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Nowadays, microtremors' horizontal-to-vertical spectral ratio (HVSR) has been extensively used in the esti-
mation of the predominant vibration frequency of soils, mainly for microzonation purposes. In the present
study, we show results from extensive microtremor measurements performed at the cities of Talca and
Curicó, Central Chile. We found a strong correlation between surface geology and microtremors' HVSR,
even in complex geological settings. Considering the damage produced by the 2010 Maule earthquake
(Mw 8.8), we also estimated high-density macroseismic intensities at these cities, with values ranging
from VI up to VIII on the MSK64 scale. We believe that the main responsible of these variations are the surface
geological conditions, also reflected in the variations of the resonance frequencies of the soils. The evidence
presented here supports the use of microtremors' HVSR in combination with surface geology to improve seis-
mic microzonation studies, particularly in an Andean context.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The amplification produced by site conditions plays a key role in
establishing the damaging potential of incoming seismic waves from
major earthquakes (e.g. Borcherdt, 1970). Since the early observations
made by Milne (1898) showing clear amplifications that sedimentary
deposits produce on seismic ground motions, several studies have been
devoted to this topic. For example, most of the damage produced by
the 1989 Loma Prieta earthquake was directly related to the site re-
sponse (Holzer, 1994), as well as the effects of the 1994 Northridge
earthquake, producing pockets of heavy damage within 1 km from re-
gions with largely undamaged zones in Los Angeles (Wald and Mori,
2000). The pattern of damage in Mexico City produced by the 1985
Michoacan earthquake showed that the effect of local site conditions
was very important (Singh et al., 1988), suggesting a strong amplification
difference between rock and paleolake-bed sites (Ordaz and Singh,
1992). Nevertheless, we found a lack of studies analyzing the damage
produced by large interplate subduction earthquakes (Mw > 8.0), espe-
cially in an Andean context. Hence, the importance of methodologically
analyzing the effects of the recent 2010 Maule earthquake (Mw 8.8)
and its relation with surface conditions.
56 2676 2402.
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The cities of Talca and Curicó, Central Chile, are located in an area
where large earthquakes frequently occur (see Figure 1). Despite the
fact that these are not located near the sources of large historical earth-
quakes, typically interplate subduction earthquakes with coastal or
off-shore epicenters (as those shown in Figure 1), these hinterland cit-
ies systematically have shown higher seismic intensities than neighbor-
ing localities. From the early observations of Montessus de Ballore after
the 1906 Valparaíso earthquake (Mw 8.2), Curicó presented an intensi-
ty that, on the 10 degree 1902 Mercalli scale (IM-02), was equal to
IM-02 = IX; while neighboring cities presented lower values: Teno
(IM-02 = VI) and Rauco (IM-02 = VI) (Montessus de Ballore, 1915).
At Talca, the damage levels were lower (IM-02 = VIII); nevertheless,
this value was larger than nearby localities, such as Pelarco (IM-02 =
VII–VIII) and Pencahue (almost no damage was reported). On the
other hand, for the 1928Talca earthquake (Mw7.7), this citywas strongly
damaged, reaching a Modified Mercalli Intensity IMM = VIII–IX, while
nearby cities did not exceed intensity VIII (Astroza et al., 2002). Note
that, at that time, Talca was mostly located over volcanic ash deposits,
shown in Fig. 2a. For the 1985 Valparaíso earthquake (Mw 8.0), the dam-
age producedwas lower due to the large epicentral distance of both cities.
Nevertheless, Barrientos and Cancino (1991) showed thatMSK64 seismic
intensity was larger on the Northern part of Talca (IMSK64 = VII–VIII),
located over the volcanic ash deposits, compared to the Southwestern
part (IMSK64 = VII), located overfluvial and alluvial deposits. For nearby
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Fig. 1. (a) Digital elevation model with the location of Talca and Curicó, Central Chile, the insert show the location of the studied area. The dashed lines show the isoseismals for hard soil
conditions for the 2010Maule earthquake, with the level in roman numbers (Astroza et al., 2012);while in shades of gray is presented the slip distribution of this event, obtained by Lay et
al. (2010). Thick lines show schematically the rupture length of large earthquakes, with its corresponding year of occurrence next to each one. (b) and (c) shows a detail map of nearby
cities of Curicó and Talca, respectively.
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localities, reported seismic intensities are consistently lower: Pencahue
(IMSK64 = VI–VII) and San Clemente (IMSK64 = VI–VII).

Recently, for the 2010 Maule earthquake (Mw 8.8), Curicó
presented an IMSK64 = VII–VIII, while nearby cities showed lower
intensities: Teno (IMSK64 = VII), Rauco (IMSK = VII), and Romeral
(IMSK64 = VI). Talca presented an IMSK64 = VIII, whereas nearby
cities showed clearly lower intensities: Pelarco (IMSK64 = VI–VII),
Pencahue (IMSK64 = VII), and San Clemente (IMSK64 = VI–VII).
Even more, considering that both cities are located near the isoseismal
VII (see Figure 1 and caption for details), the seismic intensities ob-
served in Talca and Curicó represent an increment of 1.0 and 0.5°, re-
spectively, with respect to hard soil conditions (Astroza et al., 2012).
These amplifications cannot be explained by the distance from the
source, but presumably by local effect conditions. To further explore
this hypothesis, we performed a high-density macroseismic study con-
sidering the distribution of the damage within each city: nearly 700
field surveys were carried out few days after the earthquake, assigning
IMSK64 to all the urban areas. The observed distribution of MSK inten-
sities was very irregular, which we believe was strongly influenced by
local site amplification, more than by epicentral distance, location of as-
perities within the fault and/or path effects.

To assess the local site conditions, we revised the surface geology at
both localities using all available data.We found a strong presence of al-
luvial and fluvial deposits (in Curicó and Talca) along with volcanic ash
deposits (in Talca). We complement this information by performing
nearly 300 microtremor measurements at Talca and Curicó, covering
the entire studied area. Several studies have shown a correlation be-
tween the peak observed in microtremors' HVSR and site amplification
(Lermo and Chávez-García, 1993; Bard, 1999; Bonnefoy-Claudet et al.,
2006; Chávez-García et al., 2007); however, only in few cases these re-
sults had been compared with direct observation of damage produced
by a large earthquake. We found a strong correlation between
microtremors' HVSR and surface geology: the comparison at Talca is
quite clear; while at Curicó there are other factors to take into account.
This correlation is the best way to explain the observed distribution of
damage at Curicó and Talca; hence, we believe that the combination
of surface geology and microtremors' HVSR represents a practical and
economical method to assess local site conditions and possible seismic
amplifications.

2. Geological setting

The cities of Talca and Curicó are located in the Central Depression, a
North–south trending morphostructural unit of lowlands between the
Coastal andMain ranges of the Andes (Figure 1). The Central Depression
is filled with alluvial sediments transported from the highlands and
some volcanic ash deposits from large Quaternary eruptions, forming
the sedimentary basins where Talca and Curicó are located. The Coastal
Range, located to theWest of the depression, is mainly composed of in-
trusive and volcanosedimentary rocks of Paleozoic and Mesozoic age
while theMain Range, located to the East, is formed by Tertiary volcanic
and intrusive rocks and Quaternary volcanic rocks and deposits from
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Fig. 2. Surface geology of: (a) Talca and (b) Curicó, see corresponding legends on the right. The circles represent microtremors' HVSR, with the color proportional to the estimated
resonance frequency and the size to its amplitude, following the scale on the right. The black stars mark the position of the seismic stations that recorded the Maule 2010 earth-
quake. We also plotted some contour lines of resonance frequency and HVSR amplitude, indicated in the insets on the right.
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the present volcanic arc (Hauser, 1995; Sernageomin, 2003). The local
geology of Talca and Curicó has been previously described by Hauser
(1995) and in unpublished maps by Thiele (in Morales and Sapaj,
1996); in the present study, we report a detailed revision of the surface
geology of these localities.

The distribution of the deposits of Talca has been revised by in-
spection of about 30 logs of 35–50 m deep boreholes drilled by the
local water company; the modified geological map of Talca is shown
in Fig. 2(a). We find three main units that practically cover all the
urban area: i) to the Southwestern part of the city, fluvial deposits
of gravel and sand with clay interbeds that are part of the alluvial
fan of the large Maule river, located about 15 km south of the city,
ii) to the Northern part of the city, volcanic deposits of ash, lapilli,
and pumice, and iii) a transition zone between the former deposits,
in which the alluvial and volcanic deposits are interbedded in a com-
plex manner. The volcanic deposits present flow textures, and have
been suggested to be originated by a large Pleistocene pyroclastic
flow from the Descabezado or Calabozos volcanic group, located
about 80 km to the ENE, that reached the central depression through
the Claro River valley (Hildreth et al., 1984; Hauser, 1995; Morales
and Sapaj, 1996). Talca is surrounded by the Lircay River (to the
North) and the Claro River (to the West), with terraces of alluvial
and volcanic sediments on their margins, along with present fluvial
deposits (Figure 2(a)). The western part of the city is limited by the
foothills of the Coastal Range, with outcrops of volcanic and intrusive
rocks partly covered by talus, while the eastern part is covered by vol-
canic deposits with exception of local hills, of granitic composition
(Figure 2(a)). The water table varies between about 5 and 20 m of
depth, depending on location and climatic fluctuations (Hauser, 1995).

The local geology of the urban area of Curicówas revised by detailed
surface mapping (Figure 2(b)). The city is mainly built on alluvial de-
posits from the Teno River, mostly characterized by gravel deposits in
a sand and silt matrix, with a prevalence of coarse-grained materials
in the proximal deposits to the East, and a progressively increasing pres-
ence of fine-grained material in the distal deposits, to the West. These
deposits are cut by several fluvial inactive channels and lacustrine
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deposits, which concentrate sand and fine-grained soil banks. Towards
the South, the alluvial deposits vary to fluvial terraces and the activeflu-
vial channels of Huaiquillo creek and Mataquito River. An isolated hill
composed of Cretaceous volcanosedimentary rocks, known as Condell
hill, outcrops in themiddle of the city. Thewater table is located in gen-
eral less than 5 m deep, which makes the sandy and fine grained de-
posits prone to liquefaction, as locally observed during the 2010
earthquake North and Northwest of Condell hill.

3. Microtremors' HVSR

We performed an extensive campaign of more than 170 and 110
microtremors' measurements at Talca and Curicó, respectively, using a
3-component, 4.5-Hz instrument; Strollo et al. (2008a,b) showed that
short-period sensors are able to retrieve resonance frequencies up to
0.1 Hz, furthermore, Leyton et al. (2011) showed that these instru-
ments are able to obtain a reliable answer from 0.3 up to 20 Hz. At
each point, we recorded microtremors for at least 20 min, depending
on the level of human activity, as recommended for microzonation
studies (Bard and SESAME-Team, 2005). Later, each measurement
was processed in the same way: firstly, we divided the total time win-
dow into 1 min subwindows, not removing the transients, following
Parolai and Galiana-Merino (2006). Then, we computed the Fourier
transform and smoothed it with a homogenous filter in log-scale
(Konno and Ohmachi, 1998), and calculate the horizontal-to-vertical
spectral ratio (HVSR). Due to the fact that we used 1 min subwindows,
we obtain at least 20 subwindows without overlap, and calculated the
measurement precision for each frequency by means of the standard
deviation.
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Fig. 3. Classification of the microtremors' HVSR from Talca and Curicó; continuous line show
text for details.
After processing all the measurements, the resulting HVSR curves
were classified into 4 groups, as shown in Fig. 3, having the following
classification:

(a) A clear peak, with large amplitude (over 5.0)
(b) A clear peak, with medium amplitude (between 3.0 and 5.0)
(c) A diffuse peak, with low amplitude (between 2.0 and 3.0)
(d) Flat curve, with no clear peak (amplitudes lower than 2.0).

Previous studies showed that the presence of large amplitude
HVSR peak is related to a high impedance contrast between the sed-
imentary cover and the basement (Bard, 1999; Bonnefoy-Claudet et
al., 2006, 2008b), while a low amplitude peak is related to a lower
contrast, indicating the presence of a hard soil (Woolery and Street,
2002; Bonnefoy-Claudet et al., 2006, 2008b). In the present study,
cases (a), (b), and (c) of Fig. 3 enable a reliable estimation of the fun-
damental frequency from the observed HVSR peaks, probably related
to the presence of soft soil with a high impedance contrast with the
basement. On the other hand, in the presence of hard soils, it is not
possible to find a clear contrast that generates a resonance frequency
at the site, thus a flat HVSR curve is observed in such a situation
(Bonnefoy-Claudet et al., 2008a; Leyton et al., 2011), as shown in
case (d) of Fig. 3. This same behavior is observed at rock sites, as
can be seen as black dots at the outcrops of Talca (granitic rocks)
and Curicó (volcanosedimentary rocks) in Fig. 2. Due to the lack of de-
tailed geophysical information, we cannot further describe the char-
acteristics of the basement rock or shape of the sedimentary basins.
On the other hand, as shown in Fig. 2, accelerometers were placed
on both cities and successfully recorded Maule 2010 earthquake
(Boroschek et al., 2010); in the Supplementary Figure, we present a
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s the geometric average, while the gray area corresponds to the standard deviation. See
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comparison of the HVSR between the strongmotion records and the
microtremors.

Despite the scatter in the results, Fig. 2 shows a strong correlation
between surface geology and the soils' resonance frequency. This cor-
relation is enhanced with the contour lines for HVSR's estimated fre-
quencies and amplitudes plotted in Fig. 2. At Talca (Figure 2a), we can
see that the volcanic ash deposits are characterized by resonance fre-
quencies ranging from 2.0 to 6.5 Hz (cyan circles in Figure 2(a)),
mostly from 4.0 to 6.5 Hz as shown by the contour lines, with ampli-
tudes going from small (between 2.0 and 3.0) to large (>5.0). On the
other hand, the fluvial and alluvial deposits are mostly characterized
by flat HVSR curves (black dots in Figure 2(a)) or small amplitude
peaks (lower than 3.0). Finally, the alluvial-volcanic transition zone
presents high resonance frequencies (larger than 6.5 Hz, shown in
blue in Figure 2a) in its Southeastern part, turning into flat curves to
the northwest (black dots). In this region we found some sites with
resonance frequencies between 2.0 and 6.5 Hz, mostly to the North-
eastern part, showing the transition to the volcanic ash deposits.

At Curicó (Figure 2b), we found a more complicated setting: the
Northeastern part, in the alluvial-proximal deposits,wasmainly charac-
terized by flat HVSR curves (black dots in Figure 2b) or small amplitude
peaks (lower than 3.0), correlating with the presence of coarse-grained
materials. Towards the West, we found the alluvial–distal finer de-
posits, characterized by low frequencies (lower than 1.0 Hz, shown in
red in Figure 2b) and large amplitudes (usually, greater than 3.0). In
the alluvial–distal coarse deposits, mostly throughout the city of Curicó,
we found clear resonance frequencies, ranging from 0.3 to 6.5 Hz (red,
yellow, and cyan circles in Figure 2b), with a variety of amplitudes. As
mentioned before, throughout the city of Curicó it is observed the
presence of fluvial inactive channels and lacustrine deposits, the
most probable mechanism of fine-grained material deposition in the
area, producing the low frequencies observed (red and yellow circles
in Figure 2b); however, themicrotremors' HVSR is not sensitive enough
to clearly identify them, probably due to their small thickness. In the
Southern part of the city, at the transition to fluvial and alluvial deposits,
we found high resonance frequencies and large amplitude peaks
(shown in cyan for frequencies between 2.0 and 6.5 Hz and in blue for
frequencies higher than 6.5 Hz in Figure 2b), marking the relationship
between high frequencies and the presence of coarse-grainedmaterials.

4. Damage observed after the 2010 Maule Earthquake

The damage distribution observed at Talca and Curicó after the 2010
Maule earthquake was non homogenous, justifying the first high-
density macroseismic survey at these cities. We followed Monge and
Astroza (1989) to estimate the seismic intensity variations within the
city; this methodology has been successfully applied to an extensive
survey of more than 100 localities affected by the Maule 2010 earth-
quake (Astroza et al., 2012).

We performed nearly 700 field surveys in both localities, which
cover the entire study area (~300 at Curicó and ~400 at Talca), and
assigned MSK64 intensity to each sector, completing 19 and 11 sec-
tors at Talca and Curicó, respectively (see Figure 4a and b). The defi-
nition of the sectors at each city considered surface geology and the
distribution of vulnerability classes in the area: using 1-km2 sectors,
we tried to include low-rise buildings belonging to one vulnerability
class within each sector (labels shown in Figure 4). Finally, we
defined each sector's intensity from the observed damage, taking
into account the structural vulnerability class of the constructions
(Monge and Astroza, 1989), as shown in Fig. 5. This figure shows
the mean damage grade (Gm, computed as a weighted average of
the number of construction within a vulnerability class, weighted by
the observed level of damage, see Monge and Astroza, 1989) as a
function of the corresponding MSK seismic intensity and the vulner-
ability class (shown in dashed lines in Figure 5). From this figure we
can see that 2 sectors with the different vulnerability class present
very different mean damage grade; the complete data is shown in
the supplementary material (Table S1).

Fig. 4a and b shows the defined sector and its corresponding re-
sults, each symbol represents a vulnerability class (ranging from A,
most vulnerable, to C, least vulnerable), the colors represent the
level of damage (ranging from 0, no damage, to 5, collapse of one
or more walls), and the pattern the MSK seismic intensity.

The highest intensity we found was in volcanic ash deposits at
Talca, reaching VIII degree on the MSK64 scale (shown in Figure
4a). In this area, most of the adobe houses (vulnerability class A) suf-
fered heavy damage or collapse, whereas reinforced masonry house
(vulnerability class C) presented a range of cracks from small to se-
vere. The intensity in different sectors of both cities ranged from VI
up to VIII on the MSK64 scale; we believe that the main responsible
of these variations are the surface geological conditions, also
reflected in the variations of the resonance frequencies of the soils.
At Talca, considering only the sectors over the volcanic ash deposits,
we found lower intensities at places located at the Northeastern side
of the city (sectors 6 and 13); this could be produced by an underes-
timation of the vulnerability class of the housing found in this area.
From field observations, class D, rather than class C as used
in this study, might be a better characterization for most of the
houses because they are engineered masonry buildings with
earthquake-resistant design (Grünthal, 1998).
5. Discussion and conclusions

As presented in Figs. 2 and 6, as discussed below, we found a
strong correlation between surface geology and the soils' predomi-
nant frequency. In general, fine-grained soils are characterized by
frequencies ranging from 0.3 up to 6.5 Hz. On the other hand,
coarse-grained materials are characterized by high frequencies
(higher than 6.5 Hz) and flat HVSR curves. Talca presented, at volca-
nic ash deposits, resonance frequencies between 2.0 and 6.5 Hz,
while fluvial and alluvial deposits were characterized by flat HVSR
curves. Even at Curicó, where there is a complex distribution of the
resonance frequencies, it can be explained with recent findings of
disaggregation of an alluvial fan, mainly related with old superficial
channels. In the Northwestern part of the city, over the
alluvial-proximal deposits, we found low amplitude peaks (lower
than 3.0) and flat HVSR curves. On the other hand, the alluvial–distal
coarse deposits, found throughout the city of Curicó, are character-
ized by large amplitude peaks (greater than 3.0) with resonance fre-
quencies lower than 6.5 Hz (see Figure 6b). All these areas are cut by
several inactive channels, probably the cause of deposition of
fine-grained materials, producing the observed low resonance
frequencies.

From the high-densitymacroseismic observations, we foundMSK64
intensities ranging from VI up to VIII, strongly dominated by surface ge-
ology, as it can be seen in Fig. 6. Even more, from this figure we found a
strong correlation between the observed intensities (overlaying pat-
terns) and resonance frequencies (colored pie charts) observed at
these two localities. Indeed, lower intensities are found in areas charac-
terized by flat HVSR curves and the presence of coarse-grained mate-
rials. On the other hand, the higher intensities are observed at sites
characterized by clear peaks, with frequencies ranging from 0.3 to
6.5 Hz, at Curicó, and 2.0 to 6.5 Hz, at Talca.

In summary, we found a strong variation of the damage produced
by a large earthquake (Mw 8.8), mainly explained by surface geology
and observed resonance frequencies (frommicrotremors' HVSR). This
correlation can be used in the definition of different seismic zones
within each city, indicating an inexpensive and effective methodology
for seismic microzonation studies.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.enggeo.2013.04.009.
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