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El Chichón
lcano is poorly understood, and we attempt in this study to demonstrate that
the Tehuantepec Ridge (TR), a major tectonic discontinuity on the Cocos plate, plays a key role in
determining the location of the volcano by enhancing the slab dehydration budget beneath it. Using
marine magnetic anomalies we show that the upper mantle beneath TR undergoes strong
serpentinization, carrying significant amounts of water into subduction. Another key aspect of the
magnetic anomaly over southern Mexico is a long-wavelength (∼150 km) high amplitude (∼500 nT)
magnetic anomaly located between the trench and the coast. Using a 2D joint magnetic-gravity forward
model, constrained by the subduction P–T structure, slab geometry and seismicity, we find a highly
magnetic and low-density source located at 40–80 km depth that we interpret as a partially
serpentinized mantle wedge formed by fluids expelled from the subducting Cocos plate. Using phase
diagrams for sediments, basalt and peridotite, and the thermal structure of the subduction zone beneath
El Chichón we find that ∼40% of sediments and basalt dehydrate at depths corresponding with the
location of the serpentinized mantle wedge, whereas the serpentinized root beneath TR strongly
dehydrates (∼90%) at depths of 180-200 km comparable with the slab depths beneath El Chichón (200-
220 km). We conclude that this strong deserpentinization pulse of mantle lithosphere beneath TR at
great depths is responsible for the unusual location, singularity and, probably, the geochemically distinct
signature (adakitic-like) of El Chichón volcano.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

El Chichón is a young (∼0.2 Ma) active volcano located within a
relatively young (∼3Ma) volcanic arc, at 300–330 km from theMiddle
America Trench (MAT) where the Cocos slab depth is 200–220 km
(Syracuse and Abers, 2006). Located at the NW end of a typical
continental calc-alkaline arc, the Modern Chiapanecan Volcanic Arc
(MCVA) (Damon and Montesinos, 1978), El Chichón presents a magma
signature (K-rich), which is different than the alkaline rocks form Los
Tuxtlas Volcanic Field (Nelson et al., 1995) and the calc-alkaline rocks
form TMVB (Macías et al., 2003; Mercado and Rose, 1992). This
character was associated with melting of the Cocos slab by De Ignacio
et al. (2003). Also, previous studies suggest that El Chichón K-alkaline
ea).

l rights reserved.
magmas are derived from partial melting of the subducting Cocos
plate (Luhr et al., 1984; Rye et al., 1984), which interacted with the
mantle wedge (Taran et al., 1998) and the crust (Tepley et al., 2000;
Espíndola et al., 2000). The triple junction proximity between the
North America, Cocos, and Caribbean plates was proposed by Nixon
(1982) as a cause for the alkaline volcanism of El Chichón. Manea and
Manea (2006) hypothesized that the position and the distinct K-
alkaline volcanism at El Chichón volcano are related to the arrival of
the highly serpentinized Tehuantepec Ridge (TR) beneath MCVA. As
Scambelluri et al. (2001) observed, normally, wedge serpentinite
would be relatively low in alkalis, but the fluids released during
dehydration may be moderately rich in alkalis because they
preferentially enter the fluid phase.

The TR is a prominent bathymetric feature located on the
Cocos Plate, whose onshore prolongation intercepts the El
Chichón volcano (Fig. 1). The ridge separates the Cocos Plate in
two parts with distinct tectonic regimes and age. According to
Klitgord and Mammerickx (1982), Wilson (1996) and Manea et al.

mailto:marina_manea@yahoo.com
http://dx.doi.org/10.1016/j.jvolgeores.2008.02.028
http://www.sciencedirect.com/science/journal/03770273


Fig. 1. Generalized tectonic map of the study area. Transparent red zones show the
location of active volcanic belts in México: CMVB — Central Mexican Volcanic Belt,
MCVA — Modern Chiapanecan Volcanic Arc. Transparent gray area: the extinct Sierra
Madre Miocenic Arc. Orange stars are the El Chichón and San Martin active volcanoes.
EPR — East Pacific Rise. MAT — Middle American Trench. Right black dashed line with a
question mark is the hypothetical prolongation of Polochic–Montagua fault system
which represents the limit between North America (NAM) and Caribbean plates. White
dashed line is the onshore prolongation of Tehuantepec Ridge. Onshore white contours
represent the slab isodepths (Bravo et al., 2004; Pardo and Suarez, 1995). Arrows show
convergence velocities between the Cocos and North American plates (DeMets et al.,
1994). TR1 and TR2 are the cross-sections where we calculate the thermal structure
across TR (Fig. 10). Cocos plate ages are from Manea et al. (2005). White line dashed
squares show the location of magnetic and gravity maps (Figs. 3, 5, 6). Blue dots
represent continental heat-flow measurements (mW/m2) from Ziagos et al. (1985).

Fig. 2. Simplified geologic map of the study area. Transparent SW–NE profile (D) is the
modeled cross-section. Other symbols are like in Fig. 1.
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(2003) the mean difference in age across TR varies from 7 to
12 Ma. It has been proposed that TR represents a major
transpressional structure formed along a former transform fault
on the Guadalupe plate 15–20 Ma ago and the northern boundary
of a microplate embedded into the Cocos Plate (Manea et al.,
2005). Another important characteristic that makes TR distinct
from other fractures on the Cocos Plate is its linear shape, similar
to the great fracture zones of the northeastern Pacific and Atlantic.
In the Atlantic Ocean, transform faults intersect and offset the
slow-spreading Mid-Atlantic Ridge system, and the hydrothermal
circulation transforms the mantle peridotite into a 2–3 km thick
serpentinite layer (Muller et al., 1997). Serpentinization of the
oceanic mantle entering subduction zones around the Pacific has
been proposed to occur along deep faults where oceanic plates
bend upon entering into subduction (Peacock, 2001; Ranero et al.,
2003) or along transform faults (Omori et al., 2002). Ranero et al.
(2003) and Omori et al. (2002) suggest that partial serpentinization
of the upper mantle offshore Nicaragua and Japan might exist up to
depths of ∼35 km and ∼50 km, respectively. However, such
extreme depths that extend to the entire oceanic lithosphere
should be constrained by independent methods and measure-
ments. Thermal structure of the oceanic lithosphere (controlled by
age) may provide an important limitation on maximum depth
extent of the serpentinized regions. The magnetic properties of
serpentine are preserved only for temperature below Curie point
(∼580 °C) (Arkani-Hamed, 1989). The stability field for serpentine
is also bounded by the ∼600 °C isotherm (Hacker et. al, 2003), and
therefore the serpentinization process might be identified and
quantified by studying the magnetic anomalies. Magnetic measure-
ments of ophiolites (Banerjee, 1980; Hall et al., 1987), spectral
analysis of marine magnetic profiles (Harrison and Carle, 1981) and
analysis of Magsat data over the Central American subduction zone
(Vasicek et al., 1988), indicate that uppermost part of the oceanic
upper mantle is magnetic. Fracture zones seem to be favorable
places where mantle peridotite is altered to serpentinization, like
Blanco Ridge in northeastern Pacific (Dziak et al., 2000). Placed in
an active subduction system, these serpentinized ridges act like a
temporary carrier of water: they store water through sea water
infiltration and peridotite serpentinization. Then, as the subducting
slabs dive into the asthenosphere and become hotter, the stored
water is released back into the overlying mantle wedge. Here, the
released fluids may partially serpentinize the mantle wedge
peridotite, if the temperature is below 600 °C, which represents
the upper limit of the serpentine stability field. At greater depths,
where the mantle temperature approaches the wet-peridotite
solidus, the fluids produced by the deserpentinization of oceanic
lithosphere can induce partial melting. Also, oceanic sediments and
oceanic crust represent another important fluid reservoir, and their
metamorphic changes lead to fluid release into the mantle wedge,
which enhance the serpentinization process. The serpentinization
process not only produce magnetite and increase significantly the
remanent magnetization (with an order of magnitude for 95%
serpentinization (Saad, 1969)), but also greatly reduces the density
by up to ∼500 kg/m3 (Christensen, 1966). Large parts of partially
serpentinized mantle wedge can be seen in recorded gravity and
magnetic anomalies over subduction zones. Indeed, a recent study
of Blakely et al. (2005) shows the gravity and aeromagnetic
signature of a serpentinized mantle wedge above Cascadia
subduction zone, which extends down to ∼60 km. Furthermore,
they suggest that a serpentinized mantle wedge exists also in other
subduction zones like Japan and Alaska. Another recent study
of Manea and Manea (2006) proposes the presence of a “cold
wedge” P–T structure beneath southern Mexico, as an explanation
for the large distance between MCVA and the trench, and shows a
good fit between the location of this “cold serpentinized wedge”
and the low wavelength/high amplitude magnetic anomaly
observed in this area.

With the help of available marinemagnetic data, the present paper
explores whether the uppermost part of the oceanic lithosphere
beneath TR is serpentinized and try to quantify this phenomenon.
Then we investigate, using constraints from magnetic data, gravity
data and P–T structure of subduction zone, the existence of a
serpentinized mantle wedge in southern Mexico. Finally, we integrate
all the above results into a model, which provide a reasonable
explanation on the origin and characteristics of El Chichón volcano,
and its relationship with the TR subduction.

2. Tectonic and geological settings

Offshore, amain tectonic feature in southernMexico is represented
by TR, a major tectonic limit on the Cocos plate, along which the
plate age sharply increases with 10 Ma at the MAT (Fig. 1). The rate
of convergence between the Cocos plate and the North America plate
in the vicinity of TR varies from 6.5 cm/yr to 7 cm/yr (DeMets et al.



Fig. 3. Offshoremagneticmap in the vicinity of TR. Dashed black line delineate the location of TR. Black straight lines represent the position ofmagneticmodels shown in Fig. 8 and Fig.
9. Note the high amplitude magnetic anomalies located along TR.

Fig. 4. Left: a typical oceanic plate structure. Right: ocean crust magnetization models proposed in literature and our simplified model used in this study.

Fig. 5. Magnetic map over the study area and the modeled cross-section D. Note the
high amplitude (∼500 nT), long-wavelength (∼150 km) magnetic anomaly along the
coast (offshore). The map is not reduce to pole, that is the magnetic sources are not
located just beneath the maximum. White regions represent areas with no data
available.
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(1994) — model NUVEL 1A). The geometry of Wadati–Benioff zone
shows that the Cocos slab increases its dip from 25° NW of the TR, to
∼40° southeast of TR (Rebollar et al., 1999; Bravo et al., 2004). Also the
maximum depth extent of the intraslab earthquakes increases from
120 km to 240 km.

Previous studies erroneously reported a slab depth beneath
El Chichón of 330 km (Garcia-Palomo et al., 2004). Also, the distance
from the trench is incorrect in several studies related with El Chichón
(400 km from the trench (Garcia-Palomo et al., 2004) and 390 km
(Rebollar et al., 1999)). Using theWadati-Beniof geometry of Bravo et al.
(2004), who provide a better located seismicity beneath the Gulf of
Tehuantepec, the slab depth beneath El Chichón is 200–220 km (using
the correct distance from trench of 325 km). Onshore, the regional
tectonics is dominated by the Chiapas Anticlinorium (where El Chichón
is located), the Chiapas Massif, and the North America–Caribbean plate
boundarymarked by theMotagua–Polochic Fault System (Fig. 2). In this
region, there are twovolcanic arcs: the extinctMioceneSierraMadre arc,
which runs parallel to the coast, and the active MCVA farther inland.
Damon and Montesinos (1978) showed that the Miocene Sierra Madre
arc was abandoned between 9 and 3 Ma, then the MCVAwas born as a
consequence of a reorganization of the Cocos plate. The youngest
member of MCVA is El Chichón volcano (∼0.2 Ma), well known for its
last violent eruptions of March–April 1982 which killed ∼2000 people
(Espíndola et al., 2000). To the NWand SE El Chichón is bordered by two
large (250 km) volcanic gaps. There are several characteristics of El
Chichón volcano, which makes it both mineralogically and geochemi-
cally distinct from the rest of the volcanoes in Mexico and Central
America. While the Trans-Mexican Volcanic Belt to the northwest
and the Central American Volcanic Arc to the southeast are com-
posed primarily of calc-alkaline volcanic rocks, El Chichón has produced
K-alkaline magmas (Garcia-Palomo et al., 2004).

3. Geophysical observations: gravity and magnetic anomalies

A recent 1×1 km2 data grid of residual magnetic anomalies
(relative to International Geomagnetic Reference Field (IGRF)) for this



Fig. 6. Free air offshore and Bouguer onshore gravity map of the study area. The gravity
low along the coast (onshore) marked by the dashed black contour. Other symbols are
like in Fig. 5.
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region is available from North American Magnetic Anomaly Group
(2002). Onshore, the surveys were flown with dense line spacing
ranging from 2 to 6 km and flight heights from 450 to 3350 m above
sea level. The grid was converted from a constant (barometric)
altitude to a constant elevation above terrain. The marine data were
obtained from the National Geophysical Data Center of the National
Oceanic and Atmospheric Administration and span the years 1958
through 1997. Gridding was performed to a final cell size of 1 km using
aminimum curvature algorithm and a grid radius of 24 km to fill in the
small no-data areas.

Offshore magnetic data over southern Mexico show a distinctive
pattern, with high-amplitude magnetic anomalies over TR (Fig. 3)
and the Pacific coast (Fig. 5). The magnetic anomalies over TR show
high amplitudes of 200–300 nT and wavelengths of 20–30 km,
whereas the rest of marine magnetic anomalies have shorter
wavelengths (8–10 km) and lower amplitudes 100–200 nT. Also,
the high amplitude magnetic anomalies are aligned just over TR,
while the rest of magnetic lineations are sub parallel with MAT, and
are related with geomagnetic reversals recorded in the oceanic crust.
These former magnetic lineations are the product of oceanic crust
generation at EPR, where as they cool below the Curie temperature
the magnetic minerals in the crust record the ambient geomagnetic
field (Vine and Matthews, 1963). Although the major contributor
(50–75%) to these marinemagnetic anomalies is the extrusive basaltic
layer (Johnson and Atwater, 1977; Blakely, 1983; Tivey et al., 1998),
natural remanent magnetization (NRM) of gabbros also contribute
Fig. 7. Average crustal magnetization stored in the oceanic crust (7 km thick) obtained us
Distinguish the highly magnetized areas distributed along TR, indicating a magnetic source
significantly to the recorded magnetic anomalies over oceans (Kent,
1975; Kent et al., 1978; Pariso and Johnson, 1993). There are several
models ofmagnetic layer thickness: an uppermagnetic layer thickness
varying from 0.5 to 1 km and magnetization from 1.5 A/m to 3.5 A/m,
followed by an intermediate 5–6 km layer with 0.5–1 A/m (Fig. 4)
(Kidd, 1977; Dunlop and Prevot, 1982; Luyendyk and Day, 1982). Also
Blakely et al. (2005) used for the gravity-magnetic models of the
Oregon forearc an oceanic crust with magnetic intensities of 0.55–
2.20 A/m. We use in this study a simplified magnetic model for the
oceanic crust composed by three layers, a 1 km thick upper layerwith a
magnetization of 0.5–3.5 A/m, followed by a 6 km thick and less
magnetic layer (0.5 A/m), and a partially serpentinized layer with
variable thickness. These values of magnetization are consistent with
sample measurements of Hayling and Harrison (1986), who measured
a NRM for basalts of 5.37 A/m and 0.478–0.631 A/m for unaltered
gabbro.We include in ourmodel (Fig. 4) a layer with variable thickness
of partially serpentinized peridotite just beneath the oceanic crust
with a NRM of up to 7 A/m which represents fully serpentinized
mantle. This high value of magnetization is consistent with rock
measurements of Fox and Opdyke (1973) (NRM=7.86 A/m) and
Hayling and Harrison (1986) (NRM=6.03 A/m).

Onshore, the highly magnetic forearc region (Fig. 5) is not
in phase with the high-gravity region (Fig. 6), even though it
is known that, usually, magnetic rocks have high densities (Blakely
et al., 2005). Actually, the high-magnetic region is displaced well east
of the high-gravity area. This situation is similar with the Cascadia
subduction zone where a similar pattern was observed by Blakely
et al. (2005), although in southern Mexico the magnetic amplitude
is higher (∼500 nT compared with only ∼200 nT). Also, the Mexican
high-magnetic anomaly has a larger wavelength of ∼150 km. Blakely
et al. (2005) show that the unusual configuration and shape
of gravity and magnetic anomaly in Cascadia can be explained
by the presence of a serpentinized mantle wedge located between
the slab surface (35–60 km depth) and the Moho (∼35 km depth).
The main problem with the onshore magnetic anomalies in
southern Mexico is the lack of data in some areas (Fig. 5). However,
most of the long wavelength magnetic anomaly is recorded and
only the shallow magnetic sources beneath the data gaps cannot
be constrained.

4. Geophysical models

4.1. Magnetic thickness model over TR

Although the offshore magnetic map shows a chain of high
amplitude anomalies located over TR (Fig. 6), part of the recorded
magnetic signal might contain a significant contribution from the
ing the Parker inversion technique applied to the magnetic anomaly shown in Fig. 3.
beneath the ridge.



Fig. 8. Modeling results for three magnetic profiles (A, B,C — see Fig. 3) normal to the
magnetic lineations on the Cocos plate. A shallow thin basaltic layer and the thicker
gabbro layer are the major contributors to magnetic anomalies in oceanic crust north of
TR.
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bathymetric expression of the TR. In the presence of strong
bathymetric discontinuities it is useful to perform an inversion of
magnetic anomalies to infer the average amount of magnetization
stored in the oceanic crust. A good approach is to use the Parker
inversion, a commonly used method to infer crustal magnetiza-
tion in the presence of topography (Parker and Huestis, 1974).
This method assumes a magnetized layer constant thickness of
which the lower surface follows the oceanic bathymetry. Within
this magnetic layer the direction of magnetization is assumed to
be constant, and the magnetic intensity is allowed to vary only in
the horizontal direction. We used a 7 km thick layer and the
magnetization direction of a field caused by the present-day axial
dipole. The result of the inversion is presented in Fig. 7, and
shows a series of highly magnetized regions (N2 A/m) aligned
along TR. Actually the TR magnetization is almost double than
the magnetization of magnetic lineations to the north. This result
indicates that the high magnetic anomalies over TR are not
caused by the bathymetry but rather they come from deep-seated
rocks beneath the ridge or compositional changes of the rocks
forming the ridge.

We performed a forward magnetic model for a series of 8
magnetic profiles, 3 of them located north of TR and normal to
the magnetic lineations, and 5 of them across TR (Fig. 3). The results
show a reasonably good fit with the observed anomalies, suggesting
that a shallow thin basaltic layer and a deeper and thicker gabbro
layer are the major contributors to magnetic anomalies in the
oceanic crust (Fig. 8). On the other hand, the anomalies over
TR cannot be fit solely by the basaltic and gabbro layers, and
an additional serpentinized root should be added beneath TR
(Fig. 9). The results show a better fit between the observed
and modeled magnetic anomaly if a high magnetization (∼7 A/m)
is used for the serpentinized root beneath TR. In a previous study,
Manea et al. (2003) introduced a low-density root (2800 kg/m3)
beneath TR in order to adjust the gravity anomaly along a profile
normal to the ridge. This is consistent with our results, since
the serpentinized peridotite not only has high magnetization but
also a low density of ∼2800 kg/m3. We used a serpentinized root
with a thickness of 5–6 km, consistent with the low-density
root thickness from Manea et al. (2003). The maximum depth of
serpentinized root does not exceed the calculated Curie isotherm
(600 °C) beneath TR (22–26 km) (Fig. 10). We conclude at this point
that a highly serpentinized root might exist beneath TR, and
therefore significant amounts of H2O could be transported into the
subduction system.

4.2. 2D thermal models and mantle wedge serpentinization

In this study we developed a series of thermal models for the
subduction zone along the onshore prolongation of the TR (Profile
D in Fig. 5). The model is constrained by seismic data (Rebollar
et al., 1999; Engdahl and Villaseñor, 2002), convergence rate
(DeMets et al., 1994) and oceanic plate age at the MAT (Klitgord
and Mammerickx, 1982; Kanjorsky, 2003; Manea et al., 2005)
(Fig. 1). The modeling procedure is described in detail in Manea
et al. (2005). We use a strong temperature dependence of upper
mantle viscosity in all the models. Also, we allow the mantle flow
not to penetrate the whole wedge tip, by imposing a certain limit
which allow us to create cold mantle wedges with different sizes.
The benchmark results are presented in APENDIX A. The portion of
the mantle wedge delimited by Moho, slab surface and the 600 °C
isotherm (Curie isotherm) is used to forward modeling the
magnetic and gravity response of a serpentinized wedge alone,
and compare it with the observed anomalies. Our best estimate is
presented in Fig. 11, where a serpentinized mantle wedge
extending to ∼80 km depth has a magnetization of 5 A/m and a
density of 3000 kg/m3. If we assume that a high magnetization of
7 A/m and a low density of 2700 kg/m3 (3300 kg/m3 corresponds
for 0% serpentinization) correspond to a fully serpentinized wedge,
then our estimates suggest that the mantle wedge is ∼50–70%
serpentinized.

4.3. 2D magnetic and gravity forward model

It is known that deep magnetic sources produce anomalies at
the surface with long wavelengths. Before proceeding with the
simultaneous gravity and magnetic forward modeling we infer the



Fig. 9. Modeling results for five magnetic profiles (1, 2, 3, 4, 5 — see Fig. 3) across TR. An additional ∼5 km thick highly magnetic serpentinized root need to be added beneath TR in
order to fit the observed magnetic anomaly.
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approximate location (center of mass) of the magnetized body
responsible for the unusual large magnetic anomaly. We use the
spectral method (Blakely, 1995), which is able to separate
the deep and shallow sources as function of wavelength,
λ (or wavenumber k=2π/λ) and the energy carried in each
wavelength. The results of spectral analysis is presented in
Fig. 12. Two major trends can be identified, one for long
wavelengths (λN50 km), which corresponds to deep sources, and
another one for short wavelengths (λb10 km), which accounts for
shallow magnetic sources. The slope of each trend provides a
coarse estimate of the depth of magnetized bodies. Contribution
from a deep source located at ∼50 km is responsible for the long
wavelength component seen in the magnetic anomaly, whereas
shallow sources at ∼10 km produce the shorter wavelengths. The
deep source center of mass located at ∼50 km depth is consistent
with our estimate of a serpentinized wedge delimited by the



Fig. 10. Thermal structure across TR for two profiles, TR1 and TR2, shown in Fig. 1. The
heat transfer is considered to be only by conduction. The Curie depth (equivalent to
600 °C isotherm) beneath TR varies from 22 km to 26 km.
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Moho, the slab surface, the 600 °C isotherm and extending down
to ∼80 km (Figs. 11 and 13).
Fig. 11. Best fitting thermal model across the profile D shown in Fig. 5 (from Appendix
A). The semitransparent triangle represents the proposed serpentinized mantle wedge.
White dots are the intraslab earthquakes used to constrain the slab geometry (Rebollar
et al., 1999).

Fig. 12. The results of spectral analysis applied for the magnetic anomaly across the
profile D shown in Fig. 5. A — original (black continuous line) and reduced to pole
(dashed gray line) magnetic anomaly. Where no data are available we performed a
spline interpolation. B—we identified a deep magnetic source located at ∼50 km and a
shallow magnetic sources at ∼10 km.
We developed a joint gravity and magnetic forward model of
the southern Mexico forearc along a profile shown in Fig. 5,
which includes not only the serpentinized mantle wedge. The
parameters (density and magnetization) used in the modeling are
presented in Table 1, accordingwith themodel of Blakely et al. (2005).
The continental Moho is placed at ∼28.5±3.5 km in agreement with
seismic studies in the region (Bravo et al., 2004) and the shape of the
slab is constrained by seismicity (Bravo et al., 2004). Also, the updip
limit of the serpentinized mantle wedge is constrained by rupture
areas of past subduction earthquakes. Key aspects of the best fitting
2D thermal model were introduced (Fig. 11): the position of the
600 °C Curie isotherm, an initial geometry of the serpentinized
mantle wedge and its magnetic and density properties (5 A/m and
3000 kg/m3). We use the geologic map of Mexico (Fig. 2) to introduce
in our modeling relevant features like the Chiapas batholith and a
thick sedimentary layer. A reduced to pole (RTP) magnetic anomaly
was employed, because the source and the magnetic maximum are
vertically aligned and therefore removing one level of complexity
from the interpretation process. We fit the short magnetic wave-
lengths by introducing highly magnetized bodies (1 A/m) in the
upper part of the crust (b15 km). Using a quantitative model of
southern Mexican convergent margin, based on both gravity and



Fig.13. Simultaneous gravity and magnetic model across profile D. A: Magnetic profile extracted from Fig. 5. B: Gravity profile extracted from Fig. 6. C: Crust and upper-
mantle model. White dots are the intraslab earthquakes used to constrain the slab geometry (Bravo et al., 2004). See Table 1 for physical properties used in the model.
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magnetic anomalies, we find that a serpentinized mantle wedge (50–
70% serpentinization) reasonably explains the particularities of
potential-field anomalies in the study area.

5. Subduction of TR and mantle hydration

An important key process related with arc magmatism is the
subduction zone water cycle, the hydration–dehydration of oceanic
lithosphere. The water carrier into the subduction zone is the
oceanic plate (sediments, oceanic crust and serpentinized perido-
tite). There are several key places where the hydration process
actually takes place: it is maximum at the mid-ocean ridges
Table 1
Physical rock properties used in the combined 2D gravity-magnetic forward model
(Fig. 14)

Unit Density Magnetization

(kg/m3) (A/m)

Water 1030 0.0
Oceanic sediments 2200 0.0
Continental sediments 2400 0.1
Continental upper crust 2670 0.5
Continental lower crust above Curie isotherm 3090 0.1
Continental lower crust below Curie isotherm 3090 0.0
Chiapas batholit 2670/3090 0.8
Oceanic crust — basalt 2900 5.0
Oceanic crust — gabbro 2900 0.5
Oceanic lithosphere 3340 0.0
Serpentinized oceanic lithosphere 2800 7.0
Serpentinized mantle wedge 3000 5.0
Mantle 3300 0.0
Highly magnetized body 1 2670 0.8
Highly magnetized body 2 3090 0.8
(i.e. EPR) and then gradually decreases as the ocean plate becomes
older. Other places where hydration might occur are the fracture
zones, transform faults and along deep faults where the oceanic
plates bend before being subducted (Peacock, 2001; Omori et al.,
2002; Kerrick, 2002).

We have shown in the previous chapters that the mantle
peridotite beneath TR can be highly serpentinized, and therefore
significant water quantities are transported deep into the subduc-
tion system, if the slab temperature is below the choke point, 600 °C
at 6 GPa (Kawamoto et al., 1996). Also, basalt and sediments-water
systems play an important role in transporting and discharging
water into the mantle. Based on the preferred thermal model (Fig.
11) and phase diagrams from Rüpke et al. (2004) we analyze the
stability of hydrous phases and estimate the water content in the
descending Cocos slab in the vicinity of TR. We also analyze
the depth intervals where various hydrous phases break down,
and compare them with the slab depth beneath El Chichón volcano
(200–220 km) and underneath the proposed serpentinized mantle
wedge (40–80 km).

5.1. Sediment–water system

Although the young Cocos plate holds a relatively thin
sediment layer (200–400 m), oceanic sediments can be one of
the major water transporters into the upper mantle (Ono, 1998).
Fig. 14A presents the estimation of H2O amount retained by
minerals in sediments as function of P–T. Sediments start to
dehydrate at ∼60–70 km, and by ∼80 km, which is the downdip
limit of the modeled serpentinized mantle wedge, they have
already lose ∼50% of their water content. The stable hydrous
phase in sediments at higher depths (200–250 km) is phengite,
which at 8 GPa transforms into topaz–OH, decreasing the H2O
content from 2 wt.% to 0.7 wt.%. A total of ∼2 wt.% H2O is released



Fig. 14. Computed phase equilibria and P–Twater content plots for the three different slab fluid sources: sediments, metabasalt, and serpentinized mantle (Rüpke et al., 2004). Top of
the slab, bottom of the oceanic crust and 7 km below the oceanic crust geotherms (from computed P–T structure in Fig. 11) are shown. Also the slab depths (200–220 km) beneath
El Chichón and the serpentinized wedge slab depths (40–80 km) are indicated in each plot.
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into the overlying mantle at depths where we propose the
existence of the serpentinized wedge. Although the sediment–
water systems seem to be able to transport water to greater
depths (∼1 wt.% H2O at 200 km), the small amount of subducted
sediments in southern Mexico suggest that they cannot account
for partial melting of the mantle peridotite beneath MCVA and
El Chichón.

5.2. Basalt–water system

We use the phase diagram for metabasalt of Rüpke et al.
(2004) and top and bottom oceanic crust (7 km thick) isotherms
from the thermal model presented in Fig. 11. From Fig. 14B we
can see that the upper part of oceanic crust dehydrates ∼50%
into the mantle wedge and the amount of water released by the
oceanic crust between 70 km and 80 km is ∼2 wt.%. Then, at
higher depths, the oceanic crust dewaters gradually and
continuously down to ∼240 km, and another ∼2 wt.% is
delivered into the overlying mantle. At these depths the stable
hydrous phase is lawsonite, which disappears at 9 GPa and
700 °C. There is no significant amount of water released
at depths where El Chichón projects onto the slab surface
(200–220 km), as most dehydration occur at 100–150 km depth.
Also the top of the slab intersects the wet solidus for basalt at
100–150 km depth.

5.3. Peridotite–water system

The peridotite layer of subducting slabs contains water due
to serpentinization along fracture zones (Ohtani, 2005). The
degree of serpentinization is not well known, Schmidt and Poli
(1998) estimate that the upper 5 km of the peridotite layer is
only 10% serpentinized, whereas other studies suggest more
intensive serpentinization (Kesson and Ringwood, 1989).
Although serpentine might be the principal hydrous phase in
upper mantle peridotite, chlorite and phase 10 Å are also



Fig. 15. Tectonic model for southern Mexican subduction zone showing where serpentinization–deserpentinization processes might occur. Large red and blue arrows
indicate relative plate motion. Vertical light blue arrows depict fluid access or discharge. Red drops represent magma. Black lines along EPR, TR and MAT show the
presumably location of fractures which cut deep into the oceanic lithosphere. The serpentinized oceanic lithosphere beneath TR carries water into subduction zone and
releases it at greater depths of 180–200 km (deep dehydration). Sediments and oceanic crust participate with fluids to serpentinize the mantle wedge (medium-deep
dehydration).
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important candidates for water carriers into subduction zones.
The amount of water stored into all these three hydrous phases is
estimated by Schmidt and Poli (1998) at 4.1–6.5 wt.%, and is
stable up to 8 GPa (∼240 km). To estimate the H2O amount
stored into the serpentinized subducting lithosphere beneath El
Chichón, we combine two slab geotherms, located at the base of
oceanic crust and 7 km below, with the phase diagram
for serpentinized mantle (Rüpke et al., 2004) . The results
presented in Fig. 14C show that a significant amount of water
(6.5 wt.%) is preserved in the serpentinized peridotite layer
down to 160–180 km depth. There is no water release from the
serpentinized peridotite layer beneath TR at depths correspond-
ing to the serpentinized mantle wedge (40–80 km). At higher
depths, the slab crosses the choke point, 600 °C at 6 GPa
(Kawamoto et al., 1996) or 700 °C at 7 GPa (Poli and Schmidt,
2002), a strong dehydration process occurs and ∼90% of the fluid
is released. This is a significant result since the slab depth
beneath El Chichón is 200–220 km, and therefore it suggests that
the strong serpentine dehydration beneath the subducted TR can
cause partial melting of the mantle above the slab. The difference
between the slab depth beneath El Chichón and the depth where
the serpentinized oceanic lithosphere releases fluids (∼20 km),
can be explained by the time necessary for the released water to
cross the oceanic crust and to run off the slab into the overlying
mantle at 200–220 km depth.
6. Discussion and conclusions

In this study we try to shed some light on the origin of El Chichón
volcano, and our approach is to link its singularity with TR, also a
major discontinuity on the Cocos plate. The “toolbox” used here
contains the following items: magnetic and gravity data, geologic and
tectonic maps of the study area, subduction P–T structure beneath El
Chichón, phase diagrams for sediment-, basalt-, and peridotite-water
systems, and several techniques like Parker inversion, 2D combined
magnetic-gravity forward modeling and thermal modeling of sub-
duction zones.

Themagnetic map (Figs. 3, 5) over southernMexico reveals several
key features: a series of high amplitude magnetic anomalies (300–
400 nT) aligned just above TR, almost double than the rest of magnetic
lineations in the nearby area, and a prominent long-wavelength
(∼150 km) high-amplitude (∼500 nT) anomaly situated over the
southern Mexican coast.

Using a Parker inversion approach (Parker, 1973), we show that
the strong magnetic anomaly signal over TR has a highly
magnetized source which is not due to bathymetry effects
(Fig. 7). Using a standard magnetization model for the oceanic
crust (Fig. 4) and a forward modeling approach to fit the observed
magnetic data, we propose the existence of a highly serpentinized
root beneath the TR. Because serpentine not only is highly magnetic
but also low-density (∼2800 km/m3), our result is consistent with
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the previous study of Manea et al. (2003), where a low-density
root is introduced beneath TR to fit the observed gravity anomaly.
Serpentinite is common where transform faults intersect and
offset slow-spreading systems like Mid-Atlantic Ridge (Kerrick,
2002), and is not frequent in the fast-spreading ridges of the
Pacific oceanic plate (O'Hanley, 1996). Indeed, TR is located on
the prolongation of Clipperton fracture zone which offsets the
EPR with ∼100 km, but EPR is a very fast spreading system,
apparently contradicting and challenging our results. Manea et al.
(2005) studied the tectonic evolution of TR, and proposed an
episode of deceleration (∼2 cm/yr) between 10–15 Ma of the
Cocos plate just south of Clipperton fracture zone. Also, they
propose the existence of a period of intense transpressional
deformation which actually reshaped the fracture zone into TR.
The combination of these two events, coupled with a large offset
of the spreading center 10–15 Ma ago, could provide the
necessary background for upper mantle serpentinization. The
shape of the serpentinized mantle beneath TR is not well
constrained in our models, because of the nature of potential
fields which cannot produce unique results. However, we estimate a
serpentinized root of ∼5 km thick wide located beneath TR, into the
upper part of the oceanic lithosphere (Fig. 9). The degree of
serpentinization is also uncertain, but the large intensity of
magnetization (7 A/m) used in our models, and a low density
(2800 kg/m3) used in a previous study, suggest a highly serpenti-
nized root.

Another important observation depicted in the magnetic map,
is the presence of a high amplitude and long wavelength magnetic
anomaly located between MAT and the coast (Fig. 5). We
performed a preliminary analysis in order to obtain an approx-
imate location of the source. Using a spectral analysis technique,
we propose the existence of a deep magnetic source, of whose
center of mass is located at ∼50 km depth (Fig. 12). Then, a
benchmark of combined 2D gravity-magnetic forward model and
2D thermal modeling are used to preliminary constrain the shape
and depth of this magnetic source (Appendix A). The best-fitting
model (Fig. 11) reveals the existence of a highly magnetic low-
density body delimited by the slab surface, Moho and the location
of the Curie isotherm 600 °C. Such peculiar properties are specific
for serpentinized rocks, and therefore we propose that a significant
portion of the mantle wedge beneath southern México is partially
serpentinized (50–70%). These results are consistent with the
interpretation of seismic results of Bostock et al. (2002) for the
Cascades subduction zone, where they estimate the mantle wedge
to be 50–60% serpentinized.

To find the sources of serpentinization, we study the dehydration
evolution along the subducting slab beneath El Chichón. Using phase
diagrams for sediment-, basalt- and peridotite-water systems (Rüpke
et al., 2004) together with the subduction P–T structure (Fig. 11), we
conclude the following:

1) Sediments dehydrate first, dewatering ∼50% into the mantle
wedge at depths corresponding to the location of serpentinized
mantle (40–80 km) (Fig. 14A).

2) Upper parts of the basaltic oceanic crust dehydrates ∼50% into the
serpentinized wedge and into the mantle at depth of 100–150 km
(Fig. 14B). Also, the upper part of the oceanic crust intersects wet-
solidus at 100–150 km.

3) Serpentinized oceanic lithosphere dehydrates at great depths of
180–200 km, where ∼90% of the stored water is released when the
slab crosses the choke point (600–700 °C at 6–7 GPa) (Fig. 14C).
This correspond to the slab depth beneath El Chichón (200–
220 km).

In Fig. 15 we show a plate model where a synthesis of slab hydration
and dehydration spots in the southern Mexican subduction system is
presented. One of the first places where the Cocos plate might be
exposed to serpentinization is the transform fault related with the
Clipperton fracture zone. Also, the parallel fracture system in the vicinity
of EPR might contribute to partial serpentinization of the oceanic
lithosphere. However, the EPR is a very fast spreading system and likely
the serpentinization at these locations is limited or, in someplaces, close
to zero (Kerrick, 2002). The next location prone to serpentinization is
located beneath TR. We propose that sea-water infiltrated through a
fault system developed during the transpression and plate reorganiza-
tion period (10–15 Ma) proposed by Manea et al. (2005). A last site
where water might infiltrate deep into the oceanic lithosphere is the
outer rise, theplacewhere the slabbulges as it resists thebendcausedby
subduction. This hypothesis seems to be confirmed by a recent study
carried out offshore Nicaragua, where bending-related faulting of the
incoming Cocos plate at the MAT cuts across the oceanic crust,
penetrating deep into the mantle and promoting hydration of the cold
crust and upper mantle (Ranero et al., 2003). Once the slab enters into
subduction, the P–T conditions change and the slab starts to dehydrate.
We show that sediments are the first to dehydrate at depths
corresponding to the location of the proposed serpentinized mantle
wedge, 50%of the storedwaterbeingactually released. Theoceanic crust
also contribute to the hydration of the mantle wedge with ∼50% of the
accumulatedwater discharged into the overlyingmantle. Finally, a deep
(180–200 km), strong (∼90% H2O released) and localized dehydration
occurs when the serpentinized oceanic lithosphere beneath TR crosses
the choke point. The petrogenesis of K-rich lavas has been subject of
debate because the enrichment in potassium can be achieved by several
processes like crystal fractionation, sediment subduction, crustal
contamination, and melt/fluid metasomatism (Rogers et al., 1987;
Luhr, 1997; Carlson and Nowell, 2001). A study by Chung et al. (2001)
indicates that the slab related hydrous fluids could play an effective role
in themantle source enrichment and high potassiummagmatism in the
Northern Taiwan volcanic zone. In our model slab dehydration occur at
depths comparable with the slab depth beneath El Chichón suggesting
possible fluid related mantle metasomatism, which may play a
significant role in the origin of the K-rich rocks. A recent study of
Macpherson et al. (2006) shows that adakitic magmatism does not
require an unusual hot (or young) subducted slab and can be generated
where a substantial influxoffluids is added to themantle. Another study
of Selles et al. (2004) proposed the origin of the Quaternary Nevado de
Longavi volcano (located in the Andean Southern Volcanic Zone and
having high Ba/Th, Sr/Y and La/Yb ratios) to be related with the
subduction of Mocha Fracture Zone, which is proposed to carry
significant amounts of water stored in the serpentinized lithosphere
beneath it. Whether El Chichón indeed holds an adakitik-like signature
or not, need to be addressed in future detailed studies.We conclude that
TR serpentine strong dehydration triggers partial melting in the mantle
above the subducting slab and beneath El Chichón, explaining its
unusual location and probably distinct compositionwithin theMexican
volcanic arcs.
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Appendix A

Thermal modeling benchmark used to find the best fitting model
for the observed gravity and magnetic anomalies (Model F). The
semitransparent triangle shows the location of the serpentinized
mantle wedge. White dots are the seismicity from Bravo et al., 2004.
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