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ABSTRACT

During the last two years, in Barquisimeto Metrafaol Area, microtremors, gravimetry and seismic
refraction measurements were done in order toiigeihie shape and depth of the basin, and evaluate
the ground shaking characteristics. The predominmertods obtained from H/V analysis vary
between 0.2 to 3.0 s, with a maximum of 0.8s ingBeimeto and 3.0s in Cabudare. Associating the
values of periods with sediment thickness it wassgmle to estimate the maximum depth of sediments
in Barquisimeto to 80-110 meters, and in Cabudarel@0 meters. These results show a good
correlation with observed Bouger anomaly with a imuim of —34 mGals in Cabudare, which
corresponds to high sediment thickness. The sulosmiimation from geophysical studies will be
used to define the distribution of microzones ofi@gseismic response bas ed on typified response
spectra.
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INTRODUCTION

The Barquisimeto Metropolitan Area is located insteen Venezuelal'he local tectonic situation is
characterized by the vicinity of the Boconé fawds part of the plate boundary zone between the
South American and Caribbean plates, with a maitt &ystem with dextral strike-slip movements of
about 1-2 cm/year (Figure 1).

The Bocono fault had originated several destruati@ghquakes being the 1812 earthquake the most
remarkable one, which caused some 4.000 fatalitieBarquisimeto (Grases, 1990). Currently,
Barquisimeto is a fast growing city with over onglion inhabitants, expanding mainly over old river
terraces. Cretaceous formations outcrop in eaBarquisimeto, where recent urban development has
been concentrating. On the other hand terraces wgtho 100 meters thickness are present in the
west, where industrial and informal housing argasspreading.

This study is part of a microzoning project thaarsgtd in 2005 in cooperation with the local
government and the Lara state administration. Aciatuphase in the project is the definition of
microzones of equal seismic response (Hernandalz, @006; Schmitz et al., 2007). Based on generic
soil models with variations of sediment thicknemsg shear wave velocity for the upper 30 m (Vs30),
response spectra are calculated, considering thmisenazard in the area. These response speetra ar
typified regarding the predominant period and thaps of the spectra. Then, the typified spectra are
associated to the corresponding microzones regptteir geological and geophysical characterization
derived by the geophysical investigations preseimniegtis contribution. The definition of the micmzes
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will be calibrated with the distribution of predaraint periods from ambient noise measurementsiseasul
2D and 3D seismic response calculations, and détdiinamic models and experimental transfer funstio
based on drilling information (from 100 to 300 npthg. Active participation of public engineers het
evaluation of subsoil data as well as building ebteristics for vulnerability assessment is an
important part of this seismic microzoning projédernandez et al., 2006). A general knowledge on
seismic resistant construction shall be introdutedhe community, in a formal and informal
approach.
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Figure 1. Location of Barquisimeto and Cabudare. Tk Bocond fault defines a pull-apart basin
in Cabudare with Cretaceous bedrock (grey) at the &isin edges and Quaternary sediments
(white) as basin fill (geological compilation by Behtold, 2004).

MICROTREMOR MEASUREMENTS

Ambient noise methods are non-expensive and gstedfiad reliable estimates of site effects. One of
the most widely used method is the spectral refatip H/V (Nakamura, 1989; Bard, 1999)
introduced by Nogoshi and lgarashi (1971), wheee ftmdamental soil period is interpreted as a
predominant peak on ellipticity of Rayleigh wavési¢het & Bard, 1994; Field & Jacob, 1995;
Konno & Ohmachi, 1998), if the impedance contrastiMeen the soft soil and the basement rock is
more than twice (Bard, 1999).

The H/V method was applied with good results invimes studies to estimate the natural frequency
and sediment thickness (e.g. Ibs-von Seht & Woldemnb1999; Parolai et al., 2001, 2002). The
application of this technique in Venezuela in diéfi@ sedimentary environments in cities with soft
sediments like in Cumand (Abeki et al., 1998a) @adiaco (Gonzalez et al., 2004), as well as in
cities with deep sedimentary basins like Caracdekiet al., 1998b; Enomoto et al., 2000; Rocabado
et al.,, 2001; Semblat et al., 2002; Moros, 2004yrévio, 2004) evidenced good results. Consistent
results were also obtained in other sedimentanire@mwents like alluvial fans in Vargas State



(Romero et al.,, 2006), fluvial terraces in Mérideat& (Palme et al., 2002) and Barquisimeto
Metropolitan Area (Rocabado et al, 2002; De Maircal.¢ 2004, Nobile, 2005).

A total of 460 measurements were carried out ingBaimeto Metropolitan Area (Figure 2) with a
distance of 500m between stations. From this t@&0, stations are located in Barquisimeto area and
170 in Cabudare.
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Figure 2. Location of single stations of noise recding, the grid distance was 500m.

The instruments used for acquisition consisted mn @rion-Nanometrics seismograph with a
broadband 3-component sensor Guralp CMG-40T. Timplgarate was 100 sps and the record length
varied between 10 and 20 minutes. In all cases,obrtee horizontal components was aligned with
north—south direction. Previous to recording, salvexternal conditions were checked to guarantee
the quality of acquisition, like: signal stabilitgensor location (far from water pipes, electricityd
other facilities), and distance to white noise sear(Bard, 1999).
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Figure 3. Processing of single station. Left: Selemd windows on J-Sesame. Right: H/V curve
with selected value.

The J-SESAME program (Site Effects Assessment Usintdpient Excitations) was used for data
processing to identify the predominant period df sssponse. This program was developed during



the SESAME Project (Bard et al., 2005) in a commeffiort of several European institutions and
universities involved in the project. The prograllowas selecting several time windows; for each
single window the program calculates the H/V ratial generates a single output that includes the
average H/V curve obtained from all the single wind, as well as the standard deviations (Figure
3).

From the results obtained in each single statitowab to possible to generate a map of predominant
periods for the area (Figure 4). A detailed analysi the results observed in Barquisimeto city
showed that in the eastern and northern areashifigptthe values in the period range between 0.3
and 0.5s. In western and central areas of thetbigyyalues increase in range from 0.5 to 1.0s; 30%
the measurements result in this range. Toward sdutiine Cabudare area, the predominant periods
increase drastically, with a maximum of 2.5s in teatral area (and increasing towards north-east).
The minimum values vary from 0.3 to 0.5s in thetBpaorresponding to sites in the foothills.
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Figure 4. Isoperiod Map of the study area. The maxium values, over 2.5s, are observed in
Cabudare, increasing towards NE.

From this result, it is possible to correlate thaed values of periods with the sediment thiskne
over Barquisimeto terrace and Cabudare basin (Eig)r In Barquisimeto, the maximum depth is
120m in the southwest of the study area, whileatberage depth for the whole terrace is 80m. In the
Cabudare pull-apart basin the maximum depth is 4@0me southeast, decreasing towards the edges.
The ratio between the fundamental period and tli@remnt thickness used in this paper was taken
from previous studies in Caracas (Rocabado €2@02), which include data of geotechnical drillings
water wells and seismic refraction profiles in artiedetermine the geometry and sediment thickness
of Caracas basin, related with each single measmeaf H/V.
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Figure 5. Sediment thickness estimated from H/V resdts; the maximum depth was 400m in the
Cabudare pull-apart basin and 120m over the Barquisneto terrace.

GRAVIMETRY MEASUREMENTS
A total of 620 single gravimetric measurements wawee in Barquisimeto Metropolitan Area, with

500 m of distance between stations distributedhénstudy area (De Marco et al., 2004; Nobile, 2005)
(Figure 6). The instrument used was a digital greeter SCINTREX CG3.
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Figure 6. Grid of single gravity stations in the sidy area.



The target during data processing was to elimirgditehe variables that could affect the gravity
measurements like topography and instrumental eeffhis was done in order to isolate lateral
variations of density on subsoil materials thatseaalterations in gravity values, from which the
Bouguer Anomaly map is obtained (Figure 7).
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Figure 7. Bouguer Anomaly Map in the Barquisimeto Metropolitan Area.

A three-dimensional modelling was done using IGMA&tware (GoOtze and Lahmeyer, 1988;
Schmidt and Gotze, 1998; Breunig et al., 2000). 3bemodels were generated from bi-dimensional
cross sections, starting with a simplified init,mbdel obtained from geological information and few
gravity points (De Marco et al., 2004; BechtoldP2D For modelling purposes, the 3D model was
divided in parallel cross sections. Along the sedi the observed Bouguer Anomaly was compared
with the response calculated along the sectiortladespecting geological units adjusted in 3Dlunti
a satisfactory fit was reached. For visualizatibnee cross sections were generated, two of them wi
NW-SE strike and in NE-SW direction (Figure 8). Ttileckness and location of sediments are
controlled by data from 32 wells in the Barquisim&etropolitan Area; two of them (down to 100
and 300 m depth) were done by FUNVISIS, and williltrumented with accelerometers in the
bottom.

Based on the final 3D gravity model a map of sedintbickness was generated (Figure 8). The
thickness estimated from seismic refraction pref{lee Marccet al., 2004) was taken as constraint to
the gravimetric model in Barquisimeto. Additionaismic refraction profiles are being done actually
in Cabudare in order to constraint basement depth seismic velocities of the sediments. For
Barquisimeto, the sediments thickness varies betWee and 300m, with the maximum values in the
city center, decreasing toward to the north andhsdo Cabudare, the bedrock depth varies between
Om and 600m, with an increase in sediment thickmesise direction of strike, towards NE, reaching
a maximum of 750m. For both areas, the trend ofathemalies is consistent with the sediment
thickness estimated from H/V (Figure 5). Neverths]dehe absolute values differ in the order of 1:2
between thickness from H/V (lower values) and gretric modelling (higher values). One possible
explanation is that in the gravimetric model thepempmeteorized part of the bedrock, might be
included with the sediments. The results of the sewmic refraction lines (two of then adjacent to
the deep boreholes) will hopefully help to clatifys discrepancy.
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Figure 8. Sediment thickness obtained from 3D angsis of gravimetric data. Three 2D cross
sections were included, showing the correlation @fravimetric response with geological
formations.



CONCLUSIONS

From the results of H/V analysis it was possiblel¢ébermine two regions with different response in

Barquisimeto Metropolitan Area. First, in Barquisitm city, a maximum values of 0.8s was observed
in the west of the Quaternary terrace, whereasrtinénum values are located to north of the city,

corresponding to the foothill areas. Cabudare sftgws the highest values of predominant periods
with a maximum of 3.0s and an average of 1.5s enrhmaining f area; the minimum values are

located in the foothills towards the south.

Based on the gravity data, a Bouguer anomaly mapge&aerated with values between -34 and —10
mGal; the minimum value is located in Cabudare.r€ponding values of sediment thickness,
obtained from 3D gravity modelling, reach 300 nBerquisimeto and more than 600 m in Cabudare.
In general, there is a good agreement in the sbapeth maps of sediment thickness (generated from
H/V and Bouguer anomaly, respectively). Neverttelésere are important differences in the absolute
value of the sediment thickness, with a maximumi2® and 300 m in Barquisimeto and of 500 and
750 m in Cabudare, derived from analysis of H/V agdvity data, respectively. The seismic
refraction profiles, actually being measured in @#dre, will help to adjust the sediment thickness i
this area. Using this information, a proper relatioetween predominant periods and sediment
thickness will be established for Barquisimeto Mptlitan Area, which might help to adjust the map
of sediment thickness using H/V data.

The data obtained in this study will be used tedaine microzones with similar seismic response
within Barquisimeto Metropolitan Area. The defioiti of the microzones will be based on the
cartography of the principal geological and georhofpgic units, together with the sediment
thickness (discussed in this paper) and seismimciteds (Vs30). Typified spectra will be associated
the corresponding microzones in order to deterrtiveboundaries between them, and the respective
seismic response. Recommendations regarding gebeilling characteristics, considering the
seismic response in each microzone, will be giedndal authorities and communities.
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