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Abstract The Puebla-Morelos (Mexico) 2017 earthquake nucleated ~250 km inland from the trench
within the Cocos oceanic plate mantle. Here, we argue that the Puebla-Morelos (Mexico) 2017 earthquake
resulted from changes in effective stress due to the reaction brucite + antigorite = olivine + H,O leading to
the reactivation of pre-existing seafloor faults. Fluid release (~185 kg of H,O per m® of subducted hydrated
harzburgite) and volume increase (AV, (i auig =
The amount of H,O released, and magnitude of volume change depends on the degree of faults hydration; only

~0.8%) likely occur along subducted seafloor-inherited faults.

highly hydrated (>40% of hydration) faults will stabilize brucite and experience this reaction at depth. The
brucite + antigorite dehydration reaction may be key for intermediate seismicity worldwide.

Plain Language Summary The Puebla-Morelos (central Mexico) Mw7.1 earthquake occurred
in an uncommon locality in Mexico compared to most of the catastrophic earthquakes that have occurred in
this part of the world—it nucleated ~250 km inland, almost below Mexico City. In this paper, we explore
the role of mineralogical changes occurring in the Cocos tectonic plate, which is currently descending
below the North America plate. Our model tracked the changes in the minerals within the rocks and show
that the earthquake might have been triggered by the physical changes associated with the mineral reaction:
brucite + antigorite = olivine + H,0. We suggest that this mineral reaction primarily occurred along faults
in the subducting oceanic floor along which the mantle lithosphere was hydrated prior to subduction. The
brucite + antigorite dehydration reaction may be key for intermediate seismicity worldwide.

1. Introduction

The young oceanic Cocos plate (<20 Myr; Miiller et al., 2008), in western Mexico, subducts underneath North
America's continental lithosphere at an angle of ~15° at the Guerrero trench (Pérez-Campos et al., 2008). Inland
~125 km, subduction becomes near-horizontal for 150 km, before steepening to ~75° and extending to ~550 km
depth (Pérez-Campos et al., 2008). Historically, earthquakes in Mexico occur along the Pacific coast megathrust
(Figure 1), including the devastating 19 September 1985 Mw8.5 Michoacan earthquake. The 19 September 2017
Mw?7.1 Puebla-Morelos earthquake is considered atypical due to its location as it nucleated inland (~250 km
from the trench; Figure 1) near the end of the Cocos flat slab segment where the subduction dip angle steep-
ens, with a hypocenter located at ~57 km depth, within the Cocos lithospheric mantle (Servicio Sismolégico
Nacional—SSN, 2020). This earthquake caused an unprecedented tragedy in the modern history of Mexico,
causing 246 deaths and the collapse of 44 buildings (Mayoral et al., 2017).

Seismicity can occur within the slab and at greater depths, ~50-300 km (i.e., intermediate-depth (ID) seismicity;
Green & Houston, 1995; Yamasaki & Seno, 2003). The origin of ID earthquakes has been hypothesized to be
related to the metamorphic dehydration of the subducting oceanic lithosphere as the location of these earth-
quakes correlates with the depth where dehydration reactions occur within the slab (Abers et al., 2013; Ferrand
et al., 2017; Hacker et al., 2003; Yamasaki & Seno, 2003). There are different triggering mechanisms to explain
this type of seismicity: (a) dehydration embrittlement (Dobson et al., 2002; Jung & Green, 2004; Raleigh &
Paterson, 1965), where embrittlement is connected to the drop in effective confining pressure produced on by
the high pore fluid pressure (P,) during the water released as a result of dehydration, (b) reaction-induced grain
size reduction (Green et al., 2015; Incel et al., 2017; Thielmann, 2018), where the creation of nanocrystalline
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Figure 1. Seismicity in central Mexico. (a) The thick orange line doubled with dashed back line indicates the profile location of the thermal model of Manea and
Manea (2011). Black dashed lines are depth isolines (km) of the Cocos plate beneath the North American plate. Black lines indicate the distribution of seafloor fabric.
Purple, yellow, and blue shaded areas show zones of ID earthquakes, thrust earthquakes, and recent slow slip events (SSE), respectively (modified after Mirwald

et al., 2019; Cruz-Atienza et al., 2021). (b) Thermal model (Manea & Manea, 2011) and seismic features (SSN, 2020) in western and central Mexico. White circles
show the hypocenter of earthquakes (<70 km depth) that occurred within the Cocos plate during 2017-2020.

GUTIERREZ-AGUILAR ET AL. 20of 11



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL100814

secondary grains and the release of latent heat as a result of the metamorphic reaction are both attributed to the
reduction in grain size, which together operate as weakening mechanisms that lead the samples to eventually fail-
ure and, (c) dehydration-driven stress transfer (Ferrand et al., 2017) where the aggregates become mechanically
unstable as a result of the stress transmission to the surrounding matrix, which results in tensile stress concen-
trations at the ends of dehydrated antigorite clusters. Another trigger mechanism—which does not necessitate
the presence of free fluid—to account for ID seismicity is self-localizing thermal runaway (John et al., 2009;
Kelemen & Hirth, 2007; Ogawa, 1987), where localized ductile deformation creates rheological instabilities
(Ogawa, 1987; Prieto et al., 2013).

To explain the Puebla-Morelos earthquake, Melgar et al. (2018) proposed that inherited seafloor faults fractures
zones were key for governing slab flexure, and thus the bending stresses that caused the rupture of the Cocos
plate at the transition between flat to steep subduction. Recently, a model was proposed in which intraslab seis-
micity was attributed to stresses associated with changes in slab curvature (Sandiford et al., 2019). Although
plate-scale stresses and pre-existing zones of weakness are likely important, the potential contribution dehy-
dration reactions to seismicity in the mantle lithosphere of the flat slab portion of the Cocos plate—where the
Puebla-Morelos earthquake occurred—has not been investigated for this event. Because pre-existing seafloor
faults are sites of increased hydration (due to the water addition to mantle through these structures) and later
subduction-related dehydration (Ivandic et al., 2010; Naif et al., 2015; Prigent et al., 2020; Ranero et al., 2003;
Shillington et al., 2015), both may act together to cause seismicity.

In this work, we evaluate the metamorphic evolution of the subducted Cocos oceanic lithospheric mantle along the
Guerrero segment to investigate the role of mineral dehydration reactions in the nucleation of the Puebla-Morelos
2017 earthquake. We performed thermodynamic petrological modeling assuming local equilibrium at the scale
of fault/fracture zones and localized hydrated portions of the upper mantle to quantify the fluid release that might
have contributed to trigger intraslab ID seismicity and explore how the mineralogical evolution is influenced
by the degree of hydration of pre-existing seafloor faults. We show that along the Mexican flat slab, the reac-
tion brucite + antigorite = olivine + H,O releases ~185 kg of H,0 per m? of subducted hydrated harzburgite.
Furthermore, this release of fluid causes an increase of density in the remaining mineral solid assemblage and
a significant increase of the system volume (AV, (. nuq) close to the Puebla-Morelos hypocenter. We propose
that these likely resulted in increased pore fluid pressures (P, and might have triggered fluid-induced fault
reactivation—ultimately triggering the Puebla-Morelos 2017 earthquake.

2. Hydration of the Lithospheric Mantle Along Seafloor Faults

Assessing the effect of hydration along seafloor faults and hydrated portions of the upper mantle is crucial as
pre-subduction seafloor hydration and subsequent alteration have been shown to critically control the hydration
state of the lithosphere (Hacker, 2008; Hern4dndez-Uribe et al., 2020). Bending faults and oceanic fractures serve
as fluid pathways from the seafloor to the uppermost portion of the lithospheric mantle where those faults are
spaced ~2-3 km and can reach depths of ~20 km beneath the seafloor (e.g., Ranero et al., 2003). Water added to
mantle will metasomatize peridotite, generating hydrous serpentinite minerals at <450°C (Moody, 1976). Hydra-
tion of the upper mantle lithosphere is concentrated along such structures prior to subduction (Ivandic et al., 2010;
Naif et al., 2015; Prigent et al., 2020; Ranero et al., 2003; Shillington et al., 2015). Particularly, seafloor faults in
the Mexican portion of the Cocos plate, and at the Middle America Trench (MAT), are widespread and common
(Melgar et al., 2018; Ranero et al., 2003). Seafloor faults in the Mexican portion have a northwest to southeast
trend, which have a mean azimuth of 295° (Melgar et al., 2018).

3. Data and Methods

Here, we investigate the petrological evolution of the hydrated mantle lithosphere along seafloor faults in
the subducted Cocos plate along the Guerrero segment of southern Mexico to constraint the potential role of
hydrous-mineral breakdown in triggering the Puebla-Morelos earthquake. For this, we forward model the equi-
librium phase assemblages (via Gibbs free energy minimization; Connolly, 2009) that would develop along the
Guerrero Moho geotherm (the Moho path from Manea & Manea, 2011; Figure S1 in Supporting Information S1)
during subduction of three lithologies representative of the oceanic mantle (see below; Table S1 in Supporting
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Figure 2. Equilibrium mineral assemblages along the Guerrero geotherm.
(a—c) Mineral proportions for hydrated harzburgite, lherzolite, and dunite,
respectively. Brucite is completely consumed regardless of the modeled
composition at 480-500°C and ~1.5 GPa along the flat slab segment. The
gentle slope, flat slab, and steep slope refer to the areas of the slab as shown in
Figure 1. Bre-brucite; Atg—antigorite; Ol-olivine; Opx—orthopyroxene; Cpx—
clinopyroxene; Grt—garnet; Chl—chlorite.

Information S1), assuming local equilibrium at the scale of fault/fracture
zones and localized hydrated portions of the upper mantle.

Phase diagrams were constructed using Perple_X (v. 6.7.3; Connolly, 2009)
and the internally consistent thermodynamic data set ds55 (Holland &
Powell, 1998, 2004) in the CaO-FeO-MgO-A1,0,-Si0,-H,0 system (Figure
S1 in Supporting Information S1). The following activity—composition
(a—x) relations for solid solutions were used: antigorite (Padrén-Navarta
et al., 2013); clinopyroxene and amphibole (Diener & Powell, 2012), garnet
(White et al., 2007); olivine, talc, and epidote (Holland & Powell, 1998);
orthopyroxene (Powell & Holland, 1999); chlorite (Holland et al., 1998);
plagioclase (Holland & Powell, 2004); spinel (White et al., 2002); and
brucite (ideal mixing). Accuracy of assemblage field boundaries on calcu-
lated phase diagrams are generally considered to be less than +0.1 GPa and
+50°C at the 20 level (Powell & Holland, 2008), with this variation being
largely a function of propagated uncertainty on end-member thermodynamic
properties within the data set.

Petrological modeling employed bulk compositions selected from Georoc
database (http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp). We
selected natural mantle compositions located within the Pacific plate, which
we consider representing similar compositions to that of the subducted
Cocos lithospheric mantle beneath Mexico (Table S1 in Supporting Infor-
mation S1). We use the harzburgite (sample 125-783A18R-1) from
Parkinson and Pearce (1998), the lherzolite (sample HK61082601 A) from
Kuno (1969), and the dunite (sample A19) from Fodor and Galar (1997)
compositions. The original compositions were normalized into the CaO—
FeO-MgO-Al,0,-Si0,-H,0 system. The components that are not included
(i.e., Na,O, K,O, MnO, TiO,, and Fe,0,) in this simplified system are minor
in ultramafic systems, making up less than 2 wt.% of the rock's composition
(Deschamps et al., 2013). For the first set of models (Figure 2 and Figure
S1 Supporting Information S1), H,O was considered in excess at the first
pressure—temperature (P—T) point of the modeled geotherm. This considers
an end-member scenario in which the mantle lithosphere is fully hydrated
(“serpentinized”) along pre-existing seafloor faults. To explore the effect of
different degrees of serpentinization (e.g., incomplete serpentinization along
preexisting seafloor faults or further from the sites of maximum hydration
along the faults) on the petrophysical properties of the system, we modeled
phase equilibria with variable degrees of hydration (net hydration, defined
as %H,0 relative to H,O required for saturation at the starting P-T of the
model paths): 80% (~10.88 wt.% H,0), 60% (~8.16 wt.% H,0), 40% (~5.44
wt.% H,0), and 20% (~2.72 wt.% H,0) for the harzburgite bulk-composition
(Figure 4; Table S2 in Supporting Information S1).

4. Results

During early stages of subduction, all modeled compositions are antigorite—
brucite serpentinites (Figure 2) with minor olivine and clinopyroxene; the
hydrated lherzolite also stabilizes chlorite due to its higher Al content.
There are no significant mineral changes until the slab flattens and the
lithosphere isobarically heats. Along the flat slab segment, brucite is fully
consumed in each model via the progressive reaction brucite + antigor-
ite = olivine + H,O =+ chlorite (chlorite stabilizes in all except the hydrated
harzburgite; Figure 2). Hydrated harzburgite releases ~8.2 wt.% H,0,
hydrated lherzolite ~3.2 wt.% H,0, and hydrated dunite ~12.0 wt.% H,O
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Figure 3. Petrophysical properties of the subducted oceanic Cocos plate. (a) H,O released, (b) AV, (solids + fluid), and (c) density of solids evolution during
subduction of the hydrated ultramafic portion of the Cocos oceanic lithospheric mantle. (d-e) Effects of different degrees of hydration (of a harzburgite) on (d) H,O
released, (e) AV, (solids + fluid), and (f) density.

along this segment (Figure 3a). The overall dehydration along the flat slab equates to ~185, ~65, and ~336 kg
of H,0 per m? of subducted hydrated harzburgite, lherzolite, and dunite, respectively. In the hydrated harzburgite
and lherzolite, antigorite persists to depths greater than the location of the flat slab, that is, >50 km (Figures 1
and 2). In the modeled hydrated dunite, the reaction antigorite + brucite = olivine + chlorite + H,O consumes
progressively all the brucite and antigorite, where all brucite and antigorite consumes around 500°C (~230 km
from the trench). The antigorite breakdown, which is caused by the reaction antigorite = olivine + chlo-
rite + H,O =+ orthopyroxene (Figure 2), releases ~0.2-2.7 wt.% of H,0 at ~650-700°C within ~80-110 km
depth (Figure 3a). At ~80-85 km depth, orthopyroxene stabilizes (except for the hydrated dunite), marking the
transition to chlorite hydrated harzburgite/lherzolite assemblages (Figure 2). Chlorite is the only hydrous mineral
remaining after antigorite consumption in the modeled hydrated peridotites. Garnet stabilizes at the expense of
chlorite by the following reaction chlorite = garnet + orthopyroxene + H,O at >147-158 km depth, ~325 km
from the trench (Figure 2).

According to our thermodynamic calculations, the hydrated ultramafic portion of the Cocos slab releases H,O
progressively with major peaks at three depth ranges: ~50 km, ~90-110 km, and ~147-158 km (Figures 2 and 3).
These fluid release pulses are controlled by the antigorite + brucite, antigorite, and chlorite destabilizations,
respectively. These dehydration reactions can occur over a range of temperatures; however, due to the limited
solid solution of minerals in ultramafic rocks, the maximum peak of fluid released by the reactions occurs over
a narrow temperature window (10-20°C) just before the minerals completely react out of the system (Figure 3).
The release of H,O by the reaction antigorite + brucite = olivine + H,O—which is expected to occur along the
flat slab segment—results in a distinctly large and positive net AV, of the full system (i.e., AV,
~0.3%, and ~1.6% in the hydrated harzburgite, lherzolite, and dunite, respectively; Figure 3b). The magnitude
of AV, is controlled by the amount of brucite that is consumed. The antigorite-and chlorite-out reactions result
in a negative net volume change, likely due to the lower volume of H,O at the higher pressures at which these
reactions occur. In all cases, the mineralogical changes result in a significant increase in density of the remaining

solid+fluid — ~0.8%,

solid mineral assemblage (Figure 3c).
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Figure 4. The effect of different degrees of hydration for harzburgite during subduction. Calculated mineral assemblages along the Guerrero geotherm at (a) 20%, (b)

40%, (c) 60%, and (d) 80% of hydration.

4.1. Effects of Different Hydration Degrees Along Seafloor Faults

The results presented above describe an end-member scenario where the inherited seafloor faults served as fluid
pathways and fully hydrated the uppermost region of the lithospheric mantle and portions of the seafloor faults
itself. In this subsection, we describe the results for other scenarios where only partial hydration (20%, 40%, 60%,
and 80%; see Methods) occurs in these regions.

With 20% and 40% of hydration, talc + amphibole and amphibole, respectively, are stable instead of brucite at
the flat slab P-T conditions (Figures 4a and 4b). Both talc and amphibole are stable to higher pressure in these
H,O-undersaturated models compared to brucite in the H,O-saturated models; thus, talc- and amphibole-driven
dehydration would occur hotter and deeper within the subduction zone (Figures 4a and 4b). When talc and
amphibole are consumed, the released fluid stabilizes more antigorite rather than producing a large pulse of
fluid (Figures 3d and 4). Talc and amphibole exhaustion do not produce a significant volume change along the
modeled P-T path.

Brucite is stable in all models with >40% hydration (Figure 5; Figures 4c and 4d). Brucite + antigorite dehydra-
tion for these models (Figure 3d), like in the fully hydrated models (Figures 3a—3c), results in a positive volume
change (~0.8% and ~1% for 60% and 80% of hydration, respectively; Figure 3e) and an increase in the density of
the remaining solid mineral assemblage (Figure 3f).
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Figure 5. Thermal model and location of the dehydration reactions of the subducted oceanic Cocos plate. (a) Thermal
model for central Mexico (Manea & Manea, 2011) showing the location and focal mechanism of the 2017 Puebla-Morelos
earthquake, and the position of brucite, antigorite, and chlorite dewatering (at Moho depths). (b) Summarized P—T diagram
for a hydrated harzburgite with the stability of brucite and antigorite, and the P—T path with its uncertainties of +75°C (the
gray shaded areas; see also Figure S1 in Supporting Information S1).

5. Discussion
5.1. The Puebla-Morelos Earthquake Generating Mechanism

Our models indicate that the reaction between brucite and antigorite, with a positive AV , occurs during flat subduc-
tion along the oceanic Moho in the Guerrero subduction zone along pre-existing seafloor faults (Figures 3—-5).
The location of where the brucite + antigorite reaction occurs within the Cocos slab match—within uncertainties
of the subduction thermal models (+50-100°C; Peacock, 2009) and petrological models (+50°C and 0.1 GPa;
Powell & Holland, 2008)—the location where the Puebla-Morelos 2017 earthquake nucleated (Figure 5; Figure
S1 in Supporting Information S1). We suggest that fluid released and the increase of volume occurring due to
the antigorite + brucite dehydration could have locally increased P, reducing the effective normal stress needed
to achieve brittle failure (i.e., dehydration embrittlement; Connolly, 1997; Jung & Green, 2004; Peacock, 2001;
Raleigh & Paterson, 1965). Therefore, we posit that fluid-induced fault reactivation due to brucite + antigorite
dehydration triggered the September 19th Puebla-Morelos earthquake.

Recent observations of reaction-induced porosity within dehydrating serpentinites suggests that mineral dehydra-
tion reactions will themselves produce pore space to host fluids (Pliimper et al., 2017). Similarly, evidence in the
rock record shows the existence of porosity at depths of ~80-90 km in the mafic portion of the slab top (Angiboust
& Raimondo, 2022). Further seismic studies observed high V/V values at mantle depths as well as high b-values
(Scholz, 2015) in the Cocos plate (b > 1.5; Rodriguez-Pérez & Zuiliga, 2018) suggest the presence of fluid-filled
porosity (Bloch et al., 2018; Singh & Singh, 2015), supporting our proposed model for the Puebla-Morelos
earthquake. We argue that the possible accumulation of fluid released along hydrated pre-existing weaknesses
over several km depth in the mantle lithosphere (Bloch et al., 2018), and its subsequent channelization (Pliimper
et al., 2017) could further enhance the seismic potential of the brucite + antigorite reaction at depths where the
Puebla-Morelos nucleated. We propose that metamorphically driven increases in P; on pre-existing faults provide
an excellent triggering mechanism to generate seismicity in a critically stressed environment, something that has
been shown in hydrated peridotites in some deformation experiments (Jung et al., 2009; Takahashi et al., 2011).

Other mechanisms that also explain ID earthquakes in subduction zones are dehydration-driven stress transfer
(Ferrand et al., 2017) and self-localizing thermal runaways (John et al., 2009; Kelemen & Hirth, 2007). Recent
studies suggest that these two mechanisms are more viable than the dehydration embrittlement model due to fluid
scarcity at mantle depths and because at such depths, dehydration reactions induce a negative net AV_. However,
we favor the dehydration embrittlement model to explain the ID Puebla-Morelos earthquake because, as we have
described above, fluid was likely present along hydrated seafloor faults, and our calculations indicate a positive
AV, induced by the antigorite + brucite dehydration at these depths along these hydrated structures (Figure 3).
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5.2. Hydration of Seafloor Faults

Our models indicate that brucite assemblages stabilize with >5 wt.% H,O contents at the P-T conditions of the
upper mantle lithosphere in the Cocos flat slab segment (Figures 3d—f and 4). Therefore, brucite + antigorite
reaction is only likely to occur on pre-existing seafloor faults that are significantly hydrated. Electromagnetic
imaging and seismic surveys at outer-rise regions shows that the upper mantle lithosphere is ~20% hydrated on
average, and that hydration is not evenly distributed but rather concentrated along faults and/or fractures at the
MAT (e.g., Ivandic et al., 2010; Naif et al., 2015; Ranero et al., 2003; Shillington et al., 2015). As a high degree
of hydration is needed to stabilize brucite (Figures 4c and 4d), we speculate that pre-existing seafloor faults must
have served as fluid pathways, being hydrated and hydrating portions of the upper mantle, and thus accounting
for different degrees of hydration, brucite stabilization, and the possible nucleation of the Puebla-Morelos earth-
quake (Figures 3d, 3f and 4c, 4d).

Metasomatism may also occur in the pre-existing seafloor faults due to fluid—rock interaction (Allen &
Seyfried, 2003; Bach et al., 2004; Boschi et al., 2006). While we only model “unmetasomatized” ultramafic
systems, our partial hydrated models show that amphibole + talc bearing assemblages, common in metasomatic
horizons, have a higher P—T stability, therefore it is likely that metasomatism will inhibit brucite stabilization in
the flat portion of the Cocos plate.

5.3. Exhumed Analogs and Evidence in the Rock Record

As mentioned above, we infer that the brucite + antigorite dehydration reaction promoted the re-activation of
an inherited seafloor fault, potentially triggering the Puebla-Morelos earthquake. We envision than an excellent
analogue in the rock record for our proposed model are the dunites of the Leka Ophiolite in the central Norwegian
Caledonides, which show evidence of localized hydration, and subsequence dehydration + faulting along discrete
faults (Dunkel et al., 2017).

The progressive dehydration of the brucite + antigorite reaction predicted by our models is further comparable to
other modeling estimates in the literature (e.g., Padrén-Navarta et al., 2013) and with microtextural observations
of the brucite + antigorite reaction in the rock record for similar subduction-related lithologies. For example,
brucite veins crosscutting olivine and the formation of olivine with a coarse grain size and rich in magnetite
inclusions suggesting fluid release (Hermann et al., 2000; Kempf et al., 2020).

6. Conclusions

Our findings highlight the importance of brucite breakdown for promoting important petrophysical changes in
the Moho and hydrated portions of the mantle, and potentially on triggering earthquakes. The brucite + antigorite
dehydration reaction could also account for other ID earthquakes close to the Puebla-Morelos area with similar
focal mechanisms, depths, and magnitudes (Singh et al., 1999), and in subduction zones worldwide with similar
thermal structures (e.g., Cascadia, Parsons et al., 1998; NW Colombia, Gutscher et al., 2000, Alaska, Brocher
et al., 1994).

Particularly, we find that the reaction brucite + antigorite = olivine + H,O results in substantial dehydration
and significant volume and density increase at ~50-60 km depth in the subducted Cocos Moho, where the
Puebla-Morelos earthquake nucleated. We propose that this reaction induced fault reactivation, triggering the
Puebla-Morelos earthquake. Our model results show that this reaction only occurs in strongly hydrated portions
of the uppermost lithospheric mantle, such as in pre-existing seafloor faults (e.g., bending faults, oceanic frac-
tures zones, and spreading faults), and highlights the importance of subducting seafloor faults for ID seismicity
worldwide.

Data Availability Statement

The whole-rock data used for the petrological modeling as well as the modeling results from this paper can be
found in the Mendeley database (https://doi.org/10.17632/4pbnmxbgcd.5): (https://data.mendeley.com/datasets/
4pbnmxbgcd/5).
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