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Resumen

Presentamos resultados de la exploracion del
subsuelo en la zona de lago de la Ciudad de
México utilizando correlacién de registros de
microtremores. Registramos microtremores
con estaciones de banda ancha. La duracion
de los registros varié entre pocos minutos y
una hora. Los componentes verticales de los
registros se analizaron usando los métodos
SPAC e interferometria sismica para estimar
la dispersion de ondas superficiales del medio.
Nuestros datos permitieron calcular la correlacion
cruzada de microtremores para un rango amplio
de distancias entre estaciones, entre 10 m y 2
km. Para distancias pequefas entre estaciones,
observamos buena correlacion entre registros,
lo que permitié determinar de manera confiable
la estructura superficial. Nuestros resultados
indican que la heterogeneidad lateral de la capa
de arcilla superficial es importante, aun para
distancias cortas. Para distancias mas grandes,
no fue posible obtener valores de correlacidon
altos. La correlacion cruzada entre dos estaciones
requiere que el medio entre ellas sea capaz de
propagar ondas de Rayleigh con longitud de onda
de dimension comparable a la distancia entre las
estaciones. Nuestros resultados sugieren que no
es posible recuperar ondas de Rayleigh a partir de
de la correlacion de microtremores para longitudes
de onda entre 1 y 9 km.

Palabras clave: microtremores, correlacion,
dispersion de velocidad, estructura del subsuelo,
heterogeneidad lateral.
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Abstract

We present results of the exploration of the subsoil
in the lake bed zone of Mexico City using correlation
of microtremors. We recorded microtremors using
broad band stations and recording windows
between a few minutes and one hour. Vertical
components were analyzed using both SPAC
and time interferometry to recover Rayleigh
wave dispersion. Our measurements allow us to
compute correlation of microtremors for a very
wide range of distances between stations, from
10 m to almost 2 km. At short distances, we
obtained significant correlation and the shallow
velocity structure could be well determined. We
show that lateral heterogeneities of the clay
layer are important even over short distances.
At larger distances, it was not possible to obtain
good correlation. Correlation between two stations
requires that the medium, at the wavelength scale
of distance between stations, be able to sustain
Rayleigh waves. Our results suggest that Rayleigh
waves cannot be retrieved from correlation
analyses for wavelengths between 1 and 9 km.
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Introduction

Site effects play a major role in destructive
ground motion in the Mexico City valley. The
presence of very soft soil layers amplifies ground
motion in the lake bed zone 8 to 50 times in
the frequency domain with respect to a hill
zone site (e.g., Singh et al., 1988). Because of
this amplification, earthquakes with epicenters
more than 300 km away may cause damage
as important as that observed in September
1985. Amplification in the lake bed zone has
been measured using spectral ratios of recorded
earthquakes relative to ground motion observed
in firm ground (referred to as the hill zone).
This approach has allowed characterising site
effects in the lake bed zone, due to the presence
at the surface of the lake-bed zone of a very
thin, extremely soft clay layer, deposited in an
ancient lake. The importance of site effects is
evident from the fact that in 1985 no damage
was observed in the hill or transition zones of
the geotechnical zoning of Mexico City. However,
the records obtained on the lake-bed zone not
only show significantly larger amplitudes than
those on hill zone. They also show late, energetic
arrivals (with amplitude comparable to those of
the intense phases) that increased the duration
of ground motion, almost up to three times that
observed on firm soil. These two phenomena,
amplification and increase of duration, have
been the guiding themes of a large amount of
research concerning site effects at Mexico City
(see for example Kawase and Aki, 1989; Chavez-
Garcia and Bard, 1993a, b, 1994; Chavez-Garcia
et al., 1995; Singh et al., 1995; Shapiro et al.,
1997, 2001; Iida, 1999; Chavez-Garcia and
Salazar, 2002).

After the 1985 Michoacan earthquake, site
response of Mexico City was the subject of many
studies, in an effort to reconcile observed ground
shaking with results from model computations.
Prediction from numerical models is essential to
establish limits to strong ground motion for future
earthquakes. A 1D model was used by Seed et
al. (1988) to model response spectra of recorded
ground motion during the 1985 earthquake.
These authors showed that an ad hoc 1D model
could reproduce amplification due to the soft
clay layer. However, Kawase and Aki (1989) and
Chavez-Garcia and Bard (1994) showed clearly
that however useful 1D models were to reproduce
observations in the frequency domain, they
were wholly inadequate to explain the recorded
ground motion (see Chavez-Garcia, 2010 and
2011, for more recent discussions). The reason
is that it is not possible to separate site from path
effects in this basin. The large heterogeneity
associated to the Mexican Volcanic Belt, at the
origin of the regional amplification (e.g. Ordaz
and Singh, 1992), conditions incident wavefield in
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Mexico’s basin. Thus, the long duration of ground
shaking in this basin results from the interaction
of different surface wave modes with the very
local soil conditions in Mexico City, blending path
and site effects. A few studies have addressed
modelling of ground motion in Mexico City
including the crustal structure surrounding the
basin (e.g., Cardenas et al., 1997; Chavez-Garcia
and Salazar, 2002) showing the large importance
of the regional structure that conditions incident
ground motion at the base of the very soft soils
in the lake bed zone. The very large amplification
in the clay layer masks the effect on ground
motion of the deeper structure making it difficult
to understand the contribution of each factor. To
date, however, the more refined and complete
model for central Mexico is that published by
Furumura and Kennett (1998). These authors
computed synthetics for a simplified 3D model of
central Mexico that included the correct position
of the Transmexican Volcanic Belt, oblique to the
subduction. They were able to show that this
geometry was important and they could establish
a relation between the irregular crustal structure
and the incident wave field at Mexico City.
However, due to computational restrictions and
the large uncertainties of the deeper structure
of Mexico City basin, their results are strongly
limited.

There is a critical lack of data concerning the
deep structure of Mexico City basin. Indeed,
were there no computational limitations to
model the 3D seismic response of Mexico City
basin, we would be embarrassed to propose
a geotechnical model with all the necessary
details. Most of the available information
concerns the surficial clay layer and there is a
lack of information concerning the thick (several
km) volcanic deposits between the clay and
the limestone basement of the basin. After the
large 1985, Michoacan, earthquake, Pemex
drilled four deep boreholes and recorded several
km of seismic reflection lines in the city. The
results were discussed by Pérez-Cruz (1988),
who identified up to seven sequences of volcanic
deposits. However, no information was obtained
on shear wave velocities (more important than
compressive wave velocities for site response
modelling) and no clear idea of the shape of the
basin could be inferred from the results. The
current building code in Mexico City is based on
the dominant period determined at each site, a
very stable parameter which is due to the large
impedance contrast at the base of the clay layer;
usually estimated using spectral ratios (see for
example Lermo and Chavez-Garcia, 1993, 1994).
However, empirical estimation of site effects has
severe limitations (e.g., Chavez-Garcia, 2007,
2011). Empirical methods do not allow us to
understand the factors that condition ground
shaking. They are not useful to build an accepted
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model to simulate together the observed large
amplification and the long duration. The current
building code relies on average spectral ratios of
past earthquakes to predict ground motion for
future events. In this approach, the variability
among individual site response estimates is
swept aside through the computation of average
values. For example, Lermo and Chavez-Garcia
(1993) showed spectral ratios of earthquake
records for soft soil sites in Mexico City relative
to a firm site (CU), which is a widely accepted
method to estimate local amplification. Those
authors showed Ilarge differences in the
estimated amplification depending on whether
the NS or the EW component was used. Those
differences are hidden when average horizontal
amplification values are computed.

The size of Mexico City, the significance of
its infrastructure and the high probability of
it being affected by future subduction zone
earthquakes make for its large seismic risk. A
better understanding of ground motion in Mexico
City is necessary to mitigate that risk. If we are
able to understand the relation between incident
motion, irregular structure and observed surface
motion, we may constrain a major factor
contributing to destructive ground motion during
future earthquakes. This understanding calls for
more than mere estimation of local amplification.
It requires a better knowledge of the subsoil
structure and its integration into simulation
models of ground motion. Active exploration
methods are out of the question because of their
cost, field conditions, background noise, and the
size of the region and depth that needs to be
investigated. For this reason, the use of passive
methods as the analysis of microtremors, also
called ambient seismic noise, is very attractive.
In this paper we present results of exploration of
subsoil in the lake bed zone of Mexico City using
correlation of microtremor records. Correlation
of microtremors allows investigating shear wave
velocity distribution in the subsoil. We present the
results of the application of correlation to array
recorded microtremors in the lake bed zone of
Mexico City, close to its eastern edge. We show
that this method is effective for shallow depths
and allows constraining lateral heterogeneities
within the valley. However, our results indicate
that this method fails to obtain useful information
for the deeper volcanic layers.

Method

In this paper, we use the SPAC method to
determine the subsoil structure from microtremor
measurements in Mexico City. Correlation of
microtremors has developed into a reliable tool
to determine shear wave velocity profiles since
the introduction of the SPAC method more than
50 years ago (Aki, 1957). The theory of the SPAC

(SPatial AutoCorrelation) method was thoroughly
developed by Aki (1957). The essence of the
method is that, when we have records from
seismic stations, spaced at a constant distance
and forming pairs of stations along different
azimuths, it is possible to compute an estimate
of the phase velocity of the waves crossing
the array, without regard to the direction of
propagation of the waves present. The method
assumes that the 2D wavefield being recorded by
an array of stations is stochastic and stationary,
in both space and time.

Letusassume thatthe microtremors stochastic
wavefield is formed by the superposition of many
plane surface waves propagating with equal power
in all directions of the horizontal plane. All of the
waves propagate with the same phase velocity c.
Consider the recordings of microtremors at the
two locations on the free surface (x, y) and (x+¢,
y+n, t). The spatial autocorrelation function, ¢(¢&,
n, t) is defined as

o(Em.t)=u(x,y,0)u(x+&y+n.1) 1)

where the bar indicates time averaging. Under
the assumption that the wavefield is stationary,
Aki (1957) showed that the azimuthal average
of the spatial autocorrelation function can be
written as

- 1
¢(")=%_|‘¢(”J//)dllf -

where r and y are the polar coordinates defined
by

E=rcosy (3)
and
n=rsiny (4)

Aki (1957) showed that the azimuthal
average of the spatial autocorrelation function,
¢(r) , is related to the power spectral density of
the microtremor wavefield, ®(w), through

g?)(r)z%]?(b(@)]o(%r)dw .

where J is the Bessel function of the first kind
and zero order, and o is angular frequency. This
last equation also applies to the case of dispersive
waves, and we need only substitute c¢(w) for c.
Assume now that we apply a bandpass filter to
the records. The spectral density becomes
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()= P(0,)6(0 - o,) (6)

where P(a)o) is the power spectral density at
frequency o, and o6( ) is Dirac’s function. In
this case, the azimuthal average of the spatial
correlation function can be written as
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Finally, Aki (1957) defined the autocorrelation
coefficients, p(r, ®,), as

¢(r,l//,wo)

P(”’wo) B (1)(0"//’@0)

(8)

Because P(a)o) does not depend on the
position (assumption of spatial stationarity), we
can finally write the azimuthal average of the
correlation coefficients as

@,

p(r»wo): Jo
%)

This last equation states that, if we are
able to compute p(r, ®,) from microtremor
measurements, we can estimate ¢ (®,). However,
because the relation between the correlation
coefficients and the phase velocity is non linear,
an iterative inversion scheme is needed. In
this paper we have used the inversion scheme
described in detail in Chavez-Garcia et al. (2005).

The derivation of the SPAC method was
presented in great detail in Aki (1957) and
Chouet et al. (1998) among others. Eq. (9) offers
a way to compute the phase velocity, when we
can estimate an azimuthal average of the spatial
autocorrelation, for a fixed distance r. This was
interpreted, starting with Aki (1965), as requiring
several stations, distributed on a circle of radius
r, with one station at the center of the circle.
Naturally, if data recorded on several circles with
different radii are available, an azimuthal average
can be computed for each circle, and for a fixed
frequency w,, using r as independent variable.

The SPAC method has been used frequently
to estimate a phase velocity dispersion of
Rayleigh waves (e.g., Ferrazzini et al., 1991;
Chouet et al., 1998; Yamamoto, 1998; Morikawa
et al., 1998, 2004; Flores Estrella and Aguirre
Gonzalez, 2003; Chavez-Garcia et al., 2005;
Apostolidis et al., 2005, Margaryan et al., 2009).
This method has also been complemented and/
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or compared with horizontal to vertical spectral
ratios (HVSR) of microtremors (e.g., Roberts
and Asten, 2005, 2007) with f-k (frequency-
wavenumber method, e.g., Claprood and Asten,
2009), and with REMI, Refraction Microtremor
method, proposed by Louie (2001) in Chavez-
Garcia et al. (2007). All those results showed
SPAC to be very reliable. Once a dispersion
curve is estimated, it is possible to invert it using
standard methods (e.g., Herrmann, 1985) to
obtain a 1D layered structure. The limitation is
that the soil profile under the array of stations
must be regular enough for a single surface wave
mode to dominate the correlation functions.
One of the limitations of the SPAC method was
the need to use a circular array of stations.
However, it has been shown (Ohori et al., 2002;
Okada, 2003; Chavez-Garcia et al., 2005) that
it is possible to use of the SPAC method without
the limitations imposed by the circular array. If
the waves that form the microtremors propa-
gate homogeneously in all directions, a single
station pair samples all directions of propagation
provided that temporal averaging is substituted
for the azimuthal averaging. In that case, instead
of deploying a circular array and estimating
correlation coefficients for a distance equal to
the radius of the circle, it is possible to analyse
a single station pair as if the distance between
the two stations were the radius of a circle of
stations. This has increased significantly the
applicability of the SPAC method. For example,
Chavez-Garcia et al. (2006) analysed successfully
data recorded by a linear array. Ekstrom et al.
(2009) used two-station SPAC to analyse data
from USArray including 30,000 station pairs. In
a more modest scale, we take advantage of this
improvement in this paper.

If correlations in the frequency domain are
useful, then because of the Fourier transform,
they should also be useful in the time domain.
However, the development of correlations in time
domain to explore the subsoil has a different
history. The first references are related to
exploration seismology (e.g., Claerbout, 1968).
Time domain correlation was rediscovered
by helioseismologists (Duvall et al., 1993),
before making its appearance in acoustics and
seismology. In addition, time domain correlation
of ambient noise has been the object of many
theoretical studies that have been able to show
its relation with the character of ambient noise
and statistical properties of diffusive media.
Weaver and Lobkis (2005) retrace briefly this
history. The theoretical basis of the method and
the conditions for its success have been the
object of many papers (e.g., Campillo and Paul,
2003; Wapenaar, 2004; Snieder, 2004; Paul et
al., 2005; Sabra et al., 2005; Roux et al., 2005;
Bensen et al., 2007; Tsai, 2009, 2010). Time
domain cross-correlation of microtremors, or
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seismic interferometry, is based on the relation
that has been established between the cross-
correlation function of a diffusive signal recorded
at two sites and the time domain Green’s
function of the medium between the recording
stations. Let us write the cross-correlation of
microtremors (which can be shown to behave as
a diffusive field) recorded at two locations as

T
Cii(T) = Jo vi(n ’t)vj(r2’t+ T)dt

where 7 is time, v(r, f) and u(r 1) are
simultaneous recordlngs of mlcrotremors at
locations r and r,, T is the observation period
and C is the cross-correlation computed
between the two traces as a function of ¢ , the
delay time. Among others, Sabra et al. (2005)

have shown that

(10)

dC.

— z—G,.( 3T )+G ( 3Ty t)

dt (11)
where G (r,; 1, t) is the time domain Green’s

function between the two locations. A review
paper has been presented in Campillo (2006)
and a useful compilation of 73 papers has been
printed (Wapenaar et al., 2008). Results have
been published from very small inter-station
distances (5m in Chavez-Garcia et al., 2006) to
very large distances (thousands of km in Shapiro
et al., 2005). Applications of this equation are
abundant, from local or regional tomography
(e.g., Shapiro et al., 2005; Yao et al., 2006;
Kang and Shin, 2006; Moschetti et al., 2005;
Yang et al., 2007; Prieto and Beroza, 2008) to
volcano monitoring (e.g., Sens-Schénfelder and
Wegler, 2006; Brenguier et al., 2007) and even
to building response (Prieto et al., 2010).

The SPAC method and time domain cross-
correlation are not completely independent
methods. The data used is often the same and
the operation (correlation) between traces is the
same. The relation between the two methods has
been anaysed in Chavez-Garcia and Luzdn (2005),
Chavez-Garcia and Rodriguez (2007), Yokoi and
Margaryan (2008), Prieto et al. (2009), and Tsai
and Moschetti (2010), among others. It is not
the purpose of this paper to review that relation
but we did compute time domain correlation
functions, where we observed the emergence of
the fundamental mode pulse for Rayleigh waves.
In this paper we will only show an example of
the equivalence of results obtained using cross-
correlation in the frequency (SPAC method) and
time domains (seismic interferometry). Some
station pairs show a lack of correlation in both
time and frequency domains, which we interpret
in terms of lateral heterogeneity. When lateral

variations occur over a distance larger than the
size of the arrays, we may identify it through the
comparison among the results for the different
arrays. However, if the lateral heterogeneity
occurs over a distance smaller than the distance
between stations, no correlation is obtained
in either frequency or time domains and the
method fails.

Data

The studied region is located in the lake bed
zone in Mexico City, close to the transition zone,
along the trace of the Metro-A line (Figure 1).
Triangular and linear arrays were deployed mainly
along Ignacio Zaragoza avenue (Figure 2). Array
aperture spanned a large range, from 10 to
1,960 m. Two different sensor types were used.
Vertical sensors HV1 by Kinemetrics (5 s natural
period) were used for the arrays smaller than
50 m. For these small arrays, HV1 sensors were
installed forming a triangle and all three were
cable connected to a single accelerograph. In this
case, because the three signals were recorded
by the same accelerograph, the sampling for all
sensors was simultaneous. For larger triangles,
we had to use independent recorders at each
measurements point, and therefore had to check
a common time base for all the records. We used
GPS antennas to synchronize all recorders to
GMT. If the accelerograph locks to the time signal
received by the GPS antenna, then common time
for all the records is guaranteed. There was only
one triangle for which one of the accelerographs
failed to lock its internal clock to the GPS time
signal, and the record had to be discarded. For
distances between stations of 60 m and larger,
we used triaxial broad band sensors CMG40 by
Guralp, able to record faithfully ground velocity
down to 0.03 Hz, each one coupled to a different
accelerograph. Ground vibration was recorded
using K2 and Etna accelerographs by Kinemetrics.

A total of nine triangular arrays and two
linear arrays were used to record microtremors.
Table 1 gives the different sizes of the triangular
and linear arrays used and Figure 2 shows their
location. At each one of locations S1 to S6 (small
green triangles in Figure 2), four or five different
triangular arrays with side length from 10 to 45
m were used to record microtremors during 20
min for each array. Additional triangular arrays
were deployed at locations A, B, and C (large
green triangles in Figure 2). At positions A and
B, 10 and 8 triangular arrays respectively were
deployed, with side length between 10 and 500
m (Table 1). Figure 2 shows an additional large
green triangle, labelled C, where only three
triangular arrays (with side lengths of 200, 400,
and 500 m) were deployed. All these arrays were
used to record microtremors for 20 min for the
smaller arrays and 30 min for the larger arrays.
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Figure 1. Location of the studied region (black rectangle drawn with thick lines) in Mexico City basin. The solid lines

correspond to contours of dominant period within Mexico City lake bed zone, interpolated from available measurements.

The lines are labelled with the corresponding period value in s. A red line shows the limit between the hill zone and

the transition zone. The line corresponding to 1 s period is drawn with blue; it indicates the limit between transition
and lake bed zones.

Table 1. Distances between stations in all of our triangular and linear arrays. At location S1,
microtremors were recorded using five different triangular arrays. At locations S2 to S6, four
different triangular arrays were used at each site. Locations A, and B included both small and large
triangular arrays, with the sizes given in the table. At location C only three large triangular arrays
were used to record microtremors. For arrays L1 and L2, four stations were used along a line.

Triangular arrays

Array Distance between sensors connected Distance between independent stations in m
to the same accelerograph in m

S1 10 20 27 35 45
S2 10 20 26.5 35
S3 10 20 30 45
S4 10 20 30 45
S5 10 20 30 45
S6 10 20 30 45
A 10 20 30 40 45 100 200 300 400 500
B 10 20 30 40 60 200 400 500
C 200 400 500
Linear arrays
L1 100 200 300 500
L2 600 620 750 1220 1360 1960
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Figure 2. Arrays used to measure ambient vibration in the lake bed zone of Mexico City. The region plotted corresponds
to the black rectangle shown in the previous figure. The North direction is parallel to the ordinate axis, pointing up.
At the locations of the green triangles marked with the letters A, B, and C, microtremors were recorded using large
triangles (distance between stations between 100 and 500 m). At locations A and B microtremors were also measured
using smaller triangles (side length between 10 and 60 m). At locations S1 to S6 microtremors were recorded using
triangular arrays with side length between 10 and 45 m. Finally, the blue and red solid lines marked L1 and L2 show
the location of the linear arrays where microtremors were recorded with four stations along a line. The distance
between station in arrays L1 and L2 varied between 100 m and 1,960 m. Table 1 gives the sizes of all arrays used to
record microtremors.

Finally, two additional linear arrays (L1 and
L2) were deployed using four stations for each
one. Their location is shown with the blue and
red lines in Figure 2. The distance between
stations is given in Table 1. Array L1, solid blue
line in Figure 2, had separation between stations
varying between 100 and 500 m. Array L2, solid
red line in Figure 2, had separation between
stations going from 600 to 1,960 m. The two
linear arrays recorded microtremors for one hour.

Frequency and time domain correlation
functions were computed for all station pairs.
Time windows selected for the analysis had an
overlap of 50% of its width, which varied from
60 s for the smaller arrays (smaller than 50 m)
and from 240 s for the larger arrays up to the
complete record length (1,200 s for arrays S1 to
S6, 1,800 s for the large triangles at locations
A, B, and C, and 3,600 s for the linear arrays
L1 and L2). The use of different window lengths
allowed us to check the influence of the record
length in the results of the correlation analysis.
We verified that our final results did not depend
on window length and that they were stable and
independent of all processing parameters.

Results
Results for distances smaller than 50 m

Figure 3 shows an example of the correlation
coefficients computed from the measurements
at location A for distances between stations
of 10, 20, 30, and 40 m. This figure shows
the average correlation coefficients computed
for each distance from the 180 time windows
selected for the analysis (60 time windows of
60 s duration with 30 s overlap, for each one of
the three station pairs at the same distance for
each triangle). The vertical dashed lines in each
frame indicate the frequency range for which the
corresponding correlation coefficients resemble
a J, function. On the high frequency end of the
plots, we observe that the correlation coefficients
become almost flat at a smaller frequency as
distance between stations increases: 15 Hz for
10 m, 8 Hz for 20 m, 6 Hz for 30 m, and 4 Hz
for 40 m. At low frequencies we observe that
correlation drops significantly at about 1 Hz in all
four cases shown. This drop in correlation at low
frequencies has also been observed by Chavez-
Garcia et al. (2006), Roberts and Asten (2007),
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Figure 3. Average cross-correlation coefficients computed for the triangular arrays with side length of 10, 20, 30, and

40 m for location A (Figure 2). The solid circles show mean values and the bars for each symbol indicate the mean

value plus or minus one standard deviation computed from 180 measurements for each distance. The two vertical

dashed lines in each panel indicate the frequency range for which the correlation coefficients may be inverted to
estimate a phase velocity dispersion curve.

and Claprood and Asten (2009). Roberts and
Asten (2007) propose that the lowest frequency at
which the correlation coefficients take the shape
of a Bessel function coincides approximately
with the peak values of the horizontal to vertical
spectral ratios (HVSR) recorded at the same site.
They speculate that high HVSR values imply low
amplitudes of vertical component surface-wave
motion, which results in the degradation of the
correlation coefficients. Our results support this
interpretation. As is shown below, for the small
triangular arrays at location A, HVSR have a peak
at frequencies between 0.4 and 1 Hz, coinciding
with the trough in correlation at low frequencies
of Figure 3. Similar results were obtained for all
small (smaller than 50 m) triangular arrays, with
the exception of array S6 as explained below.

Consider now an example of time domain
correlation. Figure 4 shows average time
domain correlation for all station pairs for the five
triangles with size smaller than 50 m at location A
(Figure 2), plotted at the corresponding distance
between stations. They correspond then to the
correlation coefficients shown in Figure 3. Again,
each trace is the average for all possible station
pairs at the corresponding distance. The pulse
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corresponding to the Rayleigh wave mode is
clearly observed. The phase velocity of this pulse
can be measured in Figure 4, it is about 100 m/s.
Figure 5 shows the Fourier amplitude spectra of
the four traces shown in Figure 4. The Rayleigh
wave pulse apparent in Figure 4 has energy in
the frequency band from 1 to 10 Hz, although
the largest amplitudes occur between 1 and 4
Hz.

We inverted a phase velocity from the
computed correlation coefficients at each
location using eq. (9). Figure 6 shows the phase
velocity dispersion curves derived from the small
arrays (smaller than 50 m) with the exception of
array S6. Figure 6 shows almost flat dispersion
curves in the frequency range from 0.7 to 4 Hz.
The frequency range for which results could
be obtained is different for each measurement
point. However, minimum (about 40 m) and
maximum (about 140 m) wavelengths are similar
for all cases. This was expected. The resolution
of an array for correlation of microtremor
measurements is a function of wavelength, as
explained in detail in Henstridge (1979) and
Chavez-Garcia et al. (2005). The phase velocities
that were obtained are also quite different
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Figure 4. Seismic section formed with the average correlation functions computed in time domain for station pairs

from the small triangular arrays installed at location A (Figure 2). Each trace is plotted at the corresponding inter

station distance and is the average of 180 correlations computed for each distance. We observe a clear pulse with a
phase velocity of about 100 m/s.

among the different measurements points, from
60 to 220 m/s at 2 Hz. This result suggests
significant lateral heterogeneity, with shear wave
velocity of the topmost layer varying according
to the location of the array. We can compare the
frequency range for which a phase velocity could
be estimated at point A in Figure 6 (between 1
and 3.4 Hz) with the frequency band for which a
Rayleigh pulse is estimated using time domain
correlation with the same microtremor records
(shown in Figure 5). The lower frequency limit
is the same, about 1 Hz. However, time domain
correlation shows that the Rayleigh pulse has
significant energy at least up to 10 Hz, whereas
frequency domain results do not go above 3.4 Hz.
The reason is that frequency domain correlation
requires that the phase difference between the
two records be unambiguously measured. This
is not the case for wavelengths smaller than half
the distance between the two stations, which
violate the spatial version of the fundamental
sampling theorem, as explained in detail in
Chavez-Garcia and Rodriguez (2007). However,
the phase velocity estimated from the seismic
section in Figure 5 coincides well with the results
from SPAC for array A. The results from SPAC
and time domain correlation are compatible.

Figure 6 does not show results for
measurements at array S6. A 200 s window of
raw microtremor data recorded at this array
for 10 m distance between stations is shown

in Figure 7, as an example of the records at
that location. The records in this figure are
dominated by very large amplitude transients,
common to the three stations. We verified that
these transients correspond to trucks and cars
going by in the large Zaragoza Avenue; arrival
time increases with distance to this avenue.
Correlation between the traces is strongly
affected by these signals which are certainly not
aleatory (we can easily identify the same pulse in
the three stations) and originate from a moving
point source. The basic hypothesis of the SPAC
method, waves propagating with equal power in
all directions, is violated and no significant result
could be obtained for this array.

Results for distances larger than 50 m

Let us consider now the results for station pairs
separated a distance larger than 50 m. The
results for these station pairs were not very
good. The triangular arrays at locations A, B, and
Cincluded distances between 60 and 500 m (see
Table 1). We computed correlations between the
records in time and frequency domains, testing
windows of different length for the analysis. We
could not obtain significant correlation for any
case. A possible reason for this lack of correlation
could be that the microtremor records were not
long enough. The recording time for the larger
triangles at the locations of arrays A, B, and C
was between 900 and 1,800 s.
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Figure 5. Example of the spectral amplitudes computed by Fourier transforming the traces shown in the preceding

figure. a) Fourier amplitude spectrum of the trace plotted at 10 m distance in Figure 4. b) Fourier amplitude spectrum

of the trace plotted at 30 m distance in Figure 4. c) Fourier amplitude spectrum of the trace plotted at 40 m distance
in Figure 4. a) Fourier amplitude spectrum of the trace plotted at 45 m distance in Figure 4.

In order to check whether the total length of
microtremor recording was a problem, we pla-
nned two additional arrays, L1 and L2. These
arrays were two lines of four stations each. The
total length of these arrays was 500 m for L1 and
1,960 m for L2. One hour of microtremors were
recorded simultaneously in the four stations
of each linear array. We computed correlation

coefficients for all station pairs for arrays L1
and L2 (the corresponding distances are given
in Table 1) averaging results for windows of
different duration selected from the records. We
tested window durations between 240 and 3,600
s. An example of the results is given in Figure 8.
This figure shows average correlation coefficients
determined for four different station pairs from
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heterogeneity in the studied
region.



GEOFisICA INTERNACIONAL

£ | P : L. |
600 620 840 860 680 700 720 740 760 780 aoc
Time [s]

Figure 7. A 200 s window as an example of the microtremor records obtained for array S6. The traces shown correspond

to the triangle with the sensors separated 10 m and are plotted as recorded, with no processing. We observe that very

large pulses dominate all three traces. The arrival time of these pulses increases with distance to Ignacio Zaragoza

avenue. We verified that those pulses correspond to vehicles in that avenue. Because the microtremor records are

dominated by these pulses, they violate the hypotheses required by the SPAC method, and no dispersion curve could
be estimated from the records obtained at location S6.
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Figure 8. Average cross-correlation coefficients computed for station pairs separated distances of 600 m, 750 m, 1360
m and 1960 m, for linear array L2. The different lines correspond to different window lengths analysed, all of them
with 50% overlap between windows. Black lines: average of 29 windows 240 s wide. Red lines: average of 14 windows
480 s wide. Green lines: average of 6 windows 960 s wide. Blue lines: average of 3 windows 1800 s wide. The orange
lines correspond to the correlation of the complete records as a single window of 1-hour length. We observe a very
good agreement among all the lines for each distance, indicating that window length is not a significant parameter
in the results. We observe that only for 600 m distance significant correlation is obtained between 0.2 and 0.4 Hz.
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array L2. Each solid line in this figure corresponds
to average correlation coefficients computed
using a different number of windows of different
duration, between 240 and 3,600 s. The good
agreement among all five curves indicates that
the window length has no significant effect on
the results. Thus the lack of correlation observed
for the triangular arrays at locations A, B, and C
was not the result of the limited recording time.
The correlation coefficients in Figure 8 are not
similar to a J, Bessel function, with the exception
of a narrow frequency band (between 0.2 and
0.4 Hz) for the station pair at a distance of 600
m in Figure 8. Similar results were obtained
for all station pairs from arrays L1 and L2. The
correlation coefficients that were computed were
not useful to invert a phase velocity dispersion
curve based on eq. (9).

Even if the correlation coefficients from array
L1 and L2 were inadequate for an inversion to
obtain a phase velocity dispersion curve, for
some station pairs, the observed correlation
coefficients showed the expected behaviour, i.e.,
a shape similar to a J, function, at least for small

frequency windows, as shown for 600 m distance
in Figure 8. Figure 9 shows the same correlation
coefficients computed for the separation distance
of 600 m for array L2. In this figure we have
superposed a J, function, manually fitted to the
observations by changing the abscissa of each
point while keeping the ordinates constant. This
modified Bessel function is shown with solid
green circles in Figure 9 in the frequency range
0.17 to 0.4 Hz. For each of these points, a phase
velocity could be estimated from the comparison
between the argument of the original J, function
and the value of the abscissa of that same point
after being fitted to the observed correlation
coefficients, using the relation between the
argument of the Bessel function and the term
wr/c. Using this non-standard procedure, we
could obtain some estimates of phase velocity for
distances of 100, 200, 300, and 500 m for array
L1, and for 600 m for array L2, only for five out
of the ten distances for which data were recorded
in these arrays, and only five out of 22 distances
larger than 50 m including measurements for
locations A, B, and C.

04

e
[S)

Correlation coefficients
=

Frequency [Hz]

Figure 9. Example of the manual fit of the abscissae of a J, function (solid circles) to the average observed correlation
coefficients. The solid lines with error bars repeat the average correlation coefficients and standard deviations shown
in Figure 8 for the station pair at a distance of 600 m in array L2. As explained in the figure caption of Figure 8, the
different lines correspond to different window lengths analysed, all of them with 50% overlap between windows. The
green solid circles show selected points of a Bessel function of first kind and zero order whose abscissae have been
changed to fit as closely as possible the observed correlation coefficients, while keeping the amplitudes unaffected.
An estimate of phase velocity may be computed from the comparison between the original argument of each point of
the Bessel function and its abscissa after being fitted to the observed correlation coefficients.
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The results for the five distances for which
phase velocity dispersion could be estimated
using this non-standard procedure are shown
in Figure 10. The different symbols identify the
corresponding station pair for which the phase
velocity could be estimated. The frequency range
of these estimates is very small, except for 100
m distance for array L1. Contrary to what was
observed for small distances between stations,
all the different estimates shown in Figure 10 are
in good agreement among them, forming a single
phase velocity dispersion curve. Phase velocity is
almost constant at 75 m/s for frequencies larger
than 0.8 Hz, in good agreement with a couple of
the dispersion curves shown in Figure 6 for the
smaller arrays. For frequencies smaller than 0.8
Hz, phase velocity in Figure 10 increases up to
450 m/s, indicating a significant velocity contrast
below the soft surficial layer. However, because
the phase velocity curve remains steep at low
frequencies, it does not constrain the velocity
below the sediments.

Velocity models

The phase velocity dispersion curves we estimated
are consistent between our small and large
arrays. However, although a significant velocity
contrast below is clearly indentified, the results

are unable to constrain the velocity of the deeper
medium. Moreover, because the phase velocity
estimates shown in Figure 10 were obtained
using a manual fit of the Bessel function, they
are less reliable than the phase velocities shown
in Figure 6, obtained using a formal inversion
scheme based on eq. (9). For these reasons,
we have not tried to estimate a 1D layered
model from the inversion of the phase velocity
dispersion curves. Rather, we propose the model
shown in Table 2, based on the phase velocity
dispersion estimated in Figure 10. A single
layer over a half space model is the simplest
model that can fit the observed dispersion. This
proposed model constrained the velocity of the
soft layer to 75 m/s, to fit the Rayleigh phase
velocity observed at frequencies larger than 1 Hz
in Figure 10. The shear wave velocity of the half
space must be larger than 500 m/s but is otherwise
unconstrained. We took density values adequate
for the soil layer and half space from Pérez-Cruz
(1988). We computed phase velocity dispersion
for the fundamental Rayleigh wave mode for the
model in Table 2, varying the thickness of the layer
until a reasonable fit was obtained. The computed
dispersion curve is shown with a solid black line in
Figure 10. Even if the model of Table 2 is not well
constrained, the agreement between observed and
computed phase velocity dispersion is quite good.

0.5 T I 1] I T I T I T I T
e LI1(100m)
‘. = LI (500 m)
p + L1 (200 m)
041= “|a & L1(300m)| ]
4|® 4 L2(600 m)
g i « '. —— theoretical |
E |
& 03} 4
=
3
e} L
<
>
202f
<
=
[a}
0.1}
O 1 I 1 I 1 I 1 I 1 I 1
0 0.2 04 0.6 0.8 1 1.2

Frequency [Hz]

Figure 10. Phase velocity dispersion curves estimated from the manual fitting of a J, function to the correlation

coefficients determined for distances larger than 50 m. Only five station pairs, out of 22 (see Table 1), showed a

small frequency range for which a J, function could be fitted manually. From that fit we determined the phase velocity

dispersion curves shown in this figure. The different symbols identify the corresponding array and distance between

stations. The solid line corresponds to the fundamental mode of Rayleigh waves computed for the model given in
Table 2. The agreement between the observed and computed dispersion is good.
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Table 2. A possible one-layer model for the

studied region based on the dispersion curve de-

termined for arrays L1 and L2. The shear-wave
velocity of the half space is unconstrained.

H[m] a[m/s] BIm/s]  p[gm/cm?3]
62.0 800.0 75.0 1.8
- 1,413.7 816.2 2.0

The simple model of Table 2 is also compatible
with the phase velocity dispersion estimated
from the smaller arrays. Figure 11 shows the
estimates of phase velocity dispersion obtained
from our small arrays (those shown in Figure 6)
together with phase velocity dispersion curves
computed for the fundamental mode of Rayleigh
waves for models very similar to that in Table 2.
The only change made was on the shear wave
velocity of the soft layer. All other parameters of
the model were kept constant. The shear wave
velocity used for the layer is indicated next to
each dispersion curve. We observe quite a good
fit to the observed dispersion. This fit could be

improved, were we to tweak the thickness of the
soft layer but we do not think this to be useful
at this stage because the model remains not well
constrained. Figures 10 and 11 do show, however,
that a model similar to that in Table 2 explains our
observations and quantifies the lateral variation
of the shear wave velocity of the topmost layer.

The results for our larger arrays are
disappointing. At low frequencies the phase
velocity dispersion curve is very steep, indicating
a large impedance contrast at the base of the
clay layer. That impedance contrast is the reason
for the large amplification of seismic ground
motion in the lake bed zone, which in a model
such as that in Table 2 is equal to the impedance
contrast between the layer and its substratum.
Our results fail to constrain the shear wave
velocity in the half-space. As explained in detail
in Chavez-Garcia (2011), if we cannot constrain
the shear wave velocity below the soft sediments,
we cannot compute the expected amplification.
We expected that larger distances between
stations would allow us to correlate waves
propagating through the substratum. This is not
the case.
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Figure 11. The symbols show the phase velocity dispersion curves estimated from the correlation of seismic noise
in the frequency domain from triangular arrays with side length smaller than 50 m. They repeat the results shown
in Figure 6. We have now included, with solid lines, theoretical dispersion curves for the fundamental Rayleigh wave
mode computed for models similar to that shown in Table 2. We only changed the shear wave velocity value for the
soft soil layer and kept all other parameters the same. Instead of the value of 75 m/s given in Table 2 for the shear
wave velocity of the soft layer, the value shown next to each solid line was used to compute phase velocity dispersion
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The lack of correlation between our stations
for distances larger than 600 m is similar to the
results presented in Chavez-Garcia and Quintanar
(2010). Those authors computed correlation
between stations separated from 5 to several
hundred km. One of the arrays whose data they
analysed crossed Mexico City. They observed a
lack of correlation between stations closer than
10 km, even if the same stations showed good
correlation with more distant stations. They
ascribed the lack of correlation to strong lateral
heterogeneities, expected for the thick volcanic
sediment sequence below the clay layer in
Mexico City basin. Chavez-Garcia and Quintanar
(2010) concluded that the heterogeneity of the
deep structure of the Mexican Volcanic Belt
inhibited the propagation of Rayleigh waves with
wavelengths smaller than 9 km.

In the case of our results, Figure 10 shows a
phase velocity of 400 m/s at 0.4 Hz. This implies
a wavelength of 1 km, which is about the longest
wave for which we obtain correlation among our
stations. Considering together our results with
those of Chavez-Garcia and Quintanar (2010),
we may conclude that there is a wavelength
range between 1 and 9 km, for which no
correlation is observed for microtremor records
in Mexico City basin. However, information for
this wavelength range is needed to constrain
the shear-wave velocity structure of the volcanic

sediments below the clay layers in the lake bed
zone. This is a very significant problem and one
that remains a challenge.

HVSR

Finally, we computed horizontal to vertical
spectral ratios (HVSR) using the microtremor
records where three-component ground motion
was recorded. We estimated dominant period in
the studied region from the large peaks obser-
ved in the HVSR. This is not incompatible with
the interpretation of the records in terms of
Rayleigh waves, as required by the SPAC method.
It has been shown that HVSR gives stable results
independently of the predominant propagation
mode, body or surface waves (Chavez-Garcia,
2009). Figure 12 shows the map distribution of
dominant period obtained from our measure-
ments. We observe significant variations, from
0.8 s on Ignacio Zaragoza avenue up to almost
5 s for the measurements at the stations for the
linear arrays L1 and L2. Dominant period varies
rapidly over short distances. The dominant
period value computed for the model of Table 2
(which does not correspond to a specific site but
is mostly based on the results for array L1) is
3's, in good agreement with the empirical values
shown in Figure 12. We have superposed in this
figure the dominant period curves shown in Figure
1, included in the Distrito Federal building code.

0100 300 500m
e s =

Figure 12. Dominant period map obtained using HVSR with the microtremors recorded in all the arrays. The region
plotted corresponds to the black rectangle shown in Figure 1.The North direction is parallel to the ordinate axis,
pointing up. The location of the arrays used in this study are shown with the large green triangles marked A, B,
and C. The small green triangles indicate the location of arrays S1 to S6. The open red and blue circles indicate the
location of the linear arrays L1 and L2 respectively. The bold numbers indicate the values of dominant period in s
determined from HVSR for our measurements. The solid black lines, together with the numbers in cursive font, show
the contours of dominant period obtained from Distrito Federal building code. They are the same curves shown in
Figure 1. We observe a significant disagreement between our measurements and the contour lines, interpolated from
much sparser measurements.
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These curves are the result of the interpolation
of available measurements, which are quite
sparse in our studied region. This explains the
large difference between our measurements of
dominant period and the interpolated curves.
These discrepancies suggest that additional
measurements of dominant period are needed in
the lake bed zone of Mexico City.

Conclusions

We have presented the results of subsoil
exploration in the lake bed zone of Mexico City
using correlation of microtremors recorded with
arrays of stations. 46 independent triangular
arrays and two linear arrays were installed with
inter station distances between 10 m and almost
2 km. Microtremors were recorded for a few
minutes at the smaller arrays and one hour at the
larger arrays. Vertical components were analyzed
using the SPAC method to recover Rayleigh wave
dispersion. Our measurements allowed us to
compute correlations of microtremors for a very
wide range of distances between stations, from
10 m to 2 km.

Good results were obtained for distance
between stations smaller than 50 m. The shallow
velocity structure could be well determined from
correlation analyses. Moreover, we obtained
evidence of significant lateral heterogeneity in
the clay layer. We showed that the velocities
estimated using time domain cross-correlation,
seismic interferometry, were compatible with the
results from the SPAC method.

For distance between stations larger than 50
m, it was not possible to obtain good correlation.
We only observed correlation coefficients similar
to a Bessel function in small frequency ranges
for five different distances (between 100 and
600 m) out of the 22 distance for which we
recorded data. We demonstrated that this lack
of correlation was not due to the duration of
the microtremor records in the field. For those
five different station pairs, we manually fitted
a Bessel function to the narrow range of useful
correlation coefficients and estimated from that
phase velocity values in the frequency range
from 0.3 to 1.4 Hz. The result shows that there
is a significant impedance contrast at the base
of the soft surficial sediments. However, our
measurements are unable to constrain the
velocity below those sediments. If we cannot
determine the shear wave velocity of both
sediments and basement, it is not possible to
compute expected amplification. These results
are disappointing. Our analysis indicates that the
most likely cause is lateral heterogeneity of the
sediments below the soft clay layers. Mexico City
basin includes several km of volcanic sediments
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between the very soft clay layer at the surface in
the lake bed zone and the limestone basement
of the basin. Correlation between two stations
requires that the medium, at the wavelength
scale of distance between stations, be able to
sustain Rayleigh waves. The large heterogeneity
expected for volcanic sediments must affect
surface wave propagation for wavelengths larger
than 1 km in such a way that Rayleigh waves
cannot be retrieved from frequency or time
domain correlations. This conclusion is similar to
those of Chavez-Garcia and Quintanar (2010),
who observed a lack of correlation in Mexico City
for Rayleigh wavelengths smaller than 9 km.
Our results show that we need an alternative
method to investigate the subsoil structure for
the wavelength range between 1 and 9 km.

We used the records obtained using triaxial
sensors to estimate dominant period from
horizontal to vertical spectral ratios. The results
are compatible with those from correlation
analyses. Our measurements provide reliable
constraints on the variation of dominant period
in the studied region. Dominant period changes
significantly over short distances, similarly to the
change of shear wave velocity of the topmost
layers identified from correlation analyses. This
was to be expected close to the edges of the
ancient lake, where we anticipate rapid lateral
variations in the subsoil structure. Our values
for dominant period are quite different from
the smooth curves included in Distrito Federal
building code. The curves from the building code
were interpolated from very few measurements
in the studied region. This suggests that
additional measurements of dominant period are
needed in the lake bed zone of Mexico City. This
is important because the building code specifies
design spectra in terms of dominant frequency.

Finally, the correlation method, as any other
method in Geophysics, has significant limitations.
In the case of Mexico City, the determination
of the velocity structure below the clay layer
remains a challenge. That structure is important
because it conditions the incident wavefield
below the clay layer and is necessary to compute
expected amplification.
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