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On 11 November 2018, all global seismic stations rec-
orded unusual long-period wave packets without any
discernible body waves. Our analyses show that the
wave packets are monochromatic with period 15.6 sec
and are fundamental-mode non-dispersive Rayleigh
waves. Using the arrival times of wave packets, the
source is approximately located at the northeastern
edge of the recent earthquake swarm zone, off the east
coast of Mayotte, a volcanic island between North
Madagascar and East Africa. Synthetic seismograms
for an isotropic source at 15 km depth with a transient
oscillation of the same period as that observed in the
wave packets, are consistent with the recorded seis-
mograms. We estimate an equivalent magnitude (M,,)
of ~4.8 for this source and suggest that a volcanic fluid
sphere of radius ~5 km might have generated such
radial oscillations. Interestingly, similar monochro-
matic waves with lesser amplitude were also recorded
on many occasions from the same source during 21
June 2018 to 10 September 2019. The period of waves
increased from 15.2 sec in June to 15.6 sec in October—
November 2018 and then decreased to 15.0 sec in
September 2019, which implies an increase and then
decrease in radius of the fluid sphere at the source.

Keywords: Monochromatic wave packets, seismo-

grams, seismic stations, source characterization.

ON 11 November 2018, between 09:30 and 11:30 UTC,
all global seismic stations recorded a few minutes long
low-frequency wave packets. However, body waves were
not visible on the seismograms and as such source para-
meters, including the location of the event, could not be
determined perhaps due to small magnitude or non-
double couple source mechanism or some other slow
process (e.g. slow earthquakes, landslides, rockfalls, calv-
ing events, etc.). The wave packets arriving early at
FOMA (in South Madagascar) and KMBO (in Kenya)
indicate an approximate source location at Comoros arc-
hipelago in the northern Mozambique Channel between
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north Madagascar and Mozambique (Figure 1a). The
archipelago consists of four principal volcanic
islands over a distance of about 300 km, approximately
along the WNW-ENE direction'. The origin of this archi-
pelago is either a deep mantle plume that developed a hot-
spot track from the Seychelles Plateau, or a lithospheric
deformation that reactivated transform faults and con-
trolled the magma path”. From west to east these volcanic
islands are (i) Grand Comore, (ii) Anjouan, (iii) Moheli
and, (iv) Mayotte. At Mayotte, the magmatic activity
started at least ~10.6 Ma ago, and at Anjouan and Moheli
~5 and 3.9 Ma ago respectively, and at Grand Comore
since ~0.13 Ma (ref. 2). Among the four islands, the
Grand Comore is the largest, where Karthala is an active
shield volcano covering two-thirds of the island area that
has erupted more than 20 times since the 19th century’.
The submarine volcanic island Geiser bank is situated
about 150 km northeast of Mayotte (Figure 1a). The
Mozambique Channel played a crucial role during Gond-
wana break-up. It is commonly accepted that break-up
between its eastern (Antarctica, Australia, India, Mada-
gascar) and western (Africa, South America) was caused
at first by the opening of Mozambique and Somali basins.

Since 10 May 2018, earthquake swarm activity has
been reported from off the east coast of Mayotte, where
earthquakes are generally rare, as evident from the United
State Geological Survey (USGS) earthquake catalogue.
The epicentres of the swarm are located in the offshore
region extending for about 60 km from the east coast of
Mayotte (Figure 15). This shallow-depth swarm was ac-
tive during May—June 2018, with the largest earthquake
of M,, 5.9 on 15 May 2018 (Figure 1 b) with its hypocen-
tre at 12.77°S, 45.58°E and 17 km depth (USGS). Since
July 2018, swarm activity has decreased both in terms of
frequency of earthquakes and their magnitudes. Consider-
ing the current earthquake swarm activity on the east
coast of Mayotte, it is logical to assume that the source of
the unusual wave packets is likely to be located in the
swarm zone. Thus, in this analysis we assumed its source
to be located at the epicentre of the largest earthquake of
15 May 2018 with a depth of 15 km.
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Figure 1.
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a, Map of Comoros archipelago and its neighbourhood with the bathymetry. b, Spatial distribution of the earthquake (m; = 4)

swarm activity during May 2018—February 2019 from USGS. White rectangle around Mayotte in () shows the region considered in (b).
The star shows the largest magnitude earthquake (M,, 5.9) of the swarm that occurred on 15 May 2018. Initially this location was assumed
as the source of the wave packets. ¢, Locations of seismic stations used with their standard codes whose latitude, longitude and names are

available at the website of the International Seismological Centre.
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Figure 2. Vertical (V), north—south (N) and east-west (E) compo-
nents of unfiltered ground velocity recorded at station KOD at 1 sample/
sec. Note the difference in scales on the y-axis.

The absence of body waves prior to the surface wave-
like wave packets of 11 November 2018 implies that
either the source of the event has small magnitude or it is
a slow, non-double couple event’. Yet, it is surprising
that the wave packets were recorded worldwide; the
waves were well-recorded at far-off stations, like Sierr La
Laguna (SLBS), Baja California, Mexico at a distance of
154° from the source and at Pohakuloa (POHA), Hawaii,
USA at a distance of 159°. Here we analyse the records
of 11 November 2018 at seismic stations around Comoros
archipelago (Figure 1c¢) and also at other global stations
to obtain some fundamental characteristics of the wave
packets and their possible source.
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Data

We analysed broadband seismic data (flat velocity
response at least up to 120 sec) pertaining to the 11
November 2018 event from seismic stations in the Indian
region, acquired by the National Centre for Seismology,
New Delhi along with data from Incorporated Research
Institutions for Seismology (IRIS) at other global stations
(Figure 1c¢). We considered the data with 1 sample/sec,
containing waves above period 2 sec. Figure 2 shows an
example of three-component (V, N-S, E-W) unfiltered
record at station KOD. To improve clarity in the signal, a
bandpass filter 0.02—0.2 Hz was used. However, at some
stations close to the Mayotte Island, noise was large in
the frequency band 0.1-0.2 Hz, and so a band pass filter
0.02-0.1 Hz was required for clarity. In Figure 3 we
display the filtered vertical-component seismograms at
stations with varying azimuths and distances, where dis-
tance (A) is computed from the assumed source location
as mentioned in the previous section.

Wave characteristics
Amplitude spectra

The period of waves in the seismograms did not change
with time (Figures 2 and 3). We obtained amplitude spec-
tra, which showed that the event at all 24 stations (Figure
3) had a dominant peak at period 15.63 sec, except at dis-
tant stations like POO, COCO and DHRM, where the
peak was at 15.52, 15.75 and 15.75 sec respectively (Fig-
ures 4 and 5). Thus on average, the peak was at 15.6 sec.
Other secondary peaks had spectral amplitudes less than
one-tenth of the amplitude at 15.6 sec. Such sharp peaks,
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Figure 3. a, Vertical components of ground velocity waveform for stations A <30° with common starting time as 09 :32 UTC. Note the differ-

ence in scales on the y-axis. For clarity in waveform bandpass filter 0.02—0.2 Hz is used for stations LSZ, FURI, TSUZ, SUR and 0.02—-0.1 Hz for
FOMA, MSEY, KUBO and DGAR. Wherever possible, the beginning of the wave has been marked by an arrow. b, Same as (@), but for stations
30° < A £49.8° with common starting time as 09 : 42 UTC. Bandpass filter 0.02—0.1 Hz is used for stations CRZF and AIS. For other stations filter
0.02-0.2 Hz is used. ¢, Same as (a) but for stations A >49.8° with common starting time as 09:52 UTC. For all stations, bandpass filter 0.02—

0.2 Hz is used.

present at all stations, suggest that the recorded waves of
11 November 2018 are monochromatic with period of
15.6 sec and thus are non-dispersive.

Variation of amplitude with distance and azimuth

The maximum in the amplitude envelopes of the wave
packets, in general, decreased with distance in all direc-
tions from the assumed source (Figure 3). Further, ampli-
tudes at nearly same distances were approximately same,
irrespective of the direction, implying an isotropic nature
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of the source. At short-distance stations (A < 30°, Figure
3 a) only one wave packet was recorded, whereas at many
distant stations (A > 30°, Figure 3 b and c), two or three
wave packets were recorded, which may be due to the
arrival of waves from different wave paths*.

Particle motion

The three-component record showed that the wave packet
arrived at the same time at all components and no other
wave prior to this was seen in the horizontal component
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(Figure 2). This indicates the presence of Rayleigh waves
and absence of Love waves in the records. To confirm
this further, we estimated the radial and transverse com-
ponents at each station by rotating the N-S and E-W
components for different back azimuths. We considered
the back azimuth of a station as one which showed max-
imum amplitude in the radial component and minimum in
the transverse component (Figure 6). The amplitudes in
the transverse components at all stations were found to be
significantly smaller than those in the vertical and radial
components. This again confirms the absence of Love
waves in the records. The estimated back azimuths were
close to the direction of the assumed source.

Using the radial and vertical components, particle
motion was drawn on a vertical plane through the wave
path (Figure 7). The particle motion exhibited retrograde
elliptic motion and further confirmed that wave packets
are actually the Rayleigh waves. However, at a few
stations the major axis of the ellipse was slightly tilted
from the vertical, which may be due to some lateral hete-
rogeneity around the stations’.

Source characterization
Origin time

For the near-source stations (A < 30°), we could mark the
arrival times of the wave packets quite unambiguously
(Figure 3 a). However, at stations beyond 30° distance,
unambiguous identification of arrival times of the wave
packets was generally not possible, except at a station
KOD (Figure 3 b). Azimuths from the source to stations
MSEY and KOD were nearly the same (Figure 15).
Between these two stations, the ratio of difference of
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Figure 4. Amplitude spectra of ground velocity of V, N and E com-

ponents at station KOD.
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epicentral distances to the difference of arrival times was
3.9 km/s, which is close to the phase velocity of Rayleigh
wave fundamental mode of period 15.6 sec along an
oceanic path. The fundamental mode of Rayleigh wave
was recorded since surface-wave amplitudes of this
mode, in general, are large compared to other high
modes. Considering that the wave packets have travelled
at this speed, their arrival times at the nearby stations
FOMA, MSEY and KOBO provide an average origin
time of ~09:28 UTC on 11 November 2018.

Source location

For estimating the location of the recorded wave packets,
we used three nearby stations, namely FOMA (A = 12.21°),
MSEY (A = 12.66°) and KOBO (A = 14.21°), which form
a triangle around the assumed source with nearly the
same A value (Figure 15). We observed that the arrival
time at KUBO was 21 sec after FOMA, which is nearly in
accordance with A value of the two stations. However,
arrival time at MSEY was 28 sec earlier than that at
FOMA, although A value was 0.45° more for the former.
The difference in arrival times may be due to the differ-
ence in the Rayleigh wave speed along the two wave
paths. However, to accommodate a part of the arrival
time difference, the actual source location may be about
0.2° towards northeast of the assumed location. With
such a shift, the source was estimated to be located at the
northeastern edge of the swarm zone (Figure 1 b), which
corresponds to a location between the Mayotte island and
Geiser bank.

Mechanism

In the recorded seismograms of the event, the P- and S-
waves were not visible but Rayleigh waves were clear
and non-dispersive. To explore this theoretically, synthet-
ic seismograms were generated using the PREM earth
model®. In this model, the ocean thickness is assumed as
3 km. Synthetic seismograms were obtained at the bottom
of ocean following Bhattacharya’. We assumed an iso-
tropic source at 15 km depth with a monochromatic time-
derivative source—time—function of period 16 sec (Figure
8 a). The assumption of isotropic source was based on
observations that the seismograms had no Love waves but
only Rayleigh waves, whose amplitude was nearly the
same at the same distances in all azimuths.

Figures 8 b and ¢ shows the vertical and radial compo-
nents of synthetic seismograms at epicentral distances
20° and 50°. We do not show the transverse components
whose amplitudes are zero in these synthetics, consistent
with the relatively smaller amplitude observed in the
transverse component (Figure 6) at all stations. Synthetic
seismograms show that not only are P- and S-waves
weak, but also the Rayleigh wave amplitudes are relatively
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Figure 6. Vertical (V), radial (R) and transverse (T) components at

station CRZF. Scale is the same for all the three-components. The
amplitude in the T-component is significantly small compared to the
V- and R-components.

large. However, with increase in focal depth, the ampli-
tudes of P- and S-waves increase relative to those of Ray-
leigh waves. Thus instead of keeping the focal depth too
shallow, an optimum focal depth is obtained so that body
wave amplitudes remain relatively smaller. The
amplitude spectra of synthetics show sharp peak at
16.0 sec. Thus the waves in synthetic seismograms at
stations are monochromatic of similar period as that of
the source—time—function. The synthetics in Figure 85
and ¢ show similarity with the observed seismograms
(Figure 3).

As seen in the waveforms at stations LSZ (A = 17.06°)
and FURI (A =22.59°) in Figure 3 a, the average observed
maximum amplitude at A = ~20° is about 3000 nm/s. Fur-
ther, using the waveforms of JHNI (A =49.75°), BLSP
(A =49.88°), COCO (A =49.98°) and BWNR (A =51.40°)
in Figure 35 and ¢, the average observed maximum
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a, Amplitude spectra of velocity of the vertical components of stations in Figure 3 a. b, Same as (a), but for stations in Figure 3 b.

amplitude at A=~50° is about 800 nm/s. To achieve
nearly the same amplitude in synthetics at these distances,
we have considered seismic moment (M) as 1.50 x 107
dyn cm for the source and this corresponds to My = 4.8.
However, this is an approximate estimate as we are not
using an exact earth structure along the wave path.

The time-derivative of source—time—function in Figure
8 a implies that we have considered a transient oscillation
at the isotropic source. This is similar to the radial oscil-
lation of a fluid-filled sphere considered by Fujita et al.'’
for the source mechanism of a harmonic volcanic tremor.
They considered a fluid-filled sphere of radius r, with
density p; and P-wave velocity ¢, embedded in an infi-
nite Poisson solid medium with density 0, and P-wave
velocity o. Using the equation of motion and boundary
conditions they derived an equation to evaluate eigen fre-
quencies in terms of Q = w(ry/ ), where w is the angular
frequency. Thus the radius of the sphere is

ro= o4 Q/w, (D

Model 2 of Fujita et al."® gives the average parameters of
the sphere of the volcanic fluid. In this model,
/oy =549, p/pr=2.0 and o =0.4552 km/s, which
gives the eigen frequency as Re(Q2) = 4.3 for the funda-
mental mode (which has higher amplitude than other
higher modes) of oscillation. In the present case,
®w=27/15.6s" and considering the model 2 for our
source region, eq. (1) gives 7y =4.9 km, which suggests
that radial oscillations of the fluid-filled sphere of ~5 km
radius generated the wave packets.

Discussion

Low-frequency or long-period (LP) seismic events are
recorded from volcanic regions in many parts of the
world'" and their frequency normally varies between 0.5
and 5 Hz (ref. 12), with their duration less than 1 min.
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Further, such waves have rarely been recorded beyond
100 km. The difference between the earlier observations
and the present one is in the frequency content, the dura-
tion of waveform and the distance at which they are
observed. However, Talandier ef al.'> analysed two seis-
mic events of May 2011 and April 2013 generating
monochromatic Rayleigh waves of period 17 sec and
duration of about 40 min, which were recorded only at
regional distances. These events probably originated from
a hot spot of Rocard submarine volcano in southern
Pacific, about 100 km east of Tahiti. The present case is
anomalous in the sense that waveforms are recorded
worldwide and such monochromatic Rayleigh waves
have been recorded on many occasions at large distances
since June 2018 from the same source with slight increase
and decrease in periods (Figure 9 a).

These LP harmonic waveforms are interpreted as oscil-
lations of a fluid-filled resonator. As a possible origin of the
17 sec period Rayleigh waves, Talandier et al."* proposed
that the entire volcanic conduit might have vibrated dur-
ing the ejection of lava and resonated to generate the mo-
nochromatic Rayleigh waves. Although many geometries
are possible for a source resonator'""'>, we considered a

CURRENT SCIENCE, VOL. 118, NO. 7, 10 APRIL 2020

fluid-filled sphere as the resonator because a sphere is
one of the simplest shapes in nature and radial oscilla-
tions of a sphere act as an isotropic source which, in this
case, is required to fit the observations. Gudmundsson'*
noted that some magma chambers become spherical due
to isotropic and close-to-isotropic stress. Such geometry
may also occur directly from cooling of a differently
shaped chamber'*'®. With a radial oscillation of such a
spherical source, we have generated synthetic seismo-
grams which consist of wave packets with non-dispersive
Rayleigh waves and relatively negligible body wave am-
plitude, consistent with the observations. The size of the
fluid sphere is estimated to be large compared to the pre-
vious findings'’; but a large size is needed to have ultra-
LP oscillations of period 15.6 sec. We assumed a point
source while generating synthetic seismograms, because
the diameter of the fluid sphere is negligible compared to
the epicentral distances considered here.

It is interesting to note here that since 21 June 2018,
similar monochromatic waves from the same source have
been recorded at nearby stations such as FOMA, MSEY,
KMBO and LSZ; however, amplitudes of these waves
are smaller than those of 11 November 2018. Such
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occurrences are more during October and early Novem-
ber 2018 (Figure 9a). As before, the period of the
monochromatic waves is derived from the sharp peak of
amplitude spectra and it increased from 15.24 sec on 21
June 2018 to 15.63 during October and early November
2018. However, the period started decreasing from 20
November 2018 and reached 15.0 sec on 10 September
2019 (Figure 9a). Using eq. (1) and considering no
change of material within the fluid sphere, this increase
and decrease in period indicate that the radius of the fluid
sphere increased from 4.7 to 4.9 km and again decreased
to 4.7 km. It appears that the decrease in period or shrink-
ing of the fluid sphere occurs along with decrease of
swarm activity (Figure 9 b).

Conclusion

(1) The particle motion and the wave speed show that the
observed wave packets are fundamental mode Rayleigh
waves. Further, the amplitude spectra showed that the
waves are monochromatic and non-dispersive. Transverse
components of the wave packet show the absence of Love
waves.

(2) At nearby stations, single wave packet was recorded,
whereas at some distant stations multiple packets were
recorded which were possibly caused by multi-pathing.

(3) The source of the event is located at the northeas-
tern edge of Mayotte earthquake swarm zone, which
started in May 2018.

(4) The recorded monochromatic wave packets with a
period of 15.6sec are consistent with the synthetic
seismograms for an isotropic source at ~15 km depth with
a transient oscillation of the same period. Comparison of
amplitudes between the observed and synthetic seismo-
grams implies an M,, of ~4.8 for the source.

(5) Considering source of the event as a volcanic fluid-
filled sphere oscillating radially with a period of 15.6 sec,
the radius of the sphere is estimated to be ~5 km.

(5) Similar monochromatic Rayleigh waves with lesser
amplitudes have been recorded on several occasions from
21 June 2018 to 10 September 2019. The period of the
waves increased till October and early November 2018
and then decreased from 20 November 2018, which
implies an increase and then decrease in the radius of the
fluid sphere.
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