are compared with those of 
the 2002 event in Fig. 2 . Rupture areas of previous large events are shown by grey contours. Orange triangles, green and black circles are locations of repeaters 
(2001–2019), shallow tremors (2017–2018) and regular earthquakes (2017–2019), respecti vel y, from Plata-Mart ́ınez et al. ( 2021 ). Purple dashed line shows 
the average areal extent of 6 cm contour of slow slip events of 2001–2002, 2006, 2009–2010 and 2014 (Radiguet et al. 2012 , 2016 ). (b) Moment rate function. 
(c) Slip as a function of depth with rupture front at different times (white labels). 
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Figure 8. (a) Moment rate function (MRF) estimated from finite fault modeling. (b) Moment rate spectrum (MRS) from MRF retrieved by finite fault modelling 
(red). The spectrum is smoothed using 1/3 octave-band filtering. Also shown is the MRF estimated from teleseismic P waves (blue). (c) Composite MRS 
(black) and Brune source spectra for stress drops of 3 MPa (dash line blue) and 0.37 MPa (dash line red). 
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to a duration of 59 and 70 s, respecti vel y, making it the event with 
the most anomalous value of duration in for the WCMT catalogue 
(Duputel et al. 2013 ). 

This e vent w as also anal ysed using the SCARDEC method 
(Vall ée & Douet 2016 ), but the routine analysis does not permit 
such a long duration for a moderate-sized event, and therefore, the 
e vent w as not reported in the data base. Ho wever , when relaxing 
this constraint, the MRF obtained for the 2002 earthquake is similar 
to the one obtained here: two main pulses followed by a smaller one 
and a duration of 70 s (Fig. 9 ; Martin Vall ée, personal communica- 
tion, 2022). 

Finally, the moment-rate function reported by Rodr ́ıguez-P érez 
et al. ( 2015 ) has a shorter duration of 38 s but with a single peak, 
which is consistent with the first main slip patch of our model. We 
suggest that their analysis does not include the second sub-event 
imaged in this study, hence the discrepancy. We conclude that the 
estimate of the unusually long rupture duration of 70 s or longer is 
robust. 

6.3. Rupture speed 

The average rupture speed can be estimated by the rupture length 
di vided b y the rupture duration or the time it takes for the rupture 
front to reach from one end of the fault to the other. Ho wever , the 
total duration of the event depends on both the rupture duration and 
the rise time or the time it takes for each point of the fault to slip. 
Therefore, while the total duration is relati vel y well determined, it 
is more difficult to separate the contribution of the rupture—and 
the rise times. In this study, w e ha ve attempted to do that in three 
w ays: b y direct observations of body waves, by observations of local 
records and by inverting for a finite-fault slip distribution. In the 
case of direct observations of body wav es, the mov e-out between 
the initial and last pulse gives us the difference in the ‘centroid- 
time’ of the two pulses. We assumed that the rise time is constant 
along the fault, and therefore, the difference in timing between the 
two pulses gives the rupture duration. Ho wever , similar waveforms 
could be generated in a scenario where the rise time varies along 
the fault in such a way that the rupture travels fast, but the part of 
the fault that is further from the hypocentre slips slo wer. Ho wever , 
this would predict diminished high-frequency radiation from the 
end of the fault, which is not consistent with the local observations. 
Fur ther more, the finite-fault slip distribution does not show a fast 
rupture velocity with long rise times towards the end of the fault. 
The rupture speed obtained in this study for the whole rupture is 
similar to that obtained for the first sub-event, v r = 0.8 km s −1 , 
by Rodr ́ıguez-P érez et al. ( 2015 ). We finally conclude that while 
there is large uncertainty in the value of the rupture speed, the main 
contribution to the long duration does not come from a long rise 
time. 

6.3.1. Location of slip and relationship with local tectonics 

We note that the hypocentre of the 2002 event and the location of 
the first slip patch coincide with residual bathymetric and gravity 
high (Plata-Mart ́ınez et al. 2021 ), presumably related to subduct- 
ing seamounts (Nopal ridge from Čern ý et al. 2020 ) in the region 
(Fig. 7 ). Slow slip events (SSEs), tectonic tremors, and, in some 
cases, tsunami earthquakes have been attributed to subduction of 
seamounts (e.g. Todd et al. 2018 ). 

We conclude that the rupture most probably began at a subducted 
seamount near the trench (Fig. 7 ). It propagated mostly unilaterally 
towards NW, parallel to the trench. The finite fault inversion reveals a 
complex moment rate function, with two dominant pulses separated 
by about 30 s. The first pulse occurs near the beginning of the 
earthquake, presumably related to the rupture of the seamount, and 
the second, a larger pulse, towards the end of the rupture. The largest 
aftershock ( M w 5.9) was located near the slip area corresponding to 
the second pulse. A linear distribution of shallow tremors, oriented 
NE-SW, separates the two slip patches (Plata-Mart ́ınez et al. 2021 ). 
Ho wever , no unusual bathymetric feature is discernible that may be 
related to these tremors (Fig. 7 ). 

Se veral observ ations suggest that the 2002 e vent, although rel- 
ati vel y small in magnitude, has characteristics of a tsunami earth- 
quake: the slip occurs very close to the trench, the rupture speed is 
slow, the high-frequency radiation is deficient, and, in common with 
tsunami earthquakes, the moment-scaled radiated energy is low and 
the duration of the event is extraordinarily long compared to the 
expected duration from scaling relations. In Fig. 9 , we compare the 
MRF of the 2002 event with those of five other known tsunami 
earthquakes: 1992 M w 7.7 Nicaragua, 1996 M w 7.4 Peru, 2010 M w 

7.7 Mentawai, 1994 M w 7.8 Java and 2006 M w 7.7 Java. The MRFs 
of the five large earthquakes are taken from Ye, Kanamori & Lay 
( 2018 ). The source complexity of the 2002 earthquake bears a re- 
semblance to that of the 2006 Java earthquake, given that both MRFs 
contain several pulses, which distinguish them from other MRFs. 
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Figure 9. Comparison of moment rate function (MRF) of the 2002 tsunami earthquake of Guerrero, Mexico, with those of five large tsunami earthquakes. 
MRF and E R / M 0 of the 2002 event are from this study; for other ev ents, the y are taken from Ye et al. ( 2018 ). Additionally, this plot shows the MRF from 

Martin Vall ée, personal communication, 2022 (Grey line). 
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The 2002 magnitude was less than that of other events, consistent 
with the moment-scaled radiated energy. 

In this study, we calculated E R and E R / M 0 resulting from a 
composite spectrum. Those values are smaller than those reported 
by Rodriguez-Perez et al. ( 2015 ), but both results are consistent 
with the range of tsunami earthquakes (Okal & Newman 2001 ; 
Venkataraman & Kanamori 2004 ). The low E R suggests the dissi- 
pation of a large fraction of energy during the rupture process as 
fracture energy with little energy to radiate seismic waves (Polet & 

Kanamori 2000 ). 
Bilek, Lay, & Ruff ( 2004 ) examined earthquake source time func- 

tions for shallow subduction zone thrust earthquakes, such as the 
2002 event, and identified patterns suggesting complexity in the 
shallo w seismogenic en vironment. The ruggedness of the MRF of 
the 2002 event suggests that the uppermost segment of the plate in- 
terface in the region (width ∼ 15 km) consists of relati vel y small but 
strong asperities of unstable frictional characteristics embedded in 
material of low frictional strength or of conditional stability. A sim- 
ilar conclusion has been reached from the analysis of ocean bottom 

seismometer recordings (Plata-Mart ́ınez et al. 2021 ). Tremors and 
repeaters have been observed in the shallow segment, which is likely 
a proxy for slow slip events and aseismic creep in this region. These 
shallo w slo w-slip events, in turn, may trigger complex earthquakes 
such as the 2002 event. Further downdip, seismic activity is absent 
over a width of about 25 km, and the seismic coupling is weak, as 
suggested by onshore geodetic data and the inference of aseismic 
slip from shallow tremors and repeaters (Radiguet et al. 2016 ; Cruz- 
Atienza et al. 2021 ). These observations suggest an almost freely 
sliding interface and a low probability of a large earthquake or long 
recurrence interval between large earthquakes (Plata-Mart ́ınez et al. 
2021 ). 

Large near-trench earthquakes along the Mexican subduction 
zone are infrequent. Although the subduction zone is ∼ 1500 km 

long and the convergence rate ranges between 5 and 7 cm yr −1 

(DeMets, Gordon & Argus 2010 ), only three other large ( M w > 6.5) 
earthquak es have brok en the near trench area since 1990: the 1995 
M w 8.0 Jalisco earthquake (Hj örleifsd óttir et al. 2018 ), the 1996 M w 

7.2 and the 1997 M w 6.7 Oaxaca earthquakes (Shapiro et al. 1998 ; 
Iglesias et al. 2003 ). It has been suggested that the apparent lack 
of seismicity near the trench is partially due to a ‘loading shade’ 
produced by the locked interface downdip of the near trench fault 
surface. Ho wever , most of this region has had large earthquakes in 
the last 100 yr, indicating that some loading should have occurred. It 
follows that the motion across the fault surface in the shallowest part 
of the plate interface near the trench is mostly accommodated by 
creep. Ho wever , this does not exclude the possibility that this fault 
surface could participate in a large seismic event when loaded with a 
large slip downdip, as observed in the 2011 Tohoku-Oki earthquake 
(Shao et al. 2011 ). This may also have occurred during the 1787 
Oaxaca earthquake (Su árez & Albini 2009 ). Only a wide-spread 
deployment of offshore seismic and geodetic instrumentation can 
reveal the nature of coupling on the updip, near-trench portion of 
the plate interface. 

7  C O N C LU S I O N S  

The Mexican subduction zone presents infrequent large near-trench 
earthquakes. Ho wever , this does not exclude the possibility that this 
area could participate in a large seismic event. 

The 2002 event had a complex source process and propagated 
unilaterall y tow ards the NW, parallel to the Mexican trench. Al- 
though relati vel y small in magnitude, it had characteristics of a 
tsunami earthquake: the slip occurred very close to the trench, the 
rupture speed was slow, the high-frequency radiation was deficient 
and the moment-scaled radiated energy was low. It is possible that 
shallo w slo w-slip events may trigger earthquakes such as the 2002 
event. 

Finally, this opens up the possibility of tsunami earthquakes with 
magnitudes less than 7 near Guerrero, Mexico. Knowledge of the 
rupture fault could be taken into account for tsunami warnings, with 
the purpose of alerting the population to a potential disaster. 
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odr ́ıguez-P érez , Q . , Ottem őller , L. & Raeesi, M., 2015. Source study of
three moderate size recent earthquakes in the Guerrero seismic gap, J.
Seismol., 19, 753–780. 

cripps Institution of Oceanography 1986. IRIS/IDA Seismic Network, In-
ternational Federation of Digital Seismograph Networks. 

eno , T. , Shimazaki, K., Somerville, P. & Sudo, K., 1980. Rupture process
of the Miyagi-Oki, Japan, earthquake of June 12, 1978., Phys. Earth.
planet. Int., 23, 39–61. 

ervicio Sismolo´gico Nacional (SSN) , 2021. Instituto de Geofi´sica,
Me´xico, Universidad Nacional Auto´noma de Me´xico. http://www.ss
n.unam.mx , . 

hao , G. , Li, X., Ji, C. & Maeda, T., 2011. Focal mechanism and slip
history of the 2011 Mw 9.1 off the Pacific coast of Tohoku Earthquake,
constrained with teleseismic body and surface wave, Earth Planets Space,
63 (7), 559. doi:10.5047/eps.2011.06.028. 

hapiro , N.M. , Singh, S.K. & Pacheco, J.F., 1998. A fast and simple diag-
nostic method for identifying tsunamigenic earthquakes, Geophys. Res.
Lett., 25 (20), 3911–3914. 

imons , M. et al. 2011. The 2011 magnitude 9.0 Tohoku-Oki earthquake:
mosaicking the megathrust from seconds to centuries, Science, 332, 1421–

1425. 

http://dx.doi.org/10.1038/s41467-021-22326-6
http://dx.doi.org/10.1785/0220170173
http://dx.doi.org/10.1111/j.1365-246X.2009.04491.x
http://dx.doi.org/10.1111/j.1365-246X.2012.05419.x
http://dx.doi.org/10.1016/j.epsl.2013.05.024
http://dx.doi.org/10.1785/BSSA05406A1811
http://dx.doi.org/10.1785/0120020168
http://dx.doi.org/10.1029/2012JB009186
http://dx.doi.org/10.5047/eps.2011.06.023
http://dx.doi.org/10.1029/2002JB001764
http://dx.doi.org/10.1785/0120000916
http://dx.doi.org/10.1785/0120000917
http://dx.doi.org/10.1785/BSSA0830030811
http://dx.doi.org/10.1029/2003GL017219
http://dx.doi.org/10.1029/2010GL046552
http://dx.doi.org/10.1029/2010GL046498
http://dx.doi.org/10.1029/2005GL024613
http://dx.doi.org/10.1016/S0031-9201(01)00187-X
http://dx.doi.org/10.22201/igeof.00167169p.2000.39.4.244
http://dx.doi.org/10.1029/2009JB006453
http://dx.doi.org/10.1029/97GL02070
http://dx.doi.org/10.1029/2000JB900455
http://dx.doi.org/10.1785/0120020212
http://dx.doi.org/10.1038/s41467-021-24210-9
http://dx.doi.org/10.1046/j.1365-246x.2000.00205.x
http://dx.doi.org/10.1038/ngeo2817
http://dx.doi.org/10.1029/2011JB008801
http://dx.doi.org/10.1038/s43247-024-01364-0
http://dx.doi.org/10.1785/BSSA0690061819
http://dx.doi.org/10.1016/0031-9201(80)90081-3
http://www.ssn.unam.mx
http://dx.doi.org/10.5047/eps.2011.06.028
http://dx.doi.org/10.1029/1998GL900015
http://dx.doi.org/10.1126/science.1206731


14 K. Flores-Ibarra et al . 
D

ow
nloaded from

 academ
ic.oup.com

/gji/article/242/2/ggaf225/81
Singh , S.K. & Mortera, F., 1991. Source-time functions of large Mexican 
subduction earthquakes, morphology of the Benioff age of the plate and 
their tectonic implication, J. geophys. Res., 96, 21 487–21 502. 

Singh , S.K. et al. 2003. A preliminary report on the Tecom án, M éxico 
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