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The geodynamic origin of Los 
Humeros volcanic field in Mexico: 
insights from numerical simulations
A. Bayona 1,2, V. C. Manea 1,2*, M. Manea 1,2, S. Yoshioka 2,3, E. Moreno 2 & N. Suenaga 2

Compared to normal arc-related volcanic eruptions, the formation of a volcanic caldera is a relatively 
atypical event. During caldera formation a series of large volumes of magma are erupted, reducing 
the structural support for the rock above the magma chamber and creating a large depression at 
the surface called caldera. Los Humeros volcanic field (LHVF) represents one of the largest volcanic 
calderas in Mexico. It is located some 400 km from the trench at the eastern edge of the Trans Mexican 
Volcanic Belt where the depth to the Cocos slab is more than 300 km. In this study we employ high-
resolution two-dimensional thermomechanical numerical simulations of magma intrusions and 
a horizontal tectonic strain rate to better understand the influence of crustal deformation for the 
formation of Los Humeros caldera. A minimum number of three thermal anomaly pulses of hydrated 
mantle material (with diameter of 15 km or more) and a regional strain rate of 7.927 ×  10–16  s−1 are 
required for magma to reach the surface. Modeling results show that regional extension coupled with 
deep thermal anomalies (with a temperature excess of ΔT ≥ 100 °C) that come in a specific chain-type 
sequence produce surface deformation patterns similar to LHVF. We propose an asthenospheric 
sub-slab deep source (> 300 km depth) for the thermal anomalies where previous studies showed the 
existence of a gap or tear in the Cocos slab.

The location of volcanic fields is strongly related to various tectonic environments such as subduction zones, 
rifts, and mantle  plumes1–3. Regional tectonic stresses also play a key role in the localization of volcanic fields. 
Globally, analysis of intermediate depth earthquakes reveals that the stress field in the arc region is somewhat 
controlled by the asthenospheric  flows4. Other parameters as thickness and thermal state of the crust and the 
lithospheric mantle can also facilitate the migration towards the surface of deep thermal anomalies. Whether 
the location and origin of volcanic arcs is reasonably well  understood1,5, origin of volcanic calderas as places 
of past massive volcanic eruptions in areas distant from subduction zones, such as Los Humeros, remains still 
elusive. In this context, Mexico is the place of no less than six large volcanic  calderas6 located along the Trans 
Mexican Volcanic Belt (TMVB), among which the LHVF is the largest one, and probable one of the best  studied7. 
Its unusual location at the eastern edge of the TMVB (Fig. 1), where the depth to the Cocos slab is more than 
300 km and distance to the Middle America Trench (MAT) is over 400 km, makes difficult to understand its 
deep geodynamic origin and possible relationship with the subduction system. TMVB is a geological province 
between the Pacific coast and the Gulf of Mexico with a length of roughly 1000 km (Fig. 1A), and tectonically 
controlled by the subduction of the Rivera and Cocos plates beneath the North American  plate8. The Cocos plate 
subducts horizontally for 250 km beneath central Mexico to the vicinity of Mexico City, where it sharply bends 
and subducts with a much steeper angle. Tectonic models propose that at 7 Ma the slab bending edge was actually 
located closer to the rear of the TMVB, and start to roll back to its current position, inducing crustal extension in 
the volcanic  belt8. This regional extension field has an orientation almost perpendicular to the MAT, and exerts 
a strong structural control in the location of the monogenetic and polygenetic volcanoes along the  TMVB9. 
Additionally, several studies propose that the Cocos slab is affected by a trench parallel tear that propagated from 
the Gulf of  California8,10. Despite the abundance of tectonic related studies with the Mexican subduction zone, 
the asthenospheric origin of magma source associated with LHVF is not yet well understood and investigated.

In this study we present two-dimensional high-resolution thermomechanical numerical models of magma 
intrusion for LHVF. We decided to investigate this region because it holds some key elements for better under-
standing its origin, as the largest caldera in the  TMVB13,14, and its unusual location (> 400 km) from the MAT 
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where; the Cocos slab is about 300 km deep. This study specifically investigates the conditions which allow 
deeply located magmatic sources to reach surface and quantify their superficial effects as surface deformation 
patterns. Additionally, we investigate the influence of evolution of stress conditions in the crust on the LHVF 
formation. Modeling results show that best models that produce surface deformation patters similar to LHVF 
caldera are obtained when a series of thermal anomalies (ΔT ≥ 100 °C) that migrate towards the surface in a 
specific chain-type sequence is coupled with regional crustal extension. Given the isotopic  signature15–17 and the 
specific tectonic setting of the area where LHVF is  located9,18,19, the rear part of the TMVB, which is character-
ized by alkaline mafic volcanism related to a slab detachment  event8,10,20, we propose a sub slab asthenospheric 
origin for the thermal anomalies that created this large volcanic caldera in Mexico.

Los Humeros volcanic field
LHVF was formed by two main collapse events and the emplacement of several monogenetic volcanoes within 
and along the caldera’s  border21, and Los Humeros is the largest and the oldest caldera (0.164 Ma). It is composed 
of four stratigraphic units, basement, pre-calderic phase, calderic phase and post-calderic phase, which are sepa-
rated by unconformities that mark different geological events showing their evolution. The basement includes all 
the igneous, metamorphic and sedimentary rocks older than 1.44  Ma22, the pre-calderic phase encompasses the 
rhyolitic domes that overlie the basement and that were formed prior to the calderic events aged 0.69–0.27  Ma23, 
the calderic phase ranges from the Xaltipan Ignimbrite (Los Humeros (LH) caldera formation) to the Zaragoza 
Ignimbrite (Los Potreros (LP) caldera formation) aged 0.149–0.069  Ma23, and finally the post-calderic phase 
is made up of magmatism from the last 0.05  Ma23 associated with minor eruptions, lava flows, and also scoria 
 cones13,14,24 (Fig. 1B). Seismological studies have shown horizontal accumulation of hydrated magmas under 
the TMVB (reaching the rear of the arc) near the crust-mantle  boundary25, and recent geochemical studies have 
found a signature of slab-derived components in the calderic and post-calderic units of Los  Humeros26, which 
might indicate that the magmas are linked to the Cocos slab. Lately, studies related to the post-calderic phase and 
current activity in LHVF have been carried out, such as studies of analogous and hydrothermal  models27,28, evolu-
tion of  intrusions29, seismic  images30, and description of a new system of small pockets instead of large magma 
chamber within the  crust31, among others, which explain the configuration and current activity of the field. 
Although the potential asthenospheric origin of LHVF is still not understood, several lines of evidence generate 

Figure 1.  (a) Topographic and bathymetric map of the Mexican subduction zone with the location of the LHVF 
at the eastern edge of the TMVB marked as the red dot. White contours represent the slab depths from SLAB 
2.0  model11 where thin dashed curves mark slab contours every 20 km. Other notations are: NAM—North 
America Plate, MAT—Middle America Trench, EPR—East Pacific Rise. TMVB—Trans Mexican Volcanic Belt. 
White arrow shows the convergence between the Cocos plate and NAM. Upper right inset is generated based 
on ETOPO1 Global Relief Model  dataset12. (b) LHVF topography showing the location of main Los Humeros 
(LH) Caldera and Los Potreros (LP) Caldera rims and ring faults. This figure is created using the open-source 
software ParaView v.5.6.0. (http:// www. parav iew. org) and Corel Draw 2022.

http://www.paraview.org
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a series of hypotheses regarding its formation. Our work focuses on numerical models of the deep geodynamic 
origin that gave rise to LHVF. The current magmatism in the rear zone of the TMVB has been associated with 
crustal extension since the Upper  Miocene25,32. Mesozoic sedimentary rocks and Precambrian-Paleozoic meta-
morphic rocks of the LHVF basement experimented a compressional orogenic phase by the Mexican Fold and 
Thrust Belt (MFTB) in the Upper Cretaceous-Eocene33, which generated thrust faulting and  folding34. Besides, 
the pre-existing volcanoes in the region modified the local stress field, inducing deformation in the basement, 
generating faults with different geometries and  kinematics35. In this region, the MFTB reached 4–5 km  depth35. 
This compression had its greatest stress component in the northeast-southwest  direction35. After this compres-
sional phase, LHVF underwent extensional tectonic deformation in the Eocene-Pliocene associated with scattered 
northeast trending normal faults, which facilitated the magmatic intrusions of the Eocene–Oligocene, preceding 
the beginning of the volcanism of the TMVB. An extensional tectonic phase has occurred in the LHVF since the 
Miocene, which is contemporaneous with the emplacement of the magmas in the arc. The structural analyses 
suggest that the deformation of the basement and the compressional-extensional events played an important role 
for the formation of the LHVF and the postcalderic  activity27,35. It is widely accepted that under certain stress 
conditions, the regime facilitates the decompression of the upper mantle, making it possible for asthenospheric 
magmas to rise. This is true, nonetheless, some sediment-related geochemical signature of the slab indicates 
it might not be the mechanism. Furthermore, the small extension rate is insufficient to generate magmas by 
decompression in the upper mantle that can reach the  surface36. Another hypothesis, such as the existence of 
mantle plumes, is not validated by geochemical and geophysical  information26. Here we propose that rollback of 
the Cocos slab caused extension in the  TMVB8, and at the same time above slab mantle wedge hydrated buoyant 
pockets were entrained by the mantle flow at higher depths from where they migrate back and reach the base 
of the lithosphere beneath the  LHVF37. Based on this hypothesis, we propose to advance our understanding of 
LHVF formation and use high-resolution two-dimensional thermomechanical numerical simulations of magma 
intrusion tailored to the above mentioned calderic volcanic events recorded at LHVF.

Modeling results
We developed high-resolution two-dimensional thermomechanical numerical simulations of mantle hydrated 
magma intrusions into the continental crust to predict temperature, viscosity, strain rate, surface deformation, 
and partial melt distribution in the crust beneath LHVF. Governing equations, phase equations and model 
setup are presented in the Supplementary  Information38. Numerical simulations include crustal extension rates, 
sublithospheric thermal anomalies involve a uniform continental crust and asthenosphere with specific model 
parameters (Fig. S1). Thermal anomalies are time-based inserted into the model at stages tailored on the calderic 
events specific for LHVF. Our approach towards evaluating the crustal impact of thermal anomalies include a 
parameter space based on tectonic extension rates, total number of thermal pulses and their initial size (i.e., 
diameter d), and temperature excess (the difference between the thermal anomaly and the surrounding mantle 
ΔT). We investigate the effects of a thermal anomaly temperature in the range of 100–200 °C and anomaly 
diameter in the range of 10 to 20 km. The initial model setup contains a uniformly stratified crust, lithosphere 
and asthenosphere, and the thermal anomalies are homogeneous and have spherical shape. To better quantify 
the effect of thermal anomalies of different sizes and temperature excess, the first set of numerical models does 
not consider regional tectonic extension and includes both hydrated and dry mantle thermal anomalies. These 
models with thermal anomalies of 20 km in diameter or less (i.e., 15 km and 10 km) and temperature excess of 
200 °C or less, show that the main deformation is concentrated at the base of lithosphere and produce a sym-
metric lithospheric delamination pattern (Fig. S2). However, the overlying continental crust is not efficiently 
affected (i.e., formation of major shear bands) as no significant internal deformation is observed. Including 
unrealistically larger and hotter thermal anomalies (i.e., d > 20 km and ΔT > 200 °C) also show the same behavior, 
their energy is mainly consumed for lithospheric delamination processes (Fig. S3). We also performed a series 
of simulations without crustal extension but this time the thermal anomalies are composed of hydrated mantle. 
Modeling results (Fig. S4, S5) are similar to the previous ones where only continental lithosphere deformation is 
observed without crustal effects that eventually allow magma to reach the surface. Since LHVF is characterized by 
several eruption  episodes23,26, we also perform models (without crustal extension) with multiple identical thermal 
anomalies but introduced in the model at difference time instances. However, modeling results show a similar 
development where only growing in time lithospheric delamination is observed (Fig. S6 and S7). These models 
show that thermal anomalies (composed of dry or hydrated mantle alike) alone cannot explain the formation 
of LHVF, and additional factors should also be considered. Since several lines of evidence show that the TMVB 
is affected by a small degree (max. ~ 3%) of crustal  extension9,18, our modeling strategy also includes a series of 
simulations that integrate horizontal extension to the lateral edges of the 200 km wide model domain at strain 
rates of 1.585–7.927 ×  10–16  s−1 (or ± 0.5–2.5 mm/yr) and are integrated in time 1 Myr. The first set of models of 
this kind includes only a single initial thermal anomaly, and subsequent simulations include several successive 
episodes to hydrated mantle thermal anomalies. In Fig. 2 we show a time series of the modeling results for a setup 
with a single hydrated initial thermal anomaly (d = 10–20 km and ΔT = 200 °C) and with an extensional strain 
rate of 7.927 ×  10–16  s−1 (or ± 2.5 mm/yr applied on each side of the model domain). A small degree of lithosphere 
delamination is observed that is proportional with to the size of the initial thermal anomaly.

These simulations also produce a series of shear bands at crustal level that can be considered the equivalent 
of normal faults. However, independent of their size and temperature contrast, the thermal anomalies are not 
able to ascent completely to the surface and remained embedded into the base of the lower crust (Fig. 2). Because 
these models failed to allow partially molten mantle material to penetrate the entire continental crust, we perform 
another series of simulations where a secondary thermal anomaly of the same size and diameter is introduced at 
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Figure 2.  Time series showing modeling results with a single thermal anomaly of 10, 15 and 20 km in diameter 
and a ΔT = 200 °C. All the numerical simulations are performed with an extensional background strain rate of 
7.927 ×  10–16  s−1 (or ± 2.5 mm/yr applied on each side of the model domain) and integrated 1 Myr in time.
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a certain time step during the model evolution. The main motivation behind this scenario is the LHVF multiple 
calderic phases (precalderic, sincalderic and postcalderic) aged from 0.69 Ma to 0.05  Ma23.

For numerical convenience, the secondary thermal plume is inserted after 1000 numerical time steps in 
all simulations. This corresponds to a geological time of 0.35 Myr to 0.45 Myr after the initial of the simula-
tion, depending on the parameters used. As in the previous models, we varied the anomaly diameter from 10 
to 20 km, the thermal anomaly from 100 °C to 200 °C and the extensional strain rate from 1.585 ×  10–16  s−1 to 
7.927 ×  10–16  s−1. Modeling results show a similar behavior as before, nevertheless a 20 km diameter unrealistically 
hot (ΔT = 200 °C) thermal anomaly composed of hydrated mantle material can propagate through the entire 
crust (Fig. 3). Smaller and colder anomalies can ascend through the lower crust, but they eventually become 
stagnant at mid-crustal levels. The last set of simulations contains the second and the third thermal pulse inserted 
after 1000 and 1500 numerical time steps, respectively. In this case models with thermal anomalies of 10 km 
in diameter are not able to penetrate the crust, independent of the temperature anomaly and the rate of crustal 
extension (Fig. S8). Increasing the anomaly size to 15 km we observe a coherent pattern in which partially molten 
hydrated magmas are able to penetrate the entire crust and reach the surface in less than 1 Myr (Fig. 4; Movies 
SM1 and SM2). This behavior is noted for high strain rates of 7.927 ×  10–16  s−1 for the entire anomaly tempera-
ture domain (100–200 °C). For smaller extensional rates of 6.342 ×  10–16  s−1 or less (Fig. S9) hydrated magmas 
cannot cross the mid-crustal level in less than 1 Myr of model evolution. Decreasing more the extensional rates 
to 4.756 ×  10–16  s−1 or less, thermal anomalies remain trapped in the lower crust (Fig. S9) even at high values of 
ΔT (i.e., 200 °C). On the other hand, thermal anomalies of 20 km in size and ΔT of 100–180 °C can penetrate 
the entire crust when the regional extensional rates are in the range of 6.342–7.927 ×  10–16  s−1 (Movie SM3). 
For smaller rates (i.e., < 6.342 ×  10–16  s−1) the thermal energy of the three anomalies is dissipated through lateral 
propagation at the base of lithosphere (Fig. 5). Other model combinations (i.e., high extensional rates and ΔT) 
predict a catastrophic surface event where unrealistically large quantities of partially molten hydrated mantle 
are brought to the surface (Fig. S10).

Crustal and surface deformation
Depending on temperature, pressure and stress, crustal rocks show different deformation organization, and rocks 
deform irreversibly by both viscous and plastic deformation. For example, at low temperature and pressure rocks 
tend to behave localized brittle, but increasing pressure (i.e., depth) and temperature plastic deformation is the 
main deformation mechanism. The upper part of the modeling domain is dominated by plastic deformation. This 
is because our models consider a visco-elasto-plastic rheology where an absolute shear stress limit σyield exists 
for the continental crust (see Supplementary Information). After reaching this limit plastic yielding occurs, and 
although like viscous deformation, plastic yielding is irreversible, the pattern of deformation is particularly dif-
ferent with the formation of a series of shear bands. This style of deformation produces fracture zones and shear 
zones in natural rock  complexes38. We show that when the heterogeneous modeling domain is not subjected to 
uniaxial extension, no hot mantle intrusion (dry or hydrated) can reach the surface (Fig. S2–S7). However, upon 
extension, significant strain starts to localize around base of the continental crust where we allow the magmatic 
channel to penetrate a couple of kilometers (Fig. S1A). The top of the magmatic channel acts as a weak inclu-
sion that concentrate the formation of shear bands which propagate to the surface of the model (Fig. 6). This is 
consistent with Jacquey and  Cacace39 that shows the origin and formation of shear bands strongly depends on 
the presence of material heterogeneities. In our models the localization of deformation is initially concentrated 
in a couple of symmetrical shear bands, but as the model evolves more narrow share bands develop from the 
initial ones (Fig. 6) and the deformation patten becomes asymmetrical. The bands formed around the base of 
the lower crust are oriented approximately 45°, but become more steeper in the upper crust due to different 
mechanical parameters (i.e., internal cohesion and angle of friction, see Table S1). These secondary shear bands 
are controlled by the limit between the upper and lower continental crust, and in time only several shear bands 
remain active and eventually allow hot mantle to penetrate towards the surface.

In terms of surface deformation, this is mainly controlled by the localization of deformation within the con-
tinental crust. One of the best models that reassemble LHVF is presented in Fig. 6, and include the succession 
of three thermal anomalies of 15 km in diameter with ΔT of 140 °C. Similar results are obtained when ΔT is 
reduced to 120 °C or less (Movies SM1 and SM2). The hot low viscosity mantle material arrives at the surface in 
some 0.875 Myr and is followed by a subsequent cooling and collapse of the central uplifted area. The presence 
of weak and hot mantle material at the base of the crust helps maintaining the localized deformation within the 
central part of the modeling domain. During extension and magma intrusion propagation two stages are clearly 
seen: (1) normal faulting of the upper and lower continental crust (Fig. 6) and (2) growth and localization of 
deformation associated with the propagation of a hydrated mantle towards the surface (Fig. 6). Extensional 
deformation associated with normal faulting in the early stages of our experiments initially starts at the bottom 
of the continental crust and propagates in a series of shear bands towards the surface where it covers a 50 km 
wide area. It is followed by a period where plastic deformation is focused on only a couple of shear bands and 
then the partially molten mantle material migrates upward the surface in a relatively short period of time. The 
first part of these experiments is characterized by topography development in a form specific for extensional 
models where we observe the formation of a topographic low (Fig. 5). However, the topographic low is reversed 
for models where mantle material succeeds in penetrating the entire crust. The width of the uplifted region is 
confined between two main share bands located some 25 km apart.
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Figure 3.  Time series showing modeling results with dual thermal anomalies of 10, 15 and 20 km in diameter 
and a ΔT = 100 °C, 140 °C, and 200 °C and extensional background strain rates of 1.585–4.756–7.927 ×  10–16  s−1. 
Time snapshots marked with a gray background depict the moment of the secondary thermal anomaly addition. 
The secondary thermal anomaly has the same properties as the initially set up. All models are integrated 1 Myr 
in time.
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Figure 4.  Time series showing modeling results with a series of three thermal anomalies of 15 km in diameter, 
a ΔT = 120 °C, 140 °C, and 160 °C and constant extensional background strain rates of 7.927 ×  10–16  s−1. Time 
snapshots marked with a gray background depict the moment of the secondary and tertiary thermal anomaly 
additions. All thermal anomalies have the same properties as initially setup; all models are integrated 1 Myr in 
time.
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Figure 5.  Time series showing modeling results with a series of three thermal anomalies of 20 km in diameter, 
a ΔT = 100 °C, 180 °C, and 200 °C and extensional background strain rates of 7.927–6.342–4.756 ×  10–16  s−1. 
Time snapshots marked with a gray background depict the moment of the secondary and tertiary thermal 
anomaly additions. All thermal anomalies have the same properties as initially setup; all models are integrated 1 
Myr in time.
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Discussion and conclusions
Although several caldera-forming collapses are recorded in the last  century8, the origin of large volumes of 
magma supplied from below is still not fully understood. Although some of these calderas are located in the 
vicinity of active subduction systems, the connection between subduction and calderas remained somehow 
elusive. Within this complex framework, investigating the geodynamic origin of LHVF represents a good oppor-
tunity to advance more towards a better assessment of caldera source. Our strategy involves high-resolution 
two-dimensional thermomechanical numerical simulations (see Methods) of magma intrusions to better under-
stand the formation of LHVF caldera. Given the presence of multiple eruption events at LH caldera, including 
pre-calderic, co-calderic and post-calderic events (Fig. 1), our main conjecture is based on the existence of one 
or more thermal mantle anomalies that are able to efficiently propagate through the lithosphere and crust and 
produce the LHVF caldera. Since the TMVB is characterized by an extension rate of ~ 3% and our models are 
200 km wide, we perform numerical simulations with extensional background strain rates ranging from of 0 
(no extension) to 7.927 ×  10–16  s−1 and all models are integrated in time maximum 1 Myr. The first set of models 
involve the presence of one or more thermal anomalies composed of dry and hydrated mantle material. The 
thermal anomalies are appended in the model from the beginning and at specific time steps, and for numerical 
modeling convenience placed at the base of lithosphere. Modeling results show that dry hot mantle material is 
not able to propagate through the entire crust, and the partially molten material remains trapped in the lower 
crust. Actually, irrespective of the background strain rates models with dry or hydrated mantle thermal anoma-
lies show a similar behavior. This points to the critical importance of regional tectonic  stresses18,40 in generating 
the necessary conditions for surface manifestation of thermal anomalies. The first models that predict magma 
propagation to the surface include a minimum of time-separated (0.37 Myr) two large (20 km in diameter) 
hot (∆T = 200 °C) thermal pulses and an extensional background stress of 7.927 ×  10–16  s−1 which represent our 
upper limit (Fig. 3). However, in terms of temperature anomaly this is unrealistically  high41,42. Adding another 
thermal pulse (of the same size and ΔT as the initial one) predict results where hydrated mantle material can 
arrive at the surface in less than 1 Myr (Fig. 4 and 5). However, only anomalies of 15 or more in size show 
successful results and models of this type with 10 km anomalies are ineffective (Fig. S8). Also, the minimum 
extensional background stress required for suitable results are in the range of 6.342–7.927 ×  10–16  s−1 (Fig. 4). 
The temperature anomalies for these simulations are in the range of 100–140 °C. Moreover, we observed that it 
is essential that thermal pulses arrive at the base of lithosphere within a time frame that facilitates a rapid ascent 
and avoid the extensive cooling before reaching the surface of the crust. In terms of minimum estimates, our 
models predict that hydrated magma is able to rise to the surface when the extensional background stress is no 
less than 6.342 ×  10–16  s−1, anomaly diameter minimum of 15 km and ∆T ≥ 100 °C (Movies SM1 and SM2). The 
need for a minimum of three time-separated thermal pulses to form a volcanic structure of LHVF dimensions 

Figure 6.  Time series showing modeling results (rock composition, strain rate, temperature and viscosity) for a 
simulation with three thermal anomalies of 15 km in diameter, a ΔT = 140 °C and extensional background strain 
rate of 7.927 ×  10–16  s−1.
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(Fig. 6) reflects the multidimensional source nature of the asthenospheric origin of LHVF and possible to other 
volcanic calderas located in a similar tectonic setup.

A possible explanation for our modeling results should consider the presence of the Cocos slab below LHVF, 
although currently located at depths in excess of 300 km. Our model was proposed taking account of the geody-
namic evolution in the area that includes the detachment in the Cocos  slab10,20 and its subsequent  rollback8,43, 
which generated extension since the late Miocene along the  TMVB9,40,44. Lateral propagation of slab detachment 
along the TMVB is based on evidence of an eastward-migrating mafic  volcanism10, that arrived at ~ 6 Ma in the 
region of  LHVF10. At the same time, the geochemical characteristics of magmas associated with LHVF units 
show strong variations in their generation processes in a period of approximately 1  Myr26. This change is prob-
able associated with the composition of the mantle  wedge26. Low values of Th/Nb and La/Sm (normalized to 
chondrite) in the pre-calderic phase and the volcanic basement reflect that there was no contribution of material 
from the  slab26, but they are compositionally associated with intraplate magmatism, as also shown by isotope 
signature, like the ratio of Sr87/Sr86 and Nd143/Nd14415–17. However, a high Ba/Th value determines that there 
are fluids from the slab that contribute to the formation of partial  melts26.

On the contrary, the high values of La/Sm (normalized to chondrite) and Th/Nb indicate a contribution of 
slab-molten  sediments26,45–47, which is observed in the calderic and post-calderic  phases26. Partial melting of 
the sediments is possible due to the retreat of the slab, which can create the necessary conditions of temperature 
and pressure for its  formation48. These geochemical characteristics show a greater contribution of subduction 
material in the calderic and post-calderic phases regarding the pre-calderic phase and the volcanic basement. In 
the quest for offering a plausible geodynamic origin of LHVF, we remark that recent seismological  studies25 show 
the accumulation of partial melting under the TMVB in the mantle-crust boundary from the front to the back 
of the volcanic arc. This observation can explain how magmas associated with the subducted slab are located as 
far as in the rear part of the arc. On the other hand, there are studies that indicate that the magmas that formed 
LHVF are not actually associated with the Cocos slab and are generated mainly by decompression associated 
with the regional extension triggered by the  rollback32. In this context the geochemical signature of the calderic 
and post-calderic units with contribution of sediments from the slab are explained by crustal assimilation and 
not necessarily related to the  slab32,49. However, we argue that the extension rate alone in the eastern zone of the 
TMVB is insufficient to generate partial decompression  melt36. Based on these lines of evidence we interpret 
the origin of LHVF in terms of the relationship between subduction, mantle flow and thermal anomalies. It is 
worth mentioning that slabs act as a cold shield that, when fragmented, allows the ascent of hot material into 
the asthenospheric  wedge10,48. Other numerical models indicate that slab detachment causes a significant local 
temperature increase due to the rise of the hot  asthenosphere50. Based on these lines of evidence we propose 
that the geodynamic origin of LHVF is related with thermal instabilities generated by the detachment and 
subsequent rollback of the Cocos slab initiated at ~ 6  Ma10,20 (Fig. 7). They flow from deep (> 300 km depth) 
asthenospheric sub-slab regions through the Cocos slab gap into the mantle wedge above. Given the adiabatic 
gradient of 0.5 °C/km, at depths below 300 km the mantle temperature is over 100–120 °C more than at the base 
of the lithosphere (considered at 70 km depth in our simulations). This is consistent with our predictions where 
temperature anomalies should be over 100 °C in order to propagate through the continental lithosphere and 
crust. Sub slab asthenospheric thermal anomalies migrate upwards and interact with the hydrated mantle wedge 
creating hydrated melt before reaching the base of the lithosphere. This can explain why our simulations predict 
that only hydrated mantle material can penetrate through the low viscosity shear bands created by regional back-
ground extension. We conclude that the best scenario for LHVF origin is the combination of several favorable 
key parameters, as a chain of several mantle hydrated thermal anomalies (d > 15 km and (ΔT > 100 °C) coupled 
with a regional background extension rate of < 3%. Probably the most important outcome of this study is the 
finding that volcanic calderas in general, and LHVF in particular, are actually formed not by a single mantle 
source, but rather by multiple mantle anomalies that thermally batter the continental crust until fails along a 
preexistent fault system and eventually erupt vigorously at the surface.

Figure 7.  Proposed evolution of subduction of the Cocos plate beneath Mexico in the region of LHVF. Slab 
tear  initiation10. The subsequent widening of slab tear coupled with slab rollback allows hot (ΔT = 100–140 °C) 
asthenospheric material flow through the slab gap and migrate upwards where might interact with the hydrated 
mantle wedge. A chain type of several hydrated mantle plumes (of 15–20 km in size) arrives at the base of 
lithosphere where start to pierce the continental lithosphere and crust and eventually create LHVF. White 
divergent arrows at the base of the crust illustrate the continental extension. MAT - Middle America Trench.
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Methods: numerical modeling strategy, setup and boundary conditions
We employed the numerical approach described by Gerya (2010) to solve the 2D equations of continuity, momen-
tum and heat conservation with the finite difference method coupled with the cell marker technique and the 
multigrid  method51 (see Supplementary Information). The mechanical boundary conditions are as follows: the 
top and bottom boundaries are free slip; and the lateral boundaries are free slip or have a prescribed outward 
velocity (horizontal extension). In addition, we used erosion and transportation processes, a visco-elasto-plastic 
rheology, and compute melt fraction and latent heat at given pressure for each rock layer (Fig. S1). We use a 
Maxwell visco-elastic rheology which is based on the assumption that both viscous and elastic deformations 
are happening under the same applied deviatoric stress. The initial model size is 120 × 200 km (the numerical 
configuration is shown in Fig. S1A), and the initial configuration setup has a continental lithosphere and a part 
of the asthenosphere (see Table S1 for detailed materials properties). We used a 35 km thickness (uniformly 
divided into lower crust and upper crust) for the continental crust (including a 2 km thick sedimentary layer), 
similar to the study of Ferrari et al.8 for Los Humeros area. In order to correctly represent the internal free 
surface, the most superficial layer is a 7 km thick “sticky air”  layer51,52. A 2D staggered and irregularly spaced 
(with 1 km grid resolution in the center of the model) numerical grid is used. We use a high resolution of 1 km 
in both horizontal and vertical directions in the top middle of the modeling domain where strongly localized 
deformation along faults is expected (Gerya, 2019). To facilitate the upward propagation of thermal anomalies, 
we include a 3 km wide lithospheric channel with the same composition and thermal proprieties as the thermal 
anomalies. We argue that these channels can be formed naturally in an early magmatic stage beneath LHVF 
due to the rapid rise of hot mobile fluids, which are differentiated products on the  anomaly51. Thermal anoma-
lies are composed of dry or hydrated mantle and have different spherical size and temperature excess. They 
are located initially below the lithosphere-asthenosphere boundary and our modeling strategy also includes a 
dynamic insertion (at different simulation stages) of thermal anomalies during the numerical simulations. We 
used a total of approximatively 600,000 random Lagrangian markers according to a computed velocity field and 
using a Runge–Kutta fourth-order advection scheme to track lithological evolution through  time20,51. The initial 
temperature is uniformly stratified, 0 °C at the surface and 1327 °C at the bottom. The adiabatic temperature 
gradient for the asthenospheric mantle is 0.5 °C/km3.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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