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Results from an ambient noise tomography, gravimetric studies, and local geophysical surveys are combined to
develop three representative cross-sections of the Santiago Basin, Chile, that include the main geological features
and the wave velocities of the materials. One-dimensional (1D) and two-dimensional (2D) seismic responses were
simulated for each cross-section, considering input seismic signals polarized in different directions. Amplification
factors calculated in the surface of the cross-sections highlight the larger amplitudes and durations of the strong-
ground motions in the softer deposits of the Basin due to surface waves generated at the boundaries of the rock

outcrops. 2D over 1D aggravation factors for several earthquake ground motion characteristics indicate that 2D
effects are negligible in the stiff gravel deposits and that the 1D simulations cannot capture the basin edge effects
in the fine-grained soils. Numerical predictions are confirmed using the analyses of earthquake records of the
2015 Mw 8.3 Illapel Earthquake.

1. Introduction

Central Chile is located in a highly active seismotectonic region
controlled by the subduction of the oceanic Nazca plate underneath the
continental South American plate, which causes large megathrust
earthquakes with relatively high frequency [1]. The city of Santiago
(Fig. 1) was founded on a sedimentary basin located in the central region
of continental Chile. The Santiago Basin extends 90 km in the
north-south direction and 40 km in the east-west direction. Araneda
et al. [3], Gonzalez et al. [4], and Yanez et al. [5] developed gravimetric
studies along the Basin showing irregular morphology with relatively
shallow quaternary deposits (average depth of 200 m) with three main
depocenters reaching maximum depths of approximately 600 m. The
main differences in the bedrock depth are due to the spatial distribution
of the adopted datasets.

Several earthquakes have struck the Santiago Basin in the last de-
cades (Fig. 1). The last megathrust earthquake was the 2015 Mw 8.3
Illapel Earthquake, which occurred at approximately 220 km north of
the Santiago city [6,7]. No damage was reported and several

seismological stations recorded this event in the Basin (e.g., stations
RO2M, R12M, R14M, R18M, R21M, and R22M shown in Fig. 1). The
most destructive recent earthquakes were the 1985 Mw 8.0 Valparaiso
and the 2010 Mw 8.8 Maule Earthquakes [1]. The structural damage
during these events concentrated in the northwestern part of the Basin,
area predominantly composed of fine-grained soils. This evidence in-
dicates that surface geology has a strong influence on the seismic
response of the Basin [2]. Proof of this amplification is that the seismic
MSK-64 intensities over silty, clayey, and ignimbrite deposits were
estimated at 7.5, while intensities over stiffer gravel deposits were lower
than 6.0 [8,9]. The high intensities recorded in the northwestern
fine-grained soils are directly related to the lower shear-wave velocities
(Vs) and the larger depths of these deposits, which result in low pre-
dominant vibration frequencies. These amplification patterns were
newly observed during the 2010 Mw 8.8 Maule Earthquake [2,10],
confirming the influence of the surface geology on the seismic response
of the Basin. The seismic response becomes even more relevant since a
large megathrust earthquake is expected as a recurrent event of the 1730
Mw~9.0 Central Chile earthquake (Fig. 1, [1].
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Fig. 1. Surface geology of the Santiago Basin proposed by Leyton et al. [2] and the cross-sections analyzed in this study. Triangles represent the location of the
seismic stations that recorded the 2015 Mw 8.3 Illapel Earthquake.
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Fig. 2. CD, EW, and NS cross-sections with the geological information at the top panels and the Vs models at the bottom panels.
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Fig. 3. Shear wave velocity (Vs) profiles of sites over Santiago gravels and fine-grained soils up to a depth of 100 m. The thick red lines are the simplified Vs models

used in the cross-sections for simulations.

Table 1
Dynamic soil parameters.
Soil type Vsg (m/s) dVs (m/s) Density (kg/m3)
Gravel 380 70 2100
Clayey sand 300 70 2100
Gravel and clay 300 70 2000
Sandy clay 300 70 1900
Clayey Gravel 300 70 1900
Fine-grained 200 30 1600

The Santiago Basin has been addressed in several studies in order to
identify and explain the factors that cause the observed seismic site ef-
fects. Bonnefoy-Claudet et al. [11] and Pastén [12] estimated predom-
inant frequencies of the fine-grained deposits in the northern part of the
Basin using the H/V spectral ratio method (HVSR [13,14], among
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others), finding that the frequencies vary inversely proportional to the
depth of the sedimentary cover. These studies were unable to identify
predominant frequencies in stiffer soils, such as gravels and alluvial
soils, because the HVSRs tend to flat in the analyzed frequency range
(0.2-20 Hz) with amplitudes lower than two. The large HVSR ampli-
tudes on fine-grained soils indicate large impedance contrasts between
the soils and the underlying bedrock, which may be related to large
seismic amplification. In contrast, the lower HVSR amplitudes on stiffer
soils are consistent with lower seismic amplifications observed during
recent earthquakes. Pilz et al. [15] performed 3D numerical simulations
of the Santiago Basin using a deterministic wave propagation tool based
on the spectral element method, considering the soil as a single qua-
ternary unit with the Vs model proposed by Pilz et al. [16], the surface
topography from a digital elevation model, and the bedrock depth from
the gravimetric studies mentioned above. The 3D simulations predict a
significantly higher ground-motion level in the deep deposits of the
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Fig. 4. Gabor pulse adopted as source function in the simulations: (a) time-domain pulse and (b) its normalized spectral amplitude.
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Fig. 5. Vertical ground-motion velocities in the (a) CD, (b) EW and (c) NS cross-sections. 1D and 2D stand for one- and two-dimensional incident wavefronts,
whereas P stands for P-wave. The shaded areas highlight the time-span between the 5-95% of the Arias Intensity (IA).
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Fig. 6. Horizontal ground-motion velocities in the (a) CD, (b) EW and (c) NS cross-sections. 1D and 2D stand for one- and two-dimensional incident wavefronts,
whereas S, SV, and SH stand for S-, SV-, and SH-waves. The shaded areas highlight the time-span between the 5-95% of the Arias Intensity (IA).

Santiago Basin. Additionally, they concluded that the location of the
rupture nucleation largely influences the observed shaking pattern.
Leyton et al. [2] described the surface geology of the Basin and proposed
a seismic zonation that considers two areas based on the dynamic
properties of the shallower soils, predominant vibration frequencies
from HVSR, as well as intensities and damage distribution reported
during the 1985 Mw 8.0 Valparaiso Earthquake. According to the study,

the geological units IlIa, VI, and VII (Fig. 1), concentrated most of the
structural damage observed during the Valparaiso Earthquake (MSK-64
intensities larger than 7.5). Pastén et al. [17] calculated
cross-correlations of the vertical component of seismic ambient noise
between seismic station pairs to estimate phase velocity dispersion
curves between 0.1 and 8.0 Hz. Inversion of the phase-velocity disper-
sion curves allowed obtaining deep shear wave velocity profiles down to
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Fig. 7. Amplification factors for (a) PGV, (b) CAV, and (c) IA along the CD cross-section in the vertical and horizontal directions.

5 km depth, which were the input of an ambient seismic noise tomog-
raphy that determined a 3D shear wave velocity model of the Abanico
Formation underlying the Santiago city metropolitan area [18]. The
resolution of the tomography was unable to define the wave velocities of
the shallow soil sediments because of the large interstation distances.
The shorter wavelengths detected in the study only allowed defining the
Vs profiles at depths larger than 600 m.

The seismic simulations carried out by Pilz et al. [15] presented a
series of simplifications: (1) the mesh size that ranges from 60 to 900 m
allows propagating waves up to 2.5 Hz, (2) the seismic sources gener-
ated complex wave radiation patterns that complicates isolating the
contribution of the soil amplification at the surface ground motions, and
(3) a single quaternary sediment was considered. To overcome these
limitations, our study defines a denser mesh to analyze sites with low Vs
values, extending the maximum frequency limit to 5 Hz. Also,
vertically-incident plane waves were considered as seismic inputs to
simplify the seismic source and facilitate the analysis of site amplifica-
tion. Finally, our study incorporates different types of soils with various
dynamic properties, so it could predict seismic amplifications given the
spatial variability of the soils and rock outcrops.

The objectives of this study are (1) to define three representative
cross-sections of the soils in the Santiago Basin (EW, NS, and CD cross-
sections in Fig. 1), (2) to define the dynamic properties of the
different sediments and the bedrock in the cross-sections, based on Vs
profiles obtained from geophysical surveys and the seismic noise to-
mography of Salomoén et al. [18], (3) to perform 1D and 2D numerical
simulations inducing plane wavefronts from the base of the
cross-sections using the finite-difference code 2DFD_DVS [19], (4) to
compare the numerical 1D and 2D dynamic responses in the surface of
each cross-section, considering the synthetic records, HVSR, as well as
amplification and aggravation factors, and (5) to compare the amplifi-
cation patterns predicted from the 2D models with the seismic records

available from the 2015 Mw 8.3 Illapel Megathrust Earthquake.
2. Geologic framework

Leyton et al. [2] defined nine soil units in the Basin (Fig. 1) based on
the soils of the shallower 30 m and geological maps [20]. They identified
that the north of the Basin is filled with silts, clays, sands, and ignimbrite
layers. These soft fine-grained soils generate large impedance contrasts
with the underlying bedrock (unit VII in Fig. 1). Towards the west, ticker
shallow pyroclastic deposits, known as Pudahuel Ignimbrite, can be
found in combination with sands, silts, and gravels (unit VI in Fig. 1).
These deposits merge with the northern fine-grained soils. The Basin’s
central part was filled with coarse-grained sediments as a consequence
of the coalescence of the Mapocho and Maipo rivers. These materials,
known as the Santiago gravels (unit II, Fig. 1), are mainly sandy gravels
of medium to high density, with high strength and stiffness. To the east,
alluvial deposits are located at the slope toe of the Andes Mountains.
These sediments are moderately stiff and mainly composed of blocks and
subangular gravels in a sandy-clayey matrix.

3. Numerical models

In this study, we analyzed the EW, NS and CD cross-sections along
the Santiago Basin shown in Fig. 1. The geological models in the cross-
sections were defined from geological logs of water wells with more than
200 m depth obtained from the General Directorate of Water (GDW) and
studies from Fernandez [21,22], Fock [23], Milovic [24], Rauld [25],
Sellés and Gana [26], and Wall et al. [27]. The inferred geological
models considered the most dominant soil layers and disregarded in-
clusions of thin soil layers since the shortest wavelengths analyzed in our
study are in the order of 40 m. In cases where the water wells did not
reach the bedrock, we assumed that the deepest soil layer in the well
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Fig. 8. Amplification factors for (a) PGV, (b) CAV, and (c) IA along the EW cross-section in the vertical and horizontal directions.

extended to the interface with the bedrock inferred from the gravimetric
studies [3-5]. We also considered the surface geology reported in Leyton
et al. [2] for the shallower soil layers. The northern part of the Basin was
defined using information from the 2D geological cross-sections pro-
posed by Galvez [28]. The three defined cross-sections are shown in
Fig. 2.

3.1. Dynamic properties

The Vs of the soils in the cross-sections were calculated from seismic
ambient noise records reported by Pastén [12], complemented with
additional geophysical surveys in areas with scarce information. The
surveys mainly focused in the northwest area of the Basin, to generate a
robust model for the fine-grained soils, which are expected to have the
largest seismic amplifications. In each study site, we recorded 40-min of
seismic ambient noise with four Tromino 3G sensors (triaxial seismo-
graphs with a natural frequency of ~4.5 Hz). The adopted sensors array
depended on the available space at each site. For instance, the use of
rectangular and linear arrays allowed inter-sensor distances between 20
and 200 m. We cross-correlated the vertical records of the sensors
following the methodology developed by Pastén et al. [17], based on
Ekstrom et al. [29], to obtain a representative phase velocity dispersion
curve. We also calculated single station Rayleigh wave ellipticities with
the RayDec software developed by Hobiger et al. [30] and determined
predominant frequencies using the HVSR method. We performed a joint
inversion in two steps following the methodology developed in Hobiger
et al. [31] using the Dinver subroutine of the Geopsy software [32]. The
first step of the inversion process adjusted the dispersion curve with
velocity profiles searched in a range of Vs and layer thicknesses that
depended primarily on the minimum wavelengths obtained from the
dispersion curves. The second step consisted of a joint inversion that

considered the dispersion curve, the ellipticity curve, and the predom-
inant frequency of the site. The joint inversion narrows the search range
of the Vs based on the results obtained in the first step. This method-
ology allows obtaining deeper Vs profiles that satisfy the target con-
straints. Fig. 3 shows examples of 10 Vs profiles obtained in fine-grained
soils and 14 Vs profiles in gravel.

Based on the geological logs, we defined a transition zone in the NS
cross-section (Clayey gravel, clay and gravel, sandy clay, clayey sand in
Fig. 2) between the rock outcrop in the center of the profile and the
Santiago gravels. The definition of the Vs model in this area relies on few
measurements of the average shear wave velocity of the upper 30 m
(Vsgp), which vary between values reported for the northern fine-
grained soils and the Santiago gravels.

The variation of Vs with depth for gravels, fine-grained soils, and the
transition zone was captured with the model proposed by Pilz et al. [15].

| Z
Vi=Vo +dVse (@)
1m

The parameters Vs and dVs were adjusted to fit the Vs model to the
Vs profiles shown in Fig. 3. For the transition zone, we defined the pa-
rameters seeking to obtain shallow Vs values larger than those of the
fine-grained soils but lower than those of the gravels, as well as keeping
the same Vs rate of increase with depth (dVs) than gravels. The pa-
rameters adopted for each soil type in the Basin are shown in Table 1.
Fig. 3 shows the models adopted for the fine-grained soils and gravels
discretized every 5 m (to be consistent with the grid spacing of the nu-
merical models defined below). The densities of the materials were
selected based on the reference values reported by Bonnefoy-Claudet
etal. [11].

The Vs of the shallow ignimbrites shown in the CD and EW cross-
sections in Fig. 2 was considered constant with a value of 350 m/s
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Fig. 9. Amplification factors for (a) PGV, (b) CAV, and (c) IA along the NS cross-section in the vertical and horizontal directions.

whereas the deep layer in the EW cross-section was assumed at Vs = 500
m/s, following values reported by Rebolledo et al. [33].

The P-wave velocity (Vp) was estimated according to Kitsunezaki
et al. [34], assuming that the soil has a high degree of saturation.

V,=1.11eV, +1290 2)

This assumption was considered valid for fine-grained soils given the
shallow groundwater levels, between 0 and 15 m, reported by Munoz
et al. [44] in the northwest of the Basin. However, this assumption may
not be valid in the southeast area where the depths of the groundwater
level reach 150 m, causing an overestimation of Vp. Nonetheless, this
overestimation in the stiff Santiago’s gravel does not affect the relative
amplification of the horizontal to the vertical ground-motion compo-
nents (i.e., HVSR) within the studied frequency range.

The attenuation factors for the S- and P-waves were estimated as
[36].

Vs
Qp =2e 0O )

The Vs of the bedrock was estimated from the seismic noise tomog-
raphy developed by Salomén et al. [18]. The cross-sections discretized
the bedrock into 5 layers with Vs gradually varying with the depth from
the cross-sections surface (z)

1.9 km/s 2<0.5km
22km/s 05km<z<1km
Vi={ 2.8km/s 1km<z<2km )
3.1km/s 2km<z<3km
3.4 km/s z>3km

Fig. 2 shows the Vs models associated with the three geological

models of each cross-section.
3.2. Numerical simulations

Each cross-section was subjected to three vertically-incident 2D
wavefronts: a vertical P-wavefront (2D-P), a horizontal in-plane S-
wavefront (2D-SV), and a horizontal out-plane S-wavefront (2D-SH).
The surface responses of the 2D simulations were compared with the 1D
response of the soil columns at each receiver located at the surface of the
model subjected to vertically-incident P- and S-waves (1D-P and 1D-S).
In total, five simulations were performed for each cross-section.

Numerical simulations were performed using the finite-difference
code 2DFD_DVS [19]. This code allows the propagation of waves in
heterogeneous and viscoelastic media in a rectangular domain with a
flat free surface condition. The constitutive model of the materials is the
generalized Maxwell body. The lateral and bottom boundary conditions
are those defined by Emerman and Stephen [37] with maximum
attenuation for P- and S-waves.

The depth of the models is 10 km, with a grid spacing Ah = 5 m,
which allows simulating response at frequencies up to 5 Hz in areas with
the softest soils, considering that the minimum wavelength should be at
least 8eAh. The time step that ensures numerical stability is At =
510~ *s. The wavefronts are input at 5 km depth in all models and the
adopted source function is a Gabor pulse (Equation (6), Fig. 4), with the
following parameters: f, = % = 0.18Hz, y = 02,0 = 0.0, and t; =
045 ff

_optr0)
s(t)=e { ’ } ® Cos [a)p(tfts)ﬂLH] (6)

This pulse has been adopted in similar studies [38,39]. The pulse
amplitude decays at about 5 Hz, being consistent with the resolution of
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the numerical models.
4. Numerical results
4.1. Surface ground motion

Figs. 5 and 6 show the vertical and horizontal ground-motion ve-
locities at the surface of the three cross-sections subjected to the
different analyzed wavefronts: the 1D P-wavefront (1D-P), the 1D S-
wavefront (1D-S), the 2D P-wavefront (2D-P), the 2D SV-wavefront (2D-
SV), and the 2D SH-wavefront (2D-SH). The figures consider surface
receivers every 100 m and the shaded areas in both figures highlight the
time-span between the 5-95% of the Arias Intensity (IA).

In the CD cross-section (Figs. 5a and 6a), there are no significant
differences between the 1D and 2D results because this cross-section has
high stiffness due to the dominant presence of Santiago gravels. How-
ever, areas with shallower ignimbrites with low Vs experience larger
amplitudes and longer durations of the strong motion in the horizontal
direction (Fig. 6a). In the EW cross-section (Figs. 5b and 6b), a consid-
erable increase in the duration of the strong motion can be observed in
areas with softer and deeper soil deposits in 2D models. In the east area
of the EW cross-section, filled with Santiago gravels, the seismic be-
haviors of 1D and 2D models are similar to that described for the CD
cross-section, except in the horizontal 2D-SH case that is strongly
influenced by the surface waves generated on the west boundary.
Finally, the NS cross-section (Figs. 5¢ and 6¢) confirms the effects
described in the CD and EW cross-sections. The southern area of the NS
cross-section, ranging from 23 to 53 km, composed of stiff soils shows
slight differences in the horizontal components between the 1D and 2D
simulations, except in the transition zone that is influenced by the sur-
face waves generated on the north boundary. On the other hand, the
northern area of the cross-section, composed mainly of soft soils, shows

longer strong motions in 2D simulations. The prolongation in the
duration of the strong motion in this area is not as pronounced as that of
the EW cross-section because the deposits are shallower.

4.2. Amplification factors

Amplification factors (AFggmc) were calculated to evaluate the sur-
face amplification of various earthquake ground motion characteristics
(EGMC) at a soil site (EGMCg,)) with respect to a reference site
(EGMCrep).

EGMCwiI
AF = 7
FOME T EGMC,yf )

A similar amplification analysis was performed by Kristek et al. [39].
The EGMCs selected for this study were the Peak Ground Velocity (PGV),
the Peak Ground Acceleration (PGA), the Cumulative Absolute Velocity
(CAV, Equation (8)), and the Arias Intensity (IA, Equation (9)).

CAV = /\a(r)\dt (€©)]
0

T
,T/Q ©
0

Here, a(t) is an acceleration time-history and g is the acceleration of
gravity.

In this section, the reference site for the evaluation of AFggyc was a
rock outcrop in each cross-section. Figs. 7-9 show AFpgy, AFcay, and
AFjp along the CD, EW, and NS cross-sections in the vertical and hori-
zontal directions for 1D and 2D analyses. The horizontal AFggyc are
divided into the incident SV- and SH-waves in 2D analyses, and are
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Fig. 11. Aggravation factors for (a) PGV, (b) CAV, and (c) IA along the EW cross-section in the vertical and horizontal directions.

compared with the AFggyc of the incident S-wave in the 1D analyses.
The vertical AFggyc only considers incident P-waves in 1D and 2D
analyses.

Vertical AFpgy are mainly lower than 2 in the three cross-sections.
The higher vertical AFpgy were found at the boundaries of the soils
near the rock outcrops, particularly in soils with lower Vs (central and
western areas in the EW cross-section, Fig. 8, and northern area in the NS
cross-section, Fig. 9). Horizontal AFpgy (SV and SH) are close to 2 in
areas with high Vs, specifically in the northeast and central areas of the
CD cross-section and the southern area of the NS cross-section where
gravel deposits are found. In contrast, the horizontal AFpgy can reach
values up to 4 in areas with lower Vs in the EW and NS cross-sections and
on the surface of the ignimbrite deposits in the CD cross-section. Slight
differences are evidenced between the AFpgy obtained from 1D and 2D
analyses. AFpga is not shown herein since it resembles closely to AFpgy.

AFcay follow a very similar trend than AFpgy in the stiff soils of the
three cross-sections. In contrast, the AFcay of the softer soils in the cross-
sections can reach larger values close to 6. The differences between the
AFcay obtained from 1D and 2D simulations are more pronounced than
the differences between the AFpgy.

AFjp are considerably larger than the previous AF, reaching a rela-
tively constant value of 4 in the soils with high Vs and maximum values
close to 20 on top of the softer sediments. Sharp peaks of AFjs are
generated near the contacts of softer soils with rock outcrops. Differ-
ences are detected between the AFjs obtained from 1D and 2D simula-
tions, particularly in soft soils.

4.3. Aggravation factors

An aggravation factor of an earthquake ground motion characteristic
(AGFggMmc) at a site of interest was calculated as

10

(10)

Here, AF2D,,- and AF}2, - are the amplification factors of an EGMC at the
site of interest calculated from 2D and 1D analyses, respectively. Sites
where the AGFggpc is close to unity show slight differences between the
1D and 2D simulation approaches whereas sites with AGFggmc >1.25
may be considered as strongly affected by 2D effects [40].

Figs. 10-12 show AGFpgy, AGFcay, and AGFj, along the CD, the EW,
and the NS cross-sections in the vertical and horizontal directions shown
in Figs. 7-9.

Vertical and horizontal AGFpgy and AGFj, in the Santiago gravels in
the CD cross-section (Fig. 10) and the southern area of the NS cross-
section (Fig. 12) tend to remain close to unity, except in the contacts
with the rock outcrops. In contrast, AGFcay in the gravel tend to exceed
unity and tend to show a correlation with the bedrock depth (Fig. 10).
An interesting amplification pattern is observed in the east of the EW
cross-section (Fig. 11) where a buried pocket of fine-grained soil into
gravel causes large AGFggyc, particularly in the horizontal directions.
The 1D simulation approach predicts that the fine-grained soil behaves
as a damper that reduces the EGMC (Fig. 8), contrary to the 2D simu-
lation prediction.

Vertical AGFpgy and AGFj, in fine-grained soils remain relatively
constant close to one. The rest of the AGFs show more pronounced
differences in these soils, most likely due to the generation of Rayleigh
waves for incident P- and SV-waves, and Love waves for incident SH-
waves, causing larger amplifications and longer durations of strong
ground motions in 2D simulations.
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5. Empirical evidence of seismic amplification

The last large earthquake that affected the urban area of the Santiago
City was the 2015 Mw 8.3 Illapel Earthquake. This earthquake occurred
at approximately 220 km north of Santiago City and was recorded by
several seismic stations installed in the Basin (Fig. 1). To compare the
predicted numerical amplification with empirical values, we focused on
six seismic stations: R12M, R14M, and R21M installed along the EW
cross-section, and R18M, R02M, and R22M installed along the CD cross-
section. Stations R12M and R21M are located over the northern fine-
grained soils (unit VII, Fig. 1), station R18M is located over an ignim-
brite deposit (unit VI, Fig. 1), and stations RO2M, R14M, and R22M are
located over the Santiago gravels (unit II, Fig. 1). The analyses in this
section consider the seismic and synthetic records bandpass filtered
between 0.1 Hz and 3.5 Hz.

5.1. Amplification factors

To compare seismic records and synthetic ground motions obtained
from 2D numerical models, we considered the station RO2M as the
reference site in the calculation of amplification factors AFggyc (Equa-
tion (7)). AFggmc were calculated for vertical and horizontal compo-
nents separately. The horizontal measured seismic records were
projected in the longitudinal direction along the cross-sections and
compared to the horizontal components obtained from the SV-wave
propagation in 2D simulations. The vertical measured seismic records
were compared to the vertical components obtained from the P-wave
propagation in 2D simulations.

Fig. 13 shows acceleration seismic records and synthetic ground
motions at the stations R18M and R02M, from which AFpga can be
determined. In this example, the synthetic AFpga in the horizontal and
vertical directions are lower than the recorded AFpga.

11

Fig. 14 compares AFggumc for PGA, PGV, IA, and CAV calculated from
the seismic records and the synthetic ground motions in the horizontal
and vertical directions. In general, 2D simulations tend to underestimate
the amplification factors. This effect is more pronounced in the fine-
grained soils in terms of PGA, PGV, and IA. The AFggyc in sites over
gravel (R14M and R22M) remain close to one.

5.2. HVSR in seismic stations

We calculated HVSRs using the response of a single surface receiver
[41] from 2D and 1D simulations, and compared the results with HVSRs
calculated from the seismic records in the six seismic stations shown in
Fig. 1.

Synthetic HVSRs were calculated on the surface receivers of each
cross-section as the ratio of the smoothed Fourier’s spectral amplitudes
(SFFT) of the simulated horizontal and vertical ground motions. We
selected the receivers closest to the six stations along the EW and CD
cross-sections and calculated the HVSR for the following cases:

sFTT (Horizontal 1D — S)

HVSR,p, =
P SFTT (Vertical 1D — P)

1)

SFTT (Horizontal 2D — SV)
SFTT (Vertical 2D — P)

HVSRyp = 12)

The synthetic vertical and horizontal ground motions in Equations
(11) and (12) are those shown in Figs. 5 and 6. Fig. 15 compares syn-
thetic and empirical HVSR calculated from the seismic records. Syn-
thetic HVSR;p and HVSRp, fit well the empirical HVSRs in the analyzed
frequency band. Synthetic and empirical HVSR amplitudes barely
exceed 2 at stations RO2M, R14M, and R22M over the Santiago gravels.
Synthetic HVSR in the stations R12M, R18M, and R21M capture rela-
tively well the amplitudes and frequencies of the peaks observed in the
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Fig. 13. Seismic records obtained at stations R18M and RO2M for the 2015 Mw 8.3 Illapel Earthquake compared to synthetic ground motions.

empirical HVSRs.

5.3. HVSR in the EW cross-section

Fig. 16 shows the predominant frequencies (Fy) and the corre-
sponding peak amplitudes of the HVSRip and HVSRyp calculated with
Equations (11) and (12), respectively, at the surface of the EW cross-
section. For every analyzed frequency at a surface receiver, the aggra-
vation factor between HVSRp and HVSRyp, is calculated using Equation
(10). These synthetic HVSRs are compared to empirical HVSRs calcu-
lated from seismic ambient noise measurements. The bounded areas in
grey show the amplitudes larger than 90% the peak HVSR;p amplitude.

Stiff soils show amplitudes generally closer to 2 with the absence of a
clear peak amplitude. In contrast, softer soils have considerably higher
amplitudes, and their predominant frequencies are inversely correlated
with the depth of the bedrock. There are slight differences in the pre-
dominant frequencies obtained from 1D and 2D simulations, but large
differences in the HVSR amplitudes at frequencies higher than the Fj in
areas with soft sediments. In general, synthetic HVSR;p and HVSRyp
capture the predominant frequencies obtained from measured HVSR.

12

The HVSRs and aggravation factors at the surface of the CD and NS
cross-sections are shown in Figures A1 and A2 in the Supplementary
Material.

5.4. SSR in the EW cross-section

Fig. 17 shows the standard spectral ratios calculated for the hori-
zontal components of the 1D and 2D models with Equations (13) and
(14), respectively, at the surface of EW cross-section. We considered as a
reference the 1D-S response of a site located 3 km away from the edge of
the basin (Ref Horizontal 1D-S). The 1D-S response of this site lacks
reflected, refracted, and surface waves generated in 2D models. The
bounded areas in the Figure show the amplitudes larger than 90% the
peak HVSR;p amplitude (similar to Fig. 16).

sFFT(Horizontal 1D — S)
SFFT(Ref _Horizontal 1D — S)

SFFT(Horizontal 2D — SV))

SSRH,p =
P SFFT(Ref _Horizontal 1D — S)
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Fig. 16. Top panels show the HVSR,p and HVSR;p at the surface of the EW cross-section, compared with measured HVSRs (white crosses). Middle panel shows the
AGF of HVSR. The bounded areas in grey show the amplitudes larger than 90% the peak HVSR;p amplitude.

Fig. 17 shows that the estimated predominant frequencies with
SSRH1p and SSRH5p are almost identical to those obtained with HVSR1p
and HVSRyp. In addition, the aggravation factors for HVSR and SSRH are
similar, highlighting that the basin effects calculated with 2D simula-
tions are more pronounced for frequencies larger than F.

The SSRHs and aggravation factors at the surface of the CD and NS
cross-sections are shown in Figures A3 and A4 in the Supplementary

14

Material.

6. Discussion

The numerical aggravation factors show that 2D amplification pat-
terns do not differ from those predicted by 1D simulations in the San-
tiago gravels. The reduced difference may be associated with the low
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impedance contrast between the soil and the underlying bedrock, which
hinders 2D effects generated by the bedrock geometry.

On the other hand, 2D effects are more evident in softer sediments
and even more pronounced as the depths of the deposits increase. The
surface response of 2D simulations have considerably longer durations
than those obtained in 1D simulations (evidenced by larger AGFcay in
Fig. 11). This is mainly due to the generation of surface waves in 2D
simulations in addition to the refraction and reflection of body waves.

Areas with strong spatial variations of Vs show the largest aggrava-
tion factors, which is probably related to the geometric stiffening pro-
vided by the strong lateral contrasts in the dynamic properties of the
materials considered in 2D models. In these areas, we also noticed dif-
ferences in HVSR amplitudes, but slight variations in the predicted
predominant frequencies (Fig. 16). Moreover, AGFs sharply vary as
approaching areas with shallow softer soils overlying the bedrock or
stiffer gravels (see Fig. 11), in agreement with results from Zhu et al.
[421.

The differences between the synthetic responses obtained from 2D
simulations and the recorded from the 2015 Illapel Earthquake (Fig. 13)
in stations over fine-grained soils (R12M and R21M) with respect to
stations over Santiago gravels (R02M, R14M, and R22M) are also due to
the differences in the seismic sources. The Illapel Earthquake was a
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thrust earthquake with a long epicentral distance of 220 km (Fig. 1),
which favored attenuation of high-frequency waves. The remaining low-
frequency waves could cause larger amplification in deposits with low
predominant frequencies, such as those where stations R12M and R21M
are installed. In contrast, the synthetic seismic waves in our models were
generated by a pulse at 5 km depth, which was not affected by geometric
attenuation. To improve the comparison between synthetic and recor-
ded responses, a larger number of seismic events and scatter of the input
motions with longer durations and several energy pulses of different
frequency content should be considered [40].

Another important source of differences is the material damping,
which is partly accounted in our models by the wave quality factors, Qs
and Qp. For simplicity, these material parameters were linked to the
wave velocities in our study (Equations (3) and (4)). However, their
values should be carefully defined if more realistic predictions are ex-
pected for the seismic response of the Santiago Basin.

The Vs model introduced in this study in combination with the input
wavefronts reproduce HVSR similar to those calculated from earthquake
and seismic ambient noise records in the northern fine-grained soils and
the Santiago gravels. In the case of fine-grained soil, the predominant
frequencies are strongly related to the depth of the soil-bedrock interface
due to the high impedance contrast. Moreover, the gradient-like velocity
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model of the Santiago gravels combined with a soil thickness in the order
of hundreds of meters favor the largest soil Vs values are reached near
the bedrock (1.9 km/s). Hence, the impedance contrast of the soil layers
as well as that of the soil layers and the bedrock remain reduced. The low
impedance contrast tends to generate flatter SSRH and HVSR, which can
be seen in areas with deeper deposits of Santiago gravels in the CD cross-
section and in the HVSRs of the stations RO2M and R22M (Fig. 15). The
predominant frequencies in the ignimbrites are underestimated indi-
cating that either the actual Vs is higher than the assumed value or the
deposit thickness is lower than that adopted. More measurements are
required in areas with lower information density, such as the ignimbrite
deposits and the transition zone defined in the NS cross-section.

Considering an inclined incident wavefront would boost the high
frequency of the synthetic ground motion across de sections [43]. The
extent of this effect depends mainly on the incidence angle and the ge-
ometry of the soil bedrock interface. This effect would be much larger in
softer soils.

7. Conclusions

The numerical simulations show that the Santiago Basin develops 2D
seismic amplification in areas dominated by fine-grained soils with low
Vs. These effects are linked to refracted and reflected waves, in addition
to the generation of surface waves, that can only be captured by 2D
simulations. In contrast to 1D simulations, 2D simulations predict a
prolongation of the duration of the strong motion, that becomes more
pronounced in deeper deposits.

In contrast, seismic amplification of stiff soils with higher Vs can be
reasonably captured by both 1D and 2D simulations, which means that
the stiff soils in the Santiago Basin do not suffer from 2D effects.

The numerical results presented in this study are consistent with
empirical evidence gathered from the 2015 Mw 8.3 Illapel Earthquake
records along the CD and EW cross-sections. Similar amplification fac-
tors are obtained for gravels and ignimbrites and more pronounced
empirical amplification in fine-grained soils, which may be related to the
long-period surface waves generated by the earthquake. In the fre-
quency domain, synthetic HVSRs are in good agreement with empirical
HVSRs obtained from earthquake and seismic ambient noise records.
The peak frequencies and amplitudes from the synthetic HVSRs agree
with the empirical values over fine-grained soils whereas the flat HVSRs
over gravels are similar to empirical observations. Synthetic HVSRs are
similar to synthetic SSRHs and both show larger aggravation factors at
frequencies larger than the predominant frequency.
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