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In this study, we investigated the relationships among the occurrence regions of megathrust 
earthquakes and slow earthquakes, estimated interplate temperatures, and dehydration processes 
at the plate interface in the subduction zone of the Cocos plate in Mexico, with a focus on the 
Guerrero seismic gap. For this purpose, we performed a series of 3-D thermomechanical numerical 
simulations of subduction based on a combination of multiple unknown model parameters. Comparing 
the temperature field for the optimal model with the occurrence region of the interplate seismic 
phenomena, the temperature along the slab surface where megathrust earthquakes tend to occur 
is estimated to range from 200 to 400 °C. In addition, the occurrence areas of recent long-term slow 
slip events (hereafter referred to as L-SSEs) with a recurrence interval of ~ 4 years in the range where 
the amount of slip is 10 cm or more correspond to a temperature range of 350 to 550 °C outside the 
Guerrero seismic gap region. On the other hand, in the Guerrero seismic gap region, L-SSE slip is 
observed up to shallower areas, but the updip limit temperature in the region with the largest slip 
amount (~ 14 cm) is also estimated to be approximately 350 °C. Furthermore, for regions affected 
by tectonic tremors (hereafter referred to as TTs) within seaside swarms and inland swarms, our 
temperature estimates range from 500 to 570 °C and from 600 to 700 °C, respectively. Finally, we 
compared the estimated dehydration processes on the plate interface for the optimal model with 
interseismic events. These findings suggest that considerable dehydration from MORB within the 
oceanic crust and ultramafic rock within the slab mantle occurred near long-term slow slip events and 
tectonic tremor regions.

On the Pacific side of Mexico, the Cocos plate is currently subducting beneath the North American plate along 
the Middle America Trench (MAT) at a convergence rate of approximately 6.6 cm/yr in the north‒northeast 
direction1. In this region, M8-class megathrust earthquakes such as the 1985 Michoacan earthquake (Mw8.0), 
the 1995 Colima-Jalisco earthquake (Mw8.0), and the 2017 intraslab Tehuantepec earthquake (Mw8.2) have 
occurred. Additionally, the Guerrero seismic gap has existed in coastal regions for more than 100 years (Fig. 1)2. In 
addition, interplate slow earthquake phenomena such as slow slip events (SSEs)3 and tectonic tremors (hereafter 
referred to as TTs) are observed near Guerrero, southeastern Mexico4,5. In this region, the so-called “flat slab” 
exists adjacent to the 1000 km long Neogene continental arc called the Trans-Mexican Volcanic Belt (TMVB). 
A previous study yielded a resistivity model6 and proposed a probable mega-intrusion rock or serpentinized 
mantle material located in the continental crust above the tip of the mantle wedge5 along the across-arc profile 
passing through Acapulco, the area adjacent to the eastern end of the Guerrero seismic gap. This hypothesis is 
useful for explaining the observed gravity and magnetic anomalies around the Guerrero seismic gap.
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A previous study7 estimated the width of the seismogenic zone of southern Mexico in the Guerrero seismic 
gap area by performing 2D steady-state thermal modelling. The updip limit of the seismogenic zone where 
smectite transforms to illite and chlorite (100 to 150 ℃) was estimated to be located 15–20 km landward of 
the MAT in their numerical simulation. The downdip limit of the seismogenic zone where quartzo-feldspathic 
rocks initiate to change their slip mode from velocity weakening to velocity strengthening (320 to 350 ℃) was 
estimated to be located at a horizontal distance of 90–110 km from the trench. Additionally, in these numerical 
simulations, a small fraction of frictional heating was necessary to fit the thermally estimated seismogenic zone 
with the observed rupture areas of megathrust earthquakes. The authors determined an effective frictional 
coefficient of 0.051 to best fit the observed heat flow data. Wada and Wang (2009)8 performed 2D thermal 
modelling near northern Mexico and determined that the coupling-to-decoupling transition depth at the plate 
interface reached an interplate depth of approximately 40 km. Manea and Manea (2011)9 also performed 2D 
thermal modelling near the Guerrero gap and suggested that the sedimentary layers dehydrate approximately 
three-quarters of the water content above the flat slab at a horizontal distance of approximately 300 km from 
the MAT and that this region corresponds to the region where TTs take place. Rosas et al. (2016)10 performed 
3-D steady-state thermal modelling to investigate flow patterns in the mantle wedge accompanied by geometric 
variations in the Cocos plate. They also considered hydrothermal circulation in an aquifer in the subducting 
oceanic crust and suggested that the effect of hydrothermal circulation reduces the interplate temperature, but 
mainly in the shallow region. However, 3-D time-dependent thermal modelling has not yet been performed in 
southern Mexico, whose thermal structure is constrained by high-density Curie point depth data11. The global 
Curie point depth distribution dataset they analysed has been published with dense data intervals of 2-min arcs, 
which were used in this study.

Here, we constructed a 3-D thermomechanical model for southern Mexico to elucidate the relationships 
among the calculated temperature structure, dehydrated water content from the subducting Cocos plate, and 
above-mentioned interplate seismic phenomena, with a particular focus on the region including the Guerrero 
seismic gap.

Fig. 1.  Tectonic map of southern Mexico. The area surrounded by the white frame represents the model region 
for numerical simulation in this study, including the Guerrero seismic gap. The gray solid lines represent the 
isodepth contour lines of the upper surface of the subducted Cocos plate at 20-km intervals depicted in Fig. 
S216,17,43. Yellow stars indicate the epicentres of recent M8-class megathrust earthquakes. Orange triangles and 
the contour line represent volcanic chains within the TMVB and its region, respectively. The pink and purple 
solid circles represent epicentres of tectonic tremors during the period from January 1, 2005 to June 6, 2007 
observed by MASE stations and from November 26, 2009 to August 17, 2013 observed by GGAP stations, 
respectively (Idehara et al., 2014)4. The white, black, and red contour lines represent the areas where the 
cumulative slip amounts of the three L-SSE events in 2001–2002, 2006, and 2009–2010 are 10 cm or greater at 
4 cm contour intervals, respectively3. For each L-SSE event, the 10 cm slip contours are plotted as dashed lines 
and the 14 cm slip contours are plotted as solid lines. The pink contour lines represent the rupture areas caused 
by past megathrust earthquakes44. The map was created using the Generic Mapping Tools (GMT)41 (version 
4.5.7, https://www.generic-mapping-tools.org/download/).

 

Scientific Reports |         (2025) 15:7513 2| https://doi.org/10.1038/s41598-025-91257-9

www.nature.com/scientificreports/

https://www.generic-mapping-tools.org/download/
http://www.nature.com/scientificreports


Model setting
Following Ji and Yoshioka (2015)12, we constructed a preliminary 3-D thermomechanical model to calculate the 
temperature and flow fields associated with subduction of the Cocos plate13 and then improved the model. The 
size of the model in this study is 450, 500, and 200 km in the x-, y-, and z-axis directions, respectively (Fig. 2). 
The number of grid points used in the model is 36 × 41 × 101, indicating grid spacings of 12.86, 12.5, and 2.0 km, 
respectively.

For the boundary conditions of flow fields, we applied permeable conditions whereby mantle flow that 
comes into contact with the boundary surface passes through it without being reflected or refracted at the 
boundaries of + x, -x, + y, −y, and −z, where the mantle flow comes into contact except for the Earth’s surface, 
where three components of flow velocity are assumed to be 0. In terms of the temperature boundary conditions, 
a temperature of + z corresponding to the Earth’s surface is given as a fixed temperature (0 ℃). At the boundary 
of + x, where the oceanic plate initiates subduction, we assume a plate cooling model12 to obtain the depth- and 
age-dependent temperature, referring to the spatiotemporally changing seafloor age on this + x boundary for 
each time step in the numerical calculation. However, considering the seafloor topography, we assume that 
the seafloor temperature is 0 ℃, which is the same as the Earth’s surface, and the equation for the plate cooling 
model in the preceding study14 can be modified as follows:
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where T0 and T1 are the temperatures at the model surface and the base of the lithosphere, respectively; Z is the 
depth; ds is the seafloor depth at the trench axis; dl is the depth at which the mantle temperature reaches T1; n 
is an index; κ is the thermal diffusivity; and t is the age of the Cocos plate at the MAT. We used the RT115 model, 
in which the values of T1 and dl were 1402 ℃ and 134.9 km, respectively. Fig. S1 shows the temperature as a 
function of depth with and without the parameter of seafloor depth ds in Eq. (1) for the plate cooling model.

For other temperature boundary conditions, we applied adiabatic conditions whereby there was no spatial 
temperature variation when passing through the boundaries of −x, + y, −y, and −z. The initial temperature 
condition in the model was also determined by the plate cooling model.

The geometry of the subducting Cocos plate was determined with reference to several data. First, we used 
ETOPO116 as the bathymetry data (Fig. S2a). In addition, we used a slab surface geometry focused in and 
around the Guerrero gap region, where negative Bouguer gravity anomalies are observed, suggesting decreased 
underground density (Fig. S2b)17. Recent studies have reported negative residual gravity within the Guerrero 
seismic gap sandwiched by positive residual gravity in the along-arc direction of the seismogenic zone. In the 
positive residual gravity region, seamounts are subducted to depth along the seismogenic zone, whereas in the 
negative region, the subducted seamounts are located at a shallower plate interface than in the seismogenic zone18. 
We then used the Slab 2.0 model in other regions (Fig. S2c). The final plate geometry model (Fig. S2d) used in the 
numerical simulation was determined by combining them. To connect the geometry data and bathymetry data, 

Fig. 2.  Schematic of the 3-D Cartesian thermomechanical subduction model used in this study. The boundary 
conditions for mantle flow and the temperature field at the respective boundaries are noted with red and blue 
letters, respectively. This figure was created using ParaView42 (version 5.4.1, ​h​t​t​p​s​:​/​/​w​w​w​.​p​a​r​a​v​i​e​w​.​o​r​g​/​d​o​w​n​l​o​
a​d​/​​​​​​)​.​​​​​

 

Scientific Reports |         (2025) 15:7513 3| https://doi.org/10.1038/s41598-025-91257-9

www.nature.com/scientificreports/

https://www.paraview.org/download/
https://www.paraview.org/download/
http://www.nature.com/scientificreports


we used adjustable tension continuous curvature splines with the maximum tension factor to minimize depth 
discontinuity at the joints between the data. Because the plate geometry is concave in and around the Guerrero 
seismic gap, we investigated this effect on the temperature variation and dehydration process around the plate 
interface in the along-arc direction.

In this study, the current subducting slab shape shown in Fig. S2d was used as a fixed slab guide within 
the model domain, where slab material is funnelled at a convergence rate between the Cocos plate and the 
North American plate to reproduce the subduction of the oceanic plate. The model consisted of the subducting 
oceanic plate within the prescribed guide, the upper and lower crust with respective thicknesses of 16 km, an 
accretionary prism, a high viscosity region within the mantle wedge, and the mantle (Fig. S3). The domains of 
the upper crust,  lower crust, and accretionary prism were rigid, where only conductive heat transport occurred. 
The other domains were composed of convective regions.

Previous studies of the subduction history of the Cocos plate near the model region19 and the global plate 
motion model20–22 were used to determine the relative motion of the Cocos plate with respect to the North 
American plate (Table S1).

In the model region, trench retreat has been suggested by the arrangement of the Colima rift and the 
formation of a flat slab19,23,24. We also referred to a global plate motion model25,26 that estimated the trench 
retreat rate using a hotspot reference frame. We set the trench retreat rate to 1.5 cm/yr from 15 to 10 Ma, 1.0 cm/
yr from 10 to 5 Ma, and 0.5 cm/yr from 5 Ma to the present in our calculations (Fig. S4).

In this study, we evaluated the validity of the simulated thermal structures by comparing the calculated Curie 
point depth11, which has never been used before except for by Iwamoto et al. (2023)27, with the calculated depth 
to constrain our thermal structure model. The global Curie point depth model11 is estimated as the depth of 
isotherms at 550 ℃, above which the magnetism loses its strength, using the Earth Magnetic Anomaly Grid 
(EMAG2)28. The global Curie point depth distribution dataset that they analysed has been published, and we 
used this dataset. In this study, we changed multiple parameter values within a certain range and performed 
several numerical calculations. The optimal model was then selected with a minimum root mean square (RMS) 
value of residuals between the observed and calculated Curie point depths for all the numerical calculation 
patterns.

Results and discussion
Optimal model
In the numerical simulation, we calculated a combination of several unknown model parameters and determined 
the optimal model. The unknown parameters to be varied were (1) the effective friction coefficient, which 
influences the shear stress in Eqs. (8) and (9) and contributes to frictional heating in Eq. (7) at the plate interface; 
(2) the downdip limit of the high viscosity region, which was introduced by considering the possible existence 
of mega-intrusion rocks or partially serpentinized stagnant forearc mantle near the tip of the mantle wedge6, or 
the nonuniform thickness of the continental crust, which is the thickest just beneath the TMVB and thins out 
towards the coast29; and (3) the viscosity of the high viscosity region.  The effective friction coefficient (1) was 
systematically varied from 0.00425 to 0.02125 in small increments of 0.00425, the downdip limit of the highly 
viscous region (2) was varied from 35 to 60 km with an increment of 5 km, and the viscosity of the highly viscous 
region (3) was tested for six cases between 1.0 × 1023 Pa s and 1.0 × 1028 Pa s with an increment of 10 times. A 
total of 180 different combinations of the values of the unknown model parameters were tested numerically. In 
the optimal model, which minimizes the value of the RMS, the effective friction coefficient, downdip limit of the 
high viscosity region, and viscosity of the high viscosity region are 0.0085, 50 km, and 1.0 × 1025 Pa s, respectively. 
Fig. S6 shows the RMS value variations when one of these three optimal values is fixed and the remaining 
two parameters are varied. Figure 3 compares the observed Curie point depth distribution with the calculated 
distribution for the optimal model. As a contribution to the temperature field of the unknown parameters, 
frictional heating affects the subduction interface between the Cocos plate and the North American plate. Since 
the upper crust and lower crust were set with thicknesses of 16 km, respectively, changing the effective friction 
coefficient affected the temperature field near the plate interface up to a depth of 32 km (Fig. S6). The high 
viscosity region is more viscous than the surrounding mantle and therefore hampers the influx of hot mantle 
material into the mantle wedge corner. As a result, the higher the viscosity is, the more likely this region becomes 
stagnant and colder. In addition, the observation data of the Curie point depth distribution along the TMVB 
in the model region are particularly shallow, indicating a rather high vertical thermal gradient. This particular 
region was excluded when the RMS value was calculated because the convective heat source caused by volcanoes 
was not considered in our numerical model.

Thermal structure
Comparing the rupture area of past megathrust earthquakes with the interplate temperature for the optimal 
model, the temperature is estimated to range from 200 to 400 ℃, which is almost consistent with where the 
interplate slip mode has shown unstable sliding in previous studies7,30,31. On the other hand, in and around the 
Guerrero seismic gap, where the slab geometry is concave, the interplate temperature for the optimal model is 
estimated to be lower by approximately 100 ℃ than that in the neighbouring along-arc region at the same depths 
(Fig. S1). This suggests the formation of a region characterized by partial stick‒slip behaviour.

On the other hand, the interplate temperature for an L-SSE occurrence region is estimated to range from 350 
to 550 ℃ (Fig. 4a), except for the downdip side of the Guerrero seismic gap region. The upper limit temperature of 
350 ℃ is consistent with the temperature at which the brittle‒ductile transition takes place7,29,30. In the downdip 
side of the Guerrero seismic gap region, L-SSE occurrence region extends to the shallower depths at lower 
temperatures, but the updip limit temperature in the region with the largest slip (~ 14 cm) is estimated to be close 
to 350 ℃ (Fig. 4a). The average slip deficit in the Guerrero seismic gap has been reported to be small compared 
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Fig. 4.  (a) Calculated temperature at the upper surface of the Cocos plate for the best-fit model to the observed 
Curie point depth distribution, as viewed from the top. The grey dashed lines represent the isodepth contour 
lines of the upper surface of the subducted Cocos plate at 20-km intervals. The thin black solid lines represent 
the interplate temperature isotherms, and the orange solid lines emphasize the 150, 350, and 450 °C isotherms. 
The others are the same as those in Fig. 1. (b) Calculated temperature distributions on the vertical cross section 
along profile A in Fig. 4a. The black and red solid lines represent the slab surface and the bottom of the oceanic 
crust, respectively. The others are the same as those in Fig. 1. The map was created using GMT41 (version 4.5.7, 
https://www.generic-mapping-tools.org/download/).

 

Fig. 3.  Comparison of observed and calculated Curie point depth distributions. The calculated value is 
obtained from the best-fit model that has the minimum RMS value shown in Figure S4. The combination of 
unknown model parameters is as follows: effective friction coefficient of 0.0085, downdip limit of the high 
viscosity region on the plate interface of 50 km, and viscosity of 1025 Pa s. (a) Observed Curie point depth 
distributions. (b) Calculated Curie point depth distributions for the best-fit model. The map was created using 
GMT41 (version 4.5.7, https://www.generic-mapping-tools.org/download/).
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with the slip deficits on both sides of the seismic gap18, suggesting that the Guerrero seismic gap region releases 
considerable strain energy through the occurrence of SSEs. Considering only the temperature constraints on the 
plate boundary, the mechanism by which L-SSE occurrence region extends to shallower depths in the Guerrero 
seismic gap region is unclear, but we consider this phenomenon later, as well as the dehydration process from 
the slab.

Furthermore, Fig. 4b shows the calculated temperature structure on the vertical cross section along the profile 
A in Fig. 4a passing through the region where the hypocentres of TTs are most concentrated. The temperatures 
for the occurrence of TTs range from 500 to 700 ℃ (Fig. 4a,b). In addition, there are seaside and inland swarms 
in the TTs, which align almost parallelly in the along-arc direction. From the tectonic tremor dataset of Idehara 
et al. (2014)4, we extracted hypocentres with source durations of more than 25 s and residual errors of less than 
0.75 s, and used only data with small hypocentre depth errors (Figs. 1, 4, 5, and 6). Both seaside swarms and 
inland swarms have hypocentres concentrated near the plate interface. The temperature of the seaside swarm on 
the plate interface ranges from 500 to 570 ℃. The temperatures are consistent with the temperature range for the 
globally observed episodic tremor and slip (ETS) of ~ 575 ℃, which is specific for young and warm subduction 
zones such as Cascadia32. On the other hand, the interplate temperature corresponding to the inland swarm 
ranges from 600 to 700 ℃, approximately 100 ℃ higher than the upper limit of the interplate temperature 
expected for the ETS zone, which is specific for young subduction zones.

Water content distributions and dehydration gradients near the slab surface
We calculated the water content distributions near the plate interface using the calculated thermal structure 
and phase diagrams of hydrous minerals for the oceanic crust and slab mantle, which were obtained from 
the Perple_X program33 (Fig. S7a,b). In this study, the thickness of the oceanic crust was assumed to be 7 km 
vertically from the plate boundary, and MORB was assumed to be a hydrous mineral within the oceanic crust. 
Additionally, we considered the slab mantle in the deeper portion and assumed that the ultramafic rock is a 
hydrous mineral. We assumed a sharp dehydration transition when a certain mineral within the oceanic crust 
and the slab mantle transformed into other minerals, which are stable at higher p–T conditions.

Figure 5 shows the results of the water content distribution along the plate interface for the optimal model. 
We observed that near the updip limit of the L-SSEs, a phase transition from blueschist to amphibole of MORB 
is expected to take place (Fig. 5a). In defining the dehydration gradient, which is the spatial difference in water 
content per unit distance in the subduction direction (Fig. 6), a high dehydration gradient of approximately 0.08 
wt%/km was estimated to be associated with the phase transition (Fig. 6a). In particular, in the downdip side 
of the Guerrero seismic gap region, the location where the high dehydration gradient is estimated is consistent 
with the location from the updip side of the L-SSE slip (~ 10 cm) to the location of the maximum slip (~ 14 cm) 
(Fig. 6a). On the other hand, in the region adjacent to the Guerrero seismic gap in the along-arc direction, the 
estimated dehydration gradient of MORB with the same L-SSE occurrence range is approximately 0.02 wt%/km 
(Fig. 6a). The amount of slip due to the L-SSE in the downdip side of the Guerrero gap area is estimated to be 
approximately 4 times greater than that in the adjacent area. Thus, it may be possible that the increase in pore 
pressure has reduced the effective normal stress, causing the slip to progress to shallower areas34.

Fig. 5.  (a) Calculated water content distribution at the upper surface of the Cocos plate for the best-fit model 
to the observed Curie point depth distribution, as viewed from the top. Thin black solid lines represent 
contours of the water content distribution at the plate interface. The others are the same as those in Fig. 4a. (b) 
Calculated water content distributions on the vertical cross section along profile A in (a). The others are the 
same as those in Fig. 4b. Black crosses show the approximate locations of phase transitions from amphibole 
to amphibole eclogite of MORB for the oceanic crust, and from brucite to antigorite of ultramafic rock for the 
oceanic lithosphere. The map was created by using the Generic Mapping Tools (GMT)41 (version: 4.5.7, ​h​t​t​p​s​:​/​/​
w​w​w​.​g​e​n​e​r​i​c​-​m​a​p​p​i​n​g​-​t​o​o​l​s​.​o​r​g​/​d​o​w​n​l​o​a​d​/​​​​​)​.​​​​
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On the other hand, in and around the seaside swarm of the TT, owing to the increased p–T conditions, 
phase transitions from amphibole to amphibole eclogite of MORB near the plate interface and from brucite 
to antigorite of ultramafic rock within the slab mantle are estimated  (Fig. 5a,b). . In the inland swarm region, 
MORB has already undergone a phase transition to a hydrous mineral assemblage specific for amphibole eclogite 
or dry eclogite (Fig. 5a). Moreover, a phase transition from antigorite to chlorite in ultramafic rock is estimated 
just beneath it (Fig. 5b). The dehydration gradient was estimated to be approximately 0.01 wt%/km, associated 
with the phase transition from amphibole to amphibole eclogite near the seaside swarm. On the other hand, the 
dehydration gradients associated with the phase transitions from brucite to antigorite and from antigorite to 
chlorite in ultramafic rock are estimated to be approximately 0.02 and 0.06 wt/km near the seaside and inland 
swarms, respectively (Fig. 6a,b). Therefore, a larger dehydration gradient is estimated beneath the inland swarm, 
which has a greater number of TT hypocentres than the seaside swarm.

In conclusion, considerable dehydration from MORB and ultramafic rock takes place in the L-SSE occurrence 
region and inland swarm of TTs, respectively. A moderate dehydration front from ultramafic rock within the 
slab mantle was identified near the seaside swarm of TTs. Therefore, each dehydration process is considered to 
be related to the occurrence of slow earthquakes.

Conclusions
In this study, we performed 3-D thermomechanical subduction modelling around the Guerrero seismic gap 
region in Mexico to investigate the generation mechanisms of megathrust earthquakes, L-SSEs and TTs. 
Additionally, we examined the water content distributions and dehydration gradients near the slab surface 
associated with the subduction of the Cocos plate via phase diagrams of hydrous minerals within the slab. The 
significant results obtained in this study can be summarized as follows:

	(1)	� The most suitable set of parameters for the effective friction coefficient, downdip limit of the high viscosity 
region, and viscosity within the high viscosity region that best explain the observed Curie point depth data 
are 0.0085, 50 km, and 1.0 × 1025 Pa s, respectively.

	(2)	� These findings suggest that the interplate temperature in the Guerrero gap is lower than that in the adja-
cent area in the along-arc direction because a concave slab shape is present and that incomplete stick‒slip 
behaviour occurs when the temperature is lower than the temperature at which smectite dehydrates. The 
interplate temperatures where megathrust earthquakes and L-SSEs occur range from 200 to 400 ℃ and 350 
to 550 ℃, respectively, and those where seaside swarms and inland swarms of TTs occur range from 500 to 
570 ℃ and 600 to 700 ℃ , respectively.

	(3)	� Phase transitions with large dehydration gradients ranging from 0.01 wt% to 0.08 wt% were estimated to be 
derived from MORB within the oceanic crust and ultramafic rock within the slab mantle, indicating that the 
presence of dehydrated water near the plate interface is likely related to the occurrence of slow earthquakes.

Fig. 6.  (a) Calculated dehydration gradient at the upper surface of the Cocos plate for the best-fit model 
to the observed Curie point depth, as viewed from the top. Thin black solid lines represent contours of 
the dehydration gradient at the plate interface. The others are the same as those in Fig. 4a. (b) Calculated 
dehydration gradient distributions on the vertical cross section along profile A in (a). The others are the same 
as those in Fig. 4b. The map was created by using the Generic Mapping Tools (GMT)41 (version: 4.5.7, ​h​t​t​p​s​:​/​/​w​
w​w​.​g​e​n​e​r​i​c​-​m​a​p​p​i​n​g​-​t​o​o​l​s​.​o​r​g​/​d​o​w​n​l​o​a​d​/​​​​​)​.​​​​

 

Scientific Reports |         (2025) 15:7513 7| https://doi.org/10.1038/s41598-025-91257-9

www.nature.com/scientificreports/

https://www.generic-mapping-tools.org/download/
https://www.generic-mapping-tools.org/download/
http://www.nature.com/scientificreports


Methods
In this study, we used an anelastic liquid approximation. As governing equations, we used mass conservation, 
momentum, and energy equations to calculate the temperature and flow fields. The mass conservation equation 
can be written as

	 ∇ · [ρs(z)v] = 0,� (2)

where z, ρs(z) and v are vertical component in the Cartesian coordinate system,  the fluid density and flow 
velocity vectors, respectively. The subscript denotes the adiabatic state. Following Yoshioka and Murakami 
(2007)35, the momentum equation can be written as follows:

	
− ∂P

∂xi
+ ∂τij

∂xj
+ Raα(T − Ts)δi3 = 0,� (3)

where P is the pressure deviation from the hydrostatic pressure, τij  is a stress tensor, Ra is the Rayleigh number, 
α is the thermal expansivity, T is the temperature, and δij is Kronecker’s delta. Ts can be written as

	
dTs

dx3
= DizTs.� (4)

The dissipation number Diz  is given by

	
Diz = gαD

Cp
,� (5)

where g is gravity acceleration, D is the thickness of the model, and Cp is the specific heat at constant pressure. 
The energy equation is expressed as

	
ρcp

(
∂T

∂t
+ v · ∇T

)
= k∇2T + η(∇v)2 + ρgαT v + Hrρ + Qf ,� (6)

where t represents time, k represents thermal conductivity, v represents the vertical component of the flow 
velocity v, Hr represents heat generation by a radioactive element, and Qf represents frictional heating. The 
density ρ is dependent only on the temperature. Frictional heating Qf

36 can be written as

	
Qf = Min(τb, τd)vt

w
,� (7)

where τb and τd are the shear stresses at the plate boundary in the brittle and ductile regimes, respectively, vt is 
the subduction velocity, and w is the thickness of the plate boundary deformation zone. The shear stress τb in 
the brittle regime37 is written as

	 τb = 0.85σn (1 − λ) ,� (8)

where σn is the normal stress and where λ is the pore pressure ratio.
The effective friction coefficient µ′ is written as

	 µ′ = 0.85(1 − λ)� (9)

On the other hand, shear stress in the ductile regime38 can be written as

	
τd = 1

2A− 1
n ε• 1

n exp
(

E′
nRT

)
� (10)

where A is a coefficient, 
•
ε is the shear strain rate, and E’ is the activation energy.

Following Burkett and Billen (2010)39, we use viscosity, which is represented by a composite of diffusion creep 
and dislocation creep:

	
ηeff = ηdif ηdis

ηdif + ηdis
,� (11)

with

	
ηdif,dis =

(
dp

ACr
OH

) 1
n

ε̇
1−n

n
eff exp

(
E + PlcV

nRT

)
,� (12)

where ηdiff  and ηdisl are the viscosities of diffusion and dislocation creeps, respectively, d is the grain size, p is 
the grain index, A is a coefficient, COH  is the water content, r is the water content index, n is the stress index, 
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ε̇eff  is the second invariant of the strain rate tensor, E is the activation energy, Plc is the lithostatic pressure 
defined by the depth gradient of compressibility, V  is the activation volume, and R is the gas constant.

Data availability
The datasets generated and/or analysed during the current study are available in the dataset for the thermal 
convection model in Mexico at the uploaded URL (​h​t​t​p​:​​​/​​/​d​a​t​a​d​r​y​a​​d​.​o​r​​g​/​s​t​​a​​s​h​/​s​​h​a​​r​e​/​​D​Q​G​S​X​1​​L​R​8​n​I​z​​M​4​H​7​L​​4​
R​e​L​B​Y​​0​H​2​i​7​m​​m​3​y​s​t​5​​w​f​m​F​W​n​8​I).
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