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Abstract—In the hours following the 2011 Honshu event, and

as part of tsunami warning procedures at the Laboratoire de Géo-

physique in Papeete, Tahiti, the seismic source of the event was

analyzed using a number of real-time procedures. The ultra-long

period mantle magnitude algorithm suggests a static moment of

4.1 9 1029 dyn cm, not significantly different from the National

Earthquake Information Center (NEIC) value obtained by W-phase

inversion. The slowness parameter, H ¼ �5:65; is slightly defi-

cient, but characteristic of other large subduction events such as

Nias (2005) or Peru (2001); it remains significantly larger than for

slow earthquakes such as Sumatra (2004) or Mentawai (2010).

Similarly, the duration of high-frequency (2–4 Hz) P waves in

relation to seismic moment or estimated energy, fails to document

any slowness in the seismic source. These results were confirmed in

the ensuing weeks by the analysis of the lowest-frequency sphe-

roidal modes of the Earth. A dataset of 117 fits for eight modes

(including the gravest one, 0S2, and the breathing mode, 0S0) yields

a remarkably flat spectrum, with an average moment of

3.5 9 1029 dyn cm (*/1.07). This behavior of the Tohoku earth-

quake explains the generally successful real-time modeling of its

teleseismic tsunami, based on available seismic source scaling

laws. On the other hand, it confirms the dichotomy, among mega-

quakes (M0 [ 1029 dyn cm) between regular events (Nias, 2005;

Chile, 2010; Sendai, 2011) and slow ones (Chile, 1960; Alaska,

1964; Sumatra, 2004; and probably Rat Island, 1965), whose origin

remains unexplained.

Key words: Tohoku earthquake, slow components, seismo-

logical quantification, mega earthquakes.

1. Introduction

This paper uses a number of simple, robust

algorithms to explore the question of the possible

existence of a slow component in the source of the

2011 Tohoku earthquake. We conclude that none is

present.

A general, and remarkable, property of the seis-

mic source is the fact that it can be scaled, over as

many as 17 orders of magnitude in seismic moment

(IDE and BEROZA, 2001), using laws of similitude

which can relate the detailed properties of the source

(e.g., seismic slip and fault length), to a single

expression of its size, namely the seismic moment

M0. This observation, documented in the 1960s by

AKI (1967), was already inherent in GUTENBERG and

RICHTER’S (1954) discovery of frequency-magnitude

relations, which were later explained theoretically,

based precisely on scaling laws (RUNDLE, 1989). In

turn, those relations have been at the core of the

estimation of repeat times, and therefore of the

quantification of seismic hazard. In simple terms,

scaling laws express the physically invariant nature of

the physical properties of the medium involved in the

rupture, such as strength of material, rupture veloci-

ties, or stress drop.

While the overwhelming majority of earthquakes

do seem to follow scaling laws, it has become apparent,

as early as the 1970s, that a number of events are

obvious violators. Their study, and the understanding

of the context in which such violations can occur, is

particularly important in the framework of tsunami

warning, which to this day proceeds from an extrapo-

lation to ultra-low frequencies (typically below

1 mHz) of a real-time seismic estimate generally

obtained at periods no longer than 250 s. Indeed,

KANAMORI (1972) introduced the concept of the so-

called ‘‘tsunami earthquakes’’, whose tsunamis are

much larger than expected from their seismic magni-

tudes, especially conventional ones. Later work has

indicated that such events were characterized by

extremely slow source rupture, itself controlled by

anomalous material properties at the source, in the
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form of either sedimentary material featuring deficient

mechanical properties (FUKAO, 1979; LAY and BILEK,

2007), or jagged ruptures affecting the propagation of

the rupture along the fault (TANIOKA et al., 1997). Both

scenarios would obviously lead to violation of the tacit

assumptions defining seismic similitude.

In this context, it has been observed that some of

the very largest earthquakes exhibit significant slow

components to their source, indicating violation of

scaling laws. The largest earthquake ever recorded,

the 1960 Chilean event, has long been documented to

possess a slow precursory component to its source,

evidenced through its clearly non-causal signature

(with respect to the mainshock) on the Benioff

strainmeter at Pasadena (KANAMORI and CIPAR, 1974;

Fig. 3), and supported by later models proposed

by KANAMORI and ANDERSON (1975), CIFUENTES and

SILVER (1989) and LINDE and SILVER (1989). The 2004

Sumatra earthquake, arguably the second largest, also

exhibits significant slowness, as evidenced by the

strong disparity between its classical CMT solution

(3.95 9 1029 dyn cm) computed around 300 s, and

the definitive value of its low-frequency moment

(1–1.2 9 1030 dyn cm), computed from ultra-long

period mantle waves or the normal modes of the

Earth (TSAI et al., 2005; STEIN and OKAL, 2005). This

property is further documented by its deficient

energy-to-moment ratio (CHOY and BOATWRIGHT,

2007). A modern re-investigation of the 1964 Alaska

earthquake has also led to an upwards re-evaluation

of its moment, to a figure essentially identical with

that of the 2004 Sumatra earthquake (NETTLES et al.,

2005). As the three largest quantified earthquakes do

exhibit source slowness, the question naturally arises

whether this property is shared by all ‘‘mega-quakes’’

(which can be defined grossly as those with

M0 B 1029 dyn cm), although as pointed out in ear-

lier works, neither the 2005 Nias earthquake, nor the

2010 Maule event, feature a slow source (STEIN and

OKAL, 2005; OKAL et al., 2012). The recent 2011

Tohoku event provides an opportunity to further

explore this question; we conclude that the earth-

quake does not feature source slowness in its low-

frequency spectrum.

The present study is composed of two parts. Real-

time measurements presented in Sects. 2–4 were all

taken as the author happened to be visiting the

Laboratoire de Géophysique of the Commissariat à

l’Energie Atomique in Papeete, which serves as the

Tsunami Warning Center for French Polynesia; such

investigations were critical as they led, in real-time,

to the conclusion that initial estimates of the seismic

source could legitimately be used in the forecasting

of the tsunami, in the context of the warning to be

issued in that territory, reached by the waves 11.5 h

after origin time. Detailed operational aspects can be

found in a companion paper (REYMOND et al., 2012).

By contrast, the definitive seismological quantifica-

tion of the source at ultra-low frequencies had to be

deferred by close to one month (OKAL, 2011), as it

relies on the analysis of the Earth’s free oscillations

(Sect. 5), which must use time windows of several

weeks to obtain a proper sampling of their spectra

(DAHLEN, 1982).

2. Mantle Magnitude Mm from Ultra–Long Period

Rayleigh Waves

In this section, we extend to ultra-long periods

(reaching 550 s) the concept of the mantle magnitude

Mm developed by OKAL and TALANDIER (1989). We

recall that it consists of interpreting the spectral

amplitudes X (x) of mantle Rayleigh waves, to infer a

seismic moment M0 using the philosophy of a mag-

nitude scale, i.e., neglecting the influence of focal

mechanism and depth. Mm, defined as

Mm ¼ log10 M0 � 20 ¼ log10 XðxÞ þ CS þ CD þ C0;

ð1Þ

uses an exact distance correction CD and scaling

constant C0, but an average source correction,

CS, derived theoretically in the framework of normal

mode theory. This concept has been at the root of the

TREMORS detection and quantification algorithm

used at the Papeete Warning Center (REYMOND et al.,

1993). In practice, the Mm algorithm has been run on

periods not exceeding 300 s.

With the generalization of very-broadband instru-

mentation, it becomes feasible to extend Mm to ultra-

long periods, in practice reaching 550 s. At the very

long periods involved (300 s B T B 550 s), the

regionalization of the Earth used in the computation of

CD (OKAL and TALANDIER, 1989) becomes largely
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irrelevant, and a single Earth model can be used. Fur-

ther, we have verified that the spline used to derive CS

as an average value of the true excitation of the Ray-

leigh waves, remains valid within 0.15 logarithmic

units. It then becomes straightforward to extend OKAL

and TALANDIER’S (1989) algorithm to periods as long as

550 s.

In the hours following the 2011 Tohoku earth-

quake, records were processed from first passages R1

at 63 stations of the Incorporated Research Institu-

tions for Seismology (IRIS) global network, and

spectral amplitudes converted into Mm values.

Results are plotted as the individual solid dots on

Fig. 1. At each of the 30 frequencies used, we then

averaged the values of Mm over all 63 stations, with

the results shown as the open and colored circles on

Fig. 1. In principle, the values of Mm should be

independent of period if the source was a perfect

d-function in time and space. However, and as

expected, the station-averaged values show a ten-

dency to grow with period, reflecting the destructive

interference provoked in the high-frequency spectrum

by source finiteness, a classical effect first described

by BEN-MENAHEM (1961), and which incidentally is

the cause of the saturation of all classical magnitudes

(GELLER, 1976). Any source slowness in the low-

frequency part of the spectrum, over and beyond what

would be expected from scaling laws, will increase

this effect at the lowest frequencies. We explore any

such possible trend by regressing the station-averaged

values against frequency as

Mm ¼ a� b f ð2Þ

in two frequency bands: f = 0 (in practice 1.8) to

5 mHz (red points on Fig. 1) and f = 5 to 10 mHz

(green points in Fig. 1), and we compare the slopes of

the regressions by forming their ratio R = b0–5/b5–10.

These results are listed in Table 1, and compared to

their counterparts for large recent events, and smaller

‘‘tsunami earthquakes’’ featuring source slowness.

All events used in Table 1 generated destructive

tsunamis, in the near or far field. The population of

ratios R shows an essentially bimodal distribution: a

first group of events, including the large 2010 Maule,

Chile earthquake, feature a ratio of *1, meaning that

there is essentially no difference in the evolution of

their spectra in the two frequency bands. A second

group features ratios R on the order of 2 or more,

meaning that the growth of moment with period

accelerates above 200 s of period (Fig. 2). The four

classical ‘‘tsunami earthquakes’’ of the past 20 years

belong to this group, as does the 2004 Sumatra event.

All these earthquakes have been shown to feature

source slowness, expressed, for example, by deficient

energy-to-moment ratios (see Sect. 3).

The 2011 Tohoku earthquake clearly belongs to

the first group, and thus features no intrinsic source

slowness. The nearly identical parameters

a5–10 = 9.61 and a0–5 = 9.62 in (2) provide esti-

mates of the static moment of the event (4.11 and

4.15 9 1029 dyn cm, respectively), which agree

remarkably well with the real-time solution

(4 9 1029 dyn cm) provided around 06:30 UTC by

the NEIC using the W-phase inversion algorithm

(DUPUTEL et al., 2011).

3. Energy-to-Moment Ratio and Slowness

Parameter H

In this section, we apply NEWMAN and OKAL’S

(1998) algorithm to compute the slowness parameter

b0−5 = 0. 084 b5−10 = 0. 082 R = 1. 02

M0

(1027 dyn*cm)

Figure 1
Individual measurements of Mm taken in real time in the aftermath

of the 2011 Tohoku earthquake. At each frequency, the larger

symbols are values averaged over all stations. The slopes of

regressions taken below 5 mHz (red) and between 5 and 10 mHz

(green) are given at the bottom of the figure, as well as the ratio of

the two numbers
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H ¼ � log10

EE

M0

ð3Þ

characterizing the ratio of the estimated energy of the

source, EE, to the seismic moment M0. We recall that

this approach is inspired by BOATWRIGHT and CHOY’S

(1986) computation of the seismic energy radiated by

the body waves, but EE in (3) keeps the philosophy of

a magnitude measurement, ignoring the specific

details of focal mechanism and source depth, often

unavailable or poorly constrained in real time. H
expresses a ratio between a high-frequency property

of the source (EE) and a low-frequency one (M0),

which, under scaling laws, should be an invariant

(theoretically predicted to take the value -4.90). In

general, large megathrust earthquakes exhibit a trend

towards slowness (�5:5�H� � 5:0), including the

2010 Maule earthquake (H ¼ �5:35). By contrast,

any deviation from such values is a proxy for an

anomalous source spectrum, and thus a violation of

scaling laws. In particular, all ‘‘tsunami earthquakes’’

have been found to feature H deficient by at least one

logarithmic unit (H� � 5:9), as did the 2004

Sumatra earthquake (H ¼ �6:40). On the other hand,

values of H significantly greater than predicted are

the trademark of ‘‘snappy’’ events featuring high

stress drops, such as the 2011 Christchurch earth-

quake (H ¼ �4:19), or other intraplate events

(triangles on Fig. 3).

Figure 3 presents the results of our real-time

analysis of generalized P wavetrains at 32 stations,

yielding H ¼ �5:65: We note that this value features

a trend towards slowness which is stronger than

typical of interplate thrust earthquakes, but it fails to

qualify the event as truly slow. In this respect, and as

documented on Fig. 3, the 2011 Tohoku event

remains comparable to such events as 2010 Maule

(H ¼ �5:35), Nias 2005 (H ¼ �5:54), Bengkulu

2007 (H ¼ �5:78) or 2001 Peru (H ¼ �5:65), none

of which featured source slowness (as discussed by

WEINSTEIN and OKAL (2005), the latter had a delayed,

rather than slow, source), nor anomalous tsunamis.

4. Duration of High-Frequency P Waves

This section uses high-frequency P waves to

recover an estimate of the duration of faulting at the

source. In the aftermath of the 2004 Sumatra event,

NI et al. (2005) remarked that, due to the attenuation

properties of the mantle, direct P waves were, in

general, the only phase capable of transmitting very

high frequency energy to distant stations. Thus, upon

drastic filtering (e.g., in the range 2 B f B 4 Hz), the

only phase remaining in a teleseismic signal will be

the P wave, and an analysis of its duration can be

carried out without contamination by other phases

such as PP or S, which could interfere with P in the

Table 1

Regression parameters of Mm versus frequency

Date Region Moment (1027 dyn cm) Slope b5–10 Slope b0–5 Ratio R

Regular sources

15 NOV (319) 2006 Kuril 34.0 0.074 0.069 0.93

12 SEP (255) 2007 Bengkulu 51.0 0.079 0.089 1.13

29 SEP (272) 2009 Samoa 12.0 0.062 0.046 0.75

27 FEB (058) 2010 Maule 185.0 0.103 0.097 0.94

11 MAR (070) 2011 Tohoku 400.0 0.083 0.085 1.02

Slow sources

02 SEP (246) 1992 Nicaragua 3.4 0.058 0.105 1.81

02 JUN (153) 1994 Java 5.3 0.026 0.074 2.84

21 FEB (052) 1996 Chimbote, Peru 2.2 0.031 0.081 2.61

26 DEC (361) 2004 Sumatra 1150.0 0.068 0.243 3.60

17 JUL (198) 2006 Java 4.0 0.007 0.074 10.15

The units of the slopes b are logarithmic units of magnitude Mm per mHz
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case of extremely long sources, such as the 2004

Sumatra earthquake.

Under scaling laws, the duration of rupture

s, controlled by fault length L and rupture velocity

vR, is expected to grow like M0
1/3, and the ratio of

those two quantities should be an invariant of the

source, controlled by the medium rigidity l, the

strain release e; and vR, all of which should be size-

independent properties.

We obtain an estimate of s by constructing an

envelope of the filtered ground-velocity times series,

and measuring the time s1/3 during which the

amplitude of the envelope remains above 1/3 of its

maximum value. This methodology is inspired (with

only slightly different parameterization) by TALAN-

DIER and OKAL’S (2001) discriminant D for explosive

sources of hydroacoustic energy recorded at T-phase

stations, and the reader is referred to this work for

details of the procedure. An example of measurement

is given in Fig. 4.

When averaged over a dataset of 40 stations, the

mean s1=3 ¼ 65 s is found to be substantially smaller

than the true duration of rupture, as resolved, for

example, by source tomography studies. This reflects

in particular the strong directivity effects resulting

from the spatial distribution of the departing rays

(GELLER, 1976). In this respect, s1/3 cannot be directly

interpretable as the rupture time L / vR of the source,

but its measure provides a robust way to compare the

relative time intervals over which a variety of events

have generated high-frequency waves into the Earth.

Figure 5 shows that the 2011 Tohoku earthquake

b0−5 = 0. 243 b5−10 = 0. 068 R = 3. 60

M0

(1027 dyn*cm)

b0−5 = 0. 074 b5−10 = 0. 007 R = 10 .15

M0

(1027 dyn*cm)JAVA

SUMATRA

Figure 2
Same as Fig. 1 for the 2004 Sumatra (Top) and 1994 Java (Bottom)

events. Contrary to the case of the Tohoku earthquake, these slow

events feature a spectrum growing fast below 5 mHz, leading to

ratios R much in excess of 1

Figure 3
Estimated Energy EE versus moment M0 for a background of *90

large earthquakes of past 35 years. Lines of constant H are shown

as dashed lines, with the solid grey line representing the theoretical

value (-4.90) expected from scaling laws. The 2011 Tohoku event

is shown as the large square symbol. The circular bull’s eyes

identify the ‘‘tsunami earthquakes’’ with H \� 5:80: By contrast,

the triangles identify ‘‘snappy’’ earthquakes with H [ � 4:3:

Relevant earthquakes are identified as: A46, Unimak 1946; B07,

Bengkulu 2007; C10, Chile 2010; Ch, Christchurch 2011; CP,

Chimbote, Peru 1996; J94, Java 1994; J06, Java 2006; K63, Kuril

1963 (20 Oct.); K75, Kuril 1975; K94, Kuril 1994; M90, Marianas

1990; M10, Mentawai 2010; N05, Nias 2005; N92, Nicaragua

1992; P01, Peru 2001; S95, Samoa 1995; S04, Sumatra 2004; and

S09, Samoa, 2009
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appears, if anything, shorter in duration than average,

and certainly does not share the excessive s1/3/M0

ratio systematically featured by tsunami earthquakes

and other slow sources.

An alternate way of interpreting the previous

results is to combine the measurement of s1/3 and

EE, through the quantity

U ¼ log10 s1=3 �
1

3
log10 EE þ 5:86; ð4Þ

where the last constant has been adjusted to give U a

zero mean over a large background dataset of about

60 earthquakes. This procedure eliminates the long-

period moment M0. A slow source will have both a

deficient EE and a prolonged s1/3, hence a large

positive U; typically greater than 0.35. This is the

case of all ‘‘tsunami earthquakes’’ (0:46�U� 1:08;

Fig. 6), but not of the 2004 Sumatra earthquake,

which has only U ¼ 0:22; probably reflecting an only

moderately slow rupture velocity of 2.5 km/s (e.g.,

GUILBERT et al., 2005; ISHII et al., 2005), as opposed

to as low as 0.9 km/s for the typical ‘‘tsunami

earthquakes’’ (POLET and KANAMORI, 2000). (In addi-

tion, the s1/3 algorithm cannot catch a very long

source whose last portions may have a diminished

amplitude, falling below the 1/3 threshold, which

contributes to a limitation on the parameter U for this

exceptional event.)

For the 2011 Tohoku event, we obtain U ¼
�0:31; confirming the relatively fast character of its

source (Fig. 6).

Note that the computation of U is conceptually

related to the inverse of the discriminant E / TR
3 recently

introduced by NEWMAN et al. (2011) and implemented

as part of their automated evaluator of source slowness,

although the parameters computed, EE versus E and

s1/3 versus TR, are not exactly identical. Nevertheless,

it is interesting to note that we find a difference of

0.70 units in U between the slow 2010 Mentawai

‘‘tsunami earthquake’’ (U ¼ 0:39), and the 2011

Tohoku event, whereas NEWMAN et al.’s dataset would

suggest a very similar difference of 0.64 units.

5. Quantification of Normal Modes Excited

by the 2011 Tohoku Earthquake

In this section, we explore in a definitive fashion

the low-frequency end of the source spectrum of the

2011 Tohoku earthquake by quantifying the ampli-

tude of the Earth’s spheroidal free oscillations that it

excited. Whereas all previous measurements

(Sects. 2–4) could be made in real-time operational

mode and contributed to the tsunami alert during the

night of 10–11 March (local time) at the Laboratoire

de Géophysique in Tahiti, the investigation of the

modes had to be deferred until sufficiently long time

series became available (DAHLEN, 1982).

Our study matches the amplitude of observed

spectral lines of the various modes to theoretical

spectra computed in the formalism of STEIN and

GELLER (1977), which allows the precise modeling of

the excitation, by a source of any geometry, of each

of the (2l ? 1) singlets nSl
m, where the individual

mode nSl has been split by the Earth’s rotation and

ellipticity. It follows in the footsteps of our previous

work on the normal modes of the 2004 Sumatra, 2005

τ1/3 = 99= s

(a)

(b)

Figure 4
Principle of the measure of s1/3. a Broad-band seismogram of the

2011 Tohoku earthquake at Diego Garcia (DGAR), band-pass

filtered between 2 and 4 Hz. Note that this procedure eliminates all

phases other than P. b Envelope of (a), using the procedure of

TALANDIER and OKAL (2001). The thick line represents the fraction

of the record for which the envelope remains above 1/3 of its

maximum value. Its length defines s1/3
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Nias, and 2010 Maule earthquakes, as described in

STEIN and OKAL (2005, 2007) and OKAL et al. (2012),

to which the reader is referred for all details of the

computational procedures.

In practice, we were able to model the funda-

mental spheroidal modes 0S2 to 0S5, the overtones 1S3

and 1S4, and the radial modes 0S0 and 1S0. In the case

of 1S3, we included the contribution of 3S1, which has

a similar eigenfrequency, to the extent that the two

groups of singlets cannot be separated. We found the

spectra of the torsional modes too noisy to be pro-

cessed. We used exclusively continuous time

windows, lasting an average of 20 days, except for

0S0 for which we used 75-day-long windows, on

account of the exceptionally high Q of the mode. As a

whole, we obtained 117 fits for eight multiplets.

Figures 7 and 8 give representative examples of the

spectral lines and their theoretical fits.

Figure 5
Results of the measurement of s1/3 compared to a background of values for other events. The dashed line best fits that dataset under the

assumption of a constant ratio between s1/3 and M0
1/3, as predicted by scaling laws. Note that the ‘‘tsunami earthquakes’’, identified by bull’s

eye symbols, all plot above the line. The 2011 Tohoku event is shown as the large square. Event codes as in Fig. 3

Φ = log τ1/3 −
1

3
log10 E E + 5. 86

TOHOKU
2011

Figure 6
Parameter U plotted versus moment, for a dataset of *60 background earthquakes. This parameter is designed to emphasize source slowness,

and is computed exclusively from P waves. The long-dashed line is the threshold (0.35) above which events feature excessive slowness,

including all ‘‘tsunami earthquakes’’. By contrast, the 2011 Tohoku earthquake shows a negative U: Earthquake codes as in Fig. 3
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The normal mode results are summarized in

Table 2, and plotted on Fig. 9. Over the range of

periods studied, we find an essentially flat spectrum.

With the exception of the duo 1S3–3S1, which only

grazes it, all error bars of the individual modes fit the

1–r band about the geometrically averaged moment of

3.54 9 1029 dyn cm. Most importantly, we fail to

identify any trend of an increase of moment with

periods; if anything, the moments computed decrease

slightly with increasing period, the best-fitting loga-

rithmic slope being -0.004, an insignificant number as

compared with the positive value of ?0.39 found for

the 2004 Sumatra earthquake (STEIN and OKAL, 2007).

6. Discussion and Conclusion

We have presented a total of five methodologies,

using the whole spectrum of teleseismic waves over a

range of frequencies covering four order of magni-

tudes, from the 3-Hz P waves used to compute s1/3 to

0.3 mHz for 0S2. All attempts fail to document any

slowness in the source of the 2011 Tohoku event, in

the sense of a growth of its source spectrum with

increasing period.

Beyond the gravest Earth mode, seismological

methods are powerless to resolve the source spec-

trum, but we note the work of HAN et al. (2011), who

0S20S 02 S30S 03 S40S4

1S3 − 3S11S3 − 3S1
1S41S4

SSBRERBFO

CANKURGRF

0S50S5

3. 27 ×

1029

3. 64 ×

1029

3. 83 ×

1029

3. 61 ×

1029

3. 34 ×

1029

3. 50 ×

1029

Figure 7
Examples of spheroidal mode fits. For each mode, a representative station (with three letter code) is used. The black trace is the spectral

amplitude of vertical ground motion in a narrow window centered on the mode. The red trace is the theoretical spectrum, computed using

STEIN and GELLER’S (1977) algorithm. The moment value, printed at upper right in each frame, is obtained by best-fitting the two curves. In the

case of 0S5, the narrow spectral line at left is the radial mode 0S0 (see Fig. 8), located outside the best-fitting window
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mapped deformations of the GRACE satellite orbits

into a dataset of spherical harmonics expansions of

the perturbations of the gravity potential of the Earth

due to the earthquake. These can be described as

‘‘static’’ although more precisely, they correspond to

a period of *3 weeks, representing the time over

which the orbits were studied. In turn, HAN et al.

(2011) were able to invert this dataset into a moment

tensor. While their scalar moment trades off with

other parameters such as depth and fault dip, the

values of M0 fall between 4 and 5 9 1029 dyn cm,

comparable to the range of seismic solutions pub-

lished in the aftermath of the event, e.g., the W-phase

estimate of 4 9 1029 or the final Global CMT solu-

tion of 5.3 9 1029 dyn cm.

This is not to say that the 2011 Tohoku earth-

quake had a ‘‘textbook’’ source. Most source

tomographic studies have proposed a patch of

extreme slip reaching locally anywhere from 40 to

70 m (e.g., LAY et al., 2011), over a reduced area not

exceeding 200 by 100 km, which implies strains of

5 9 10-4, in excess of commonly accepted values for

what should be an invariant of the source. This in

itself constitutes a violation of scaling laws.

However, our results indicate that, at the ultra-low

frequency end of the seismic spectrum, the 2011 Tohoku

earthquake had no hidden low-frequency component

escaping detection under traditional seismological

techniques. In this respect, the 2011 event is most

reminiscent of the 2010 Maule and 2005 Nias earth-

quakes, and differs significantly from the 2004 Sumatra

earthquake, whose gravest normal modes were excited

by a moment *3 times larger than its CMT solution.

Among historical earthquakes, and as mentioned

earlier, the 1960 Chile earthquake and the smaller

1946 Unimak event (LÓPEZ and OKAL, 2006) had

strong low-frequency components, a behavior shared

(on a somewhat smaller scale) by the 1964 Alaska

earthquake (NETTLES et al., 2005). Preliminary evi-

dence of deficient high-frequency body-wave energy

0S00S 10 S01S0

FOMPPT

3. 46 ×

1029

3. 95 ×

1029

Figure 8
Same as Fig. 7 for the radial modes 0S0 and 1S0

Table 2

Results of the normal mode analysis

Mode Period

(s)

Best-fitting moment

M0 (1029

dyn cm)

Standard

deviation (*/)

Number of

stations

0S2 3,232 3.39 1.03 8

0S3 2,134 3.55 1.07 19

0S4 1,545 3.72 1.06 16

0S5 1,190 3.47 1.07 15

1S3 –

3S1

1,062 3.02 1.07 15

1S4 852 3.63 1.11 15

0S0 1,227 3.39 1.06 11

1S0 613 3.89 1.07 18

Average 3.54 1.07 117

The standard deviation is given as a multiplicative or divisive

factor (*/)

Vol. 170, (2013) From 3-Hz P Waves to 0S2 971



indicates that the 1965 Rat Island earthquake may

also feature slowness in its source.

These results are sketched on Fig. 10, which

would suggest that the three ‘‘super-mega’’ earth-

quakes (M0 C 1030 dyn cm) are all slow, while the

next tier (Tohoku, Maule, Nias) are regular. We also

note that these latter three events all had significantly

bilateral ruptures. But such apparent trends are vio-

lated by the very slow, bilateral Unimak source, and

if its slowness could be confirmed, by the Rat Island

earthquake, which belongs to the second tier in terms

of moment. Given the scarcity of the dataset of mega

earthquakes, it is clear that detailed investigation of

historical events for which modern low-frequency

solutions are not available (e.g., 1950 Assam, 1952

Kamchatka, 1957 Aleutian) would be highly desir-

able. Only then (and if more mega events occur in the

not too distant future), will we be able to unravel the

mystery of slow components of mega earthquakes.
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