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Abstract

In this study a 3D physics-based numerical approach, based on the spectral element
numerical code SPEED (http://speed.mox.polimi.it), is used to simulate seismic wave
propagation due to a local earthquake in the Mexico City basin. The availability of detailed
geological, geophysical, geotechnical, and seismological data allowed for the creation of
a large-scale (60 km x 60 km) heterogeneous 3D numerical model of the Mexico City
area, dimensioned to accurately propagate frequencies up to 1.3 Hz. Results of numerical
simulations are validated against the ground motion recordings of the July 17, 2019, Mw3.2
earthquake, which produced peak ground acceleration (PGA) exceeding 0.3g about 1 km
away of the epicenter. Results show that for the hill and transition zones of the Valley
of Mexico there is a good agreement with records. For the lake zone, the simulated
decay trend of the PGV with epicentral distance was reasonably close to the observations,
both for the horizontal and vertical components, but synthetics present in general shorter
duration with respect to records, probably due to insufficient accuracy of considered values
of the quality factor. In spite of these limitations, the simulations proved to be suitable to
provide a comprehensive picture of seismic wave propagation in the lake zone of Mexico
City, including the onset of long-duration quasi-monochromatic ground motion with strong
amplification between 0.5 and 0.6 Hz. The numerical results also suggest that higher-mode
surface waves dominate the wavefield in the lake zone of Mexico City, as evident from the
measured phase velocities and vertical displacements along vertical arrays. Based on these
positive outcomes, we conclude that this numerical model may be used for the simulation
of ground motions during larger magnitude earthquakes, for example in view of generation
of seismic damage scenarios in Mexico City.



1 Introduction

Mexico has a long history of destructive earthquakes. The September 19, 1985 Michoacan
earthquake has been the deadliest in Mexico’s history. The main shock, with a magnitude
Mg8.1, was caused by the subduction of the Cocos plate beneath the continental plate of
North America, in the zone known as the Michoacan gap. The earthquake killed some 10’000
people in Mexico City, left about 50’000 homeless, and produced material losses of about 4
billion dollars, including the collapse of over 200 multistorey buildings [13].

The 1985 Michoacan earthquake was exceptional because, despite peak ground accelera-
tions in the epicentral area were relatively low, still it caused severe damage in Mexico City,
about 360 km away. Moreover, shaking duration inside the basin was exceptionally long, with
huge differences in intensities of shaking and associated building damage in different parts of
the city [40]. While source [46], 47] and path [31] effects were proved to have contributed to
the severe long lasting ground motion, various studies have established beyond question that
the decisive factor of the 1985 catastrophe in Mexico City was a very large local amplification
caused by the shallow geology, e.g., [40, 38, ], i.e., site effects, caused by the presence at
the basin’s surface of a very thin, extremely soft clay layer, and the underlying consolidated
deposits. In fact, [45] quantified amplification factors as high as 50 at 0,5 Hz in the soft soil
zone (lake-bed zone), relative to hard-rock zone (hill zone) motion.

Not only subduction earthquakes, as that of Michoacan, are relevant for the seismic hazard
of Mexico City, but also are intermediate-depth intraplate normal-faulting earthquakes. On
September 19, 2017, two hours after the city had undergone a macroearthquake drill for the
32nd anniversary of the Mg8.1 Michoacan earthquake, an Mw7.1 intraplate normal-faulting
earthquake struck central Mexico, with epicenter 120 km away from Mexico City. This earth-
quake led to 369 casualties, 228 of them in Mexico City, where 5’765 dwellings were damaged
and 52 buildings collapsed.

Local crustal earthquakes are also relevant for the seismic hazard of Mexico City. The
Valley of Mexico has a complex geology and tectonics, with numerous mapped active faults
within the valley, exceeding 20 km in length [3]. During the period 2010-2020, 12 earthquakes
with moment magnitude in the range 3.0-3.6 took place in the Valley of Mexico [54]. Recently,
[50] estimated ground motions from an Mw5.0 scenario earthquake in the Valley of Mexico,
using as empirical Green’s functions the recordings of an earthquake swarm that took place
in Mexico City in 2019. Their results reveal that such an event may give rise to significant
intensities in the lake-bed zone, and therefore a vigorous research effort is urgent to re-evaluate
seismic hazard posed by local crustal earthquakes.

Early attempts to evaluate site effects in Mexico City after the Michoacan earthquake used
vertical S-wave propagation models (1D). The use of this model was encouraged because of
clay deposits are very thin compared to their lateral extent, coupled with the high impedance
contrast between the clay and its basement. Furthermore, the recorded Fourier spectral peaks
appear close to the natural periods of the ground. However, while simple 1D models allow
to reproduce the spectral amplification between the lake-bed and hard-rock zones in Mexico
City, they are unable to elucidate the differences in the duration of strong motion between
these areas [38] [§].

Different models have been proposed to explain the long ground motion duration in Mexico
City, such as: (1) a 2-D valley [38], (2) a large-scale 2-D valley within which a small-scale
lake-bed zone is located [5], 25], (3) lateral variations in thickness of the clay deposits [7],



(4) stochastic variations in the clay deposits shear wave velocity (Vg) [16], and (5) resonance
of horizontally propagating P waves in a laterally confined clay layer of the lake-bed zone
[41]. 2D numerical models with large-scale and small-scale heterogeneities provide a viable
explanation of long coda only when the quality factor (Qg) for the clay deposits is high
(200-300). However, Qg values in the range 10-50 are more suitable according to laboratory
[36] and field [23] measurements. Various authors, e.g.,[48] [0, 42, [43] 20] have suggested that
long durations may be attributed to dispersion and multipathing between the source and the
Mexico City basin.

From the analysis of records at the ground surface and in boreholes in the lake-bed zone,
[44] found that the wavefield in the lake-bed zone is dominated by higher-mode surface waves,
that are less affected by the low Qg values of the surficial clay layer. Furthermore, based
on observational evidence from a local Mw3.4 earthquake and from 3D numerical simulations
upon application of vertical body forces at the ground surface, [10] studied the factors affecting
the long duration ground motions in the Mexico City Valley, and concluded that seismic energy
within the deep sedimentary basin is dominated by surface waves overtones that can propagate
long distance owing to the rapid decay with depth of the dissipation properties. According
to [10]) this mechanism may increase the duration of ground motion by more than 170% and
290% of the incoming wavefield duration at 0.5 and 0.3 Hz, respectively.

With the objective of improving the understanding of the Mexico City Valley seismic
response, after constructing a large 3D spectral element model of the Mexico City Valley,
this paper is focused on the validation of the numerical model, carried out on the physics-
based numerical simulations (PBS) of the July 17, 2019, Mw3.2 Mexico City earthquake (Fig.
. This earthquake was selected because of the large number of records available in the
epicentral area and in the lake-bed zone, and of the relatively large magnitude. Numerical
simulations were performed using the code SPEED (Spectral Elements in Elastodynamics
with Discontinous Galerkin, http://speed.mox.polimi.it). Compared to other validation tests
of PBS carried out by SPEED against near-source records of large magnitude earthquakes in
tectonic areas [18, 52), 35, 21], where the largest source of discrepancy comes from both the
poorly constrained kinematic extended fault model and from the limited detail of the shallow
ground model, in this case the task may be simpler because of the limited fault rupture di-
mension, that may reasonably be approximated by a point double-couple, and of the detailed
site investigations available throughout the Mexico City area. A similar validation benchmark
was recently carried out for the induced-seismicity ground motion simulation in the Gronin-
gen area, the Netherlands, considering an earthquake of comparable magnitude and with a
similarly well detailed geological model [34]. However, while the dimensions of the Groningen
model were reasonably small (20 km x 20 km in plan) and the challenge was an extension
to high frequencies (fpq:=8 Hz), the most challenging aspect of the validation within the
Valley of Mexico is probably the ability of PBS to produce a reasonably good approximation
of records in a frequency range as extended as possible considering the extremely low Vg in
the lake-bed zone and the large overall dimension of the model (60 km x 60 km in plan).

As previously mentioned, a large-scale 3D numerical model for Mexico City was presented
by [10]). While the dimensions and maximum resolvable frequency of our model are similar to
those of [10], we introduced a more detailed Vg vertical distribution and a variable thickness
of the clay deposits based on the contour map presented by [24].

The paper is organized as follows. After a description of the set-up of the 3D numerical
model based on the vast geological, geotechnical and geophysical data available for Mexico
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Figure 1: (a) Portion of the Valley of Mexico covered by the 3D numerical model (red box, 60
km x 60 km in plan). The star indicates the epicenter of the Mw3.2 Mexico City earthquake
(17.07.2019). Seismic zones according to the Mexico City building code are also presented,
Zone I=Hills, Zone II=Transition, Zone III=Lake-bed. White dots represent the locations of
the Vg profiles in Fig. 3. In the upper part, a portion of Mexico is presented showing the area
covered by the 3D numerical model and the epicenters of the 1985 Mg8.1 Michoacan and 2017
Mw?7.1 Puebla earthquakes. (b) Zoom to a portion of the model (blue box in a) showing the
considered stations that recorded the Mw3.2 earthquake (with the related fault mechanism),
with the corresponding geometric mean of horizontal components (GMH) of peak ground
acceleration.
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Figure 2: Typical stratigraphic sequence of Mexico City. Adapted from [39].

City , the case study of the July 17 Mw3.2 earthquake is presented . Then, after a
verification test with an independent solution , a calibration of the slip function and of
Vg for the shallowest part of the hill zone is carried out . Finally, numerical results are
compared with records and the effect of Qg for the clay deposits is evaluated . The
sensitivity analysis was limited to Qg because it is the parameter with the largest uncertainty
and because of the large computational demand for the simulations. Some characteristics of
the wave propagation in the Valley of Mexico are also discussed @

2 Integration of the available geological, geotechnical and geo-
physical data

Mexico City is located on a volcanic plateau at about 2240 m above the sea level, surrounded
by volcanic sierras, alluvial fans and plains. By the end of the Pliocene important fractures
arose predominantly EW, and gave rise to basaltic effusions of the Chichinautzin mountain
range, which transformed the valley into a closed basin during the Quaternary [39]. Af-
terwards, the bottom of the basin was silted up with a stratification of different type of
materials, like proluvials, lacustrine materials, volcanic sand and ash that, upon weathering,
generated highly compressible clays [4]. Therefore, Mexico basin presents two main geological
units overlying the pre-Chichinautzin basement, i.e., a thick consolidated unit, forming the
so-called ”deep deposits”, overlaid by a thin clay formation with very poor mechanical charac-
teristics (Fig. . In 1519, when the Spanish arrived to Tenochtitlan (nowadays Mexico City),
there were five lakes within the basin. After a series of floodings, the lakes were drained, and
the city extended on the former lake-bed.

Mexico City clays present notoriously high Atterberg limits and natural water contents,
that in some parts of the city can reach values as high as 600%. These materials have been
pointed out as extremely plastic clays which, correspondingly, display very low shear strengths
and rather large compressibilities [32].

On the basis of geotechnical characteristics, Mexico City is divided into three main zones,
according to the Mexico City Building Code [17]:

Zone 1. Hills, formed by rocks or hard soils that were generally deposited outside the lake
area, but where sandy deposits in relatively loose state or soft clays can also be found.
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Figure 3: Vg profiles obtained from down-hole and P-S suspension logging tests carried out
in the lake-bed zone [22]. The location of the test is presented in Fig. .

Zone II. Transition, where deep firm deposits are found at a depth of 20 m or less and
consisting predominantly of sand and silt layers interbedded with lacustrine clay layers.

Zone I1II. Lake, composed of potent deposits of highly compressible clay strata, separated by
sand layers with varying content of silt or clay.

The seismic zonification of Mexico City (Fig. , is similar to the geotechnical zonification,
the main difference being that the zone III is further subdivided into zones IIla, IIIb, IIlc
and IIId, to account for the increasing depth of the clay deposits when moving from the hill
zone to the center of the old lakes. After the Michoacén earthquake, a thorough study of
the Mexico City clays’ dynamic properties was carried out [22] 37, [I1] 36]. One of its main
characteristics is that due to its high plasticity index, they exhibit no significant reduction in
shear modulus even for shear strains as high as 0.1%. Similarly, there is no significant increase
in the damping ratio until angular distortions of the order of 0.3% [37, 28].

Mexico City clays are characterized by very low Vg, usually lower than 100 m/s. Fig.
shows results from down-hole and P-S suspension logging test carried out in the lake-bed
zone [22], from which Vg as low as 40 m/s were measured, and clay deposis with maximum
thickness reaching about 70 m were found (e.g., site TLB in Fig. [3)). Furthermore, the
impedance contrast with the deep deposits is evident: for instance, for sites SCT ans CUPJ
there is a sudden increase of Vg to 600 m/s at around 40 m depth. Differently, due to its
large Poisson’s ratio (~0.49), Mexico City clays present a large Vp [?, e.g.,|]Jaime1987,Perez-
Cruz1988,Jongmans1996, in the range of 700-1600 m/s.

On the other hand, the available information on the deep deposits is scarce. From some
deep boreholes carried out by PEMEX in 1987 (Pérez-Cruz, 1988), it was found that the deep
deposits reach depths as large as 500 m. [27] presented the results of seismic refraction tests
carried out in the former Texcoco lake, in which the contact of the deep deposits with the
pre-Chichinautzin basement was found at depths between 250-500 m. They also measured a
Vp of 1550-1700 m/s for these materials. [22] measured a Vg between 350-600 m/s in the first



meters of the deep deposits.

3 Set-up of the 3D numerical model for the Valley of Mexico

3.1 The Spectral Element Code SPEED

3D physics-based numerical simulations of seismic wave propagation in the Valley of Mexico
were carried out using the open-source computer code SPEED, suitable for the simulation of
seismic wave propagation including the coupled effects of the seismic source and the propa-
gation path through heterogeneous Earth’s media [29]. Based on the Discontinuous Galerkin
Spectral Element (DGSE) formulation [2], the code can handle non-conforming grids (h-
adaptivity) as well as variable approximation orders (N-adaptivity), making them suited for
simulations with adaptive choice of discretization parameters.

In its present version, SPEED allows the user to treat different seismic excitations, in-
cluding kinematic (either double couple point source or extended fault) and dynamic rupture
models, as well as plane wave propagation. Moreover, different anelastic attenuation mod-
els are available to model linear viscoelastic material behavior, specifically: (a) frequency-
proportional quality factor @ [26]; (b) hysteretic @ (independent on frequency), as in the
Generalized Maxwell body [12], and (c) the classical Rayleigh damping. Finally, a nonlinear
elastic constitutive rheology is also implemented [56]. Besides being verified over different
benchmarks [29] and validated against recordings of past earthquakes, such as the April 6,
2009, L’Aquila, Central Italy [14], and the May 29, 2012, Po Plain, Northern Italy [35],
SPEED has proved to be an effective tool, complementary to empirical GMMs, for seismic
hazard and risk assessments in large urban areas [51], 55]. To pursue this objective, a dataset
of broadband near-source accelerograms simulated by SPEED has recently been compiled [?,
BB-SPEEDset,||Paolucci2021b, aiming at complement the still relatively sparse availability
of near-source records from earthquakes at a global scale.

3.2 The subsoil model

Two 3D surfaces were created representing the base of the clay deposits and deep deposits,
from the digitalization of the contours proposed by [24] and [10], respectively.

For the crustal structure surrounding the basin, a 1D model determined from the inversion
of receiver functions at the CU site [9] was adopted (Crust materials in Table [1)). Quality
factors Qg for the crustal materials are taken equal to Vs/10, which is in accordance to
typical values considered in literature [35] [10], while @, is considered as 2-Q)s. Considering
that, shallow deposits of tuffs intercalated with sands, gravels and recent lava flows are found
on top of the Oligocene volcanics rocks [49], after the calibration presented in Section 5.2, we
introduced a shallow layer of Vg=750 m/s for the first 200 m of the hill zone. The dynamic
properties of the horizontal crustal layers are shown in Table

For the Mexico City clays, the use of a linear visco-elastic model is considered to be
adequate since they exhibit no significant reduction in shear modulus even for shear strains
as high as 0.1% [37]. Considering that Qg for the clay is in the range of 10-50, according to
laboratory [36] and field measurements [23], three damping models are considered, as shown
in Table [2| the effect of which will be discussed in a subsequent section.



Table 1: Geological interfaces and soil profile properties of the 3D numerical model.

. Geological Thickness Vs Vp p Qs Qp
Material interface H [m] [m/s] (m/s] (kg/m?] [ [
Basin 1 Base of the 0-100  70-100 910-1300 1400-1600 Table 2 2-Qs

clay deposits
Basin 2 Pre-Chichinautzin 0-500  Fig. 4  Fig. 4 1900 Vs/7  2-Qs
200 750 1700 2000 100 200
Crust 1 TMVB basement 1800 1550 2782 2200 155 310

Marine formations
Crust 2 (Morelos and Mexcala) 2300 3150 5624 2530 315 630
Pre-Mesozoic metamorphic

basement - Halfspace

Crust 3 6000 3500 6283 2700 350 700

Table 2: Overview of the physics-based numerical simulations performed in this study to
simulate the 2019 Mexico City earthquake.

Label Qg for clay deposits Duration Wall
. . Cores .
simulation -] [s] time [h]
Freq. proportional
3D-Qf 22.3<Q0<33.3 (0.9 Hz) 32 p12 %0
3D-Qh Hysteretic, 35<Q<50 25 512 74
3D-Qh2* Hysteretic, 40<Q<55 35 1024 26

*Mesh for simulation 3D-Qh2 differs slightly in clay thicknesses to
that used for the first two simulations.

The variation of shear wave velocity with depth for the clay deposits was defined based on
the results presented in Figure 3. In order to account for the increase in Vg due to regional
subsidence since the date in which the tests were carried out, Vg values were increased by
16%, in accordance with the increase in \/Gpq, estimated by [33]. For every location (x;,y;),
it was considered a linear variation of Vg from 70 m/s at the ground surface to 100 m/s at the
contact with the deep deposits. Here, P-wave velocity for the clay is adopted as Vp=13-Vg,
which corresponds to a value of Poisson’s ratio of ~0.49, that is common for the dynamic
response of Mexico City clays [22].

As for the deep deposits, Vg = 500 + 9.6 - 296 and Vp = 1500 + 19.2 - 2% (Fig. . The
dynamic properties for the clay deposits are presented in Table [I] as material Basin 1, while
the properties for the deep deposits are shown as material Basin 2.

3.3 Mesh features and computational resources

Once all the dynamic parameters have been defined, the mesh is designed to limit the nu-
merical dispersion by the condition Al < A\uin /Gy - N, that defines the maximum spectral
element size (Al) as a function of Vg, N (degree of the spectral interpolant polynomial) and
fmaz (maximum frequency to be propagated), the latter one limited to 1.3 Hz in order to
avoid computational overburden. Based on [15], Gy=4 is considered.

The mesh was created using the software CUBIT (http://cubit.sandia.gov)). It extends
over a volume of about 60 x 60 x 10 km? and it is discretized using an unstructured hexahedral
conforming mesh. The basin, i.e., clay and deep deposits, is modeled using the not-honoring
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Figure 4: Variation with depth of Vg and Vp for the deep deposits.

technique, according to which SPEED evaluates whether a node in the spectral element is
located within the basin: if so, it assigns the properties of the basin material, otherwise those
of the adjacent crustal layer. The basin lies within the mesh block 1, which has an area
of ~1650 km? and 500 m height, and characteristic element size Az of 100 m. The crustal
materials (blocks 2, 3 and 4) are meshed with Al going from 300 m to 2700 m at the base of
the model. The configuration of the mesh, which consists of 2’446’082 spectral elements and
results in approximately 308.7x10° total degrees of freedom, is summarized in Fig. .

Cross-section A-A’ (red dashed line in Fig. [5]) is presented in Fig. |§| with Vs values
assigned to the numerical model.

3D physics-based numerical simulations were performed on the Marconil00 high perfor-
mance computing cluster located at CINECA, Italy (www.hpc.cineca.it), with the number of
cores and wall times presented in Table [2l For all simulations a time step At=2-10"% s was
chosen, which is around 21% of the CFL condition for numerical stability.

We want to point out that the numerical model solution requires the use of a scalable
code that allows the efficient use of high performance computing architectures. If compared
to more classical approaches, such as GMPEs, numerical techniques of this kind are much
more demanding from a computational point of view. Nevertheless, the large amount of data
obtained from physics based models can help to better understand the observed phenomenon,
as we will explain in the next sections.

4 Case study: The July 17, 2019 Mw3.2 Mexico City earth-
quake

The case study is the largest event of the earthquake swarm activity, which occurred between
July 12 and July 18, 2019, in the borough Miguel Hidalgo, at the western part of Mexico City.
The Mexican Seismological Service [53] reported 20 shocks during that week with magnitude
in the range 2.0-3.2. The largest event of the sequence, an Mw3.2 earthquake, took place at
03:59 h (22:59 h local time) on July 17, with epicenter at 19.4090° N, 99.2090° W and depth of
800 m (Fig. [1), as reported by [50]. The sequence was recorded by several stations operated by
different Institutions (SSN, IINGEN and CIRES). Despite the magnitude of this earthquake
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Figure 7: Comparison between Hisada (black solid line) and SPEED (dashed lines) results us-
ing a horizontally layered model, considering a point source. The agreement between SPEED
and Hisada is evident. Numerical results have been low-pass filtered at 2 Hz.

was low, it caused panic in the city and produced PGA exceeding 0.3 g (E-W component)
at the closest station (MHVM, see Fig. [1| for location), which is the largest ever recorded
at a hill-zone site in the Valley of Mexico. [50] have suggested that the high PGA resulted
from high-frequency amplification at MHVM (about factor of 6 around 1 Hz), possibly due
to topographic site effects.

The focal mechanism for this event was obtained by [50] from the moment tensor inversion
of band-pass filtered (0.08-0.2 Hz) displacements, yielding Mw=3.2, striking ¢ = 228°, dip
6 = 80°, and rake A = —97°.

5 Physics-based numerical simulations of the earthquake case
study

5.1 Verification test against an independent solution

As a preliminary step of the modelling process, a verification test of SPEED results was
performed with an independent numerical code (Hisada), based on the analytical integration
of Green’s functions [19]. For this purpose, a horizontally layered model based on the crustal
materials in Table 1 was used (i.e., without considering the basin). A point seismic source was
introduced, considering that this approximation is generally valid for distances larger than the
size of the fault as well as the wavelength of interest. In Fig. [7] the results for station MHVM
from the Hisada simulation (solid line) are compared to those from two SPEED simulations,
one having a flat ground surface (SPEED Flat, dotted line) and the other one including the
ground topography (SPEED Topo, dashed line). Simulations were limited to 2 Hz. The
agreement between the two SPEED solutions and Hisada is evident, proving, on one side, the
accuracy of the SPEED code in the selected frequency range and, on the other side, that in
such range the topography effect does not play a significant role.

5.2 Calibration with hill zone records

A calibration process was carried out in order to define two important parameters to be used
in the 3D simulation of the July 17, 2019 earthquake ground motion with SPEED, namely: (1)
the slip rate function of the point source; and (2) the Vg for the shallowest part of the crustal

11
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Figure 8: Comparison with records (black lines) at stations TACY and MHVM (located at
the hill zone), of the results from Hisada (red lines) using the focal mechanism by [50], an
exponential slip function with 7=0.2 s, and Vg=750 m/s in the shallowest 200 m. A good
agreement with records was obtained using these parameters. Numerical results and records
have been low-pass filtered at 2 Hz.

model. This was accomplished by computing synthetics using the code Hisada, changing the
values for both parameters until the best agreement of synthetics with records was obtained
(Fig. . From this process, it was decided to use a slip rate function represented by equation
s(t) = t - exp(—t/7)/7%, with 7=0.2 s. Regarding the Vg profile for the hill zone, the best
agreement with records was obtained by assigning Vg=750 m/s to the first 200 m.

5.3 Validation against records

In this section the results from simulation 3D-Qh2 are presented, which uses a hysteretic Q-
factor with larger values for the clay deposits than simulations 3D-Qh and 3D-Qf (see Table
, that allowed to obtain the best agreement to the recorded values. Besides, in the 3D-Qh2
simulation, a special care was taken to modify locally the clay thickness especially in the
transition zone, because the automatic 3D meshing technique provided in some areas values
distant from the actual ones. Fig. [9] shows a comparison of recorded and synthetic ground
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Figure 9: Comparison between recorded (black lines) and computed (from 3D-Qh2 simulation,
red lines) velocity time-histories and their corresponding FAS, at some selected stations.
Numerical results and records have been low-pass filtered at 1.3 Hz.

motions at some selected stations. Both numerical results and records have been low-pass
filtered at 1.3 Hz, for consistency with the spatial resolution of the numerical mesh. As shown
in Fig. [9] for the hill and transition zones a good agreement between synthetics and records
is generally found, both in time and frequency domains.

As for the lake zone, the simulated ground motions reproduce reasonably well the most
important features of the ground motion in Mexico City, namely: (1) the long-duration quasi-
monochromatic ground motion, and (2) the strong amplification between 0.5 and 0.6 Hz, as
evident in the Fourier spectra, with in general lower amplitudes.

The overall performance of the numerical results was quantitatively estimated through the
Goodness-of-Fit (GoF) criteria [I], considering only the peak parameters of ground motion
of interest for earthquake risk applications, namely: PGA, PGV, Peak Ground Displacement
(PGD) and Spectral accelerations (Sa) at periods T=0.5, 1, 1.5, and 2 s. The final GoF scores,
shown in Figurein terms of the geometric mean of the horizontal components (GMH), were
computed as an equal-weighting average of the selected metrics [35].

Although GoF scores are overall rather satisfactory, with only few exceptions (such as
stations GR27, VM29, TL55, all of them at large epicentral distances), in the interpretation
of these results it should be recalled that the 3D PBS are expected to provide an overall
realistic picture of the space and time evolution of the earthquake ground motion in a given
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Figure 11: Comparison of variability bands of PGV of numerical simulation 3D-Qh2 (lines)
with records for the basin (red) and hill zone (blue). Top: U-D and bottom: GHM compo-
nents.

area, rather than a very accurate prediction at a specific receiver. As a matter of fact,
the 3D model cannot be in general detailed enough to portray accurately the source-to-site
propagation path as well as the details of the local stratigraphy.

In spite of such limitations in terms of the agreement with records of specific stations,
Figure 11 shows that the trend with epicentral distance (Rep;) of recorded ground motion,
expressed in terms of PGV (GMH: geometric mean horizontal), is very well captured by the
3D PBS results. The coloured symbols represent the records, whereas the lines represent
the mean (1) and standard deviation (o) bands computed from the complete set of SPEED
receivers at ground surface from simulation 3D-Qh2. The following remarks can be made:

- the peak values and the decay trend with Ry is reproduced rather accurately by the
numerical simulation, both for the basin and for the hill zone;

- as expected, for the GMH component, SPEED results and records for the hill zone are
always smaller than those for the basin for the same Rep;;

- a consistent increasing trend of PGVgy g with Rep; from 2.5 to 5.5 km is found for the
basin, both on records and in SPEED results, as expected because of the change from
the transition zone to the lake-bed as distance from the basin contour increases;

- for the hill zone the vertical (U-D) component is generally larger than the GMH component
during the first 10 km, while the opposite happens for the basin.

This points to one of the main advantages of 3D PBS, that is the possibility to generate
realistic earthquake ground motions in large areas, both in time and space domain, that
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Figure 12: Ground motion maps in terms of PGV for the U-D (right) and geometric mean of
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the same colour map of simulations). Maps were produced using a grid of around 10,000
simulated motions.

cannot be obtained even by relatively dense recording station networks as the one installed
in Mexico City. As an example, Figure 12 shows maps of peak ground velocity (PGV) for
the GMH and U-D components of motion, with the corresponding peak values recorded at
the same stations (in coloured squares). Besides pointing out a reasonably good agreement
between records and the mapped simulated values, it should be noted that, in the near field
of the seismic source, a two-lobed radiation pattern is evident, that causes large amplitudes
in the direction perpendicular to the fault’s strike.

5.4 Effect of ()-factor

As previously mentioned and summarized in Table [2] three linear visco-elastic models were
considered in our simulations to investigate their impact, especially in the lake zone, on the
ground motion amplitude and duration. Unfortunately, owing to computational resource
limits, it was not possible to carry out a comprehensive parametric analysis.

While model 3D-Qf consists of a frequency proportional Q-factor defined as Q = Qo - f/ fo,
where fy=0.9 Hz and @) is in the range denoted in Table 2, both 3D-Qh and 3D-Qh2 consist
of an hysteretic model with ) values independent of frequency and slightly increased from
3D-Qh to 3D-Qh2. It should also be noted that, while the 3D-Qf and 3D-Qh numerical meshes
are identical, some slight adjustments were made in the definition of depth of the clay deposits
in the transition zone of the 3D-Qh2 numerical model.

Fig. shows a comparison with records of the simulation results at selected receivers:
ES57 in the transition zone and UC44, CJ03 in the lake zone (see Fig. [l| for the stations
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Figure 13: Comparison between results from simulations 3D-Qf, 3D-Qh, and 3D-Qh2, for
stations ES57, UC44 and CJO03.

location). The comparison at ES57 clearly shows the importance of capturing accurately the
depth of the clay deposits in the transition zone (that was obtained with 3D-Qh2 model), a
goal that is not easy to be achieved by a 3D numerical model where relatively sharp lateral
geological variations occur.

As for the selected stations in the lake zone, it is concluded that the 3D-Qf model is not
adequate, leading to a significant underestimation of ground motion duration, because the
frequency-proportional damping implies too low -values in the low frequency range, below
about fy. Instead, relatively minor differences are obtained in the lake zone stations for the
3D-Qh and 3D-Qh2 models, mostly due to the slight increase of @ in 3D-Qh2, showing that
the adjustment of soil deposits depth in the transition zone has only minor effects in the
results obtained in the lake zone.

6 Features of the seismic wave propagation

In this section, some features of the seismic wave propagation within the Mexico City basin
will be illustrated with some results from simulation 3D-Qh2. Velocity snapshots for the E-W
component at the free surface are shown in Fig. from which different phenomena are
observed, such as diffraction (also related to topography irregularities, such as Cerro de la
Estrella), amplification within the basin, topographic scattering (especially in the hill zone),
and generation of surface waves at the basin edges. Trains of waves traveling at different
speeds are also evident.

Fig. shows normalized seismic profiles of the E-W displacement (radial component) at
0.5 Hz, along cross-section A-A’ . After the direct S-wave arrivals, prominent waves propagat-
ing with a phase velocity of ~1400 m/s are clearly distinguished. Considering the Rayleigh
waves dispersion curves for representative 1D profiles within the basin, this train of waves
most probably corresponds to the first overtone. Clearly as distance to the basin border and
time increase, the ground shaking becomes more erratic, as there is a complex interaction
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Figure 16: Variability with depth of vertical displacements, d, for simulation 3D-Qh2 (at 0.5
Hz), for the arrays CI05 and BA49. The amplitude of displacements remains nearly constant
with depth, suggesting that higher mode surface waves dominate the ground motion within
the basin.

between different wave types.

Vertical displacements, d,, at 0.5 Hz were extracted from two vertical arrays, CI05 and
BA49. As shown in Fig. the d, for the first most prominent wave train (before 10 seconds)
remains nearly constant with depth for the two arrays, which suggest that this train possibly
corresponds to a Rayleigh wave higher-mode.

7 Conclusions

The open-source code SPEED was used to produce 3D physics-based numerical simulations
of seismic wave propagation in the Mexico City area. After selection of a 60 km x 60 km
area, down to 10 km depth, including the epicenter of the Mw3.2 Mexico City earthquake
on July 17, 2019, a 3D model of seismic wave velocity and quality factor was constructed,
based on the vast existing geological and geophysical investigations. The numerical model
was designed to propagate frequencies up to about 1.3 Hz, a level of accuracy that implied
308.7x10° degrees-of-freedom of the numerical mesh. Even though the maximum frequency is
relatively low, it allows to model the main features of the ground motion in the Mexico City
basin, governed by the clay deposits, the underlying deep consolidated deposits, and the most
important topographic features (such as Cerro de la Estrella).

After verification with an independent solution and calibration of a kinematic source
model, the SPEED results were validated against records of the selected local earthquake.
For the hill and transition zones, a good agreement was found between numerical results
and records, with GoF scores from good to excellent in most stations. As to the results for
the lake zone, synthetics present in general lower amplitudes, especially for the stations far
away from the basin border. This highlights the role of a more accurate estimate of the Qg
factor within both the shallow and deep basin, that was likely underestimated within our
calculations. Due to the large computational demand of the numerical simulations, it was not
possible to further extend the sensitivity analysis to evaluate the effect of Qg, although it is the
parameter with the largest uncertainty. As regards the frequency-dependence, the hysteretic

19



(frequency-independent) Q-factor was found to be better suited to predict the extremely long
duration of ground motion in the lake zone.

In spite of these limitations, it was shown that physics-based simulations allow to model
some important characteristics of the ground motion in Mexico City, namely: (1) the long-
duration quasi-monochromatic ground motion, the (2) the strong amplification between 0.5
and 0.6 Hz, and (3) the PGV decay trend with Rcp;, both for the basin and the hill zone.

Finally, we have shown some evidence suggesting that higher-mode surface waves gen-
erated at the basin edges dominate the ground-motion within the basin, as highlighted in
the past (e.g., Shapiro et al., 2001; Cruz-Atienza et al., 2016). The main difference between
fundamental and higher mode is that energy of the fundamental model is concentrated in
the superficial clay, while the higher modes propagate mainly in the deep deposits, where the
attenuation is lower, hence, they can propagate longer distances inside the basin. Therefore,
the effect of the dynamic properties of the deep basin should be relevant. Furthermore, since
dynamic properties for the deep deposits are poorly known, and the parameters used in the
simulations were assigned based on few experimental results available on the literature, a
better characterization of the deep deposits is needed.

After this validation phase, we have shown that, using 3D physics-based numerical mod-
eling, it is possible to generate synthetic ground-motions in the Mexico City area, within a
sufficiently large range of frequencies, suitable to predict the main features of wave propa-
gation that characterize its exceptional seismic response. Therefore, the numerical approach
presented in this study may be used to generate physics-based ground shaking scenarios from
future local earthquakes affecting Mexico City and resulting from hypothetical and mapped
fault breaks within the Mexico Valley.

Larger computational domains might be considered to perform numerical simulations of
subduction earthquakes, such as that of Michoacdn that devastated Mexico City on Sep 19,
1985. Although simulating such earthquake ground motion would be one of the most appealing
targets for these 3D PBS, the computational load is still presently beyond the resource limits
that we could have access during this work. However, as discussed by [30] with reference
to earthquake motion physics-based simulations, the performance of computing platforms is
growing exponentially and this limit is expected to be overcome in relatively short time. This
will lead to several potential applications relevant to the seismic risk assessment in the Mexico
City area, and, more generally, to a variety of earthquake engineering problems, such as:

- providing relevant ground-motion scenarios, with different magnitude and seismic source,
to be used to define potential damage scenarios for civil protection applications, as well
as input for nonlinear time history analyses to determine area-specific fragility curves
for buildings in Mexico City;

- calibrating simulation-based area-specific spatial correlation models, fundamental for seis-
mic risk assessment of spatially-distributed portfolios; and

- providing simulated waveforms preserving the spatial coherency of ground motion in a
broad frequency range, useful for the seismic analysis of spatially extended structures
and infrastructures.
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