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Abstract—Recent seismic and magnetotelluric experiments,

aimed at better characterizing the shape and state of the subducting

slab and continental crust beneath Central Mexico, exposed sig-

nificant differences with conclusions of previous studies. A new

slab geometry is revealed in which the subducting Cocos slab is

perfectly flat between 120 to 290 km from the trench, after which it

plunges into the asthenosphere at a dip angle of *65�, in sharp

contrast with the previously proposed *20� dip angle. Seismic

tomography studies show negative P-wave velocity anomalies (-2

to -4%) in the mantle wedge beneath the Mexican Volcanic Belt,

and positive anomalies (?2 to ?3%) for the subducted Cocos slab.

Magnetotelluric experiments exposed a very low-resistivity area

(1–10 Xm) located within the continental crust just below the

Mexican Volcanic Arc. Finally, several spots of non-volcanic

tremors (NVTs) have been recorded inside the continental crust

above the flat-slab segment. While all these experiments provide a

better picture of the subduction system beneath Central Mexico,

several key processes need further investigation. In this study, we

take advantage of these new observations to better constrain the

thermal structure beneath Central Mexico. Two different thermal

models are computed for a mantle potential temperature (Tp) of

1,350 and 1,450�C, respectively. The new thermal structures are

then converted into P-wave velocity anomalies and compared with

the observed Vp anomalies. We found that a Tp of 1,450�C pro-

duced larger Vp anomalies that do not fit the observations.

However, using a Tp of only 1,350�C, our predicted Vp anomalies

are positive (?2 to ?3%) for the cold slab and negative (-2 to

-4%) in the mantle wedge. These Vp estimates are consistent with

the observed seismic tomography from P-wave arrivals, and

therefore we conclude that a Tp of 1,350�C is a better estimate for

the mantle potential temperature beneath Central Mexico. The new

thermal model, in conjunction with phase diagrams for sediments,

hydrated basalt and lithospheric mantle, have been used to estimate

the amount and location of fluids released from the subducting

Cocos slab. Several dehydration pulses have been identified along

the slab interface where most of the fluids stored in sediments and

oceanic crust are released into the overlying continental crust above

the flat-slab. We found a good correlation between the pattern of

these dehydration pulses and the location of NVTs, suggesting that

slab dehydration is responsible for triggering the tremors. We

suggest that NVT bursts localized above the flat slab segment

represent the manifestation of ongoing continental crust hydration

and weakening, a process that has been going on since 15 Ma ago

when the Cocos slab entered into a flat-slab regime. Such contin-

uous weakening would have reduced the suction forces that kept

the slab in a flat regime in the last 15 Ma, allowing the slab to

easily roll back. The continuous low-resistivity region recorded

beneath the volcanic front in Central Mexico might represent the

evidence of slab dehydration and crust weakening over time.

Key words: Flat-slab, thermal structure, Central Mexico, slab

dehydration, slab rollback.

1. Introduction

Flat-slab subduction takes place at *10% of the

present-day convergent margins, in general where a

correlation with buoyant plateaus and/or aseismic

ridges exists (CROSS and PILGER, 1982; MCGEARY

et al., 1985; GUTSCHER et al., 2000). Nevertheless,

such correlation does not exist in Central Mexico

below the state of Guerrero, where a shallow sub-

duction angle has been revealed at around 40–50 km

depth and at distances up to *250 km from the

trench (SUAREZ et al., 1990). The slab geometry far-

ther inland, beneath the Mexican Volcanic Arc, has

been difficult to image because of the complete lack

of intraslab seismicity. It was considered that from a

distance of *250 km from the trench the slab plun-

ges into the asthenosphere at a shallow *20� angle,

reaching a depth of around 100 km beneath the active

Popocatepetl stratovolcano (PARDO and SUAREZ,

1995). This slab geometry was used by previous

studies to infer and interpret the thermal structure in

the area (CURRIE et al., 2002; MANEA et al., 2004,

2005a). The period of flat-slab initiation in Mexico

has been considered early-middle Miocene (FERRARI

et al., 1999), but without upper plate deformation, as

in the case of the Chilean flat-slab. Also, the initial

flat-slab length is considered to have been larger in

the past than it is today because the volcanic arc
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migrated trenchward in the last 15 Ma at a rate of

*10 km/Ma (FERRARI et al., 2001).

In recent years, several studies and experiments

have been carried out with the main purpose of

exposing in great detail the subduction structure and

state in this area. The Middle America Seismic

Experiment (MASE) imaged the subducted Cocos

plate beneath Central Mexico (CLAYTON et al., 2007).

The results from this research revealed a longer flat

slab segment that extends further inland to *300 km

from the trench, where then it sinks into the astheno-

sphere at a steep angle of *65� (Fig. 1). Also, an ultra

slow velocity layer, *3–5 km thick, interpreted as

relict serpentinized mantle, was found on top of the

flat-slab segment (PEREZ-CAMPOS et al., 2008; SONG

et al., 2009). On the same profile, several regions of

non-volcanic tremors (NVTs) have been identified

above the flat-slab, with the majority of tremors con-

centrated in an area located *220–240 km from the

trench within the overriding continental crust (PAYERO

et al., 2008). NVTs are long-period low-frequency

events with periods of several weeks, and are sus-

pected to involve a chain reaction of small fractures

caused by super-critical fluids (OBARA, 2002; KODAIRA

et al., 2004). Although the processes that generate

NVTs are not well understood, in southwest Japan the

good agreement of the NVTs with the shape and

position of the seismogenic zone confirm a tectonic

origin for these vibrations (OBARA, 2002; JULIAN,

2002). The places where NVTs have been positively

identified include Nankai, Cascadia and Mexico sub-

duction zones, where young plates produce abundant

fluids from the dehydration of sediments and metaba-

salt (DRAGERT et al., 2004). In the Nankai subduction

zone, NVTs have been located near the seismic-

aseismic transition zone (OBARA, 2002; SHELLY et al.,

2006; NUGRAHA and MORI, 2006; MIYAZAWA et al.,

2008). Also, apparently there is no kinetic delay in

triggering NVTs; the speed at which these tremors

move can reach 9 km/day, and might reflect the

migration of fluids released by metamorphism (JULIAN,

2002). The fluid release from the subducting slab is the

most common explanation for the origin of NVTs and

this could be the case for Central Mexico, too. For this

reason, a better-constrained thermal model is a useful

tool to predict accurately where the slab dehydrates,

and whether or not there is a correlation with the

location of recorded NVTs.

The tomographic study of GORBATOV and FUKAO

(2005) shows low-velocity regions (-2%) (probably

mantle wedge) beneath the Mexican Volcanic Arc

and high-velocity areas (?2%) corresponding to the

subducted slab. Additionally, a low velocity area is

revealed beneath the Cocos plate close to the trench,

possibly attributed to the young (*13–14 Ma)

incoming Cocos plate. A similar recent study (YANG

et al., 2009), but farther west and with higher reso-

lution, shows negative P-wave perturbations in the

mantle wedge (-2 to 4%) and positive perturbations

(?2 to ?4%) interpreted as the subducted Cocos and

Rivera plates. Since these seismic anomalies are often

interpreted as thermal anomalies, they can be used to

better constrain the thermal structure of a subduction

zone (MANEA et al., 2005b).

A magnetotelluric (MT) experiment, performed

along the same profile as MASE, exposed a contin-

uous high-conductive low-resistivity region located

beneath the volcanic arc and in the continental crust

(JÖDICKE et al., 2006). These low-resistivity areas are

interpreted as a consequence of fluid release from the

subducting slab or partial melt, and therefore can

provide insights about the past dynamics of the sub-

duction system in Central Mexico.

Figure 1
Three-dimensional visualization of the Mexican subduction zone

from the northeast. Surface relief is shown as a semi-transparent

layer. Labeled white contours and color gradation of the subducting

plate indicate depths to the slab surface from the Earth’s surface

(PARDO and SUREZ, 1995; PEREZ-CAMPOS et al., 2008). Bold arrow

shows the direction of the Cocos Plate movement relative to North

America. EPR East Pacific Rise, MAT Middle America Trench,

NAM plate North America plate. Band cut through the surface

relief is located above the flat-slab in Central Mexico where we

performed the 2D numeric modeling

V. C. Manea, M. Manea Pure Appl. Geophys.



In this paper, we provide a new 2D steady-state

thermal structure for Central Mexico, constrained by

the new slab geometry and recent P-wave seismic

tomography. Also, we explore the implications of

slab dehydration in light of recently discovered

NVTs. Based on the MT results and the NVT patterns

we propose a time–space evolutionary model of the

flat-slab since the Miocene in Central Mexico.

2. Thermal Models, Mantle Potential Temperatures

and Seismic Tomography

2.1. Thermal Models

Using the numeric procedure proposed by MANEA

et al. (2004) and the new slab geometry constrained

from MASE, we estimated the 2D temperature

distribution along the MASE profile for two possible

mantle potential temperatures, 1,350 and 1,450�C.

Other parameters are kept the same as in previous

studies (MANEA et al., 2004, 2005a), including Cocos

plate age and convergence rate of 13.7 Myr and

5.5 cm/yr, respectively, and a high pore pressure

ratio along the subduction interface of 0.98. The

pore pressure ratio effect is considered only along

the plate interface from the trench to the hinge point,

where the slab plunges abruptly into the mantle. The

high pore pressure ratio between the oceanic and

continental plates is consistent with the ultraslow

velocity, high pore fluid pressure (HPFP) layer

found on top of the subducted Cocos plate by SONG

et al. (2009). The pore pressure ratio (PPR) controls

the position of the 450�C isotherm, which represents

the transition from partially coupled zone to stable

sliding (HYNDMAN and WANG, 1993). According to

GPS studies in Central Mexico the transition zone is

located 200–220 km from the trench (KOSTOGLODOV

et al., 2003). In our modeling, we used a PPR value

of 0.98, which positions the 450�C isotherm at

*200 km from the trench (Fig. 2). The mantle

wedge above the slab has a temperature-dependent

viscosity, with a reference viscosity of 1021 Pa s and

an activation energy for olivine of 300 kJ/mol

(MANEA et al., 2004). The subducting slab drives

the mantle wedge flow and there is no additional

flow induced by slab rollback.

2.2. Mantle Potential Temperatures

Mantle potential temperature (Tp) is the temper-

ature of mantle volume that rises towards the Earth’s

surface along an adiabat without melting (McKenzie

and BICKLE, 1988). Estimates of Tp range from 1,280

to 1,310�C (MCKENZIE and BICKLE, 1988; PRESNALL

et al., 2002) to 1340–1475�C (HERZBERG and O’HARA,

1998; PUTIRKA, 1999; GREEN et al., 2001; PUTIRKA,

2005). Using petrological and geochemical charac-

teristics of primitive basalts, picrites, and komatiites,

PUTIRKA et al. (2007) show that ambient mantle

temperatures at normal oceanic ridges are in the

range of 1,280–1,400�C, and that they can be even as

high as 1,460�C below present-day Iceland.

We modeled the thermal structure beneath Central

Mexico using two different Tp values, 1,350 and

1,450�C. The modeling results show that the mantle

wedge above the slab is the most influenced by the Tp

value (Fig. 2a, b). However, in both cases we predict

melting of wet peridotite beneath the volcanic arc,

and it is uncertain which Tp represents a better fit for

the mantle potential temperature. In this case, we

used an indirect method to better constrain Tp in our

models. We converted the temperature distribution

into synthetic Vp anomalies (MANEA et al., 2005b),

and then we compared the results with the observed

Vp anomalies in Mexico (GORBATOV and FUKAO, 2005;

YANG et al., 2009).

2.3. Seismic Tomography in Central Mexico

Negative velocity anomalies in the mantle wedge

above subducting slabs are interpreted as thermally

induced structures (TAMURA et al., 2002). GERYA et al.

(2006) developed a coupled petrological–thermome-

chanical model that permits prediction of seismic

velocity anomalies in subduction zones. In this study,

we employ a similar, but simplified approach from

MANEA et al. (2005b) to predict seismic velocity

anomalies (Vp) beneath Central Mexico using only

the temperature dependence of seismic wave velocity

from KARATO (1993). The predicted Vp perturba-

tions are calculated relative to the PREM model

(DZIEWONSKI and ANDERSON, 1981). We compared the

predicted Vp anomalies with the results from several

recent tomographic studies in Mexico in order to
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better constrain the thermal structure. As an input

parameter, we used the thermal structure calculated

for the two different Tp values, 1,450 and 1,350�C

(Fig. 2a, b). The modeling results are presented in

Fig. 2c, d and both show strong negative Vp anom-

alies in the mantle wedge and beneath the incoming

Cocos plate in the range of -2 to -6%. Observed Vp

anomalies in the wedge are in the range -2 to -4%,

and therefore the best fitting model is obtained when

we use a Tp of 1,350�C (Fig. 2c). Also, our modeling

result (Fig. 2c) is consistent with the P-wave tomog-

raphy of GORBATOV and FUKAO (2005), although the

magnitude of the P-wave velocity anomaly estimated

from thermal modeling (-4%) is higher than the

observed one (-2%). However, a recent seismic

experiment located few hundred km to the north from

Guerrero, (YANG et al., 2009) shows P velocity

perturbations in the mantle wedge up to -4%. In our

modeling the cold slab induces a positive velocity

anomaly of *?2%, a value consistent with both

tomographic studies mentioned above, and also with

the recent tomographic image from PEREZ-CAMPOS

et al. (2008).

The negative velocity anomaly associated with

mid-ocean ridges and young plates, as the Cocos and

Rivera plates offshore from Mexico, is a common

feature in global or regional seismic tomography

(GUNG and ROMANOWICZ, 2004). Such a negative

anomaly can also be observed beneath the incoming

Cocos plate (GORBATOV and FUKAO, 2005 and also in

our predicted Vp tomography inferred from temper-

ature as seen in Fig. 2c, d).

Figure 2
Predicted thermal models and Vp anomaly beneath Central Mexico. a Thermal model for Tp = 1,350�C. b Thermal model for Tp = 1,450�C.

Purple band drawn over thermal model depicts the oceanic crust. c Vp velocity anomaly estimation from the temperature model with

Tp = 1,350�C. d Vp velocity anomaly estimation from the temperature model with Tp = 1,450�C. White circles are the projection of

earthquake hypocenters (M [ 4) from SSN catalog for 2005–2006 epoch. Solid and dashed black lines illustrate the Cocos-North America

plates interface and Moho from PEREZ-CAMPOS et al. (2008)

V. C. Manea, M. Manea Pure Appl. Geophys.



3. Slab Dehydration

The water carrier in active subduction systems is

the oceanic plate composed of sediments, oceanic

crust and mantle layers. The young Cocos plate has a

thin sediment layer only *200 m thick, but most of

these hydrated sediments enter into the subduction

system (MANEA et al., 2003). Based on the newly

constrained thermal model (Fig. 2a) and phase dia-

grams for sediment-, basalt-, and peridotite-water

systems from RÜPKE et al. (2004), we analyze the

stability of hydrous phases and estimate the water

content in the subducting Cocos plate. We also

explore the locations where various hydrous phases

break down, and compare them with the position of

NVTs and low-resistivity areas.

3.1. Sediment-water System

Figure 3a presents the estimation of H2O amount

retained by minerals in sediments as function of

P–T along the top slab interface. Sediments start to

dehydrate at *35 km depth and *100 km from the

trench where they drop from 4% wt. H2O to 3.5% wt.

H2O. Then there are several similar dehydration

pulses located along the flat-slab. A second pulse of

0.5% H2O is released at 160–170 km from the trench

and a third and larger one (*1% H2O) at 230–240 km

from the trench. The location of these two former

dehydration pulses corresponds with the position of

areas of intense NVTs activity. The last dehydration

pulse (0.5% H2O) is located at 270–280 km from

the trench just before the slab starts plunging into the

asthenosphere. At a distance of *300 km from the

trench the sedimentary layer dehydrates *75%, and a

total of *3% wt. H2O is released mostly above the

flat-slab area (Fig. 4, inset). The remaining 1% wt.

H2O is carried down into subduction zone, where it

can contribute to the water content of the upper mantle

(ONO, 1998).

3.2. Basalt-water System

To estimate the water content stored in the

basaltic oceanic crust, we use the phase diagram for

metabasalt (RÜPKE et al., 2004) and top and bottom

oceanic crust isotherms from the best-fit thermal

model (Fig. 2a). The results are presented in Fig. 3b,

and show that no dehydration occurs before the slab

enters into the flat regime. Even then, the slab runs

for another *100 km, when a large dehydration

pulse goes off the slab at 230–240 km from the trench

(Fig. 4). In this narrow band, the oceanic crust

dehydrates *85% and more than 3% wt. H2O is

released into the overriding continental crust. The

location of this major dehydration pulse corresponds

with the area where *80% of the NVT bursts occur

(Fig. 4). Also, this region overlaps with a smaller

dehydration pulse (*1% wt. H2O) from sediments.

The remaining 0.5% wt. H2O stored in the basaltic

crust is later released into the mantle wedge at a depth

of *90 km, below the active Popocatepetl volcano.

3.3. Peridotite-water System

The peridotite layer of oceanic plates represents

one of the major water sources that are carried down

in active subduction systems. We estimate the H2O

amount stored into the serpentinized subducting

lithosphere beneath Central Mexico using two slab

geotherms, located at the base of oceanic crust and

7 km below, and the phase diagram for serpentinized

mantle (RÜPKE et al., 2004). The results presented in

Fig. 3c show that a significant amount of water

(6.5 wt%) is preserved in the serpentinized peridotite

layer down to 60–70 km depth. The first dehydration

occurs in the flat slab segment when for the same

pressure the temperature increases above 500�C.

Here only 0.5% is released and the dehydration front

is distributed sub-horizontally for a distance of about

50 km beneath the first cluster of NVTs (Fig. 4). At

greater depths, the slab crosses the choke point at

600–700�C at *2 GPa (60–70 km depth) and a

strong dehydration process occurs where *90% of

the fluid stored is released into the overlying mantle

wedge through the oceanic crust. The slab depth

beneath Popocatepetl is *120 km, and the differ-

ence between this depth and the depth where the

serpentinized oceanic lithosphere releases fluids

(*60–70 km), can be explained by the time neces-

sary for the released water to cross the oceanic crust

and sediments and to run off the slab into the

overlying mantle at *120 km depth. We conclude

that this significant amount of H2O released through
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slab deserpentinization can induce partial melting of

the mantle above the slab and explain the volcanic

productivity and the reasonably high H2O found in

the erupted mafic magmas, similar to magmas from

other arcs (ROBERGE et al., 2009; CERVANTES and

WALLACE, 2003).

Figure 3
Computed phase equilibria and P–T water content for sediments (a), metabasalt (b), and serpentinized mantle (c). Black, white and blue

curves represent the geotherms, all from the thermal model shown in Fig. 2a, at the top of the slab, the bottom of the oceanic crust, and 7 km

below the oceanic crust, respectively. The plots on the left side illustrate how much H2O (%) is released in each layer

V. C. Manea, M. Manea Pure Appl. Geophys.



4. Discussion and Conclusions

In this study, we combine our modeling results

with results from recent experiments in Central

Mexico to interpret key processes related to flat-slab

subduction structure and dynamics. Here we com-

puted a 2D steady-state thermal model; more realistic

time-dependent 2D or 3D thermal models are pro-

posed for future studies. However, despite the

limitations of steady-state models, the new thermal

structure presented here is well constrained by both

GPS deformation studies (KOSTOGLODOV et al., 2003)

and seismic experiments (GORBATOV and FUKAO, 2005;

PEREZ-CAMPOS et al., 2008), and therefore it provides a

reliable picture of the present-day thermal structure.

In the next sections, we provide a scenario of how

slab dehydration could control and affect the resistivity

distribution in the upper crust and could affect NVT

patterns. Finally, we propose an evolution model for the

flat-slab in Central Mexico for the last 15 m.y. based on

present-day geophysical and past geological data.

4.1. Slab Dehydration, NVTs and Crust Resistivity

As shown in Sect. 3, the subducted oceanic crust

and sediment layers are able to release significant

fluids into the overlying continental crust. Addition-

ally, the dehydration process occurs in several pulses

that differ both in location and the amount of H2O

released (Fig. 4, inset). The major discharge is

located in a narrow band, 230–250 km from the

trench, where both sediments and oceanic crust

strongly dehydrate, and a total amount of *4% wt.

H2O is flushed into the continental crust. This narrow

band corresponds with the area where most of the

NVT activity occurs. Actually, *80% of the NVT

bursts are recorded in this spot, strongly suggesting

that slab dehydration is the main controlling source of

tremors distribution above the flat-slab in Central

Mexico. The other region where a smaller number of

NVTs were recorded is situated closer to the trench at

*150–180 km. In this area we found that only a

small amount of fluids (0.5% wt. H2O) is released

from oceanic minerals breakdown reactions.

The triggering mechanism of NVTs depends on

where and how fluids are distributed along the

subducting slab interface, and several mechanisms

have been proposed. For example, for southwest

Japan, MIYAZAWA et al. (2008) suggested that normal

stress reduction accompanied by horizontal compres-

sion can trigger these tremors. However, for the

Cascadia subduction zone, shear stress changes

Figure 4
Sediments, oceanic crust, and serpentinized mantle dehydration along the subducting Cocos slab beneath Central Mexico. Red and yellow dots

are the location of NVTs from PAYERO et al. (2008). Colored drops illustrate where the oceanic sediments, crust and serpentinized mantle

dehydrate the most. Inset plot shows the location of the main dehydration pulses and NVTs along the slab interface. Note the good correlation

between the position of dehydration episodes and the location of NVT bursts
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from Love waves are proposed to induce NVTs

(RUBINSTEIN et al., 2010). These observations could

indicate a difference in physical properties between

the two subduction regions. MIYAZAWA et al. (2008)

proposed that the fluid pattern on and off the fault

plane actually controls the triggering mechanism. A

homogenous fluid distribution along the slab interface

would favor normal stress reduction, whereas a more

heterogeneous fluid distribution could induce a shear

strain change. In Central Mexico, we observed two

distinct locations where NVTs occur and where the

subducting Cocos plate undergoes dehydration

(Fig. 4). This fluid pattern favors the first triggering

mechanism where normal stress reduction coupled

with horizontal compression could effectively induce

NVTs.

In our interpretation, we take advantage of the

magnetotelluric survey in Central Mexico carried out

by JÖDICKE et al. (2006). High-conductive low-

resistivity (\10 Xm) areas imaged by MT surveys

are often interpreted as zone rich in fluids (OGAWA

et al., 2001; RYBIN et al., 2004; SOYER and UNSWORTH,

2006). In general, the overall resistivity of a rock is

considered as the sum of both solid grains and pore

spaces saturated with fluids. Moreover, if the fluids

contain dissolved ions, the resistivity of the fluid part

decreases further because the ions can easily move.

Also, low-resistivity of rocks could be due to

interconnected grain boundary phases such as water,

partial melts, sulphides or graphite (SCHILLING et al.,

1997; JONES, 1999). Magnetotelluric exploration of

the San Andreas Fault has revealed that the fault is

characterized by a low-resistivity wedge (*3 Xm)

(UNSWORTH et al., 1997), which has been attributed to

aqueous pore fluids that dominate the resistivity of

most rocks around the fault. The continental crust

above the subducted slab in Central Mexico is mostly

characterized by high resistivity. However, an iso-

lated low-resistivity (*50 Xm) spot can be identified

at *100 km from the trench at a depth of 20–30 km.

From our modeling results, this area corresponds to

the first dehydration pulse from the sedimentary layer

(Fig. 5), and we interpret this low-resistivity area as a

result of sediment dehydration. The continental crust

beneath the volcanic arc is characterized by low-

resistivity (1–10 Xm) distributed in a *300-km long

band. This LR band ends where the NVT area is

located above the eastern end of the flat-slab segment

Figure 5
3D view of the flat-slab subduction in Central Mexico. The slab surface is shown in color shades that correspond to the temperature model

from Fig. 2a. Yellow, blue and green arrows on the slab surface represent the locations where oceanic sediments, crust and serpentinized

mantle dehydrate. The background image cut through the continental crust is the resistivity model of JÖDICKE et al. (2006)

V. C. Manea, M. Manea Pure Appl. Geophys.



(Fig. 5). We interpret this elongated low-resistivity

region as a consequence of continuous subducting

slab dehydration over the last 15–20 Ma. In fact,

FERRARI (2004) shows that the Mexican Volcanic Belt

has migrated trenchward at a rate of *10 km/Myr,

probably implying that the slab has rolled back and

the length of the flat-slab segment has diminished

since the Miocene. Similar low-resistivity in the

overriding crust has been imaged above the flat slab

region in central Chile, where an MT survey revealed

a continuous conductive region in the continental

crust at *25 km depth and above the flat slab

(BOOKER et al., 2004). On the other hand, the MT

survey performed for the Cascadia subduction zone,

which did not experienced flat-slab and rollback,

shows high resistivity areas in the continental crust

(100–1,000 Xm) with only some small-scale low-

resistivity spots above the Moho. These low-resistiv-

ity localized areas are interpreted as the consequence

of aqueous fluids released from the subducting Juan

de Fuca slab (SOYER and UNSWORTH, 2006).

The difference in the low resistivity pattern

between the two types of subducting slabs suggests

that the flat slab dewatering followed by rollback

causes the MT anomaly recorded in central México

beneath the volcanic arc (Fig. 5). However, the

nature of this low resistivity area could also be

interpreted in terms of partial melt. The temperatures

(800–1,000�C) predicted for the lowermost continen-

tal crust beneath the volcanic arc (Fig. 2a, b) are well

above the wet melting temperatures for a wide range

of lower crustal rock types, therefore there could be

partial crustal melting in that area. In the western US

during the Laramide orogeny, a slab rollback process,

similar to what we proposed here, likely led to

voluminous crustal melting and created widespread

rhyolitic eruptions. In the area of the Tepic-Zacoalco

graben, the first episodes of voluminous rhyolithic

volcanism started in the late Miocene (*7 Ma) and

continued in the early Pliocene and late Pliocene-

Quaternary (GÓMEZ-TUENA et al., 2007). Also, it is

worth mentioning that this rhyolithic manifestation

coincides with the trenchward migration of the

volcanic front. However, the solidification of partial

melt at the base of the crust could also induce the

accumulation of large amounts of fluids that could

explain the observed low-resistivity anomaly beneath

the arc and backarc (SOYER and UNSWORTH, 2006).

Although partial melt in the lower crust might

somehow explain the low-resistivity area beneath

the volcanic arc, part of this electric anomaly is

located above the eastern end of the flat-slab segment

where our thermal models predict temperatures as

low as 400�C. A combination of interconnected

partial melts and fluids in the lower crust would

explain the exceptionally low-resistivity (*1 Xm)

recorded beneath the volcanic arc and above the flat-

slab in Central Mexico (Fig. 5).

4.2. Crust Weakening, Suction Forces and Slab

Rollback

In active subduction systems, the slab geometry

reflects the balance of slab pull, elastic resistance and

hydrodynamic forces (suction forces) in the mantle

wedge (PEREZ-GUSSINYÉ et al., 2008; MANEA and

GURNIS, 2007). Whereas the slab density excess, with

respect to the surrounding mantle, controls slab pull

force, the suction forces act as a counterbalance force

which is mainly controlled by the mantle wedge

viscosity. MANEA and GURNIS (2007) show how mantle

wedge viscosity affects the slab dip evolution in an

active subduction zone. A low viscosity wedge tends

to increase the slab dip, whereas a high wedge

viscosity decreases the subduction angle and can even

produce flat-slabs. In the latter case, the suction forces

in the mantle wedge are sufficiently high to compen-

sate the slab positive buoyancy. Thus, elevated suction

forces along the slab-mantle interface could sustain

long-lived flat-slab systems. This is likely the case in

Central Mexico, where flat-slab subduction has been

going on since the Miocene (FERRARI et al., 1999).

Geological evidence shows that since the Miocene the

volcanic arc has moved slowly trenchward at a rate of

*10 km/Myr (FERRARI, 2004), suggesting slab roll-

back and flat-slab shortening mechanisms. Rollback of

the subducted Cocos plate over the last 2 Myr has been

proposed to explain high-Nb alkali basaltic magmas

for the Michoacan-Guanajuato Volcanic Field located

only several hundreds of km to the west of our study

area (JOHNSON et al., 2009). Integrating these observa-

tions with the 2D thermo-mechanical model of the

subduction zone beneath Central Mexico, we propose

the following scenario for flat-slab evolution:
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1. When flat-slab started in Mexico around 15 Ma

ago, the flat segment length was larger than today,

extending probably some 450 km from the trench

(Fig. 6a). This assumption is supported by the age

data for mafic rocks in Central Mexico (FERRARI,

2004). The main reason for initiating such a long

flat-slab is still unknown.

2. A continuous process of slab dehydration at the

eastern end of the flat-slab segment weakens the

base of the continental crust (Fig. 6b). Numerical

simulations support the assumption that slab

dehydration facilitates significant weakening of

the overriding plate (ARCAY et al., 2006). In

Central Mexico, a low-resistivity area can now

Figure 6
Theoretical evolutionary model proposed for the flat-slab subduction beneath Central Mexico. a A longer flat-slab segment could have existed

*15 Ma ago. Over time, slab dehydration weakens the overriding continental crust. NVTs can be an indication of the weakening process.

b Once the crust is sufficiently weakened, the magnitude of the suction force that kept the subducting Cocos plate in flat-slab regime

diminishes, allowing the slab to roll back. As a consequence, the volcanic arc and the low-resistivity area (LR) start propagating trenchward.

c In time, the length of the flat-slab section reduces, the LR area propagates even further until the slab takes the present day geometry as

revealed by MASE. NVT bursts still occur at present, suggesting that crust weakening is an ongoing process

V. C. Manea, M. Manea Pure Appl. Geophys.



propagate trenchward into the newly weakened

and hydrated crust. We propose that such a

prolonged flat-slab dehydration regime might have

weakened the overriding continental crust enough

to allow the slab to start rollback. The actual

process behind the slab rollback and overlying

crust weakening is still unknown. However, slab

rollback permits the hot mantle wedge to flow

back into the newly created space, explaining why

the volcanism migrated trenchward. In our view,

continuous weakening of the continental crust

above the flat-slab segment leads to a significant

reduction in viscosity, and therefore suction

forces, allowing the slab to decouple from the

continental plate (MANEA and Gurnis, 2007; PEREZ-

GUSSINYÉ et al., 2008).

3. We propose that slab rollback occurs in steps, and

several episodes of crust weakening and slab

rollback lead to the present day subduction

geometry in Central Mexico (Fig. 6c). Present

day strong NVTs above the flat-slab would be the

manifestation of ongoing hydration and weaken-

ing processes, that will eventually promote

another episode of slab rollback in the future.
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