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Near-Field Spectra of Large Earthquakes

RauL MADARIAGA,1

Abstract—We have studied the spectra of large subduction
earthquakes in Chile at short epicentral distances. In this work, we
concentrate on the My, 8.2, Iquique earthquake of 1 April 2014. For
such a large event, in most stations we cannot separate P and S
waves; which arrive very close together and interfere to produce
the static displacement field. We find that the displacement spectra
observed in all the accelerograms are significantly different from
the usual far-field Brune spectrum. Displacement spectra have clear
omega-1 decay at low frequencies that we prove to be associated
with the dominant role of near and intermediate field waves in the
ground motion. The origin of the omega-1 decay is that at short
distances, displacement contains a finite static displacement. We
confirm this spectral behavior by comparing the spectra computed
from accelerograms integrated to velocity with co-located GNSS
recordings. Both spectra are flat at low frequencies and the low-
frequency asymptote of the velocity spectrum is proportional to the
static displacement determined from GNSS. We explore the tran-
sition from these near-field records to far-field ones and find that
the usual omega-2 spectrum appears only at large distances com-
pared to the size of the dynamic rupture zone. For large
earthquakes, the displacement spectra have a term proportional to
the moment spectrum and another proportional to moment rate
spectrum. The term proportional to moment dominates the low-
frequency behavior of accelerograms in the near and intermediate
field, so that they do not follow the omega-square decay of the
moment rate spectrum.
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1. Introduction

Large earthquakes in subduction zones are par-
ticularly dangerous because they produce extensive
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damage, but their spectral characteristics in the near
field have been only recently studied because of lack
of local unclipped data. In Chile, we can use a
combination of new geodetic and acceleration data to
study the waves radiated by large earthquakes at low
frequencies in addition to the best known high
frequencies.

Northern Chile is an active seismic zone, where
large-magnitude earthquake occur frequently (Ruiz
and Madariaga 2018). The intraplate intermediate-
depth event of 2005 Tarapaca M, 7.8 (Delouis and
Legrand 2007; Peyrat et al. 2006) prompted the
deployment of seismological stations within the
Integrated Plate Boundary Observatory Chile—
IPOC, a multi-component network created by Ger-
man, French and Chilean researchers (IPOC 2006).
Since then, northern Chile earthquakes have been
well recorded by GNSS, broadband and strong
motion stations located on hard rock sites (Leyton
et al. 2018a, b; Baez et al. 2018). The first large
earthquake after the installation of IPOC was the M,
7.7 Tocopilla earthquake of 2007 (Delouis et al.
2009; Peyrat et al. 2010; Schurr et al. 2012; Fuen-
zalida et al. 2013). Lancieri et al. (2012) studied the
spectral characteristics of this earthquake and its
aftershocks. They found that all aftershocks had a
typical omega-squared spectrum (Aki 1967; Brune
1970; Madariaga 1976; Madariaga and Ruiz 2016).
The main shock, on the other hand, had a different
kind of spectrum that diverged at low frequencies,
increasing like omega-1. At that time few
accelerometers were available and these authors
proposed that this behavior was probably due to near-
field waves, but that it could also be due to the
complexity of this double event. These observations
suggested that the ground motion spectrum of large
Chilean earthquakes was different in the near and
intermediate field from the usual omega-squared

X Birkhauser


http://orcid.org/0000-0003-2524-9489
https://doi.org/10.1007/s00024-018-1983-x
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-018-1983-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-018-1983-x&amp;domain=pdf

R. Madariaga et al.

model proposed by Aki (1967) and Brune (1970) for
events recorded in the far field.

The Aki-Brune spectrum has been successfully
used to invert the dynamic characteristics of earth-
quake ruptures using far-field P or S waves
(Abercrombie 1995; Ide and Beroza 2001; Prieto
et al. 2004; Allmann and Shearer 2009; Oth et al.
2010; Lancieri et al. 2012; Archuleta and Ji 2016;
Denolle and Shearer 2016; and many others). Here,
we focus on a different aspect of spectral records,
characterizing the behavior of large-magnitude
earthquakes recorded with both GNSS and strong
motion instruments in the near field.

The first very large Chilean earthquake recorded
by modern seismological data was the 2010 M, 8.8,
Maule megathrust earthquake, which produced
excellent continuous GNSS records that were used by
Vigny et al. (2011) as seismograms to model this
event. The displacement records of this earthquake
had large static co-seismic displacements. Unfortu-
nately, no digital good-quality accelerometers were
located close to the epicenter of the Maule 2010
earthquake (Ruiz et al. 2012). After this earthquake,
the Centro Sismologico National (CSN) of the
University of Chile was created and deployed a large
network of broadband, accelerometers and GNSS
stations (Barrientos et al. 2018; Leyton et al.
2018a, b; Baez et al. 2018). These stations that
include now those installed by IPOC have recorded
several large earthquakes, such as the M, 8.2 Iquique
event of 1 April 2014, the M,, 8.3 Illapel earthquake
of 15 September 2015 and the M,, 7.6 Chiloé earth-
quake of 25 December 2016. These events provide
excellent recordings that have been largely used to
model the events and to study their principal char-
acteristics (e.g., Ruiz et al. 2014, 2016, 2017a, b;
Schurr et al. 2014; Hayes et al. 2014; Lay et al. 2014;
Melgar et al. 2016, 2017; Tilmann et al. 2016; Ye
et al. 2016; Lange et al. 2017). These studies have
been centered on the slip distribution, tsunami
effects, nucleation process and their relation with
slow slip events, but overlook the spectral properties
of strong motion records in the near field. Here, we
examine the general properties of these accelero-
grams. We use the records written by the Iquique
earthquake of 1 April 2014, because this is the Chi-
lean earthquake with the largest number of co-located
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GNNS and strong motion records on hard rock sites
(Leyton et al. 2018a; Béez et al. 2018). Our goal is to
understand the basic features of displacement spectra,
the relative role of low and high frequencies of the
spectrum and their relation with the seismic moment
and seismic moment rate histories.

2. The Iquique Earthquake and Its Near Field

On 1 April 2014, a magnitude M, 8.2 hit the
northern Chile region of Tarapaca near the City of
Iquique, and 2 days later the largest aftershock with
magnitude M, 7.7 occurred (see Fig. 1) (Ruiz et al.
2014; Schurr et al. 2014; Hayes et al. 2014; Lay et al.
2014; Duputel et al. 2015). This event has been
studied carefully because it was preceded by a long
series of precursory shocks that began several years
before 2014 and culminated in an intense, but inter-
mittent series of foreshocks that started in July 2013
(Ledn-Rios et al. 2016; Cesca et al. 2016). A slow
slip event was observed before the main shock that
has been carefully documented (Ruiz et al. 2014;
Kato and Nakagawa 2014; Socquet et al. 2017). The
main event was studied by a number of researchers
using a combination of far- and near-field data that
were reviewed by Duputel et al. (2015) and, recently,
its post-seismic deformation has been analyzed by
Hoffmann et al. (2018).

The Iquique seismic sequence was recorded by a
large set of multi-parameter stations of the IPOC
networks. In addition to these data, several other
acceleration and GNSS stations deployed by the CSN
(Leyton et al. 2018a; Baez et al. 2018) are available.
The full set of stations considered in this work are
listed in Table 1 and plotted in Fig. 1.

The Iquique main shock started with an immedi-
ate foreshock located some 30 km ocean-ward of the
main rupture. In Fig. 2, we plot the EW accelero-
grams at two stations, PSGCX and TAOI, and their
locations can be found in Fig. 1. The two records
show that the Iquique event started with an immedi-
ate foreshock that occurred at 23:46:46 (T;) and was
followed by the main event at time 7, = 23:47:03
(Ruiz et al. 2014). The difference between T; and T,
(17 s) is larger than the arrival time of the S waves
from the first event at many stations, so that after a
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Figure 1
Map of northern Chile near the Iquique earthquake of 1 April 2014. "%"he slip distribution of the main event and its main aftershock of 3 April
2014 are shown with colors (from Ruiz et al. 2014). White stars show the epicenters of both events in addition to the 16 March 2014
foreshock. The events are situated between the trench and the Chilean coastline along the plate interface. The main stations used in the present
study are shown on the continent. The inset shows the instruments available around the City of Iquique

few seconds the P and S waves were mixed in the
accelerograms. This prevents us from separating the
P and S far-field waves associated with the rupture of
the main slip patch (main asperity) of this large-
magnitude event.

First, we focus on the recordings of the
accelerometer at station PSGCX and the collocated
PSGA GNSS site, both situated near the City of
Pisagua in northern Chile. These stations are the
closest to the epicenter of the nucleation foreshock as
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Table 1

Northern Chile instruments

Code Longitude Latitude Type

aeda — 70.1777 — 20.54614 GNSS

atjn — 70.136738  — 19.3008 0 GNSS

cbaa — 68.448198  — 22.746394 GNSS

cdle — 69.761555  — 22.189982 GNSS

cgte — 70.068623  — 20.177139 GNSS

chm2 — 69.194134  — 19.668575 GNSS

clla — 69.35664 — 20.95448 GNSS

chyt —70.342112 — 18.3708285  GNSS

cgte — 70.068623  — 20.177139 GNSS

chm2 — 69.194134  — 19.668575 GNSS

clla — 69.35664 — 20.95448 GNSS

colc — 68.638617  — 19.27621 GNSS

crsc — 70.07976 — 20.91768 GNSS

ctlr — 70.096824  — 21.964205 GNSS

fbaq — 69.755396  — 20.134643 GNSS

mnmi — 69.595661  — 19.131416 GNSS

pecl — 70.106751  — 18.45766 GNSS

ptre — 69.57451 — 18.19452 GNSS

pecl — 70.106751  — 18.45766 GNSS

pcha —69.431944  — 19.869444 GNSS

picc — 69.334617  — 20.489858 GNSS

psga — 70.12301 — 19.59738 GNSS

ptre — 69.57451 — 18.19452 GNSS

uapf — 70.141388  — 20.243055 GNSS

utar — 70.296388  — 18.490556 GNSS

GOO01 — 69.1942 — 19.6686 ACCEL
MNMCX  — 69.5955 — 19.1311 ACCEL

PSGCX — 70.1230 — 19.5972 ACCEL
HMBCX  — 69.8879 — 20.2782 ACCEL

PATCX — 70.1529 — 20.8207 ACCEL

PBO1 — 69.4874 — 21.0432 ACCEL + GNSS
PB02 — 69.8960 — 21.3197 ACCEL + GNSS
PB03 — 69.7531 — 22.0485 ACCEL + GNSS
PBO7 — 69.8862 — 21.7267 ACCEL + GNSS
PB08 — 69.1534 — 20.1411 ACCEL + GNSS
PB09 — 69.2419 — 21.7964 ACCEL + GNSS
PB11 — 69.6558 — 19.7610 ACCEL + GNSS
PB12 — 70.3281 — 18.6141 ACCEL + GNSS

shown in Fig. 1. Figure 3 shows the displacement
record obtained at the EW component of the GNSS
geodetic station on top of which we have superposed
the displacement field doubly integrated from the EW
accelerogram recorded at the PSGCX accelerometer.
The accelerogram was integrated using the method
proposed by Boore (2001) which consists of isolating
a central time window in the signal where the
strongest motion is concentrated, and then removing
the trend outside the window. Variations of this
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Figure 2
The 2014 Iquique main shock recorded at two near-field accelero-
grams located in Pisagua (PSGCX) and the Iquique airport (TAO1).
The zero line of the PSGCX record has been displaced by 4 s. The
P1 and P2 arrows denote the times of first P-wave arrival from the
immediate foreshock and the P-wave arrival from the main rupture,
respectively. At these stations the P2 wave arrived at about the

same time as the S wave generated by the immediate foreshock
(P

technique have been proposed some time earlier and
later extended by other authors (Graizer 1979, 2010;
Iwan et al. 1985; Boore 2001; Wang et al
2003, 2011, 2013; Boore and Bommer 2005; Wu and
Wu 2007; Chao et al. 2009). In Fig. 3, we show with
vertical lines the window that we isolated for the
estimation of displacement using the procedure
defined by Boore (2001). We verified that using dif-
ferent windows for the strong motion double
integration procedure, we could fit the low-frequency
features of the GNSS records. Additional examples of
the fit between GNSS recordings and integrated
accelerograms in Chile have been recently published
by Béez et al. (2018).

3. Computing Ground Motion Spectra
from Accelerograms

We will now compute the spectra of the records
shown in Fig. 3. For large earthquakes in the near
field, it is not possible to separate P and S waves
because these waves are delayed by less time than the
total seismic source duration of the earthquake. For
the Iquique earthquake, the total duration is about
50 s (Figs. 2, 3). Figure 3 shows that the near-field
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Comparison of the GNSS EW displacement at station PSGA (Pisagua) and that obtained from the integration of the collocated PSGCX
accelerogram using Boore’s (2001) method. The vertical lines define the beginning #; and end 7, of the strong motion window used to integrate
the accelerograms. The GNNS data has been corrected for leap seconds

term starts immediately after the arrival of P waves
and decreases significantly before the S-wave arrival.
After the end of the S waves (and possibly of surface
waves), displacement becomes constant and approx-
imately equal to the static displacement observed in
the GNSS station PSGA.

Unfortunately, accelerograms processed by the
Boore (2001) procedure cannot be used to compute
spectra, because the removal of the base line is non-
linear. The spectra of the displacement signals com-
puted in this way will contain the effect of the linear
trends and the transition of the zero line in the strong-
motion window. It is possible to improve the inte-
gration of accelerograms using displacement records
obtained at collocated GPS instruments as proposed
by several authors (e.g., Bock et al. 2011; Wang et al.
2013, among others). Unfortunately, even if the
integration of accelerograms is improved, the dis-
placement records still cannot be used to compute
displacement spectra because of the finite displace-
ment jump at the end of the record. The reason is that
the numerical Fourier transform used to compute the
spectra from signals like those of Fig. 3 assumes that
the time series is periodic with a period equal to the
duration of the record. Thus, the computed Fourier
transform sees a jump in displacement at the end of
the record and is contaminated at all frequencies. The
Fourier transform of such a jump is simply u/io,
where u, is the static displacement. All the other
spectral information contained in the accelerogram is
hidden by this jump. Many techniques have been
proposed in the literature to remove this effect of the

finite time window. Some of them consist in using a
window to multiply the time signal, but these win-
dows contaminate the low-frequency contents. In
Fig. 4, we show the displacement spectrum computed
directly from the displacement signal integrated by
the Boore (2001) procedure shown in Fig. 3. In this
figure, the numerical Fourier transform of the dis-
placement trace is shown in black. As expected, it is a
straight line of slope — 1 with amplitude proportional
to the static displacement. For this reason we have
chosen a method that exploits the finiteness of the
velocity time series. In the same figure, we plot in
gray the displacement spectrum computed from the
velocity traces using the method described in the next
section

We propose a simple method to compute the
displacement spectrum that uses a property of the
velocity time series. The accelerograms integrated
once to determine the ground velocity have been
shown to be very well fitted at low frequencies by the
ground velocity derived from GNSS signals (e.g.,
Béez et al. 2018). Figure 5 shows the three compo-
nents of the ground velocity integrated from
accelerograms at the PSGCX station, and the veloc-
ities derived from the PSGA GNSS recordings. The
instrument response of the accelerograms was
removed, and the records have been low-pass filtered
with a causal Butterworth filter of order 2 and corner
frequency 0.5 Hz. The coincidence between the
records is excellent. This representation is better than
comparisons between displacement records to show
that the frequency content of the two records is the
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Finite Fourier transform of the displacement trace at station PSGCX shown in Fig. 3. The black spectrum was computed directly from
displacement obtained by doubly integrating the accelerogram shown in Fig. 3, without correction for the jump in displacement at the end of
the time series. In gray, we show the spectrum computed for the displacement obtained by double integration in the spectral domain (i.e.,
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Figure 5

Comparison of ground velocity determined at the Pisagua stations from GNSS records (PSGA) and co-located integrated accelerogram
(PSGCX). The velocity records obtained from accelerograms have been low-pass filtered at 0.5 Hz to enhance the similarity between these

records in their common band pass
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same in the frequency range where they both coincide
(conservatively estimated as above 0.15 Hz).

In Fig. 6, we show the Fourier spectra of the
velocity traces at station PSGCX plotted in Fig. 5.
Since velocity returns to zero at the end of traces,
except for seismic noise, we can compute the velocity
spectrum without the problems of the finite dis-
placement at the end of the time window discussed
above for Figs. 3 and 4. The spectra computed using
regular FFT routines display a common property of
ground velocity for the Iquique and other large sub-
duction earthquakes in Chile. The spectral trend is flat
at low frequencies in contrast to predictions of far-
field velocity radiation for finite sources (Brune 1970;
Madariaga 1976) that should linearly increase with @
at low frequencies. A more detailed explanation will
be provided in the next section, but it is relatively
easy to understand. At close distances from the
source, the near-field terms of the Green function

dominate the radiated spectrum. The near field is
dominated by the moment time function, not the
moment rate, so that at close distances the velocity
spectrum at low frequencies resembles that of the
integral of the far-field source time function. We can
now compute displacement spectra from the velocity
spectra by simply dividing them by iw, that is, by the
infinite integration operator in the frequency domain.
The spectra thus calculated remove the spurious high-
frequency w~! spectral decay of the Fourier trans-
forms computed from a finite displacement time
series in the near field. The displacement spectrum of
the ground motion is shown in gray in Fig. 4.

A particular property of the velocity spectra in
Fig. 6 is that the Fourier transform of the ground
velocity in the near field must approach at low fre-
quencies the static displacements observed in Fig. 3.
From classical Fourier transform theory, the spectrum
of ground velocity near zero frequency approaches
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Figure 6
Spectra of the velocity records from the PSGA GNSS station and thi PSGCX accelerogram. The time domain velocity signals are shown in
Fig. 5. These spectra were directly computed using a fast Fourier transform algorithm. We observe that at low frequencies, the accelerogram
and GNSS instrument share an almost identical spectrum in spite of the different noise levels in these two types of instrument. All three
components have almost flat spectra at low frequencies. These low-frequency velocity spectra converge to co-seismic displacement values
observed in that site
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the integral of velocity, which is the static

displacement:

tim i) = / a(0dt = u(oo). (1)

Although this property is verified in the PSGCX
records it may be difficult to use in practice because
of noise and limited frequency band. Anyway, the
high quality of northern Chile accelerographs and the
high signal/noise ratio allow us to obtain in some
cases the static displacement directly from velocity
spectra using Eq. (1); see Fig. 6.

4. Why Omega-1?

Radiation from seismic sources can be approxi-
mated by the radiation from a point double couple
inside a homogeneous medium (see Aki and Richards
2002 and the Appendix). Modifying slightly the first
term in Equation (7), the radiation from a point
seismic moment source is

1
1 1 t
2AN—2/TM0<ﬁ——r>dr
4njpﬁ r / r

1 1 1 1 r
AP (r——) A (-
dnpo’ 2 0 o + Adnpp? 12 0 B

1 1. r 1 1. r
T AT M (1= 2) ATt (1 -
+4T[p063 r? o +47;pﬁ2 rl B)’

(2)

where r is distance between the source and observer,
and ¢ is the time. The terms in the equation are usu-
ally called near, intermediate and far field. The Al
terms are the radiation patterns defined by Aki and
Richards (2002). p, «, f are the density, P-wave and
S-wave speeds, respectively. My(f) is the seismic
moment time history. The dot above the moment
denotes moment rate. We wrote the first term of
Eq. (2) in a slightly different form from Aki and
Richards (2002) because we want to stress that the
near and intermediate terms both decay as r—> and
cannot be separated in the study of radiation.

For the study of the spectrum of radiated waves,
we rewrite the Fourier transform of (2) in the self-
similar form:

ui(r,t) =

+
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where F™NP(wr/o) and F™S(wr/pB) are self-similar
functions of frequency scaled by propagation time.
They are defined in the appendix.

Expression (3) for the Green function in the fre-
quency domain clearly shows that the near and
intermediate field that decay as r—2 are proportional
to moment, while the far field that decays like rlis
proportional to moment rate. Since moment rate is
known to be flat at low frequencies (i.e., proportional
to "), the near field is then inversely proportional to
frequency, i.e., it behaves at low frequencies like
w~'. We can show this property very simply by
adopting Brune’s (1970) source time function.
Brune’s moment rate is

M(t) = Mowéte*‘”“’H(t), 4)
whose Fourier transform is:

1

. \2°
(1+5)

Here, wq is the corner frequency. The Fourier
transform of My(w) is that of (5) divided by iw.

(5)

4.1. A Simplified Model for S Waves

We can illustrate the properties of strong motion
in the near field with a simplified model of S waves
that we derived from an equivalent model for P
waves proposed by Vidale et al. (1995). From the
previous theoretical considerations, we write a very
simplified version of (2) that retains its main features.
We consider only S waves that have Brune’s (1970)
waveform (4) in the time domain:

CNF r Crr . r
t)=—Mylt—— —Myt—- ). 6
u(r,t) 2 o< ﬁ)+ p 0( ﬁ) (6)
CNF contains the near-field radiation pattern and

normalization. C'* contains the far-field radiation
pattern and normalization. Expression (6) is a simple
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way of writing the main features of the radiated
waves from a point dislocation including a Brune
finite source time function. Of course any other
source time function can be wused in this
approximation.

In Fig. 7, we show a wave form in the near field
computed using (6) that simulates quite well those
observed in the EW component for large subduction
earthquakes in Chile. We assumed a corner frequency
wy = 4(fy = 0.637Hz) and a ratio C = Q& = 0.75
between the near- and far-field coefficients in (6). In
the same figure, we show the spectrum computed
using the exact transforms of the moment and
moment rate. We observe that for these particular
parameters, the peak displacement—dominated by
the moment rate—is about twice the static displace-
ment—dominated by the moment—in the time
domain. Any other ratio of peak to static amplitude
can be obtained by changing the ratio of the
coefficients or the corner frequency. On the other

hand, for this particular set of parameters (wy, C), the
static field dominates the spectrum in most of the
frequency range displayed in the figure. Moment rate
becomes dominant only at frequencies larger than
2 Hz, well beyond the corner frequency. The inter-
play between the near-field and far-field terms is
complex and depends on several parameters: the
radiation pattern and distance that determine the
coefficient C; and the corner frequency wy, that is
inversely proportional to the duration. Thus, as we
will elaborate in the discussion, the relative weight of
near- and far-field terms depends on the relative
values of the duration and the P-S time.

5. Ground Motion Spectrum in Northern Chile After
the Iquique Earthquake

In the previous section, we studied the spectrum at
station PSGCX (Pisagua) in northern Chile. This is

Brune model Far & Near field terms
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Figure 7
Spectra of a simplified near-field displacement spectrum computed f(%r an S wave that contains both near- and far-field components. The near
field is plotted with a dashed line and the far-field (Brune) signal is plotted with a dash-dotted line. The thick black line is the full near-field
displacement signal. In this case, the ratio between the peak displacement and the static displacement is 2. The displacement spectrum is
shown at the bottom with the same convention for the far- and near-field components. We observe that the near field (in black) dominates the
spectrum for a very broad range of frequencies up to the corner frequency, which here is 0.637 Hz (wo = 4rad/s). The ratio between the
coefficients in Eq. (6) is 0.75
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the closest station to the earthquake epicenter and, as
shown in the previous section, its displacement
spectrum is dominated by the w~! low-frequency
decay (Fig. 4) due to the finite jump in displacement
observed in Fig. 3. At this distance, the seismic
moment-dependent terms in the Green function, first
term in (3), dominate the spectrum. As shown in
Fig. 1 and Table 1, the Iquique earthquake was
recorded at more than 20 accelerometric stations in
northern Chile.

Let us first consider the PB11 station, which, as
observed from Fig. 1, is situated some 60 km inland
from Pisagua and located 119 km from the immedi-
ate foreshock of the earthquake. Figure 8 shows the
EW component of displacement at this station. Dis-
placement was computed by the Boore (2001)
procedure discussed earlier. Superimposed on the
seismic displacement trace, we plot the ground dis-
placement determined at the same station from the
GNSS antenna of the PB11 IPOC multi-parametric
station. The traces for both the integrated accelero-
gram and the geodetic data are very similar and have
a large static component. It is obvious that in this
station the field is dominated by the moment time
function. In the two bottom panels of Fig. 8, we show
the ground displacement spectrum determined from
the accelerogram spectrum by double Fourier inte-
gration (division by omega-2) and the velocity
spectrum. The displacement spectrum shows the
characteristic omega-1 behavior at low frequency, as
expected from the static displacement observed in the
displacement. The velocity spectrum at the bottom
has the typical flat spectrum observed in northern
Chile for the Iquique earthquake. The level of the flat
part of the velocity spectrum is very close to the static
displacement observed in the GNSS instrument trace
(GPS) at the top of Fig. 8. This confirms relation (1)
derived earlier.

As we move away from the source, the level of
ground displacement decreases, yet the spectra are
still dominated by the static displacement, and thus
by the moment time function, rather than moment
rate. We illustrate this with the record obtained at
station PBO1 of the IPOC network (see Fig. 1). This
station is located near 21°S, about 219 km from the
initial foreshock of the Iquique earthquake. Figure 9
shows the displacement records obtained from the
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accelerogram and the GNSS instruments of the PBO1
IPOC station. Both coincide very well in the large
amplitude part in the 60-100 s window and they
diverge near the end of the record where the dis-
placement is less than 2.5 cm. The spectra shown in
the two bottom panels are very similar to those of the
PB11 station. The flat part of the ground velocity
spectrum is about 0.05 m, as shown with horizontal
line in Fig. 9. Clearly, the velocity spectrum inte-
grated from the accelerograms is determined by the
static displacement produced by the earthquake at
this station.

The similarity of the ground velocity spectra
recorded at different distances from the Iquique
earthquake is striking. In Fig. 10, we show a stack of
the ground velocity spectra computed for several
stations in northern Chile that recorded the Iquique
earthquake.

The stations chosen for the plot of velocity spectra
in Fig. 10 range in distance from 70 to 250 km, yet
the spectra are very similar in the intermediate fre-
quency range from 0.1 to 1 Hz. At lower frequencies,
the spectra are dominated by the static field and thus
by the moment time function. These spectra scale
with the static displacement as shown in Figs. 9 and
10 for stations PBO1 and PB11. In the high-frequency
range, from 1 to 10 Hz, on the other hand, these
spectra decay as omega-1 as predicted by Brune’s
model indicating that the high-frequency part is
dominated by the moment rate—time function. In most
of northern Chile, the spectra from the Iquique
earthquake resemble those shown in the previous
pictures, with strong contribution from the static near
field. It is surprising that even at 219 km distance
from the epicenter, at station PBO1, shown in Fig. 9,
the velocity spectra are still flat at the lowest
resolvable frequencies.

Why do we observe the near field at such long
distances? This is because the permanent co-seismic
displacement induced by the moment tensor is still
large at distances of the order of six times the size of
the event. Although the near field decreases as r_z,
the ratio between far- and near-field terms decrease
only as r~' as shown in previous sections. Thus, the
effect of the moment time function is still important
at those distances.
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Displacement from GPS and accelerogram at PB11
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EW component of displacement integrated from the accelerogram of the PB11 station located 119 km from the epicenter of the 1 April 2014
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6. Transition to Aki—Brune Spectrum at Far
Distances from the Source

The previous section shows that in a very broad
region around Iquique, the ground velocity spectra of
the 1 April 2014 earthquake have similar low-fre-
quency spectra dominated by the moment time
function. We expected that as we move away from
the source we should observe the emergence of a
Brune like spectrum peaked at the corner frequency,
i.e., proportional to w at low frequencies and
decreasing as ™' at higher frequencies. This is not

obvious in the velocity spectra of Fig. 10 except that
of station PBO7, 257 km from the epicenter, which
decreases at high frequencies as predicted by Aki
(1967) and Brune (1970), but still has a strong low-
frequency component.

To observe Brune’s spectrum more clearly, we
take a smaller event. We chose the foreshock of
Iquique earthquake that occurred on 16 March 2014
near the south-west edge of the main rupture zone of
the Iquique earthquake (see Fig. 1 for location). This
is an M, 6.7 event that had a somewhat different
source mechanism than the main event (Ruiz et al.
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Figure 9
EW component of displacement integrated from the accelerogram of PBO1 station located 219 km from the epicenter of the 1 April 2014
Iquique earthquake, My, 8.1. At the top, the displacement integrated from the accelerograms is compared with the computed displacement

from the collocated GNSS station. At the bottom, the displacement

and velocity spectra computed from the accelerogram. The flat portion of

the velocity spectrum fits very well the velocity jump observed in displacement. The w™! trend in the displacement spectrum fits nicely the
trend derived from the velocity spectrum

2014; Leon-Rios et al. 2016; Cesca et al. 2016). In
Fig. 11, we plot two accelerograms generated by this
earthquake. Stations PB11 and PBO1 provide excel-
lent recordings. The first is at 121 km, and the other
at 150 km distance from an event that probably had a
source size of about 10 km. For station PB11, it is
still difficult to clearly separate the P- and S-wave
trains in the integrated displacement trains. On the
PBO1 records, the P and S waves are very well sep-
arated so that we could identify an S window. This is
indicated in red in the PBO1 accelerogram and was
isolated using multitaper spectral techniques (Park

et al. 1987; Prieto et al. 2009). At central northern
Chile stations, this event has the typical w2 high-
frequency decay.

In Fig. 12, we plot the displacement spectra for
the two stations of Fig. 11. At the PBO1 station, we
computed spectra both for the entire record and for
the S-wave window shown here in red. The two
spectra resemble many other spectra published in the
literature for the largest local event recordings. The
high-frequency decay is w2 beyond 1 Hz. They also
have a flat spectrum plateau at low frequencies, for
frequencies less than 0.1 Hz for the PBOl
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epicentral distances of each station in degrees

o.gle=2 Strong Motion PBO1.HLE S-Phase Lle-1 Strong Motion PB11.HLE

0.6

0.4+

0.2}

Acceleration [mA/A]
o
o
Acceleration [mA/A]

20 20 60 80 00 0 20 40 60 80 100
Time [s] Time [s]
Figure 11

Accelerograms recorded at two IPOC stations PBO1 and PB11 for the 16 March 2014 precursor of the Iquique earthquake of 1 April 2014.
PBI11 is at 121 km and PBO1 at 256 km from the source. This event of M,, 6.7 is much smaller than the main shock
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accelerogram. In Fig. 12 we show the spectrum
computed for the whole record in black and the
spectrum computed for the S-wave window in red. As
expected, since S waves are much stronger than P
waves, the whole record spectrum and the S-wave
window spectrum are very similar.

The most important feature of these records is the
presence of a broad spectral range where the spectra
!, as indicated by the thin grid
superimposed on the spectra. The spectra do not
exactly decay as ™', but just have a broad transition
region from 0.1 to 10 Hz. Intermediate frequency
range with w~! decay have been reported by many
authors [e.g., Denolle and Shearer (2016), Archuleta
and Ji (2016), among others]. Archuleta and Ji (2016)
observed those intermediate frequency ranges in the
far field, while for the Iquique foreshock we cannot
assume that the near field can be neglected. They
explained the presence of the omega-1 trend with a
modification of Brune’s source time function (4). To
properly model wave propagation in northern Chile
and determine the relative contributions of the
moment rate and moment time functions, we have to
do a more detailed modeling of wave propagation.
We are in the process of studying acceleration, GNSS
and broadband records for the Valparaiso earthquake
of 24 April 2017 that had excellent coverage in
Central Chile (Ruiz et al. 2017a, 2018).
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7. Discussion

It is surprising that the effect of the near field on
the seismic spectra computed from the accelerograms
of the 2014 Iquique earthquake has not been reported
earlier. Many authors used these records for modeling
the main event filtering out the low frequencies. One
reason may be that the problems of integration of
accelerograms (Boore 2001) discouraged the study of
the spectral properties of seismic sources in the near
field. An additional possible problem is that many
standard routines used for processing accelerograms
remove the trend assuming that the average velocity
field is zero. In the near field, the average velocity is
non-zero as proven by expression (1).

Our main observation is that the spectra of ground
motion in the vicinity of an earthquake source contain
two types of contributions: (1) the near-field terms
that decay as r~2 with distance and are proportional
to the seismic moment time function; (2) the other
contribution is the far field that is proportional to
moment rate and decays like r~'.

While the P and S waves can be studied separately
in the far field, in the near field they cannot be sep-
arated because they interfere to produce the static
field. The terms that contribute to P or S waves decay
individually like et (Aki and Richards 2002), but
interfere at low frequencies to produce a single r—>

Displacement Spectrum PB11.HLE

107 ‘ i i

10 10" 10° 10!

Frequency [Hz]

Figure 12
Displacement spectra of the two records shown in Fig. 11. Black spectra consider all records and red spectra the S-wave window
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near-field contribution to strong motion (Eq. 3). This
is the term that dominates the spectrum of all the
accelerograms recorded after the 2014 Iquique
earthquake in a range of less than 200 km from the
epicenter of the earthquake. Further study of the
properties of the near field requires more accurate
numerical simulations including the free-surface
effects and structural properties of wave propagation.
The simple point source model used here provides a
clear proof that near- and far-field terms in the
accelerograms are equally important, but the effects
of wave propagation must be taken carefully into
account. Observations of the relative weight of near
and far field have been reported earlier (Vidale et al.
1995; Jiao et al. 1995), but a systematic study of the
spectral properties has not been done to our
knowledge.

At what distance does the far-field spectrum
become dominant? For the M, 8.4, 2014 Iquique
earthquake studied here, the near field dominates all
the records out to 219 km. Only for smaller events
studied in Sect. 5, a far-field spectrum resembling the
Brune-Aki model appears at distant stations. Thus,
the relative value of the near- and far-field terms
depends not just on distance, but also on the duration
of the source. Although we cannot provide a simple
rule for the transition distance, we believe that the
transition occurs beyond the distance at which the
seismic source duration of the event is of the same
order as the separation between P and S waves, for
the Iquique earthquake with duration of 50 s, this
distance is close to 400 km assuming an average
P-wave speed of 6 km/s and an P/S velocity ratio of
1.73. A more detailed study including careful mod-
eling of the interaction of surface reflections and
guided waves is necessary to provide an accurate
answer. A more accurate estimate will be the object
of future work.

We proved from observations that, as expected
from the properties of Fourier transform, the low-
frequency velocity spectral amplitude converges to
the co-seismic displacement observed in collocated
GNSS instruments. Thus, it may be possible, in
principle, to use velocity spectra to determine the
static displacements as complement to GNSS data.
Unfortunately, this requires acceleration traces with a

good signal/noise ratio, located in hard rock sites to
avoid non-linear site effects.

The stack of the displacement spectra observed in
northern Chile after the Iquique earthquake (Fig. 10)
shows that the velocity spectra in the frequency range
between 0.1 and 1 Hz are very similar in all the
stations. In the low-frequency range less than 0.1 Hz
the spectra have variable amplitudes that scale with
the static displacement at the site. This confirms the
theoretical prediction that the level of the flat part of
the velocity spectrum is proportional to the static
ground displacement. These static levels can be
computed by the usual techniques to predict static
ground motion using Okada’s (1985) formulas. As
shown in Figs. 8 and 9 for stations PBO1 and PB11,
the low-frequency level of the velocity spectrum fits
quite well with the static displacement observed by
collocated GNSS instruments.

One of the main consequences of this study is that
the classical scaling of the earthquake spectra (Aki
1967) does not hold for large earthquakes, for which
the displacement spectra decay as omega-1 at low
frequencies. This was first observed by Lancieri et al.
(2012) in their study of the Tocopilla earthquake of
2007 and its aftershocks. Although few stations were
available at the time, the aftershocks less than M, 6
had spectra that matched the scaling law of Aki
(1967) and Prieto et al. (2004).

The results reported here for the Iquique earth-
quake hold for most large events in Chile for which
we have very good broadband accelerograms and
GNSS recordings. We have observed omega-1 low-
frequency displacement spectra for the 2010 Maule
earthquake in two good-quality accelerograms and
for other large events including the 2007, M, 7.8
Tocopilla earthquake; the 2015, M, 8.3 Illapel
earthquake and the 2016 Chiloe earthquake of M,
7.6. For events less than 7.0, we have explored just a
few events, typically aftershocks of the larger events.
The best data is for the Valparaiso earthquake of M,,
6.9 that occurred on 23 April 2017 (Ruiz et al.
2017a, 2018). The ground velocity spectrum for this
event resembles that of a scaled down version of the
Iquique earthquake studied here at close distances
and then becomes similar to that of Brune’s spectrum
at longer distances from the source. The origin of the
intermediate ' slope in displacement spectra needs
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further study and comparison with other events as
reported by Archuleta and Ji (2016) and Denolle and
(2016), among others, for far-field
observations.

What are the consequences for ground motion
prediction? A usual assumption about the spectrum of
large earthquakes is that they have an omega-2 dis-
placement spectrum and the spectra for large
earthquakes is generated by summing—often ran-
dom—combinations of small events. This assumption
must be revised for large-magnitude synthetic strong
motion simulations by adding a near-fault term. This
problem was analyzed, among others, by Tumarkin
et al. (1994) who showed that it was very difficult to
produce an omega-2 spectrum by adding smaller
point-like sources.

Shearer

8. Conclusions

We have shown that the spectrum of ground
motion in the vicinity of very large subduction
earthquakes in northern Chile is quite different from
that proposed by Aki and Brune, the so-called omega-
2 spectrum, which is flat at low frequencies and
decays as omega-2 at high frequencies. The spectrum
in the near field is dominated by the seismic moment
time function that contains static terms. This pro-
duces an omega-1 displacement spectrum at low
frequencies. This kind of spectrum dominates radia-
tion surprisingly far from the source, up to 250 km in
the present case. We also find that separation of P and
S waves is not possible because the P- and S-like
near-field terms interfere to produce the static field of
the earthquake.

9. Data

The data used for this study were downloaded
mainly from Centro Sismologico Nacional of the
University of Chile (CSN). For large Chilean earth-
quakes, the significant earthquake database of the
CSN provides corrected records at the website (http://
edb.csn_uchile.cl). Geodetic data are available also
from the CSN at the GPS site (http://gps.csn.uchile.
cl/). Additional information and data for the IPOC
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stations of northern Chile are available from the
Geofon pages of the GFZ data center (https://geofon.
gfz-potsdam.de/) and from the Wilber3 pages of the
IRIS data center (http://ds.iris.edu/wilber3/).
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Appendix

From Aki and Richards (2002), the Green func-
tion for a point moment tensor source in a
homogeneous elastic space is:
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It is usually assumed that the near-field term (the
first one) decays as r—*, but this is actually not correct
because the time integral on the left grows like r°
with distance r from the source. It is possible to
rewrite the integral changing variables to 7 = 19%,
where ¢ is non-dimensional. Equation (7) becomes
(3) of the main text that clearly shows that the first
term behaves as r—2, like those of the intermediate
field.

We can now determine the spectrum of (7) using
the continuous Fourier transform:

(o) = / u(t)e "™dt. (8)

We observe that the integral of the first line in (7)
is a convolution, so that its Fourier transform is
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That can be compared to similar expressions from
Aki and Richards (2002), taking into account that
they used a different definition of the Fourier trans-
form (8) than us. Taking the Fourier transform of (7),
using (9) and collecting the terms that depend on
My(w) we get:
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Expression (10) shows that there are two types of
terms, those that depend on moment which are also
inversely proportional to r* and those that depend on
moment rate and are inversely proportional to radius
r. Gathering all the moment-dependent terms we get
the expression of Eq. (4) in the text. The non-di-
mensional coefficients F* and F™5 are given by:

FNP(OT _ N o2 m_r+1 + AP,
o 2 \ o

FNS <%> = -AN w[izrz (l%r + 1> + AB.

These are non-dimensional functions that depend
only on non-dimensional frequency wr/a or wr/f
and the radiation patterns.
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