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Resumen

Estudiamos la respuesta sismica de las
estaciones de banda ancha localizadas en el
Golfo de California, México, usando el método
de cocientes espectrales entre las componentes
horizontales y verticales (HVSR). Analizamos
92 sismos registrados por las redes NARS-Baja
y RESBAN, operadas por el CICESE. La base
de datos consiste de eventos registrados entre
2002 y 2006, con magnitudes que varian de
3.2 a 6.6. Los registros fueron rotados para
encontrar las componentes radial y transversal
del movimiento del terreno y calculamos los
espectros de Fourier de las ventanas de la
onda S para las tres componentes. Calculamos
los cocientes espectrales HVSR para cada
componente horizontal y el promedio de las dos
componentes para cada evento. Analizamos
los registros de 20 estaciones localizadas en
sitios con diferentes caracteristicas geoldgicas
y encontramos que existe dependencia azimu-
tal en seis de ellas, teniendo factores de
amplificacion que varian de 1.5 hasta 13 veces
en los rangos estrechos de azimut. También
encontramos que los sitios con factores de
amplificacion significantivos (arriba de tres)
muestran un incremento con respecto al
incremento de la magnitud.
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Abstract

We studied the seismic response of broadband
stations located around the Gulf of California,
Mexico, using the horizontal to vertical
component spectral ratio method (HVSR).
We analyzed 92 earthquakes recor-ded
by the NARS-Baja and RESBAN networks,
operated by CICESE. The database consists
of events recorded between 2002 and 2006,
with magnitudes ranging from 3.2 to 6.6.
We rotated the records to find radial and
transversal ground-motion components and
we calculated Fourier spectra of S-wave
windows recorded for the three ground-motion
components. Then, we calculated HVSR for
the individual components and the average of
both horizontal components for every event.
We analyze records from 20 stations located
on sites with different geologic characteristics
and we find azimuthal dependence on six of
them that have amplification factors varying
from 1.5 to up to 13 times at narrow back-
azimuth ranges. We also find that sites with
significant amplification factors (above three)
show increasing amplification with increasing
source magnitude.
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Introduction

The evaluation of amplification of seismic
energy is very important because it is directly
related to the damage that the structures can
undergo. For this reason the analysis of the
site response is an important goal in seismic
hazard analysis. Site response functions
are also useful to correct spectral records of
ground motion generated by earthquakes,
particularly for calculating accurate source
parameters. The main aim of this study is to
determine the site effects of the permanent
stations located around the Gulf of California,
Mexico and to analyze the effect of the azimuth
and source magnitude of the incoming seismic
energy on the site amplification. For this
purpose we calculated spectral ratios between
the horizontal to vertical ground-motion
components (HVSR) using seismograms
recorded in a wide range of azimuths. The
HVSR technique was originally introduced by
Nogoshi and Igarashi (1970) and was used
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by Nakamura (1989) to evaluate sediment-
induced amplifications from recordings of
micro-tremors. Lermo and Chavez-Garcia
(1993) extended this method for S waves
from earthquake records and since then the
HVSR method has been used extensively to
estimate site effects. More recently, Cultrera
et al., (2003) observed a strong dependence
of amplification with the source azimuth; they
studied earthquakes within a fault zone in
the Nocera, Umbra region (Central Italy) and
found that in three of the stations analyzed
the amplification was bigger for events with an
azimuth range between 150 and 180 degrees,
suggesting that the geometry and orientation
of the fault zone played an important role
in the site response. Another similar study
was carried on by Pedersen et al. (1995) to
estimate site effects in alluvial valleys of the
French Alps, finding a dependence of site
amplifications with azimuth and with incidence
of incoming waves.

-110°  -108°  -106"  -104°

Figure 1. Stations used in this study. The triangles represent the NARS-Baja and RESBAN stations, and filled
yellow circles, earthquakes used in this analysis for the period of 2002 to 2006.
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We use seismograms recorded by broad-
band stations located in the Gulf of California,
Mexico, region from the NARS-Baja (Network
of Autonomously Recording Seismographs)
and the RESBAN (Red Sismolégica de Banda
Ancha del Golfo de California) networks,
both operated by the CICESE (Centro de
Investigacion Cientifica y de Educacion Superior
de Ensenada, Baja California) to determine site
effects and analyze the azimuth and the mag-
nitude dependence. Figure 1 shows the region
of the study, the epicenters of the earthquakes
selected and the distribution of the seismic
stations used.

Data

We selected 92 earthquakes recorded by the
seismic stations of NARS-Baja and RESBAN
networks. Most of these events are located
within the Gulf of California (Figure 1) and a few
of them to the west and inside the Peninsula. We
analyzed records from a total of 20 stations, 15
from the NARS-Baja and five from the RESBAN
networks. The NARS-Baja network operated
from 2002 to 2008 and consisted of broadband
stations, owned by the Utrecht University, with
STS2 sensors, a global positioning system
(GPS) and a 24-bit data logger (Trampert et
al., 2003; Clayton et al., 2004). The RESBAN
network has been in operation since 1995 and
consists of 24-bit Guralp digitizers with a CMG-
SAM2 acquisition module, GPS for time control
and CMG-40T or CMG-3ESP sensors (Castro et
al., 2011). Table 1 lists the coordinates of the

stations used and the geology characteristics
of the sites where the stations were installed.
We classified the stations in three groups
according with the geological characterization
of the sites. Group I corresponds to stations
located on intrusive volcanic rocks with a low
degree of weathering; Group II are stations
located on extrusive igneous rocks with
moderate weathering; Group III are stations
located on poorly consolidated conglomerates
or on soil.

The database used consists of 92
earthquakes with magnitudes ranging between
3.2 and 6.6 and recorded between 2002
and 2006. Figure 2 shows the magnitude
distribution of the events analyzed; there are
a larger number of low magnitude (3.3 to
4.4) events than those with larger magnitude
(M > 5.0). The RESBAN network has good
detection capability and because of the wide
azimuthal distribution of the stations (Figure
1), it allows the location of relatively small
events. The hypocenters were relocated by
Castro et al. (2011) using regional data from
the networks above mentioned. They found
that the epicenters have a location difference
of about 43 km, for m 3.2 to 5.0 events,
respect to those reported by the Preliminary
Determinations of Epicenters (PDE-National
Earthquake Information Center). Events with
M, 5.0 to 6.7 show a difference of 25 km on
average. We use in this paper the coordinates
of the events relocated by Castro et al. (2011)
and listed in Table 2.
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Figure 2. Histogram of magnitudes versus number of records.
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Table 1. List of stations of NARS-Baja and RESBAN networks. Group I corresponds to stations
located on intrusive volcanic rocks with a low degree of weathering; Group II are stations located
on extrusive igneous rocks with moderate weathering; Group III are stations located on poorly

consolidated conglomerates or soil.

Network Location Code Latitude, Longitude, Elevation, Group Site
of station o o m Class Geology
RESBAN ,Bahl’a de los BAHB 28.943 -113.561 - I Igneous intrusive:
Angeles, B. C. granodiorite-tonalite
RESBAN  El Chinero, B.C. CHXB 31.472 -115.0513 - II Igneous extrusive:
basalt
RESBAN  Puerto Pefiasco, PPXB 31.335 -113.632 - I Igneous intrusive:
Sonora granite-granodiorite
RESBAN Puerto Libertad, PLIB 29.915 -112.694 - I Igneous intrusive:
Sonora granodiorite
RESBAN Guaymas, GUYB  27.899 -110.871 - 1I Igneous breach with
Sonora fractures filled with
calcium carbonate
RESBAN Topolobampo, TOPB 25.605 -109.047 - II Igneous extrusive:
Sinaloa basalt
NARS-Baja Mexicali NE70 32.421 -115.261 -23 III Soil: sedimentary
deposits of fine sand
and alluvium
NARS-Baja Agua Blanca NE71 31.690 -115.905 1155 I Igneous intrusive:
granodiorite-tonalite
NARS-Baja Camalu NE72 30.848 -116.059 17 III Soil: sedimentary
deposits of fine sand
and alluvium
NARS-Baja Rosario NE73 30.065 -115.348 489 I Igneous intrusive:
granodiorite-tonalite
NARS-Baja Gro. Negro NE74 28.008 -114.014 21 111 Eolian deposits
unconsolidated
composed of
fine sands
NARS-Baja San Ignacio NE75 27.293 -112.856 137 II Volcanic sandstone:
conglomerates mixed
with sand
NARS-Baja Mulege NE76 26.889 -111.999 35 II Volcanic breach:
dacite-andesite
NARS-Baja Loreto NE77 26.016 -111.361 40 II Sedimentary deposits
and conglomerates
NARS-Baja Las Pocitas NE78 24.398 -111.106 82 111 Sedimentary deposits
unconsolidated
NARS-Baja San José NE79 23.119 -109.756 225 I Igneous intrusive:
Del Viejo granite-granodiorite
NARS-Baja Caborca NES8O 30.500 -112.320 225 111 Unconsolidated
sandstone
NARS-Baja Novillo NE81 28.918 -109.636 295 111 Unconsolidated
(Hermosillo) conglomerate
NARS-Baja Navojoa NE82 26.916 -109.231 183 I1 Consolidated
conglomerate
NARS-Baja Navolato NE83 24.731 -107.739 28 111 Sedimentary deposits
(Culiacan) of alluvium unconsolidated
NARS-Baja El Toro NE84 24.913 -111.545 21 111 Sedimentary deposits

unconsolidated sand,
clays and alluvium
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For each station we selected well recorded
events having a hypocentral distance of less
than 500 km. For this reason, the number of
events analyzed per station is not uniform.
Figure 3 shows the distribution of earthquakes
per station and Figure 4, the range of epicentral
distance and magnitudes of the events used in
this study. The stations CHBX and NE85 were
excluded from the analysis because CHBX
had records only for the north and vertical
components and NE85 did not have any records
available for the analyzed period.

Two examples of the distribution of events
per azimuth range are shown on Figure 5, for
stations NE74 (upper frame) and NE76 (lower
frame). We can observe that for station NE74
most events are located on the azimuth range
of 919 - 1359 while for station NE76 most
events are between 910 - 1359 and 316° -
3600,

Method

The events selected were corrected for base line
and instrument response. Then, we chose time
windows containing the S wave, where most
of the energy in the records is concentrated.
Figure 6 shows an example of a seismogram
recorded by station BAHB of event 084 (Table
2) with a magnitude of 5.9. The length of the
windows selected for different stations tends to

increase with epicentral distance, varying from
about 2 s for local events to 85 s for regional
earthquakes (Table 3). The seismograms were
rotated into radial and transversal components
and the Fourier amplitudes computed for the
three ground-motion components. The first
and last 5% of the time window were cosine
tapered and the spectra smoothed using a
variable frequency band, selected to preserve
the energy, of £25% of 19 predefined central
frequencies between 0.16 and 10.0 Hz. The
spectral amplitudes at the selected central
frequency are the average amplitude within the
corresponding frequency band. For instance,
the amplitude at 5 Hz corresponds to the
average in the 3.75-6.25 Hz band. We did not
use higher frequencies because the Nyquist
frequency of the records is at 10 Hz. Figure
7 shows the Fourier acceleration spectral
amplitudes calculated for event 084 recorded
at BAHB.

We calculated spectral ratios between
horizontal and vertical components of motion
(radial/vertical and transversal/vertical) to
obtain the site response, following the HVSR
method proposed by Nakamura (1989) and
extended by Lermo and Chavez-Garcia (1993)
to estimate the site amplification of the
horizontal component of ground motion under
the assumption that the vertical component is
insensitive to site amplification. To corroborate
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Figure 3. Histogram of stations versus number of records.
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Table 2. List of events used for this analysis. The hypocentral coordinates were taken from Castro
et al. (2011).

Number Date Origin time Latitude, © Longitude, © Depth, km Magnitude
2 2002-07-03 06:37:33.390 23.8202 -108.7391 19.82 3.8
4 2002-10-03 16:08:32.400 23.3420 -109.1160 10.00 6.5
5 2002-10-29 06:16:13.735 25.8584 -110.2509 -—-- 4.2
6 2002-11-05 04:58:20.616 28.7788 -112.9769 4.01 4.4
7 2002-11-05 05:15:03.258 28.8039 -113.0273 0.00 4.4
8 2002-12-06 06:24:12.256 26.3152 -110.7364 8.61 4.0
9 2002-12-07 01:33:45.285 26.0794 -110.6330 9.77 4.1
10 2002-12-08 17:45:17.255 26.3010 -110.7148 13.58 3.6
12 2003-01-17 21:10:11.585 24.2047 -108.9501 -—-- 4.0
13 2003-01-19  16:46:30.147 26.9204 -111.3973 1.97 4.2
16 2003-01-24 15:11:09.615 29.7168 -113.8043 5.98 4.0
18 2003-03-12  23:41:30.561 26.4994 -110.8355 2.02 6.4
19 2003-03-12  23:46:33.872 26.4254 -110.7600 9.02 4.8
20 2003-03-13 00:23:54.173 26.4218 -110.7322 6.94 3.3
21 2003-03-13 01:30:47.845 26.4252 -110.7495 4.51 3.6
22 2003-03-13 01:48:55.456 26.4171 -110.7549 5.02 4.1
23 2003-03-13  02:25:38.965 26.4135 -110.7284 4.69 3.8
24 2003-03-13  04:23:06.995 26.4206 -110.7417 5.01 4.0
25 2003-03-13 08:12:50.409 26.6255 -110.9865 6.07 3.7
26 2003-03-13  14:38:20.278 26.6414 -111.0135 12.99 4.1
27 2003-03-13  20:28:27.681 26.4492 -110.7764 9.53 3.6
28 2003-03-13  20:48:54.034 26.4402 -110.7719 9.86 3.5
29 2003-03-22 17:55:41.519 26.5048 -110.8193 5.27 4.8
30 2003-04-05 20:50:06.892 24.9304 -109.3442 6.45 3.5
31 2003-04-15 08:21:16.799 25.0809 -109.6490 1.33 5.5
32 2003-04-28 16:02:30.395 23.7497 -108.8893 - 3.7
34 2003-07-05 02:17:53.184 28.1282 -112.9112 20.02 3.7
35 2003-08-15 09:44:41.388 28.4596 -113.2922 5.66 4.9
36 2003-09-06 09:14:39.270 25.1547 -109.6612 ---- 3.7
39 2003-09-10 11:26:41.923 30.6502 -114.0170 8.30 3.7
40 2003-11-12  04:54:56.384 29.1098 -113.1616 ---- 5.6
43 2003-12-05 22:54:00.165 29.2136 -113.2594 3.97 4.7
46 2004-01-13 11:40:57.973 24.6070 -109.0929 3.43 4.2
47 2004-01-13  14:00:06.661 24.6044 -109.0794 2.87 4.0
48 2004-01-13 20:54:42.962 24.3837 -109.1738 1.89 4.4
49 2004-01-14 10:13:12.057 24.3183 -109.1394 1.84 3.9
50 2004-01-14  10:21:33.061 24.7042 -109.1408 ---- 4.0
51 2004-01-14 10:46:54.029 24.3079 -109.1101 23.39 3.8
52 2004-01-14  10:55:47.204 24.3161 -109.1561 -—-- 4.4
53 2004-01-14  22:46:32.053 24.7750 -109.1999 2.49 4.4
54 2004-01-14  22:48:42.843 24.7006 -109.1669 5.87 4.5
55 2004-01-14  23:50:22.024 24.7757 -109.1996 9.29 4.0
56 2004-02-09 00:01:45.200 23.9112 -108.8061 8.56 5.1
59 2004-02-11  04:55:36.850 23.9681 -108.8121 0.41 4.5
60 2004-02-11  12:28:07.975 23.9501 -108.7839 1.21 4.4
61 2004-02-15 01:46:09.825 23.9532 -109.0141 ---- 3.8
62 2004-02-15 01:57:32.310 23.9712 -108.8167 23.62 3.9
63 2004-02-18 10:59:17.664 23.7845 -108.7600 1.33 5.9
64 2004-02-18 11:07:08.506 23.8015 -108.7167 9.88 4.1
65 2004-02-18  19:30:39.033 26.6345 -111.0169 7.23 3.9
67 2004-03-06 09:49:22.113 24.8109 -109.3111 0.26 4.2
68 2004-03-22 08:57:09.860 25.7894 -110.1400 16.36 4.0
70 2004-06-22  06:10:39.352 24.9881 -109.5224 19.60 4.6
71 2004-06-27 18:04:48.198 24.9551 -109.3730 6.26 4.0
72 2004-07-08 21:21:42.320 24.9242 -109.5665 19.27 4.4
73 2004-07-08 21:31:37.599 24.9329 -109.3874 3.76 4.1
74 2004-08-07 10:41:24.442 26.6103 -111.7947 6.21 3.2
75 2004-08-13  10:41:26.405 27.8557 -111.9452 ---- 3.9
77 2004-08-20 06:36:37.252 30.2132 -114.3451 13.17 4.1
78 2004-08-20 08:06:14.457 28.4243 -113.2712 3.00 4.6
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Number Date Origin time Latitude, © Longitude, © Depth, km Magnitude
83 2004-09-15 10:18:33.836 30.1810 -114.0606 21.96 4.0
84 2004-09-24  14:43:08.689 28.7011 -112.7587 5.9
85 2004-09-24  15:27:13.862 28.7472 -112.7686 6.29 3.9
87 2004-10-24  23:26:11.240 30.5384 -113.8123 3.6
88 2004-12-01 18:51:06.048 24.7048 -109.2338 21.25 4.1
90 2005-02-22  19:15:47.975 25.8845 -110.1809 0.83 5.6
92 2005-04-19 15:37:43.471 30.4821 -114.3439 3.3
96 2005-06-05 08:28:46.353 23.6170 -108.4726 2.32 5.6
97 2005-07-04 02:24:41.159 29.5973 -113.8642 5.60 3.3
98 2005-07-09 08:55:10.780 24.8336 -109.2318 9.48 4.2
99 2005-07-10 17:56:46.314 24.8329 -109.2511 15.11 4.2
100 2005-07-18 17:26:24.392 24.3295 -109.2214 22.52 3.9
102 2005-10-31 13:41:22.454 30.9385 -114.0359 3.9
103 2005-11-27  18:56:00.163 25.7119 -110.0829 4.0
104 2005-11-27  23:58:11.825 25.7069 -110.0950 2.86 4.4
107 2005-12-24  05:38:24.541 25.8019 -110.2082 0.36 3.3
108 2005-12-26  19:26:18.195 24.8680 -109.3442 22.37 3.9
109 2006-01-03 08:21:17.646 28.0462 -112.3573 3.7
110 2006-01-03 21:58:19.455 28.1111 -112.2111 4.3
114 2006-01-04 08:30:39.713 28.1403 -112.3048 13.23 4.5
115 2006-01-04 08:32:30.394 28.0433 -112.2746 7.34 6.6
116 2006-01-04 09:05:51.803 28.3152 -112.6198 4.1
117 2006-01-04 09:17:55.235 28.2713 -112.4735 4.9
118 2006-01-04 10:27:23.004 28.1446 -112.3208 3.95 4.4
119 2006-01-05 03:55:53.306 28.1307 -112.2938 10.03 3.8
120 2006-01-07 07:55:16.754 28.1001 -112.2589 5.60 4.0
121 2006-01-15 21:32:24.412 28.8070 -112.9921 12.97 3.7
123 2006-04-23 07:51:28.994 28.9721 -113.5631 16.63 4.0
127 2006-05-28 14:00:56.368 26.8537 -111.4574 1.26 4.6
128 2006-05-28 14:02:52.685 26.8018 -111.4856 5.2
129 2006-05-28 14:18:01.386 26.8046 -111.4336 5.1
131 2006-07-30 01:20:56.966 26.8096 -111.3266 19.39 5.9

Table 3. Time windows containing S waves selected from earthquakes recorded on stations analyzed.

Station Minimum window length Maximum window length
(seconds) (seconds)
BAHB 1.74 43.55
PPXB 3.53 44.14
PLIB 4.08 74.64
GUYB 2.91 63.05
TOPB 3.08 69.80
NE70 5.69 84.77
NE71 8.28 45.15
NE72 5.53 33.92
NE73 3.83 28.55
NE74 4.84 62.96
NE75 2.97 41.87
NE76 2.22 41.95
NE77 3.16 63.55
NE78 6.51 58.65
NE79 5.23 24.46
NE8O 7.91 52.64
NE81 5.96 39.60
NE82 2.77 37.96
NE83 2.12 39.34
NE84 8.95 21.21
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Figure 6- Seismogram for event 084, recorded at station BAHB, showing the S-wave window used to calculate
the Fourier transform.

this assumption we calculate spectral ratios
between vertical components from events
recorded simultaneously on a reference site
and a target site. We choose station NE79
(Figure 8) as the reference site because it is
localized on a solid igneous outcrop (granite).
To minimize source-station path effects we
selected events recorded at both stations with
similar epicentral distances (with a difference
of less than 52 km). Figure 9 shows the vertical
component spectral ratios, using station NE79

as the reference site, obtained for stations
having records with similar hipocentral
distances at both target and reference sites.
We observe that events with large (> 52 km)
differences between source-to-target and
source-to-reference distances tend to have
large spectral ratios. For those stations the
large target/reference ratio must be due to
different attenuation effects, since the paths
are not the same. Nevertheless, there are few
stations (NE81, NE82 and NE83) that show site
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Figure 7. Sample of spectra calculated for station BAHB showing the three components for event 084. Solid line
represents the radial component, dashed line, the transversal and circles, the vertical component.

amplification on the vertical component (Figure
9) even for short differences in distance (less
than 11 km). Thus, the site response estimated
for those sites, based on the HVSR technique
must be used with caution.

We also calculated signal to noise ratios for
each station and both horizontal components
(radial and transversal). We found that records
with epicentral distance greater than 300 km
tend to have signal/noise close to one for small
to moderate earthquakes, and consequently
we continue the analyses using only records
with distances less than 300 km. Since all
the records of station NE70 were at longer
distances we did not use this site. Figure 10
shows signal to noise ratios calculated for all
the sites using the closer and most distant
events recorded at those stations. Station
NE79, the reference site choose previously, is
on solid rock and shows signal to noise ratio
above one in the whole used frequency band.
We found that in general, the signal to noise
ratio is above 2 between 0.4 and 10 Hz for all
stations.

Figure 8. The picture shows the outcrop of granite
where station NE79 is localized.
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Figure 9. Vertical-component spectral ratios between the target stations and station NE79 (reference site), from
events recorded simultaneously at both sites and with similar epicentral distances.
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Figure 9. Continue.

Results

We estimated the site response of the stations
of the NARS-Baja and RESBAN networks
using the HVSR method. Figure 11 shows
the average HVSR, for all stations, calculated
using radial and transversal components. This
figure shows that stations NE74, NE80, NE81
and NE84, all in group III (Table 1), present
amplifications factors above 4, while stations
in groups I and II have amplification factors
around 3 or less. There are several stations
in group III (NE70, NE72, NE78, and NE83)
with smaller amplification (less than 3.2)
suggesting that the soil at those sites is better
consolidated. These sites also tend to have a
higher fundamental frequency (2.0-5.0 Hz)
than other sites in group III which have a
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natural resonance frequency less than 0.8 Hz.
The reference site NE79 (group I) is mostly
amplification free and it has a fundamental
frequency close to 7.0 Hz, presenting a small
amplification at that frequency (a factor of less
than 2.5).

To verify these results we determined
spectral ratios for two soil sites (stations NE74
and NE80) using the average site response
of rock sites as reference. We can observe
in Figure 12 that the amplification factors
obtained for the soil sites are consistent with
the previous results (Figure 9), indicating
that the HVSR method provides reliable site
amplifications. The peak amplifications are at
the same frequencies and the shape of both
functions is similar. However, the standard



GEOFisICA INTERNACIONAL

100000.00 10000.00
[} [}
H @ e e mmmmmm e
(=) “a m—_m s~ o 7
10000.00 . = e -
z St . =~-__ £ 100000 .
= . y\/\ Toe r o /)
$ 100000 — 73 h
n [] n 4
A ‘,/ @ 10000 |f; ¥_,_
£ 100.00 +N = !
Y j = /'
T - - BAHB-123-R (16.94 Km) © 10.00
5 10.00 s - - BAHB-123-T (16.94 Km)
< —— BAHB-082-R (297.63 Km) S
Q aQ ——BAHB-082-T (297.63 Km)
i 1.00 : : ‘ : , @ 1.00 ‘ : : ; .
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)
100000.00 100000
[} [}
2 B K e anr e -
° . = i © 10000 O S~<
S 10000.00 - - —= 2 ” <
= N s -t
© JARN © Plal®
g 1000.00 ; g 1000 ;
] 100.00 1s” ! - = GUYB-130-R (68.60 km) » 100 N - = GUYB-130-T (68.60 Km)
2 ——GUYB-122-R (299.92 KM) 2 ——GUYB-122-T (299.92 Km)
& 10.00 e 10
S S
S 1.00 k] 1 Y
(7} (7}
Q. o
4 0.10 . . : ‘ 4 0.1 . : ‘ ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)
10000.00 10000.00
2 T @ pm e
o 2 2 \ ,~_.’ Te~a
1000.00 ’ == S ' < —
£ s~ Z 100000 | —} e ==
’ - \
e "~ - - PLIB-043-R (95.19 Km) © fot - = PLIB-043-T (95.19 Km)
o 100.00 +5 Eo " ’
a ! ——PLIB-017-R (299.50 Km) D 10000 1 ——PLIB-017-T (299.50 Km)
= 10.00 +—p .0
© -
f_‘; \/\/ o 10.00 A /\/‘\
s 1.00 [ : { |Vl
[
a 3
n 0.10 ‘ ‘ ‘ . & 1.00 : ‘ . ‘ :
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)
1000.00 1000.00
[} Q
2 @
o ]
£ 100.00 £
© ©  100.00
c c
2 o
wv (7]
o 10.00 o
& 5 '
x L0 J - - PPXB-039-R (84.76 Km) = 1000
© N © 1
£ ! — PPXB-006-R (290.33 Km) £ h = = PPXB-039-T (84.76 Km)
@ @ ! ——PPXB-006-T (290.33 Km)
Q. Q.
" 0.10 . . ‘ . , @ 1.00 T T . ' :
0 2 4 6 8 10 0 2 4 6 8 10
Frequency (Hz) Frequency (Hz)

Figure 10. Signal to noise ratios. The plots on the right correspond to the radial component and those to the
left, to the transversal component. The number in parenthesis indicates the epicentral distance.
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Figure 10. Continue.
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Figure 10. Continue.
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Figure 10.

spectral ratio technique tends to give slightly
lower amplifications because the rock sites are
not completely amplification free.

We also calculated the average HVSR
for different azimuth ranges, finding that
four (NE74, NE78, NE80, NE81) of the 20
stations analyzed present a dependence of
site amplification with the azimuth and that
this dependence varies from station to station.
These four stations show larger amplification
factors, larger than three, than the other
sites. The small amplifications observed at the
other stations made it unclear whether their
site response has any azimuth dependence.
Figure 13 shows an example of a site (station
NE74) with clear azimuthal dependence on the
transversal component. In the azimuth range
from 46° to 899, corresponding to ray-paths
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Continue.

from events located in the southern Gulf of
California, the peak amplification (a factor
above 8) occurs at 1.3 Hz at the transversal
component and then the amplification factor
decreases down to a factor of 2 for other
azimuths at that frequency. Figure 14 shows
the average HVSR of different azimuth ranges
calculated for station NE82. This site of
group II (Table 1) presents low amplifications
and it seems to be invariant with azimuth.
Station NE82 is one of the stations with low
amplification and unclear or insignificant
azimuthal dependence.

To evaluate if there is a persistent direction
of amplification in the site response, we
evaluate the amplification for rotated HVSR in
the range of 20° to 180°. We selected station
NE81 of group III because this station presents
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Figure 11. Average value of HVSR obtained using both horizontal components (radial and transversal).

important site amplification at the natural
resonance frequency of the site (Figure 11 and
12). Figure 15 shows average rotated HVSR
of both radial and transversal components
calculated using events 40 and 101 (Table
2) recorded at station NE81. We calculated
the average HVSR rotating the records every
200 from 20° to 180° (e.g., Pischiutta et al.,
2012). It is clear in Figure 15 that there is not
a preferred average amplification direction
related to angle of rotation and that the
horizontal components (NS and EW) used
give a single average rotated record. The
dependence of the amplification with azimuth
becomes evident when radial and transversal
components are treated separately.
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We also explore whether the site response
depends on the magnitude of the earthquakes
by comparing the average HVSR calculated
from both horizontal components for small
(M < 3.7) and larger magnitude (M=5.9-
6.6) events (Figure 16). Since stations GUYB
and PLIB (top and middle frames in Figure
16) are low-amplification sites (amplification
factors below 2, Figure 11), these stations do
not show magnitude dependence. For station
GUYB (upper frame in Figure 16) at 0.63 Hz,
the event with M=6.4 (dashed line) produced
larger amplification than the other events
but the amplification level is low (below a
factor of 2.5). For station PLIB (middle plot in
Figure 16) at 0.79 Hz, the amplification is also
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Figure 13. Average HVSR for different

azimuth ranges for station NE74. Top

frame displays radial component and
bottom, transversal component.

Figure 14. Average HVSR of different

azimuth ranges calculated for station NE82

for radial (upper frame) and transversal
components (lower frame).
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Figure 15. Average rotated HVSR components
calculated using events 40 and 101 (Table 2)
recorded at station NE81.
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Figure 16. Average HVSR of radial/vertical and

transversal/vertical components calculated using

events with different magnitudes, recorded at stations
GUYB (top), PLIB (middle) and NE74 (bottom).
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insignificant for the three magnitudes (M=3.7,
M=5.9 and M=6.4). However, station NE74,
a site with higher amplification levels (group
III), up to a factor of 4.5 (Figure 11), shows an
important increase of the amplification factor
with increasing earthquake magnitude (bottom
frame in Figure 16). For instance, at 0.4 Hz
the HVSR calculated with the M=6.4 event
(solid line) has higher amplification than that
calculated with the M=3.3 (double line) and
the M=3.2 (dotted line) events. At 1 Hz the
HVSR calculated with the M=6.4 (solid line) and
M=5.9 (dashed line) events have amplification
factors above 8, while for the M < 3.3 events
the amplification factor is below 5. The HVSR
calculated with the transversal component
(Figure 17), where the SH waves are expected
to be present, clearly shows that events with
higher magnitude generate larger amplification
than smaller magnitude events. At 0.4 Hz the
M=6.4 event (solid line in Figure 17) generated
an amplification factor of 14 while the M=3.2
(dotted line) event reached an amplification
factor below eight. At 1 Hz the M=5.9 (dashed
line in Figure 17) produced an amplification of
15 while the events with M < 3.2 generated
amplifications below 7. The amplification at 1
Hz of the M=6.4 event (solid line) is smaller
than that of the M=5.9 event, suggesting that
the station NE74 possibly presented a non-
linear response at 1 Hz for the M=6.4 event.

Discussion and conclusions

We determined site response functions of
20 stations to evaluate possible azimuth-
dependent amplification. We found that stations
NE74, NE78, NE80, NE81 and NEB84, of site
characterization group III, present the largest
average ground motion amplification factors

=
o

——NE74018T-M6.4

= = NE74084T-M5.9

=
>

-
N

=
o

e NE74074T-M3.2
——NE74097T-M3.3

©

Spectral ratio (H/V)

IS

0.1 1
Frequency (Hz)

Spectral ratio (H/V)

(above 3) (Figure 11). The frequency range
where the amplification is prominent varies from
0.25 to 2.0 Hz; with the exception of station
NE81 where the maximum amplification factor
(around 6) occurs in the frequency range from
5.0 to 6.3 Hz. We also observed that these five
sites with larger average amplification present
this feature in both radial and transversal
components, and show a clear dependence on
the source back-azimuth. This dependence of
site amplification can be explained by the likely
asymmetry of the geologic characteristics
under the sites, including layer thickness and
velocity variations with azimuth.

Most stations are located on hard rock
(group I and II in Table 1) and have low site
amplification, but those with amplifications
factors above 3 (sites in group III) seem to
be strongly influenced by the earthquake
back-azimuths. The range of frequencies and
azimuths where the major site amplifications
occur are different for each station. The stations
that present the largest site amplifications on
the transversal component are NE74, NE81
and NE83, with amplification factors above
5. NE74 (Figure 13) presents the largest
amplifications for azimuths that vary from
2700° to 3159 (between 1 and 1.25 Hz) and for
azimuths varying from 46° to 89° (between
0.5 and 2.0 Hz) for radial and transversal
components, respectively. Figure 18 shows the
average values of HVSR for station NE76 for
different azimuths and horizontal components.
Station NE76 (Figure 18) presents the largest
amplifications, above 12, on the transversal
component, from 270° to 315° and at
frequencies from 0.79 to 3.16 Hz. This site is
a clear example of the effect of the azimuth on
the site response.

——NE74020T-M3.3
~~~~~~~ NE74074T-M3.2
== NE74092T-M3.3
——NE74097T-M3.3

Frequency (Hz)

Figure 17. HVSR calculated with the transversal component showing dependence with magnitude at station NE74.
Left frame compares HVSR from events with magnitudes from 3.3 to 6.4 and the right frame shows amplification
levels estimated from small magnitude (M=3.2-3.3) events.
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We analyzed the possible relation between
average site amplification and source
magnitude (average between radial and
transversal components). We first determined
the natural resonance frequency (f,) of the
sites, as a reference, selecting the frequency
where the first peak of the average HVSR
occurred (Figure 11). Then, we compared the
average HVSR of the radial and transversal
components, calculated from earthquakes
with different magnitudes. Figure 16 shows an
example for three stations: GUYB (f, = 0.63
Hz), PLIB (f, = 0.79 Hz) and NE74 (f, = 0.4
Hz). We can see from this figure that there is
not a clear relation between the amplification

factor and the event magnitude for the sites
with low amplification (stations GUYB and
PLIB). However, for site NE74 (lower plot in
Figure 16), the amplification generated by the
M=6.4 earthquake is larger than that produced
by the lower magnitude events. In general,
the softer the soil, the higher the amplification
is. Attenuation studies in the Gulf of California
(Vidales-Basurto et al., 2014) indicate that
P waves attenuate considerably more than S
waves. Thus, P waves from small magnitude
earthquakes disturb the geotechnical charac-
teristics of the soils less than moderate and
large magnitude events. For the regional
events that we analyzed, most of the source-
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Figure 18. HVSR calculated for station NE76 for different azimuth ranges. Radial (upper frame) and transversal
components (lower frame).
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station distances are above 200 km and the
time between the first P arrival and the first
S-wave arrival is larger than 25 s. This gives
time to the P wave to shake the soil-site enough
to decrease the rigidity so that when the S
waves arrive to the site, the shear waves find
a softer soil and thus the amplification tends
to increase. Thus, to explain the observed
increase of site amplification with increasing
magnitude, we propose that the compressional
waves arriving previous to the shear waves
change the geotechnical characteristics of
the soils. The disturbance will depend of the
shaking intensity generated by the P waves
and this will increase with the magnitude of the
earthquakes.

In conclusion, we find that stations of the
NARS-Baja and RESBAN networks in the group
site III (Table 1) present site effects with
average horizontal amplifications factors above
3. We also observe that these stations show
important azimuthal dependence. The natural
resonance frequency and the azimuth of
incoming waves that generate the largest site
effects observed vary for each station. Station
sites with significant amplification factors
(above 3) also show increasing amplification
with increasing source magnitude.
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