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Abstract

The Penamiller town, in thg Queretaro state; Mexico is located at the northeast border
of the seismogenic zone known as the Mexican Volcanic Belt (MVB), which covers a
central fringe of Mexico with east-west orientation. In this town, a sequence of small
earthquakes occurred during the end of 2010 and beginning of 2011. Seismicity fre-
guent in of the continental regimen of central Mexico arg not common, however, it is
known that there are precedents of large earthquakes (M,, magnitude greater than 6.0)
occurring in this zone. r-erdes to-enrieh seismic information, which has not been gna-

lyzed ref documented unti-this-moement-ispresented-this-werk: This will contribute to

gain-mere-insightintg the tectonic situation of the central Mexico region.
Twenty-four shallow earthquakes reeerds of the Penamiller, Queretaro seismic se-

quence of 2011 were recorded by a provisional accelerograph network from the Uni-
versidad Autonoma de Queretaro (UAQ). The data were analysed in order to deter-
mine the source locations and ferthe-estimation-ef the source parameters. The study
was carried out through an inversion process and by spectral analysis. The results
show that the largest earthquake; occurred on 8 February 2011 at 19:53:48.6 UTC,
had a moment magnitude M,, = 3.5, and was located at latitude 21.039° and longitude
-99.752°, at a depth of 5.6 km. This zone is located less than 7 km away in south-east
direction from downtown Penamiller. The focal mechanisms are mostly normal faults
with a small lateral component, Fhisfeature-ig consistent with the extensional regimen
of the southern extension of the Basin and Range (BR) province. The source area of
the largest event was estimated to have a radius of 0.5km, which corresponds to a
normal fault with azimuth of 174° and an almost pure dip slip; this caused Ground
Acceleration (PGA) of up to 100 cm s~2 in the horizontal direction. It is evi that the
shallow earthquakes induced by crustal faulting can present a potential seismic risk
and hazard within the MVB and considering the population growth, the necessity to
enrich seismic information in this zone is very important; which at most urban sites in
the region might even be greater than the risk posed by subduction earthquakes.
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1 Introduction

Fhe Penamiller town, in the Mexican provi[;;v)of Queretaro, is located at the northeast
border of the seismogenic zone known as the MVB, which eeversia central fringe of
Mexico with east-west orientation, between the geographical coordinates 19° and 22°
north latitude and 96° and 106° west longitude. The MVB is mostly a calc-alkaline
volcanic arc which was formed as a result of subduction of the Rivera and Cocos platg_
underneath the North American plate (Suter, 1991).

The regional tectonic situation of the MVB is shown in Fig. 1. The central zone
of the MVB includes several Faultg Systemsg such kroewn as: Chapala-Tula (CTFS)
(Johnson and Harrison, 1990); Morelia-Acambay (MAFS) (Martinez-Reyes and Nieto-
Samaniego, 1990; Pasquaré et al., 1988); and Bajio (BFS) (Nieto-Samaniego et al.,
1999; Alaniz-Alvarez and Nieto-Samaniego, 2005). This arc-parallel fault zone, and the
volcanic arc itself, are superposed on a nearly perpendicular preexisting stress and
deformation province, which may correspond to the extension of the BR; into Mexico
(Suter, 1991). The BR province comprises north-northwest to north-northeast-striking
normal faults, some of these faults are grouped in the Taxco-San Miguel Allende Fault
Systems (TSMFS) (Demant, 1978; Pasquaré et al., 1987; Nixon et al., 1987). An exam-
ple of the activity of this system was provided by the seismic sequence of Sanfandila,
Queretaro, in 1998, reported by Zuniga et al. (2003). The orientation of major faults
in the TSMFS zone was identified through satellite and aerial imagery analyzed by
Aguirre-Diaz et al. (2005).

The western zone of the MVB includes several Faults—Systems such as: Cha-
pala (CHFS) defined as two half-graben of opposite convergence (Urrutia-Fucugauchi
and Rosas-Elguera, 1994; Rosas-Elguera and Urrutia-Fucugauchi, 1998); ‘%I
Zacoalco (TZFS), Colima (CFS) and Chapala (CHFS), intersecting at a triple joiHt to
the south of Guadalajara (Demant, 1981).

The eastern zone of the MVB includes Faults—Systems such as: Pera-
Tenango (PTFS) with-east-west-orientation (Garcia-Palomo et al., 2000; Ferrari et al.,
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2003); Aljibes (ALFS) and Mezquital (MZFS) with east-west orientations (Suter et al.,
2001).

The stress state of the MVB zone has been inferred largely by major structures such
as alignments of faults, shield volcanoes, dikes and elongations (e.g. Suter et al., 1995),
mainly due to lack of seismic information because low frequency of seismic occurrence
(Zuniga et al., 2003). This lack of information diffieults-the-estimationef the hazard of
possible damaging earthquakes (M,, magnitude greater than 6.0), such as those that
have occurred within the MVB zone (e.g. Suter et al., 1996 and Zuniga et al., 2003).

The historical seismicity in the MVB area shows that large earthquakes (see Fig. 1)
can occur at depths less than 20 km (e.g. Suter et al., 1996; Zuniga et al., 2003) with
diverse tyles. However, the most common fault type is extensional with north-
south dire (Zuniga et al., 2003). In general, the MVB regional tectonics is char-
acterized as extensional type with north-south dir (Suter et al., 2001), although
other orientations have been shown in some central parts of Mexico (Suter et al., 1995;
Alaniz-Alvarez et al., 1998; Zuniga et al., 2003).

In order to enrieky seismic information for this type of faulting o gain more insight
into the tectonic situation-and-ef-the seismic risk of the region, sueh-as-oceurin-others
world—+egiong (e.g. Polonia et al., 2012; Vipin et al., 2009; Del Gaudio et al., 2009). In
this werk-is-earried out a detailed analysis of the seismic source parameters of events
of the Penamiller sequence, monitored during the first three months of 2011.

1.1 The Penamiller seismic sequence

The sequence of small earthquakes (M,, < 4.0) took place near the town of Penamiller,
in the state of Queretaro, at the end of 2010 and beginning of 2011. Penamiller is
located between the geographical coordinates 20°57" and 21°14’ north latitude and
99°42" and 100°02" west longitude, af the foothills of the Sierra Gorda, about 80 km
northeast of the Queretaro gjty. As a result of reports of earthquakes that caused
consternation in the local communities, a small seismic network consisting of three
accelerographs was provisionally installed by the UAQ. The first part of the study
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consisted on the-identifieation-of the origin of the activity and the-estimation-of seismic

source parameters, in order to analyze and associate its occurrence with the regional
tectonic regime of the MVB.
Additionally, this paper also presents other important information such as PGA. This
information has not peen shewn for local earthquakes in the northeastern region of
_MVB, and will help to contrast the vulnerability of population in the region to local seis-

mic hazard sources with respeetto-thajeaused-by the occurrence of large re@l

events. All results are presented and discussed in detail below.

2 Data analysis

A total of 24 accelerograms from 8 events were analyzed for the characterization of the
Penamiller Earthquake Sequence (PES), see Table 1. The three seismic stations were
installed near the town of Penamiller, at distances from 4 to 16 km; in two of the stations
Etna accelerographs were installed, usirgia K2 model jn the third station (both models
are Kinemetrics line). The station locations were defined, aceerdingto-the intensity re-
ports from the local population, the safety of equipment and tg provide good azimuthal
coverage. The stations were located at three communities, whose names w SSOCi-
ated with each station:-se-stations-arg Extoraz (EXT1), Pilon (PIL1), Higueril HIG1,
later renamed as HIG2, when it was relocated) and Penamiller Town Center (PEN2).
All stations are shown in Fig. 2.

2.1 Seismic location

_SEISAN software package (Havskov and Ottemoller, 2000) was used to locate the
events, ireluding a crustal velocity model shown in Table 2, which was a modified
version of Zuniga et al. (2003) following the model determined by Fuentes (1997). It
was deduced from surface wave dispersion of Rayleigh waves across the MVB. The
locations results are shown in Table 3, which indicates that the events occurred at
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depths around 5 km and between 4 to 10 km from downtown Penamiller in a southeast
direction (see Fig. 3). Table 3 also shows small error values (less than 1.34 km and rms
of 0.07s).

2.2 Source parameters

To estimate the source parameters of the events, ISOLA software (Sokos and Zahrad-
nik, 2008) was used. This program employs waveform modeling (inversion) to deter-
mine the focal mechanism and the scalar seismic moment. ISOLA software is based
on multiple point-source representation and jterative deconvolution method, similar to
Kikuchi and Kanamori (1991) for teleseismic records, but here the full wavefield is con-
sidered, and Green’s functions are calculated by the discrete wavenumber method of
Bouchon (1981). Thus the method is applicable for regional and local events (Sokos
and Zahradnik, 2008). The code transforms velocity into displacement, inverts the dis-
placement, and provides synthetic displacement (Sokos and Zahradnik, 2008).

An inversion on eight events of Table 3 was performed. The results are shown in
Table 4 and Fig. 3, where the largest earthquake analyzed had M,, = 3.5 and occurred
on 8 February at 19:53:48.6 UTC, although it is possible that a larger event (M,, > 3.5)
in the episode was missed because it occurred before the network was installed.

The lineaments of the geomorphological features from around the epicentral area
and all the focal mechanisms are shown in Fig. 3a, where there is a strike tendency in
the Seuth-Eas] direction; this can be seen from the average values shown in Table 4.
The fault associated to the largest shock has a strike of 174°, dip of 77° and rake of
—-85°. In general, the results of the focal mechanisms are mostly normal faults (see
Fig. 3a and discussion) with a small lateral component. This is consistent with the main
trend of the southern extension of the BR (Henry and Aranda-Gomez, 1992; Suter,
1991).

The waveform modeling was done on the P wave phase in its three components EW,
NS and V. A band-pass filter between 0.35Hz to 4.5 Hz was applied to obtain displace-
ment, since it was desired that the focal parameters be retrieved from the low frequency
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signal of the records, eliminating the noise produced by high frequency scatter waves
and unknown crustal structure details (Zuniga et al., 2003).

Figure 4 shows the observed P wave and best fitting synthetic records obtained after
the inversion for the largest event.

2.2.1 Spectral analysis

A spectral analysis on the seismic signal from the largest earthquake of the sequence
was performed. This was done for P-wave and S-wave phases ferseparate{see Figs. 5
and 6). In order to do it, the acceleration was integrated two times to obtain displace-
ment. The veI00|ty signal is shown in Fig. 5, where it can be seen that did-netneed
The purpose of this analysis was to estimate some
source parameters beeausgthe inversion procedure does not take into account such as
fault radius (a), stress drop (Ao) besides ef the moment magnitude (M,,). A correction
for attenuation was deng to the displacement spectrum to obtain correct source param-
eters. The attenuation values used in the correction were k = 0.02 (Singh et al., 1990)
and Q(f) = 987072 (Singh et al., 2007); the first value correspond to the contribution
on near surface attenuation and second value to the attenuation along the path. The
attenuation values are the begioice to represent the MVB zone, since, at present,
no values have been deduced from the shallow seismicity within MVB. Howev r
this type of study (short distance and high frequencies) the near surface attenuation
is important only because this is what dominates the spectral decay and in order to
obtain a correct corner frequency (f,) (see Fig. 6). Figure 6 the shape of the theoretical
source spectra was plotted for the displacement, according to the Brune (1970) model,
thus allowing the identification of the correct spectral flat level (Qo0). In addition, a plot
from the spectra of background noise signal was deng to compare with the spectra of
the seismic signal. A good signal/noise ratio can be observed in this—ﬁgari(furtheﬂ;%h
>1), enough to estimate a correct f,,.

The results of spectral analysis are shown in Table 5. The first analysis was done
based on P-window of the corrected displacement spectrum (see Fig. 6a), where a
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f, =6.0Hz and Qo = 3.03 x 10"°ms and consequently, values of a = S%Em, Ao =
5.1 bar and M,, = 3.4 were calculated. The result of M,, obtained through the inversion
from that from the spectral analysis were similar, M,, = 3.5 and M,, = 3.4, respectively.
Hence, it-means-that the source area of the largest event was estimated to have a
radius of 0.516 km. On-the-other-hand, an analogous second analysis was-dene-with
the S-window (see Fig. 6b): Hewever-this-shewnya-sub estimation—af the magnitude
of M,, = 2.9 in comparison to M,, = 3.5 (from inversion) and 3.4 (from P-window); this_
is because gpectral flat level was not clearly te identified due to strong ascending line
of amplitude at low frequencies (f < 1 Hz) and to an amplitude drop around 2 Hz (see
Fig. 6b).

3 Discussion
3.1 Relation with regional tectonics

The statistical analysis of the oy and o3 stress axes (the maximum and minimum com-
pressive principal stress axes, respectively) through rose histograms (see Table 6 and
Fig. 7), taking into account all the focal mechanisms (shown in Fig. 3a), are in agree-
ment with a azimuthal direction of the minimum compressive horizontal stress, o3, of
approximately 260° (see Fig. 7c). The lineaments of the geomorphological features,
when compared to the focal mechanism results (see Fig. 3a), also provide support for
the notion that the fault associated to the largest shock has a strike of 174°, dip of 77°
and rake of —85°. This fault and the average minimum compressive stress direction are
consistent with the main trend of the southern extension of the BR province (Henry and
Aranda-Gomez, 1992) much in-a-simitarfashien-ag the Sanfandila sequence of 1998
(Zuniga et al., 2003) furthey to the south. Thus, the P yet additional evidence
supporting the notion that the southern BR as an active region.
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3.2 Seismic risk and hazard

The frequency of occurrence of large shallow earthquakes in the MVB zone is lower
than those of the subduction zone. This situation and a low density of seismic instru-
mentation in the MVB (most of the stations are south of the MVB) have not allowed te
stuey-this type of shallow seismicity in detail. For example, at this moment it is not yet
known: (1) what is the behavior of seismic attenuation from large shallow earthquakes
within MVB, (2) what is the ground amplification level at different sites within the MVB,
and (3) which buildings would resulj more affected, among ethersy These are some
questions that must be answered with help of analysis such as the analysis presented
here. Also, it is necessary to remember that the population keeps;growing in this area
to-a-fastesi rate than-at-etherregions in Mexico.

For the MVB zone, due to the short source distance of urban centers to the possible
causative faults the risk posed by shallow local earthquakes is larger than the risk due

to the subduction earthquakes. Fhis-is-due-to-its-shortseurce-distanees,in-comparison

to-the-subduction-earthquakes: The PGA amplitudes and their hypocentral distances
(Ry,) from this PES are presented in Fig. 8 and Table 7. In Table 7 it is possible see

that the PGA on the Extoraz community site, where the EXT1 station was located,
was close to 100cms™ at around Ry, = 6.0km, due to the largest earthquake from
PES of M,, = 3.5. In contrast, the study of Clemente-Chavez et al. (2012) looking at
subduction earthquakes showed a PGA =0.12cm 3'2, occurred at 27 April 2009 of
M,, = 5.6, with R,, = 430.4 km, recorded at seismic station in Juriquilla, Queretaro; and
more recently a PGA=1.3cm s~2 was also recorded in Queretaro due to the Oaxaca
earthquake occurred on 20 March 2012 of M,, = 7.1. Regarding the site amplification
level, if a 100 cm s™2 PGA is contrasted with the PGA from vertical component shewed
in the Fig. 5, in general it can be estimated that there is a site amplification of around
4 times in the horizontal ground motion with respect to the vertical (PGA =24 cm s"2).
Finally, in Fig. 6 is possible see the frequency range with the highest amplitudes, which
presents; low frequeneies; between 0.5-6.0 Hz; this range can affect te buildings of up
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to 20 levels, mainly. In ger@, these-abeve-comparisens show how the ground within
the MVB can reach higher PGA; from small shallowj earthquakes than the subduction
earthquakes (except for Mexico City which is a well known special case).

Another aspect observed in one of the seismic records was the existence of pre-
monitory earthquakes for the event No. 2 of Table 7 (see Fig. 9). These earthquakes
occurred between 20 to 60s before the main shock. When these premonitory earth-
quakes take place, # can be observed at short distances due to high signal/noise ratio.
The importance of these earthquakes is the possibility te-establisk an early warning for
this region.

4 Conclusions

Fremy sequence of small earthquakes;—whieh occurred; at the end of 2010 and be-
ginning of 2011, near the town of Penamiller, Queretaro, regionthai is located at the
northeast border of the seismogenic zone known as the MVB where the-seismieity ac-
tivity is not common, but there are precedents of large earthquakes occurring in-this
zong (e.g. Suter et al., 1996); several important aspects were found:

1. The seismic location and source parameters were estimated through an inversion
process and spectral analysis, whereby the largest earthquake had a moment
magnitude of M,, = 3.5, that corresponds to a source area with a radius of 0.5 km,
with a normal fault of strike of 174°, dip of 77° and rake of —85°. This earthquake
occurred on 8 February 2011 at 19:53:48.6 UTC at latitude 21.039° and longi-
tude —99.752° and at a 5.6 km depth. This plase-isHeeated 7 km from downtown
Penamiller teward-seutheast; and at 3 km from the Extoraz community.

2. In general, all the earthquakes recordings correspond to normal faults. This, the
lineaments of the geomorphological features, and the results of the statistical
analysis of the oy and o5 stress axes are congruent with the extensional regimen
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Table 1. Events analyzed in this study: Penamiller Earthquake Sequence (PES).

NHESSD
1,323-352, 2013

Seismicity in
northeast edge of the
Mexican Volcanic
Belt

A. Clemente-Chavez

Event UTC Date Number Station
No.  (yyyy/mm/dd) Records Name
1 2011/01/30 3 EXT1, PIL1, HIG1
2 2011/01/30 3 EXT1, PIL1, HIG1
3 2011/02/07 3 EXT1, PIL1, HIG1
4 2011/02/07 3 EXT1, PIL1, HIG1
5 2011/02/08 3 EXT1, PIL1, HIGA1
6 2011/03/01 3 EXT1, PIL1, HIG2
7 2011/03/01 3 EXT1, PIL1, HIG2
8 2011/03/26 3 EXT1, PEN2, HIG2
24
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Table 3. Results of the locations of all events analyzed: Penamiller Earthquake Sequence
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(PES).
Origin time Location Error rms
Event UTC Date UTC Hour Lat. Long. H Lat. Long. H
No.  (yyyy/mm/dd) (hh:mm:ss) ) ) (km) (km)  (km) (km) (s)
1 2011/01/30  17:54:22.50 21.034 -99.756 5.7 0.3 1.5 0 0.08
2 2011/01/30  17:54:41.70 21.034 -99.756 5.6 0.3 1.5 0 0.08
3 2011/02/07  00:16:34.00 21.039 -99.754 55 0.3 1.2 0 0.07
4 2011/02/07  09:42:54.50 21.024 -99.725 2.0 0.6 16 20 0.08
5 2011/02/08  19:53:48.60 21.039 -99.752 5.6 1.2 0.3 0 0.06
6 2011/03/01 12:59:40.70 21.031 -99.759 6.1 0.3 21 0 0.09
7 2011/03/01 13:11:28.10 21.033 -99.758 6.1 0.3 1.7 0 0.06
8 2011/03/26  01:42:17.40 21.015 -99.806 4.3 0.5 08 15 0.03
Averages 5.11 0.48 1.34 0.44 0.07
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Table 4. Earthquake source parameters of best fit solutions from the Pefiamiller sequence.
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Event UTC Date Origin time Location Magnitude Strike Dip Rake Number
UTC Hour Lat. Long. H M, @ 6 A

No.  (yyyy/mm/dd) (hh:mm:ss) (°N) w) (km) ) ) ()  Records
1 2011/01/30 17:54:22.50 21.034 -99.756 5.7 2.1 154 61 -116 3
2 2011/01/30 17:54:41.70 21.0834 -99.756 5.6 3.0 108 45 -149 3
3 2011/02/07  00:16:34.00 21.039 -99.754 5.5 2.9 41 57 -162 3
4 2011/02/07  09:42:54.50 21.024 -99.725 2.0 2.5 268 86 -5 3
5 2011/02/08  19:53:48.60 21.039 -99.752 5.6 3.5 174 77 -85 3
6 2011/03/01  12:59:40.70 21.031 -99.759 6.1 3.2 85 67 -152 3
7 2011/03/01  13:11:28.10 21.033 -99.758 6.1 2.7 133 64 -143 3
8 2011/03/26  01:42:17.40 21.015 -99.806 4.3 2.9 124 34 -14 3

Averages 136 61 -103
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Table 5. Results of spectral parameters from the largest earthquake in Penhamiller which oc-

curred on 8 February 2011 at 19:53:48.60 UTC.

NHESSD
1,323-352, 2013

Seismicity in
northeast edge of the
Mexican Volcanic
Belt

A. Clemente-Chavez

Phase Qo f, a Ao M, M,
(ms) (Hz) (m) (bar) (Nm)

P 3.03x10°® 6.0 516 51 159x10" 3.4
S 3.63x10°° 58 228 11.1 3.02x10"° 29

Qo = spectral flat level, f, = corner frequency, a = source radius, Ao = static
stress drop, M, = seismic moment and M,, = magnitude moment.
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Table 6. Earthquake source parameters and values of the maximum (o;) and minimum (o3)
compressive principal stresses axes from the PES.

NHESSD
1,323-352, 2013

Seismicity in
northeast edge of the
Mexican Volcanic
Belt

A. Clemente-Chavez

Event UTC Date Time origin  Magnitude Strike Dip Rake o4 O3
UTC Hour M, ) 6 A Azimuth Plunge Azimuth Plunge
No.  (yyyy/mm/dd) (hh:mm:ss) G0 0 () €) ) €)
1 2011/01/30 17:54:22.50 21 154 61 -116 19 63 263 13
2 2011/01/30  17:54:41.70 3.0 108 45 -149 310 50 57 15
3 2011/02/07  00:16:34.00 2.9 41 57 -162 257 35 355 12
4 2011/02/07  09:42:54.50 25 268 86 -5 223 7 313 2
5 2011/02/08  19:53:48.60 3.5 174 77 -85 90 58 261 32
6 2011/03/01  12:59:40.70 3.2 85 67 -152 305 35 214 2
7 2011/03/01 13:11:28.10 2.7 133 64 -143 352 44 257 5
8 2011/03/26  01:42:17.40 29 124 34 -14 104 44 343 29
Averages 136 61 -103 208 42 258 14
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Peak Ground Acceleration, PGA (cm s'z)/HypocentraI distance A, (km)
Station/Event No. [M,] 1[21] 2[3.0] 3[2.9] 4[2.5] 5[3.5] 6(3.2] 7[27] 8[2.9] — Abstract Introduction
EXT1 466/ 611 2723/ 6.02/ 928/ 601 826/ 593 9363/ 6.9 3624/ 641 7.82/ 642 812/ 574
PIL1 495/ 695 3040/ 6.86/ 558/ 659 4.42/ 749 8312/ 674 1681/ 7.36 1475/ 7.28 - o ;
HIG1 069/ 13.92 191/ 13.88/ 050/ 14.36 052/ 1239 3.44/ 14.41 - - - 73 Conclusions References
HIG2 - - - - - 151/ 1368 038/ 13.89 1.18/ 11.87 @)
PEN2 - - - - - - - 491/ 6.14 =
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Sticky Note
Clearly show the location of the study area on thie figure.  I can't find it.
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Fig. 2. The study area: northeast edge of the MVB. Location and identification of: (a) Mexico,
(b) Queretaro state within Mexico and delimitation of MVB zone with dotted line, (c) Penamiller
Town and Queretaro City within Queretaro state, and (d) Seismic stations and Downtown
Penamiller.
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Fig. 4. (a), (c) and (d) Observed and synthetic waveforms and their displacement ampli-
tudes at each station for the largest earthquake M,, = 3.5 occurred on 8 February 2011 at
19:53:48.6 UTC. (b) Focal mechanism; first motion polarities are shown to compare with the
best solution.
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