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The Guerrero seismic gap is presumed to be a major source of seismic and tsunami hazard 

along the Mexican subduction zone. Until recently, there were limited observations to 5 

describe the shallow portion of the plate interface in Guerrero. For this reason, we deployed 

offshore instrumentation to gain new seismic data and identify the extent of the seismogenic 

zone inside the Guerrero gap. We discovered episodic shallow tremors and potential slow 

slip events which, together with repeating earthquakes, seismicity, residual gravity and 

residual bathymetry suggest that a portion of the shallow plate interface in the Guerrero 10 

seismic gap undergoes stable slip. This mechanical condition may not only explain the long 

return period of large earthquakes with origins inside the Guerrero seismic gap, but also 

reveal why the rupture from past M<8 earthquakes on adjacent megathrust fault segments 

did not propagate into the gap to encompass a larger slip area. Nevertheless, a large enough 

earthquake initiating nearby could rupture through the entire Guerrero seismic gap if 15 

driven by dynamic rupture effects. 

Most of our knowledge regarding slow earthquakes comes from observations in the downdip 

portion of subducting zones at distances far from the trench1. Recently, however, shallow slow 

earthquakes (0-20 km deep) have been observed in updip regions2, 3, raising the question of how 

they can be generated in such a different tectonic environment compared to downdip conditions. 20 

Some emblematic observations of shallow slow earthquakes come from the Japan Trench, where 

episodic tremor and slip preceded the great Tohoku-Oki 2011, Mw 9 earthquake, revealing that 

slow slip and megathrust earthquakes can coexist at shallow depths of the plate interface4. For this 
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reason, it is essential to include in our studies the near trench portions of subduction zones to 

understand its mechanical properties and asses the actual extent of seismogenic zones which may 

produce tsunamigenic and devastating earthquakes. 

A proposed earthquake scenario for the Guerrero seismic gap, located along the Pacific coast of 

Mexico, has been one of a pending rupture of the entire gap capable of generating a large 5 

earthquake with Mw>8(5). An earthquake of this magnitude in the gap could produce accelerations 

in Mexico City twice as high as those experienced during the disastrous MW 8 Michoacán 

earthquake of 1985(6), where 10,000 people died and several hundred buildings collapsed. The 

associated tsunami could also be catastrophic in large coastal communities such as Acapulco and 

Zihuatanejo, among many others. Assessing the seismic potential of the Guerrero seismic gap is 10 

therefore one of the most urgent issues worldwide, given the risk to which more than 15 million 

people in the country's capital are exposed.  

The north-west segment of the Guerrero seismic gap (NW-GG), with a length of approximately 

140 km (Fig. 1A), has not experienced an earthquake with M>7 since 1911(7). The largest seismic 

events in the NW-GG since then has been two near-trench tsunami earthquakes in 2002 (Mw 6.7, 15 

5.9)8, 9 and two aftershocks of the 2014 Mw 7.3 Papanoa event with magnitudes Mw 6.5 and 

6.1(10,11). The Guerrero subduction zone is also prone to slow earthquakes, including some of the 

largest slow slip events (SSE) in the world, with Mw>7.57, 12. Accordingly, the NW-GG 

accommodates stress aseismically as revealed by geodetic data, suggesting that coupling at the 

plate interface is approximately 75% lower than that of the bordering segments13,14. Unfortunately, 20 

these contributions come from onshore observations, limiting our knowledge of the shallow plate 

interface regions. 
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One type of slow earthquakes is tectonic tremor, a long duration burst of intermittent seismic 

signals15. Tremors are a good indicator of shear slip at the plate interface and are closely related to 

SSE in episodic tremor and slip16. Offshore observations show that shallow tremor (ST) have also 

been triggered by SSEs in the low coupled shallow plate interface4, 17. Repeating earthquakes (or 

repeaters) are the recurrent rupture of small patch-like regions together with surrounding aseismic 5 

sliding, making them another useful proxy for aseismic slip18. In Guerrero, tremor has been 

identified at approximately 40 km depth and 200 km downdip along the plate interface 19 (Fig. 

1A), they have rapid migration and are closely interconnected to the large long-term SSE that 

repeat almost every 4 years20, 21. All of these observations were carried out using mostly onshore 

temporary stations and a few permanent stations, limiting tremor detection to selected time periods 10 

and regions22. So far, shallow slow earthquakes have not been observed at the Mesoamerican 

Trench because of the absence of offshore instrumentation. For that reason, we deployed an array 

of seven ocean bottom seismometers (OBS) inside the NW-GG23 to improve monitoring of seismic 

activity in search of shallow slow earthquakes. 

An envelope correlation method24 was used in search of ST as initial evidence of shallow slow 15 

earthquakes in Mexico. Regular earthquakes, including repeaters, were located using a 

combination of onshore and offshore data. Based on these results, together with information of 

residual gravity and residual bathymetry, we seek to answer critical questions such as whether 

slow earthquakes occur offshore and near the trench, what conditions are required to generate them 

and what are their characteristics. Most importantly, we seek to improve our understanding of 20 

possible future large earthquakes in the Guerrero seismic gap.  

OBS stations were equipped with three component 1 Hz short period sensors and installed at depths 

ranging between 980 to 2350 [m]. Their locations were estimated with a mean uncertainty of 2 
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meters. Here we analyse the first ever set of offshore observations performed in the Guerrero 

seismic gap, corresponding to a one-year period starting from November 2017. Data from all 

stations were time corrected, to remove time shifts in OBSs25 and then the instrument response 

was removed to get velocity measurements.  

We detected and located over 100 STs (Fig. 1) within two kilometres uncertainty (Extended Data 5 

Figs. 1, 2, 3). Most of the STs occurred between 10 and 16 km depth (Extended Data Fig. 1), so 

we assume they rupture at the plate interface as tremors occurring downdip19-21. However, depth 

is the least constrained parameter in our locations. No clear ST migration was observed (Fig 2C) 

as in downdip regions21, suggesting that ST occur at mechanically isolated locked patches 

embedded in a weakly coupled plate interface26. 10 

Most of STs are located at short distances from the trench (<30 km), while detected seismicity lies 

around 60 km away from the trench close to the coast (Fig. 1B). There is a clear trench-

perpendicular separation in locations of STs and earthquakes, with a ~20 km-wide region devoid 

of seismic activity in between them, which we refer to as a “silent zone” hereafter. Repeaters 

coincide with earthquakes and with STs at the east and west regions, indicating aseismic slip in 15 

these areas. 

We spatially grouped STs into four main clusters, S1 to S4. S1 and S2 are located at the west side 

of the stations array (Fig 2A). Most of ST activity comes from these two clusters, in bursts of 

tremor episodes with recurrence periods of three-months and one-month for clusters S1 and S2, 

respectively (Fig. 2C, 2D). Clusters S3 and S4 are located at the east side of the study area and 20 

have fewer number of tremors, however, S4 has the largest magnitude tremors (Fig. 2B). Tremor 

magnitude and duration tend to increase in clusters located closer to the coast, where background 

seismicity increases and where coupling is expected to increase (Fig. 2B). Cluster S4 has the 



In Review at Nature Communications 

6 

 

largest magnitudes with a mean MW of 2.0 ±0.14. On the other hand, cluster S2 has smaller 

magnitudes and shorter durations with a mean value MW of 1.17 ±0.05 and 15.11 ±0.7 seconds, 

respectively. Different recurrence intervals and characteristic source properties of STs in each 

cluster are an indicator of a heterogeneous plate interface capable of modifying tremor behaviour. 

Seafloor geodetic observations in other subduction zones of the world have revealed that subducted 5 

relief can increase pore pressure, quantity of subducted sediments and fracturing, reducing 

coupling and generating a heterogeneous stress field at the plate interface 26. This heterogeneity 

may create a mixture of mechanical conditions controlling macroscopic fault slip and thus 

enhancing the genesis of slow earthquakes21, 27. Further observations have also shown that the 

presence of a subducted seamount can lead to the development of a creeping region, capable of 10 

producing a diversity of slip behaviours including SSE, tremor or even tsunami earthquakes28-30. 

One way to identify subducted relief at the plate interface is by interpreting residual gravity and 

residual bathymetry anomalies (RG&BA) which have also been associated with small earthquakes 

and creep31.  

In the NW-GG, the 2002 near-trench tsunami earthquake (Mw 6.7) overlaps with a positive 15 

RG&BA making it possible for both to be related29 (Fig. 1, Extended Data Fig. 5). The silent zone 

covers a trench-parallel transition of a negative-positive RG&BAs, while repeaters and most STs 

are located over positive RG&BAs. The large positive and negative RG&BA may thus be 

interpreted as an irregular subducted relief that increases pore pressure, fracturing and decreases 

coupling, that then determines the mechanical properties of the plate interface likely to generate 20 

tsunami earthquakes, STs, repeaters and/or the silent zone. 

The spatial distribution of regular earthquakes and STs reveals one of our most interesting 

observations, which is a silent zone devoid of seismic activity at the centre of the NW-GG (Fig. 
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1B). There are two possible explanations for this silent zone. Firstly, this area is completely locked, 

tectonic strain is accumulated and thus the probability of a large earthquake initiating there is large. 

Secondly, it is basically unlocked and sliding with low coupling, thus decreasing the probability 

of a large earthquake in the Guerrero seismic gap. Considering that there is a large deficit of 

coupling at the NW-GG inferred from onshore geodetic data13, 14, alongside the presence of 5 

aseismic slip inferred from STs and repeaters, it is reasonable to think that the offshore portion of 

the NW-GG, including the silent zone, fits better to the second hypothesis of an unlocked and 

freely sliding domain. The heterogeneous distribution of STs, repeaters, earthquakes and large 

variation of RG&BA suggests local changes of mechanical properties at the plate interface that 

cannot be described by a single model. Nevertheless, all our observations may certainly lead to a 10 

better mechanical description of the shallow plate interface.  

Accounting for frictional conditions in the plate interface32, our observations strongly suggest that 

the NW-GG is highly heterogeneous. Regions prone to stable velocity-strengthening and unstable 

velocity-weakening slip may be present and interact with each other, leading to a variety of 

coexisting sliding behaviours10,33. Therefore, we divided our study area into well-defined regions, 15 

each with different characteristic sliding behaviour that can be associated with their mechanical 

properties. Region A is situated inside the NW-GG at the shallowest section of the plate interface, 

from the trench up to 30 km downdip (Fig. 3A-C). In this region we have episodic STs, repeaters, 

positive RG&BAs and near-trench tsunami earthquakes. Assuming the occurrence of stable slip 

where repeaters take place, it is most likely that the episodic STs are associated with short-term 20 

SSE with one-month and three-month recurrence periods20. Such features are observed in a 

conditionally stable domain (Fig. 3B) composed by a velocity-strengthening matrix where SSEs 

occur and isolated velocity-weakening patches which generate episodic ST.  
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In region B, at 30 to 50 km downdip, the silent zone covers an along-strike transition of positive-

negative RG&BAs and is bounded by STs, repeaters, seismicity and rupture areas of M>7 

earthquakes (Fig. 3A). The silent zone should correspond to a stable velocity-strengthening 

domain where strain is released aseismically, thus the possibility that a large earthquake nucleates 

there is low. We still have limited data to interpret the south-east segment of regions A and B. 5 

In region C, from 50 to 80 km downdip, there are STs, repeaters, concentrated small seismicity 

and few large earthquakes in the past. However, unlike region A, large long-term SSEs originated 

downdip can penetrate this area, so this region should also be conditionally stable(10). Both 

conditionally stable domains (regions A and C) also include significant velocity-weakening 

patches where rapid slip can produce earthquakes with M>6, such as the tsunami earthquakes, 10 

aftershocks of the 2014 earthquake, or even larger earthquakes like those in the late 19th and early 

20th centuries10 (Fig. 3A). This means that locked unstable patches could eventually generate a 

M>7 earthquake despite aseismic slip also occurs periodically. At farther distances, in region D, 

only long-term SSEs and deep tremor occur13, 34, thus implying a stable velocity-strengthening 

domain. 15 

Besides what we have seen along-dip, there is also a clear along-strike change in the mechanical 

properties between the NW-GG and the adjacent Petatlán segment to the west. The trench-

perpendicular border separating these two segments is outlined where the silent zone abruptly ends 

to the west (close to Papanoa), and beyond which STs, repeaters and large earthquakes are again 

found. In the Petatlán segment, we distinguish three trench-parallel regions, A’- C’ (Fig. 3).  20 

In region A’, starting at the trench and up to 45 km downdip, we find the same conditionally stable 

domain as region A. However, it rapidly changes to region B’, an an unstable domain which is 

absent of STs but seismically active, with repeaters and large earthquakes (M>7) occurring every 
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~35 years. At farther distances in region C’, the plate interface becomes stable because only long-

term SSEs occur there. One of the most important differences between the NW-GG and the 

Petatlán segment is that the former does not have an unstable seismogenic zone in which we could 

expect large earthquakes (M>8) to initiate. 

The sharp along-strike change in the mechanical properties of the plate interface can explain why 5 

previous M>7 ruptures in the Petatlán segment did not penetrate the NW-GG leading to much 

larger seismic events. When a rupture front propagates towards the NW-GG it encounters a large 

stable domain in region B, which devoid of significant elastic strain, acts as an energy sink 

impeding further propagation inside the Guerrero seismic gap.  

Subducted relief interpreted from RG&BAs created highly heterogeneous frictional conditions that 10 

contribute to generate the conditions required for slow slip, such as episodic STs, possible short-

term SSEs repeaters and/or a silent zone. All of our observations indicate that the central portion 

of the NW-GG is dominated by a weakly coupled stable domain. Weak coupling, offshore and 

onshore, explains the long recurrence period of large earthquakes in the Guerrero gap35. This 

implies that the initiation of a M>8 earthquake in the NW-GG is less likely to occur. However, we 15 

cannot rule out the possibility of the NW-GG could rupture completely as a result of a large enough 

earthquake propagating from an adjacent segment, driven by both a cascading rupture of locked 

patches in their conditionally stable domains and dynamic effects in the rupture front. Further 

offshore observations together with physics-based source modelling will be able to validate our 

predictions, which are important for developing earthquake risk mitigation. 20 
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Figures:

 

Fig. 1. Guerrero subduction zone.  (A) White triangles and inverted green triangles show the 

location of OBS and land stations, respectively. Grey, yellow and red areas are past earthquake 

rupture zones9, 36, SSEs and tremors, respectively. Red dashed line is the GG segment, divided into 5 

north-west and south-east segments. Black dash lines are contour for the depth of the top of the 

subducting slab37. Black squares are major population centres along the Pacific coast of Mexico. 

The dashed black square is the area shown in B. (B) Residual gravity at the NW-GG. Yellow and 

orange stars indicate epicentres of the 2002 tsunami earthquakes and aftershocks of the 2014 

earthquake, respectively. Red circles, green triangles and black circles are locations of STs, 10 
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repeaters and earthquakes, respectively. Black dashed lines are contour lines for earthquake 

density. 

 

Fig. 2. Tremor clustering. (A) Distribution of STs (circles) into four main clusters S1-S4. Green 

triangles and black circles are repeaters and earthquakes, respectively. Red dash line is profile PP’. 5 

(B) MW vs the logarithm of ST duration. Solid and dashed lines are mean values of MW and 

uncertainty of the mean, respectively, for each cluster. Colours and symbols as in A. (C) Time plot 

vs distance along profile PP’ in A. Black dashed line is the location of the trench. Coloured areas 
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are ST episodes in clusters S1 and S2. Colours and symbols as in A. (D) Weekly histogram (left 

axis) and cumulative number of ST in each cluster (right axis). Colours as in A.  

 

  

Fig. 3. Plate interface conceptual model. (A) Trench is shown with white triangles and the silent 5 

zone is shown inside a black dashed line. Red, green, brown, yellow and grey areas are locations 

of STs, repeaters, RG&BAs, long-term SSE and seismicity, respectively. Black and yellow circles 

indicate the epicentres of large earthquakes and tsunami earthquakes, respectively. Estimated 

rupture areas of previous M>7 earthquakes are shown with grey areas. (B) Coloured areas 

represent regions with different frictional properties in purple, grey and blue for stable, unstable 10 

and conditionally stable, respectively. (C, D) Mechanical conditions at the plate interface along 

profiles PG (C) and PS (D) as shown in B. Colours as in B. 

 

 

 15 
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Method 

Tremor detections 

Tremor detection and location were done following a modified envelope correlation method based 

on maximum-likelihood24. Envelope waveforms were estimated by 1) band‐pass filtering 

continuous velocity data between 2 and 8 Hz, 2) squaring, 3) low pass filtering at 0.2 Hz and 4) 5 

resampling at 1 Hz. Tremor detections was done using 300 seconds time windows with 150 

seconds time steps and a detection threshold for cross correlation coefficient between stations of 

0.638. 

Localization of tremors was done considering a normalized envelope waveform 𝑤𝑤𝑖𝑖(𝑡𝑡)  for all 

components at all stations24. 10 

 

 𝑤𝑤𝑖𝑖(𝑡𝑡) =
𝑤𝑤𝑖𝑖′(𝑡𝑡)− 𝑤𝑤𝚤𝚤′�����∑ �𝑤𝑤𝑖𝑖′(𝑡𝑡𝑘𝑘)− 𝑤𝑤𝚤𝚤′�����2𝑁𝑁𝑡𝑡𝑘𝑘=1 , 

(1) 

 

where the sub index 𝑖𝑖 represents the 𝑖𝑖-th component, 𝑤𝑤𝑖𝑖′(𝑡𝑡) is the original envelope waveform, 𝑤𝑤𝚤𝚤′��� 
is the temporal mean, 𝑁𝑁𝑡𝑡 is the number of time samples and 𝑡𝑡𝑘𝑘 is the 𝑘𝑘-th time step. 𝑤𝑤𝑖𝑖(𝑡𝑡) can also 

be defined by assuming a source envelope which is a common template waveform 𝑤𝑤(𝑡𝑡) at all 15 

stations, but shifted in time considering a travel time ∆𝑡𝑡𝑖𝑖(𝑥𝑥) between source and a positions 𝑥𝑥, plus 

a Gaussian error with a distribution 𝑁𝑁(0,𝜎𝜎𝑖𝑖2), 

 

 𝑤𝑤𝑖𝑖(𝑡𝑡 + ∆𝑡𝑡𝑖𝑖(𝑥𝑥)) =  𝑤𝑤(𝑡𝑡) + 𝑒𝑒𝑖𝑖(𝑡𝑡 + ∆𝑡𝑡𝑖𝑖(𝑥𝑥)). (2) 
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With these assumptions we can develop the mathematical expressions to maximize the likelihood 

of finding the observed envelopes from the combination a of common template waveform 𝑤𝑤(𝑡𝑡) 

and travel times to position 𝑥𝑥. The maximum likelihood problem can be solved as a summation of 

cross-correlations weighted by the error variance. We then maximize the averaged of the weighted 

cross-correlations (ACC), 5 

 

 𝐴𝐴𝐴𝐴𝐴𝐴(𝑥𝑥) =

∑ ∑ 𝑤𝑤𝑖𝑖(𝑡𝑡𝑘𝑘 + ∆𝑡𝑡𝑖𝑖(𝑥𝑥))𝑤𝑤𝑗𝑗�𝑡𝑡𝑘𝑘 + ∆𝑡𝑡𝑗𝑗(𝑥𝑥)�𝜎𝜎𝑖𝑖2𝜎𝜎𝑗𝑗2𝑁𝑁𝑡𝑡𝑘𝑘=1(𝑖𝑖,𝑗𝑗) ∑ 1𝜎𝜎𝑖𝑖2𝜎𝜎𝑗𝑗2(𝑖𝑖,𝑗𝑗)

. 

(3) 

 

The weight, or error variance, is calculated based in the similarity of the template and observed 

waveforms. This method is looking for the best tremor location 𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡, that will maximize ACC, 

by calculating travel times to any position 𝑥𝑥. Travel times are calculated using ray theory and a 1D 10 

velocity model for the Guerrero region from39. 

The maximization problem is solved using a sequence of two steps; first, a grid search with a fixed 

10 km depth considering local maxima, and second, a gradient method search40 (CCSA) to 

improve hypocenter locations. The grid search is taking into account local maxima because each 

of these will come as a result of more than one detection inside the same time window, therefore, 15 

this method is able to detect more than one event inside the same time window. Finally, the 

gradient method uses all the local maxima from the grid search as initial values to refine the 

location.  

To remove outliers, the acquired detections must validate two established conditions. Firstly, 

cross-correlation coefficients must be larger than 0.6 as initially postulated (eq. 3). However, 20 

during the maximization procedure the correlation value could decrease, so this condition must be 
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verified. Secondly, the similarity between envelope and template waveform (eq. 2) must be good, 

so if their correlation value is below 0.4, envelopes are rejected. Once outliers are excluded, the 

localization procedure is repeated starting from the gradient method and continues until no outliers 

are found. Standard deviation of the final location is estimated using bootstrap, and results with 

more than two kilometers of error are also excluded. 5 

It is noteworthy to point out that the velocity structure used in tremor location does not include a 

slow sedimentary layer located at the ocean floor, where OBS are situated at. This will produce a 

common bias, in which estimated locations should be deeper than expected. This will mean that 

depth is less constrained in our locations (Extended Data Fig. 1). 

Source parameters for tremors are estimated using the original envelope waveform. The average 10 

of seismic energy rate can be expressed as 

 

 �̇�𝐸𝑏𝑏(𝑡𝑡) = 4𝜋𝜋𝜋𝜋𝜋𝜋∑ �𝑤𝑤𝑖𝑖′2(𝑡𝑡 + ∆𝑡𝑡𝑖𝑖(𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡))𝑅𝑅𝑖𝑖2𝜎𝜎𝑖𝑖2 +
𝑤𝑤𝑗𝑗′2�𝑡𝑡 + ∆𝑡𝑡𝑗𝑗(𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡)�𝑅𝑅𝑗𝑗2𝜎𝜎𝑗𝑗2 �(𝑖𝑖,𝑗𝑗) ∑ � 1𝜎𝜎𝑖𝑖2 +
1𝜎𝜎𝑗𝑗2�(𝑖𝑖,𝑗𝑗)

. 

(4) 

 

where 𝑅𝑅𝑖𝑖 is the hypocentral distance to stations, 𝜋𝜋 = 3000 kg/m3 is density and 𝜋𝜋 = 2.8 km/s is 

shear wave velocity. The time when the averaged seismic energy gets to its maximum will be the 15 

hypocentral time and duration will be equal to the time required to get one quarter of the maximum 

energy. Energy magnitude is estimated with 𝑀𝑀𝑏𝑏 =  
𝑙𝑙𝑙𝑙𝑙𝑙(∫ �̇�𝐸𝑠𝑠(𝑡𝑡)𝑑𝑑𝑡𝑡)−4.41.5  (41).  

 

 

Earthquake detections 20 
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Continuous OBS data was also used to detect small local seismicity in the region. Earthquake 

detections were done using an automatic method of a short time window over a long-time window 

(STA/LTA), with a ratio of 2 in at least three stations to trigger a detection. The STA/LTA 

threshold was determined empirically by visually detecting 74 earthquakes a priori. LTA and STA 

windows had 10- and 0.3-seconds length, respectively. A total of 4303 events were detected by 5 

the STA/LTA method. To distinguish earthquakes from noises we used an automatic picking42, to 

pick P and S waves and discard those detections were no phase was found. A second stage of visual 

inspection to avoid any false detections was done. Finally, a new manual picking of P and S waves 

was done to a total of 848 events. Location was done following a maximum likelihood method43 

and using a 1D velocity structure for Guerrero39. Density of earthquakes was estimated using a 10 

grid covering the complete study area with square elements of 0.1 degrees length. A bivariate 

histogram was calculated with the number of earthquakes in each element of the grid.  

 

Repeaters 

We searched for repeating earthquakes along the trench by analyzing 440,655 waveforms from 13 15 

permanent stations from the National Seismic Network44 corresponding to 75,567 earthquakes 

recorded between 2001 though 2019. Furthermore, we analyzed the one-year data from the OBS 

network, using the ad hoc catalog described in the previous section. To classify events as repeating 

earthquakes, we computed the correlation coefficient (CC) and spectral coherency (COH) for all 

pairs of closely located events (<100km). The CC and COH was estimated in a 25-s time window 20 

starting at the onset of the P-wave arrival in a frequency band of 1-8Hz and 4-16Hz for the 

permanent stations and OBS stations, respectively. We used two different frequency bands to 

provide a higher SNR for the OBS stations which are located in a nosier environment. Sequences 
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were formed by linking pairs of events with a spectral coherence and correlation coefficient higher 

than 95% for at least two or more stations either permanent or OBS. Clusters of repeaters were 

formed using hierarchical clustering with "single" method provided from SciPy library. Hence, we 

found, along the GG, a set of 51 sequences consisting of 2 to 4 repeating earthquakes each, the 

magnitude of these events ranges from 3.4 to 4.5 using the onshore permanent stations. By means 5 

of the OBS network, an additional set of 7 sequences was detected with magnitudes between 2.7 

to 3.8 with short burst-type recurrence time (< days,month).  

 

Spectra estimation 

Spectra of seismic waveforms were estimated for regular earthquakes and tremors. We manually 10 

selected time windows to ensure that signals from an earthquake or tremor were observed in the 

two horizontal components of all stations and then estimated displacement spectra in frequency 

domain. A characteristic spectrum for each event was estimated with the geometrical mean of all 

observations. Spectra were not corrected by effects from path attenuation and site effect. 

 15 

Waveform analysis 

The described method for tremor detection acts efficiently, even in the instance where more than 

one event is located in a same time window. However, it cannot differentiate between tremors, 

earthquakes, and other seismic signals (e.g., T-phase). A visual inspection of spectrograms and 

waveforms, for every detection was required to isolate tremors from other type of seismic events. 20 

Waveforms of detections were visually evaluated using two different bandpass filters (between 2-

8 Hz and 10-30 Hz). Lastly, spectral analysis was used to fully differentiate tremors from regular 

earthquakes.  
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For regular earthquakes waveforms and spectrograms have a clear impulsive P and S waves 

arrivals and energy at higher frequencies (>10 Hz). Waveforms using both band pass filters (2-8 

Hz and 10-30 Hz), have a sharp signal that loses energy rapidly as it travels through the stations 

array (Extended Data Fig. 2).  

On the other hand, tremors have an emergent signal with no clear P or S phase arrivals. In the 5 

spectrogram, energy is concentrated below 10 Hz and disperse in a larger time window (Extended 

Data Fig. 2). Waveforms vanish when using a bandpass filter between 10-30 Hz but is easily visible 

when using 2-8 Hz and is similar to other waveforms of shallow tremors observed with OBS in 

other subductions zones2, 4, 29. Signals attenuate similarly in regular earthquakes and tremors 

(Extended Data Fig. 2). 10 

Tremor seismic signal is clear only at OBS stations located close to the source, and as their seismic 

waves travel to further stations they attenuated rapidly (Extended Data Fig. 2). Comparing peak 

ground velocities of tremor signal filtered between 2 – 8 Hz vs distance between source and 

stations, show that tremor attenuates during the first 45 km (Extended Data Figs. 3, 4). At distances 

beyond this, all tremor signal is lost.  15 

For a comparison of tremor and earthquake signal, spectrogram and spectra are shown (Extended 

Data Fig. 2).  Spectra for earthquakes and tremors both undergo large attenuation starting from a 

frequency around 9-10 Hz. This intrinsic attenuation might be produced by the sharp bathymetry 

of the region, yielding in a small quality factor, Q. Site effects have not been removed from the 

spectrum. Extended Data Fig. 2C shows a comparison of displacement spectrum of a tremor, a 20 

nearby earthquake and background noise recorded in a time window previous to the tremor 

occurrence. These two events are also shown in a normalized value, as the ratio of the spectra and 

their respective background noise levels (Extended Data Fig. 2D). We can only interpret some 
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source characteristics in a reduced range of frequencies between 0.9 and 10 Hz, in which signal to 

noise ratio is higher and spectra perform differently from background noise. Below this frequency, 

noise levels are high and above it, spectra undergo large attenuation. Bellow 10 Hz the spectrum 

of earthquakes has a flat progression similar to an 𝜔𝜔−2 Brune model45, or close to an 𝜔𝜔−1 slope. 

On the other hand, tremor has lower spectral levels, a continuous drop closer to or even steeper 5 

than an 𝜔𝜔−2 slope and does not have energy at frequencies above 10 Hz. 

T-phase could also be misclassified as tectonic tremors46, so it is important to identify any possible 

t-phase in our detection lists. Typically, T-phase happens only after large earthquakes located 

under the ocean floor. Their waveform travels slowly at approximately 1.5 km/s (sound velocity 

in water) and have energy at frequencies higher than 10 Hz. As T-phase seismo-acoustic waves 10 

travel through the OBS array they display negligible attenuation and are hardly visible at inland 

stations near the coast. With these characteristics it is possible to distinguish T-phase from tremors. 

Tremor detections times were compared to possible T-phase travel times coming from every 

earthquake, reported at the NEIC catalog, that could produce T-phase signals in our OBS array. 

 15 

Tremor clustering 

We grouped tremors in four main clusters, based on their locations using a K-mean algorithm47. 

The number of clusters was selected using silhouette coefficients. 

 

Residual gravity and bathymetry 20 

We used global compilations of marine gravity anomalies and bathymetry data to generate grids 

of residual gravity and bathymetry31, 48 covering a region of the Middle America subduction zone 

offshore the Pacific coast of Mexico. Analyzing residual gravity anomalies and residual 
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bathymetry allows us to discern small-scale local features on the forearc because the broader 

regional signal associated with subduction has been removed. In order to calculate the residual 

gravity, we used version 29.1 of the Global Gravity grid49 developed and distributed by the Scripps 

Institution of Oceanography, University of California, San Diego. This global gravity model is 

provided at 1-arc minute resolution and is constructed using measurements of the sea surface slope 5 

collected by several satellite altimeters over separate geodetic missions conducted in the years 

between 1985 and 2019. We extracted trench-perpendicular profiles every ~ 25 kilometers along 

a ~ 1500-kilometer long segment of the Middle America subduction zone. The gravity anomaly 

data (given in units of mGal) along the profiles were then stacked. We then subtracted the trench-

perpendicular average gravity anomaly from the original grid to obtain the residual gravity 10 

anomalies, which show both positive and negative values in the forearc region above the Guerrero 

seismic gap.  Meanwhile, in order to calculate the residual bathymetry, we requested gridded data 

from the Global Multi-Resolution Topography (GMRT) Synthesis50 at 7.5-arc second resolution. 

Offshore, the GMRT grid combines data from multiple sources, including publicly available high-

resolution multibeam sonar swath surveys and the General Bathymetric Chart of the Oceans51. We 15 

followed a similar procedure to the processing of the residual gravity in extracting profiles of 

elevation data, averaging these, and then subtracting this trench-perpendicular average to finally 

obtain the residual bathymetry (for offshore regions) and residual topography (on land). 

Areas with positive values in the residual gravity are found landward of seamounts on the incoming 

Cocos Plate. This suggests that some of the positive residual anomalies that share these features 20 

could be associated with subducted seamount chains underneath the forearc. Meanwhile, some of 

the negative residual features are coincident with basins based on interpretation of the seafloor 

morphology. The gravity data are more directly related to the roughness of subducting topography 
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since it is more sensitive to the structure of the rock basement, whereas the bathymetry 

measurements are affected by sediment infill or erosional processes occurring on the upper plate. 

 

Materials & Correspondence: Data set of tremors, earthquakes, repeaters and codes are available 

upon request. Correspondence to R. P.-M.  plata.omar.48e.@st.kyoto-u.ac.jp 5 

 

 

 

 

 10 

 

 

  



In Review at Nature Communications 

27 

 

References 

38. Ide, S. Striations, duration, migration and tidal response in deep tremor. Nature, 446, 356-359 

(2010). 

39. Spica, Z. et al. 3-D shear wave velocity model of Mexico and South US: bridging seismic 

networks with ambient noise cross-correlations (C1) and correlation of coda of correlations 5 

(C3). Geophysical Journal International, 206, 1795–1813 (2016). 

40. Svanberg, K., A Class of Globally Convergent Optimization Methods Based on Conservative 

Convex Separable Approximations. Society for Industrial and Applied Mathematics, 12(2), 

555-573 (2002). 

41. Choy, G. L. & Boatwright, J. L. Global patterns of radiated seismic energy and apparent stress. 10 

Journal of Geophysical Research, 100(B9), 18,205-18,228 (1995). 

42. Yokota, T., Zhou, S., Mizoue, M.  & Nakamura, I. An automatic measurement of arrival time 

of seismic waves and its application to an on-line processing system, Bull. Earth. Res. Inst., 

55, 449-484 (1981). 

43. Hirata, N. & Matsu'ura, M. Maximun-likelihood estimation of hypocenter with origin time 15 

eliminated using nonlineal inversion technique. Physics of the Earth and planetary Interiors, 

47, 50-61 (1987). 

44. Servicio Sismológico Nacional (SSN), Servicio Sismológico Nacional, Instituto de Geofísica, 

Universidad Nacional Autónoma de México  (2018). 

45. Brune, J. N. Tectonic stress and the spectra of seismic shear waves from earthquakes. Journal 20 

of Geophysical Research, 75(26), 4997-5009 (1970). 



In Review at Nature Communications 

28 

 

46. Okal, E. A. The generation of T waves by earthquakes. Advances in Geophysics, 49, 1-65 

(2008)  

47. David, A. & Sergi, V. K-means++: The advantages of careful seeding. SODA ‘07: Proceedings 

of the Eighteenth Annual ACM-SIAM Symposium on Discrete Algorithms, New Orleans, 

Lousiana, 7-9 January 2007, 1027-1035 (2007). 5 

48. Bassett, D. & Watts, A. Gravity anomalies, crustal structure, and seismicity at subduction 

zones: 2. Interrelationships between fore-arc structure and seismogenic behavior, 

Geochemistry, Geophysics, Geosystems, 16, 1541-1576 (2015). 

49. Sandwell, D. T., Harper, H., Tozer, B. & Smith, W. H. F. Gravity field recovery from geodetic 

altimeter missions. Advances in Space Research, https://doi.org/10.1016/j.asr.2019.09.011 10 

(2019). 

50. Ryan, W. B. et al. Global multi‐resolution topography synthesis. Geochemistry Geophysics 

Geosystems, 10(3) (2009). 

51. Weatherall, P. et al. New digital bathymetric model of the world's oceans. Earth and Space 

Science, 2(8), 331-345 (2015). 15 

 

Acknowledgments: This project was funded by Science and Technology Research Partnership 

for Sustainable Development (SATREPS) and the Japan Science and Technology Agency (JST) 

with grant number JPMJSA1510, the National Autonomous University of Mexico (UNAM) with 

PAPIIT grants IN113814, IN20220 and IG100617, the Mexican Council of Science and 20 

Technology (CONACyT) with grant PN6471, AMEXCID-SRE and the Ministry of Civil 

Protection of the State of Guerrero, Mexico. Special thanks to UNAM Coordinación de la 



In Review at Nature Communications 

29 

 

Investigación Científica for “El Puma” research vessel time and all the crew. We thank P. 

Romanet, T. Nishikawa, S. Ohyanagi, T. Chang and C. Villafuerte for valuable discussion.  

 

Author contributions: R.P.-M. detected tremors and wrote the manuscript, M.S. detected 

earthquakes, E.G. calculated residual bathymetry, L.A.D. and T.T. detected repeaters and V.M.C.-5 

A. and Y.I. are the PIs of the Mexico-Japan cooperation project. All authors contributed with 

discussions and improved the manuscript.  

 

Competing interests: Authors declare no competing interests.  

 10 

 

 

  



In Review at Nature Communications 

30 

 

 

 

Extended Data Fig. 1. Depth and error histograms. (A) Histogram of depth of detected tremors 

for each cluster (S1-S4). Vertical black dashed lines are percentiles 25 and 75 for data of all clusters 

together. (B-D) Histogram of tremor location error for latitude, longitude and depth, respectively. 5 

Vertical black dashed lines are percentiles 25 and 75 for data of all clusters in each histogram. 
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Extended Data Fig. 2. Characteristics of tremor and earthquakes. (A) Tremor spectrogram 

and waveform in one horizontal component of two stations. Tremor was detected on 2018/07/11 

at 22:01:29. Origin time of tremor is shown with a vertical green line in the spectrogram and red 

in the seismograms. (B) same as A but with an earthquake magnitude 3.2, detected on 5 

2018/10/22 at 14:04:15. Notice that scales in A and B are different. (C) Displacement spectra of 

tremor in A (red) and earthquake in B (blue). Black line is background seismic noise from a time 

window previous to the occurrence of the tremor. Dashed black lines are references of an ω-1 

and ω-2 slopes. (D) Same two spectra from C, normalized with background seismic noise levels 

from a time window before their occurrence. Dashed black line indicates the level in which the 10 

signal to noise ratio is equal to one. 
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Extended Data Fig. 3. Tremor waveform. (A) Location of tremor detected on 17/12/24 at 

16:06:51 shown with a red circle. White triangles are OBS stations and the dashed black line the 

Mesoamerican trench. (B) Waveform of tremor in A, bandpassed filtered (2 - 8 Hz) and seen in 

one horizontal component of all OBS stations. Vertical red line indicates detection time. Name of 5 

stations and their distance to the tremor source are indicated in each waveform. All waveforms 

have the same vertical scale. As waves travel through the stations array, they attenuate rapidly. (C) 

Spectrogram observed in all the stations, as shown in B. Origin time of tremor is shown with a 

vertical green line. 

 10 
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Extended Data Fig. 4. Attenuation. Peak ground velocity (PGV) vs distance for tremor signals 

bandpass filtered between 2-8 Hz. Distance is measure from the epicenter of tremor to each station. 

Pink and blue circles are PGV values from the two horizontal components and green circles from 

the vertical component. Due to rapid energy loss, tremor signal is clear when distance between 5 

epicenter and station in below 45 km (black dashed line). At greater distances PGV values are 

mostly from background seismic noise. 
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Extended Data Fig. 5. Residual bathymetry at the NW-GG. Yellow and orange stars indicate 

epicentres of the 2002 tsunami earthquakes and aftershocks of the 2014 earthquake, respectively. 

Red circles, green triangles and black circles are locations of STs, repeaters and earthquakes, 5 

respectively. Black dashed lines are contour lines for earthquake density. Grey and yellow areas 

are past earthquakes ruptures zones8, 32 and SSEs, respectively. 



Figures

Figure 1

Guerrero subduction zone. (A) White triangles and inverted green triangles show the location of OBS and
land stations, respectively. Grey, yellow and red areas are past earthquake rupture zones9, 36, SSEs and
tremors, respectively. Red dashed line is the GG segment, divided into north-west and south-east
segments. Black dash lines are contour for the depth of the top of the subducting slab37. Black squares
are major population centres along the Paci�c coast of Mexico. The dashed black square is the area
shown in B. (B) Residual gravity at the NW-GG. Yellow and orange stars indicate epicentres of the 2002
tsunami earthquakes and aftershocks of the 2014 earthquake, respectively. Red circles, green triangles
and black circles are locations of STs, repeaters and earthquakes, respectively. Black dashed lines are
contour lines for earthquake density.



Figure 2

Tremor clustering. (A) Distribution of STs (circles) into four main clusters S1-S4. Green triangles and
black circles are repeaters and earthquakes, respectively. Red dash line is pro�le PP’. (B) MW vs the
logarithm of ST duration. Solid and dashed lines are mean values of MW and uncertainty of the mean,
respectively, for each cluster. Colours and symbols as in A. (C) Time plot vs distance along pro�le PP’ in
A. Black dashed line is the location of the trench. Coloured areas are ST episodes in clusters S1 and S2.
Colours and symbols as in A. (D) Weekly histogram (left axis) and cumulative number of ST in each
cluster (right axis). Colours as in A.



Figure 3

Plate interface conceptual model. (A) Trench is shown with white triangles and the silent zone is shown
inside a black dashed line. Red, green, brown, yellow and grey areas are locations of STs, repeaters,
RG&BAs, long-term SSE and seismicity, respectively. Black and yellow circles indicate the epicentres of
large earthquakes and tsunami earthquakes, respectively. Estimated rupture areas of previous M>7
earthquakes are shown with grey areas. (B) Coloured areas represent regions with different frictional
properties in purple, grey and blue for stable, unstable and conditionally stable, respectively. (C, D)
Mechanical conditions at the plate interface along pro�les PG (C) and PS (D) as shown in B. Colours as
in B.
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