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Abstract—We studied 62 normal-faulting inslab earthquakes in

the Mexican subduction zone with magnitudes in the range of

3.6 B Mw B 7.3 and hypocentral depths of 30 B Z B 108 km. We

used different methods to estimate source parameters to observe

differences in stress drop, corner frequencies, source dimensions,

source duration, energy-to-moment ratio, radiated efficiency, and

radiated seismic energy. The behavior of these parameters is

derived. We found that normal-faulting inslab events have higher

radiated seismic energy, energy-to-moment ratio, and stress drop

than interplate earthquakes as expected. This may be explained by

the mechanism dependence of radiated seismic energy and appar-

ent stress reported in previous source parameter studies. The

energy-to-moment ratio data showed large scatter and no trend with

seismic moment. The stress drop showed no trend with seismic

moment, but an increment with depth. The radiated seismic effi-

ciencies showed similar values to those obtained from interplate

events, but higher than near-trench events. We found that the

source duration is independent of the depth. We also derived source

scaling relationships for the mentioned parameters. The low level

of uncertainties for the seismic source parameters and scaling

relationships showed that the obtained parameters are robust.

Therefore, reliable source parameter estimation can be carried out

using the obtained scaling relationships. We also studied regional

stress field of normal-faulting inslab events. Heterogeneity exists in

the regional stress field, as indicated by individual stress tensor

inversions conducted for two different depth intervals (Z\ 40 km

and Z[ 40 km, respectively). While the maximum stress axis (r1)

appears to be consistent and stable, the orientations of the inter-

mediate and minimum stresses (r2 and r3) vary over the depth

intervals. The stress inversion results showed that the tensional

axes are parallel to the dip direction of the subducted plate. At

depths greater than 40 km, the maximum horizontal stresses are

oblique to the dip direction following the general trend of the slab

geometry.

Key words: Inslab earthquakes, seismic source parameters,

stress inversion, seismic energy.

1. Introduction

The study of inslab earthquakes in subduction

zones is important in understanding the dynamics of

the subduction process, the physics of the earth-

quakes, and the estimation of seismic hazard. The

inslab earthquakes are frequently normal-faulting

events involving down-dip extension. In Mexico,

normal-faulting inslab events can be divided into two

main groups based on their epicentral location

(PACHECO and SINGH 2010): (1) events below the

Altiplano and (2) events near the coast. PACHECO and

SINGH (2010) also reported inslab steeply dipping

thrust earthquakes at a depth of about 35 km, about

10 km inland from the coast. These events show

down-dip compression and are associated with the

unbending of the slab (PACHECO and SINGH 2010).

Some previous source parameter studies have been

conducted for relevant inslab earthquakes in the

Mexican subduction zone (e.g. SINGH and WYSS 1976;

SINGH et al. 1985, 1999, 2000b, 2007, 2014 PÉREZ-

CAMPOS et al. 2010). These studies were mainly

focused on estimating focal mechanisms and seismic

source parameters. The first systematic source study

for inslab seismicity in the Central Mexico was

conducted by GARCÍA et al. (2004, 2005). They

showed that normal-faulting inslab events have

higher stress drops than interplate earthquakes (about

four times). GARCÍA et al. (2005) showed that ground

motions of normal-faulting inslab events have higher

amplitudes than interplate earthquakes but their

amplitudes decay faster than those of thrust events.

From the perspective of teleseismic data, the

radiated seismic energy shows an apparent focal

mechanism dependence (CHOY and BOATWRIGHT

1995; PÉREZ-CAMPOS and BEROZA 2001; among oth-

ers). These studies showed that strike-slip and normal

earthquakes generate higher radiated seismic energy
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de México, Mexico City, Mexico. E-mail:

quetza@geociencias.unam.mx
2 Present Address: Centro de Geociencias, Universidad
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than shallow thrust earthquakes. Intermediate depth

normal-faulting inslab events have particular char-

acteristics. In a global study based on teleseismic

data, CHOY and KIRBY (2004) found that the average

apparent stress of these events is considerably higher

than for shallow thrust earthquakes. According to TIBI

et al. (2003) deep earthquake source properties vary

with the temperature of the subducting plate. Events

in cold slabs show high aftershock activity, high

rupture velocity, and high seismic efficiency. In

contrast, earthquakes in warm slabs generally have

low aftershock productivity, low rupture velocity, and

low seismic efficiency. KITA and KATASUMATA (2015)

studied intermediate-depth intraslab earthquakes in

Japan. Their results show that the median stress drop

generally increases with an increase in depth.

According to KITA and KATASUMATA (2015), the dif-

ferences in both the rock rigidity and in the rupture

mechanisms could be causes for the stress drop dif-

ferences within the slab. The systematic estimation of

source time functions for many interplate thrust

events provides one probe of depth-varying proper-

ties in subduction zones (LAY and BILEK 2007). Some

authors showed that source duration decreases with

depth (e.g. VIDALE and HOUSTON 1993; BOS et al.

1998; HOUSTON et al. 1998). On the other hand, other

studies showed that source duration was almost the

same for shallow and deep events (KIKUCHI and ISHIDA

1993) or even anomalously long for intermediate-

depth earthquakes (SINGH et al. 1996).

The concern about the seismic hazard arises from

the fact that in the past many inslab events have

caused significant damage to cities in the Mexican

Altiplano. Some of these events are the 15 January

1931 (M 7.8; Z = 40 km) earthquake which caused

great destruction to the City of Oaxaca (SINGH et al.

1985); the 28 August 1973 (Mw 7.0; Z = 82 km) and

24 October 1980 (Mw 7.0; Z = 60 km) earthquakes

which caused casualties and damage in the states of

Puebla, Oaxaca and Veracruz (SINGH and WYSS

1976; YAMAMOTO et al. 1984; NAVA et al. 1985); the

15 June 1999 (Mw 6.9; Z = 60 km) earthquake

which cased damage to the City of Puebla (SINGH

et al. 1999); the 30 September 1999 (Mw 7.4;

H = 40 km) which caused damage the City of

Oaxaca and coastal areas in the state of Oaxaca

(SINGH et al. 2000b). Recently, the 11 December

2011 (Mw 6.5) was strongly felt in several states

along the coast and in Central Mexico, resulting in

three fatalities. Some other intermediate size nor-

mal-faulting inslab events (Mw \ 6.0) such as the 13

April 2007 (Mw 5.7), 27 April 2009 (Mw 5.8), 22

May 2009 (Mw 5.6), and the 16 June 2013 (Mw 5.9)

have been strongly felt in the Valley of Mexico,

especially in Mexico City (SINGH et al. 2007, 2014;

PÉREZ-CAMPOS et al. 2010). In this study, we inves-

tigate earthquake source parameters derived from 62

normal-faulting inslab earthquakes using local and

regional data. We estimate the focal mechanism and

seismic moment (Mo) from moment tensor inver-

sion. We also estimated the source duration (s),

radiated seismic energy (ER), ER/Mo ratio, radiated

seismic efficiency (gR), corner frequency (fc), and

source dimensions. We used these measurements

together with the moment magnitude for developing

seismic source parameter scaling relationships.

2. Data and Methods

2.1. Data

We determined source parameters from 62 inter-

mediate-depth normal-faulting inslab earthquakes

(3.6 B Mw B 7.3; 30 B Z B 108 km) recorded at

local and regional distances (Table 1). The data used

consist of recordings from the permanent broadband

seismic network of the Mexican National Seismo-

logical Service (SSN) and from the stations of the

permanent accelerographic networks operated by the

Engineering Institute (II), and the National Center for

Disaster Prevention (CENAPRED) (Fig. 1). The SSN

network is sparse and a typical station consists of a

STS-2 seismometer and a Kinemetrics FBA-23

accelerometer connected to a 24-bit Quanterra digi-

tizer. Both velocity and acceleration channels are

sampled at 80 and 100 samples/s. The accelerometric

networks mostly consist of Kinemetrics K2 and

ETNA digital accelerographs, equipped with 19-

and 18-bit A to D converters, respectively. Accelero-

grams are available at sampling rates of 80, 100, 200,

and 250 Hz. Additionally, we also used data from

temporal seismic arrays deployed in Central Mexico.

These arrays were operated during various
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Table 1

Earthquakes analyzed in this study

Event Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat

(�E)

Lon

(�W)

Depth

(km)

Mw Mo

(Nm)

Focal mechanism

(strike, dip, rake)

Ref.

1 1994/02/23 18:00:46 17.75 -97.27 75.0 5.80 6.28 9 1017 (278, 36, -83) �
6.10 1.80 9 1018 2

2 1994/05/23 01:41:52 18.02 -100.57 50.0 6.20 2.77 9 1018 (273. 39, -76) �
6.25 3.02 9 1018 2

3 1994/12/10 16:17:45 17.98 -101.52 50.0 6.40 5.20 9 1018 (130, 79, -86) �
6.40 5.07 9 1018 2

4 1995/12/20 21:52:30 18.55 -100.80 77.6 5.30 1.02 9 1017 (274, 61, -77) �
5.43 1.78 9 1017 2

5 1996/01/25 12:45:15 18.42 -101.84 59.0 5.50 2.21 9 1017 (276. 34, -72) �
5.37 1.44 9 1017 2

6 1996/04/01 03:43:02 16.42 -96.06 57.0 5.20 6.71 9 1016 (306, 64, -111) �
5.45 1.90 9 1017 2

7 1996/07/19 09:00:53 17.28 -100.37 44.9 4.73 1.55 9 1016 (324, 49, -59) §

4.90 2.81 9 1016 (308, 39, -79) �
4.70 (320, 34, -59) k
4.96 3.51 9 1016 2

8 1997/01/11 20:28:39 18.34 -102.58 40.0 7.01 4.02 9 1019 (297, 80, -83) #

7.10 6.06 9 1019 (292, 82, -106) �
7.10 5.69 9 1019 2

9 1997/04/03 21:22:30 17.99 -98.33 33.0 4.99 3.77 9 1016 (265, 32, -89) §

5.20 7.12 9 1016 (258, 27, -87) �
5.10 (267, 29, -80) k
4.88 2.66 9 1016 2

10 1997/05/22 07:50:54 18.37 -101.87 70.0 6.40 4.95 9 1018 (265, 65, -93) §

6.50 6.53 9 1018 (269, 62, -96) �
6.30 3.59 9 1018 2

11 1998/04/20 22:59:21 18.35 -101.19 60.0 5.85 7.31 9 1017 (288, 79, -92) #

5.90 1.01 9 1018 (290, 61, -86) �
5.90 9.01 9 1017 2

12 1998/08/05 16:49:57 17.97 -100.22 55.0 4.56 8.74 9 1015 (344, 38, -68) §

4.92 3.05 9 1016 2

13 1999/06/15 20:42:13 18.13 -97.54 61.0 6.87 2.54 9 1019 (282, 39, -107) #

6.90 3.10 9 1019 (309, 40, -83) �
6.62 1.08 9 1019 2

14 1999/06/21 17:43:09 18.15 -101.70 60.0 6.22 2.66 9 1018 (282, 29, -122) #

6.30 3.11 9 1018 (296, 32, -88) �
6.10 1.80 9 1018 2

15 1999/09/30 16:31:23 16.03 -96.96 46.0 7.32 1.21 9 1020 (305, 47, -66) #

7.40 1.72 9 1020 (300, 49, -78) �
7.20 8.03 9 1019 2

16 1999/12/29 05:19:45 18.04 -101.62 55.0 5.79 5.95 9 1017 (270, 30, -129) §

5.90 8.29 9 1017 (260, 22, -129) �
5.64 3.67 9 1017 2

17 2000/07/21 06:13:39 18.09 -98.97 50.0 5.71 4.65 9 1017 (294, 31, -91) 1

5.90 7.14 9 1017 (305, 32, -80) �
5.80 7.14 9 1017 (289, 33, -81) �
5.90 (295, 28, -88) k
5.68 4.22 9 1017 2

18 2001/02/11 00:35:52 18.38 -101.60 50.0 4.64 1.13 9 1016 (286, 62, -73) 1

4.90 2.85 9 1016 2

19 2001/03/05 10:17:36 17.13 -100.06 41.0 5.02 4.28 9 1016 (290, 13, -91) 1

5.30 1.00 9 1017 (338, 15, -63) �
5.10 (250, 16, -131) k
5.44 1.84 9 1017 2
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Table 1 continued

Event Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat

(�E)

Lon

(�W)

Depth

(km)

Mw Mo

(Nm)

Focal mechanism

(strike, dip, rake)

Ref.

20 2001/03/06 21:57:56 17.14 -100.10 37.0 4.91 2.91 9 1016 (336, 41, -39) 1

5.20 8.30 9 1016 (336, 37, -64) �
5.00 (340, 30, -49) k
5.28 1.06 9 1017 2

21 2002/01/30 08:42:07 18.22 -95.94 107.0 5.87 7.96 9 1017 (329, 58, -85) 1

5.90 9.43 9 1017 (317, 63, -94) �
5.92 9.66 9 1017 2

22 2002/06/27 04:59:49 17.78 -100.46 50.0 4.37 4.41 9 1015 (292, 67, -89) 1

4.71 1.48 9 1016 2

23 2002/12/10 03:09:33 17.75 -101.27 46.0 5.41 1.64 9 1017 (201, 17, -40) §

5.30 (220, 15, -15) k
5.36 1.40 9 1017 2

24 2003/04/21 07:56:26 17.50 -101.26 35.8 4.39 4.71 9 1015 (215, 25, -17) §

4.50 (210, 37, -15) k
4.77 1.82 9 1016 2

25 2003/05/16 09:09:24 18.29 -101.26 60.0 4.85 2.33 9 1016 (290, 60, -74) 1

5.00 3.70 9 1016 (297, 56, -61) �
4.70 (292, 67, -79) k
4.90 2.85 9 1016 2

26 2003/07/21 23:53:44 18.44 -101.02 65.0 5.04 4.52 9 1016 (270, 57, -114) 1

5.10 6.40 9 1016 (289, 52, -89) �
4.90 (134, 37, -54) k
5.20 8.03 9 1016 2

27 2003/11/19 13:50:28 17.86 -99.54 50.0 5.03 4.31 9 1016 (295, 30, -46) 1

5.20 8.89 9 1016 (277, 37, -69) �
5.10 (306, 44, -52) k
5.18 7.50 9 1016 2

28 2004/01/17 21:13:09 17.70 -95.64 108.0 5.09 5.45 9 1016 (330, 45, -70) 1

5.20 7.19 9 1016 (325, 44, -77) �
5.12 6.09 9 1016 2

29 2004/08/07 11:49:13 17.25 -95.30 100.0 5.70 4.40 9 1017 (324, 57, -97) 1

5.80 5.35 9 1017 (312, 66, -103) �
5.71 4.68 9 1017 2

30 2004/10/28 20:30:02 18.47 -99.80 54.2 4.85 2.34 9 1015 (346, 38, -94) §

4.80 (176, 49, -89) k
4.95 3.39 9 1016 2

31 2004/11/22 03:49:25 17.99 -99.63 54.0 4.45 5.95 9 1015 (294, 34, -60) §

4.30 (304, 38, -50) k
4.48 6.68 9 1015 2

32 2005/05/26 15:55:56 17.94 -99.98 58.0 4.71 1.44 9 1016 (291, 37, -81) 1

4.60 (289, 34, -76) k
4.87 2.57 9 1016 2

33 2005/09/08 16:02:02 17.33 -101.36 28.0 4.07 1.61 9 1015 (220, 23, -146) 1

4.73 1.58 9 1016 2

34 2005/09/24 01:14:02 17.88 -97.03 106.0 4.91 2.88 9 1016 (328, 69, -45) 1

5.00 3.70 9 1016 (353, 41, -78) �
5.13 6.31 9 1016 2

35 2005/12/14 21:22:36 18.39 -101.21 46.0 4.73 1.55 9 1016 (279, 70, -85) 1

4.90 2.78 9 1016 (267, 60, -97) �
4.97 3.63 9 1016 2

36 2006/06/26 15:49:18 18.05 -100.01 56.4 4.37 4.49 9 1015 (307, 35, -63) §

4.30 (293, 35, -79) k
4.63 1.12 9 1016 2

37 2006/07/07 17:43:34 15.78 -96.26 31.0 4.65 1.19 9 1016 (344, 20, -60) 1

4.90 2.85 9 1016 2
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Table 1 continued

Event Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat

(�E)

Lon

(�W)

Depth

(km)

Mw Mo

(Nm)

Focal mechanism

(strike, dip, rake)

Ref.

38 2006/08/11 14:30:44 18.45 -101.30 55.0 5.86 7.89 9 1017 (300, 66, -72) 1

6.00 1.26 9 1018 (283, 57, -87) �
5.60 3.20 9 1017 2

39 2006/12/17 03:17:50 17.91 -101.31 58.0 4.81 2.05 9 1016 (232, 47, -132) 1

5.12 6.09 9 1016 2

40 2007/01/27 11:22:10 18.07 -102.13 30.0 4.21 2.59 9 1015 (303, 45, -5) 1

4.22 2.72 9 1015 2

41 2007/02/14 18:04:40 16.75 -96.18 75.0 4.69 1.34 9 1016 (341, 71, -67) 1

4.80 2.02 9 1016 2

42 2007/05/04 10:21:10 17.20 -96.84 65.0 4.97 2.59 9 1016 (320, 55, -115) 1

5.00 4.57 9 1016 (302, 59, -125) �
5.19 7.76 9 1016 2

43 2007/07/28 13:45:24 18.05 -100.84 50.0 4.96 3.46 9 1016 (307, 45, -86) 1

5.10 6.47 9 1016 (312, 40, -85) �
5.20 8.03 9 1016 2

44 2007/11/26 21:56:12 18.65 -101.70 60.0 5.67 3.98 9 1017 (257, 63, -112) 1

5.70 4.66 9 1017 (326, 72, -82) �
5.65 3.80 9 1017 2

45 2008/04/05 06:27:50 17.91 -97.91 55.0 3.97 1.12 9 1015 (304, 58, -78) 1

4.20 2.54 9 1015 2

46 2008/04/15 07:31:43 18.31 -101.01 55.0 4.59 9.65 9 1015 (307, 69, -91) 1

4.84 2.32 9 1016 2

47 2008/04/28 00:06:29 18.05 -100.01 48.0 5.60 5.32 9 1017 (317, 34, -68) 1

5.80 7.00 9 1017 (317, 48, -85) �
5.40 (138, 40, -88) k
5.75 5.37 9 1017 2

48 2008/04/29 10:56:42 18.47 -101.19 65.0 5.29 1.07 9 1017 (262, 60, -94) 1

5.30 1.10 9 1017 (275, 62, -86) �
5.28 1.06 9 1017 2

49 2008/12/15 14:27:10 17.07 -97.00 65.0 4.42 5.31 9 1015 (323, 47, -92) 1

4.53 7.94 9 1015 2

50 2009/01/14 17:04:35 18.10 -100.07 47.0 4.16 2.16 9 1015 (322, 38, -75) 1

4.35 4.26 9 1015 2

51 2009/05/22 19:24:17 18.10 -98.43 50.0 5.55 2.67 9 1017 (280, 37, -76) 1

5.60 3.71 9 1017 (282, 34, -63) �
5.67 4.07 9 1017 2

52 2009/08/15 13:22:45 18.06 -100.67 60.0 5.39 1.51 9 1017 (291, 48, -64) 1

5.50 2.08 9 1017 (276, 43, -70) �
5.45 1.90 9 1017 2

53 2010/08/22 07:06:55 18.22 -100.91 50.0 4.01 1.28 9 1015 (300, 62, -74) 1

4.10 1.80 9 1015 2

54 2010/08/31 12:52:55 18.12 -100.45 50.0 3.63 3.50 9 1014 (292, 43, -64) 1

4.00 1.27 9 1015 2

55 2010/09/28 08:46:33 18.18 -102.38 65.0 3.95 1.05 9 1015 (285, 71, -105) 1

4.20 2.54 9 1015 2

56 2011/12/11 01:47:25 17.85 -99.98 55.0 6.38 4.79 9 1018 (299, 29, -78) 1

6.50 6.06 9 1018 (284, 34, -84) �
6.50 7.16 9 1018 2

57 2012/02/05 17:01:11 18.37 -101.43 60.0 4.75 1.64 9 1016 (272, 59, -94) 1

4.90 2.85 9 1016 2

58 2012/04/02 17:36:42 16.27 -98.47 16.0 5.94 1.01 9 1018 (271, 50, -65) 1

6.10 1.52 9 1018 (272, 58, -87) �
6.00 1.27 9 1018 2

59 2012/11/15 09:20:22 18.17 -100.52 46.0 6.02 1.32 9 1018 (303, 38, -74) 1

6.10 1.61 9 1018 (297, 39, -80) �
6.00 1.27 9 1017 2
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experiments: the Colima Volcano deep seismic

experiment (CODEX), the Mapping of the Rivera

subduction zone (MARS), the Meso-American sub-

duction experiment (MASE), and the Verecruz-

Oaxaca line (VEOX) (Fig. 1). The CODEX network

consists of Guralp CMG 40T sensors with Quanterra

digitizers at sampling rates of 100 samples/s. The

MARS array consists of a STS-2 seismometer with

Quanterra digitizer at sampling rates of 40 samples/s.

The MASE and VEOX arrays have all Guralp 3T

broadband sensors (120 s to 50 Hz). Figure 2 shows

epicenters of the studied events in Central Mexico.

2.2. Data Processing

We processed all recordings in the same fashion

for estimating radiated seismic energy and for the

spectral analysis. The digital time series of the events

are corrected for baseline and for instrument

response. The horizontal components of accelero-

graphs and/or seismometers at each station are

windowed. The window length was chosen such that

it included the main S-wave arrival and a point at

which 95 % of the shear energy was contained in the

window. The signals are then Fourier transformed by

a fast Fourier transform and a 10 % cosine tapering

window is applied at both ends of the signal.

Depending on the analysis, the velocity and acceler-

ation time series are integrated to obtain a velocity or

displacement spectrum of the signal (see next

section). The spectra are not smoothed. For spectral

source parameter estimation, we compute an average

spectrum of both horizontal components before

modeling the seismic source.

3. Source Parameter Estimation

3.1. Regional Moment Tensor Inversion

Long-period seismic waves recorded at regional

distances have been used to extract information about

the earthquake source: specifically, seismic moment,

focal mechanism, and centroid depth. The use of

seismic waves at longer periods improves the

estimation of earthquake source parameters because

they are relatively insensitive to the effects of lateral

velocity and density heterogeneities (RITSEMA and

Table 1 continued

Event Date

(yyyy/mm/dd)

Time

(hh:mm:ss)

Lat

(�E)

Lon

(�W)

Depth

(km)

Mw Mo

(Nm)

Focal mechanism

(strike, dip, rake)

Ref.

60 2013/01/30 07:24:10 16.39 -96.21 46.0 4.03 1.38 9 1015 (192, 44, -83) 1

4.40 5.07 9 1015 2

61 2013/06/16 05:19:03 18.04 -99.25 54.0 5.72 4.79 9 1017 (311, 33, -64) 1

5.90 7.80 9 1017 (311, 33, -73) �
5.90 9.01 9 1017 2

62 2013/08/26 23:19:35 18.23 -100.78 46.0 4.31 3.67 9 1015 (316, 64, -72) 1

4.47 6.46 9 1015 2

All locations are based on local/regional data

� Location and depth from local and regional data reported by GARCÍA et al. (2004). Mo and focal mechanism from Harvard CMT

� Location, depth, Mo, Mw, focal mechanism from Harvard CMT

§ Location from PACHECO and SINGH (2010). Mo, Mw, depth, and focal mechanism from regional moment tensor (this study)

k Focal mechanism and Mw from PACHECO and SINGH (2010)

# Location from local and regional data reported by GARCÍA et al. (2004). Mo, Mw, depth and focal mechanism from regional moment tensor

(this study)

1 Location local and regional data from the Mexican CMT catalog of the Universidad Nacional Autónoma de México (UNAM). Mo, Mw,

depth, and focal mechanism from regional moment tensor (this study)

2 Mw and Mo from S-wave spectra of local and regional recordings
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LAY 1995). We used the matrix inversion method

(e.g., ICHINOSE et al. 2003, 2014) to invert for the

point source moment tensor using Green’s functions

computed for a 1D velocity model based on the

methodology presented by JOST and HERRMANN

(1989). The method incorporates modifications

(based on HERRMANN and HUTCHENSEN 1993; MINSON

and DREGER 2008) needed to calculate full moment

tensors (6-degree of freedom) that include isotropic

components. Commonly the inversion involves solv-

ing for the deviatoric moment tensor, which is

suitable for tectonic earthquakes. In this study, the

inversion is done imposing a deviatoric moment

tensor without isotropic component which is a

recommended setting for all tectonic sources (ICHI-

NOSE 2014).

The Green’s functions are computed using a fast

reflectivity and frequency wave number (f-k) sum-

mation technique (ZENG and ANDERSON 1995). For the

computation of the Green’s functions, we used the 1D

crustal model reported by CAMPILLO et al. (1996). The

Green’s functions are computed using different depth

increments (from 2 to 5 km). To account for any

origin time (OT) and location errors, the synthetics

are shifted relative to the observed time by changing

the OT few seconds before/after the final location OT

during the inversion. The shift that produces the best

fit is used in the final solution. The maximum value of

Figure 1
Main tectonic features of Central Mexico. NA is the North American plate, CO is the Cocos plate, PA is the Pacific plate, RI is the Rivera

microplate, and TMVB is the Transmexican volcanic belt. Arrows show the convergence rate of the RI and CO plates with respect to the NA.

Symbols in the box show the stations of the Mexican National Seismological Service (SSN), Engineering Institute (II), and the National Center

for Disaster Prevention (CENAPRED), the Meso-American subduction experiment (MASE), the Verecruz-Oaxaca line (VEOX), the Mapping

the Rivera subduction zone (MARS) and the Colima Volcano deep seismic experiment (CODEX) arrays
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time shift for synthetic data was set to be 3 s. The

allowed time shift is large enough to make up for

small hypocentral errors, but small enough to

disallow cycle skipping that could produce erroneous

mechanisms. The preferred solution is obtained by a

simple grid search over the focal depths and also over

Figure 2
Normal-faulting inslab events in Central Mexico (3.9\Mw\ 7.1). Numbers indicate the events in Table 1. Gray triangles are volcanoes and

the black-bold line delimits the boundary of the TMVB. Dashed lines show contour lines of the subducted slab at 20, 40, 60, 80 and 120 km

depth (upper panel). Section along AB (lower panel). Dashed lines indicate plate interfaces. Locations of inslab earthquakes are indicated.

The dashed lines delineate the subducted Cocos plate (lower panel)
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the origin time (Figs. 3, 4 show an example). The

solution that has the highest percentage of variance

reduction and double couple component is selected

(Figs. 3, 4 show an example). Records from stations

relatively close to the epicenter are discarded to avoid

finite fault effects, and stations far from the epicenter

Figure 3
Moment tensor inversion results for event 61 using a simple grid search scheme. The moment tensors as a function of depth and origin time

are shown with the moment tensors scaled as a function of L2 norm error in the waveform misfits (larger moment tensors signify smaller

errors). We perform a grid search to solve for the best fitting origin time and focal depth by iterating the moment tensor inversion. The best

fitting depth is 54 km, and origin time is 16 June 2013 05:19:03 UTC (upper panel). Goodness of the focal mechanism fit as function of source

depth; mechanisms are plotted each 2 km (lower panel)
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are discarded to ensure good signal to noise ratio. We

integrated the records to obtain displacements and

filter them using different frequency bands depending

on their magnitudes (Table 2) following PÉREZ-CAM-

POS et al. (2010).

3.2. Estimation of Radiated Seismic Energy

We estimated the radiated seismic energy (ER) by

integrating squared velocity spectra following SINGH

and ORDAZ (1994); ER is defined by

ER ¼ ½4pR2fG2ðRÞ=R2gqb=F2�2

�
Z1

0

fV2
Nðf Þ þ V2

Eðf Þ þ V2
Zðf Þge2pfR=bQðf Þdf ;

ð1Þ

where Vj(f) is the velocity spectrum of the jth com-

ponent of the S-wave group, R is the hypocentral

distance; G(R) is the geometrical spreading correc-

tion which may be taken as G(R) = R-1 for inslab

Mexican earthquakes (GARCÍA et al. 2004); q and b
are the density and shear velocity in the focal region,

respectively; F is the free-surface amplification (2.0),

and Q(f) is the quality factor taken here as

Q(f) = 251f0.58 (GARCÍA et al. 2004). The stations

used in this study are all situated on rock sites. For

this reason, we applied the site effect correction for a

generic rock site (BOORE and JOYNER 1997).

Following PÉREZ-CAMPOS et al. (2003), we applied

site corrections using the combined effect of fre-

quency-dependent site amplification and site

attenuation, defined as A(f) = Ao(f) e-pjf, where

Ao(f) is the amplification factor and j is the attenu-

ation parameter (Anderson and Hough 1984; BOORE

and JOYNER 1997). Additionally, we used an average

attenuation parameter appropriate for the station

obtained from previous studies (CASTRO et al. 1990;

HUMPHREY and ANDERSON 1992). In case the value of

j is unknown, we used an average value of

j = 0.0306 s (CASTRO et al. 1990; HUMPHREY and

ANDERSON 1992) as used by PÉREZ-CAMPOS et al.

(2003).

Table 3 shows results for the analyzed events.

Figure 5 shows an example of the ER estimation as

function of distance. The ER estimations are used to

derive a scaling relationship between ER and Mo. We

also used the estimated Mo from the regional moment

tensor inversion to determine the ER/Mo ratio

(Fig. 6). The ER/Mo ratio is different for different

types of earthquakes (VENKATARAMAN and KANAMORI

2004). For example, the ratio takes values of

7 9 10-7 to 3 9 10-6 for tsunami earthquakes;

5 9 10-6 to 2 9 10-5 for interplate and downdip

earthquakes; 2 9 10-5 to 3 9 10-4 for intraplate

deep and crustal earthquakes (VENKATARAMAN and

KANAMORI 2004). We calculated radiated efficiency,

(gR), which is defined as gR = ER/(ER ? EG)

* 2(ER/Mo)/(Drs/l), where EG is the fracture

energy, and Drs is the static stress drop (HUSSEINI

1977) (Fig. 7). We followed KEILIS-BOROK (1959) to

estimate static stress as Drs = 7Mo/16r3. VENKATARA-

MAN and KANAMORI (2004) reported that gR of most

earthquakes lies between 0.25 and 1.0. Deep earth-

quakes have also small radiation efficiencies

(VENKATARAMAN and KANAMORI 2004).

3.3. Source Spectra

We estimated source displacement and accelera-

tion spectra, _Mðf Þ and f 2 _Mðf Þ; of the earthquakes

from the analysis of the S-wave group recorded at

hard sites following BOORE (1983) and SINGH and

ORDAZ (1994). The Fourier acceleration spectral

amplitude of the intense part of the ground motion

bFigure 4

Example of moment tensor solution (16 June 2013 earthquake).

Comparison between observed (black lines) and synthetic (red

lines) displacement waveforms for the preferred focal mechanism

obtained from the moment tensor inversion. The epicentral distance

(R) and azimuth (Az) of each station is written above their traces.

Z, R, T indicates vertical, radial, and transverse components,

respectively

Table 2

Frequency bands used in the moment tensor inversion

Magnitude Distance (km) Frequency band (Hz)

3.5 B M\ 5.0 30\R\ 400 0.02–0.05

5.0 B M\ 6.5 100\R\ 600 0.01–0.05

6.5 B M\ 7.5 200\R\ 995 0.01–0.05

7.5 B M 500\R\ 995 0.005–0.02
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Table 3

Source parameter estimation

Event ER (Nm) ER/Mo Dr (bars) fc (Hz) fmax (Hz) r (km) gR n sp (s) st (s)

1 3.71 9 1013 5.91 9 10-5 353 0.62 10.15 2.93 0.487 1 1.60k

324 0.85#

2* 2.56 9 1014 9.26 9 10-5 335 0.52 7.11 3.33 0.254 2 1.70 4.3�

324 0.52#

3* 1.19 9 1015 2.29 9 10-4 515 0.33 9.63 5.82 1.786 2 1.70 6.5�

494 0.49#

4 5.33 9 1012 5.22 9 10-5 152 1.03 9.41 1.78 0.594 1 1.00k

5 1.39 9 1013 6.29 9 10-5 167 1.12 7.85 1.59 0.235 1 1.30k

6 8.37 9 1012 1.25 9 10-4 520 1.53 12.54 1.15 0.583 1 0.90k

7 9.25 9 1011 5.97 9 10-5 326 2.29 14.31 0.80 0.406 1 0.50�

310 2.73# 0.40*

8* 3.68 9 1015 9.16 9 10-5 338 0.21 5.51 8.46 0.284 3 4.80 13.5k

266 0.17#

9 7.32 9 1011 1.94 9 10-5 136 1.81 9.78 0.97 0.097 1 0.75k

0.70*

10* 3.36 9 1014 6.79 9 10-5 240 0.39 7.01 4.49 0.255 1 4.00k

221 0.34#

11 6.76 9 1013 9.25 9 10-6 235 0.67 6.58 2.67 0.005 1 3.00k

206 0.63#

12 5.51 9 1011 6.31 9 10-5 205 2.04 12.91 0.87 0.978 1 0.40k

13 2.64 9 1015 1.04 9 10-4 882 0.46 7.02 4.07 0.057 3 4.20 8.0k

733 0.31#

14 2.79 9 1014 1.05 9 10-4 473 0.71 6.96 2.46 0.121 1 2.20k

303 0.49#

15* 8.51 9 1015 7.03 9 10-5 665 0.22 7.02 7.85 0.058 3 6.00 14.5§

660 0.17#

16 4.96 9 1013 8.34 9 10-5 176 0.83 12.74 2.11 0.271 1 1.43k

128 0.57#

17 4.27 9 1013 9.19 9 10-5 255 0.90 8.52 1.93 0.292 1 1.34k

258 0.76# 1.30*

377 0.811

18 1.16 9 1012 1.03 9 10-4 185 2.01 12.52 0.87 1.234 1 0.50k

0.40*

19 9.89 9 1012 2.31 9 10-4 184 1.10 13.35 1.60 4.548 1 0.70k

151 1.22# 0.60*

20 4.72 9 1012 1.62 9 10-4 247 1.44 12.71 1.28 2.402 1 0.60k

230 1.50# 0.50*

21 2.39 9 1014 3.01 9 10-4 1389 1.18 7.46 1.77 0.431 1 1.56k

1981 1.36#

22 1.24 9 1011 2.82 9 10-5 232 2.73 11.63 0.66 0.378 1 0.36k

23 8.31 9 1012 5.06 9 10-5 440 1.61 10.06 1.09 0.082 1 1.00k

0.90*

24 2.52 9 1011 5.36 9 10-5 293 2.71 14.25 0.67 0.704 1 0.36k

0.35*

25 8.76 9 1011 3.76 9 10-5 172 1.94 11.48 0.90 0.242 1 0.58k

26 2.13 9 1012 4.71 9 10-5 315 1.72 10.60 1.03 0.234 1 0.70k

27 3.71 9 1012 8.61 9 10-5 327 1.76 10.66 1.03 0.449 1 0.68k

0.65*

28 1.93 9 1012 3.55 9 10-5 338 1.88 8.88 0.96 0.118 1 0.74k

29 1.80 9 1014 4.09 9 10-4 872 1.33 8.06 1.33 0.450 1 1.30k

30 1.07 9 1012 4.57 9 10-4 275 2.17 15.04 0.82 2.152 1 0.30k

0.30*

31 1.54 9 1011 2.58 9 10-5 283 3.62 13.52 0.50 0.111 1 0.40k

0.40*

32 2.95 9 1012 2.05 9 10-4 269 2.35 12.16 0.75 1.235 1 0.50k
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Table 3 continued

Event ER (Nm) ER/Mo Dr (bars) fc (Hz) fmax (Hz) r (km) gR n sp (s) st (s)

33 2.13 9 1011 1.32 9 10-4 303 2.81 15.14 0.66 4.849 1 0.28k

0.30*

34 4.78 9 1012 1.66 9 10-4 370 1.95 11.19 0.91 0.893 1 0.70k

0.40*

35 8.40 9 1011 5.42 9 10-5 294 2.11 12.05 0.86 0.457 1 0.50k

0.50*

36 3.30 9 1011 7.35 9 10-5 195 2.77 15.55 0.65 0.925 1 0.35k

37 2.48 9 1012 2.09 9 10-4 178 1.33 14.02 1.34 8.693 1 0.48k

0.50*

38 9.84 9 1012 1.25 9 10-5 310 1.95 6.97 0.96 0.003 1 1.60k

39 3.03 9 1012 1.48 9 10-4 177 1.55 13.96 1.15 2.259 1 0.55k

40 1.37 9 9 1011 5.28 9 10-5 170 4.10 14.48 0.43 0.333 1 0.30k

0.30*

41 6.17 9 1011 4.60 9 10-5 287 2.33 14.26 0.80 0.361 1 0.50k

42 2.73 9 1012 1.05 9 10-4 226 1.53 14.41 1.19 1.405 1 0.60k

43 7.98 9 1012 2.31 9 10-4 164 1.31 13.98 1.44 4.101 1 0.64k

0.70*

44 1.59 9 1014 4.00 9 10-4 320 1.03 7.42 0.48 0.023 1 1.28k

45 6.02 9 1010 5.38 9 10-5 111 3.59 14.06 0.48 1.093 1 0.24k

0.25*

46 4.96 9 1011 5.14 9 10-5 180 2.12 14.78 0.86 0.697 1 0.44k

0.45*

47 5.06 9 1013 9.50 9 10-5 348 0.93 7.71 1.93 0.264 1 1.40k

1.20*

48 6.40 9 1012 5.98 9 10-5 293 1.48 9.93 1.20 0.199 1 0.88k

49 3.14 9 1011 5.92 9 10-5 356 3.80 13.17 0.49 0.270 1 0.38k

50 1.24 9 1011 5.75 9 10-5 360 4.62 15.43 0.39 0.325 1 0.30k

0.30*

51 2.76 9 1013 1.04 9 10-4 441 1.09 8.60 1.63 0.347 1 1.66k

447 1.061 1.60*

52 1.22 9 1013 8.05 9 10-5 412 1.40 10.12 1.35 0.270 1 0.98k

53 4.82 9 1010 3.76 9 10-5 222 5.23 15.57 0.35 0.259 1 0.25k

0.20*

54 8.02 9 109 2.29 9 10-5 164 3.64 16.82 0.48 1.488 1 0.17k

0.20*

55 7.50 9 109 7.14 9 10-6 177 3.69 15.12 0.48 0.155 1 0.24k

56* 5.80 9 1014 1.21 9 10-4 625 0.69 7.81 2.58 0.089 2 4.40 9.0k

4.00*

57 9.44 9 1011 5.76 9 10-5 216 2.03 13.77 0.90 0.527 1 0.52k

58 5.01 9 1014 4.96 9 10-4 341 0.65 7.82 2.67 1.923 1 1.67k

1.50*

59 1.16 9 1014 8.77 9 10-5 456 0.72 7.69 2.47 0.206 1 1.80k

414 0.651 2.00*

60 1.00 9 1011 7.29 9 10-5 387 4.56 15.58 0.39 0.644 1 0.25k

0.20*

61 5.19 9 1013 1.08 9 10-4 368 0.79 8.60 2.27 0.542 1 1.35k

391 0.801 1.40*
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at station i of event j under far-field point source

approximation can be written as

Aðf ;RijÞ ¼ CSðf ÞGðRijÞPðf Þe�pfRij=bQðf Þ; ð2Þ

where

Table 3 continued

Event ER (Nm) ER/Mo Dr (bars) fc (Hz) fmax (Hz) r (km) gR n sp (s) st (s)

62 3.51 9 1010 9.55 9 10-6 131 2.56 14.00 0.79 0.264 1 0.34k

0.30*

� COCCO et al. (1997), source duration from regional and local data

� SINGH et al. (2000a), source duration from regional and local data

§ SINGH et al. (2000b), source duration from regional and local data

k This study, source duration from moment tensor inversion with local and regional data

* This study, source duration from near source records

# Dr and fc from GARCÍA et al. (2004)

1 Dr and fc from SINGH et al. (2014)

Figure 5
Example of radiated seismic energy estimated with regional data

cFigure 6
ER versus Mo for normal faulting inslab earthquakes (upper panel).

The solid black line is the regression model. The dashed lines are

the 95 % confidence intervals in the regression (upper panel).

Comparison between ER/Mo ratio and Mo with error bars for

different magnitude intervals (lower panel)
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C ¼ Rh/FPð2pÞ2

4pqb3
: ð3Þ

.

In these expressions, f is the frequency, Rij is the

hypocentral distance of the ith station with respect to

jth event, Rhu is the average radiation pattern (0.55;

BOORE and BOATWRIGHT 1984), F is the free-surface

amplification (2.0), P takes into account the parti-

tioning of energy in the two horizontal components

(1/H2), q and b are the density and shear velocity in

the focal region, respectively, and Q(f) is the quality

factor, which includes both anelastic absorption and

scattering. Sj(f) is the source acceleration spectrum of

event j, which may be written as

Sjðf Þ ¼ f 2 _Mojðf Þ; ð4Þ

where _Mojðf Þ is the moment-rate spectrum. Following

AKI (1967) and BRUNE (1970), the source spectrum

S(f) is given by

Sjðf Þ ¼
f 2 _Moj

1 þ f
fc

� �2
; ð5Þ

where fc is the corner frequency. Following BRUNE

(1970) the corner frequency is given by the following

equation:

fcj ¼ 4:91 � 106b
Drj

Moj

� �1=3

; ð6Þ

where Drj is the Brune stress drop in bars, b is in

kilometers per socond, and Moj is the seismic moment

in dyne centimeters. P(f) is a high-cut filter defined by

BOORE (1983) that fits well for frequencies greater

than the cut-off frequency (fmax). fmax is an important

parameter of earthquake engineering as it controls the

peak ground acceleration. fmax could be attributed to

the source (e.g. PAPAGEORGIOU and AKI 1983a, b;

YOKOI and IRIKURA 1991) or to the path and or

recorded site effects (HANKS 1982; ANDERSON and

HOUGH 1984). The form of the fmax filter is defined as

Pðf Þ ¼ 1 þ f

fmax

� �2s
" #�1=2

; ð7Þ

where s controls the decay rate at high frequencies. In

addition, we used the site correction described in the

previous section, where the term e-pjf is also known

as the j filter. Both filters can be combined in the

source analysis (BOORE 2003). The source radius is

estimated with the following expression: r = 2.34b/

2pfc based on BRUNE (1970). Average values \f[
were computed for each parameter (ER, Dr, fc, fmax,

fault dimensions, and rupture area) (Table 3) fol-

lowing ARCHULETA et al. (1982) as

fh i ¼ anti log
1

N

XN

i¼1

log fi

( )
; ð8Þ

where N is the number of stations used. Equation (8)

is used because in the case of simple arithmetic

average, the mean values are biased towards the

larger values. The corresponding standard deviation

of the logarithm SD(log\f[) was also calculated

from the relations of ARCHULETA et al. (1982)as

SD log fh ið Þ¼ 1

N � 1

XN

i¼1

log fi � log fh i½ �2
( )1=2

: ð9Þ

The source parameters are automatically esti-

mated by fitting the acceleration spectra (Eq. 2) to

observed spectra with different values of fc, fmax, and

spectral flat level (Fig. 8). In this process, we

minimize the root mean square error between the

synthetic and observed spectra. The minimization is

carried out using the matlab routine fmin search. The

selection of the appropriate time window is an

important factor in estimating source parameters

since it is affecting the seismic moment value. We

used window lengths that include the maximum

amplitude of the wave. Thus, the length of this time

windows may be different for different events,

depending on the magnitude of the earthquake and

the hypocentral distance. Small events recorded at

short distances tend to have shorter time-window

lengths. By taking the shear-wave time window too

short, the seismic moment will be underestimated. On

the contrary, by taking the time window too long, the

signal will be affected by coda waves. For this

cFigure 7
Comparison between Dr and Mo (upper panel); Dr and depth

(middle panel); gR and Mo (lower panel), with error bars for

different magnitude intervals
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reason, the S wave window starts from the S-phase

onset and includes at least 85 % of the total energy of

the recorded signal to provide stable source param-

eter estimates. This 85 % energy limit was proposed

by some authors as the minimum bound for spectral

decay parameters and attenuation analyses (e.g.

CASTRO et al. 1996; FERNÁNDEZ et al. 2010). After

testing different energy bands (from 85 to 95 %), we

conducted our calculations considering a 95 %

energy band. The window length was chosen such

that it included the main S-wave arrival and 95 % of

the total energy, starting at 3 % of the Fourier

spectrum energy and ending at 98 % as recom-

mended by several authors (CASTRO et al. 1990;

ORDAZ and SINGH 1992; GARCÍA et al. 2009). Once we

obtain a solution for each station, we use Eqs. 8 and 9

to estimate final parameters reported in Table 3.

3.4. Source Duration

Three measures of source duration of an earth-

quake have been reported in the literature: (1) total

rupture duration (st); (2) the pulse duration of each

subevent (sp); and (3) the rise time (sr). In this study,

we calculated st and sp values for normal-faulting

inslab events (Table 3). For complex events, we list

the total duration as well as the pulse duration and the

number of subevents (Table 3). On the other hand,

for simple events, st and sp are equal (Table 3). We

performed a waveform inversion of near-source

displacement records for some events to estimate

the source duration, Mo, and focal mechanism

following SINGH et al. (2000c). The inversion assumes

that the events may be approximated by a point-

source shear dislocation in an infinite space. This

approximation is acceptable if the epicentral distance

Figure 7
continued
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is smaller than the depth. Synthetic seismograms

include near-, intermediate-, and far-field terms

(SINGH et al. 2000c). Theory predicts simple unipolar

P and S displacement pulses. The effect of free

surface is approximately taken into account by

multiplying the infinite-space synthetics by two

(SINGH et al. 2000c). This approach has previously

been used to estimate source parameters for normal-

Figure 8
Example of the spectral analysis for event 52 (Tables 1, 3) (Mw = 5.4) recorded at station TNLP (Rock site, R = 129 km). Velocity traces

with time windows of noise (N) and S-group waves (S) (upper left panels) and their spectra (upper right panel). Lower panels show the source

acceleration and displacement spectra. Superimposed on the spectra are the predicted curves from an x2 source models (solid black curves)
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faulting inslab events (SINGH et al. 2007; PÉREZ-

CAMPOS et al. 2010) and most commonly for shallow

thrust interplate events in Mexico.

In the far-field, the body-wave displacement

pulse is proportional to the source time function,

on the assumption that the Q effect is negligible.

Therefore, the source time function can directly be

estimated from the displacement seismograms

(SINGH et al. 2000c). P waves are a better choice

to estimate source time functions due to the fact that

P waves are less affected by attenuation than S

waves (SINGH et al. 2000c). This requires that the

area under the P pulse to be equal to Mo (SINGH

et al. 2000c). For this reason, whenever possible, P

wave pulse is used to obtain source duration. The

observed duration is a function of the takeoff angle

of the ray and the azimuth of the recording station.

The simplest waveform was taken to represent the

shape of the source time function. In the case of

several available recordings, an average value of the

source duration is taken. For larger events

(Mw C 5), we mainly estimated the source time

function using the S pulse following SINGH et al.

(2000c). Figure 9 shows an example of the estima-

tion of duration of the events 34 and 56. The P and

the S waves recorded at the closest distances are

shown in Fig. 9. The S waves show large variation,

mostly because of contamination from P-wave coda.

For these examples, we chose the station MEIG as

the source time function with a duration of 4 s for

event 56 (Fig. 9). For the event 34, we used the

stations PLLL, MAXE, and SAGR as source time

functions with an average duration of 0.4 s (Fig. 9).

Table 3 shows the number of subevents (n), sp and

st. We also compared and model the source duration

using the moment tensor inversion.

3.5. Regression Analysis

We derived scaling relationships for the source

parameters described above (Table 4). Relationships

between seismic moment and the source parameters

are estimated using orthogonal least-squares regres-

sion analysis. Orthogonal regression minimizes the

Euclidean distance to the regression line, instead of

the vertical distance, and is, therefore, a better choice

(BLASER et al. 2010). The resulting linear expressions

are of the form: log(Y) = a ? b Mo, where Y is a

seismic source parameter (Table 4). We calculate

t statistics to evaluate the significance of each

relationship, showing the 95 % confidence interval

on the mean. The coefficient of determination R2

defined as the square of the correlation coefficient

takes values between 0 and 1, where values closer to

1 imply a better fit. This enables us to evaluate the

correlation among various rupture parameters.

Table 4 shows regression coefficients a and b, the

standard errors sa, sb, standard deviation Sxy, as well

as the coefficient of determination R2.

Table 4

Scaling coefficients between source parameters

log (Y) = a ? b log(X) b sb a sa Sxy R2

Y X

ER Mo 1.119 0.026 -6.128 0.440 0.257 0.958

r Mo 0.241 0.010 -3.954 0.165 0.096 0.994

fc Mo -0.214 0.010 4.221 0.166 0.096 0.994

fmax Mo -0.090 0.005 2.545 0.090 0.052 0.998

sp Mo 0.284 0.004 -4.892 0.076 0.045 0.984

st Mo 0.323 0.008 -5.514 0.128 0.076 0.966

Mo and ER in newton meter, r in kilometer, fc and fmax in hertz, sp and st in seconds

bFigure 9

Observed (continuous) and synthetic (dashed) displacement seis-

mograms of events 32 and 56 (upper panel). The figure shows P

and S waves recorded at the closest stations for these earthquakes.

Synthetic displacements correspond to the focal mechanisms and

seismic moments obtained in the inversion. Source duration plotted

as a function of depth for the studied earthquakes for different

magnitude ranges (lower panel). Black squares show source

duration for interplate thrust earthquakes reported by SINGH et al.

(2000a)
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3.6. Stress Tensor Inversion

To study the stress field for normal-faulting inslab

subduction zone events, we performed stress inver-

sions of the obtained focal mechanisms applying an

iterative joint inversion developed by VAVRYČUK

(2014). We used this technique to determine the four

parameters of the reduced stress tensor that models

best the state of stress: the orientation of the three

orthogonal principal stress axes r1, r2, and r3 (where

r1 C r2 C r3) and the stress ratio R = (r1 - r2)/

(r1 - r3) (GEPHART and FORSYTH 1984). The iterative

joint inversion provides an accurate value of shape

ratio R for stress and fault orientations (VAVRYČUK

2014). In this method, a fault instability constraint is

applied and the fault is identified with that nodal

plane which is more unstable and thus more suscep-

tible to faulting (VAVRYČUK 2014). Incorporating the

fault instability constraint into the inversion leads to

an iterative procedure. The uncertainties are calcu-

lated as the maximum differences between the results

of the inversion for noise-free and noisy data with

1000 noise realizations (VAVRYČUK 2014). We also

computed the maximum horizontal stress (SHmax)

with the formula of LUND and TOWNEND (2007).

4. Results

The source parameters for 62 normal-faulting

inslab events (3.9\Mw\ 7.4) have been estimated

using different methods. The focal mechanisms and

moment tensor solutions are consistent with previous

studies and CMT solutions. Source parameter estima-

tions are listed in Tables 1, 2, and 3. Table 4 shows the

results from the regression analysis. All source

parameters have high determination coefficients

(R\ 0.9) and low standard deviations. Estimations of

the ER/Mo ratio range from 9.55 9 10-6 to

4.96 9 10-4 (Fig. 6). The results show that most of the

ER/Mo estimations are higher than 2 9 10-5, thus

similar to the values for interplate, crustal, and deep

events (Fig. 10). The stress drop of the events varies

from 111 to 1389 bars and shows large scatter (Table 3;

Fig. 7). The results also show that there is no clear

depth dependence of stress drop (Fig. 7). The seismic

efficiency shows large scatter and ranges between

0.003 and 8.7, but most of the observations are in the

ranges of 0.1–2.0 (Table 3; Fig. 7). Most of the

obtained efficiencies have larger values than those

reported for tsunami and very deep earthquakes by

VENKATARAMAN and KANAMORI (2004) (Fig. 10).

The pulse duration of the events varies from 0.22 to

9 s and the number of subevents range from 1 to 3

(Table 3 and Fig. 12). The total duration varies from

0.22 to 14.5 s (Table 3). The results of SINGH et al.

(2000a) showed also that there is no significant depth

dependence for source duration (Fig. 12). The source

duration results showed that near-source approach is in

good agreement with moment tensor inversion results

with careful selection of events and seismic stations.

There is also no clear difference in terms of the source

duration among the shallow thrust interplate and nor-

mal-faulting inslab events. The obtained scaling

relations for st and sp are similar to those obtained by

SINGH et al. (2000a) (Fig. 12). The corner frequencies

are in the range of 0.22–5.53 Hz (Table 3). fmax varies

from 5.5 to 16.82 Hz (Table 3). The results show a

similar decreasing trend for both fc and fmax with

increasing Mo (Fig. 13). The obtained scaling rela-

tionship between fc and Mo differs slightly from the

model of Garcı́a et al. (2004). The standard deviation

values for fc and Mo (in spectral analysis and moment

tensor inversion) with the majority of being less than

1 Hz and 0.50 Nm, respectively, confirm the accuracy

of derived source parameters such as the source

dimensions and stress drop. The source dimensions in

terms of the radius of the circular fault vary from about

0.35 to 8.46 km (Table 3). The source area ranged

from 0.5 to 230 km2 (Table 3). Both r and A show a

linear scaling with Mo (Fig. 14).

The results from stress tensor inversion are shown

in Fig. 11 and Table 5. Results show that the

bFigure 10

Comparison between the obtained source parameters and other

studies. The computed ER/Mo ratios plotted as a function of seismic

moment (upper panel). Symbols show different types of earth-

quakes and different studies as described in the legend. It is

observed that tsunami and near-trench earthquakes have the

smallest ER/Mo ratios. Normal-faulting and interplate events based

on regional data have the largest ER/Mo ratios followed by the

crustal and deep earthquakes estimated from teleseismic data.

Dashed lines indicate the limits proposed by VENKATARAMAN and

KANAMORI (2004) (see text). The computed gR plotted as a function

of seismic moment (lowe panel). Symbols show different types of

earthquakes and different studies as described in the legend. Most

earthquakes have radiation efficiencies greater than 0.25
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maximum principal compressional stress (r1) strikes

282� with a plunge of 76.8�, the intermediate prin-

ciple compressional stress (r2) strikes 26.1� with a

plunge of 3.2�, and the minimum principal com-

pressional stress (r3) strikes 116.9� with a plunge of

12.8� for shallow events (Z\ 40 km). For the case of

intermediate-depth events (Z[ 40 km), the results

show that the maximum principal compressional

stress (r1) strikes 253� with a plunge of 87�, the

intermediate principle compressional stress (r2)

strikes 110.5� with a plunge of 2.4�, and the

minimum principal compressional stress (r3) strikes

20.4� with a plunge of 1.8�. The distribution of the

relative stress magnitude (R), resulting from the

iterative bootstrap analysis is shown by the his-

tograms in Fig. 11. The stress ratios R of 0.82 and

0.91 (for shallow and intermediate-depth events,

respectively), indicate that r2 & r3. The slight dif-

ference is apparent in the plunges of r1 and r2 (B15�)
(Table 5). The results show that the tensional axes are

parallel to the dip direction of the subducted plate

(Fig. 11). At depths greater than 40 km, the maxi-

mum horizontal stresses are oblique to the dip

direction following the general trend of the slab

geometry (Fig. 11).

5. Discussion

Intermediate-depth earthquakes occur at depths

where temperatures and pressures exceed those at

which brittle failure is expected (at depths of

bFigure 11

Results of stress tensor inversion for shallow (Z\ 40 km; N = 18)

and intermediate-depth (Z[ 40 km; N = 44) earthquakes, respec-

tively (upper panel). Circles represent the maximum principal

stress (r1), crosses represent the intermediate principal stress (r2),

and plus markers represent the minimum principal stress (r3)

(upper panel). The right part of the upper panels shows histograms

of R values versus frequency. The orientation of maximum

horizontal compressional axes (SHmax) versus depth (middle

panel). Orientation of tensional axes for shallow and intermedi-

ate-depth events, respectively (lower panel)

Figure 11
continued
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50–300 km) (FROHLICH 2006). The physical mecha-

nism remains unclear because ambient temperatures

and pressures are expected to lead to ductile, rather

than brittle deformation (GREEN and HOUSTON 1995;

FROHLICH 2006). Some authors suggest that the

dehydration embrittlement can be a possible mecha-

nism (GREEN and HOUSTON 1995; FROHLICH 2006;

HOUSTON 2007), which posits that earthquakes are

triggered by the release of fluids during metamorphic

dehydration reactions, raising the pore pressure and

permitting brittle failure. Some studies provide evi-

dence that intermediate-depth earthquakes have high

stress drop and low radiation efficiency

(1\Dr\ 100 MPa; gR = 0.022 for Bucaramangea

Colombia, PRIETO et al. 2013; and

110\Dr\ 280 MPa gR = 0.04–0.1 for Bolivia,

KANAMORI et al. 1998; and VENKATARAMAN and

KANAMORI 2004; among others). Our estimates of gR

are in the range of 0.1–1.0, for most of the events, but

the results show also large scatter (Fig. 7). In a few

cases gR[ 1, which implies that estimates of ER and/

or Dr are inaccurate, or the model we use to calculate

gR is inappropriate (VENKATARAMAN and KANAMORI

2004). By comparing our estimates of gR with results

of other tectonic environments, we observe that gR is

higher than values for tsunami and very deep earth-

quakes (Fig. 10). This suggests that intermediate-

depth normal-faulting earthquakes dissipate less

energy than deep and near-trench events (Fig. 10).

Many authors have suggested that the stress drop

is roughly independent of the seismic moment with

typical values ranging from 0.1 to 100 MPa for dif-

ferent data sets (KANAMORI and ANDERSON 1975;

ABERCROMBIE 1995; among others). Potential causes

for a wide variation of Dr between different data sets

include difference in tectonic settings, the amount of

water present, variations in rupture velocity, and

variations in fault plane normal stress (TOMIC et al.

2009). Intermediate-depth and deep earthquakes have

higher stress drop (GARCÍA et al. 2004 for the

Mexican case). Our stress drop estimates are in

agreement with previous studies in Central Mexico

for normal-faulting inslab events (SINGH et al.

1999, 2000b, 2014; GARCÍA et al. 2004; SINGH et al.

2007; PÉREZ-CAMPOS et al. 2010; SINGH et al. ). Our

results show no trend between stress drop and seismic

moment (Fig. 7). We noted that the stress drop is

highly variable at intermediate depth (Fig. 7). The

stress drop variation can also be related to uncer-

tainties in the corner frequency estimates. We

analyzed the variation of estimated corner frequen-

cies for different time window lengths (expressed in

terms of energy percentage). We observed that the

95 % energy band provides stable earthquake source

parameter estimates. We also used the criteria pro-

posed by HAVSKOV and OTTEMÖLLER (2010) to asses if

the obtained corner frequencies are ‘‘reasonable’’.

This criterion is based on a scaling relationship for fc
as function of Mw, Dr, and b. Our estimates of corner

frequencies can be considered as reliable and stable.

For our stress drop estimates, an average uncertainty

of 27 % can be expected, but it can fluctuate up to

60 % for some individual station estimates of stress

drop. Similar results were reported by KANE et al.

(2011) (a minimum uncertainty level of 30 %).

There is an ongoing debate whether the ER/Mo

ratio and thus the apparent stress (ra) (the ER/Mo ratio

scaled by the rigidity coefficient) is constant over

some magnitude range. Many studies found that ra

and thus ER/Mo increase with seismic moment (SINGH

and ORDAZ 1994; ABERCROMBIE 1995; MAYEDA and

WALTER 1996; PÉREZ-CAMPOS AND BEROZA 2001). On

the other hand, many other seismological observa-

tions are not consistent with ra and ER/Mo increasing

with seismic moment (MCGARR 1999; IDE and BEROZA

2001; IDE et al. 2003; YAMADA et al. 2005) based on

Table 5

Stress tensor results

r1 Azimuth/plunge r2 Azimuth/plunge r3 Azimuth/plunge SHmax R Depth

282.0�/76.8� 26.1�/3.2� 116.9�/12.8� 60.80 0.91 Z\ 40 km

253.0�/87.0� 110.5�/2.4� 20.4�/1.8� 10.90 0.82 Z[ 40 km

Stress ratio is defined by R = (r1 - r2)/(r1 - r3)
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data in the magnitude rage of -1\Mw\ 7. Our

results support the hypothesis that the ER/Mo ratio is

independent of the event size (Figs. 7, 10). We

compared our results with those obtained from dif-

ferent types of earthquakes. We observed that

intermediate-depth normal-faulting inslab events

have higher ER/Mo ratios than near-trench and tsu-

nami earthquakes, but similar to interplate, crustal,

and deep events (Fig. 10).

By comparing our results with previous studies,

we observe that ER/Mo ratios estimated from regional

data are higher than reported values for interplate and

downdip events derived from teleseismic data

(Fig. 10). This highlights the issue that estimations of

the ER/Mo ratio present large scatter due to difficul-

ties in calculating Mo and/or ER. For example,

estimates of seismic moment for a specific event may

vary by a factor of two (±0.2 in Mw) between stations

(PRIETO et al. 2004) and estimates of radiated seismic

energy by a factor of 5–10 (e.g., SINGH and ORDAZ

1994). Mo is estimated from the rather well-con-

strained low-frequency part of the earthquake

spectrum as opposed to ER. Radiated energy, esti-

mated from the high-frequency part of the spectrum

is strongly affected by attenuation of seismic waves

and limited bandwidth of the recording instruments,

which also affect estimates of corner frequencies. A

more accurate approach to estimate source parame-

ters is the Empirical Green’s function (EGF)

technique. In this technique, path and site effects are

removed by spectral division between a main event

and an earthquake with the following characteristics

(known as EGF): (1) The location of the event lies on

the mainshock fault; (2) the focal mechanism must be

similar; and (3) the aftershock should be one or two

magnitudes smaller than the mainshock. For most of

the intermediate depth earthquakes, finding an

appropriate EGF was difficult and, therefore, we

could not apply this technique.

The results for source duration over the entire depth

range showed no clear evidence that the duration of

deep events is significantly different from that of

shallow ones. Similar results were found by SINGH et al.

(2000a) based on shallow thrust interplate and a few

intermediate-depth normal-faulting events in Central

Mexico. The obtained scaling relationships are similar

to the models obtained by SINGH et al. (2000a) for st and

sp (Fig. 12). This could be the product of the applied

techniques and/or the tectonic environment. Our

models for st and sp are very similar because of the

limited number of events with Mw[ 6.5. By compar-

ing our source duration relationships with models

derived from teleseismic data in a similar magnitude

range, we observed an overestimation of the source

duration. This overestimation may be associated with

inherent characteristics of the methods used. In our

analysis, we combined two methods to estimate seis-

mic source duration. The first one is based on a simple

inversion scheme to retrieve source parameters of

earthquakes recorded at close distances. This method

assumes that the events may be approximated by a

point-source. This method is only acceptable if the

epicentral distance, is smaller than the earthquake

depth, so the method is not suitable for all the studied

events. The second approach that we used to estimate

source duration is the moment tensor inversion. In this

case, source duration estimates depend on the accuracy

to generate synthetic seismograms. According to YAGI

and FUKAHATA (2011), the Green’s functions can be a

major source of error in the inversions. Our results

showed that both approaches are in good agreement.

The differences also arises from the fact that in many

studies the reported duration refers to total rupture

duration (often with several subevents), specially for

large events.

The obtained scaling relations for fc and fmax

showed similar scatter patterns and linear trends with

Mo (Fig. 13). The observed values of fmax agree well

with worldwide observations. The obtained scaling

relationship between fc and Mo is in good agreement

with the model obtained by GARCÍA et al. (2004)

derived with the same earthquake source model

(Fig. 13). The differences may be related to the

number of events analyzed and the magnitude range

used (62 events with 3.9\Mw\ 7.4 for this study

and 17 events with 4.1\Mw\ 7.4 for GARCÍA et al.

2004). The determination of the corner frequency is

not straightforward as it depends on the transition

between the low- and high-frequency fall of rate. This

directly affects the estimation of source dimensions,

and thus the stress drop. The standard deviation value

for fc with the majority of the observations is less than

0.31 Hz, confirming the accuracy of derived source

parameters such as the source dimensions and stress
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drop. For all the events, the source radius and area

correlate well with seismic moment (Fig. 14). Esti-

mation of accurate hypocentral parameters and focal

mechanism can provide important information about

the slip, fault structure at depth, and the stress field in

seismically active areas. Our focal mechanism solu-

tions results are in agreement with the tectonics of the

subducted slab in Central Mexico. The moment ten-

sor solutions are consistent with those of previous

studies and the differences can be associated with the

velocity structure and the method used to calculate

the Green’s functions. Most of the results of this

study are based on the modeling of displacement and

velocity spectra which requires several assumptions

and applied corrections. Uncertainties in the esti-

mated source parameters and data scatter in the

scaling laws may reflect site effects that are not taken

into account.

PACHECO and SINGH (2010) classified inslab

earthquakes in Mexico into three different groups: (1)

events that exhibit downdip tension; (2) events that

reveal downdip compression; and (3) events with

unusual strike-slip or normal fault mechanism with

strike oriented at an oblique angle to the trench. Our

results for stress inversion showed that the tensional

axes are orientated in a direction parallel to the gra-

dient of subducted oceanic plate (Fig. 11). These

results are in agreement with previous stress studies

(PARDO and SUÁREZ 1995; BRAVO et al. 2004; PACHECO

and SINGH 2010). We observed complex stress dis-

tribution between 100 and 102�W at shallow depths

(Z\ 40 km). According to PARDO and SUÁREZ

(1995), this complex stress pattern may be related

with a rapid change in dip. On the other hand, the

orientation of SHmax for shallow events may be

associated with slab bending upward to become

subhorizontal (PARDO and SUÁREZ 1995). The

heterogeneity in the regional stress field may be

related with the simultaneous occurrence of group 1

and 3 events at shallow depths. PACHECO and SINGH

(2010) suggested that group 3 earthquakes may rep-

resent localized stress concentrations due to

contortions in the subducted plate or reactivation of

old transform faults (PACHECO and SINGH 2010).

Overall, the source parameter estimates are robust

and reliable. Source parameters and stress state are

consistent with the subduction zone system studies.

6. Conclusions

Earthquake source parameters’ behavior for nor-

mal-faulting inslab earthquakes in Central Mexico

are in agreement with other source parameter studies

at subduction zones. The highest ER, ER/Mo, and Dr
are associated with normal-faulting inslab events.

This may be explained by the mechanism dependence

of ER reported in previous studies. The ER/Mo ratio

and Dr show no trend with seismic moment. Stress

drop suggests an overall increment with source depth,

albeit with the large scatter characteristic of stress

drop measurements. The radiated efficiencies have

similar values to those obtained from interplate

events, but higher than near-trench events. The

examination of the data over the entire depth range

shows no clear evidence that the duration of deep

earthquakes is significantly different from that of

shallow ones. The uncertainty quantification shows

that the source parameters and thus the scaling rela-

tionships are robust. Therefore, reliable source

parameter estimations can be carried out using these

relationships. The stress inversion results show

heteregoneity in the stress filed and variability with

depth.
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Appendix

Comparison of the obtained scaling relationships

with other models. See Figs. 12, 13 and 14.

Figure 12
Relation between seismic moment and source duration from this study (black lines) and the study of SINGH et al. (2000a) (gray lines). The

upper panel shows the pulse duration, while lower panel shows the total duration
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Figure 13
Scaling relationships for fmax (upper panel) and fc (lower panel) (black lines). The dashed lines are the 95 % confidence intervals in the

regressions. In the lower panel, the gray line shows the model of GARCÍA et al. (2004)
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