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Comparative Analysis of the Free Oscillations Generated by the Sumatra–

Andaman Islands 2004 and the Chile 1960 Earthquakes

by Carla Braitenberg and Maria Zadro

Abstract The Chile 1960 and Sumatra–Andaman Islands 2004 earthquakes are
among the three greatest events that have occurred since the instrumental recording
of seismic waves. The two events have similarities in hypocentral depth and focal
mechanism but are very different when considering the extension of the fault plane.
The recent event has close to 50% greater length than the Chile event, and although
the moment magnitude of the Chile event is 0.2 to 0.5 points greater, the magnitude
determination of the Sumatra–Andaman depends on the frequency range considered
in the calculations (free oscillations with periods � 1000 sec or seismic waves, with
periods of 300–500 sec). For the Chile event only the seismic moment for periods
of T � 1000 sec is presently available, although the estimate of seismic moment at
larger periods is crucial for a comparison of the two events. Our study makes a direct
comparison of the free oscillation amplitudes of the two events by analyzing the
records of the Grotta Gigante long-base tiltmeters, which have been recording tilt
continuously since 1960. The particular mountings and physical dimension of the
instruments make them particularly apt to record the torsional free oscillation waves,
scarcely observed by standard long-period seismographs and not directly observable
by the gravity meters. We determine the singlet frequencies for some of the lower
spheroidal and torsional modes and a broad spectrum of multiplet frequencies for
the higher modes. After correcting for the decay of the modes, we determine the
amplitude ratios of the activated modes for the two events. The amplitude ratios vary
between 1.5 and 3. Our results can be used directly for determining the ratios of the
seismic moments of the two events over the frequency range 0.3–3 mHz, the only
necessary correction being that of the site dependence of the free mode amplitudes.

Introduction

The Chile 1960 and Sumatra–Andaman Islands 2004
earthquakes are among the three greatest events that have
occurred since the time of seismologic recording history.
They both ruptured a subducting plate with a low-angle
thrust mechanism and had a hypocenter located in the upper
40 km of the earth. The Chile earthquake allowed the first
observation of the free oscillation modes with long-period
tiltmeters (Buchheim and Smith, 1961; Bolt and Marussi,
1962; Bozzi Zadro and Marussi, 1967; Bolt and Currie,
1975) and strainmeters (Alsop et al., 1961; Benioff et al.,
1961). The event was preceded by foreshocks rupturing on
the fault and possibly precursory ultralow-frequency (5- to
10-min period) emission of seismic waves (Kanamori and
Cipar, 1974; Lund, 1983). Postseismic deformation has con-
tinued to be observed in the form of vertical movement of
the coast and differential horizontal crustal movement,
which has continued over a time interval of more than 35
years (Hu et al., 2004). The Chile event has been determined
to have a moment magnitude of Mw 9.5 (Kanamori, 1977),

based on observations in the period range of 300 sec of the
mainshock. The seismic moment of the main event has been
determined to be 2.7 � 1023 N m (Kanamori and Cipar,
1974) and rises to 6 � 1023 N m when including the low-
frequency precursor. A similar value of 5.5 � 1023 N m was
obtained in a reevaluation by Cifuentes and Silver (1989),
considering the total effect of an event divided into three
subevents, for a duration of 1500 sec. The three events in-
cluded a foreshock, beginning 1150 sec before the main-
shock with moment 1.9 � 1023 N m; the mainshock, with
a moment of 3.2 � 1023 N m; and an event 350 sec later,
with moment of 0.4 � 1023 N m. The uncertainty on the
moment estimated is 50% (Cifuentes and Silver, 1989). The
moment estimate by Cifuentes and Silver (1989) is made on
vertical-component long-period seismograms using the fre-
quency interval 1–5 mHz. The numerical modeling of the
dislocation of the fault based on the presumably coseismic
deformation obtains a smaller seismic moment (M0 9.4 �
1022 N m), indicating that the seismic moment from seismic
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waves may be overestimated (Barrientos and Ward, 1990).
Due to the lack of a sufficient number of long-period re-
cordings at the time of the event, the seismic moment had
not been determined for lower frequencies.

The Sumatra–Andaman Islands event of 2004 showed
that the correct estimate of the moment magnitude requires
taking the long-period seismic waves into account (periods
� 500 sec). In fact, the moment magnitude determined by
modeling the spectral amplitudes of the free oscillation
modes by a point source (Stein and Okal, 2005) returned a
value of Mw 9.3, considerably greater than the value (Mw

9.0) obtained for the point source with equal focal mecha-
nism that fits the seismologic records with periods of 300–
500 sec (Lay et al., 2005). Lay et al. (2005) showed that for
an assumption of uniform faulting geometry, the strength of
the seismic-wave excitation for periods greater than 500 sec
was enhanced by a factor 1.5 to 2.5 compared with that at
300 sec, according to the fault model used. The modeling
showed further that the earthquake size is underestimated
when the estimate of seismic moment is made at periods too
short to fully present the earthquake process.

The underestimation of seismic moment at short periods
(�500 sec) is related to the rupture mechanism of the fault
and to the physical mechanism governing it. If this is a gen-
eral fact, then it should also hold for the Chile event, imply-
ing that the moment magnitude could be even greater than
Mw 9.5, as this value was obtained from considering seismic
waves at 300-sec period.

Our study allows a direct comparison of the free-mode
amplitudes of the two events. We analyze the records of
one identical instrument that has remained in place since
the 1960 Chile earthquake. In the 1960s and 1970s the re-
cords of the long-base tiltmeters of Grotta Gigante (Trieste
Karst, Italy) had been the object of several studies on the
free oscillations and contributed to the first observations to
prove the existence of the theoretically predicted free modes
(Bolt and Marussi, 1962; Bozzi Zadro and Marussi, 1967).
We have digitized the original recordings and fulfilled the
spectral analysis applying modern criteria and making it
parallel to the analysis of the digital recording of the
Sumatra–Andaman event. We identify the free-mode fre-
quencies starting from a theoretical Earth model and deter-
mine the free-mode amplitudes. We normalize the ampli-
tudes of several normal modes and overtones in order to
allow for the different onset times of the records with respect
to the origin time of the events, taking the Q-values into
account. At last we determine the amplitude ratios of the
two events in the frequency interval of the free modes, which
will allow the inversion of the ratios of the seismic moments.
Our work offers a direct link between the Chile and
Sumatra–Andaman events and allows investigation as to
whether the problems encountered in the estimate of seismic
moment by seismic waves with periods less than 500 sec
for the Sumatra–Andaman event of 2004 apply also to the
Chile event.

Fault Properties of the Chile 1960 and Sumatra–
Andaman Islands 2004 Earthquakes

The Chile earthquake sequence of 1960 ruptured close
to 1000 km of the southernmost section of the Nazca plate,
which is being subducted beneath the South American plate
along the Peru–Chile trench at a rate between 66 and 84 mm/
yr to the east, the exact value depending on the work of
different authors (Cifuentes, 1989; De Mets et al., 1994;
Angermann et al., 1999). The mainshock consisted of two
events, which occurred on 22 May 1960 at 19:10.40 GMT
(latitude 38.06� S, longitude 72.19� W) and 19:11:14 GMT
(38.17� S, 72.57� W), had a moment magnitude of Mw 9.5
(Kanamori, 1977), and ruptured southward to the intersec-
tion of the Chile Ridge with the Peru–Chile trench (Cifuen-
tes, 1989). The rupture length, estimated from the distribu-
tion of aftershocks during the first month, is 920 � 100 km.
According to Cifuentes (1989), the depths of the aftershocks
are poorly determined, the depths for one foreshock and two
aftershocks being 22 km. Talley and Cloud (1962) estimated
the depth extent of aftershocks to be from the surface to a
depth of 60 km. The width is not well constrained and has
been estimated to be 140–190 km. The main event was pre-
ceded by a foreshock sequence that began 33 hr before the
mainshock, starting with a strong event of moment 2 � 1021

N m (Mw 8.1). Barrientos and Ward (1990) developed an
inversion model to infer the coseismic fault-slip distribution
from surface deformation data. In their spatially variable
fault-slip model, the slip varies from 0 to 40 m. If the slip
was allowed to be uniform along a rectangular fault 850 km
long, 130 km wide, and dipping 20�, they obtain an average
slip of 17 m. The seismic moment of 9.4 � 1022 N m (k �
l � 5 � 1010 Pa), which they obtain from modeling the
presumably coseismic slip, is less than one fifth the total
seismic moment of the 1960 sequence estimated by Kana-
mori and Cipar (1974) and Cifuentes and Silver (1989).

The Sumatra–Andaman earthquake of 26 December
2004 ruptured the boundary between the Indo-Australian
plate and the southeastern portion of the Eurasian plate,
which is segmented into the Burma and Sunda subplates.
The Indo-Australian plate subducts the Eurasian plate along
the Andaman trench with an oblique motion, with a conver-
gence rate of about 14 mm/yr (Lay et al., 2005). The main-
shock rupture began at 3.3� N, 96.0� E, at a depth of about
30 km, at 00:58:53 GMT. The Harvard centroid moment ten-
sor (CMT) solution indicates predominantly thrust faulting
on a shallowly (8�) dipping plane with a strike of 329�. The
rake (110�) indicates a slip direction about 20� closer to the
trench-normal direction than to the interplate convergence
direction (Lay et al., 2005). The extent of the fault plane
estimated from the aftershock distribution is of 1300-km
length, with 240-km width in the southern portion of the
thrust, extending to a depth of about 45 km (northwestern
Sumatra). In the northern portion, the plane is 160 to 170 km
wide, extending to a depth of 30 km (Lay et al., 2005). The
Harvard CMT solution of the mainshock, based on record-
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ings of 300- to 500-sec-period surface waves, has a seismic
moment M0 � 4.0 � 1022 N m and a moment magnitude
Mw 9.0. The estimate of the moment magnitude of the Chile
earthquake was made from measurements at comparable pe-
riods of the surface waves (300 sec) (Kanamori, 1977; Kan-
amori and Cipar, 1974) and is thus directly comparable to
this value. Extending the analysis of the 2004 event to longer
periods has shown that the seismic moment is underesti-
mated when considering periods limited to 500 sec. By con-
sidering the gravest free oscillation modes with T �
1000 sec, it resulted that the amplitudes of the spheroidal
free oscillations were a factor 1.25 to 2.6 larger than those
predicted by the Harvard CMT source (Stein and Okal,
2005). In order to explain the observed amplitudes, the same
authors estimate the earthquake magnitude to be Mw 9.3,
assuming a shallow-dipping (8�) thrust fault, with the same
mechanism as the CMT solution and a point-source model.
The finite-source models (Ammon et al., 2005) obtained on
long-period seismograms in the period range 100 to 3000
sec and regional and teleseismic surface waves in the period
range 50 to 500 sec produced a total seismic moment of
6.5 � 1022 N m, which is one and a half the seismic moment
predicted by the CMT moment estimate at 300 sec. The
finite-fault models explain the long-period free-mode am-
plitudes within 10%.

The Data Series of the Chile 1960 and Sumatra
2004 Earthquakes

The Grotta Gigante (Giant Cave) situated in the Trieste
Karst (latitude 45.7083� N, longitude 13.7633� E) bears the
Guinness Award for the greatest cave in the world; it has an
ellipsoidal shape of 130-m length, 65-m width, and 107-m
height. In 1959 Antonio Marussi had the idea to use the
height of the cave to build a couple of long-base tiltmeters
of the horizontal pendulum type with Zöllner suspension
(Marussi, 1959). The mechanical parts of the first instru-
ments were overhauled and the present instrumentation was
installed in 1966. The horizontal pendulums consist of a sub-
horizontal pendulum arm suspended by an upper wire fixed
at the vault of the cave and a lower wire fixed to the ground
of the cave. The distance between upper and lower mount-
ings is 95 m. The total weight of the pendulum (including
wires) is 18.7 kg, the horizontal beam has a length of 1.4 m,
and the period of oscillation of the pendulum in the hori-
zontal plane is presently kept at 6 min (Marussi, 1959; Brai-
tenberg, 1999; Braitenberg and Zadro, 1999; Zadro and
Braitenberg, 1999). A horizontal shift of the upper relative
to the lower mounting of the pendulum (shear), a tilt of the
cave, or the inclination of the vertical are recorded as a ro-
tation of the beam in the horizontal plane about the rotation
axis, which lies on the line connecting the upper and lower
mounting points of the pendulum. The static amplification
factor for tilt is about 24,000. The original recording system
was optical on photographic paper, with an amplification of
0.9 msec/mm. This system is very reliable and has been re-

cording without greater problems since the time of the in-
stallation. The pendulums have been overhauled in 1982–
1983 and in 1997, and some parts as the polyethylene tubes
protecting the wires have been exchanged. Recently, in De-
cember 2003, a new digital acquisition system was installed
(Braitenberg et al., 2004, 2005). The advantages given by
the digital acquisition system are the automatic readout and
a drastically increased time and signal resolution, wherefore
the instruments acquire the characteristics of a very broad-
band tiltmeter. The recordings are continuously available
with hourly sampling since 1966, the older data having been
manually digitized from photographic recording. The digital
acquisition system has a sampling rate of 109,660 data
points/hr. The pendulum masses have been exchanged since
the Chile recording, but the former instrumental response
function is well documented (e.g. Marussi, 1959; Bolt and
Marussi, 1962) so as to allow the direct comparison of the
amplitudes of both earthquakes. For the Chile earthquake
the original photographic recording was digitized with a
sampling of 30 sec using enlargements of the original re-
cordings. The digitized record starts 4–5 hr (east–west,
304 min; north–south, 229 min) after the origin time of the
event, as the first hours were hardly readable in the photo-
graphic records. The Sumatra–Andaman event was resam-
pled at a sampling interval of 15 sec in order to reduce the
total amount of data. The original data series were detrended
by least-squares adjustment of a cubic function and four os-
cillations, with the frequencies of the principal tidal waves
(M2, S2, O1, K1). For illustration purposes the data were
bandpass filtered with cutoff periods of 3 min and 3 hr
(cosine-taper frequency filter). The filtered data series of the
Sumatra–Andaman is shown in Figure 1 for a length of
24 hr; the record of the Chile event is shown in Figure 2 for
a length of 48 hr. The spectral analysis is made on the de-
trended, nonfiltered data. The epicentral distances between
the Trieste station and the two events are 114� and 82� for
the Chile and Sumatra events, respectively. The azimuths
of the Trieste station with respect to the local meridian pass-
ing through the epicenter of the events are 50� (east from
north) and 44� (west from north) for the Chile and Sumatra
events, respectively. Taking into account that the time series
of the Chile event starts 4–5 hr after the origin time of the
event, comparison of the two graphs shows that the ampli-
tude of the Chile earthquake is significantly higher than that
of the Sumatra event.

Spectral Analysis Method

The method we have applied to find the free oscillations
that were excited by the Sumatra–Andaman and Chile earth-
quakes was chosen with the requirement of being a simple
and easily reproducible method. The possible problems are
contamination of data series by noise, reduction of spectral
leaking by neighboring frequencies, and the exponential de-
cay of the modes. We therefore rely on the calculation of
the Fourier spectrum of the windowed data series. For the
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Figure 1. The record of the Sumatra–Andaman
earthquake of 2004. The original recordings have
been cleaned from the Earth tides, a cubic trend, and
high-pass filtered. Grotta Gigante long-base pendu-
lums. The north–south component has been clipped
in the graph, as the peak values in the initial part of
the signal extended from �588 to 1027 nrad.

Figure 2. The record of the Chile earthquake
1960. The original recordings have been cleaned from
the earth tides, a cubic trend, and high-pass filtered.
Grotta Gigante long-base pendulums.

data series of N equidistant samples (sampling interval dt),
K spectra were calculated for different lengths of data series,
the time intervals ranging from the maximum window size
of Tmax � (N � 1)dt, decreasing to TK � (N � 1)dt � (K
� 1)dtk, dtk a time interval suitably chosen. The K spectra
thus have different resolved frequencies fnK � (n � 1)/TK,
with n � 1,2, . . . ,(N � Kdtk/dt)/2. The different K spectra
are merged into a single composite spectrum. The advantage
of this procedure with respect to a single spectrum is that
the presence of spectral peaks that possibly fall between two
resolved frequencies of the single spectrum are retrieved un-
ambiguously. We apply a cosine-taper window function,
which is flat for one-third length of the data series, and de-
fined by

pt
sin for 0 � t � M dt� �2Mdt

w(t) � 1 for M dt � t � (N � M) dt ,
p(t � (N � M) dt)�cos for (N � M) dt � t � N dt� �2Mdt

with M � N/3. The choice of the width M of the tapering
window was made on the basis of test runs on synthetic data
series mimicking the recorded signal. The cosine-taper win-
dows were tested for different widths (M) of the taper func-
tion. The necessity of reducing leaking from the sidelobes
requires M � N/2 or M � N/3, the higher value of M im-
plying a loss in spectral resolution. We found that the value

of M � N/3 gave satisfactory results in the synthetic cases.
The results are not significantly altered by the choice of
M � N/2 or M � N/3. The application of the window func-
tion reduces the spectral amplitudes, for which reason we
normalize the window function by the sum of the window
weights. We illustrate the method on a test series: the syn-
thetic data series consists of four damped oscillations
(18,000 data points with 15-sec sampling) with amplitudes
(Ai) and periods (Ti) with i � 1,4. The amplitudes and pe-
riods are A1 � 5.0, T1 � 232 min; A2 � 4.5, T2 � 228 min;
A3 � 3.0, T3 � 219 min; and A4 � 1.5, T4 � 202 min with
different phases. The curves are affected by Gaussian noise,
with root mean square (rms) amplitude equal to 1. The

decay of the amplitude of the oscillations is exponential,
with a reduction of the amplitudes to 4% of the initial value
over the entire time interval. The length of the data series is
18,000 samples with 15-sec sampling interval. The data se-
ries is graphed in the upper part of Figure 3. The spectral
amplitudes are given in the lower part of Figure 3, where
the different curves represent the standard Fourier spectrum
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Figure 3. (a) Time series. (b) Amplitude spectrum
of the synthetic data series (four damped oscillations).
The different curves have been obtained with a simple
Fourier spectrum with windowing (heavy line), with
the composite Fourier spectrum (see text) using a ta-
pering window with taper-width M � N/2 (dashed)
and M � N/3 (light continuous line).

Figure 4. Amplitude spectrum for the Sumatra–
Andaman and Chile earthquakes, north–south and
east–west components, respectively.

with a tapered window (M � N/3) (segmented line), and the
composite spectrum with two types of taperings (M � N/3,
continuous line, and M � N/2, broken line). It can be seen
that the spectral amplitudes are better resolved with the com-
posite spectrum, particularly at lower frequencies, whereas
the choice of the M � N/3 window allows a better deter-
mination of the amplitudes. The standard Fourier spectrum
would result in a frequency shift of the identified spectral
values, whereas the composite spectrum gives the correct
value. The resolved spectral amplitudes are lower than the
amplitude values of the synthetic oscillations due to the
damping.

Spectral Analysis Results

The spectral analysis of the recordings of the two events
has been carried out using identical record lengths and pro-
cedures. The combined spectra are calculated considering
three spectral windows limited by the frequency intervals
0.2–1.4 mHz, 1.2–2.4 mHz, 2.3–3.2 mHz, respectively. For
each spectral window, the analysis is made on 2L � 1 data
series of N � 17740 � Ki samples, with i � �L, . . . ,0,
. . . ,L and Ki � dK � i. Regarding the Sumatra–Andaman
event, for the lowest spectral windows the value of dK is 8,
4, and 4, with a maximum value KL of 254, 50, and 12 for
the three spectral windows with increasing middle fre-

quency, respectively. For the Chile event, which has the dou-
ble sampling interval, the previous Ki values have been di-
vided by two. The complete spectra are graphed in Figure
4, and the presence of the spectral peaks indicating the ac-
tivation of an entire spectrum of free oscillation is evident.
The spectral amplitudes of the Sumatra–Andaman event are
generally smaller compared to the Chile earthquake and dis-
tributed over a broader range of frequencies (0.5–3 mHz).
The spectral amplitudes of the Chile event are concentrated
on the interval between 1 and 2 mHz.

We proceed with the analysis of the spectrum by search-
ing for spectral peaks coinciding with the singlet mode fre-
quencies predicted by Dahlen and Sailor (1979) using the
Earth model 1066A for a rotating and elliptical Earth. For
frequencies greater then 0.7 mHz, we adopt the multiplet
frequency corrected for ellipticity, as the singlets cannot be
resolved. For frequencies greater than 2 mHz the frequencies
were furnished by Walter Zürn, Schildach Observatory (per-
sonal comm, 2005) and refer to the Earth model 1066A. The
list of identified modes is reported in Table 1, where the
frequencies of the spectral peaks observed in each of the
north–south and east–west components and for both events
are given (columns 2, 3, 4, 5, of Table 1). We also give the
average frequency (column 6) of all observed frequencies
belonging to one multiplet and the percentual root mean
square (rms) deviation (column 7), as well as the percentual
rms deviation (column 9) of the observed frequencies from
the theoretical multiplet frequency (column 8). The last col-
umn gives the number of observations used for calculating
the averages. We find that generally the rms deviation is
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Table 1
Frequencies of the Observed Earth Free Modes

Mode

Frequency
CHI–EW

(mHz)

Frequency
CHI–NS
(mHz)

Frequency
SU–EW
(mHz)

Frequency
SU–NS
(mHz)

Average
Frequency

% Rms
Deviation

from Mean
Model

Frequency

% Rms
Deviation

from Model
Frequency

Number of
Values for
Average

0S2, m � 0 — 0.3094 — — 0.3091 2.11405 0.30949 2.11514 5
m � �2 — — — 0.3006
m � �1 — 0.3035 — —
m � 1 — 0.3133 — 0.3125
m � 2 — 0.3187 — —
0T2, m � 0 0.3789 0.3787 0.3795 0.3795 0.37902 1.06264 0.37949 1.06862 6
m � �2 — 0.3718 — — 0.37527
m � �2 — — 0.3857 — 0.38300
2S1, m � 0 — — — 0.4043 0.4067 1.13968 0.40462 1.2556 5
m � �1 — — — 0.3987 0.39861
m � �1 0.4112 0.4096 0.4097 0.41079
0S3 m � 0 — — — 0.4689 0.4665 0.99995 0.4687 1.10039 8
m � �3 — 0.4624 0.4623 0.4607
m � �2 0.4639 — — —
m � �1 — 0.4672 — —
m � 2,3 0.4728 0.4738 — —
0T3, m � 0 — 0.5873 — — 0.5853 0.21064 0.58752 0.43222 4
m � �2 0.5845 — 0.5841 0.5853
0S4, m � 0 — — — — 0.64668 0.48371 0.64711 0.48786 6
m � �3 — 0.6429 0.6437 —
m � �2 — — — 0.6448
m � 1 0.6482 0.6488 — —
m � 4 — — 0.6517 —
1S2, m � 0 — 0.6791 — — 0.67926 0.65697 0.68093 0.69989 7
m � �2 — — 0.6729 0.6745
m � �1 0.6765 — — —
m � 1 — — 0.6845 0.6825
m � 2 0.6848 — —

0T4 0.7667 0.7674 0.7674 0.7652 0.76667 0.11716 0.76747 0.1563 4
0S5 0.8366 0.8415 0.8422 — 0.84082 0.29689 0.8404 0.30132 4

0.843 — — —
0T5 0.9295 0.9278 0.9341 0.9265 0.93062 0.32376 0.93035 0.32512 6

0.9346 — — 0.9312
1S3 0.9452 0.935 — 0.9384 0.94206 0.48883 0.94121 0.49753 5

— 0.9473 — 0.9444
3S1 0.9452 0.935 — 0.9384 0.94206 0.48883 0.94272 0.49348 5

— 0.9473 — 0.9444
2S2 — — 0.9522 — 0.95455 0.24619 0.95375 0.26039 2

— — 0.9569 —
0S6 1.0367 1.0391 1.0317 — 1.04016 0.62624 1.03802 0.66053 5

— — 1.042 —
— — 1.0513 —

0T6 1.0814 1.0786 1.0747 1.0702 1.07867 0.4701 1.08121 0.52449 7
— — 1.0821 1.0767
— — — 1.087

3S2 — — 1.1022 — 1.1022 — 1.10772 0.49832 1
1S4 1.1668 1.1766 1.1639 1.1616 1.17093 0.57034 1.17454 0.6464 7

1.1788 — — 1.1699
— — — 1.1789

0T7 1.2223 1.2228 1.2238 1.22 1.22334 0.20883 1.22318 0.20926 5
1.2278 — — —

0S7 — 1.2325 1.2327 1.2302 1.2318 0.09208 1.23142 0.09714 3
2S3 1.2402 1.2457 1.2411 1.2442 1.2428 0.18001 1.24181 0.19701 4
0T8 1.3556 1.3574 1.3567 1.3597 1.35735 0.11057 1.35887 0.1572 4
2S4 1.3772 1.3797 1.3811 1.3774 1.3799 0.18521 1.37861 0.20766 5

1.3841 — — —
0S8 1.4128 1.4131 1.4129 — 1.41293 0.00883 1.41279 0.01345 3

(continued)
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Table 1
Continued

Mode

Frequency
CHI–EW

(mHz)

Frequency
CHI–NS
(mHz)

Frequency
SU–EW
(mHz)

Frequency
SU–NS
(mHz)

Average
Frequency

% Rms
Deviation

from Mean
Model

Frequency

% Rms
Deviation

from Model
Frequency

Number of
Values for
Average

0T9 1.4895 1.4892 — 1.4871 1.491 0.21712 1.4897 0.23418 5
1.4963 — — 1.4929

2S5 1.5152 1.5165 1.5155 1.5175 1.51618 0.05961 1.51456 0.1222 4
1S6 1.5152 1.5165 1.5155 1.5175 1.51618 0.05961 1.52301 0.45269 4
0S9 1.5747 1.576 1.5737 1.5803 1.57617 0.15971 1.57689 0.16595 4
0T10 1.6166 1.6151 1.6132 1.6104 1.61383 0.14349 1.61725 0.25564 4
2S6 1.6821 1.6825 1.6738 — 1.6808 0.24814 1.68121 0.24928 4

— — 1.6848 —
0S10 1.7243 1.7258 1.7241 1.7256 1.72495 0.04386 1.72326 0.10745 4
0T11 1.7413 1.7393 1.7375 1.7407 1.7397 0.08409 1.74286 0.1998 4
0T12 1.8569 1.8682 1.8625 1.8565 1.86228 0.26595 1.83044 1.76039 5

1.8673 — — —
0S11 1.8569 1.8682 1.8625 1.8565 1.86228 0.26595 1.89257 1.62172 5

1.8673 — — —
0T13 1.9741 1.9765 — 1.9763 1.97563 0.05504 1.97631 0.0648 3
0S12 1.9907 — 1.9901 1.9889 1.9899 0.03761 1.99393 0.20557 3
2S8 2.0546 2.0537 — — 2.05415 0.02191 2.05097 0.1565 2
0S13 2.1144 2.1135 2.1146 2.1069 2.11235 0.15025 2.11289 0.15237 4
0T15 — 2.2099 — 2.2024 2.2084 0.19996 2.21405 0.32392 3

— — — 2.2129
0S14/2S9 2.232 2.2303 2.2288 2.233 2.23102 0.07202 2.23144 0.07439 4
0T16 — 2.325 — — 2.325 — 2.32896 0.16991 1
0S15 2.3465 2.3449 2.3441 2.349 2.34612 0.07976 2.34655 0.08179 4
6S2 — 2.4396 — 2.4349 2.43863 0.11237 2.43764 0.11963 3

— — — 2.4414
0T17 — 2.4396 — 2.4349 2.43863 0.11237 2.44291 0.20792 3

— — — 2.4414
0S16 2.4594 2.4567 2.4597 2.4576 2.45835 0.05068 2.45854 0.05125 4
0T18/3S6 2.5557 — 2.5505 2.5531 2.5531 0.08315 2.55608 0.14308 3
0S17 2.5664 2.5627 2.5693 2.5615 2.56538 0.11199 2.56761 0.14164 5

— — — 2.567
0S18 2.673 2.6718 2.6727 — 2.6725 0.01908 2.67396 0.05798 3
2S12 2.7395 — — — 2.7395 — 2.74017 0.02452 1
0S19 2.7728 2.7743 2.7762 2.7825 2.77717 0.11824 2.7778 0.12038 6

2.7772 2.78 — —
0T20 2.7728 2.7743 2.7762 2.7825 2.77717 0.11824 2.78059 0.17049 6

2.7772 2.78 — —
2.8763 — 2.8753 2.8753 2.87563 0.0164 2.87933 0.1295 3

0S21 2.9759 — 2.9764 — 2.97615 0.0084 2.97879 0.08912 2
0T22 — — — 2.9855 2.9974 0.34925 3.00333 0.40054 4

— — — 2.9906
— — — 3.0006
— — — 3.0129

0S22 3.0601 — — — 3.0601 — 3.07642 0.53032 1

smaller among the observed frequencies with respect to the
theoretical model frequency, implying that the model fre-
quency could be improved for some of the modes. For the
lower-degree modes, the table row with the name of the
mode gives the frequencies for azimuthal order number
m � 0; the next lines give the resolved frequencies for
m � 0. Only those order numbers are included in the table
for which at least one observation was generated; the others
are omitted.

Where available, the identified singlets have been re-
ported; for the higher modes only the frequency of the mul-

tiplet is given, as the spectral vicinity of the singlets does
not allow their resolution. (See Data Source section.)

The mode of lowest degree we observe is 0S2 in the
spectrum of the Chile earthquake, although some doubts are
present because the amplitude is low compared to the noise
level and because the influence of seiches in the Trieste gulf,
with close to 1-hr period, cannot be excluded. The higher
modes, starting from 0T2, are mostly observed on both spec-
tra, with different activation of the singlets. The data series
differ in the onset of the interval after the origin time of the
event. This is because the recordings of the Chile event are
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only available starting some hours after the origin time (east–
west, 304 min; north–south, 229 min), whereas the records
of the Sumatra–Andaman event have a complete record of
the event. In order to limit the disturbing effect of the high-
amplitude earthquake trace, the first 46 min have been dis-
carded in the spectral analysis of the Sumatra–Andaman
event. The different delays of the time series with respect to
the origin time affects the computed spectral amplitudes due
to the damping of the free oscillation modes. The damping
is known theoretically through the quality factor Q for each
oscillation mode. In order to have directly comparable am-
plitudes for the two events, we correct the spectral ampli-
tudes of the identified poloidal, toroidal fundamental modes
and overtones for the greater delay of the Chile event with
respect to the Sumatra–Andaman event. The correction is
made by multiplying the amplitudes of each mode by
exp(pfT/Q), where f is the mode frequency, and T � tChi �
tSu, where tChi, tSu are the time delays of the time series with
respect to the origin times of the two events, respectively.
The Q-values refer to the same model as the normal mode
frequencies. Alternatively we could use compilations of ob-
served Q, as the ones published by the Harvard University
and Colorado University (e.g., website of group The refer-
ence model, http://mahi.ucsd.edu/Gabi/rem.html). We prefer
using the theoretical Q for the reason that the compilations
show some discrepancies among different authors. In any
case the use of the theoretical or experimental Q-values
makes no significant difference in the amplitude corrections,
the differences in amplitude amounting the most to 1%.

The amplitudes of the identified peaks are shown in Fig-
ure 5. The identified poloidal and toroidal fundamental
modes observed on the north–south component are graphed
in Figure 5a, whereas those observed on the east–west com-
ponent are graphed in Figure 5b. The amplitudes for the
overtones with overtone index n � 2 are shown in Figure
5c. We have preferred to limit the overtones to the series of
index n � 2 and not include the other few overtones ob-
served in the frequency interval between 0 and 3 mHz. This
is because the overtones of a particular degree share the same
radial function and therefore respond to common properties
of the internal earth distribution. The overtones of index
n � 2 constitute a complete series of identified excited
modes, whereas the overtones of smaller or greater degree
are only present with a few isolated representatives (see Ta-
ble 1).

In order to quantitatively compare the two earthquakes
in terms of the free-oscillation spectra, we build the ampli-
tude ratios at those frequencies that were observed for both
events. First the amplitudes of the observed modes are cal-
culated for each event and free mode from the root of the
summed squares of the north–south and east–west compo-
nents. Then, the amplitude for the Chile event is divided by
the amplitude of the Sumatra–Andaman event. The ampli-
tude ratios (Fig. 6) of the free modes show that generally the
Chile event has greater amplitudes with respect to the
Sumatra–Andaman event by a factor ranging between 1.5

and 3. For both poloidal and toroidal modes, the lowest order
modes have relatively small amplitude ratios. The mode 0T10

has an anomalously high ratio (5), not found for any other
mode. Only a specific modeling of the free-mode amplitudes
can verify whether the presence of a nodal plane is respon-
sible for this high value.

Conclusion

The occurrence of the Sumatra–Andaman 2004 event
has renewed the interest in the Chile 1960 event, which was
the greatest event in the instrumental seismologic history.
The quantification of the magnitude of the Chile event and
its comparison to the Sumatra–Andaman event is presently
an unresolved problem, due to the lack of well-calibrated
long-period records of the Chile event.

For great earthquakes the moment magnitude is used to
quantify an earthquake. It is derived from the seismic mo-
ment, which is equal to the fault area multiplied by the av-
erage static offset and by the rigidity. The seismic moment
is therefore defined at zero frequency. To estimate it, seis-
mographic recordings of long-period seismic waves are
used. The magnitude of the 1960 Chile and 1964 Alaska
earthquakes and the Harvard CMT–based moment magni-
tude of the Sumatra–Andaman 2004 event were all estimated
from measurements around 300 sec. Another means to de-
termine the seismic moment is to model the observed free
oscillation modal amplitudes for the lowest modes (e.g., 0S2,

0S3, 0S4, or 0T2, 0T3, 0T4). For the Sumatra–Andaman earth-
quake it resulted that the point-source model used for mod-
eling the observed seismic waves and model amplitudes re-
quired a seismic moment that was larger at the lowest free
modes compared to the one required to explain the 300-sec
seismic waves (Lay et al., 2005; Park et al., 2005; Stein and
Okal, 2005). The Mw 9.3 moment magnitude value (Park et
al., 2005) refers to modeling the amplitudes of the free os-
cillations by a point source; a lower magnitude (Mw 9.1) is
obtained from modeling long-period seismic waves with a
finite-source model (periods between 100 and 3000 sec and
teleseismic surface waves with period range of 50 to 500
sec). The moment magnitude obtained from long-period
seismic waves with period less than 500 sec and a point
source is the lowest (Mw 9.0). This raises the question
whether the Chile magnitude of Mw 9.5 is underestimated as
well, or whether the Sumatra–Andaman event had a partic-
ular low-frequency emission accompanied by a relatively big
fault area. Our study allows the direct quantitative and com-
parative analysis of the two events in the frequency range of
the free oscillations. The long-base tiltmeters of the Grotta
Gigante are ideal for the detection of the free oscillation
modes, due to their long-period eigenfrequency (6–9 min).
The presently existing instrument is the same as the one that
recorded the Chile 1960 event, leaving no doubts on the
calibration factor and exact positioning of the instrument. In
the present stage of our study, we have made a detailed,
spectral analysis of the two events and have extracted the
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Figure 5. Amplitudes of identified fundamental and overtone (n � 2) modes for
the Chile 1960 and Sumatra–Andaman 2004 events. (a) North–south component: po-
loidal (0SL) and and toroidal (0TL) modes. (b) East–west component: poloidal (0SL) and
toroidal (0TL) modes. (c) North–south and east–west components: poloidal modes for
overtones with overtone-index n � 2 (2SL). (continued)

amplitudes and frequencies of the free oscillation modes. For
all free modes that were excited by both events, we can
therefore give the amplitude ratios. Our results are the basis
for the next stage of the work, which consists of the inver-
sion of the amplitude ratios to obtain the ratio of the two

moment magnitudes. We find that the amplitude ratios of the
free modes excited by the Chile and Sumatra–Andaman
events range between 1.5 and 3, the greater values being
limited to the frequency window between 0.6 and 3 mHz. It
shows that the Sumatra event has a relatively greater acti-
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Figure 5. Continued.

vation of the lowest-order modes. At the present stage of the
work, the amplitude ratios have not been corrected for pos-
sible effects of nodal planes of the free modes passing
through the Trieste station and distorting the amplitude ra-
tios. We have preferred to separate the two problems:
(1) the pure data of the observed amplitudes of the modes,
and (2) the correction terms implying modeling of the free

modes. The latter depends on the choice of the Earth model
and the focal mechanism of the events.

Data Sources

The recordings used in this article are available to the
readers by request.
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Figure 5. Continued.

The complete table of the spectral amplitudes and fre-
quencies of the modes is attached to this article as electronic
support and can be retrieved at www.units.it/�geodin/
freeosc.html. The identified modes have been separated into
four files that report the mode amplitudes observed with
the north–south and east–west oriented pendulums, for the
Chile and the Sumatra–Andaman events, respectively. The
filenames are ChiEWeigen.dat, ChiNSeigen.dat, SuE
Weigen.dat, SuNSeigen.dat, with obvious association of the
file names to the spectrum in question. The three file col-
umns report the observed mode frequency, the mode name,
and the observed spectral amplitude.
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