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Abstract

Low-frequency earthquakes (LFEs) are detected within tremor, as small, repetitive, impulsive
low-frequency (1–8 Hz) signals. While the mechanism causing this depletion of the high-frequency
content of their signal is still debated, this feature may indicate that the source processes at the origin
of LFEs are different from those for regular earthquakes. Key constraints on the LFE-generating
physical mechanisms can be obtained by establishing scaling laws between their seismic moment and
source durations. Here we apply a simple spectral analysis method to the S-waveforms of LFEs
from Guerrero, Mexico to measure their seismic moments and corner frequencies, a proxy to source
duration. We find characteristic values of M0 ∼ 3 × 1012 N.m (Mw ∼ 2.3) and fc ∼ 3.0 Hz with
the corner frequency very weakly dependent on the seismic moment. This moment-duration scaling
observed for Mexican LFE is similar to one previously reported in Cascadia and is very different from
the established one for regular earthquakes. This suggests that they could be generated by sources
of nearly constant size with strongly varying intensities. LFEs do not exhibit the self-similarity
characteristic of regular earthquakes, suggesting that the physical mechanisms at their origin could
be intrinsically different.

Plain language summary

Low-frequency earthquakes are unusual, small earthquakes that are detected on the deep end of
plate boundary faults. They occur during periods of slow slip, when the plates start sliding against
each other much slower than during earthquakes, but long enough to release the energy that might
otherwise have caused large earthquakes. Thus, they carry precious information about the fault
behavior while slow slip is active.

In this study, we analyze a selection of low-frequency earthquakes from a slow slip zone of the
Mexican subduction, beneath the state of Guerrero. We find that their magnitude is on average
higher than in other regions where they have been detected (Mw1.5 − −3). We also find that
whatever the magnitude of these events, they always last about 0.3 s.

On the contrary, regular earthquakes are known to last longer when they grow larger, and low-
frequency earthquakes in Nankai (Japan) appear to behave similarly. We discuss a physical mech-
anism explaining such a discrepancy with regular earthquakes and such strong regional variations.
The implication of crustal fluids circulating at extremely high pressure in between plates might be
one of the key components of this mechanism, as it often is for slow slip processes.

∗farge@ipgp.fr
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1 Introduction

Low-frequency earthquakes (LFEs) are observed in association with volcanic and tectonic processes as
impulsive, coherent wave arrivals with discernible S and sometimes P phases and a low-frequency content
(1–8 Hz) relative to their small magnitudes. Tectonic LFEs have been documented in various subduction
zones [e.g 7, 19, 63] and on strike-slip plate boundaries [e.g 12, 62]. They are detected in the transitional
zones just beneath the regular seismogenic portions of the faults and are often associated with zones of
relatively low shear-wave velocity, high VP /VS ratio, low quality factor, all indicators of fluid rich media
[4, 7, 63]. LFE activity is closely correlated in time and space with slow slip activity, and is thus used
to track the spatial extent of slow slip phenomena [26, 30, 53, 64] but also to detect short-duration and
low-amplitude slow slip events that fall below the detection threshold for techniques relying on geodetic
data [17, 25, 46].

In analogy with volcanic tremor, it was first suggested that tectonic tremors are generated by fluids
circulating in the vicinity of the fault zone [39, 40, 49]. Subsequent research based on the characteristics
of tectonic tremors and LFEs signals — such as dominant S-wave content and shear double-couple
mechanisms [7, 19, 33, 65] and association with slow slip events [24, 43, 57] — built empirical support
for the hypothesis that they are generated by shear slip on the fault.

LFEs are a member of the ”slow earthquake” class of phenomena, regrouping events which seem to
be associated with slow slip processes on faults [6]. Those events exhibit a wide range of durations (from
slightly less than 1 s for LFEs, up to nearly a year for slow slip events) and magnitudes (from around Mw1
up to Mw7.5). When accounted as a one family of fault slip processes, their seismic moment M0 appears
to be directly proportional to their duration T [32], whereas regular earthquakes align along a M0 ∝ T 3

scaling law [2, 29, 54] due to the self-similarity of the rupture process [38]. However, considering slow-
earthquakes as one entity relies on bridging two different scales of observations: geodetic observations of
large-scale, long-term (sub-daily at minima) slow slip events and seismic observations of short term events
as LFEs, and longer events (30-60 s) called very-low-frequency earthquakes (VLFEs). There seems to be
evidence that the shortest slow slip transients measured to this day align along a self-similar moment-
duration scaling M0 ∝ T 3 [23], and that only at the largest scales it would transition to a M0 ∝ T scaling
law [28]. This observation isolates LFEs and VLFEs from the bulk of geodetic observations of slow slip.
It brings into question whether they are simply smaller scale manifestations of slow slip, or they have
a more complex coupling relationship with it. In particular, LFEs co-occur with slow slip events, and
investigating their properties provides key insight to understanding fault state, geometry of activation
and overall rupture process during slow slip activity [5, 13, 21, 30, e.g.].

In this study, we investigate the moment-duration relationship for LFEs in Guerrero, Mexico. As
for regular earthquake, evaluating how moment release scales with source duration is key to understand
the dynamics of the process generating LFEs. Similar studies have already been carried out in regions
witnessing tremor and slow slip. In Cascadia, LFEs source duration has been found to be very weakly
dependent on their seismic moment, scaling along M0 ∝ T 10 [8]. On the other hand, in Nankai, LFEs
exhibit a self-similar behavior, scaling along M0 ∝ T 3 [66]. To our knowledge this is the first published
work to measure source parameters for LFEs in Guerrero, Mexico. We start with a large LFE catalog
compiled by [20] and select those whose waveforms have a sufficiently high quality to measure their
seismic moments and corner frequencies. The latter are estimated with two different methods to check
the robustness of the obtained results. Similar to the study of [8] for LFEs in Cascadia, we find that for
the LFEs in Guerrero the corner frequency is very weakly dependent on the seismic moment.

2 Low-frequency earthquakes in Guerrero, Mexico

Slow-slip events (SSE), tectonic tremor, and low-frequency earthquakes have been observed in the state of
Guerrero, Mexico, in the subduction zone of the Cocos plate under the North American plate [19, 43, 51].
They have been detected in the Guerrero seismic gap — a corridor extending from Acapulco to Mexico
City — that has not witnessed major earthquakes (Mw > 7) for more than 100 years [42]. This longer
recurrence time of major earthquakes compared to adjacent regions can be related to the large SSEs that
accommodate a significant fraction of the plates convergence in the Guerrero seismic gap [56].

We use the data collected during the Meso-American Seismic Experiment (MASE) [31, 52], between
1 January 2005 and 15 April 2007. Following the work of [18], we selected a subset of 10 stations out
of the 100 total based on their high signal-to-noise ratio (SNR), the continuity in time of their records,
and their proximity to the LFE activity (see Figure 1). [20] used this dataset and the method described
in [18] to compile a large catalog of 1.8 million LFEs grouped in 1120 families of repeating events. We
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Figure 1: Spatial and temporal distribution of the selected LFEs — Selected LFEs are plotted as white
and blue dots, the bulk catalog of [20] is in gray. Subduction interface depth contours are displayed in
black [41]. The focal mechanism corresponds to an average mechanism computed from cataloged LFE
detections [19]. (c.) shows the time-dip distribution of the events.

use this catalog as a starting point in our study. It should be noted that the events in the catalog are
detected by a matched-filter search using template events, filtered between 1 and 2 Hz. This band-pass is
narrower than the range most studies of LFEs using matched-filter search have used up to now, usually
1–8 Hz [8, 12, e.g]

Nonetheless, we show in appendix A.1 that performing the matched-filter search in a narrow band
does not bias the event detection and measurements of events’ seismic moments and corner frequencies.
Within the range of measured seismic moments, events with a corner frequency higher than 1 Hz do not
have a lower probability of being detected because of the band-limited nature of detection.

3 Selection of LFEs with high-quality waveforms

The catalog of [20] has been created on the network-based template matching detection method [27, for
instance]. The advantage of this method is that it detects many events with very weak signals hidden
in the noise. At the same time, the signal-to-noise ratio for most LFEs in the final catalog is too low to
be suited for a determination of their source parameters. Therefore, we selected LFEs with high-quality
waveforms that could be used to robustly measure their seismic moments and corner frequencies.

Some single-component waveforms of catalog detections are contaminated with very high amplitude
spikes, instrumental noise or waves from strong earthquakes. In these cases, useful signals are masked and
corresponding waveforms cannot be used for determination of the LFE source parameters. We remove
those seismograms from the analysis. Determination of seismic moment requires knowing the earthquake
source location. However, LFE family locations determined by [20] contain a strong uncertainty on
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position in the direction perpendicular to the station array. This uncertainty is inherent to the linear
observation geometry of the MASE network. Consequently, a few families of LFEs have templates with
diffuse seismic phases, indicating that their measured position is loosely constrained. We therefore remove
those families of events from our analysis.

We establish a set of criteria to automatically select LFEs and waveforms suitable for measuring the
source parameters. We select 5 s long signals starting 2 s before the cataloged detection time of LFE
S-waves.

This allows us to capture the most impulsive part of the S-wave signal, and allows for slight location
and detection time imprecisions. This is done so as to trade-off between keeping a maximum of informa-
tion and not allowing for too much diffuse seismic energy in the form of other seismic phases and events.
By isolating the most impulsive part of the wave train, we best constrain the characteristic frequencies
and seismic moment of the event.

In a next step, we reject signals with low amplitude and impulsivity to exclude false detections and
contaminations with surface waves. First we define two frequency ranges in which we determine both
an impulsivity I and an amplitude A: they will allow the criterion to be more flexible as for which
events are taken into consideration. The impulsivity is calculated as the ratio of the seismic energy in
the waveform time window W to the seismic energy contained in a three times larger background time
window B around the detection, containing it:

I =

∫
W s(t)

2
dt∫

B s(t)
2
dt

(1)

where s(t) is the velocity signal. I varies between 0, for least impulsive, and 1, for most impulsive. It
is used as a proxy of the detection SNR, but it also addresses the difficulty of defining what is noise
within the tremor, where the LFE rate is very high. The amplitude is calculated as the maximum of the
envelope of the filtered signal within the 5 s time window. For this purpose, the waveforms are converted
into complex analytical signals sA(t):

sA(t) = E(t) . ei2πf
i(t)

A = max
W

(E(t))
(2)

E(t) is the signal envelope and f i(t) is its instantaneous frequency. The latter will be used later on to
determine the corner frequency of the selected LFEs.

Amplitudes and impulsivities are computed for all events on each channel of each station in the 1–2
Hz frequency band. This frequency range is characteristic of Mexican tremor signal in velocity, and has
been shown to yield the best SNR for LFEs in this region [20, 51].

So as to robustly ensure that the detection is a correctly located LFE we also base the selection
criterion on the correlation coefficient used in the making of the LFE catalog. It is a measure of the
correlation of an event waveforms on all 15 detection channels to the stacked-waveforms template of its
family [20]. We consider the highest absolute values of the correlation coefficient to represent a well-
constrained location and an impulsive event. As a sum of 15 normalized correlation coefficients, it is
normalized by the number of channels used in the detection of the event and thus varies between 0 and
1.

The selected waveforms have to fulfill the following criterion, where I is the waveform impulsivity
and A its amplitude:

• The LFE should be impulsive, but waveforms with very high impulsivity are instrumental noise or
earthquake wave arrivals:

0.5 < I < 0.92 (3)

• Higher-amplitude LFEs are generally detected in distant earthquakes waveforms. Therefore, we
empirically limit the amplitude of a selected detection to 2 × 10−6 m.s-1. A lower threshold for
selection Tlow(st, ch) is fixed for each station and component (approximately 5×10−9 m.s-1). Both
bounding values are manually determined using the impulsivity-amplitude distribution on each
channel of each station (see Figure 2).

Tlow(st, ch) < A < 2× 10−6m.s−1 (4)
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Figure 2: Selection of LFEs — (a.) Schematic recapitulation of the selection procedure. (b.) Amplitude-
impulsivity distribution of all detections recorded on the East component of the station TONA. Each dot
is an LFE, its color corresponds to the number of channels on which it is recorded that pass the criteria.
Selected LFEs are white dots: they are recorded on 10 or more channels passing the criterion and fulfill
the recurrence and correlation requirements. The amplitude and first impulsivity criteria (equations 4
and 3) are shown with dashed lines. LFEs in the criterion domain pass the criterion on TONA.HHE,
but 9 other records passing the criterion on other channels of the network are needed for an LFE to be
selected.

For our source analysis, we select LFEs that contain at least 10 different channels satisfying the
described criteria and have a network correlation coefficient superior to 0.4. This value has been chosen
empirically, as the median of the correlation coefficients in the catalog.

A benefit of the network template matching method is that it allows to detect earthquakes with
very close origin times, and thus with overlapping signals at some stations. Overlapping signals are not
suitable for the source parameter analysis. Therefore, if several LFEs are detected within a 10 s time
window, only the LFE with the highest correlation coefficient, and thus most reliable waveforms, is kept.
Figure 2 sums up the selection process.

The selection yields 3498 LFEs representing 822 families out of a total of 1120. Each event is recorded
on 10 selected channels over the network and shown with blue circles in Figure 1. The most impulsive
waveforms of two selected LFEs are displayed in Figure 3. The selected LFEs exhibit a similar activity
behavior in space and time as [20] observed for the whole catalog. First, they occur mainly in bursts
within the sweet spot region. Second, during the 2006 SSE, bursts are no longer limited to the sweet
spot, but extend updip in the transient zone. The activity in those two regions resembles the description
[20], the sweet spot has a nearly constant activity over the 2-year span, whereas the transient zone is
active mainly during the 2006 SSE and more sparse in the inter-SSE period.

4 Characterizing seismic moment and corner frequency

4.1 Seismic moment

We estimate seismic moment M0 from the displacement spectra of S-waves ũ(f) that converges to a
constant value at low frequencies [11]. This constant is proportional to M0 [1]. For every selected
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Figure 3: Selected LFEs’ waveforms — The 4 most impulsive waveforms of LFE 379 and 687 are
displayed here, 1–2 Hz band-pass filtered ((a.) and (c.)), and between 1 and 5 Hz ((b.) and (d.)).
The blue section of the waveform shows the time window used to define the detected signal, the red
patch shows which channel’s waveforms are used as an example for source parameters characterization
in Figure 4. Impulsivity and amplitude are indicated for each channel.

waveform, we can determine the low-frequency spectral asymptotic value Ω0
i,j as:

Ω0
i,j = lim

f→0
ũi,j(f) = Ci,j .M0

i,j , (5)

where i corresponds to the LFE number and j is an index given to each of the corresponding selected
waveforms. The Ci,j factor accounts for the source radiation pattern and the seismic wave propagation.

To measure these low-frequency asymptotic values, the 5 s long S-wave velocity waveforms selected
in the previous section are first detrended and high-pass filtered above 1 Hz, to remove any influence
of spectral leakage of microseismic noise, and then integrated into displacement. The power spectral
density (PSD) of the displacement waveforms is computed with the multi-taper method [68]. It gives
more robust spectral estimations than a simple discrete Fourier transform, especially for short signals.
Taking the square root of this spectral estimation yields the displacement spectral amplitude. The low-
frequency value of the displacement spectral amplitude Ω0

i,j is estimated as the geometric mean of the
1–2 Hz portion of the spectral amplitude of displacement, filtered between 1 and 8 Hz (Equation 5, and
Figure 4).

Then, seismic moment estimates from every waveform M0
i,j can be retrieved by computing the

propagation effects factor Ci,j . For this purpose, we compute synthetic waveforms for each source-
station couple, using LFE family locations from [20] as hypocenters, an average regional seismic velocity
model [36] and an average LFE focal mechanism, determined by [19]. We used the axitra software [14]
based on the discrete wavenumber method [10].

After the synthetic seismograms are computed, we select a 5 s long time window around the S-waves,
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Figure 4: Determination of the seismic moment M0 and corner frequency fc, for an example low-
frequency earthquake — Example LFE: nb. 379, channel HHE of station TONA. (a.) Ω0 is determined
as the red plateau of the displacement spectrum. (b.) sΩ0 is determined as the maximum of the synthetic
displacement spectrum, taking into account attenuation. (c.) The corner frequency fc is measured as
the mean instantaneous frequency (MIF) over the waveform time window (see Figure 3 for the LFE
waveforms), (d.) and as the maximum of the velocity spectrum (MVS) of the waveform. In gray, the
un-filtered velocity spectrum, allowing to assess the effects of the 1–8 Hz filter on the spectrum.

process them in the same way as the LFEs’ seismogram and compute their displacement spectrum
without attenuation s

0ũ(f), where f is the frequency. The seismic wave attenuation effects are modeled
in the spectral domain by introducing a(f). A corrected synthetic spectral displacement sũ(f) becomes:

sũ(f) = a(f) . s0ũ(f)

ai,j(f) = exp(
−2πf Xi,j

2VS Q(f)
), where Q(f) = 273 f0.66

(6)

where the frequency-dependent quality factor Q(f) for the Guerrero region has determined by [50], the
average shear wave velocity VS is chosen to be 3.5 km.s-1 and Xi,j is the source-receiver distance.

We determine the low-frequency asymptote of the synthetic spectrum sΩ0
i,j as the maximum of

the synthetic spectrum, filtered between 1 and 8 Hz. Knowing the synthetic source moment sM0 and
following equation (5), Ci,j can be eliminated:

Ω0
i,j

sΩ0
i,j

=
M0

i,j

sM0
, (7)

and a seismic moment estimated for each waveform of a selected LFE becomes:

M0
i,j = sM0

Ω0
i,j

sΩ0
i,j
. (8)
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Table 1: Measured LFE source parameters statistics analysis values
Method \Frequencies (Hz) Min. Mean Max.
Instantaneous frequency 2.0 3.18 5.52
Maximum of velocity sp. 1.07 2.81 6.47

4.2 Corner frequency

We use two different techniques to estimate the corner frequency from all selected waveforms for every
LFE, fc

i,j . For both methods, the waveforms are detrended, corrected for attenuation (see equation 6)
and band-pass filtered between 1 and 8 Hz to remove any influence of micro-seismic signal and higher
frequency noise from the frequency band that correspond to LFEs frequencies. Further discussion on the
choice of this frequency band can be found in the appendix, section A.2.

The first approach consists in automatically picking fc
i,j as the frequency corresponding to the

maximum in the velocity amplitude spectrum of every waveform. This method is labeled MVS (maximum
of velocity spectrum) in the illustrations. The bandpass filter creates a slight amplitude reduction up to
1.5 Hz, which can be seen when comparing the filtered and unfiltered spectra in Figure 4. This could
shape the spectrum into a peak slightly above 1 Hz, if the actual peak frequency between 1 and 8 Hz
is close to 1 Hz. However, we find that the 1–8 Hz filter band is the best compromise between allowing
microseismic noise to bias the corner frequency measurement and slightly constraining the shape of the
spectrum. The effect on measured corner frequencies of the low-cutoff of the filter is discussed more
extensively in section A.2 and can be assessed in figure S2 of the supporting information file.

In the second approach, we estimate the corner frequency as the dominant instantaneous frequency
of the S-waves. The waveforms are converted into complex analytical signals (see equation 2) and fc

i,j

is estimated as the mean of the smoothed instantaneous frequency over the 5 s time window containing
the S-waves. This method is labeled MIF (mean of instantaneous frequency) in the illustrations. For
this method too, the effects of the filter band can be assessed in figure S2 of the supporting information
file.

For each LFE, we obtain a final estimate of their moment M0
i and two estimates of their corner

frequency fc
i, all computed as medians of those measured from individual waveforms selected for this

LFE. For each event, the uncertainty on its source parameters is estimated as the standard deviation of
the values of the given source parameter measured on each record of the event.

5 Results

5.1 Low-frequency earthquakes source parameters: seismic moment, corner
frequency

Seismic moments and corner frequencies estimated for the selected LFEs are shown in Figure 5 along with

the schematic imprint of the M0-fc distribution for classical earthquake, which follows fc ∝ M0
− 1

3 , for
stress drops ranging from 0.1 to 100 MPa [2], and values of M0 and fc determined for LFEs in previous
studies. Seismic moments and magnitudes estimated for Mexican LFEs range between M0 = 4.9× 1011

N.m (Mw ∼ 1.7) and M0 = 2.3×1014 N.m (Mw ∼ 3.5). These values are higher than previous estimations
in other regions [8, 32]. The median uncertainty on moment magnitude of δMw ≈ 0.23. It is mainly
due to errors in modeling the velocity structure of the crust, assuming a generic radiation pattern for
all events and large uncertainties on the hypocentral locations [20, supplementary figures 3 to 17]. The
distribution of seismic moments above a threshold magnitude of Mwthr ∼ 2.32 follows a power-law, with
an exponent β = 1.62 (corresponding b-value b = 2.43, see Appendix, Figure 7).

The measured corner frequencies mean and extrema for each method are displayed in Table 1. They
are approximately centered around fc ∼ 3.0 Hz and fall within the accepted range of characteristic
frequencies for LFEs of 1–6 Hz [8, 32, 65, 67]. The median uncertainty on corner frequency is δfc ≈ 1.6
for the maximum of velocity spectrum method, and δfc ≈ 0.8 for the mean instantaneous frequency
method.

5.2 Moment-duration scaling

The M0-fc distribution in Figures 5 and 6 shows that the corner frequencies seem virtually independent
of seismic moment. In order to estimate the scaling law between the source parameters, M0-fc points are

9



This work is published in Journal of Geophysical Research: Solid Earth, DOI:10.1029/2019JB019099.

1010 1011 1012 1013 1014

Seismic moment M0 (N.m)

100

101
C

o
rn

e
r 

fr
e
q
u
e
n
cy

 f
c
 M

IF
 (

H
z)

4
3

1

2

a.

fit, slope=-0.05

other studies

fc ∝M−1/3
0

current study

1.0 1.5 2.0 2.5 3.0 3.5

Moment magnitude Mw

100

101

C
o
rn

e
r 

fr
e
q
u
e
n
cy

 f
c
 M

V
S
 (

H
z)

1.0 1.5 2.0 2.5 3.0 3.5
Moment magnitude Mw

1010 1011 1012 1013 1014

4
3

1

2

b.

fit, slope=-0.12

other studies

fc ∝M−1/3
0

current study

Figure 5: Distribution of the measured source parameters — The distribution is displayed and colored
according to the point density for both methods of determining fc: (a.) with mean instantaneous
frequency (MIF), (b.) as the frequency of the maximum of the velocity spectrum (MVS). Weighted
least-square fits to the binned moments (see Figure 6) are shown as dotted lines, in each respective plot.
Generic values for M0 and fc measured in other regions are displayed along the distribution (1. [67], 2.
[66], 3. [32], 4. [8]) The self-similarity scaling law for classic earthquakes is represented by the purple
patch. The higher bounding line corresponds to a stress drop of 100 MPa and the lower to a stress drop
of 0.1 MPa [2, 16, 48].

binned into 35 bins of ascending moment magnitude, containing 100 points each. Moment magnitude of
the bin is considered to be the mean Mw of the events in the bin. Corner frequency of the bin fc

bin is
the weighted mean of the measured corner frequency of the binned events. The weight associated to the
corner frequency of event k is chosen to be the inverse of the variance of corner frequencies measured on
each record for event k, wk = 1/σk

2. Figure 6 shows the bin distribution and the associated estimation
of variability of corner frequency within bin, calculated as a weighted standard deviation:

σbin =

√∑
k(fc

bin − fck)2 × wk∑
k wk

(9)

with fc
k the measured corner frequency for event of index k in the considered bin, wk = 1/σk

2 its
associated weight (see above), and fc

bin as the bin’s corner frequency.

Using the bins M0 and fc and their associated weight wbin = 1/σbin
2
, a weighted least-square fit to

the following power law is performed, in log-log space:

fc ∝M0
−α ⇐⇒ log(fc) = A− αlog(M0). (10)

The resulting values of the slopes confirm that corner frequencies are weakly dependent on seismic
moment : for the mean instantaneous frequency method (MIF) used to obtain fc: α = 0.052, for the
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Figure 6: Binned distribution and uncertainties estimation — The measured M0-fc is displayed and
colored according to point density, for both the mean instantaneous frequency (MIF) and maximum of
velocity spectrum (MVS). Seismic moment and corner frequency are binned, and the weighted standard
deviation is shown with the error bars (see text for details). Weighted least-square fits to the binned
data are displayed, the fit resulting in the purple scaling has α = 1

3 as a constraint.

maximum of velocity spectrum method (MVS): α = 0.115, (see Figures 5 and 6). This result is similar to
the moment-duration scaling observed for LFEs in the Cascadia subduction zone by [8], where α ∼ 1

10 .
We proceed to estimate the probability density function (PDF) of the exponent of the scaling using a

bootstrapping method. For each bin, we keep its moment but pick a new corner frequency from a normal
distribution parametrized by the bin’s corner frequency µ = fc

bin and by the bin’s weighted standard
deviation σ = σbin (see equation 9). An unweighted, least-square fit to a power law (equation 10) is then
performed on the bin’s seismic moment and re-sampled corner frequency. After 200,000 iterations of the
previous steps, we obtain an estimate of the probability distribution function for the scaling parameter
α. The mean and standard variation of the obtained distribution give a new estimation of the slope and
its associated uncertainty. For the MIF method, α = 0.054±0.034, for the MVS method, α = 0.12±0.11.
Assuming that α is normally distributed, the probability that it is higher than 0.25 (thus closer to 1

3 )
for our fc −M0 distribution is around 0.12 for the MVS method (α = 1

3 is ∼ 1.2σ away from the mean
α), and lower than 10−8 for the MIF method (α = 1

3 is ∼ 5.7σ away from the mean α).
The scaling exponent α we measure is thus significantly lower than the earthquake power law exponent

α = 1
3 , for the MIF method at least. The MVS method gives more ambiguous results with regard to the

value of the exponent α, due to the wider distribution on fc.
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5.3 Stress-drop variations

The stress-drop for an event of seismic moment M0 modeled by a circular dislocation of radius r is
expressed as follows [48]:

∆σ =
7

16

M0

r3
. (11)

Assuming a rupture velocity proportional to the shear wave velocity, vr ∝ VS , it follows that the source
radius is inversely proportional to the corner frequency [48]:

r ∝ VS
fc
. (12)

From equations 11 and 12, and keeping the assumptions that our events originate from regions of constant
VS and share the average corner frequency of our distribution fc ∼ 3 Hz, we can express the stress-drop
ratio for two events of seismic moment M01 and M02:

∆σ ∝M0

=⇒ ∆σ1
∆σ2

=
M01

M02

(13)

Using the extrema of the seismic moment distribution, and within the limit of our assumptions, we observe
a stress-drop variation of a factor 300 across the range of measured seismic moments. For illustration
purposes, we calculate what values would the stress-drop of our events take under the assumption that
they have the same rupture speed as classical earthquakes, vr = 0.9VS . It yields r = 0.21VS

fc
[48], and

using equation 11, the selected events have stress-drop ranging from 3 kPa to 1 MPa, with most events
around 17 kPa (M0 ∼ 2× 1012 N.m). In the following section, we discuss a possible mechanism for the
observed range of stress-drops.

6 Discussion and interpretation of the observed scaling law

6.1 Scaling laws of earthquakes, slow earthquakes and LFEs

The results of our analysis show that the selected LFEs follow a moment-duration scaling fc ∝ M0
−α

with an exponent significantly lower than the value for regular earthquakes α = 1/3 [2, 29, 54, among
others], around α ∼ 0.1 and α ∼ 0.05. The scaling found for selected LFEs in Guerrero concurs with
the one found for LFEs in Cascadia by [8], who found a power law exponent of α = 1

10 , quite similar to
the scaling described in this paper. It is noteworthy that the detection method used by [8] relies on a
matched-filter search, similarly to the catalog used in our study. However, we argue that performing a
matched-filter search in the 1–2 Hz band sets a lower bound, but no upper bound for the characteristic
frequency, for a given seismic moment. Therefore, the values of corner-frequencies should not be the
product of the detection method, but reflect the real moment-corner frequency distribution of events,
within the measured magnitude range. This argument is developed in appendix A.1. Interestingly
enough, [66] found the moment-duration scaling for LFEs in Nankai tremor areas to be similar to regular
earthquakes, α = 1

3 . This discrepancy will not be thoroughly discussed here, but brings out intriguing
questions, about the possibly different nature of the processes recorded in Guerrero, Cascadia and Nankai,
and on the other hand, the potential detection and method biases that can lead to measuring different
scalings.

Using a stochastic model describing a slow earthquake rupture (the Brownian slow earthquake model),
[34, 35] showed that large-scale slow earthquakes as slow slip events’ duration and seismic moment should
follow a T ∝M0 scaling, whereas on the scale of LFEs, slow earthquake events should follow a T 2 ∝M0

scaling, corresponding a value of α = 1/2. In [34], it is noted that, due to the fact that detection is only
possible above noise levels, the apparent duration of LFEs should be shorter than expected, bringing
them closer to a moment-duration scaling with α = 1. The LFEs we analyzed in Guerrero and the LFEs
of Cascadia [8] cannot be described by either scaling laws.

There is evidence that the shortest slow slip transients measured to this day are self-similar, exhibiting
a T 3 ∝ M0 scaling law [23]. The exact proportionality measured for larger scales slow earthquakes
[32] could be due to the fact that the largest ruptures are bounded in their growth by the rheological
properties of the fault zone, whereas smaller events growth is un-bounded, and thus self-similar [28]. This
geometric argument is valid both for slow and regular earthquakes, and further isolates LFEs moment-
duration characteristic values and scaling from the ones of slow and regular slip. For LFEs in Cascadia
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and Guerrero, a satisfactory physical description that could reproduce the observation of the constant
duration and relatively low-frequency content still needs to be devised.

6.2 Potential physical mechanisms accounting for magnitude-independent
duration of LFEs

6.2.1 A source of constant size, but variable slip

The scaling with α = 1
3 for regular earthquake is explained by the self-similarity of the seismic rupture.

It develops with a constant ratio between the characteristic length of the rupture and fault slip, and
produces a magnitude-independent stress drop [2, 38, 54]. Events with a wide range of magnitudes
but with nearly constant durations could thus be generated by variable amounts of slip on asperities of
nearly constant sizes, producing a very limited range of recorded signal duration (fc) but variable seismic
moments [8, 45, 47]. Independently from the current study, [23] found that, in Guerrero, the seismic
moment rate, calculated from LFEs median amplitude during rapid slow slip transients scales with
the moment rate calculated using GPS displacements during the same transient events. This reflects
that the higher the seismic moment of LFEs, the higher the slip would be around the LFEs source.
Combining those two observations leads to thinking of LFE sources in Guerrero as patches of fault of
nearly constant area, that are forced to rupture by the surrounding slow, aseismic slip, with variable
amplitudes of slip directly related to the surrounding fault slip. A similar model has been designed to
explain the observation of a size-limitation for LFEs in Cascadia, describing the LFE family patch as a
collection of subpatches randomly activated, totaling to an apparent source radius of about 300 m [13].

6.2.2 Potential effects of fluid circulation and high fluid pressures

Early work on tectonic tremor and LFEs made the hypothesis that they are generated by fluids circulating
in the vicinity of the fault zone [39, 40, 49]. More recent studies have strengthened the link between non-
stationnary, metamorphic fluid flow and migrations of LFEs and slow slip activity, based on numerical
models of pore-pressure diffusion [15] and on analysis of the large-scale, spatio-temporal behavior of LFE
activity [21].

A study by [45] reported that microseismic events occurring during water circulation tests display
the same independence of corner frequency on seismic moment that we observe for our LFEs. As for
the LFEs in this study, they find that stress drop varies on more than two orders of magnitude across
the range of moments of their events. Likewise, [47] reports that microseismic events detected in Taiwan
exhibit the same characteristics. Both studies suggest that these observations can be interpreted as
a systematic control of the events’ stress-drop and duration by dynamic fluid injection. Indeed, fluid
injection can reduce the effective normal stress on asperities of the fault where the events occur. As fluid
is injected or when aseismic slip is active, rapid, strong, heterogeneous increase of pore pressure in the
fault can dramatically decrease the effective normal stress and thus the strength of the fault, triggering
seismic slip on localized asperities. Under these conditions, [45] and [47] argue that the heterogeneity of
fluid injection is likely to produce the wide range of stress-drops they observe. As noted by the previous
papers, reduced effective normal stress have also been suggested as a cause of the low values of stress
drop of VLFEs in Japan [37]. In the light of the similarity of our observations and the ones presented
in the discussed studies, dynamic triggering of LFEs by fluid injection could be a relevant mechanism to
explain the LFEs’ stress drop values.

In order to account for the observation of events’ constant duration, [47] proposes that slip could
only be maintained while the pore pressure is high enough to allow for seismic rupture, that is until the
injection stops and the high pore pressure transient diffuses. The duration of the recorded seismic event
would thus be controlled by the fluid transport properties in the fault zone. Those conditions of rapid,
localized fluid injection are plausible within large active fault zones [61]. In subduction zones, fluids
released by the dehydration of hydrous minerals in the downgoing slab circulate within a permeable
channel formed along or within the fault zone [3, 70]. If the permeability or width of the channel has
strong lateral heterogeneities, [61] suggests that strong, localized pore pressure transients can be formed.
The strong, transient gradients of pore pressure can act as a source of seismic waves. The duration of
such a source would thus be the characteristic time taken by a pore pressure transient to diffuse. [61]
shows that as with such a mechanism, this duration is only governed by the transport properties of the
fault zone and independent of the source magnitude. Although more precise observations of the source
radiation pattern of LFEs and a substantial modeling effort are needed to confirm this hypothesis, it is
consistent with our observations.
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Another lead to account for the apparent magnitude-independent, low-frequency content of LFEs is
to interpret it as the consequence of specific, near-source propagation effects [9]. In this study the authors
assume the existence of a narrow region with a very strong shear wave attenuation around LFEs source
and suggest that the observed depletion in high frequencies can be related to this strong near-source
attenuation of seismic waves. Based on accounts of high compressional to shear wave velocity ratio
VP /VS in seismic cross-section of subduction zones [7, 63], tidal triggering of LFE activity [5, 58, 59,
e.g.] and dynamic triggering by teleseismic waves [60], the source region of LFEs is thought to be under
nearly lithostatic fluid pressures. Laboratory studies indicate that such high fluid content can also be
the cause of strong shear wave attenuation [69].

7 Conclusions

We analyzed a subset of carefully selected LFEs from the cataloged events of Guerrero, Mexico [20]. The
subset of LFEs samples a relatively broad range of seismic moments, between Mw1.7 and Mw3, with
corner-frequencies clustering around 3 Hz, between 1.5 and 6 Hz. Overall, we find corner frequences
to be very weakly dependent on seismic moments for LFEs in Guerrero. When trying to describe this
relationship with the power law fc ∝ M0

−α, we retrieve α = 0.12 ± 0.11 and α = 0.054 ± 0.034 for the
two sets of corner frequency measurements. In both cases those scalings are significantly different from
a self-similar rupture, for which α = 1/3.

Recent studies show that the clear departure from self-similarity measured for LFEs in Guerrero and
Cascadia is not a necessary feature of LFEs in all tremor regions across the world. Exploring this regional
specificity might bring significant insight on LFEs source physics and lead us to understand more about
how deep fault environment affects slow slip processes.
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A Effects of bandpass filtering on events corner frequencies

A.1 Detection bandpass filter

The LFEs of the catalog used in this study were detected using a matched-filter search approach, with
template waveforms band-pass filtered between 1–2 Hz [20].

A potential concern is that a matched-filter search using a narrow band-pass would only identify
events with a characteristic frequency between 1 and 2 Hz. Assuming it was the case, it would bias our
analysis towards the observed magnitude-independent corner frequencies.

However, the use of matched-filter search does not constrain the characteristic frequencies of the
event between 1–2 Hz, it simply limits detections to signals with energy within this frequency band.
Several studies using matched-filter search to detect classic earthquakes are able to detect events with a
range of magnitudes, that, through the earthquake moment-duration scaling law, corresponds to a range
of characteristic frequency wider than the chosen band-pass [71, figure 7.(b)],[22, figure 5]. In our case
most events indeed have corner frequencies above 2 Hz and up to 6.5 Hz (see Table 1, Figure 5).

A compact form of the Brune spectrum for ground motion velocity can be used to compare the
detectability of two events: ṽ(f):

ṽ(f) =
2πC.M0.f

1 + ( ffc )
2 , (14)

where C is a constant relating to the velocity structure of the medium and the source focal mechanism,
M0 the seismic moment of the event and fc its corner frequency. For any two events with fc1 < fc2
but identical moment, for any given frequency of detection f , the corresponding velocity amplitudes will
follow ṽ1(f) < ṽ2(f). In other words, for a given magnitude, events with a higher characteristic frequency
than events we detected do not have a lower probability to be detected because of the band-pass filter.
Therefore, within the range of moments that we measured, the detection band-pass filter should not bias
corner frequencies by constraining them at low values, close to 2 Hz. Using the same demonstration,
events of characteristic frequency below 1 Hz and seismic moment within the range of moments we
measure have a low probability to be detected by the matched-filter search. The matched-filter search
band-pass thus imposes a lower bound on detections’ corner frequencies in the range of moments we
measure, but no higher bound. For events above 8 Hz however, the presence of high-frequency noise
would bias the measure of corner frequencies, motivating our choice to limit our analysis to the 1–8 Hz
frequency band.

As a conclusion, in the seismic moment range of our events (8 × 1011–1 × 1013 N.m), the measure
of corner frequency is not biased by the detection process, for values of corner frequency between 1 and
8 Hz. A frequency range of around 1–10 Hz and range of moments 1.5 orders of magnitude wide were
enough for [66] to measure a steeper dependence of corner-frequency on seismic moment, and should
thus be enough in this study to estimate a moment-duration scaling without significant artifacts.

A.2 Analysis bandpass filter

In Figure S1, we see that the tremor seismic energy seems really bounded between 0.8 Hz and 8 Hz.
Above this band, high-frequency noise, possibly anthropogenic, is active, below this band, the seismic
time-series are dominated by low-frequency noise leaking from microseismic modes. The choice of the
1–8 Hz band-pass filter used to measure corner-frequencies is motivated by this observation.

It is possible that corner frequencies of the event we detected are lower than 1 Hz, and that the 1–8
Hz band-pass filter we use biases our measure of the corner frequencies to constrain them in a narrow
band above 1 Hz. We tested the influence of the lower cutoff frequency of the band-pass filter on the
measured corner frequency. Results of this test are shown in Figure S2.

The distribution of corner frequencies is not drastically modified down to a lower cutoff of 0.2 Hz,
where corner frequencies suddenly regroup around 0.2 Hz. This sudden shift is due to the filter band not
blocking pollution of micro-seismic noise anymore.

In addition to it, corner frequencies are slightly dragged to lower values, as the lower cutoff decreases
from 1 Hz to 0.5 Hz. This should be expected: more and more pollution from micro-seismic noise is
allowed in records of events on stations that witness higher amplitudes of micro-seismic noise, due to
proximity to the ocean or site effects. On those records, the characteristic frequency will be picked lower,
due to the influence of micro-seismic noise. Figure 4 (d.) is a good illustration of this: the peak of the
un-filtered spectrum is located at 1 Hz due to micro-seismic noise influence.
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The 1–8 Hz is thus chosen as a compromise. The lower cutoff is taken far enough from micro-seismic
frequencies so that the event signal is not polluted, even at stations where micro-seismic noise has the
highest amplitude. Ultimately, it does constrain the corner frequency between 1 and 8 Hz, but this seems
reasonably wide.

B Moment-frequency distribution of LFEs

In Figure 7, we represent the complementary cumulative distribution function (abbreviated as CCDF,
also called survival function) of seismic moments, P (M0 > M0

′). It is computed with M0
′ regularly

spaced in the magnitude range.
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Figure 7: Moment-frequency distribution of the selected LFEs — The seismic moment complementary
cumulative distribution function (CCDF) of our LFEs is modeled by a Gaussian below Mwthr 2.32, with
mean magnitude Mw 2.4, and by a power law above Mwthr, with an exponent corresponding to a b-value
of 2.4.

The higher-moments tail of the distribution can be described as a power-law distribution, with the
following probability density function (PDF) and CCDF:

p(M0) =
β

M0thr

(
M0

M0thr

)−β−1
P (M0 > M0

′) =

(
M0
′

M0thr

)−β (15)

where M0thr is the lower bound for which the power-law distribution is valid. The power law exponent
β relates to the b-value of the Gutenberg-Richter law following: b = 3

2β. For moments above a threshold
M0thr, we perform an un-weighted, least-square fit of the logarithm of the moments CCDF to a power-
law. We find that β = 1.62, and a corresponding b-value of b = 2.43. For comparison, b-values of classical
seismicity are usually around 1. The threshold magnitude Mwthr = 2.32 (corresponding to M0thr) is
selected so as to minimize the Kolmogorov-Smirnov statistic for the moments’ distribution and the fitted
power law.

The deviation from a power law at lower moments is often attributed to observational limitations:
below a completeness magnitude, events are too weak to all be detected, and it manifests as a deviation
from the otherwise assumed power law distribution of moments. Here, the completeness magnitude would
thus be Mwthr = 2.32. The departure from a power-law at lower moments can also be the manifestation
of a characteristic scale of magnitude of the events. Several studies report observations of LFEs size
distribution being best modeled by exponential laws and thus of a characteristic scale controlling the
LFE size distribution [12, 13]. In our case, a normal distribution can be fitted to the distribution of
moments below Mwthr, parametrized by a mean magnitude Mw = µ = 2.23 and a standard deviation
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σ = 0.19. The mean magnitude Mw = 2.23 defines a characteristic scale of the lower-bound of the
moment distribution. It is either due to a scale limitation of LFEs in Guerrero, or a manifestation of the
limitation of events’ detection.
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versidad nacional autónoma de méxico. 1999. http://usuarios.geofisica.unam.mx/vladimir/sismos/.

[43] V. Kostoglodov, A. Husker, N. M Shapiro, J. S. Payero, M. Campillo, N. Cotte, and R. Clayton. The
2006 slow slip event and nonvolcanic tremor in the mexican subduction zone. Geophysical Research
Letters, 37(24), 2010.

[44] L. Krischer, T. Megies, R. Barsch, M. Beyreuther, T. Lecocq, C. Caudron, and J. Wassermann.
Obspy: A bridge for seismology into the scientific python ecosystem. Computational Science &
Discovery, 8(1):014003, 2015.
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