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SUMMARY

In 1906, an earthquake with a magnitude estimated between My, 8.4 and 8.8 occurred in the
subduction zone along the coast of Ecuador and Colombia. This earthquake caused extensive
damage on the coast but had a rather small impact on the capital city of Quito, situated 180 km
away. At that time, the city of Quito extended over a small area with a few thousand inhabitants,
while today it stretches over 40 km and has a population of over 3 million, with most of the
city built without paraseismic regulations. The aim of this study is to obtain new insights on
the impact that large earthquakes from the subduction zone would have on the city today. This
question is crucial since we know that the city of Quito is prone to site effects and that the
southern part of the city amplifies seismic waves at low frequencies, around 0.3—0.4 Hz. In
April 2016, an My, 7.8 earthquake occurred on the subduction interface in the Pedernales area.
This event was the first large earthquake in the city of Quito to be well recorded by 13 stations
of the permanent accelerometric network (RENAC). In this study, we take advantage of this
data set (main shock and large aftershock recordings) to (1) test an empirical Green’s function
blind simulation approach where the input stress drop is taken from a global catalogue of
source time functions, (2) compare the synthetic accelerograms and ground motion values we
obtain for an M,, 7.8 earthquake with the actual recordings of the Pedernales earthquake and
then (3) simulate larger earthquakes of M, 8.2 and 8.5 from the subduction zone. For M,,
7.8 simulations, our approach allows a good reproduction of the ground motions in the whole
frequency bands and properly takes into account site effects. For M,, 8.2 and 8.5 simulations,
we obtain for the stations in the southern part of the basin, larger values at low frequencies than
the predicted motion given by ground motion models. These values, although high, should
be supported by new or recent buildings if they are constructed respecting the building code
that applies in Quito. Therefore, for this type of strong but distant earthquake, the seismic
standards appear to be well suited and it is imperative to ensure that they are well considered
in the design of the new buildings to be constructed, especially in the southern part of the
expanding city.

Key words: South America; Earthquake ground motions; Earthquake hazard; Site effects.

(Kendrick et al. 2003). Since the beginning of the 20th century, five

I INTRODUCTION earthquakes greater than M,, 7.5 have occurred along the Ecuador—

The country of Ecuador is prone to a high seismic hazard that Colombia subduction zone (Font ef al. 2013; Nocquet et al. 2014,
mainly results from the subduction of the Nazca oceanic plate un- 2017; Yepes et al. 2016). Their epicentres are represented in Fig. 1
der the South American continental plate at a rate of ~6 cm yr~! by red circles. The largest one was the 1906 Esmeraldas mega-

earthquake, whose magnitude was evaluated at M,, 8.8 by Kanamori
& McNally (1982), and M,, 8.4 by a recent analysis of tsunami data
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Figure 1. Ecuador main historical seismicity (Beauval et al. 2013) and tectonic settings. Red circles: epicentres of superficial earthquakes (depth <50 km,)
with My, > 7.0 for subduction earthquakes and My, > 6 for crustal earthquakes. Q indicates the location of the capital city of Ecuador, Quito. The light-red
ellipsoids on the coast represent the approximate rupture area of the earthquakes simulated in this paper. The smallest correspond to the A, 7.8 events and
the largest to the M,, 8.5. They are there only to give an idea of the area that can be broken by the earthquakes, but this size strongly depends on the rupture
parameters. The two stars represent the position of the earthquakes used as EGFs for the simulation of My, < 8 events. Figure modified from Alvarado et al.

(2014).

(Yoshimoto et al. 2017). The last large earthquake occurred on 2016
April 16 (Pedernales earthquake, M,, 7.8). It broke the interplate
interface at shallow depth along the subduction zone and caused
extensive damage on the coast (Ye e al. 2016; Nocquet ez al. 2017).
It was the first large earthquake in Ecuador to be well recorded by
seismic stations throughout the country, including in the capital,
Quito.

Quito is a crowded city (3 million inhabitants) situated in a narrow
valley (~5 to 8 km wide and 40 km long) perched in the Andes
Cordillera (2400-3000 m altitude) and 180 km from the coast (letter
Q in Fig. 1). The known historical earthquakes that have damaged
Quito were located on the faults of the Cordillera, such as the
Guaylabamba 1587, Riobamba 1797, Quito 1859 and Ibarra 1868
earthquakes (Del Pino & Yepes 1990; Beauval et al. 2013; Alvarado
etal. 2014). The city is built on the hanging wall of an active reverse
fault that generates moderate size earthquakes (Alvarado et al. 2014;
Vaca et al. 2019) and is partially creeping (Mariniére et al. 2020).
The seismic hazard related to the activity of this fault should not be
neglected, but it is not the topic of this study.

Our aim is to quantify the ground motions that could be generated
in Quito by large earthquakes (M, > 8), occurring in the subduc-
tion zone. When the Esmeraldas earthquake occurred in 1906, Quito
was a city with a small extension that cannot be compared with the
present day agglomeration of 3 million inhabitants (see the evolu-
tion of the city at https://comet.nerc.ac.uk/tomorrows-cities-quito/).
Quito is situated rather far away from the subduction interface
(180 km), but we know that this distance is not large enough to
ensure that the city is safe against a strong earthquake from the
subduction zone. Indeed, Mexico City suffered heavy damage in
1985 after an M 8.1 event that occurred in the subduction zone
400 km away because seismic waves were strongly amplified by the
sedimentary basin underlying the city (Anderson et al. 1986). Are
the lithological site conditions also capable of amplifying seismic
waves in the Quito basin?

Quito is built on a piggy-back basin filled with volcanic and
fluvial origin deposits, the structure of which is still poorly known.
The actual knowledge of the basin is limited to a few tens of metres,
thanks to stratigraphic outcrop observations (Alvarado et al. 2014)

Zz0z aunr Gz uoisenb Aq 1.812259/261.2/€/62¢/aIone/B/wod dno dlwapese//:sdjy woly papeojumoq


https://comet.nerc.ac.uk/tomorrows-cities-quito/

2194 F Courboulex et al.

and some geotechnical and geophysical investigations. Laurendeau
et al. (2017) analysed the recordings of ~200 earthquakes at 18
stations of the permanent accelerometric network RENAC (Red
Nacional de Acelerografos, operated by Instituto Geofisico de la
Escuela Politécnica Nacional) and found that the southern part of
the basin strongly amplifies seismic waves at frequencies around
0.35 Hz (by a factor of 3-5). At higher frequencies (f > 1 Hz),
they also obtained significant amplifications but with a large spatial
variability, coherent with the results obtained by ambient vibration
analysis (Chatelain ef al. 1999; Guéguen et al. 2000; Reyes Once
2020). Site amplification, although still poorly understood, is now
well established (Pacheco et al. 2022). It is therefore important to
evaluate its impact when a future large earthquake occurs.

The easiest way to predict ground motion due to future earth-
quakes is to select appropriate ground motion models (GMMs)
with ad hoc parameters for source and site effects. This approach
is widely used by seismologists and earthquake engineers to assess
the seismic hazard in earthquake prone regions (e.g. Beauval et al.
2018). However, GMMs cannot properly take into account partic-
ular site effects, and they are not able to produce synthetic seis-
mograms, which is of the utmost importance in cities like Quito,
where few or no large earthquakes have yet been recorded. Ground
motion simulations can then be undertaken to produce synthetic
seismograms, which can be used in earthquake scenarios, PSHA
(probabilistic seismic hazard assessment), or the modelling of the
dynamic behaviour of buildings. Several methods exist, each with
its advantages and disadvantages (e.g. Douglas & Aochi 2008 and
references therein). The recent growth in computational power now
makes possible the numerical simulation of broad-band seismo-
grams that take into account the latest knowledge of the source
process and a refined description of the propagation media at large
and small scales (e.g. Cruz-Atienza et al. 2016; Gallovi¢c 2017,
Rodgers et al. 2018; Ulrich et al. 2019).

However, there are few places in the world where the ground
shallow structure has been sufficiently well characterized to perform
such numerical studies. Another issue is that numerical simulations
often struggle to constrain the variability of their results when nu-
merous input parameters are needed (i.e. slip distribution, rupture
velocity, stress drop, rise time, anelastic attenuation, site effects,
etc.).

Pulido et al. (2020) proposed for the first time a broad-band
simulation of the 1906 mega-earthquake. They converted the results
of their simulations into macroseismic intensities and found a rather
good agreement with the values reported from all over the country
for the 1906 earthquake. They considered a single point for Quito
city and did not aim to refine the effects due to site effects in different
parts of the city.

In order to take into account site effects in Quito and to reduce
the variability due to numerous input parameters, we use a well-
constrained empirical Green’s function summation method. In this
method, the recordings of relatively small earthquakes are used to
account for path and site effects in a realistic way. The main input
parameter to constrain, the stress drop of the target earthquake, is
chosen from the source time function (STF) duration of the global
SCARDEC database (Vallée et al. 2011; Vallée 2013; Vallée &
Douet 2016). The method is presented in Section 2 and the data
used in Section 3.

In a first step, we simulate the ground motions in Quito generated
by several M,, 7.8 earthquakes from the subduction zone (with
variable STF duration). We locate the target earthquakes at the
place where the 2016 Pedernales event occurred, in order to be
able to compare the simulation results with actual recordings of the

Pedernales earthquake. We select four aftershock recordings (M.,
5.8-6.1) as empirical Green’s functions (EGFs). The simulation
results and comparison with the Pedernales earthquake recordings
are analysed in Section 4.

In a last step (Section 5), we simulate the ground motion gener-
ated by larger earthquakes (M, 8.2 and 8.5) in order to highlight
the main ground motion values expected in the city of Quito when
such earthquakes will occur.

2 METHOD

2.1 Empirical Green’s function method

Since the geometry and velocity of the sediments are poorly known
in the Quito basin, as well as the regional velocity model between the
subduction zone and Quito, we chose to use the recordings of small
earthquakes as EGFs. This approach takes directly into account
both path and site effects at different stations, as they are included
in the EGFs (Hartzell 1978). We assume that the recordings of the
small earthquakes represent the Green’s functions at each point of
the fault plane activated during the rupture of the large simulated
event (called the target earthquake).

We use a stochastic EGF method that requires few input param-
eters and a minimal description of the source. The method was
proposed by Kohrs-Sansorny et al. (2005) following the work of
Wennerberg (1990), Ordaz et al. (1995) and Joyner & Boore (1986).
Since then, it has been used and improved by several authors (e.g.
Courboulex et al. 2010; Salichon et al. 2010; Honoré et al. 2011,
Vieux-Champagne et al. 2017; Wang et al. 2017, 2019; Lorenzo
et al. 2018; Nifio et al. 2018) to simulate the ground motions due
to future earthquakes in different environments.

The method consists in generating a large number of synthetic
STFs (called equivalent STFs, eSTFs) and to convolve them with the
EGFs at each station. Each eSTF represents the specific rupture of a
given earthquake up to the corner frequency of the EGF. Only four
parameters are needed to build the eSTFs: the moment and corner
frequency of the small earthquake used as an EGF (m, and f;) and
of the target earthquake (M, and F.). The eSTFs are built using a
random process based on probability densities as proposed by Ordaz
et al. (1995), which ensures the generation of the 2 model spectra
at all frequencies (Brune 1970). The source frequency content must,
on average, explain the theoretical ratio R(f) between the spectra of
the large and small events (see Fig. Al of the Annex section). If the
two earthquakes follow the w~2 model then

2

/

u, 1+(£)
T N2
")

The generation of the eSTFs is performed in two stages as pro-
posed by Khors-Sansorny et al. (2005) to improve its variability: in
the first stage, a number 7. of delays 7, are randomly generated with
a probability density p(f) over the whole source duration 7. In the
second stage, a number 14 of delays 74 are again generated with a
second probability density over a window duration 7y < T centred
on each delay generated in the first stage. Finally, n = .. n4 small
events are summed together and scaled by a factor «. The choice of
the parameters n and «, the probability density and all the details in
the generation of the eSTF are given in the Annex section.

R(f) =

M
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2.2 Stress drop variability constrained by a global STF
database

The stress drop ratio between the large and the small earthquake
can be expressed as C = M,.F.>/m,.f.>. C strongly influences the
level of acceleration obtained at the surface as shown by Honoré
etal (2011) and analysed by Wang ez al. (2019). It is then important
to correctly estimate its value and variability. For a given EGE, C
directly depends on the value of F., which is also directly linked,
through a rupture model, to the duration 7 of the STE.

We propose to determine the mean value and the variability of T
by using the SCARDEC global database of STFs (Vallée ez al. 2011,
2013; Vallée & Douet 2016). SCARDEC is a consistent database of
source parameters (seismic moment, focal mechanism and STF) of
earthquakes of magnitude larger than 5.8 since 1992. Courboulex
et al. (2016) analysed the SCARDEC database and showed that
the duration of the STF is a log-normally distributed quantity for
a given magnitude. The log of its value can then be represented
by a Gaussian curve with a mean value and a standard deviation
that represents its variability. For a given value of M,,, Courboulex
et al. (2016) and Chounet & Vallée (2018) found that the STF du-
ration is larger for earthquakes in the subduction zone than outside
(Fig. 2). A simple regression makes it possible to obtain the follow-
ing mean duration 7 for earthquakes in and outside the subduction
zone (Courboulex et al. 2016):

log 10 (7T) = 0.2867 log 10(M,) — 4.3205 (SUB), @)

log 10 (7T) = 0.3101 log 10 (M,) — 4.9032 (NOT-SUB). 3)

The standard deviation (hereafter called sigma) values are 0.32
for subduction events and 0.34 for others in natural log (respectively
0.138, 0.147 in log10), without any dependence on the magnitude.
These values are smaller than the variability usually reported for
stress drop values in global databases (Cotton et al. 2013; Cour-
boulex et al. 2016).

We use these results (eq. 2 for subduction zone and corresponding
sigma value) in our procedure (Fig. 3) to build a large number
of eSTFs that account for the natural variability of the rupture
processes. The details of the procedure are given in the Annex
section and the corresponding python code is available (see data
availability). The eSTFs are then convolved with the EGFs to obtain
a large number of synthetic seismograms at each station and each
component. From those, we compute PGA, Fourier and response
spectra.

3 DATA

3.1 The 2016 M,, 7.8 Pedernales earthquake

The largest recent earthquake in Ecuador (Pedernales earthquake,
2016 April 16, M,, 7.8) caused extensive damage to cities on the
coast and the death of 700 persons. This event occurred on the
subduction interface at shallow depth on a part of the fault that
already broke during the 1942 earthquake.

The rupture area has been well identified thanks to seismologic,
geodetic and tsunami data (Nocquet et al. 2016; Ye et al. 2016). It be-
gan at the north and then propagated almost unilaterally towards the
south with an area of higher slip located 70 km south of the hypocen-
tre (Nocquet et al. 2016). Many studies have been undertaken on this
earthquake in order to localize the aftershocks (Agurto-Detzel et al.
2019; Meltzer et al. 2019), specify the structure (Ledn-Rios et al.
2019) and understand the relationships between coseismic slip, slow

Impact of large subduction earthquakes in Quito 2195

slip, afterslip and microseismicity (Rolandone et al. 2018; Tsang
et al. 2019; Chalumeau et al. 2021). Because of the significant
distance (~180 km) from Quito to the source, it is the low frequen-
cies of the signal that were felt, producing oscillations of buildings
without serious apparent damage.

It is the first large event to be recorded on all the RENAC
seismic networks of the country (Beauval ef al. 2017). Lauren-
deau et al. (2017) analysed the recordings of the main shock
in Quito and found a clear amplification of the seismic waves
around a frequency of 0.3-0.4 Hz, similar to the values they al-
ready obtained for smaller earthquakes. This amplification is ob-
vious on accelerograms (see fig. 5 of Laurendeau et al. 2017)
and can be a subject of preoccupation in the case of a larger
earthquake.

We use the recordings of the Pedernales earthquake and its main
aftershocks on the permanent accelerometric stations of Quito to
test the blind simulation methodology described above. Since the
city is located 180 km from the coast and the rupture is almost
parallel to the main elongation of the city (Fig. 4), we have a simple
configuration that avoids the influence of directivity effects of the
rupture process on the ground motions. The large distance also
makes it possible to neglect near source effects and thus justifies the
use of a simple method.

3.2 Choice of the aftershocks used as EGFs

The Pedernales earthquake was followed by a large number of af-
tershocks (Agurto-Detzel ef al. 2019; Meltzer et al. 2019). Because
of the large epicentral distance, the low sensitivity of the accelero-
metric stations in Quito, and the high level of noise produced by
anthropic activity, only the largest aftershocks (M, > 5.7) were
well recorded with a high signal-to-noise ratio. The frequency band
we select is 0.1-10 Hz for all the study. At larger frequencies, the
city noise is much too important and at lower frequencies there is
almost no signal recorded by the stations. We have kept four very
well-recorded aftershocks with a signal-to-noise ratio larger than
5 in all the considered frequency bands: two were located to the
north (EGF-N1 and EGF-N2) of the Pedernales rupture and two
were located to the south (EGF-S1 and EGF-S2) (see Fig. 4 and
Table 1). We use the recordings of each aftershock successively as
EGFs, in order to estimate the variability induced by this choice.
We apply an attenuation correction (geometric attenuation only) to
move the aftershock locations to the place where the Pedernales
earthquake released the larger part of its energy (see the dotted
ellipse on the left-hand part of Fig. 4). For each earthquake, the
corner frequency is determined carefully by fitting with a theoreti-
cal =2 model (Brune 1970) in displacement and acceleration (the
characteristics of the four earthquakes taken as aftershocks are in
Table 1).

4 SIMULATION OF M, 7.8
EARTHQUAKES FROM THE
SUBDUCTION ZONE

4.1 Target event characteristics

As for a blind simulation, we only impose the magnitude and the
location of the centroid of the target event. We choose a magnitude
of M,, 7.8 and the location at the place where the main Pedernales
slip occurred on the fault (see ‘maximum slip zone’ in Fig. 4)
to be able to compare the simulations with the actual Pedernales
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Figure 2. Left: source time function duration versus magnitude (M) for earthquakes that occurred on the subduction interface (grey squares, SUB) and others
(black diamond, NOT-SUB) from Courboulex ez al. (2016). The red square represents the STF duration of the 2016, M,, 7.8 Pedernales earthquake. Right: STF

of the Pedernales earthquake from SCARDEC database (Vallée & Douet 2016).
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Figure 3. Schematic view of the procedure. A large number (here 500) of eSTF are generated using three input parameters (magnitude of the target event My,
magnitude my, and corner frequency f; of the smaller event used as the EGF) and the STF duration variability given by the SCARDEC data base. The eSTF
generation follows the two-step procedure of Kohrs-Sansorny et al. (2005). The eSTFs are convolved with the EGFs at each station to obtain the synthetic

seismograms.

recordings. Nothing is imposed concerning the stress drop, rupture
velocity, rupture length or maximum slip.

In the process, we choose eq. (2), for subduction zone earth-
quakes, to generate a large number of equivalent eSTF. Fig. 5 (top)
shows the log-normal distribution of the duration of 500 eSTF. In a
few cases, the source duration is very short (22 s), and in a few cases
it is very long (80 s); most of the eSTFs have a duration between
30 and 60 s, following what is obtained on the STF SCARDEC
database (Courboulex et al. 2016) for an M,, 7.8 earthquake. We
also show in Fig. 5 the corresponding stress drop values using the
relation Ao = 7/16 M F.3/(k Vs)*, withk = 0.23 and Vs = 3900 m
s~!. Vs is the shear wave velocity near the source and k a parameter
introduced by Madariaga (1976) that depends on the rupture model
and the type of wave. F. is taken equal to 0.8/7 (7 being the STF
duration). It is important to remember that absolute values of the
stress drop strongly depend on the parameters used in the equation
and should not be further interpreted (see fig. 3 of Courboulex et al.
2016).

4.2 Results and comparison with the Pedernales
earthquake recordings

Each eSTF is convolved with the recordings of the small earthquake
selected as an EGF, at each station and each component, in order
to produce a large number of synthetic accelerograms that can be
treated statistically. Fig. 6 presents an example of a few synthetic
accelerograms obtained with different eSTF durations at four sta-
tions in the Quito basin using EGF-S1. Station 24MA is considered
by Laurendeau et al. (2017) as the reference station with no site
effects (its H/V ratio is almost flat), ALLO is situated outside the
Quito basin at a high elevation point, CIRC is in the north part of
the basin and LILI in the south.

For a given station, the large variability obtained in the waveforms
(Fig. 6) is due to the variability in eSTF duration. The source process
of the Pedernales earthquake had a total duration of 43 s (see Fig. 2,
right side). In Fig. 6, we see that it is well consistent with the
synthetic on line 2 or 3, for which eSTF has a similar duration.
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Figure 4. Left: map of Ecuador and the Pacific Ocean (the highest altitude zones are in dark grey and the ocean is in white). The projection of the slip zone of
the Pedernales M,, 7.8 earthquakes from Nocquet ez al. (2017) is coloured. Black stars indicate the location of the four aftershocks used as EGFs. Right: zoom
on the accelerometric stations (RENAC network) of the Quito basin used in this study.

Table 1. Characteristics of the aftershocks selected as EGFs. Location, initial time and My, are from the
USGS catalogue. EGF-N1 and EGF-N2 are located to the north of the Pedernales rupture zone. EGF-S1 and

EGF-S2 are located to the south (Fig. 4).

My EGF Origin time (UTC) Location Fe
Name Date Hour Latitude (°)  Longitude (°)  Depth (km) (Hz)
5.7 EGF-N1 19/04/2016 22:22 0.578 —80.025 15.4 1.15E-01
6.0 EGF-S1 22/04/2016 3:03 —0.292 —80.504 10.0 1.06E-01
59 EGF-S2 22/04/2016 3:25 —0.281 —80.504 10.3 9.00E-02
5.7 EGF-N2  23/04/2016 1:24 0.613 —80.252 10.0 1.10E-01

The process is applied using the four EGFs successively at each
component of each station. There are numerous synthetic traces
(500 eSTEF, 13 stations, 3 components, 4 EGFs, i.e. a total of 78 000
traces). We analyse the results in time, in the Fourier domain and
on the elastic response spectra. This last representation has the
advantage of giving an integrated vision of the results in different
frequency bands and also to give an idea of the impact that the
signals would have on buildings.

From each synthetic accelerogram, we extract the peak ground
acceleration (PGA) and represent it in function of the eSTF duration
(Fig. 5, for the case of station LILI). Note that the accelerograms
are filtered between 0.1 and 10 Hz, so this PGA value does not
integrate higher frequencies. The distribution of PGA is shown on
the right-hand part of Fig. 5. PGA value decreases when the eSTF
duration becomes larger, following the equation:

log (PGA) = alog(T) + b, witha = —2.20 £ 0.03 and b
=3240.1 @)

The value of the slope, a, is almost similar to the proportionality
relation: log (PGA) ~ 2.4 log (f.), obtained by Causse & Song
(2015). As expected, when the total rupture duration is smaller (or

fc higher), the energy is concentrated in a shorter time and then the
level of acceleration is higher.

From Fig. 5, we see that the PGA variability is mainly due to
the eSTF duration variability. The choice of the EGF also has an
impact on the results but it is rather low and is not related to the
location of the EGFs to the south or north of the rupture. This
independence is certainly due to the special situation of Quito (see
Fig. 1), parallel to the subduction zone and rather far away from
it. The PGA variability given by the standard deviation, sigma, of
the log-normal distribution of the PGA is 0.62 (natural log) for this
station. This value is comparable to the value given by GMMs (from
0.5 to 0.8; see Cotton ez al. 2013).

The same simulations are represented in the Fourier spectral-
domain (Fig. 7). For clarity, only the mean (continuous lines) and
standard deviations (dashed lines) are represented. Interestingly,
the specific shape of the Fourier spectra is well reproduced by the
simulations at each station (Fig. 7). We observe some differences
at frequencies around 0.13 Hz, especially for the simulation with
EGF-N2 that cannot be explained simply. This difference is certainly
representative of the variability that exists in the natural process.

The same simulations are represented (Fig. 8) in terms of the
elastic response spectrum (considering 5 per cent damping). The
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spectral shapes at the 24MA and CIRC stations are rather similar
but it is clearly different for ALLO, exhibiting a high narrow peak
around a period of 0.5 s, and LILI with a broad-band frequency
spectra and significant values at a period around 2 to 3 s, much
higher than at the other three stations. These features, due to local
site effect, are also present in the Pedernales recordings (bold orange
line). For all the stations and all the EGFs, the Pedernales recordings
fall in the range predicted by the mean + one standard deviation
predicted by the simulations.

For comparison, we also plot in Fig. 8 (grey shaded zone) the
prediction of the Abrahamson ef al. (2016) GMMs (hereafter called
AB2016) developed for interface subduction earthquakes in the spe-
cific case of the backarc region. Indeed, Beauval ez al. (2017) found
it particularly adapted to predict the 2016 Pedernales earthquake
recordings and two large aftershocks. The Vs30 parameter is fixed
equal to an average value of 400 m s~ for each station. We see that,
for stations CIRC and 24MA, the AB2016 prediction fits rather well
the actual Pedernales data and our simulations. For stations ALLO
and LILI, which are prone to site effects, we see that our simula-
tions better fit the Pedernales observations than AB2016. This is not
surprising as it well known that GMMs may not adequately capture
site amplification effects.

The results obtained at each station are now represented on Fig. 9
for three selected periods: 7 = 0.1 s (equivalent to the PGA at
10 Hz), T = 0.6 s, the period that gives the highest value of the
response spectrum on most stations, and the period 7 = 2.8 s,
which corresponds to the second peak visible on LILI (and the
other stations in the southern part of the basin). For comparison, we
also plot the lines that correspond to the mean and mean =+ sigma
values of AB2016. The distances used for the equation and indicated
in Fig. 9 are the closest distance to the rupture. First, in Fig. 9 we
observe that, for the three natural periods, the real values of the

Pedernales earthquake (orange star) always fall within the error bars
predicted by our simulations, and this, whatever the chosen EGF.
This indicates that the choice of the EGF, in this configuration, does
not have a strong impact on the ground motions levels.

For high frequencies (PGA, Fig. 9, top), although the values are
quite variable from one station to another, our simulations (mean
=+ sigma) always include the values recorded during the Pedernales
earthquake. There is one exception for station SADP, which is far
north outside the basin. The AB2016 prediction also fits rather well
the Pedernales PGA values, but it slightly overestimates the values
for stations PRAM, AEPN, CMEA CIRC and 24MA located in the
middle or north of the basin.

Ataperiod 7= 0.6 s, our simulations almost perfectly reproduce
all the Pedernales values. AB2016 predictions are very good for the
stations PRAM, AEPN, CMEA CIRC and 24MA and still good for
the other stations where the Pedernales values remain within the
confidence interval of the predictions.

For a period 7' = 2.8 s, the recorded values of the Pedernales
earthquake at four stations in the south QUIB, ZALD LILI and VILF
are significantly higher than the value predicted by AB2016 (and it
is not the Vs30 value that can change anything at this frequency).
Our simulations reproduce this low-frequency remarkably well.

In general, we always obtain an excellent agreement, in a large
frequency band, between the results of our simulations and the
actual data from the Pedernales earthquake whatever the chosen
EGF. These simulations better fit the shape of the Pedernales earth-
quake than AB2016, especially for the stations situated in the
southern part of the Quito basin. Moreover, the variability im-
posed by our method is not higher than that of GMMs (Fig. 9),
which makes it useful in a blind simulation case. The next step
is then to simulate stronger earthquakes for which we have no
record.
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Figure 6. Example of synthetic accelerograms (M, = 7.8) obtained on the NS component of four stations in the Quito basin (24MA, ALLO, CIRC and LILI).
The value to the right of each trace indicates the duration of the eSTF used for this simulation. The real Pedernales accelerograms are represented at the bottom
for comparison (orange line). It fits well with the synthetics of lines 3 and 4, whose eSTF durations are similar to the Pedernales source duration (43 s). The

EGF-S1 derived from the earthquake of 2016 April 22 was used.

5 SIMULATION OF M, > 8
EARTHQUAKES ALONG THE
SUBDUCTION ZONE

As already mentioned, the M,, 7.8 Pedernales earthquake caused
severe destruction in the country but only slightly damaged the city
of Quito. An important question is whether a stronger earthquake
from the subduction zone would threaten the capital or not. In this
assessment, the amplification effect identified in the southern Quito
City basin for low frequencies should not be neglected. It is therefore
essential to continue to use empirical Green’s functions to properly
account for site effects.

In 1906, one mega-carthquake occurred along the subduction
zone. It broke a fault which, according to Kelleher’s work (1972)
from macro-seismic intensities, has a total length under 500 km with
the maximum slip to the north, at the level of Colombia, quite far
from Quito. Its magnitude M,, was calculated by Kanamori & Mc
Nally (1982) to be equal to 8.8. Ye ez al. (2016) adopt a magnitude
M,, ~8.6 compatible with the M, = 8.6 value determined by Guten-
berg & Richter (1954) with ancient seismograms and tsunami mag-
nitude. Recently, Yamanaka et al. (2017) re-analysed the tsunami

signals of this earthquake and found 8.2 < M,, < 8.6 with a domi-
nant slip also in the northern part near the coast of Colombia.

Although Sedaghati et al. (2020) used the same type of point-
source method to simulate the M, 9 Tohoku earthquake, we
think that our approach is not valid for such large events. Indeed,
earthquakes with a magnitude greater than 8.5 being rare in the
SCARDEC database, it is rather difficult to constrain the mean du-
ration of their STE. Moreover, our EGF method would be difficult
to apply to a very large fault, since we do not have any recordings
of earthquakes so far north that could be used as EGFs.

We choose to present the results of M, 8.2 (lowest magnitude
estimated for the 1906 earthquake) and M,, 8.5 (upper limit for the
method and the source-city situation) earthquakes that would occur
on the subduction interface (see dashed zones on Fig. 1). Because
the impact of the choice of the EGF is rather low, we only present
the results obtained with EGF-N1 and EGF-S1. In the first scenario
(south-scenario), the main slip zone is located in the southern part of
the Pedernales rupture area (southern star of Fig. 1), and then EGF-
S1 is selected. In the second scenario (north-scenario) the main
slip zone is located in the northern part of the Pedernales rupture
(centre star on Fig. 1), and then EGF-N2 is selected. Of course the
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Pedernales earthquake are represented by an orange line. Frequencies lower than 0.1 Hz and higher than 10 Hz have been filtered and thus cannot be interpreted.

waveform of an event further north (in the area where the M,, 8.1
earthquake initiated in 1979, see Fig. 1) would have been interesting
also, but there is still no event available from this zone that is well
recorded on the Quito network.

The results are shown for all the stations for PGA and PSA val-
ues at periods of 0.1, 0.6 and 2.8 s (Fig. 10) and are also presented
in the time domain (Fig. 11) and response spectra (Fig. 12) for
four stations for M,, 8.5. We observe first in Fig. 10 that the val-
ues obtained with the two scenarios are quite similar and that the
main variability is still related to the STF duration. However, for
low pseudo-periods (PGA and PSA at 0.1 s), the north-scenario
generates slightly larger values on the stations in the northern part
of Quito, like SADP, FENY, PRAM and CRPG, and the south-
scenario generates larger values for the stations in the southern
part. This tendency tends to disappear for higher pseudo periods.
For PSA = 2.8, the north-scenario provides higher values for all the
stations. This means that for this period, the effect of distance is mi-
nor and that the frequency content of the EGF is certainly predomi-
nant. For comparison, again, we plot on the same figure the AB2016
prediction.

For high frequencies (PGA and PSA at 0.1 s), our mean sim-
ulations provide values slightly lower than AB2016 for the M,,
8.2 case and similar values for the M,, 8.5 case. The mean PGA

values expected are between 0.5 and 1 m s~2 for M,, 8.2 and
between 0.7 and 2 m s~2 for M, 8.5. The largest values are ob-
tained at station ALLO, which is prone to high-frequency site ef-
fect, and station SADP situated outside the Quito basin. These
stations have resonance frequencies respectively at 2 and 1 Hz (see
Laurendeau et al. 2017, supplement), which explains these high
PGA values.

For a period T = 0.6 s, the simulations are generally higher than
predicted by AB2016. This is particularly clear for M,, 8.5, where
the mean values of the simulations are close to the mean value + one
sigma of AB2016. Again, the values are stronger at stations SADP
and ALLO.

For a period of 7= 2.8 s, also, the mean values predicted by the
simulations are all higher than AB2016 for M,, 8.2 and even more
for M,, 8.5. This tendency is particularly clear for the stations in
the southern part of the basin (QUIB, ZALD, LILI and VILF) for
which the simulations are higher than the mean + one sigma value
of AB2016. The variability in the synthetic signals at each station
due to different eSTF can be illustrated by the example shown
in Fig. 11 on four stations for M,, 8.5. The associated response
spectra (Fig. 12) for the north and south scenarios are compared with
AB2016 (grey shaded area). It is easy to see in this figure that for
PGA, our simulations give the same predictions as AB2016, except
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for station ALLO. This is the contrary for periods higher than 1 s:
our simulations give larger values than AB216, but similar results
for ALLO. The particular shape of the response spectra obtained
at station LILI (similar to stations VILE, QUIB and ZALD) clearly
show the difference with the AB2016 prediction.

6 DISCUSSION

This paper presents the first attempt to simulate the ground motion
that would be generated in the city of Quito by large earthquakes
(M, > 8) from the subduction interface. This simulation is mo-
tivated by the mega-earthquake that took place in 1906 along the
Colombian—Ecuadorian coast, but does not attempt to reproduce its
effects, because at that time the city of Quito was small and had not
yet spread to the southern part. However, it is precisely this south-
ern part that attracts our attention because it has been shown that
seismic waves are amplified at a low frequency in this area. Within
the framework of ongoing French—Ecuadorian research projects, a
temporary network was installed for one year in order to carry out
seismic interferometry based on ambient vibration measurements.
The first results reveal a different structure in the north and south,
which could explain the site effects obtained in the southern part

of the city (Pacheco et al. 2022). However, because the subsur-
face velocity model is not sufficiently known to compute numeri-
cal Green’s functions, as is the case for example for Mexico D.F.
(Cruz-Atienza et al. 2016), and because we want to model the site
effect reliably, we use an empirical Green’s function approach. We
choose a stochastic summation method of empirical Green’s func-
tions already proven in many cases and which requires few input
parameters.

It has been shown that the stress drop (or more precisely the com-
bined effect of stress drop and rupture velocity) is the parameter that
mainly affects the acceleration peaks (Oth ef al. 2017). We propose
an original way to constrain the input stress drop using an equation
giving the STF duration (mean and variability) as a function of the
seismic moment from a global STF database, SCARDEC (Cour-
boulex er al. 2016; Vallée & Douet 2016). These values are used
as input for the empirical Green’s function summation method and
make it possible to obtain a large number of synthetic seismograms
representative of different source scenarios. This global approach is
supported by the relative simplicity of the shapes of the source time
functions at different magnitude scales, at least in the subduction
zones (Meier et al. 2017).

The method we use is simple and quick to compute. The only
part that needs to be undertaken with great care is the selection
and analysis of small events used as EGFs. It is desirable to have
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Figure 9. Simulation results (M,, 7.8) for all the Quito stations and the four
EGFs for PGA, PSA at period 7= 0.6 s and 7' = 2.8 s. For comparison, the
BC-hydro Abrahamson et al. (2016) GMMs’ prediction is also presented
(for Vs30 = 400 m s~!). The x-axis represents the distance between each
station and the rupture (Fig. 4).

at least two of them (here we have four) to be sure not to choose
a too particular small earthquake as EGFE, which could bias the
simulations. It is best to have earthquakes at different depths and
different positions on the interface.

The results we obtained for the simulation of an earthquake of
magnitude 7.8 showed that, without any adjustment of parameters,
it was possible to obtain realistic synthetic seismograms. The com-
parison with the real records of the Pedernales earthquake of 2016
was a very good way for us to verify this. It showed us that, in this
configuration (distance and situation of Quito regarding the subduc-
tion zone) the four small earthquakes we have used as EGFs gave
very similar results, with no need for deeper or shallower events.

Similarly, the strong directivity of the Pedernales earthquake (south-
ward, see Nocquet et al. 2016) had no visible influence on the Quito
recordings and thus did not need to be considered.

Therefore, for this first paper on ground motion simulations in
Quito, we did not find it useful to use more complex source models.
We could have used a double corner frequency model as proposed
by Archuleta & Ji (2016) and the code proposed by Nino et al.
(2018), or the one generalized by Sedaghati ez al. (2020) to describe
the source. However, this would involve determining the values
of the second corner frequency and there is currently no physical
way to do so. It is clear that, for the M,, 8.5 events, a refined
extended source method that examines different scenarios with slip
patches at different depths and with a non-constant rupture velocity,
for example, is necessary in the future and will complement and
specify the study proposed in this paper. Hybrid methods like the
one presented by Castro-Cruz et al. (2021) could be an alternative.

The use of EGFs implies a linear hypothesis, that is the results
obtained for small earthquakes should be similar to those obtained
for large ones. The nonlinear effects of soils induced by strong
vibrations have been studied in different contexts: Bonilla et al.
(2011), Regnier et al. (2013) and Castro-Cruz et al. (2020) worked
on the nonlinear behaviour of soils in Japan before, during and after
the Tohoku, M,, 9 earthquake. They found that high frequencies
tended to decrease from a certain PGA level but low frequencies
tended to be amplified. In the case of our study, the great earthquake
being far from Quito, the level of the high frequencies is rather low
(the maximum value of PGA is 0.2 g), so the nonlinear effects
should also be weak for the high frequencies. On the contrary, for
low frequencies like for Tohoku earthquake (Regnier et al. 2013), it
is possible that the nonlinear effects will increase its values, resulting
in even higher low-frequency values towards the south of the basin.
The nonlinear effect due to a strong subduction earthquake would
therefore be in the direction of an increase in the low-frequency
levels.

Let us now examine the results obtained and try to determine
whether an M 8.5 event on the subduction zone constitutes a threat
to the city of Quito. Concerning high frequencies (PGA values),
the simulations we obtain are, most of the time, very close to those
predicted by AB2016 (Fig 10): an average PGA value of 0.1 g and
the +1 sigma value less than 0.2 g. This value is rather moderate but
still could lead to significant damage to poorly constructed and thus
vulnerable buildings, which are numerous in Quito. We compare the
results at four stations with the design response spectra given by the
National Ecuadorian Construction code (Norma Ecuatoriana de la
Construccion, MIDUVI, 2015), and found that an M,, 8.5 scenario
should not drive any heavy damage to the most recent constructions
(Fig. 12), if they are built respecting the code. Indeed, at 24MA,
CIRC and LILI stations, located in the Quito basin, taking into
account the possible soil class according to the NEC-15 assessed by
Aguiar et al. (2016) of type C or D, corresponding to Vss ranging
between 180 and 760 m s~', the design response spectra is much
higher than the simulated one, on most of the entire period band.
However, some of the simulations overpass the design spectra at
station LILI (and the other stations of the south of Quito) at periods
greater than 2 s. At ALLO station, set up on a site belonging to soil
class A to B (Vs30 > 760 m s~ '), almost half of the simulations
are overpassing the design spectra between 0.5 and 0.8 s. It is also
noticeable that for this station at least, the maximum of the simulated
response spectrum is found in a higher period band than the one
corresponding to the plateau of the design spectrum.

Buildings of 7 to 12 stories [if we take into account the formula
established by Perrault er al. (2020) for Quito’s building stock,
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Figure 11. Examples of synthetic accelerograms (M., 8.5) obtained for the NS component of four stations in the Quito basin (24MA, ALLO, CIRC and LILI).
The value to the right of each trace indicates the duration of the eSTF used for each simulation. The EGF-S1 derived from the earthquake of 2016 April 22 was

used.

N = 14.3 T], constructed on rocky outcrop in Quito, at least around
ALLO site, could thus be at risk in this M,, 8.5 scenario. Similarly,
in the south of Quito, very high-rise building (buildings with more
than 28 floors) could also potentially suffer from heavy damage.

Up to now, such buildings did not exist in the southern part of
Quito. Nevertheless, in the future, the city will probably expand
southwards and, given the pressure due to the constant increase
in population, such high constructions could be proposed. Special
care with the construction of this type of building is therefore highly
recommended.

It is important to note that the predicted values of this study
should be taken with prudence since the method we use does not
properly take into account the complexity of very large earthquakes.
Kurahashi & Irikura (2011) showed that during the great Tohoku
(M,, 9) earthquake, most of the high frequencies were generated
at a depth greater than 35 km, in regions called SMGE (Strong
Motion Generation Areas). Lay ez al. (2012) report that it was the
same for the Sumatra—Andaman (M,, 9.2) and 2010 Chile (M,, 8.8)
megathrust earthquakes. Because the earthquakes we used as EGFs
occurred at shallow depth between 10 and 15 km, we were not
able to take into account this frequency—depth dependence. It is

clear that a complex simulation that takes into account this effect
should be undertaken to well anticipate the high-frequency ground
motions. It would also be crucial to take into account the fact that a
huge earthquake could also break the surface and generate a large
amount of surface waves, which would certainly enhance the low-
frequency part of the signal.

7 CONCLUSION

We propose a simple approach where the input variability of the
source time function is taken from a global database and used in
a stochastic empirical Green’s function method. With this method,
we estimate the ground motion that could be generated in Quito
by large subduction earthquakes. Our results show that the high
frequencies generated by such earthquakes should be moderate but
that, especially in the southern part of the city, we expect large
amplitudes at low frequencies (around 0.3 Hz). We found that the
building code of Quito is well adapted to resist to such earthquakes.
It is therefore crucial that future constructions, especially tall build-
ings in the south of the city, strictly follow the imposed code in
order not to suffer serious damage. However, the results obtained
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Figure 12. Simulation results (M, 8.5) at four stations and two different EGFs represented as elastic response Spectra (damping 5 per cent) in accelerations
(NS component). Mean values of the simulations are in a continuous line and mean value + sigma are represented by dashed lines. GMMs’ predictions
(AB2016) are also presented (for Vs30 = 400 m s~ !). The design spectra of Quito are also plotted for four types of soil.

with this simple approach need to be completed by a large number
of extended fault simulations that properly take into account the
complexity of large earthquakes in subduction zones.
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DETAILS ON THE PROCEDURE

A seismogram at any point can be expressed as

S(f)=STF(f) x Path(f) x Site(f). (Al)

If the system is linear, for a strong and a weak earthquake that
comes from the same fault (same distance and same focal mecha-
nism), the path effects and site effects are the same. Then the scaling
function R can be written as

Sstrong STFerong
R = = —. A2
(f) Sweak STFweak ( )
If the two earthquakes follow the w™2-model (Brune 1970):
2
1+ (£
M, /e
R(f)=f~ﬁ, (A3)

-\ 2
" ()

where M, and F, are the seismic moment and the corner frequency
of the strong earthquakes (the one to be simulated, called the target
event) and m, and f. are the seismic moment and the corner fre-
quency of the weak event taken as empirical Green’s function (and
called EGF).

With the previous conditions, Fig. A1 shows the general shape
of the scale between two earthquakes (R). At low frequencies, R de-
pends exclusively on the ratio of the seismic moment between both
earthquakes. At higher frequencies, the stress drop ratio between
both earthquakes (represented by the ratio of the corner frequencies
/. and F¢ in this figure) also influences the shape of R.

Fc
Frequency [HZz]

fc

Figure Al. General shape of the scale function R. The axes are in logjo
scale. F. and f; represent respectively the corner frequencies of the strong
target event and the weak event taken as EGF. M,/m, is the ratio between
the seismic moments of the strong and weak events.

Eq. (A3) represents the ratio of a theoretical case. However, to
create a realistic result, the variability of the release of energy in the
source (for a constant value of M, ) must be considered. Joyner &
Boore (1986) proposed to sum lags of time to represent the spatial
and random release of energy during the source. These random
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delays are generated in a way that in the frequency domain eq. (A3)
is on average satisfied.

Several methods were proposed to generate these delays. Wenner-
berg (1990) proposed a method where the time delays are generated
by groups in a two-stage method. This way of generation makes
it possible to obtain realistic and different histories that can be as-
sociated with the real ones. This method avoids the convergence
when a large number of time delays are done in the simulations.
For this reason, this EGF method is applicable in simulations of
stronger events, obtaining a large range of different possible rup-
ture processes. With this model of two-step generation, the ratio R is
generated with a previous step in the time domain. A time function
(r) is defined as

Nd Ne
TS [Z §(t —t, — td):| : (A4)
d=0 Le¢=0

where i} is composed of scaled points that are also composed of
a summation of impulses that are distributed in time randomly. The
index 7 represents the index of the simulation, and the factor « is
a coefficient of scaling. § refers to Dirac’s delta function, where .
and ¢, are random delays in time. n, and n,. are the numbers of
pulses in which the signal is divided.

The Dirac’s function (8) in eq. (A4) cannot be defined, and a
discrete approximation is necessary since all the process is done
with numerical methods. The function § is approximated as

1 n t—t. — 1t
(S(t—tc—td)%E-(S(l’nt(Td>,0>. (A5)

The term At represents the time step used to store the accelero-
gram. This term is necessary because the discrete approximation is
done with the Kronecker delta (), so to guarantee that the energy
of 1} is not affected, this term must be added. The function in is
a truncation process to remove the decimals of the number in the
interior.

The method of EGF that is used (Wennerberg 1990; Kohrs-
Sansorny et al. 2005) makes the equality in eq. (A3) to be ac-
complished on average for all the simulations. To achieve this, the
scale (k), the number of delays (1. and n,), and the distributions of
probability for #. and #, are fitted. n, and n,. are defined as:

A%
n=nq-n. where:n= (F) (A6)

Eq. (A6) guarantees that there are enough impulses to estimate the
signal at high frequencies, but also that there are not too many pulses
to make that the simulations tend to be unrealistic and identical
between them. The coefficient « is obtained to scale the number of
used points (1) with the scale function that is searched (eq. A3).

M,
my -1
The delay times 7, and 7, (eq. A5) are distributed with a density
probability function that makes, that in average, the Fourier trans-

form amplitude of 1will be equal to the expected scale R (eq.
A3).

K =

(A7)

To compute this probability density function for the time lags, we
follow the method of Kohrs-Sansorny et al. (2005) that combines
the density of probability of Ordaz et al. (1995) and the two-step
summation of Wennerberg (1990). The probability density function
for the time delays is

/ \/ (1+(F2/F )z)) (f1F)

L+ (f/ )

. eiz”'f’d.f, (AS)

where for p., the density function of 7., the values F; and F, are F,
and F,, respectively. For p,, the density function of #,, the values
Fy and F, are F; and F.. F, and /. being the corner frequencies of
the strong earthquake and the weak earthquake respectively. F is
defined as

Fy=n/*-F. (A9)

Generating the time delays 7. and ¢, with adequate distributions
defined in eqs (A6) and (A9) allows us to find the ratio between the
spectra from weak and strong ground motions (eq. A2)

Surong () = Sueax (/) - R¥ (), (A10)

where Sgrong i the amplitude spectrum (FAS) of the signal at the
surface of the target signal. Sy the Fourier spectrum of the weak
record (EGF). R is the Fourier transform of the summation of the
impulses defined in eq. (A4). Eq. (A10) in time domain represents
a convolution defined as:

Sstmng(i) (t) = EGF (t) *7j (t) (Al 1)

where ssmmg{i} is one of the possibilities of the accelerogram of the
target earthquake, EGF is the accelerogram used from the weak
ground motion, and r; is the scale founded with the eq. (A4).

The scaling function R(f) (eq. A3), at low frequencies depends
only on the seismic moment ratio. It means that the predicted earth-
quake at low frequencies is not affected by the variation of the corner
frequency of the target earthquake. This independence of the target
event to the corner frequency occurs before f approximates to 0.5
F..

At high frequencies, R(¢) also trends to a fixed value:

()
Come \())

This means that high frequencies of the predicted earthquake
will be affected by the corner frequency of the target event F.. The
definition of high frequencies is marked approximately when f'is
higher than 2 f;. In the method we propose, we directly take the
variability of the stress drop through the duration of the STF (7).
The corner frequency of the target event is defined as F, = ¢/ T,
with g as a constant value that depends on the geometry of the fault
(see the annex of Godano et al. 2015). In this paper, ¢ is taken equal
to 0.8.
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