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Abstract

Destructive megathrust earthquakes, such as the 2015 Mw 8.3 Illapel event, frequently
affect Chile. In this study, we assess the damage of the 2015 Illapel Earthquake in the
Coquimbo Region (North-Central Chile) using the MSK-64 macroseismic intensity scale,
adapted to Chilean civil structures. We complement these observations with the analysis
of strong motion records and geophysical data of 29 seismic stations, including average
shear wave velocities in the upper 30 m, Vs;,, and horizontal-to-vertical spectral ratios.
The calculated MSK intensities indicate that the damage was lower than expected for such
megathrust earthquake, which can be attributable to the high Vs;, and the low predominant
vibration periods of the sites. Nevertheless, few sites have shown systematic high intensi-
ties during comparable earthquakes most likely due to local site effects. The intensities
of the 2015 Illapel earthquake are lower than the reported for the 1997 Mw 7.1 Punitaqui
intraplate intermediate-depth earthquake, despite the larger magnitude of the recent event.

Keywords Subduction earthquake - H/V spectral ratio - Earthquake intensity

1 Introduction

On September 16, 2015, at 22:54:31 (UTC), the Mw 8.3 Illapel earthquake occurred in the
Coquimbo Region, North-Central Chile. The epicenter was located at 71.74°W, 31.64°S
and 23.3 km depth and the rupture reached an extent of 200 kmx 100 km, with a near
trench rupture that caused a local tsunami in the Chilean coast (Heidarzadeh et al. 2016; Li
et al. 2016; Melgar et al. 2016; Ruiz et al. 2016; Tilmann et al. 2016). This event occurred
near the northern end of the 1730 Mw ~9.0 megathrust earthquake rupture zone, which
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probably controls the seismic cycle of Central Chile (Carvajal et al. 2017; Dura et al.
2015; Udias et al. 2012). The 2015 Illapel earthquake seems to have a rupture similar to
the previous 1880 and 1943 events (Fig. 1) (Beck et al. 1998; Ruiz and Madariaga 2018).
However, the 1943 earthquake (Mw 7.9) was a smaller event than the 2015 one (Mw 8.3),
as can be deduced from comparing seismograms of both events (Tilmann et al. 2016).
Ruiz et al. (2016) proposed a possible connection between the 1997 Mw 7.1 intraplate,
intermediate-depth Punitaqui earthquake (Lemoine et al. 2001; Pardo et al. 2002) with
the 2015 megathrust earthquake due to an increase in the interplate seismicity after the
1997 event. Despite the reported observations of erosion and scouring in the coastal bor-
der, liquefaction of loose soil deposits, settlement in bridge abutments, rock falls in steep
road slopes, and more than 7000 dwellings damaged (Candia et al. 2017; Minvu 2016),
the 2015 Illapel earthquake produced limited damage in modern civil infrastructure in the
Coquimbo Region. On the other hand, the localities of Monte Patria and Hurtado have
repeatedly shown high levels of damage in past earthquakes, such as the 1943 Illapel and
the 1997 Punitaqui earthquakes (Barrera 1943; Pardo et al. 2002), suggesting the influence
of local site effects in their seismic response.

In order to elucidate site effects in the localities of the Coquimbo Region during the
2015 Illapel earthquake; firstly, we assessed the seismic damage using the MSK-64
intensity scale (Medvedev et al. 1964), which has been calibrated and used in previous
Chilean earthquakes (Astroza et al. 2012; Monge and Astroza 1989). Then, we applied
standard geophysical techniques, such as the single station horizontal-to-vertical spec-
tral ratio (HVSR) of microtremor measurements and Vs;, measurements, for seismic
site characterization. Given that the Coquimbo Region is instrumented with more than
29 strong motion sensors administered by the National Seismological Center (CSN),
16 of which registered the Illapel earthquake (stations and EW acceleration records are
shown in Fig. 1), we also evaluated the horizontal-to-vertical response spectral ratio
(HVRSR) using earthquake records. Finally, we integrated the results with the local sur-
face geology.

2 Geological and seismological framework

The Coquimbo Region has two predominant morphologic units (Borgel 1983). First, the
merge between the Andes and the Coastal Cordillera, characterized by E-W transverse
mountain ranges, usually with heights from 600 to 1000 m above the sea level. This unit
presents intense formation of valleys mainly associated with brooks and rivers erosion. The
second unit consists of coastal plains of three types: marine, fluvial, and fluvial-marine.
These plains reach a 30-km wide in the section between La Serena and Tongoy (Fig. 1)
due to the mouth of rivers that deposit large amounts of materials, promoting the formation
of continental dunes and beaches. Three large river basins, the Elqui, the Limari, and the
Choapa, generate fertile valleys filled with alluvial and colluvial quaternary deposits. In the
coast, fossiliferous marine sedimentary rocks, of tertiary and quaternary age, merge with
alluvial and wind terraced deposits of wide distribution (Bohnhorst 1967). The Coastal
Cordillera mostly consists of Late Paleozoic and Mesozoic igneous rocks, whereas the
Andes primary uplift dates to a Miocene event (Moreno and Gibbons 2007).

Several earthquakes have occurred in the subduction zone in front of the Coquimbo
Region (North-Central Chile). Particularly, two of them caused important damage: the
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Fig. 1 North-Central Chile including the EW strong motion records of the 2015 Mw 8.3 Illapel Earthquake
recorded by seismic stations of the National Seismological Center (CSN) Network. Iso-contour lines are the
slip distribution of the Illapel 2015 earthquake (Ruiz et al. 2016) and the star is the epicenter of the 1997
Punitaqui earthquake. The green areas represent the 1730, 1880, and 1943 megathrust earthquakes approxi-
mate rupture area sizes

1943, Mw 7.9, Illapel interplate earthquake and the 1997, Mw 7.1, Punitaqui intraplate,
intermediate-depth, earthquake. The 1943 Illapel earthquake produced a tsunami that
reached 4-5 m of zero-to-crest wave high in the Coquimbo city shoreline (Beck et al. 1998)
while Japan recorded a maximum wave high between 0.1 and 0.3 m (Hatori 1968). Local
newspapers reported severe damage in infrastructure (Mercurio 1943; Norte 1943). The
isoseismal map proposed by Greve (1946) defines the highest intensities in the cities of
Ovalle, Combarbal4, Illapel, and Petorca (Figure S.1 in the Supplementary Material). This
zone reached a maximum intensity of V (taken from an old I-VI intensity degree Chil-
ean scale), which is equivalent to IX in the MSK intensity scale (Pifiones 2002). However,
Pifiones (2002) performed a detailed analysis of ~20 masonry houses built in downtown
Ovalle near 1925, their distribution within the neighborhood, and damage patterns from
the 1943 TIllapel earthquake, and concluded that the MSK intensities were not larger than
VIII. On the other hand, the 1997 Punitaqui intraplate earthquake was felt with MSK inten-
sities VI or larger from Salamanca in the south to Vicuiia in the north of the Coquimbo
Region (Pardo et al. 2002). There were 8 casualties, near 5000 destroyed houses, and other
15,700 houses damaged, besides soil and rock slope failures. Pardo et al. (2002) reported a
maximum MSK intensity of IX near Punitaqui, which means over 50% of houses destroyed
and the rest with several damage degrees. The MSK intensities of this intraplate intermedi-
ate-depth earthquake enable the comparison of the results with those obtained for the 2015
Illapel megathrust earthquake.
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3 Damage assessment of the 2015 lllapel earthquake

The 2015 Illapel earthquake damaged mainly buildings while the tsunami destroyed struc-
tures along the coastline in the city of Coquimbo (Candia et al. 2017). The waves reached
4-5 m of maximum zero-to-crest high in the coast of the Coquimbo city; meanwhile, the
tide recorded amplitudes of up to 78 cm in Japan (Heidarzadeh et al. 2016). There were
13 casualties and 6 missing people after the event (GEER 2015). The Chilean Ministry of
Public Works (MOP in Spanish) reported eight damaged bridges, representing only 6.5%
of all bridges in the Region; moreover, the damage to modern engineered infrastructure
was limited. The settlement of bridge abutments and minor lateral spreading are the most
common damage patterns. Liquefaction, landslides, and rockfalls were observed through-
out the Region, mainly due to earthquake coseismic slip (Candia et al. 2017; GEER 2015).

The Chilean Ministry of Housing and Urban Development (MINVU in Spanish) pro-
vided the records of damaged dwellings used in this work. These data were collected in
a survey developed within the following month to the main event (September 2015). The
survey was part of a governmental program that allocated resources to rebuild the affected
area. The sample consisted of 9317 dwellings in total, 7285 of which showed some degree
of damage. They were classified according to 5 damage levels and the main construction
materials were identified as adobe, masonry, wood, concrete, and other/undefined.

Figure 2 shows the results of the survey organized in counties. Adobe was the most
affected material by the earthquake (37% of the total damaged dwellings) although a high
percentage of other/undefined dwellings (31%) was reported, which could bias the analysis.
Moreover, Fig. 2 shows that the Illapel and Canela counties had the largest number and
the highest percentage of damaged dwellings, respectively. This result is expected due to
the fact that they are the closest counties to the earthquake rupture (Fig. 1). On the other
hand, the Monte Patria and the Hurtado counties show unexpectedly high damage, com-
pared to their neighbor counties and considering that the distances to the earthquake rup-
ture area are larger than the distances to the Illapel and the Canela counties (Fig. 1). Note
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Fig.2 Results of the Chilean Government survey after the 2015 Illapel earthquake. Number of damaged
dwellings classified by construction material and counties, including the total number of dwellings in each
county at the top of the chart
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that, although the Coquimbo and the Ovalle counties show many damaged dwellings, they
represent less than 2% of the total number of buildings in these counties.

4 MSK intensities

The methodology used to assess damage was the MSK-64 macroseismic intensity scale
(Medvedev et al. 1964), adapted to Chilean conditions by Monge and Astroza (1989) and
Diaz (2001). Briefly, the method consists in classifying buildings in one of three vulnera-
bility classes: type A—adobe and brick masonry buildings, type B—unreinforced masonry
buildings, and type C—teinforced and confined masonry buildings. The damage is clas-
sified in six grades, depending on the structural behavior during the earthquake: GO—No
Damage, G1—Slight Damage, G2—Moderate Damage, G3—Heavy Damage, G4—Very
Heavy Damage, and G5—Collapse or Destruction (Astroza et al. 2012). Then, based on
field surveys after an earthquake, it is possible to generate a cumulative damage curve,
which is compared with preset pattern curves defined by Monge and Astroza (1989). This
method has been successfully applied in several Chilean earthquakes: the 1985 Valparaiso
(Monge and Astroza 1989), the 1997 Punitaqui (Pardo et al. 2002), the 2007 Tocopilla
(Astroza et al. 2008), and the 2010 Maule earthquakes (Astroza et al. 2012).

Diaz (2001) adapted the type A pattern curves for adobe in order to use an available
government survey of damaged dwellings to estimate the 1997 Punitaqui earthquake
MSK intensities. The survey, administered by the Chilean Ministry of Housing and Urban
Development (MINVU), classified the damage in five grades instead of the six that the
MSK-64 scale proposes. The grades defined by the MINVU (2016) are: DO—No damage,
D1—Slight damage (non-structural damage), D2—Moderate damage (repairable damage
greater than slight, habitability not compromised), D3—Repairable major damage (repair-
able structural damage, dwellers safety compromised), and D4—No repairable damage or
actual to imminent collapse. The adapted pattern curves of cumulative damage are shown
in Fig. 3 for intensities V=X as a function of the five damage grades (D0-D4).

Considering that adobe was the most damaged material during the 2015 earthquake
(see Fig. 2) and that adobe is evenly distributed in the Coquimbo Region, according to the
2012 Population and Housing Chilean Census, we estimate the MSK intensities for adobe
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Fig.3 Evaluation of MSK intensity by comparison with the pattern curves (gray dashed lines) defined by
Diaz (2001). Direct graphic application of the method in the localities of Canela Baja, Monte Patria, and
Punitaqui is shown in colors
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buildings (A-type of buildings in MSK definition) using the pattern curves proposed by
Diaz (2001) and the damage evaluation survey performed by the MINVU after the Illapel
Earthquake.

The cumulative damage curve was calculated by dividing the number of damaged adobe
buildings in the total number of buildings in a given area (village, town or city). The total
building stock in the region was estimated from the 2012 Population and Housing Chilean
Census. The intensity degree was determined by comparing the cumulative damage curve
with the pattern curve immediately above. The half degree is determined by areas inter-
polation method (Menéndez 1991), that uses the ratio between the areas above and below
the measured curve limited by the pattern curves. Figure 3 shows examples of cumulative
damage curves for three localities: Canela Baja, Monte Patria, and Punitaqui.

Figure 4a shows the calculated MSK intensities of the 2015 Illapel earthquake; the
number of damaged dwellings and MSK intensities for each locality are shown in Table 1
(details of the damage grades used in the calculations are shown in Table S.1 in the Sup-
plementary Material). Figure 4b shows the MSK intensities of the 1997 Punitaqui earth-
quake (Diaz 2001). This figure allows identifying some factors that influence the intensity
distribution. In the first place, the location of the earthquake source defines the general
intensity distribution, as near-source localities exhibit higher intensities compared to the
most distant ones. Monte Patria and Hurtado are exceptions due to the fact that they show
large MSK intensities compared to the neighbor localities and given the distance to the
earthquake rupture area. These apparent anomalies could be produced by local amplifica-
tion be due to local site conditions.

-31° . -31°

-32° -32°

Fig.4 MSK intensities distribution maps at locality level. a MSK intensities calculated in this study for
the 2015 Illapel megathrust earthquake. b MSK intensities reported by Diaz (2001) for the 1997 Punitaqui
intraplate intermediate-depth earthquake. The stars represent the epicenters of the events
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5 Seismic site characterization

In order to analyze the seismic response of the Coquimbo Region sites, we used the Hor-
izontal-to-Vertical Response Spectral Ratio (HVRSR), applied to earthquake records in
single stations (Idini et al. 2017; Zhao et al. 2006), as well as the Horizontal-to-Vertical
Spectral Ratio (HVSR) of microtremor measurements (Nakamura 1989).

Local earthquake data were obtained from the Chilean seismological network in 29
stations of the Coquimbo Region, administered by the National Seismological Center
(CSN). We considered 891 strong motion records, from accelerometers, corresponding
to 130 Mw > 5.0 earthquakes with hypocenters in the Coquimbo Region, listed in Table
S.2 in the Supplementary Material; on the other hand, microtremor data were obtained
from (Leyton et al. 2018).

To calculate HVRSR curves from earthquakes records, we followed Idini et al.
(2017). First, acceleration records in each component are cut between 5 and 95% of
the cumulative Arias Intensity. Then, a Butterworth filter is applied from 0.2 to 25 Hz
and the 5%-damped acceleration response spectra are calculated for each component.
Finally, the horizontal components are combined by the geometric mean and divided by
the response spectrum of the vertical component.

Microtremor measurements are processed using the H/V application of the Geopsy®
software. We selected 30 s time windows for the spectral analysis and used the Konno
and Ohmachi (1998) filter with a smoothing constant b=40. Figure 5 shows the results
of the HVRSR of earthquake records and the HVSR of microtremors in each station.
The figure highlights the HVRSR curve for the Illapel 2015 mainshock, the mean
curve for the earthquake data, and the number of earthquake records considered in each
station.

Table 1 summarizes the predominant periods of the stations estimated from the
HVRSR of the mean curve for the earthquake data (Tpg) and the 2015 Illapel earth-
quake (Tpg), as well as the predominant period from microtremor HVSR (7). Avail-
able Vs;, and local surface geology was also included to complete the characterization.
The surface geology was collected from Chilean Geological Charts (Aguirre and Egert
1970; Bohnhorst 1967; Moscoso et al. 1982; Mpodozis and Cornejo 1988; Rivano and
Septlveda 1991), whereas Vs;, values were taken from the geophysical characterization
of Chilean seismological network performed by Leyton et al. (2018).

Predominant periods in most sites are consistent with the surface geology composed by
thin layers (<50 m) of alluvial or colluvial sedimentary quaternary deposits over Paleozoic
to quaternary bedrock. Based on the HVRSR predominant periods, 20 out of the 29 studied
stations are classified as sy (Tpg<0.4 s) or better, according to the Idini et al. (2017) clas-
sification. Moreover, 16 of 17 stations with available Vs, are classified as C class (dense
or firm soil, Vs3;,>350 m/s) or better according to Chilean Seismic Code (MINVU 2011).

From the predominant periods and peak amplitudes of the curves in Fig. 5, we built
Fig. 6, which confirms a good correlation between the periods determined from earth-
quake data (HVRSR) and microtremor measurements (HVSR). This correlation is par-
tially extended to peak amplitudes (Fig. 6b): the mean curve for the earthquake data
(Fig. 5) is strongly correlated with the curve obtained from microtremors, while ampli-
tudes from the 2015 Illapel earthquake largely differ from those of microtremors. Thus,
we could use HVSR from microtremors as well as HVRSR from seismic records in
order to determine the predominant period of the sites; however, amplitudes from a sin-
gle large event record may not be representative of the sites.
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Fig.5 Results of HVSRS calculated from strong ground-motion records and HVSR from microtremor
measurements at the seismological stations in the Coquimbo Region. Each plot indicates the number of
recorded earthquakes in the station (# Rec)

6 Discussion

From the MSK intensities shown in Fig. 4, we infer that the 1997 Punitaqui earthquake
was more destructive than the 2015 Illapel earthquake, probably due to the shorter and
more direct path of seismic waves from the source to the surface, despite its lower mag-
nitude and associated seismic energy (Figure S.2 in the Supplementary Material shows
the attenuation of MSK intensities with the hypocentral distance for both earthquakes).
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Figure 7 shows the horizontal peak ground acceleration (PGA) recorded in the seis-
mic stations during the 2015 Illapel earthquake as a function of the distance to the earth-
quake rupture area. Unfortunately, the closest stations to the earthquake rupture did not
record the main event; hence, the shortest reported distance is 33 km (station CO06).
The ground-motion prediction equation proposed by Idini et al. (2017) for stiff soils
(class s;: non-identifiable predominant period and HVRSR amplitude <2) is included
as a reference. Most of the PGA values follow the attenuation trend with the distance to
the rupture; however, stations C110 (Monte Patria) and C180 (Hurtado) recorded unex-
pectedly very high PGA.
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Fig.7 Peak ground acceleration (PGA) as a function of the distance to the rupture of the 2015 Illapel earth-
quake. The results are compared with the Idini et al. (2017) ground-motion prediction equation for refer-
ence rock site (s;). The color of the symbols is associated with the predominant periods from the 2015 Illa-
pel earthquake HVRSR curves and the size of the symbol is proportional to the peak amplitude
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The percentages of damaged dwellings in Monte Patria (11%) and Hurtado (18%) coun-
ties are comparable to those in Illapel (15%) and Canela (27%), even though their distances
to the earthquake rupture are larger. The damage is consistent with the high MSK intensi-
ties calculated in this study and the low predominant periods of the soil that may reso-
nate with the one- and two-story buildings in the area. However, it is desirable to revise
the MSK methodology in adobe, because dwellings built on this material have low natu-
ral vibration periods, similar to the predominant periods of soils in the zone; hence, this
kind of analysis could be misleading due to resonance phenomenon. Figure 7 also shows
that the highest MSK intensities are related to the largest peaks amplitudes from the 2015
Illapel earthquake HVRSR curves (Fig. 5), independent of the associated predominant
period. From the results shown in Fig. 7, we propose that moderate-to-large earthquakes,
with important high-frequency energy content, could induce high intensities and damage in
soils with low predominant period (e.g., C110 and C180 sites) and rigid structures, such as
adobe houses.

7 Conclusions

Calculated MSK intensities indicate that the damage was lower than expected for the 2015
Mw 8.3 Illapel megathrust earthquake. We propose that the computed low MKS values
are mainly controlled by the rigid soils where localities are placed in the North-Central
zone of Chile. Despite the high Vs, values and the short predominant periods of sites,
some localities evidenced more damage. In those closest to epicenter, the damage could be
explained as a combination of higher radiation energy from the earthquake rupture and the
coupled vibration of stiff soils and stiff adobe structures. On the other hand, local ampli-
fication effects could explain the damage in the farther localities, such as Monte Patria
and Hurtado, which have shown sustained high damage levels in past earthquakes. The
predominant periods and Vss, in these two sites are not particularly different compared
to other stations, so site effects could not be directly attributable to soil amplification, and
topographic effects may contribute. In addition, PGA seems to be a good predictor of dam-
age in the analyzed sites.

The 1943 Illapel and the 2015 Illapel thrust earthquakes are seismogenically similar,
developed comparable tsunamis, and produced equivalent damage to civil infrastructure.
However, both earthquakes caused lower damage than the evidenced in the 1997 Punitaqui
intraplate intermediate-depth earthquake. Limited information about the 1943 Illapel earth-
quake do not allow a definitive conclusion; nevertheless, MSK intensities data indicate that
the 1997 Punitaqui is indeed a more destructive event than the 1943 and 2015 Illapel earth-
quakes, despite its smaller magnitude.

Spectral ratios calculated from earthquakes and microtremors are consistent even when
slight shifts in the predominant periods are detected, which can be related to a stiffness
degradation induced by the earthquake. Thus, microtremor HVSR technique works well
to predict soils predominant periods in the Coquimbo Region. Geological information of
each station is consistent with observed behavior in HVRSR and HVSR curves, as well as
Vs5, values, where predominant periods represent stiff soil deposits and rock outcrops, as
expected.
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