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S U M M A R Y
The rate of earthquakes with magnitudes Mw ≤ 7.5 in the Ometepec segment of the Mexican
subduction zone is relatively high as compared to the neighbouring regions of Oaxaca and
Guerrero. Although the reason is not well understood, it has been reported that these earth-
quakes give rise to a large number of aftershocks. Our study of the aftershock sequence of
the 2012 Mw7.4 Ometepec thrust earthquake suggests that it is most likely due to two dom-
inant factors: (1) the presence of an anomalously high quantity of overpressured fluids near
the plate interface and (2) the roughness of the plate interface. More than 5400 aftershocks
were manually detected during the first 10 d following the 2012 earthquake. Locations were
obtained for 2419 events (with duration magnitudes Md ≥ 1.5). This is clearly an unusually
high number of aftershocks for an earthquake of this magnitude. Furthermore, we generated a
more complete catalogue, using an unsupervised fingerprint technique, to detect more smaller
events (15 593 within 1 month following the main shock). For this catalogue, a high b-value
of 1.50 ± 0.10 suggests the presence of fluid release during the aftershock sequence. A low
p-value (0.37 ± 0.12) of the Omori law reveals a slow decaying aftershock sequence. The
temporal distribution of aftershocks shows peaks of activity with two dominant periods of
12 and 24 hr that correlate with the Earth tides. To explain these observations, we suggest that
the 2012 aftershock sequence is associated with the presence of overpressured fluids and/or
a heterogeneous and irregular plate interface related to the subduction of the neighbouring
seamounts. High fluid content has independently been inferred by magnetotelluric surveys and
deduced from heat-flow measurements in the region. The presence of fluids in the region has
also been proposed to explain the occurrence of slow-slip events, low-frequency earthquakes
and tectonic tremors.

Key words: North America; Body waves; Earthquake source observations; Seismicity and
tectonics; Dynamics: seismotectonics; Subduction zone processes.

1 I N T RO D U C T I O N

It is well known that fluids at the plate interface are a major factor in
controlling the productivity of a fault system (Brodsky & Kanamori
2001; Ma et al. 2003; Reches & Lockner 2010). While in some
cases fluids induce small earthquakes (e.g. Bachmann et al. 2012;

∗ Now at: Earthquake Science Center, U.S. Geological Survey, Pasadena, CA
91106, USA

Spada et al. 2013), in other cases fluids produce larger ruptures
that otherwise will be limited by friction on the surrounding areas
(Ishikawa et al. 2008; Hamada et al. 2011). In this regard, the
Ometepec region is a natural laboratory with a long history of
geophysical studies (e.g. Moore & Shipley 1988; Yamamoto et al.
2013; Husker et al. 2018) that exhibits dramatic effects influenced
by pressurized fluids in both small and large earthquakes.

Earthquakes with magnitudes Mw ≤ 7.5 in the Ometepec region
are more frequent than in the adjacent regions of Oaxaca and Guer-
rero (González-Ruiz & McNally 1988; Figs 1a and b). For instance,
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Fluid influence in unusually high-rate seismicity 525

Figure 1. (a) Earthquake epicentres located by the Servicio Sismológico Nacional (SSN) of Mexico between 1998 and 2015 with magnitudes less than 6.9
(green dots) and with magnitudes ≥ 6.9 (black, yellow and red dots) from 1806 to 2015, which are also listed in Table 1. Black star is the 2012 Mw7.4 Ometepec
earthquake and black cross is the 2018 Mw7.2 Ometepec earthquake. Black open circle is Ometepec city. Black solid lines are the isodepth contours (from 20
to 120 km, at 20 km spacing) of the Cocos plate defined by Pardo & Suárez (1995). Blue lines are the updated isodepth contours (from 20 to 80 km, at 20 km
spacing) by Fasola et al. (2016). Yellow lines represent seamounts from Kanjorski (2003) and UNAM Seismology-Group (2013). The spatial extent of the
1787 Mw 8.6 earthquake is shown as a grey line (Suárez & Albini 2009), and the Guerrero (G-GAP) and Oaxaca Segment (O-Seg) gaps are shown as black
lines. Black rectangular inset is shown in panel (b). (b) Zoom of panel (a), with same legends. Aftershock sequence of the 2012 Ometepec earthquake located
in this study: the first 30 hr (blue dots) and the eight following days (red dots). Bottom: number of earthquakes between 1998 and 2015 in windows of 1◦ width
of longitude and bounded by the boxes in latitude. Aftershocks were not declustered from the catalogue in order to appreciate them in the counting. The total
number of earthquakes in the window between 99◦ and 98◦ W (i.e. 7494) includes the aftershocks of the 2012 March 20 (Mw7.4) main shock recorded by the
SSN and that from 101◦ and 100◦ W (4068) includes the much smaller aftershock sequence of the 2014 April 18 (Mw7.2) earthquake. The b-value for each
window is calculated for the corresponding seismicity. Note that the b-value calculated here was computed using the magnitudes estimated by the SSN, rather
than from the magnitudes calculated in our study, leading to different b-values. The relative b-values from one region to another can, in contrast, be compared.

since 1928, ten earthquakes with magnitude between 6.9 and 7.5
occurred in 1928, 1937, 1950, 1982 (x2), 1995, 1996, 1997, 2012
and 2018. This study focuses on the Mw7.4 Ometepec earthquake
of 2012 March 20 (18h02’ UTC) (Figs 1a and b) and its aftershocks.
This event is a typical shallow subduction earthquake with a thrust
mechanism (strike = 296◦, dip = 10◦, rake = 95◦, depth = 20 km),
compatible with the tectonics of the region. The point of nucleation

was located at about 5 km offshore (UNAM Seismology Group
2013) (Fig. 1a), near the doublet rupture zone of the 1982 Omete-
pec earthquake (Astiz & Kanamori 1984). Previous earthquakes in
this region are well described in UNAM Seismology Group (2013)
and summarized in Figs 1(a) and (b), and Table 1.

The rate of occurrence of earthquakes is unevenly distributed
along the contact between the Cocos and North American plates. It
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526 D. Legrand et al.

Table 1. List of large earthquakes (Mw ≥ 6.9) in Mexico from 1806 to 2015.

Date Latitude (aN) Longitude (aW) Depth (km) M

1 1806/03/25 18.9 103.8 7.5
2 1818/05/31 19.1 103.6 7.7
3 1820/05/04 17.2 99.6 7.6
4 1837/11/22 20.0 105.0 7.7
5 1845/03/09 16.6 97.0 7.5
6 1845/04/07 16.6 99.2 8.1
7 1854/05/05 16.3 97.6 7.7
8 1858/06/19 19.6 101.6 7.5
9 1864/10/03 18.7 97.4 7.3
10 1870/05/11 15.8 96.7 7.9
11 1872/03/27 15.7 96.6 7.4
12 1874/03/16 17.7 99.1 7.3
13 1875/02/11 21.0 103.8 7.5
14 1875/03/09 19.4 104.6 7.4
15 1879/05/17 18.6 98.0 7.0
16 1882/07/19 17.7 98.2 7.5
17 1887/05/29 17.2 99.8 7.2
18 1889/09/06 17.0 99.7 7.0
19 1890/12/02 16.7 98.6 S 7.2
20 1894/11/02 16.5 98.0 7.4
21 1897/06/05 16.3 95.4 7.4
22 1899/01/24 17.1 100.5 7.9
23 1900/01/20 20.0 105.0 7.4
24 1900/05/16 20.0 105.0 6.9
25 1903/01/14 15.0 93.0 7.7
26 1907/04/15 16.7 99.2 7.7
27 1908/03/26 16.7 99.2 7.6
28 1908/03/27 17.0 101 7.0
29 1909/07/30 16.8 99.9 7.3
30 1909/07/31 16.6 99.5 6.9
31 1911/06/07 19.7 103.7 7.9
32 1911/12/16 16.9 100.7 7.6
33 1912/11/19 19.9 99.8 6.8
34 1913/01/15 19.0 100.0 7.5
35 1913/06/14 20.0 99.0 7.5
36 1914/03/30 19.0 96.0 7.5
37 1916/06/02 17.5 95.0 7.0
38 1917/12/29 15 97 6.9
39 1928/03/22 16.2 95.5 7.5
40 1928/06/17 16.3 96.70 7.8
41 1928/08/04 16.8 97.6 7.4
42 1928/10/09 16.3 97.3 7.6
43 1929/08/17 16.3 99.0 7.0
44 1931/01/15 16.10 96.64 8.0
45 1932/06/03 19.57 104.42 16 8.1
46 1932/06/18 19.50 103.50 13 7.8
47 1934/11/30 19.0 105.31 7.0
48 1937/07/26 18.45 96.44 7.3
49 1937/12/23 16.573 98.525 18 7.5
50 1941/04/15 18.85 102.94 s 7.7
51 1943/02/22 17.62 101.15 16 7.5
52 1946/05/15 15.5 96.7 7.0
53 1947/10/03 18.8 100.7 7.0
54 1948/01/06 17.0 98.0 6.9
55 1948/01/06 17.0 98.0 7.0
56 1950/11/17 16.8 100.7 7.0
57 1950/12/14 16.608 98.694 18 7.3
58 1951/12/12 16.5 96.9 7.0
59 1951/12/28 16.9 98.7 7.0
60 1957/07/28 16.762 99.354 18 7.5
61 1962/05/11 17.25 99.58 40 7.0
62 1962/05/19 17.12 99.57 33 7.2
63 1964/07/06 18.3 100.4 7.2
64 1965/08/23 16.024 95.928 24.7 7.8
65 1968/08/02 16.39 98.056 16 7.4
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Table 1. Continued

Date Latitude (aN) Longitude (aW) Depth (km) M

66 1973/01/30 18.39 103.21 32 7.5
67 1973/08/28 18.3 96.54 84 7.3
68 1978/11/29 15.77 96.80 18 7.8
69 1979/03/14 17.3 101.4 20 7.6
70 1981/10/25 17.75 102.25 20 7.3
71 1982/06/07 16.35 98.368 15 6.9
72 1982/06/07 16.40 98.538 20 7.0
73 1985/09/19 17.91 101.99 17.0 8.1
74 1985/09/21 17.57 101.42 22.0 7.6
75 1986/04/30 18.25 102.92 20.7 7.0
76 1989/04/25 16.60 99.50 19 6.9
77 1995/09/14 16.48 98.76 16 7.3
78 1995/10/09 18.81 104.54 8.0
79 1996/02/25 15.98 98.07 21 7.1
80 1997/01/11 18.34 102.58 34 7.1
81 1997/07/19 16.33 98.216 33 6.9
82 1999/06/15 18.39 97.436 70 7
83 1999/09/30 16.06 96.931 7.5
84 2003/01/22 18.77 104.104 7.6
85 2012/03/20 16.25 98.531 20 7.4
86 2014/04/18 17.38 101.055 15 7.2

increases from NW to SE, as does the convergence plate velocity
(from 5.3 to 7.3 cm yr−1), and the age of the subducted slab (from 7
to 23 Ma; McNally & Minster 1981; Burbach et al. 1984). The num-
ber of aftershocks of large earthquakes (Mw ≥ 7.0) also increases
from NW to SE (Singh & Suárez 1988; UNAM Seismology Group
2013). Surprisingly, the magnitude of instrumentally recorded earth-
quakes is larger to the NW part of the subduction zone relative to
the SE (Klitgord & Mammerickx 1982; Singh & Suárez 1988; An-
derson et al. 1989; Singh & Mortera 1991; Kostoglodov & Ponce
1994; Kostoglodov et al. 1996; UNAM Seismology Group 2013;
Fig. 1a). The small number of large earthquakes recorded in the SE
part of the subduction may be the result of the short-time window
of observation. However, it has also been interpreted as a result of
the low coupling of the plate in the SE part of the subduction zone
(Kostoglodov & Ponce 1994). Hence, the origin of the high-rate
seismicity of aftershocks of large earthquakes in the SE subduction
segment is not well understood. In this paper, we aim to better un-
derstand the reason for the unusually high seismic activity in the
Ometepec region, in particular through the magnitude and temporal
distributions of the 2012 Mw7.4 Ometepec aftershock sequence.

2 DATA A N D M E T H O D S

The Mw7.4 main shock of 20 March 2012 was recorded by almost 40
permanent accelerometers and broad-band regional seismometers
(four of them at a distance less than 200 km) belonging to the Servi-
cio Sismológico Nacional (SSN). Eight additional local accelerom-
eters (at distances less than 70 km) belonging to UNAM’s Instituto
de Ingenierı́a and CIRES (Centro de Instrumentación y Registro
Sı́smico) recorded the earthquake. The closest seismic/geodetic sta-
tion, PNIG, is located at a distance of ∼46 km Northeast of the main-
shock epicentre (Fig. 2). Instrumentation at this station includes of a
three-component broad-band seismometer (which stopped record-
ing ∼6.5 s after the main shock, that is, 0.5 s after the arrival of the
S-wave, and during the following 4 hr due to a power outage), an
accelerometer and a GPS receiver (sampled at 1 Hz). Some of these
records are shown in UNAM Seismology Group (2013).

30 hr after the main shock, a portable seismic network consisting
of six broad-band seismometers was deployed mainly to the north-
east of the main shock (Oaxaca State) (Green inverted triangles in
Fig. 2). Only two stations were installed in Guerrero State close to
the Oaxaca-Guerrero border due to security reasons. Data from the
portable network is available from 22 March (00h00 UTC) through
29 March (16h00 UTC) 2012. Hence, a total of seven local, broad-
band seismometers, including permanent station PNIG (Fig. 2), are
used here to locate the aftershock sequence composed of 10 days
of data (days 20 and 21 March using PNIG station and days 22 to
29 using PNIG and the portable seismic network). All times in this
study are in UTC, except Suporting Information Fig. S4.

The aftershock sequence of the 2012 Ometepec earthquake was
analysed as follows: (1) The main shock was located using two
methods. The first method used arrival times of P and S waves
recorded on the regional seismic stations, while the second one
used the polarization direction of the P wave in the closest station
(PNIG) as well as the distance deduced from the S—P arrival times
to that station (Figs 1b and 2). (2) 453 aftershocks during the first
30 hr were detected manually and located using the single, three-
component permanent station PNIG (Fig. 2). (3) 1966 aftershocks
that occurred after the first 30 hr (until 29 March) were also detected
manually when they were seen on at least 4 stations, and then located
using arrival times of P and S waves of a local, portable seismic
network deployed by the Institutes of Geophysics and Engineering
at Universidad Nacional Autónoma de México (UNAM) one and
a half day after the main shock, in addition to data from station
PNIG using the second method (Fig. 2). (4) The P- and S-wave
velocity ratio Vp/Vs∼1.70 was determined from picks of P and S
arrival times (generalized Wadati method, see the Suporting Infor-
mation) and used to locate the aftershocks. (5) The location errors
of the first 30 hr of aftershocks using only the PNIG station were
estimated by comparison to common earthquakes recorded by the
portable seismic network. (6) The fault dimension of the main shock
was estimated using the spatial distribution of aftershocks, and then
compared with empirical scaling relations between magnitude and
size of earthquakes. (7) The size and location of the 2012 aftershock
sequence was compared to the 1982 sequence. All the details of this
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528 D. Legrand et al.

Figure 2. Earthquake locations for the two following data sets: (1) the epicentres of the earthquakes of the first 30 hr following the main shock are shown
as yellow dots only in the horizontal plane because the depths were fixed. These 453 events were located using the single broad-band seismometer PNIG
(black inverted triangle); (2) the second set of 1966 aftershocks are shown as black dots and were located using the P and S arrival times of four to seven
stations (green inverted triangle and the black inverted triangle) from 2012 22 March 22 through March 29. The epicentre of the Mw7.4, 2012 Ometepec
earthquake located by the US NEIC (National Earthquake Information Center; grey triangle, https://earthquake.usgs.gov/earthquakes/search/), Global Centroid
Moment Tensor (G-CMT) project (grey circle, https://www.globalcmt.org/CMTsearch.html), with local and regional Mexican network (red star, which is the
preferred location), and with the polarization method (yellow circle inside the red star) using the single permanent PNIG station. The black contour bounds
the aftershocks of the two 1982 earthquakes. The black cross is the Mw7.2, 2018 earthquake. Green inverted triangles represent the local, temporary seismic
network. Seamount chains are represented by the yellow lines. The angle of 10◦ in the top right figure shows the trend of the largest aftershocks, compatible
with the dip of the focal mechanism of the main shock. The focal mechanism of the main shock is plotted with its associated (strike, dip, rake) values. The
depth slices are north–south (right) and west–east (bottom).

process are described in the Suporting Information. (8) An addi-
tional earthquake catalogue was automatically computed, starting
just after the main shock until 20 April (31 d in total). We applied
fingerprint waveform analysis (Yoon et al. 2015) to detect small
events in the aftershock sequence, in order to precisely examine the
Gutenberg–Richter and Omori laws, and tidal effects on the seis-
micity rate. We checked that the number of earthquakes per hour is
not affected by reduced anthropogenic activity at night, relative to
during the day. This is mainly due to the fact that the PNIG station
is a very isolated station, at about 10 km NW of Pinotepa Nacional,
the closest village, which is a very small (about 30 000 habitants
in 2010), with little industrial activity (Suporting Information Fig.
S4).

Here, we describe the computation of an automatic detector based
on Big Data analysis. Advances in data intensive computing tech-
niques allow standardized search for similar signals in large con-
tinuous data sets, which would otherwise be impractical with stan-
dard methods. Some examples of applications include: detection of
nearly identical websites and documents to identify plagiarism, and

music identification of similar audio clips. Yoon et al.(2015) devel-
oped a search algorithm based on unsupervised machine learning
techniques named fingerprint and similarity thresholding (FAST).
This method examines the entire continuous seismic record in search
of similar earthquake-like signals. Unlike traditional methods for
earthquake detection, fingerprint analysis does not require tem-
plates or a priori information about the nature of the earthquakes
as input signals, but provide comparable detection performance as
template matching (Yoon et al. 2017). Use of benchmark problems
demonstrated that this algorithm provides high detection sensitiv-
ity, computational efficiency, and general applicability (Yoon et al.
2015).

We performed an automatic search for previously unknown small
earthquakes using FAST algorithm at the closest three-component
station (PNIG) to the epicentral location of the Mw 7.4 2012 Omete-
pec earthquake. FAST detected 15 593 aftershocks from the time of
the Mw 7.4 main shock until 31 d after (2012 April 20). 90 per cent
of these aftershocks occurred within 52 km from the PNIG station,
according to the S–P time. 1047 detections were removed from the
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Fluid influence in unusually high-rate seismicity 529

Figure 3. The earthquake-magnitude distribution of the 15 593 aftershocks
(including the first 30 hr just after the main shock detected with the PNIG
station). N(t) is the number of earthquakes of duration magnitude ≥ Md

for 31 d. The cumulative distribution is shown as closed diamonds and the
non-cumulative distribution as vertical lines with top open circles.

original detection set after visual inspection, which we consider as
false detections. In contrast, only 439 earthquakes were reported by
the SSN within 52 km radius from the PNIG station during the same
time period. Many more small magnitude earthquakes can therefore
be associated with the post-seismic processes induced by the main
shock.

3 R E S U LT S

3.1 The earthquake magnitude–frequency distribution
and Omori scaling law

The local duration-magnitude, Md, was calculated for the after-
shocks (Lee et al. 1972). The b-value of the Gutenberg-Richter
(GR) law was calculated for the automatic detection catalogue with
15 593 aftershocks (i.e. including the earthquake magnitudes of the
first 30 hr just after the main shock), using the maximum likelihood
method (Aki 1965). Fig. 3 shows both, the cumulative (in closed
diamonds) and non-cumulative (in vertical lines with top open cir-
cles) plots for the magnitude–frequency distribution of earthquakes.
We have a b-value of 0.89 ± 0.08 for magnitudes between 1.8 and
3.6.

The corresponding Omori law corrected for completeness is
shown in Fig. 4(a). A p-value of 0.37 ± 0.12 was found, which
indicates a slowly decaying aftershock sequence. The date of the
main shock (2012 March 20 is plotted as a white circle in Fig. 4a)
was not taken into account in the calculation of the p-value because
the main shock occurred at the end of the day, so few aftershocks
were recorded during that day. The resulting p-value is very low.
In order to confirm this low p-value, we calculated it with the SSN
catalogue until the end of May, where we found a similarly low
p-value of 0.56 ± 0.02 (Fig. 4b). We will consider the 0.37 p-value
as more reliable because of the better completeness of the catalogue
with respect to the SSN one.

Figure 4. (a) Daily number of aftershocks corrected for completeness of the
first 31 d (black circles) as function of time and the fit (solid black line) to
the Omori law dN(t)/dt = K/(t + c)p. The day when the main shock occurred
is plotted as a white circle and is not taken into account in the calculation
of p-value because the main shock occurred at the end of the day and few
aftershocks were recorded that day. The black circles are taken into account
in the calculation of the p-value. (b) Same with the data of the SSN, until
end of May.

3.2 Time evolution of seismicity

Periodicity in the timing of earthquakes was computed using a sta-
tistical approach through the application of the Schuster test (Ader
& Avouac 2013) on the automatic aftershock detections obtained
using fingerprint analysis described in section 3.1. The significance
of a given period can be computed by comparison of the probabil-
ity of the event occurring randomly against the probability of the
event occurring as a result of a modulated seismic rate (Cochran
et al. 2004; Thomas et al. 2009; Ader & Avouac 2013; Dutilleul
et al. 2015). Fig. 5 shows the modified Schuster test (i.e. Schuster
spectrum), where we show the existence of two dominant periods at
12.54 and 24.49 hr (red circles), which clearly exceed the probabil-
ity expected from a random distribution. The Schuster test suggests
a strong correlation between the earthquake occurrence and the oc-
currence of the strongest Earth tides. Using the numerical software
TSoft (Van Camp & Vauterin 2005), we estimated the dominant
periods of the synthetic tide calculated at the hypocentre starting
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530 D. Legrand et al.

Figure 5. Schuster spectrum over the automatic aftershock catalogue of length 31 d, between periods Tmin = 10−1 hr and Tmax = 30 hr. Two main periods of
∼12.5 and ∼24.5 hr are present in the earthquake catalogue.

at the time of the event which revealed two dominant periods for
the diurnal tide of 12.3 and 24–25 hr, that are consistent with the
estimates from the Schuster spectrum.

4 . D I S C U S S I O N

4.1 Regional seismicity

The Ometepec region (−99◦ W < longitude ≤ −98◦ W, 15◦ N ≤ lat-
itude ≤ 17◦ N) has a higher rate of seismic activity (13 earthquakes
of magnitudes 6.9 ≤ Mw < 7.5 between 1806 and 2015) relative to
the rest of the Mexican subduction zone (e.g. Yamamoto et al. 2013;
Figs 1a and b) and a remarkably high number of smaller events with
magnitudes below 5.0 (Fig. 1b). The presence of this zone of high
seismic activity coincides with a denser region of seamounts ap-
proaching the trench (Kanjorski 2003; UNAM Seismology Group
2013), inducing a rougher contact at the plate interface.

4.2 Presence of water and heterogeneous medium

4.2.1 High b-value of the earthquake-magnitude distribution

The b-value (b = 0.89 ± 0.08) of the 2012 Ometepec aftershock
sequence (Fig. 3) for magnitudes between 1.8 and 3.6 is expected
for a ‘typical’ tectonic earthquakes for which b ≤ 1 (Gutenberg
& Richter 1949, 1954; Lay & Wallace 1995). The magnitude of
completeness of 1.8 was achieved thanks to the automatic search
for previously unknown small earthquakes using FAST algorithm
at the closest three-component station (PNIG). Nevertheless, we
can observe a much higher b-value of 1.5 ± 0.1 for magnitudes
greater than 3.6 which is unusually high for a unique tectonic ori-
gin. A change in the slope of the earthquake-magnitude distribution
generating two b-values has been observed in many cases when
fluids (water and/or magma) are present, as on volcanoes (Filson
et al. 1973; Francis 1974; Caplan-Auerbach & Duennebier 2001;
Legrand et al. 2004, 2015; Neunhöfer & Hemmann 2005; Kundu
et al. 2012) or in tectonic contexts like Taiwan (Wang 1988) and

the San Andreas fault (Vorobieva et al. 2016). We want to un-
derstand why large magnitude (Md > 3.6) events do not fit prop-
erly within a general Gutenberg–Richter distribution. We can inter-
pret the earthquake-magnitude distribution in three different ways:
(i) the presence of a unique linear slope between magnitudes 1.8
and 3.6, with a b-value b1 = 0.89 ± 0.08; (ii) the presence of a
unique linear slope between magnitudes 3.6 and 5.2, with a b-
value b2 = 1.50 ± 0.10; (iii) the presence of two slopes: the first
with magnitudes between 1.8 and 3.6 and the second one between
3.6 and 5.2.

In the first interpretation, the earthquakes with magnitudes
Md > 3.6 deviate from the linear part of the earthquake-magnitude
distribution (i.e. they are in deficit with respect to the number ex-
pected with the slope b1 = 0.89), and could correspond, in theory, to
an incomplete catalogue for the largest events. Nevertheless, such
a case is unlikely since PNIG station is sufficiently close from the
hypocentres ensuring the detection of all the events of magnitude
greater than 3.6. For instance, if the slope of 0.89 is considered valid
for magnitudes > 3.6, we should have recorded 28 earthquakes of
magnitudes greater than 4.5 (point A on Fig. 3), however only 12
earthquakes with magnitude greater or equal to 4.5 were recorded
(point B on Fig. 3). Neither our catalogue nor the SSN catalogue
reports any of these missing events. Furthermore, the largest after-
shock does not follow Bath law which indicates that the difference
between the main shock and the largest aftershock magnitude is
1.2 regardless of the magnitude of the main shock (Helmstetter &
Sornette 2003). In our case, the largest aftershock is of magnitude
5.2, 2.2 below the main shock one. Hence, we have a deficit of large
earthquakes (with magnitudes greater than 3.6) thus a second slope
is needed for these magnitudes.

The second interpretation corresponds to a unique linear slope
for the largest magnitudes (between 3.6 and 5.2). This interpretation
is plausible because the earthquake catalogue for large magnitudes
is complete. The corresponding b-value for this range of values
is b2 = 1.50 ± 0.10 (Fig. 3). Therefore, an issue is to know what
magnitude, among the Mc1 = 1.8 and Mc2 = 3.6, is the magnitude
of completeness of the whole catalogue (i.e. if the break of the
earthquake-magnitude distribution is real or artificial). Moreover,
the number of events recorded during the day and the night periods
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for magnitudes greater than 1.8 is similar (see Suporting Informa-
tion Fig. S4), hence the daily noise did not affect the detection of
these magnitudes around 1.8. Therefore, we can adopt as magni-
tude of completeness of the whole catalogue Mc = 1.8 and not 3.6.
Hence, the linear part of the earthquake-magnitude distribution be-
tween 1.8 and 3.6 leads to a deficit of earthquakes of magnitude
> 3.6.

If each of these segments of the earthquake-magnitude distribu-
tion is representative of different tectonic mechanisms: one fluid
related and the other fault aftershock type, we consider that the
earthquake-magnitude distribution of Fig. 3 can be explained by a
dual manner. Therefore, the break observed at magnitude 3.6 re-
veals the limit between these dominant mechanisms. In conclusion,
we model the earthquake-magnitude distribution using a bimodal
distribution. The first one, for magnitudes between 1.8 and 3.6,
b1 = 0.89 ± 0.08; and the second one, for magnitudes between 3.6
and 5.2, b2 = 1.50 ± 0.10.

The analysis of the Omori law (Fig. 4) shows that the aftershock
sequence lasted two months and after the 13 of April and until 24
July (four months after the main shock), no earthquake of magnitude
greater than 4.5 was recorded by the SSN. High b-values (from 1.2
to 2.6) are frequently observed in environment where fluids (water
and/or magma) are involved in the rupture process. This is usually
the case for volcano-tectonic earthquakes (Francis 1968a, 1968b,
1974; Hill 1977; McNutt 1986; Matsumura et al. 1991; Wiemer &
Benoit 1996; Wiemer & McNutt 1997; Murru et al. 1999; Wyss
et al. 2001; Del Pezzo et al. 2003; Legrand et al. 2004, 2011, 2012,
2015; Montgomery-Brown et al. 2009; Kundu et al. 2012) or for
induced seismicity in geothermal fields caused by water injection
(Wyss 1973; Cornet et al. 1997; Cuénot et al. 2008; Dorbath et al.
2009; Bachmann et al. 2012).

The presence of fluids promotes the generation of microcracks
more easily by reducing the frictional strength on the pre-existing
faults due to the lowering of the effective normal stress. As a conse-
quence, fluids induce a higher number of small earthquakes in com-
parison with larger events, leading to increased b-values (Scholz
1968; Wyss 1973), which has been confirmed by numerical mod-
els (e.g. Henderson & Maillot 1997). A very small increase of
the pore fluid pressure (<1 MPa) may be enough for such a phe-
nomenon to occur (Hubbert & Rubey 1959; Healy et al. 1968;
Scholz 1968; Wyss 1973; Pearson 1981; Pine & Batchelor 1984;
Fehler 1989; Guha 2000). Generation of relatively large amount
of small earthquakes (i.e. lack of large events) may be explained
by the frequent occurrence of aseismic slip in the interface. The
presence of fault zone fluids promotes slow-slip events that release
a significant part of the necessary strain energy to generate large
ruptures. Such aseismic slip triggered by fluid-induced pressure
changes may affect larger regions than those directly conditioned
by fluids (Bhattacharya & Viesca 2019).

The effect of fluids in aftershock sequences has been observed
in several places. For example, a spatiotemporal analysis of af-
tershocks of the 2004 Mw9.2 Sumatra–Andaman earthquake indi-
cates the presence of ascending fluids released from the subducting
oceanic crust (Waldhauser et al. 2012). The presence of fluids in
the Guerrero-Oaxaca region has been suggested due to the exis-
tence of an ultra-low velocity layer (Song et al. 2009; Dougherty &
Clayton 2014), the occurrence of slow-slip events (e.g. Franco et al.
2005; Brudzinski et al. 2010; Radiguet et al. 2012; Graham et al.
2016; Maury et al. 2018), the presence of tectonic tremors (Payero
et al. 2008; Brudzinski et al. 2010; Kostoglodov et al. 2010; Husker
et al. 2012; Cruz-Atienza et al. 2015; Fasola et al. 2016; Skoumal
et al. 2016; Villafuerte & Cruz-Atienza 2017) and the existence

of (very) low frequency events (Frank et al. 2013, 2014; Maury
et al. 2016).

Fluids have been proposed as a predominant factor in the origin
of these signals worldwide (Kodaira et al. 2004; Shelly et al. 2006;
Liu & Rice 2007; Segall et al. 2010; Peacock et al. 2011; Katayama
et al. 2012). The released fluids migrate upward towards the surface,
more likely along the plate interface, and are responsible of the high
aftershock rate, systematically observed for moderate earthquakes
(Astiz & Kanamori 1984; Beroza et al. 1984; Singh & Suárez 1988;
Yamamoto et al. 2002; UNAM Seismology Group 2013; 2013),
leading in some cases to high b-values. Kim et al. (2010) proposed
that the upper oceanic crust is highly heterogeneous, composed of
hydrous minerals (talc) that dehydrate at a depth of ∼40 km, and
thus result in dewatering. Furthermore, magneto-telluric studies
suggest the presence of abundant fluids, squeezed from the slab,
probably along or near the subduction interface (Jödicke et al. 2006;
Song et al. 2009; Husker et al. 2018), that may trigger the tectonic
tremors (Song et al. 2009; Brudzinski et al. 2010; Husker et al.
2012; Villafuerte & Cruz-Atienza 2017). In the Guerrero region, to
the NW of Ometepec, tectonic tremors occur where overpressured
fluids exist (Kostoglodov et al. 2010; Husker et al. 2012; Villafuerte
& Cruz-Atienza 2017), so that spatial variations of fluid pressure
may be responsible for the observed rapid tremor migration (Cruz-
Atienza et al. 2018). High heat flow, about 110 mW m−2 in the
Ometepec region also favours dehydration at 40–50 km depth (Song
et al. 2009; Manea & Manea 2011).

High b-values may also be the result of highly heterogeneous and
fractured materials (Mogi 1962), or highly porous rocks containing
many microfractures (Scholz 1968). In a heterogeneous medium
due to prominent variations of the plate interface geometry, fluids
can be trapped but may also migrate more easily due to stress
concentrations and generation of fractures. It is then difficult to
attribute high b-values to only one process. It appears that the high
b-values observed in Ometepec are likely due to a combination of
both effects: a heterogeneous plate interface and the presence of
fluids. In the Ometepec region, such heterogeneities (geometrical
irregularities) are due to the subduction of several parallel ridges
(i.e. seamounts) oriented in a NE direction, roughly aligned with
the slab convergence direction (Kanjorski 2003; Kim et al. 2010;
UNAM Seismology Group 2013; Yamamoto et al. 2013; Fig. 2).

We conclude that the combined effect of heterogeneities and the
presence of water affect the characteristics of the local seismicity,
leading to a high b-value of the earthquake-magnitude distribution.
It is not completely clear why the Ometepec region has a much
higher seismicity rate than the nearby Oaxaca segment with similar
characteristics. It is still an open question and additional processes
may be responsible for this surprising observation.

4.2.2 An unusually low decay rate of the aftershock sequence

Typical p-values vary between 1.0 and 1.4 (Lay & Wallace 1995).
The extremely low p-value (0.37 calculated for the 31-d sequence,
and 0.56 for the two and a half months time window, Fig. 4) of
the 2012 aftershock sequence is unusual for an Mw7.4 thrust earth-
quake. It is consistent with previous observations pointing out that
the Ometepec region has a higher seismicity rate of large mag-
nitudes (MW∼7 to 7.5) with respect to other regions in Mexico
(González-Ruiz & McNally 1988), along with relatively large num-
ber of aftershocks that persist for several months after a main shock
(Singh & Suárez 1988; UNAM Seismology Group 2013). The low
p-value we found is an illustration of such high-rate seismicity and
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may be due also to the presence of fluids and/or the presence of het-
erogeneities in the plate interface and the upper crust as discussed
earlier.

4.2.3 Correlation between the high rate of seismicity and Earth
tides

In order to detect periodicity in the catalogue of 15 593 earthquakes,
we performed a Schuster spectrum (Fig. 5) as mentioned before. Two
dominant periods are extracted from these data, at ∼12.5 and ∼24.5
hr. The gravitational pull of the combined effect of the Sun and the
Moon induces Earth tides at this place at that time with two periods
of ∼12.3 hr (semi-diurnal) and ∼24–25 hr (diurnal) that we calcu-
lated using the software TSoft (Van Camp & Vauterin 2005). They
are very similar to the dominant periods in the Ometepec earthquake
catalogue. It has been shown that Solid Earth tides can temporally
modulate the occurrence of crustal earthquakes in different tectonic
contexts, especially in convergent margins around the Pacific (Emter
1997; Glasby & Kasahara 2001; Tanaka et al. 2002, 2004; Cochran
et al. 2004; Hill & Prejean 2007). Tidal modulation of aftershock
sequences (e.g. Ryall et al. 1968), tectonic tremor (e.g. Nakata et al.
2008; Rubinstein et al. 2008; Ide & Tanaka 2014; Houston 2015;
Yabe et al. 2015; Ide et al. 2016) and low-frequency earthquakes
(Thomas et al. 2012) has also been systematically observed across
the globe, including Mexico (Peng & Rubin 2017; Maury et al.
2018). For instance, tectonic tremor sensitivity to tidal stressing in-
creases with pore pressure as the surrounding aseismic slip develops
(Houston 2015; Peng & Rubin 2017). Tide effects on repeating seis-
micity, including low-frequency events, have also been suggested in
the Guerrero gap (Frank et al. 2016). Seismic modulation by Earth
tides is observed also in volcanic and geothermal areas (Klein 1976;
McNutt & Beavan 1981; Sparks 1981; Tolstoy et al. 2002; Espı́ndola
et al. 2006), where fluids such as magma and/or water are present.
The tidal triggering of earthquakes is commonly explained by the
presence of fluids (Lockner & Beeler 1999; Audet et al. 2009; Song
et al. 2009; Thomas et al. 2009; Delorey et al. 2017). Given that this
effect is much better observed on earthquakes of small magnitudes,
it is often difficult to detect in common catalogs, but such observa-
tions have been documented by high-resolution studies (Tsuruoka
et al. 1995; Cochran et al. 2004; Métivier et al. 2009; Tanaka 2010,
2012; Ide et al. 2016; Delorey et al. 2017). Even though the stress
loading (0.1–10 kPa) due to Earth tides is small with respect to
tectonic stresses (1–100 MPa), its rate is not (∼1 kPa hr−1). The
stress rate due to the Earth tides can in fact exceed the tectonic
stressing rates (Sparks 1981; Emter 1997; Sottili et al. 2007). The
presence of fluids may drastically reduce the effective normal stress
in the plate interface (Peacock et al. 2011) making small changes
in the external load, such as those induced by the Earth tides, be
enough to induce small earthquakes. In our case, the presence of
nearby stations allows us to detect small aftershocks and thus find
their correlation with Earth tides.

5 . C O N C LU S I O N

The Ometepec region has a very specific behaviour where many
small earthquakes are generated much more than largest ones in the
nearby regions. The unusually high rate of seismicity observed in
the Ometepec region may be due to the combination of two effects:
(1) the presence of overpressured fluids at the plate interface and (2)
a highly heterogeneous medium associated with the subduction of
seamounts in this region. These conditions may explain the seismic

observations of the 2012 Ometepec aftershock sequence: an anoma-
lously large number of small magnitude aftershocks (Md ≤ 3.6)
together with a deficit of large aftershocks (Md ≥ 3.6); the pres-
ence of a high b-value of the Gutenberg–Richter law; a very low
p-value of the Omori law; and regular peaks of seismic activity ev-
ery ∼12.5 and ∼24.5 hr related to the Earth tides. The presence of
fluids in the Ometepec region is supported by a variety of former
studies including magnetotelluric and heat-flow measurements, as
well as the occurrence of tectonic tremors, slow-slip events and
low-frequency earthquakes.
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Neunhöfer, H. & Hemmann, A., 2005. Earthquake swarms in the Vogt-
land/Western Bohemia region: spatial distribution and magnitude–
frequency distribution as an indication of the genesis of swarms?, J.
Geodyn., 39, 361–385.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Original raw data in the north, east and vertical directions
(thin curve) and in the P, SV and SH rotated directions (bold curve)
(top). It is clear that the wave comes from the SW. Polarization
ellipsoid in the horizontal and vertical plans during the first 0.5 s
after the P-wave arrival time (bottom).
Figure S2. The generalized Wadati method of double difference of
P and S traveltimes for 8753 earthquake-station pairs. The slope
gives Vp/Vs directly (see Annex A for details). The size and colour
of each point are proportional to the number of readings.
Figure S3. Difference of longitudes and latitudes between the loca-
tions corresponding to the 50 events located with the single station
PNIG and the seven local broad-band seismometers.
Figure S4. Daily average noise variations for 31 d (January 2012,
blue lines) calculated on 15 min time windows, in a frequency band
of 2–20 Hz, in a 24 H circular diagram. The average of the daily
noise of the blue lines of the 31 d is plotted as the red curve. Time
is local time.
Table S1: The characteristics of the main-shock hypocentre are
given by using different methods and seismic agencies. Backaz-
imuth and distance are with respect to station PNIG.
Table S2. Length × width (km × km) and area (km2) of the main
shock using different methods. For comparison, the size of the 1982
earthquake determined by formula Mw = log10(A) + 4 (Singh et al.
2008) and distribution of all aftershocks are 1445 and 2450 km2,
respectively.
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