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Resumen

Un sismo de magnitud M, 5.5 ocurri6 en julio 30 de 2006 a las 01:20:52.28 (TCU) en la parte central del
golfo de California (GdeC), a 226 km de Topolobampo y al noroeste de la falla transforme entre las cuencas de
Guaymas y El Carmen.

Seis estaciones de banda ancha de la red sismica NARS-Baja (NE75,NE76, NE77, NE79, NE81 y NE82),y
una estacion, también de banda ancha, de la red RESBAN (TOPB) registraron este sismo. Todas estas estaciones
estuvieron localizadas a distancias de epicentrales de entre 70 y 220 km. Para este sismo, mediante andlisis
espectral de las ondas SH, se determiné: (i) las dimensién de la fuente, (ii) momento sismico, (iii) caida de
esfuerzos, y (iv) duracién y desplazamiento promedio de la fuente. Mediante el proceso de inversién del tensor
de momento sismico se estimé el mecanismo de falla, resultando un mecanismo de falla lateral derecho, el cual
concuerda acertadamente con la tecténica regional. Los ejes principales del campo de esfuerzos de este sismo
(azimut promedio, 160°) concuerdan también con la orientacién regional del campo de esfuerzos del GdeC
(aproximadamente 168°). Proponemos que la gran mayoria de los sismos de magnitud moderada que ocurren en
esta region presentan un mecanismo de falla tipo lateral derecho con ejes principales de esfuerzos orientados en
direccion NW-SE.

A partir de la historia sismica, los movimientos entre las placas pueden ser descritos; adicionalmente, el movimien-
to a lo largo de las placas del Pacifico y de Norteamérica concuerda bien con el patrén de la actividad sismica de la
regién, tal como fue obtenido a partir de los ejes principales de esfuerzo de sismos moderados del GdeC.

Palabras clave: Anilisis espectral, mecanismo de falla lateral derecho, ejes principales de esfuerzos.

Abstract

On July 30,2006 at 01:20:52.28 (UTC) an earthquake of M 5.5, occurred in central Gulf of California (GoC),
226 km from Topolobampo and north-west of the transform fault between Guaymas and El Carmen basins.

The earthquake was recorded on six broadband stations of the NARS-Baja seismic network (NE75, NE76,
NE77,NE79,NE81 and NES82), and one broadband station of the RESBAN seismic network (TOPB). All stations
were located within of epicentral distances of 70 to 220 km. From spectral analysis of SH-waveforms, the source
dimensions, seismic moment, stress drop, source time and average displacement of this earthquake were obtained.
The fault mechanism estimated by inversion of the seismic moment tensor yields a right lateral strike slip fault
mechanism in agreement well with regional tectonics. Principal axes of the stress field (average azimuth 160°)
matches the regional trend of the stress field of GoC (about 168°). We propose that the great majority of moderate
magnitude earthquakes in this region, have right lateral strike-slip mechanism with principal stress oriented
NW-SE. From the seismic history, the motion between plates can be described; moreover, plate motions along
the Northwest-Southeast plate boundary between the Pacific and the North-America plates agree well with the
regional seismic activity as obtained from the principal stress axes of moderate earthquakes in the region.

Key words: Spectral analysis, right lateral strike slip fault mechanism, Principal axes of the stress.
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Introduction

On July 30,2006 at 01:20:52.28 (UTC) an earthquake
of M 5.5 was recorded by the Broad Band Seismic
Network (RESBAN, Red Sismica de Banda Ancha), and
the Network of Autonomously Recording Seismographs
(NARS-Baja) Broad Band Seismic Network, both
operated by the Seismology Department of CICESE.
The epicentral location of this earthquake was in the
central region of the Gulf of California (GoC). Several
earthquakes of moderate magnitude occurred in this area
during the early sixties to early eighties (Goff et al., 1987;
Pacheco and Sykes, 1992). More recent earthquakes in
the GoC region have been studied by Lopez-Pineda and
Rebollar (2005), and Rodriguez-Lozoya et al. (2008),
among others.

The July 30, 2006, earthquake was located at the
NW of the transform fault that connects the Guaymas
and Del Carmen basins, at 26.594° N, 111.036° W

24°
-112° -11°

(HYPOCENTER code of Lienert et al., 1986), near the
M =6.2 Loreto Earthquake of March 2003 (Lopez-Pineda
and Rebollar, 2005). Focal depth, yielding the smallest
residual, was 5.5 km (Fig. 1).

An analysis of the source parameters (source
dimensions, seismic moment, stress drop, and average
displacement) was performed. This was done by means of
spectral analysis of the waveforms at the stations which
recorded this earthquake. The fault mechanism was
estimated by time-domain inversion of the seismic moment
tensor (Dreger, 2000), using mainly the waveforms
corresponding to regional epicentral distances.

Finally, we propose that the great majority of moderate
magnitude earthquakes in this region have a right-lateral
strike-slip focal mechanism. This was inferred from the
analysis of historical and recent earthquakes in the GoC
region, and particulary from the orientation of the principal
stress axis of moderate magnitude GoC earthquakes.

Topolobampo
Sinaloa

-110° -109° -108

Fig. 1. Locations of the M, 6.2 Loreto earthquake (solid circle), and the July 30, 2006 M, 5.5 earthquake (solid star). Station GUYB
did not record these events.
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Broadband seismic stations utilizied

We used data from the seven broadband seismic
stations: six from the NARS-Baja Broad Band Seismic
network (NE75, NE76, NE77, NE79, NE81 and NES2),
and one from the RESBAN (TOPB) both operated by
CICESE. Fig. 2 shows the geographical distribution of
stations. Solid triangles are NARS-Baja stations and solid
squares RESBAN stations. Solid symbols denote the

26° .
Earthquake Epicenter.
30/07/2006,Mw 5.5

242" 244’ 246’ 248’
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stations used in this study.

NARS-Baja and RESBAN stations are instrumented
with broadband STS-2 sensors. Custom recorders were
build by Utrecht under the NARS program. Three-
component BH (20 sps) and LH (1 sps) channels were
recorded. These stations record in a continuous mode,
and the data are retrieved approximately every 3 months
(Trampert et al., 2003).

250° 252 254"

28

26

24

Fig. 2. Seismic stations of NARS-Baja and RESBAN seismic networks used in this study. The solid triangles shows NARS-Baja seismic
stations, and the solid squares seismic stations of RESBAN. The tectonic features are inferred from bathymetry.
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Location of the July 30 2006 Gulf of California
earthquake

Arrival times of P- and S-waves recorded at stations
NE75, NE76, NE77, and NES2 of NARS-Baja network,
and at TOPB, of RESBAN network were measured for
epicentral location. One horizontal component of these
record is shown in Fig. 3. The stations provided good
azimutal coverage. The velocity model shown in Table 1,
from Rebollar et al. (2001), was adopted. The solution
uses the HYPOCENTER code of Lienert et al. (1988),
and Lienert and Havskov (1995). It satisfies the minimun
residual criteria between experimental and theoretical
arrival times of P- and S-waves at each station. The
epicentral uncertainty was + 10 km. Our solution is shown
in Table 2, with solutions by NEIC, and the Global-CMT
agencies for comparison. Significant improvement was
attributed to a better coverage using local stations. The
error of the focal depth was +3 km.

We estimate the focal mechanism, by moment tensor
inversion, with an initial focal depth at 4 km and iterating
by increments of 0.5 km until reaching 6.5 km. The mini-
mun reduced variance was found at h=5.5 km. (Fig. 8).
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Table 1

Velocity model (1D) used in the process to obtain the epi-
central location, as well as the Green’s function estima-

tion.
v, V (kg/m*) Thickness Q, 0,
(km/s) (km/s) (km)
40 2.6 1800 4.0 400 200
5.7 33 2500 4.0 2000 2000
6.7 3.8 3000 16.0 2000 2000
7.8 4.0 4000 400.00 2000 2000
Table 2

Epicentral solutions reported by NEIC, CMT and this
study of the GoC July 30, 2006 earthquake (Mw 5.5).

Origin time Latitude Longitude depth Magnitude Reported by
(h, m,s) ") (") &m) (M)

01:20:52.28

26.594 -111.036 5.50 55 This study

01:21:0140 26.860 -111.210 21.0 5.8 NEIC
01:20:59.25 26864 -111.209 229 59 CMT-project
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Fig. 3. Wave forms of horizontal components at four stations (NE75, NE76, NES2 and TOPB) used to compute the source parameters of
the July 30, 2006 earthquake (Mw 5.5). The solid line shows the time window used in the computations.

122



Source parameters

For the July 30,2006 earthquake, the source dimension
(r), seismic moment (M,), and average displacement (i)
were obtained. They were estimated from the spectral
analysis of recorded signals at stations NE75, NE76,
NE77 and TOPB (Table 3) using Brune’s theory (Brune,
1970). The displacement spectrum was computed in a
window of 25 s for the horizontal components, which
are assumed to contain the SHwave. It was corrected by
attenuation, by varying the Q-values in the range of 150 to
450. We observed that only the high frequencies change,
while the central portion of the spectrum that contains the
corner frequency show no amplitude change. The final Q-
value applied for the correction was 350 (Rebollar et al.,
1995).

Table 3

Summary of source parameters of the July 30, 2006 earth-
quake (MW 5.5), for four stations of the Nars-Baja seis-
mic network.

station f, (hz) Q M M, U R

0 w

(cms) (¢cm) (km)

NE75 0.26 027 578 5460e24 222 438
NE76 0.24 023 551 1.856e24 8.10 45
NE77 024 0.15 525 8460e23 40 4.7
TOPB 0.22 0.15 556 2490e24 93 50
Average 0.24 5.52 4.566e24 109 4.7

in this table:
/,,: Corner frequency, £,: low-frequency asymptote of
the spectrum, M : Moment Magnitude, M: Seismic mo-

ment, R: Source ratio, U: Average displacement

N {} ne7’5

(196.7 km)

cms-sec:

FADIAL  COMPONENT

TRANSVERSAL COMPONENT LI

frecuency(Hz)

Fig.4.Displacement spectral amplitude of the time window shown
on Fig. 3 for seismic station NE75. Dotted line, tranverse compo-
nent; solid line, radial component; gray arrow, corner frequency.

Geofis. Int. 49 (3), 2010

Figures 4, 5 and 6 show the SH-wave spectrums
for stations NE75, NE77, and TOPB respectively. Also
shown is the corner frequency and the spectral value at
low frequencies (£2)) which is proportional to the seismic
moment (M,). We use the following expression to estimate
the seismic moment (M,):

M= 4mpRF Q) )
0 KR op
10°
) — ne77
U 0 F ™~ A (71.7 km)
()] A k1
(:‘J 10° Wi f
) raschial oerpanent .."I. It "'
E 10° Irameesal comounel H,
0
107"
10°
10* -
10° 0 10° 10

frecuency (Hz)

Fig. 5. As in Fig. 4, for seismic station NE77.

cms-sec
=

10 10” 10

frecuency (Hz)

Fig. 6. As in Fig. 4, for seismic station TOPB.
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The values for the parameters were p = 2.7%3, b=
34 ]%, R{wz 0.6 (Boore and Boatwright, 1984) and k = 2
(amplification factor at free surface). £ and R are spectral
value at low frequencies and the hypocentral distance at

each station, respectively.

For estimation of the source dimension we used
Brune’s equation (Brune, 1970):

. 0.372p ’ @)

f
where f is the corner frequency measured in Hz, obtained
from the intersection of straight lines with the envelope
of the spectrum at low and high frequencies. The corner
frequency is highly sensitive to local sites effects.
However, such an effect was not considered here because
all stations were on hard rock.

The average displacement i was obtained from
M, = uAa, €)

where u =33 * IO“’mﬂz , A = rupture area, i = average
displacement.

The rupture area was taken as A = 71.5 km? from the
radius of a the circular fault model. The radius of an
equivalent circular crack is related to the corner frequency
f of the source spectrum and is calculated from Eq. (2)
given by Brune (1970). The average rupture time of this
earthquake was estimated as 4.6 s, from:

T “

=1

f(‘,‘p
where fp is the average corner frequency shown in Table
3.This value is in agreement with values from earthquakes
of similar magnitude in this tectonic region, (Rebollar et

al.,2001). Finally, the stress drop was computed from the
Keyllis-Borok’s (1959):

™
Ao=—ct. )

An average stress drop of 11 bars was obtained from
the estimated spectra for stations NE75, NE76, NE77, and
TOPB. To estimate the above average stress drop value, the
radius of a circular source and the seismic moment (Brune,
1970) were previously estimated, obtaining avarage values
of 4.7 km and 4.566e24 dyne-cm, respectively.

The estimated average stress drop value of 11 bars was

obtained from equation (5) for a circular fault in Stein and
Wysession (2003, page 269) or in Keyllis-Borok (1959).

124

Rebollar et al. (2001), Lopez-Pineda and Rebollar
(2005), and others, describe earthquakes of similar magni-
tude in the Gulf of California where the stress drop varies
from 2 to 125 bars. In the 12/03/2003 Loreto earthquake,
located near the earthquake studied here, the stress drop
was 38 bars.

Table 3 shows the estimated source parameters for
each station, as well as the average values.

Seismic moment tensor

To estimate the focal mechanism of this earthquake, the
time domain inversion method by Dreger and Helmber-
ger, (1991) was used.

This technique yields acceptable solutions using a
single three-component seismic station, when using a
higher number of stations the solution becomes more
stable.

This time domain inversion technique does not
take into account the volume change in the source
area (isotropic component) but only the double couple
(deviatoric component).

The seismic moment is the scalar parameter of the
point source of a double couple. This parameter is related
to the size and the displacement of the fault (Aki, 1966).

The method is highly sensitive to the earthquake
hypocentral location and requires a reliable focal depth
estimation.

A short description of the methodology for the
inversion process of the moment tensor is now provided.

Itis assumed that the seismic source may be represented
as a point source in space and time:

U,x,0=MG, (x,2,0), (6)
where U, is the n-th observed component of the
displacement, Gm.’]. is the theoretical Green’s function of
the n-th component for specific force couple orientations,
and x and z denote the source-station location, and
depth, respectively, and finally M,.J. is the scalar seismic
moment tensor. The equation of the n-th component of
the observed displacement is solved using least squares
and assuming a constant focal depth for each inversion.
The estimated scalar seismic moment tensor M;; can
be decomposed by the scalar seismic moment (M), by
a double-couple moment tensor and by a compensated
linear vector dipole.



Details of the decomposition procedure are given
by Jost and Herrmann (1989). The optimal hypocentral
depth is found by iterative procedure checking for both:
(i) an object function, f, which depends on the RMS of the
difference between the theoretical (s) and the observed
data (d) divided by the percent double couple (pdc):

_ RMS(d-s)
f_ pdC : (7)
The variance reduction (VR) is estimated by:
_ [d-s)?dt
VR=1.0 —W. ®)

High values of VR and low values of fin our results
indicates that an acceptable inversion has been attained
with both a good waveform fit and the percentage double
couple.

In our study case, we obtain the focal mechanism
using the inversion process described above. For the

Tangential

METS 1005 data, 294 Max Amp=3.62e-02 cm
VR=T19

NE&1_f0.05 data, 28 Max Amp=2.58¢-02 cm
VR=879

NET6_0,05.data. 289 Max AmgeT.15¢-02 cim
VR=67.3 I

i
NET9_M.06 data, 161 Mak'Amp=1.47e-02 cm
VR=63.6

Strike=228 ; 137

Rake =13:174
Dip =85:77

Mo =6.70e+24

Mw =59
Percent DC=9

Percent CLVD=91

Percent ISO=0

Variance=3.55e-05
Var. Red=7.26e+01
RES/Pdc.=4.14e-06
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estimation of the synthetic waveforms, the velocity model
described by Rebollar ez al. (2001) (Table 1), and the code
FKRPROG of Saikia (1994) were used.

The data used in the process of inversion comprise the
seismic records obtained at stations NE75, NE76, NE77,
NE79, NES81, NE82 and TOPB, with epicentral distances
of 196.7,101.2,71.7,486.7,292.5,183.1, and 226.07 km,
respectively.

Clear P- and S-waves arrivals were extracted for later
components rotation and band-pass filtered (0.02 to 0.06 Hz).
The iterative inversion process was conducted by va-rying
the focal depth, while checking the goodness of the inversion,
was measured through the reduced variance; a large value of
the reduced variance indicates an acceptable result, and small
value will means a non acceptable result (Fig. 8).

The final result of the process was obtained after the
inversion was conducted for each station (NE75, NE76,
NE79, NES81) (Fig. 7).

Radial Vertical

204K sec

Fig. 7. Result of the inversion process of the seismic moment tensor showing the fit between synthetic (dashed line) and (solid line)
wave-forms. The results of the inversion process are included.
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Fig. 8. Variance reduction against source depth for each inversion (depth from 4.0 to 6.5 km).

The results of the inversion provided the following
geometrical characteristics of the fault mechanism:

Fault plane 1: strike = 137°, dip = 77°, and rake = 174°,
Fault plane 2: strike = 228°, dip = 85°, and rake = 13°,
Seismic Moment of M, = 6.7x10** dyne-cm, Magnitude
M,)=3509.

In Fig. 7, we are showing the comparison between
the synthetic and observed data for the longitudinal,
transversal and vertical components.

The interpretation for the results described above,
is a right lateral strike slip transcurrent fault, which
is in excellent agreement with the tectonics of the area
where the earthquake was located. Our solution is also in
agreement with the solution reported by the NEIC. The
comparison between those solutions is shown in Table 4.

State stress in the epicentral region from historical
and recent seismic activity

In Fig. 9, we are showing the epicentral location, focal
mechanism, as well as the axis of principal stresses of
several seismic events occurred between 1964 and 2006
in the central-south area of the GoC. Those earthquakes
are also listed in Table 5, with the description of their
principal characteristics. The focal mechanism and the
epicentral locations of the seismicity shown in Fig. 9,
are from Goff er al. (1987), Lopez-Pineda and Rebollar
(2005), and Rodriguez-Lozoya et al. (2008). As described
on the section of inversion of the moment tensor, the fault

126

mechanisms were obtained using the method of Dreger
and Helmberger (1991).

In Fig. 9, the dominant mechanism is a right lateral
strike slip transcurrent fault, which agrees with the
regional tectonic of the region.

Table 4

Fault plane parameters obtained from the inversion of the

moment tensor solution for the July 30, 2006 earthquake

(Mw 5.5). Solutions reported by NEIC y CMTproject are
also included for comparison.

Reported by First plane Second plane
Strike Dip Rake Strike Dip Rake

& O O &0 0O

This study 137 77 174 228 85 13

CMTproject 308 90 177 38 87 0

NEIC 127 77 176 218 86 13

Goff et al. (1987) concluded that the earthquakes
located on the spreading centers show normal faulting,
while the earthquakes located in the transform faults
correspond to right lateral strike slip focal mechanisms.
Rodriguez-Lozoyaetal.(2008) obtained focal mechanisms
of three earthquakes of moderate magnitude on the Angel
de la Guarda, normal fault and the San Lorenzo and
Topolobampo transform faults. Our focal mechanisms
agree with theirs, and also with the results reported by
Goff et al. (1987).
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Fig. 9. Focal mechanisms and principal stress axis of earthquakes reported in previous studies as well as the earthquake (Mw 5.5) of
July 30, 2006 reported in this study.

Table 5

Focal mechanisms, epicentral coordinates and principal stress axis of several earthquakes located in the GoC region re-
ported by Goff et al. (1987) as well as these reported by Rodriguez-Lozoya et al. (2005).

Date (YMD) Time (H:M:S) Latitude (°) Longitude (°) Ms Fault plane (¢, J, A)
19640705 19:08:00.1 26.340 -110.210 6.3 128 58 175
19640706 02:14:36.7 26.320 -110.280 6.6 12976 175
19650227 07:46:28.6 28.380 -112.270 6.0 13348 190
19690404 16:16:19.6 24.440 -109.800 NR. 15351 264
19690817 20:13:09.3 25.250 -109.240 N.R 12976 175
19690817 20:15:00.8 25.120 -109.550 6.6 126 92 186
19710930 08:17:59.8 26.880 -110.800 6.6 128 85 179
19730325 22:42:01.0 25.840 -109.930 55 153 94 190
19740531 14:05:01.0 27.360 -111.130 6.3 123 65 169
19750924 17:19:37.8 25.200 -109.260 5.7 12972 173
19840210 16:51:21.0 28.290 -112.140 6.2 127 96 182
20030312 23:41:32.0 26.610 -111.090 6.2% 11779 168
20040924 14:43:10.0 28.852 -112.900 5.8% 11775 175
20050222 19:15:54.0 25.670 -110.221 5.4% 309 65 -159
20060730 01:20:52.0 26.594 -111.036 5.5% 13777 174

N.R: No reported, (¢, 8, A): strike, dip and rake, Ms: Magnitude surface waves, (Y:M:D); Year, Month, Day.
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The compressional axis of the earthquakes reported
in this study has a north-south orientation, similar to that
reported by Rebollar and Reichle (1987) for the northern
portion of the GoC. Note orientation of the extensional
axis, from which we can explain the extensional behavior
of this portion of the GoC.

The tectonics of the GoC were discussed by Goff et
al. (1987), Pacheco and Sykes, (1992), Lopez Pineda and
Rebollar, (2005) and others. This study compiles for the
first time the findings of previous studies and compares
these results with ours using recent technique. We
conclude that moderate magnitude earthquakes, may be
used to identify the direction and amount of displacement
on the North America Pacific Plate boundary.

However, for amore detailed description of the behavior
of the stresses within the regional context a large number
of earthquakes and focal mechanisms might be required.

Discussion and conclusions

For the July 30, 2006, earthquake (M, 5.5) we
obtained the following results: (i) location north-west
of Del Carmen basin, (ii) focal depth of 5.5 (£3) km, in
agreement with the depths of other earthquakes in the
GoC (Lopez-Pineda and Rebollar, 2005, and Rodriguez-
Lozoya et al., 2008, among others), (iii) the time duration
of the source time was 4.6 s, which agrees with results
reported in the literature for GoC earthquakes of similar
magnitude, (e.g., Goff er al., 1987; Lopez-Pineda and
Rebollar, 2005; and Rodriguez-Lozoya et al., 2008,
among others), (v) seismic moment M, = 4.566%10*
dyne-cm (by spectral analysis) or 6.70%10* dyne-cm (by
Seismic Moment Tensor) (vi) average stress drop value
of 11 bars, (vii) radial dimension of the fault of 4.70 km.

Spectral analysis of the July 30, 2006 (M,, 5.5)
Gulf of California earthquake (recorded at stations
NE75, NE76, NE77 and TOPB) was conducted in order
to compute the field of stress drop for the GoC region.
The estimated average stress drop value of 11 bars was
obtained using the equation (5) for a circular fault (Stein
and Wysession, 2003 or Kellis-Borok, (1959). Previous
studies of earthquakes with similar characteristics as the
one studied in this article were conducted by Rebollar
et al. (2001) and Lopez-Pineda and Rebollar (2005). A
stress drop average value for the GoC region was reported
in the range of 2 to 125 bars. For the relatively recent
earthquake of 03/2003 near the epicentral location of the
30/07/2006 GoC earthquake, the stress drop reported
by Lopez-Pineda and Rebollar (2005) was 38 bars. Our
stress drop estimation falls within the stress drop range
proposed for the GoC region.

The seismic moment tensor obtained from the
inversion process allows us to interpret a focal mechanism
as follows: (i) strike of 137°, (ii) dip of 77°, (iii) a rake of
174° (NEIC solution: (i) strike of 127°, (ii) dip of 77°, and
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(iii) a rake of 176°). The focal mechanism is right lateral
strike slip. This result agrees with the tectonics between
the Guaymas and El Carmen basins. The magnitude
estimated by means of spectral analysis was M= 5.5,
while the one estimated through the inversion of the
moment tensor was M =5.9.

The epicentral coordinates of this earthquake are
very similar to those of the Loreto earthquake (M, 6.2)
of March 2003. We propose that the great majority of
moderate earthquakes in this region and which are located
on or near a transcurrent fault, show a right lateral strike
slip focal mechanism.

A comparison with results reported on earlier studies
in the GoC region may be used to infer the seismotectonic
behavior of the extensional process of the GoC, particulary
from an analysis of the orientation of the maximum stress
axis of earthquakes in the GoC region.

The NARS-Baja and RESBAN Broadband Seismic
Networks are seismic networks that have been monitoring
the seismicity in the northern part of Mexico and in the
GoC for the last eight years, providing good quality data
and allowing the seismologists to conduct seismic studies
in order to better understand the tectonic behavior and
the stress distribution of the GoC. The spatial gap and the
distances between stations and epicenters still represent a
constraint on more detailed knowledge of the distribution
of the lithosphere extensional process of the GoC.
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