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ABSTRACT 

 
It is well recognized that during a seismic event, soil site effects are generally responsible of a large 
variability in the ground shaking. This effect is particularly evident in the case of complex three-
dimensional alluvial structures, where the coupling between the mechanical properties contrast and the 
shape of the “bedrock-soft soil” interface, tend to amplify the spatial variability of the motion. 
In this contribution we present the experimental studies and the 3D numerical simulations recently 
performed within the area of Santiago de Chile to characterize its seismic response. Measurements of 

seismic noise at 146 sites have been carried out in the Northern part of the town, first to determine the 
fundamental resonance frequency of the sites and then to invert the horizontal-to-vertical (H/V) spectra 
individually, considering additional geological and geophysical information as constraints, for estimating 
local S-wave velocity profiles. The resulting 3D model was derived for a 26 km x 12 km area by 
interpolation between the single S-wave velocity profiles and shows good agreement with the few 
existing velocity profiles but images the entire area as well as deeper parts of the basin. 
Using the highly variable S-wave velocity-depth gradient and including notable high-resolution surface 
and bedrock topography of the investigated area, we simulated 3D seismic wave propagation by means of 

a spectral element method. For the scenario events, we focused on the San Ramón fault, a multi-
kilometric frontal thrust, crossing the eastern outskirts of the city. A conservative estimate of the rupture 
with well-constrained hypocenters down to 15 km depth under the Principal Cordillera yields events of 
magnitude Mw 6.9 to Mw 7.4. Our results indicate that peak ground velocity can vary significantly on 
small scale due to both site and topographic effects, hence allowing to identify, for seismic hazard 
assessment studies, the areas that are most prone to large amplification of earthquake ground motion. 
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INTRODUCTION 

 
Within the last 100 years, 16 earthquakes have caused significant human and economic losses in Chile. 
Return periods for magnitude ~8 events are of the order of 80-130 years for any given region in Chile but 

decrease to approximately only 12 years when the country as a whole is considered (Barrientos 2004). 
Usually, the destructive impact of an earthquake is limited in its extend, since the energy released by an 
earthquake diminishes significantly with increasing distance from the epicenter. However, through 
indirect effects, earthquakes can also have a devastating impact on large areas or parts located in further 
distance to the epicenter. For example, in 1958, Santiago de Chile was severely hit by the Las Melosas 
earthquake sequence (M=6.7-6.9, Sepulveda et al. 2008) with shallow focal depth. In 1985, the 
Valparaiso earthquake with a magnitude of 7.8, whose epicenter was located just 120 km west of the city, 
caused losses of about $1.8 billion (Porro and Schraft 1989). Recently, on February 27, 2010 an 

earthquake (Mw=8.8) occurred offshore the Maule region. Although the epicenter was quite distant 
(about 330 km south-west of Santiago) the bilateral rupture continued in northern direction almost until 
Santiago, causing significant influence on the city´s building stock and its infrastructure.  
The effects of an earthquake are further emphasized due to the location of Santiago de Chile in a narrow 
basin between the Andes and the coastal mountains. The basin originated from the depression caused by 
tectonic movements in the Tertiary of an area between two major faults that are running north-south and 
are parallel to the two mountain chains. Moreover, the basin on which the city of Santiago is located is 
filled with soft sediments that will strongly modify seismic ground motion over short scale. A notable 
example thereof in recent years has been the comparatively modest (Mw=6.6) earthquake which stroke 

central Mexico on September 19, 1985. It produced only light damage in the epicentral area but caused 
the collapse of more than 400 buildings and damage of many more in Mexico City, 240 km far away from 
the epicenter. To this regard, also Santiago de Chile has already experienced local variations of ground 
motion during the 1985 Valparaiso event with intensities varying between VII and IX (MSK scale) within 
the city (Çelebi 1987, Bravo 1992). 
Therefore, the necessity of refining the estimation of strong ground-motion parameters has led to extend 
the hazard analyses considering a larger number of variables. Particular attention has been paid both to 
seismic source parameters and to local site effects. A relevant influence of the focal mechanism including 

dip and rake angles has been found by several studies (e.g. McGarr 1982, Anderson and Luco 1983, 
Campbell 1984). Moreover, the direct impacts of an earthquake are not only correlated to the 
seismological characteristics of the event (depth, magnitude, etc.) but also depend on the geological 
characteristics of the region (underlying rocks, soil texture, etc.). Furthermore, for seismic hazard 
assessment, particular attention has to be paid to wave propagation phenomena which can be studied 
nowadays thanks to powerful numerical techniques stemming from finite differences (FD, see e.g. Moczo 
and Kristek 2003), to finite elements (FE, e.g. Bielak et al. 1999, 2003), boundary elements (BE, e.g. 
Sanchez-Sesma and Luzon 1995) and spectral elements (SE, e.g. Faccioli et al. 1997; Komatisch et al. 

2003, 2004). Spurred by the computational power made available by parallel computers, these techniques 
have embraced the area of three-dimensional wave propagation, mostly confined to seismological or 
geophysical prospecting applications. Our analyses are based on the software package 
GeoELastodynamics by Spectral Elements (GeoELSE), jointly developed by the Center for Advanced 
Research, Studies, and Development in Sardinia (CRS4) and by the Department of Structural Engineering 
of the Politecnico di Milan, Italy, and specifically designed to effectively perform linear and non-linear 
viscoelastic seismic wave-propagation analyses, including the combined effect of a seismic fault rupture, 
the propagation path, and a complex geological feature in the simulation.  
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GEOLOGICAL SETTINGS 

 

In our study we are focusing on the urban scale of the city of Santiago de Chile. Therefore, an essential 
requirement for seismic hazard assessment is the quantification in terms of spatial distribution of site-

specific ground motion. 
Up to now, for Santiago de Chile only the surface geology and the shape of the sediment-bedrock 
interface have been mapped. The bottom of the basin, only indirectly known from gravimetric 
measurements (Araneda et al. 2000), corresponds to an uneven surface unveiled by some buried hill 
chains that locally outcrop within the basin (e.g. Cerro Renca, Cerro San Cristobal, see Figure 1). The 
mapping of the basement topography suggests a large paleo-drainage network associated with small 
troughs, the deepest one located in the western part of the city.  
 

 

 
 

 
Figure 1: Basin of Santiago de Chile. Areas of high housing density are toned. The highway ring is 
marked by the dark grey line. The blue line is the Mapocho river. Locations mentioned in the text are 
indicated. The area of investigation is marked by the black rectangle.  
 
 

The sediments on the top of the basin are mainly composed of gravel, sand, and clay (Figure 2); some 
deposits are believed to result from volcanic mud flows or glaciers. Clayey material makes up most of the 
north-western part of the city. In the eastern part of the basin, large amounts of coarse sediments are 
associated with the development of the apexes of alluvial fans. A transition zone between these zones is 
found in the centre of the valley. In the western part of the investigated area (Pudahuel district), a layer of 
ash (pumice) is known to sit at the top of the sedimentary column, probably resulting from a major 
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eruption of the Maipo volcano. However, the spatial extension of each formation and further detailed 
shear wave velocity values at depth are not well constrained. 
 

 
 
 
 
 
 
 
 
 
 

     
 
 
                        
 
   
                     
 

Figure 2: Surface geology of the study area in the Santiago de Chile basin. 
 
 
In order to obtain such detailed models, active in-situ measurements such as shear wave seismics, surface 
wave measurements with single stations or arrays, and down-hole and cross-hole techniques can be 
performed. However, especially in urban areas, it might be difficult to apply these techniques e.g. due to 
the impossibility of making use of explosive sources. For this reason, non-invasive and cost effective 
passive seismic techniques have recently become an attractive option for seismic site effect studies, 
providing reliable information about the subsurface with a good lateral coverage. Especially over the last 

decade, environmental noise recordings performed by single station methods to estimate horizontal-to-
vertical (H/V) spectral ratios and by 2D micro-array techniques to estimate surface wave dispersion 
curves have provided very promising results. Among the single station methods, the Nakamura technique 
(Nakamura 1989) is most popular. This method allows the estimation of the fundamental resonance 
frequency of a site in relation to the frequency of the first peak observed in the spectral ratio between the 
horizontal and vertical components of noise recordings acquired at a single site, which has been 
confirmed by several studies (e. g. Lermo and Chavez-Garcia 1994, Field and Jacob 1995, Horike et al. 
2001, Bard 2004). Tokimatsu and Miyadera (1992) found that the variation of microtremor H/V ratios 

with frequency corresponds to that of the Rayleigh wave for the S-wave velocity profile at the site. Based 
on a theory for surface waves proposed by Harkrider (1964), Arai and Tokimatsu (2000) presented 
theoretical formulas for simulating microtremor H/V spectra in which the effects of fundamental and 
higher modes can be considered. They found that the theoretical H/V spectrum computed for the S-wave 
velocity profile at a site can closely match the observed microtremor H/V spectrum and, vice versa, that 
the S-wave velocity structure at a site can be estimated from the inversion of the microtremor H/V 
spectrum. Several studies have exploited the availability of measurements of ambient noise to derive a 
vertical shear wave velocity profile (e. g. Fäh et al. 2001, 2003, 2006, Scherbaum et al. 2003). 
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FUNDAMENTAL RESONANCE FREQUENCY OF THE SOIL 

 
In a first step, seismic noise was recorded at 146 sites in the city of Santiago de Chile. The method simply 
consists of placing the sensor directly on the ground and recording ground motion caused by human and 

natural activity for around 30 minutes. It has already been shown that this is enough to provide a reliable 
estimate of the fundamental resonance frequency of soil deposits. For this purpose, all recorded signals 
were systematically analyzed for deriving horizontal-to-vertical spectra (for details about the analysis see 
Pilz et al. 2009). 
The analysis of the fundamental resonance frequencies calculated for all sites allowed us to draw a map 
of the fundamental frequencies of the investigated area (Figure 3). In general, the frequency varies 
slightly in space without large differences between neighbouring sites. Figure 3 clearly shows that the 
entire study area is characterized by relatively low frequencies below 1 Hz. Only when one considers sites 

close to the city center and around the San Cristóbal hill, the fundamental frequency does increase more 
rapidly. In this part of the basin, the thickness of the sedimentary cover is decreasing and the bedrock 
outcrops. There is also a rapid decrease in the sediment thickness towards the northwest of the 
investigated area, but no increase in the fundamental frequency can be observed there because no noise 
measurements have been carried out in the immediate vicinity of the Renca hill. Only two nearby sites 
show a trend towards higher frequencies. On the other hand, frequencies below 0.5 Hz can be found in the 
west and towards the south-southeast of the investigated area. The sedimentary cover thickness reaches 
more than 500 m in these parts of the basin, supporting the general trend of the fundamental frequency 
decreasing with increasing sedimentary cover thickness.  

 
 

 
 
Figure 3: Map of the fundamental resonance frequency of the investigated area. Circles indicate 

microtremor measurement sites that have been considered for interpolation. Diameter of the spots 
corresponds to peak amplitude. In the hatched area, no measurements were carried out; hence results are 
only due to interpolation. 
 
 
The building structure may be damaged if their fundamental frequency overlaps with the fundamental 
resonance frequency of the soil. This must be considered to produce a building design that prevents 
structural failure during earthquakes. In the absence of proper design, the building is exposed to greater 

risk of earthquake damage, particularly if the building has been subjected to prior strong earthquakes. 
However, not only the fundamental frequencies might overlap but also higher harmonics which are often 
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not visible in microtremor H/V spectral ratios but may not necessarily be damped out. Therefore, this map 
can only serve as a lower frequency bound for site amplification. 
Furthermore, from figure 3 it is clear that the northern and north-western parts of the study area show 
larger H/V peak amplitudes whereas flat H/V curves and peaks of low amplitude are found in the eastern 

and southern parts. When the H/V peak is clear, a large impedance (i.e. velocity) contrast between the 
sedimentary cover and the bedrock is expected to exist, hence it is very likely that ground motion is 
amplified at this site. On the other hand, flat H/V curves are located at the surface of dense sediment 
locations, i.e. mainly gravel. A low impedance contrast resulting from stiff sediments underlain by 
bedrock is likely to exist and therefore one might expect rather small amplification. A more detailed 
description of site conditions may be achieved by further characterization of the shear wave velocity 
profiles of the sediments.  
 

 

SHEAR-WAVE VELOCITY MODEL 
 
For every site for which the fundamental resonance frequency of the soil could reliably be determined the 
horizontal-to-vertical spectral ratios were systematically inverted for deriving 1D shear wave velocity 
profiles once the total thickness of the sedimentary cover is known. For the Santiago basin, the total 
thickness of the sediments is known from gravimetric measurements (Arandea et al. 2000). Although the 
velocity resolution for deeper parts of the model remains lower it is still possible to retrieve an average 
shear wave velocity which might be sufficient for engineering seismology purposes. 

By interpolating between the individual 1D shear wave velocity profiles a 3D velocity model could be 
derived. The model contains a detailed description of the sedimentary basin shape as defined by the 
contact between the lower S-wave velocity sediments and higher shear wave velocity bedrock. We 
incorporate orography, i.e. the shape of the surface, based on digital elevation model data which are 
available with a resolution of 1 arcsec (approximately 30 m) for all of Santiago (Pilz et al. 2010). Cross 
sections of our model are shown in figure 4.  
As expected, all profiles show a trend of increasing S-wave velocities with depth, but differences in the 
velocity gradient can clearly be seen, even at a first glance. To the east of Cerro San Cristobal, the shear 

wave velocity is higher than to the west (figure 4 a). As already mentioned, flat H/V curves and H/V 
spectral ratios of low amplitude are mainly located in the eastern parts of the basin over dense sediments, 
i.e. gravel. These parts of the basin are characterized by the high seismic velocities of the sediments 
leading to small velocity contrasts with the bedrock. On the contrary, superficial fine-grained material, 
found in the western parts of the investigated area and characterized by low shear wave velocities, can 
clearly be identified (figure 4 b).  To the south-west of the investigated area (Pudahuel district, see figure 
1), the thick layer of pyroclastic flow deposits, outcropping at the top of the filling and showing a shear 
wave velocity well below the velocity of the surrounding materials, can be seen (figure 4 c).  

In general, our model is able to reliably point out local characteristics shown in other data sets, but takes 
advantage of the fact that all individual S-wave velocity profiles reach the bedrock albeit the resolution 
for deeper parts of the model remains lower. 
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Figure 4: Cross sections of the interpolated 3D shear wave velocity model within the area of 
investigation. Black triangles mark measurement sites within a distance of 500 m to the cross section. a) 
Lat 33.405° S, b) Lon 70.730° W, c) Lat 33.440° S, d) Lon 70.635° W. For all profiles, topography is 
exaggerated about 16 times. The shape of the bedrock, shown in gray pattern, is derived from gravimetric 
data. Orography is based on high resolution digital elevation data. 
 

 

NUMERICAL IMPLEMENTATION OF THE BASIN MODEL 

 

Structurally complex models of real sedimentary basins pose a great challenge. Therefore, due to the 
pronounced topography this is a great challenge for successful application of the SEM lies in the design 
of the mesh and characteristics implementation. 
The 3D spatial discretization by spectral elements of the Santiago basin and the surrounding area, 
including the seismogenic source, requires to build up a large-scale unstructured mesh of hexahedral 
spectral elements. The 3D numerical mesh was obtained with the help of the software CUBIT (available 
at http://cubit.sandia.gov) and by means of the “not honoring” technique. Leaving aside technical details, 

we limit herein to recall that this technique allows constructing a 3D numerical grid based on algorithms 
of automatic refinement where the deep geometry of the sedimentary basin is provided as a soft 
constraint. In particular, one main advantage is that the description of the bedrock topography is no more 
part of the numerical grid like in classical meshing approaches in which the interface is fully honored. 
Rather, the mechanical properties inside the sedimentary basin are assigned at run time. Given the 
limitation of our numerical simulation to an upper frequency of around 2.5 Hz, we thus considered a 
simple depth varying sediment velocity model derived from the basin model with 

. The equation was calibrated to 

provide a reasonable fit of the experimental results. The bedrock is layered with vp = 4700 m/s and 
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vs = 2400 m/s between 0 and 2.2 km depth, vp = 5900 m/s and vs = 3200 m/s between 2.2 km and 8.9 km 
depth, and vp = 6200 m/s and vs = 3450 m/s below 8.9 km depth (Godoy et al. 1999, Barrientos et al. 
2004). 
 

 

 
Figure 5: Mesh used for scenario simulations. The white rectangle represents the San Ramón fault. Due to 
the high node density the sedimentary basin appears black. Red spots indicate receiver positions. 
 
 

The final mesh obtained with the not honoring technique is presented in figure 5. The horizontal 

extensions of the model (EW and NS) are 60.0 and 86.5 km, model depth is 17 km. For the scenario 
earthquake we assumed a rupture in the central segment of the San Ramón fault (Armijo et al. 2010), 
geometrically defined by a 12.1 km x 6.3 km rectangle. Rupture propagates with velocity of 2800 km/s. 
Source parameters were taken from Armijo et al. (2010). The final mesh consists of 1,292,478 elements, 
the size ranges from a minimum of around 50 m (inside the sedimentary basin) up to 900 m. It is 
coarsened twice with depth: first below the surface topography and second between the upper bedrock 
border. Altogether, the mesh is designed to simulate wave propagation up to around 2.5 Hz with a spectral 

degree of 3; this means that there are around 36 million nodes within each element. to avoid an 
excessive increase of computer time. The large dimensions of the numerical mesh suggest the use of a 

simpler non linear visco-elastic soil model, implemented as a generalization to 3D load conditions of the 

classical G-γ and D-γ curves used within 1D linear-equivalent approaches, where G, D and γ are shear 

modulus, damping ratio and 1D shear strain, respectively. Unlike the classical linear-equivalent approach, 

the initial values of the dynamic soil properties are recovered at the end of the excitation. This non-
linear visco-elastic model implies only a moderate increase of computer time. The numerical 
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simulations were performed with the GFZ Potsdam glic cluster. We used a timestep of 0.0004 s and a 
simulation of 50 s, that is, a total of 125,000 timesteps. 

 

 

SIMULATION OF SCENARIO EVENT 
 

Velocity waveforms for a scenario event with a magnitude of Mw=6.9 are shown in figure 6. From the 
seismograms it is obvious that site conditions and topography can produce complex wave propagation 
behavior. Since a velocity gradient was considered, the local impedance (i.e. velocity) contrast between 
the sediments and the bedrock leads to larger amplifications. Station R1, located on the top of the 
outcropping San Cristobal hill around 200 m above the city, shows a small amplitude which is decreasing 
fast. Station R2, which has the same distance to the fault but is located on a thin layer of sediments 
(around 150 m) shows a longer shaking duration and a higher peak ground velocity. For station R3, 

located on soft sediments with a thickness of more than 500 m, the elongation of the signal is clearly 
apparent. Moreover, after time-frequency filtering also basin edge induced surface waves are observed 
with a clear dependence on the velocity contrast between the sediments and the bedrock, in agreement 
with Narayan (2010).  

 

 
 

Figure 6: Velocity waveforms (vertical component) for a scenario earthquake occurring on the San 

Ramón fault. Receiver positions are indicated in figure 5. 
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Since the location of the hypocenter is recognized as one of the main factors affecting the distribution of 
peak ground velocity in the near-fault zone of an earthquake we also investigated the dependence of 
earthquake ground motion in the Santiago basin on that parameter. While the south-western part of the 
basin is poorly affected by earthquake ground motion in all cases because it is practically overshadowed 

the level of ground motion in the eastern part is much higher. PGV can vary significantly on short scale 
up to a factor of 2, with generally higher values for the north-western and north-eastern part of the basin 
(the location of the city of Santiago) when hypocenters are in the northern part of the fault. 

 
 

CONCLUSION 

 
The investigation carried out has shown that it is possible to derive a reliable model of the S-wave 
velocity structure for the basin of Santiago de Chile by means of low cost measurements of ambient 
seismic noise. 146 measurements of seismic microtremor were carried out in the city of Santiago, and the 
calculated H/V spectra were systematically inverted under the assumption of a horizontally layered one-
dimensional structure using geotechnical data and knowledge of the thickness of the sedimentary cover. 
This enabled us to derive S-wave velocity profiles for each measurement site which formed the basis for a 
3D S-wave velocity model for the entire investigated area by interpolating between the individual 

profiles. Based on these results, we performed near-fault earthquake ground motion simulations. Among 
the possible factors contributing to ground motion variability we investigated the hypocenter location and 
corresponding directivity effects. The unfavourable interaction between fault rupture and complex 
geological conditions may give rise to large values of peak ground velocity for the basin of Santiago de 
Chile, which is highly populated and industrially active, and therefore increase considerably the level of 
seismic risk.  
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