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Gliding tremors associated with the 26 second
microseism in the Gulf of Guinea

Charlotte Bruland"?® & Celine Hadziioannou® '

A location in the Gulf of Guinea, which emits monochromatic seismic waves at 26-second
period, seemingly continuously, was identified in the 1960s. However, the origin of these
seismic waves remains enigmatic to date. Here we use three-component data from two
seismic arrays in Africa, as well as additional seismic data compiled from around the world, to
investigate the tremors. We identify frequency glides accompanying the previously known
26 s microseism which start at the same frequency and originate in the same, fixed location
in the Gulf of Guinea. The stable characteristics of the tremors, their low frequency range, the
implied large spatial scale, and the decades-long timescales where this phenomenon seems
to have been active, all point towards a gap in our understanding of long period oceanic and
volcanic signals. Since tremor is an important tool to monitor volcanoes, understanding this
phenomenon may affect future forecasting of volcanic activity.
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geophysicists for decades. This sustained seismic signal is

detected globally, with a constrained source location, but
no observations so far seem to bring us closer to understanding
which physical mechanism is causing this enigmatic signal. Here
we demonstrate that gliding frequencies associated with the 26 s
source are also detected globally, start at the same frequency and
originate in the same fixed location in the Gulf of Guinea.

The 26s signal, with approximate coordinates (0,0), was dis-
covered in the 1960s and is believed to been generated con-
tinuously, from a fixed location, since then!=%. Still, the physical
mechanism remains unclear. Oliver! described a dispersive storm
lasting about 2 days, with decreasing periods from about 28 to
20 s. We interpret this to be the very first observation of the glide.
Later it was shown that this peak at 26 s was actually a persistent
part of the ambient noise spectrum?°. Several temporally per-
sistent narrow-band signals have previously been located in the
gulf, at 27 and 16 s14°. As the sources at 27 and 16 s are located
close to the Cameroon volcanic line, magmatic origin has been
proposed. However, there are no known volcanoes in the area of
the Gulf where the 26 s source is located®. Uncovering the phy-
sical mechanism behind the frequency glides presented here, and
their connection to the 26 s source, might help put constraints on
the source mechanism behind the seismic signals in the Gulf of
Guinea.

Usually, such sustained seismic signals are linked to volcanic
activity, called volcanic tremor’. Nevertheless, various natural
sources can generate gliding tremor, such as hydrothermal
systems®?, icebergs!?, glaciers!!, microtsunamis!2, landslides,
avalanches!3 and swells!'%. Artificial sources, such as trains!> and
helicopters!®, can also produce harmonic gliding tremor, similar
to what is observed at active volcanoes.

a)

The mystery of the 26 s microseism has been puzzling
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Other gliding tremor observations, however, typically have
higher frequencies or shorter duration than the frequency gliding
that we observe, and are only detected at short distances from the
source. Tremors with characteristics such as those in the Gulf of
Guinea have previously not been reported, and cannot be
explained by known volcanic or oceanic mechanisms. In this
study, we aim to constrain the mechanism of the glides.

Seismic data used in this study

To study the glide episodes, we use three-component data from
two seismic arrays in Africa; the Morocco-Muenster array (MM),
a temporary array located in Morocco (2011-2012)'7, and the
temporary installation Broadband Seismic Investigation of the
Cameroon Volcanic Line (CVL)!® (2006). The locations and
array configurations are shown in Fig. 1.

We also use available data from the permanent three-
component broadband station TAM in Algeria from the global
seismological network GEOSCOPE (G)!? (Fig. 1¢) as well as other
seismic stations (see Supplementary Table 1)19-22,

Results

Gliding frequencies associated with the 26 s microseism. Seis-
mic observations reveal the presence of very long period fre-
quency glides on broadband 3-component stations close to the
Gulf of Guinea. Figure 2 shows an example of such frequency
glides from vertical component data from a station in Cameroon
(station CMO09 from the CVL array Fig. 1d) in May 2006. The
gliding is a very narrow band and has an unusually long duration,
up to several days. The frequency always glides up, from low
frequency to higher frequencies. Closer inspection shows that the
tremor starts at the same frequency as the 26s microseism.
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Fig. 1 Seismic stations used in this study. a Array configuration for the MM array (Morocco) consisting of 15 stations used for beamforming. b Beam
power in the case of a single monochromatic plane wave coming from right below the array for the MM array. ¢ Locations for seismic stations used in this
study. d Array geometry for the part of the CVL array (Cameroon) comprised of 27 stations used for beamforming and beam power in the case of a single
monochromatic plane wave coming from right below the array for the geometry given in (e). The station's TAM and CMQ9 are used for spectral analysis.
TAM is labeled and shown with an orange triangle with a black border (¢). CMQ9 is labeled and shown with a pink triangle with a black border in the CVL

array in (d).
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Fig. 2 Harmonic frequency gliding on vertical component data from CM09 in Cameroon in May 2006. a \White boxes mark the glides starting May 5 and
13 shown in (b) and (c). The lower set of red dots corresponds to the picked slope and the top red dots indicate the frequency of the overtone calculated
from two times the fundamental frequency. The gliding starts at 0.038 Hz (26 s). We also see two persistent narrow-band tremors at 0.036 and 0.038 Hz,
reported by Oliver! and Xia et al.# respectively. The spectrogram is computed using a window length of 2 h and an overlap equal to 0.9.

Another remarkable observation is the linearity of the glides, as
the frequency changes almost linearly from 0.038 Hz to at least
0.05 Hz. At this point, the primary ocean microseism drowns out
the glide signal, and it can no longer be detected. The glides are
harmonic, with a first visible fundamental frequency and an
overtone with regular harmonic spacing, which appears to be
maintained throughout the gliding episode. Both single glides and
groups of glides are observed.

Inspecting seismic data from 10 consecutive years
(2004-2013) on TAM (Fig. 1c) shows that the frequency gliding
is caused by a long-lived and ongoing process. Given that the 26 s
microseism has been active since at least the 1960s!, and the
glides are observed also on data from 1991 (Supplementary

Figs. 1 and 2), we infer that both phenomena have been active for
decades.

Using 12, particularly clean and energetic glides, we compare
the slopes from the given time period from the permanent
broadband station TAM (Fig. 1c), which tells us that the majority
of the glides have similar slopes (Fig. 3). This, together with
the similar duration, points towards a common non-destructive
physical process responsible for the seismic energy. The
slope does not change depending on the distance traveled, so
the frequency change is likely due to changes in the source. A
burst in the seismic energy of the 26 s microseism often precedes
the glide and continues after the glide has moved to
higher frequencies, which supports a connection between the
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Fig. 3 Repeated gliding tremor. Slopes from 12 frequency glides detected
on TAM from 2004 to 2013 are presented by the lower set of red dots. The
glides exhibit a similar slope and are repeatable. We use the velocity
(3.7kms™1) and the backazimuth (152 degrees) obtained from
beamforming to delay and sum the traces from the stations of the Morocco
array to enhance the gliding tremor on 2012-07-30 and compute the
spectrogram of the resulting stacked waveform for 2 h windows with 0.9
overlap. The slopes from TAM match well with the slope from the glide
detected in Morocco, and the 26 s signal is amplified with the glide. The top
red dots show at what frequency we expect the overtone calculated from
two times the picked fundamental frequency (lower red dots). The
overtone is consistently higher than what is predicted for regular harmonic
spacing, both for the glide detected on TAM and the Morocco array, so the
harmonic spacing changes over time.

phenomena driving the glides and the 26 s source. Despite the
change in the frequency of the gliding tremor, the frequency of
the continuous signal remains stable. Hence, we have stable and
varying spectral peaks generated simultaneously, likely emerging
from the same, or coupled physical processes.

Although the glides are the most prominent on seismic stations
close to the Gulf of Guinea, the more energetic glides are also
observed on quiet stations globally (Fig. 4, Supplementary
Table 1). Data from seismic stations globally exhibit the same
26 s spectral peak and simultaneous gliding. This is similar to the
26 s microseism, which occasionally grows strong enough to be
detected globally. Such energetic bursts in the 26 s band usually
last for hours and are as strong as a magnitude 5 earthquake®. To
further constrain the relationship between the gliding and the
continuous, 26 s signal, we use seismic array processing.

Are the two phenomena spatially connected? We constrain the
source region by applying three-component beamforming?3-2°
using a temporary seismic array in Morocco (MM) and the
temporary installation of Broadband Seismic Investigation of
the Cameroon Volcanic Line (CVL)!8 (Supplementary Table 2).
We perform beamforming on 500 s time windows, with slowness
increments of 0.02 s/km and 2-degree steps for back azimuth for
both Rayleigh and Love waves.

The beam power spectral density is normalized by the average
station power spectral density of all components. The beam power
is calculated for 10-h intervals at frequency f=0.038 +0.001 Hz
and f=0.048£0.001 Hz, in order to differentiate between the
glides and the 26 s microseism. For each beamformer output, the
back azimuth corresponding to the maximum beam power is
selected. The back projection along the estimated back azimuth
points towards the Gulf of Guinea (Fig. 5), and this dominant

direction is equal for all 5 glides investigated from 2011 and 2012
from the Morocco array and the 3 glides on the Cameroon array
from May 2006 (Supplementary Table 3). On the Morocco array,
both Love and Rayleigh waves are detected for both signals, arriving
from the same direction. In addition, there is no significant change
in direction over the course of a glide (Fig. 6a). From this it follows
that the signals are coming from a fixed location and that this
location is temporally stable over the two years investigated with
array analysis. We also determine that this location is consistent
with that found for the 26 s microseism?~4 within the resolution of
the beamforming. Consequently, we infer that the two phenomena
share a common source area.

Physical mechanisms for gliding tremor

Based on our observations, the physical mechanism generating the
frequency glides should fulfill the following criteria: it should be
repeatable, implying either reversibility or a recharge mechanismy; it
should be capable of continuously outputting energy for at least 60
years; it should be energetic enough to be observed globally; it
should have a fixed location; and finally, since the glides are con-
nected to the monochromatic, 26 s microseism in frequency, time
and space, the mechanism should be able to generate both stable
and varying frequency peaks simultaneously. In the following, we
consider both volcanic and oceanic source mechanisms.

Volcanic gliding tremor. Volcanic tremor is usually only
recorded near the volcano, but can occasionally be observed
globally?®. In addition, volcanic tremor typically occurs at much
higher frequencies (1-5 Hz) and shorter duration (minutes) than
the Gulf of Guinea gliding tremor?”. Still, long-lasting and long-
period gliding tremor is detected at multiple locations28-30,
However, in these cases, the change in frequency is irregular, not
repeatable, with alternating frequency increases and decreases, in
contrast to our linear upward glides. Whenever repeating upward
gliding is observed, it is usually associated with volcanic
eruptions®!=33 and is typically explained by a fluid-filled reso-
nator or a regular repeated source.

Resonating fluid-filled magma pathways. A fluid-filled resonator,
for example, gas resonating in a conduit can explain the occur-
rence of harmonic tremor’#3> with the fundamental frequency
(fo) given by: fo=c/2L, where ¢ is the acoustic velocity in the
resonating medium, and L is the length of the crack or conduit3°.
Very long period (15s) tremor at Mayotte, which was also
observed globally, was interpreted as the resonance of a 10-15 km
reservoir?®. In order to obtain a fundamental frequency of
0.038 Hz, we would expect the resonator length to be even larger.
Due to the large dimensions required for such a resonator and the
need for a process that can reset quickly in a repeatable manner,
we conclude that the frequency glides are not likely due to
changes in resonator length alone.

An alternative to geometric changes in the conduit is a change
in the fluid properties, essentially changing the velocity. Small
changes in gas fraction can produce large velocity changes33, and
hence changes in the resonator frequency, which is easily
reversible and can therefore accommodate the observed repeat-
ability of the glides. For example, new material being injected into
the conduit can produce repeated narrow-band gliding tremors
with a roughly linear increase in frequency, which is observed at
underwater volcanoes prior to eruptions37.

The injected material increases the gas content, which in turn
decreases as the gas is released from the vent, thus changing the
wave velocity in the magma3”-38. For a hydrothermal system, with
lower fluid velocities, low-frequency tremor could be realized for
shorter resonator lengths.
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Fig. 4 Global observations of burst and gliding tremor. Gliding tremor is detected on seismic stations globally (Supplementary Table 1). Spectrograms for

TAM, BFO, OBN, KONO, FFC, and SPB are shown. The spectrograms are computed with a window length of 60 min and 50% overlap starting 2013-04-11
to 2013-04-17.
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Fig. 5 Projected back azimuth for the glide and 26 s source. The beam power as a function of slowness and back azimuth for the Rayleigh wave for the
26 s (blue) and the glide (red) is shown in (a), (d) and (b), (e), respectively. ¢ The back azimuth corresponding to the maximum beam power from the

beamforming outputs points towards the Gulf of Guinea for the 26 s microseism and the glide, with uncertainties calculated from half of the maximum
beam power shown with the bathymetry in the gulf.
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South Pacific and South Atlantic is presented.

Regular repeated source. Repeated sources, spaced regularly in
time, such as earthquakes or repetitive pressure transients, are
also known to produce a harmonic-like tremor31-33. As the
pulses move closer together, the harmonic tremor glides to
higher frequencies. When the pulse spacing drifts further apart,
the tremor glides to lower frequencies. To fit our observations,
the trigger frequency needs to gradually change from 0.038 to
0.05 Hz, with a lag time between the pulses equal to the inverse
of the frequency. Whether this repeated source is earthquakes,
pressure transients, it is difficult to reproduce the same condi-
tions to have the same trigger frequency and the same change in
trigger frequency over decades. This would require an addi-
tional mechanism to control the frequency. Still, both
mechanisms described above could potentially explain our
repeatable, upward gliding tremor as well as the harmonic
overtones, but we need an explanation for the simultaneous,
monofrequent 26s signal as well. To explain the two phe-
nomena, one tremor mechanism might not be sufficient.

Combination of simultaneous mechanisms. The continuous, stable
peak at 26s that we observe coming from the Gulf of Guinea
could be a result of a large, magmatic or hydrothermal system,
such as a reservoir, continuously degassing, exciting the system
into resonance, while the frequency glides could be related to the
gas escaping through a narrow conduit.

Lesage et al.33 proposed a “clarinet” model to explain the gliding
tremor observed at Arenal, Costa Rica, consisting of a conduit
closed off by a fractured plug. Harmonic tremor is produced by
repetitive pressure pulses, with a repeat period that stabilizes
through feedback with the resonance frequency of the conduit, due
to the pressure variations driven by standing waves in the conduit.

6

Such a feedback mechanism could explain why our glides start
at the same frequency as the 26 s microseism, with the source of
the glide either connected to or controlled by the 26 s source. To
explain the 26s source, which has had stable properties for
decades, we need a magmatic or hydrothermal system with a
resonance period of 26, like a channel or reservoir, that is set
into resonance by an internal mechanism such as boiling
groundwater or gas release. The upward glide points towards
gas release, so the system would be sealed off by a plug that acts as
a valve through which gas can escape intermittently.

With the help of satellite data (sea surface height from Jason-3,
Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/
P, ENVISAT, GFO, ERS1/2%° and sea surface temperature from
OSTIA SST analysis combining satellite data from the GHRSST
project and in-situ observations to determine sea surface
temperature??) we searched for evidence of sea surface dis-
turbance by rising bubbles at the time of several glides and did
not detect anything. Therefore we look into oceanic mechanisms.

Ocean generated mechanisms. Linear gliding features in seismic
spectrograms can be observed as a result of remote storms over the
oceans. These storms generate ocean gravity waves, typically with
periods ranging from 3 to 20 s'4 When the dispersed ocean waves
arrive at the coast, the low-frequency waves reach the shore first,
followed by increasingly higher-frequency waves*!. As the swell
couples into the seafloor and generate seismic waves, it produces a
characteristic fan-like shape in seismic spectrograms, broadening
towards higher frequencies, with a duration of up to a few days*2.
The slope of the resulting shape gives an estimate of the distance to
the storm!4. Applying this to our glide on May 13th, we estimate a
distance over 11,200 km between storm and coast, which would
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place the storm in the South Pacific, south of the typical hurricane
track latitudes*3. The strong repeatability in our glide slopes would
imply repeated storms at the same distance if they were all to be
explained by storm-generated seismic waves. Moreover, as the fre-
quency of the ocean waves generated by a storm is determined by
the wind speed**, intense storms with sustained wind speeds
exceeding 20 m s~ would be necessary to explain the low-frequency
onset of our glides!4. A comparison to meteorological data*34>:40
does not show any correlation between storm occurrence and glide
dates (Fig. 6). Here, global hurricane databases are considered, since
no database containing all low-frequency swell events was available.

Distant storms would also not explain why the gliding appears
to have a very similar low-frequency onset, starting at approximately
the same frequency as the 26s microseism. For the continuous
tremor to be explained by ocean waves, we would need 26 or 52's
waves continuously in the gulf. Since such low-frequency ocean
waves are only associated with the most energetic storms, we
conclude that a fully oceanic origin for the phenomena in the Gulf of
Guinea is very unlikely. Although we cannot explain the 26 s source
with oceanic mechanisms, the phenomena could be explained by
a combination of volcanic and oceanic mechanisms. If the glides
are the signature of storm-generated seismic waves, Chen et al.4
suggest that the bursts in the 26s tremor accompanying the
frequency glides relate to ocean waves arriving in the gulf from the
South Pacific which pass over the resonator and amplify the system.
Hence, we would have a hydrothermal system that is modulated by
ocean microseisms.

Our suggested mechanisms. We propose two possible mechan-
isms: (1) A hydrothermal system consisting of a layered structure
or channel that is set into resonance by an internal mechanism
such as boiling groundwater or gas release. The channel is sealed
off by a fractured plug that acts as a valve through which gas can
escape intermittently, thereby producing pressure pulses with a
repetition period stabilized by the resonance of the channel. (2) A
hydrothermal system modulated by storm-generated ocean waves
passing overhead.

Conclusions

Since the source is hidden from view and there are no known
surface manifestations such as gas bubbles, sea surface dis-
turbances or thermal anomalies, it is difficult to confirm that
degassing occurs at depth. There are also no buoys to confirm 26
or 52's ocean waves in the Gulf. Although the discovery of the
frequency glides provides us with another piece of the puzzle
surrounding the 26 s microseism, many questions still remain
unanswered, and will likely remain so until we have additional,
in-situ observations. With the established volcanic and oceanic
models for tremor, it remains difficult to fully explain the seismic
signals in terms of repeatability, strength and low frequency, nor
do they account for the decade-long, stable release of energy. An
additional complication is finding an explanation for both the
glides and the continuous 26 s signal simultaneously. Regardless,
the nature of the Gulf of Guinea tremors forces us to broaden our
thinking about the mechanisms and systems causing gliding
tremors, and about the mysterious signals the Earth produces.

Methods

Preprocessing. The data used for beamforming is processed in 1-day segments.
First, the daily traces are corrected for instrument response and resampled to 1 Hz.
Then, the mean and trend are removed, and the traces are band-pass filtered
between 0.01 and 0.06 Hz.

To remove the influence of earthquakes, we use a catalog of global earthquakes.
The catalog includes global earthquakes above M = 5.5 and is based on the ISC
bulletin®8. Following the approach of Tanimoto et al.#%, after each earthquake, we
removed a section of the signal. The length of the removed section was adapted to
the magnitude of the earthquake, removing particularly long time windows after

high-magnitude earthquakes to account for the excitation of the normal modes of the
Earth. We remove 6 h for earthquakes between magnitude 5.5 and 6, starting at the
time of the earthquake. For magnitudes up to 8, 12 h are removed, above magnitude
8 we remove 24 h, and for earthquakes larger than magnitude 9 we remove 36 h.

To further eliminate the effects of smaller, local earthquakes and spikes in the
data, an STA/LTA trigger is also included with STA =500s and LTA =24 h. All
data processing is done with ObsPy®0-52,

3-component beamforming. We use a three-component beamforming method?3
in the frequency domain to separate between differently polarized waves and obtain
estimates of beam power, the direction of arrival (back azimuth), and slowness of
the incoming coherent signals. The method has previously been applied to ambient
noise by Riahi et al,, Juretzek et al.242%53 and Loer et al.>%. For a detailed
description of the method, we refer to Riahi et al.24.

We perform beamforming on 500 s time windows, with slowness increments of
0.02 s/km and 2° steps for back azimuth for both Rayleigh and Love waves.

The beam power spectral density is normalized by the average station power
spectral density of all components. The beam power is calculated for 10-h-intervals
at frequency f=0.038 +0.001 Hz and f= 0.048 + 0.001 Hz, in order to separate
between the glides and the 26 s microseism. For each beamformer output, the back
azimuth corresponding to the maximum beam power is selected.

Array configuration and limitations. To evaluate the performance of the Morocco
array!”, we evaluate the beam power in the case of a single monochromatic plane wave
coming from right below the array. The resulting beam power is called the array
transfer function and is affected by a number of stations, spatial configuration and
array aperture. The main lobe of the transfer function represents the power dis-
tribution in the true arrival direction of the signal, while the side lobes are the energy
contribution at other slowness. An ideal transfer function thus has a narrow main lobe,
with low power contribution from the side lobes®”. Figure 1b and e show the resolution
capability of the Morocco array and the Cameroon array at a frequency of 0.038 Hz for
the array geometry shown in Fig. la and d. The array transfer function slightly differs
at different frequencies, but the effect is not strong enough to affect our results.

Data availability

All data used in this work is available through FDSN. We use data from the permanent
seismic stations described in Supplementary Table 11922, In addition, we use available
data from the temporary installation Broadband Seismic Investigation of the Cameroon
Volcanic Line (CVL)!8 and a temporary array located in Morocco from 2011 to 201317
described in Supplementary Table 2.

Code availability
The analysis was done using the Obspy®!, Numpy>® and SciPy>’ libraries. Figures were
created using matplotlib3. Specific analysis scripts are available upon request.
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