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Metasomatism and Slow Slip: Talc Production Along the Flat
Subduction Plate Interface Beneath Mexico (Guerrero)
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'Department of Earth and Space Sciences, University of Washington, Seattle, WA, USA, Department of Earth and
Environmental Sciences, University of Illinois Chicago, Chicago, IL, USA, 3Department of Geology, Amherst College,
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Abstract Talc-rich rocks are common in exhumed subduction zone terranes and may explain geophysical
observations of the subduction zone interface, particularly beneath Guerrero, Mexico, where the Cocos plate
subducts horizontally beneath North America and episodic tremor and slow slip (ETS) occurs. We present
petrologic models exploring (a) the degree of silica metasomatism required to produce talc in serpentinized
peridotites at the pressure-temperature conditions of the plate interface beneath Guerrero and (b) the amount
of silica-bearing water produced by rocks from the subducting Cocos plate and the location of fluid pulses. We
estimate the volumes of talc produced by the advection of silica-rich fluids into serpentinized peridotites at the
plate interface over the history of the flat-slab system. In the ETS-hosting region, serpentinites must achieve
~43 wt. % SiO, to stabilize talc, but minor additions of silica beyond this produce large volumes of talc. Our
models of Cocos plate dehydration predict that water flux into the interface averages 3.9 X 10* kg m~2 Myr~!
but suggest that only where subducting basalts undergo major dehydration reactions will sufficient amounts of
silica-rich fluids be produced to drive significant metasomatism. We suggest that talc produced by advective
transport of aqueous silica alone cannot account for geophysical interpretations of km-thick zones of talc-rich
rocks beneath Guerrero, although silica-bearing fluids that migrate along the plate interface may promote
broader metasomatism. Regions of predicted talc production do, however, overlap with the spatial occurrence of
ETS, consistent with models of slow slip based on the frictional deformation of metasomatic lithologies.

Plain Language Summary The subduction zone at Guerrero, Mexico, hosts poorly understood fault
slip phenomena called episodic tremor and slow slip (ETS), and seismic studies of this subduction zone suggest
that the deep interface between the Cocos plate and overriding North American plate contains rocks that are
rich in the mineral talc. Talc is a weak mineral that can preferentially host deformation and may play a role in
facilitating ETS in subduction zones. The presence of talc, however, requires chemical alteration of rocks at the
plate interface, so we use Guerrero as a natural lab for exploring how talc might be produced in order to host
ETS and produced the observed seismic signatures. We can use the thermodynamic properties of minerals to
predict which minerals will occur in rocks that make up the mantle above the subducting Cocos plate, as well as
when minerals in subducting rocks will break down to release water. This allows us to predict how much water
will be released by the Cocos plate and subsequently how much talc can grow in the plate interface. Although
the model for alteration we explore does not explain the geophysical observations at Guerrero, talc is still
expected to be produced within regions that experience ETS.

1. Introduction

The interface between subducting and overriding plates in a subduction zone deforms by a complex suite of
slip behaviors that include earthquakes, slow slip events (SSEs), tectonic tremor, and aseismic creeping. The
mode of deformation in these fault zones is a consequence of a wide range of factors, including the composition
of the plates (e.g., lithology and mineralogy), pressure, temperature, stress, and the presence and movement of
fluids (e.g., Agard et al., 2018; Nishiyama et al., 2023; Tarling et al., 2019; Ujiie et al., 2022). However, the
chemical processes that affect the composition and thus rheology of the plate interface in subduction zones
remain understudied. For example, metasomatism can alter the strength of rocks prior to and during subduction
by promoting the growth of weak mineral phases like chlorite and talc that, in turn, can localize deformation
(Bebout & Barton, 2002; Gyomlai et al., 2021; Herndndez-Uribe et al., 2020; Hirauchi et al., 2013). Such metas-
omatized rocks are common in exhumed paleo-subduction complexes worldwide (e.g., Codillo, Klein, Dragovic,
et al., 2022; French & Condit, 2019; Hoover et al., 2022; Peacock & Hyndman, 1999).
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Talc (Mg,Si,O,,(OH),) is a hydrous sheet silicate that occurs in metasomatic and metamorphic ultramafic
and carbonate rocks, and is hypothesized to be rheologically significant in subduction zones (e.g., French &
Condit, 2019; Peacock & Wang, 2021). During isochemical metamorphism, talc is not predicted to be stable at
typical slab-top fluid saturated subduction zone conditions within major subducted lithologies (e.g., metabasalts,
metasedimentary rocks), so talc is thought to be produced through the metasomatism—often hypothesized to
form through the interaction of silica-rich fluids with rocks in the subduction zone (e.g., Manning, 1997). Experi-
ments and modeling of the simple MgO-SiO,-H,O system indicate that talc is stable from the seafloor to a maxi-
mum temperature of ~800°C at 1-2 GPa, and a maximum pressure of 5 GPa at ~700°C (Pawley & Wood, 1995
and references therein). This wide range of stability of talc and the expected ubiquity of silica-rich fluids in the
lithosphere is reflected by the common occurrence of talc in oceanic and continental fault zones (e.g., Boschi
et al., 2006; Collettini et al., 2009; Moore & Rymer, 2007) and exhumed suites of subduction-related rocks (e.g.,
Bebout & Barton, 1993; French & Condit, 2019; Hirauchi et al., 2020; Hoover et al., 2022; Spandler et al., 2008).
Subduction zones in which silica-saturated fluids released by the subducting slab interact with peridotite in the
mantle wedge, are therefore a likely setting for the production of talc in rocks near the plate interface up to high
pressures and temperatures.

Mechanically, talc has very low frictional strength (e.g., Moore & Lockner, 2008) and given its potential ubiquity
along the plate interface in the forearc suggests it could accommodate deformation over a wide range of pressure
and temperature conditions. Even at the highest temperatures at which deformation experiments on talc have
been performed (875°C), regions of talc will develop narrow zones of localized shearing and slip in which sheets
of talc delaminate and slide past each other (Escartin et al., 2008). At high pressures (0.5-1.5 GPa) as well, talc
continues to exhibit frictional behavior, with thermal weakening and an increasing tendency to localize deforma-
tion with increasing temperature (Boneh et al., 2023). The experimentally determined rate-and-state frictional
parameters of talc also suggest that talc could be a material that is capable of producing SSEs. Deformation
experiments on samples of mixed antigorite and quartz gouge at 300-500°C showed that talc growth occurred
during deformation and localized strain in the samples, even with low (<10 vol. %) quantities of talc (Hirauchi
et al., 2013). Talc exhibits velocity-strengthening behavior but tends toward velocity-neutral behavior at low slip
rates (Hirauchi et al., 2020) and increasing bulk shear strain (Misra et al., 2014). Rheological modeling by French
and Condit (2019) indicates that at the high pore-fluid pressures predicted to occur at the plate interface, talc
schists should preferentially accommodate slow slip strain rates, corroborated by microstructural observations of
natural talc-bearing subduction interface rocks (e.g., Hoover et al., 2022).

Here, we model the production of talc along the flat slab subducting beneath Mexico, where observed slip behav-
iors include earthquakes, SSEs, and tectonic tremor, occurring episodically in the form of episodic tremor and
slip (ETS) events. Through a combination of thermodynamic models of both (a) subducting Cocos plate oceanic
lithosphere metamorphism and (b) metasomatic alteration of hydrated mantle peridotites, we show that silica-rich
fluids produced by dehydration reactions in MORB may contribute to the occurrence of talc along the plate
interface in the Guerrero, Mexico subduction zone. We show that over a duration of 10 million years, greater than
10 vol. % talc can be produced through silica advection at the plate interface near where large volumes of fluids
are predicted to be produced by metamorphic dehydration reactions in the subducting Cocos plate. These results
demonstrate the importance of incorporating metasomatism into our models of plate boundary slip processes
and provide a possible chemical mechanism to produce some of the common occurrences of talc observed in
exhumed terranes.

2. Geologic Setting
2.1. The Middle American Subduction Zone Near Guerrero

The subducting Cocos plate in the Middle American subduction zone near the state of Guerrero, Mexico has a
unique flat slab geometry (Figure 1). The Cocos plate subducts beneath the North American plate at the Middle
American trench at rates of ~60 mm/yr near Acapulco, Mexico (DeMets et al., 2010). Here, the plate descends
beneath Mexico at a typical subduction dip angle before flattening and horizontally subducting beneath the
continental lithosphere of North America (Pérez-Campos et al., 2008). Between 120 and 290 km from the trench,
the top of the flat slab lies at ~40 km depth (Figure 1, Kim et al., 2010). Although the map extent of the flat slab
segment of the Cocos plate extends beyond the borders of the state of Guerrero, we refer to this as the Guerrero
segment to remain consistent with previous literature.
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Figure 1. (a) Map of the region around Guerrero as shown by the inset map of Mexico. Slab-top depth contours from the
Slab2 model (Hayes et al., 2018) show the extent of the flat slab region beneath Guerrero, Mexico, and locations of seismic
events are outlined. (b) Schematic cross section of the flat slab subduction showing the distribution of tremor and slow slip on
the flat plate interface.

Flat slab subduction initiated here around 16 Ma, and the flat portion reached its farthest landward extent around
10 Ma before beginning to roll back (Ferrari et al., 2012; Manea et al., 2013). This is evidenced by the migra-
tion of the volcanic front of the eastern Trans-Mexican Volcanic Belt between 16 and 9 Ma, and its continuing
trenchward migration since 9 Ma. Between 20 and 10 Ma, Cocos—North American plate convergence rates near
Guerrero were >100 mm/yr, with a significant component of margin-parallel motion. Since ~10 Ma, the conver-
gence rate decreased to the modern, nearly margin-perpendicular rate of ~60 mm/yr for the last ~5 Myr (Sdrolias
& Miiller, 2006).

The Cocos plate is produced by fast spreading rates at the East Pacific Rise. Spreading rates at the East Pacific
Rise where it produces the Cocos plate are relatively fast, ranging from 72 to 128 mm/yr (DeMets et al., 2010).
The age of the subducting oceanic lithosphere at the Middle American trench near Guerrero is ~15 Ma (Manea
et al., 2013). The composition of the Cocos plate has been investigated through limited seafloor drilling. Off
the coast of Acapulco and 10 km seaward of the trench, hole 487 from leg 66 of the Deep Sea Drilling Project
drilled through 171 m of sediment before striking basalt and an additional 7 m of basalt was recovered (Watkins
et al., 1982). The sediments themselves consisted of 105.5 m of muddy silt atop 65.5 m of brown pelagic clay.

The thermal model of Manea and Manea (2011) provides an estimate of the present-day steady-state, 2D thermal
structure of the subduction zone at Guerrero, using the slab geometry determined by the Meso-American Subduc-
tion Experiment. In their model, the top of the slab in the flat segment experiences isobaric heating from 350 to
650°C between 130 and 290 km from the trench at a depth of 40 km. We used this thermal model for investigating
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thermally mediated processes at Guerrero because it uses precise plate geometries and age parameters for this
location, compared to the thermal models developed by Syracuse et al. (2010) and van Keken et al. (2018), which
average the subducting plate geometry over several hundred kilometers. We use the Manea and Manea (2011)
model to determine the pressure-temperature (P-T) parameters to input into our petrologic models, and to deter-
mine the temperatures at which the various slip phenomena occur beneath Guerrero by pairing the thermal model
with reported spatial distributions of slow slip and tremor events (e.g., Figure 2).

2.2. Geophysical Observations of the Plate Interface and Slip Behaviors

At the modern Guerrero subduction zone, seismic data suggest the presence of a 3—5 km thick low seismic veloc-
ity layer above the oceanic crust of the subducting Cocos plate, separating it from the continental crust of the
overriding North America plate (Kim et al., 2010; Song et al., 2009). Song et al. (2009) report that an ultra-low
velocity (S-wave velocities ~2-2.7 km/s) layer is present at the plate interface in the shallowly dipping to up-dip
portion of the flat segment, which transitions to an uneven low velocity layer that extends from approximately
200 km from the trench to the down-dip end of the flat slab at 290 km. These low-velocity zones at the plate
interface are suspected to represent mantle wedge material that was entrained during slab-flattening and has been
serpentinized (Manea & Manea, 2011). Low Vp/Vs ratios and low Vs values suggest that this zone may contain
significant quantities of talc (Kim et al., 2010), an interpretation supported by seismic anisotropy data, which has
been further interpreted to represent an asymmetric shear fabric defined by deformed and aligned talc (Song &
Kim, 2012).

Episodic tremor and slow slip have been regularly observed geodetically in Guerrero since 1998 (e.g., Lowry
etal., 2001). The occurrence of ETS in this region is of particular interest because of the lack of M, > 7.0 subduc-
tion earthquakes in the ~100 km-wide northwestern part of the Guerrero seismic gap since 1911 (Figure 1a)
(Kostoglodov et al., 2003). SSEs accommodate some of the relative motion between the Cocos and North Amer-
ican plates, likely affecting the earthquake cycle and increasing the recurrence interval for large earthquakes
relative to adjacent regions on the Middle American subduction zone (Radiguet et al., 2012). SSEs have also
been related to large earthquakes in the Guerrero and Oaxaca regions, potentially serving as a dynamic trigger for
several M, > 7.0 earthquakes to the southeast of the Guerrero seismic gap by transferring stresses along the plate
interface (Cruz-Atienza et al., 2021).

At Guerrero, the character of SSEs and associated tremor varies down-dip along the subduction interface
(Figure 1). Two distinct regions of tectonic tremor activity have been described, known as the sweet spot and
the transient zone, respectively (Frank et al., 2014; Husker et al., 2012; Kostoglodov et al., 2010). The sweet
spot is located 205-250 km from the trench and is characterized by near-continuous tremor activity, whereas the
transient zone is located 140—170 km from the trench and exhibits tremor activity primarily during SSEs (Frank
et al., 2014; Husker et al., 2012). Two types of SSEs also occur along the subduction interface and overlap with
these tremor-producing regions: short-term and long-term SSEs. Short-term SSEs occur exclusively on the flat
segment of the subduction interface, between 150 and 275 km from the trench, with a ~3-month periodicity
and equivalent moment magnitude of ~6.4 (e.g., Frank et al., 2015a, 2015b; Villafuerte & Cruz-Atienza, 2017).
Long-term SSEs occur along the up-dip portions of the flat and shallowly dipping subduction interface between
70 and 250 km from the trench, recur every ~4 years, and have equivalent moment magnitudes of ~7.5 (e.g.,
Perez-Silva et al., 2021; Radiguet et al., 2012). Long-term SSEs are also spatially correlated with the observed
low seismic velocity layer and local seismic anisotropy, suggesting that talc, which may be responsible for this
region's unique seismic structure, may also facilitate SSEs (Song & Kim, 2012; Song et al., 2009). However,
unless the rocks at the plate interface are chemically altered through silica metasomatism, it is unlikely that
volumetrically significant talc will occur in this zone. We investigate the potential role of silica metasomatism in
producing talc in this zone.

3. Mechanisms of Talc Production

The presence of talc beneath Guerrero was suggested by Kim et al. (2010) to be the result of silica metasomatism
of mantle wedge rocks that were entrained during the flattening of the Cocos plate before 10 Ma. Silica metas-
omatism is one of several mechanisms for producing talc at the slab—mantle interface. This particular pathway
involves the reaction of Mg-rich minerals—serpentine in the case of hydrated ultramafic rocks and dolomite
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Figure 2. Silica metasomatism of serpentinized harzburgites at end-member redox conditions and 1.3 GPa and nominally water-saturated conditions. (a, b) Show
equilibrium mineral assemblages at reduced and oxidized conditions, respectively. (c, d) Show the modal abundance of talc predicted by these reduced and oxidized
models, respectively. Both oxidized and reduced models show that silica concentrations must reach ~43 wt. % to stabilize talc over the temperature range at which slow
slip and tremor occur beneath Guerrero. (e, f) Show mineral modal abundance with increasing wt. % SiO, at 450°C—dashed line in (a, b)—in the reduced and oxidized
models, respectively. Mineral abbreviations after Whitney and Evans (2010).
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in the case of carbonate rocks—with silica-bearing fluids (e.g., Collettini et al., 2009; Manning, 1995). These
processes produce talc by effectively increasing the amount of SiO, relative to MgO in the rock; therefore, metas-
omatic processes that also remove Mg from the rock may also promote talc production by passive Si enrichment.
Other ways to produce talc include the addition of CO,-rich fluids to serpentinite (e.g., Okamoto et al., 2021;
Sieber et al., 2022; Spandler et al., 2008). The physical mechanism for the mass transfer involved in each of these
may also be achieved through advection of elements in a fluid or diffusion between adjacent lithologies. New
hybrid lithologies may also be produced through the physical mixing of various (potentially silica-rich) lithol-
ogies that are juxtaposed at the subduction interface (e.g., Hoover et al., 2022; Penniston-Dorland et al., 2014).
Other studies of serpentinite metasomatism have employed reactive fluid flow models to predict the production
of metasomatic minerals (e.g., Beinlich et al., 2020; Codillo, Klein, & Marschall, 2022). Codillo, Klein, and
Marschall (2022) suggest that talc will not be a significant metasomatic product in subduction zones based on
results of reactive transport modeling, but this is in contrast with geologic studies that indicate talc formation by
silica metasomatism (e.g., Bebout & Barton, 1993; Hirauchi et al., 2020). Rather than focusing on fluid compo-
sitions, our models simulate the alteration of rock compositions through advective silica transport specifically by
focusing on the equilibrium mineralogy of varying bulk-rock compositions.

4. Petrologic Modeling

To model chemical alteration of hydrated oceanic lithosphere entrained between the two plates along the flat
slab, we created two coupled thermodynamic models of silica metasomatism, one focused on the amount of silica
addition needed to create talc in hydrated mantle peridotites, and a second exploring the fluid and silica fluxes
that are predicted from the subducting Cocos plate sediments and the hydrated top of the oceanic slab.

4.1. Modeling Approach

We model the equilibrium mineral assemblages of metasomatized serpentinite and subducting metasedimentary
and basaltic rocks using the Gibbs free energy minimization software Perple_X 6.9.0 (Connolly & Petrini, 2002).
To explore the silica metasomatism of hydrated peridotites, we created temperature-composition (7-X models)
pseudosections at a constant pressure of 1.3 GPa—equivalent to ~40 km depth of the flat slab in the thermal
model of Manea and Manea (2011)—and temperatures varying from 350 to 650°C, encompassing the range of
temperatures estimated for the plate interface at Guerrero over this flat segment. We also simulate the isochemical
metamorphism of metasedimentary and metabasalts over this same pressure-temperature (P-T) path. Modeled
pressures and temperatures are based on estimates of conditions at the plate interface that are extracted from the
thermal model of Manea and Manea (2011). From the phase-equilibrium models, we can also extract physical
properties of the modeled rocks, such as density, based on the predicted mineral assemblages.

Serpentinized peridotites are modeled in the chemical system CaO-FeO-MgO-Al,0,-SiO,-H,0-O,
(CFMASHO) using the ds55 thermodynamic database of Holland and Powell (1998) and fluid equation of
state model of Holland and Powell (1991). Metasedimentary and basaltic rocks are modeled using the MnO—
Na,0-CaO- K,0-FeO-MgO-Al,0,-SiO,-H,0-TiO, (MnNCKFMASHT) and Na,0-CaO-FeO-MgO-
Al,0,-Si0,-H,0-TiO, (NCFMASHT) systems, respectively, and the ds62 thermodynamic database of Holland
and Powell (2011) and fluid equation of state model of Pitzer and Sterner (1994). The phase solution models
used for each lithology are reported in Tables S1-S3 in Supporting Information S1. All models were run at
water-saturated conditions to simulate a minimum H,O content considering the contribution of fluids from the
top-most portion of the subducting Cocos plate (the volcanic component and thin sedimentary cover), consistent
with the expected fluid-rich environment at the plate interface and the presence of free water (e.g., Bebout &
Penniston-Dorland, 2016; Condit et al., 2020; Hernandez-Uribe & Palin, 2019).

4.2. Bulk Compositions
4.2.1. Silica Metasomatism of Hydrated Peridotite

We vary the silica content of the serpentinite bulk compositions to simulate the enrichment of these rocks in silica
via metasomatism. Across a bulk composition based on an average serpentinized harzburgite from the mantle
wedge (Deschamps et al., 2013), we only vary the normalized silica content from that equivalent to hydrated
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Table 1 peridotite (39 wt. % SiO,) to that of MORB (49 wt. % SiO,). We use the
Bulk Rock Compositions in Oxide wt. % serpentinized harzburgite composition to represent a refractory peridotite

Serpentinized
Oxide harzburgite C,

composition from the mantle wedge that has been hydrated by slab-derived

Serpentinized Cocos Cocos
harzburgite C, bt Gl aqueous fluids. Because the oxidation state of the forearc mantle wedge
is poorly constrained, we run the serpentinite model with oxygen fugac-
- 2.5 2.05 . . . .1 .
ity defined by variously reduced and oxidized redox buffers, ranging from
33.34 2.87 8.53 Alog,fO, (FMQ) values of —2 to +2 to encompass a range of reported oxygen
0.45 13.13 16.58 fugacity estimates for mantle wedge serpentinites (Deschamps et al., 2013).
49.37 54.24 49.18 Complete initial (C,—hydrated harzburgite) and final (C,—silica-metasoma-
_ 1.23 0.14 tized harzburgite with 49 wt. % SiO,) bulk rock compositions for both models
0.24 173 13.34 of silica metasomatism are reported in Table 1.
- 0.57 0.85 4.2.2. Silica and Fluid Production From the Cocos Plate
B 233 - We also model fluid production from subducted lithologies to examine the
572 8.5 7.26 sources of fluids and silica. Bulk compositions for sedimentary and basaltic
- 2.82 1.54  rocks are based on samples recovered from boreholes in the modern Cocos
10.88 - = plate. Approximately 150 m of sediment and 7 m of basalt were recovered

from Hole 487 off the coast of Acapulco during Leg 66 of the Deep Sea Drill-

ing Project (Watkins et al., 1982). The sedimentary rock bulk composition
used here (Table 1) is based on the average bulk composition of the sediment column from Hole 487 reported in
Plank and Langmuir (1998), with Fe,O, content estimated from reported total Fe using the average Fe**/Fe .,
ratio of 0.23 for metapelites reported in Forshaw and Pattison (2021). The sedimentary rocks recovered from Hole
487 were hemipelagic—pelagic muds and clays with very little carbonate content (Watkins et al., 1982). The basal-
tic bulk composition used here (Table 1) is based on an average of three bulk compositions reported for the basalt
from Hole 487 (Joron et al., 1982), with Fe,O, content estimated from reported total Fe using the average Fe3*/
Fe . ratio of 0.16 for global average MORB (Cottrell & Kelley, 2011). This MORB composition is comparable
to global average MORB compositions (cf. Gale et al., 2013).

4.3. Results of Silica Metasomatism Modeling

Figure 2 shows the results of T-X modeling of silica metasomatism of serpentinized harzburgites at end-member
redox conditions. The major minerals (antigorite, olivine, talc) behave comparably in both the reduced (Figure 2a)
and oxidized (Figure 2b) models. Antigorite is stable and abundant over almost all of the model space, but antig-
orite volume begins to decrease with increasing temperature starting around 500°C, with a concomitant increase
in olivine abundance until antigorite completely breaks down around 650°C. Petrologic models were also
constructed for intermediate redox conditions, but these do not show significant variations from the end-member
models. Modeling results of other redox conditions can be found in Figure S1 in Supporting Information S1.

In both oxidized and reduced settings, the addition of silica is required for talc growth in serpentinized harzbur-
gites at the lower temperature conditions of the flat slab beneath Guerrero (Figure 2). From the starting point
of ~39 wt. %, the silica content must increase to ~43 wt. % in both oxidized and reduced settings in order for
talc to stabilize. Adding additional silica to the system at these lower temperatures—350-500°C in the reduced
model and 350-600°C in the oxidized models—increases the modal abundance of talc in the rock. Plots of
the modal abundance of each mineral across the TX model at 450°C for each model indicate that the domi-
nant talc-forming reaction is antigorite + SiO, = talc + H,O (Figures 2e and 2f). From low to high values of
silica wt. %, the predicted modal abundance of antigorite decreases at the expense of talc formation (Figures 2e
and 2f). To achieve a rheologically significant ~10 vol. % talc in the rock, silica contents must be greater than
44-45 wt. % (Figures 2c—2f). At higher temperatures of 580-620°C and greater, 15-20 vol. % talc can grow in
serpentinized harzburgites with no additional silica, and greater modal abundance is reached with increasing
silica metasomatism compared to lower temperatures.

The stability of minor phases besides antigorite and talc differs between the reduced and oxidized serpentinite
models. Minor phases are typically present at less than 5 vol. % (Figures 2e-2f), such as amphibole (dominantly
actinolite) and clinopyroxene (dominantly diopside). In the reduced model (Figure 2a), the increased stability of
amphiboles between 515 and 585°C results in a relative lower abundance of talc. In particular, between silica

Na,O -
MgO 39.84
ALO, 0.54
SiO, 39.5
K,O0 -
CaO 0.29
TiO, -
MnO -
FeO 6.83
Fe, O, -
H,0 13
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Figure 3. Plots of mineral modal abundance and the weight percentage of mineral-bound water (blue lines) for (a)
metabasaltic and (b) metasedimentary rocks from the modern Cocos plate at 1.3 GPa and over the range of temperatures
along the flat slab top beneath Guerrero.

contents of 43 and 46 wt. %, talc disappears completely from the system. In the rest of the modeled space, a
clinoamphibole phase is predicted to be stable with <3 vol. %, but in this temperature range at SiO, > 43 wt. %,
amphiboles are predicted to constitute up to ~25 vol. % of the rock near 585°C. In the oxidized model (Figure 2b),
a single amphibole phase is only ever present at <3 vol. % over the model space. Although more talc is produced
for a given silica content at lower temperatures in the more oxidized model, at high temperatures talc is more
abundant in the reduced model for low silica content (Figure 2). At 600°C and 43 wt. % SiO,, for example, the
reduced model stabilizes 15 vol. % talc, compared to only ~7 vol. % talc in the oxidized model (e.g., Figure 2c
vs. Figure 2d).

4.4. Results of Modeling Subducted Lithologies

We also calculated thermodynamic models of metasedimentary and metabasaltic rocks from the subducting
Cocos plate using a pressure-temperature path at 1.3 GPa over the range of flat slab temperatures to eventually
estimate the volumes of metamorphic fluid production. Figure 3 shows the predicted modal abundance of mineral
phases in the basaltic and metasedimentary rocks along this P-T path and the associated amount of mineral-bound
water hosted in those phases. Decreases in the wt. % mineral-bound H,O with increasing temperature in both
models is inferred to correspond to fluid release from the subducting Cocos plate. Water-saturated metasedimen-
tary rocks start with less than 4 wt. % H,O and are predicted to dehydrate continuously along the flat slab segment
(Figure 3b), containing ~1 wt. % H,O at 290 km from the trench. In contrast, the metabasalt model starts with
6 wt. % H,0 and exhibit three pulses of dehydration (Figure 3a): (a) at ~425°C and 190-200 km from the trench,
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the breakdown of lawsonite releases >2 wt %H,0, (b) at ~460°C and 220 km from the trench, and (c) 520°C and
270 km from the trench of chlorite breakdown produce >0.5 wt% H,O (Figure 3a) at each location. These dehy-
dration reactions occur across very narrow temperature ranges and therefore short distances along the flat slab.

S. Water and Silica Flux and Time-Dependent Talc Production

Using the predicted changes in the quantity of mineral-bound water and assumptions about the geometry and
composition of the subducting Cocos plate, we estimate the volume of water released over the flat slab segment
beneath Guerrero and the amount of silica that could be advected in solution into the overlying mantle wedge. We
also compare this to the silica and water flux required to produce serpentinites with a rheologically significant
10 vol. % talc based on our 7-X models of metasomatism.

We construct a water and silica flux model based on modern plate velocities and thickness estimates of the rocks
that comprise the Cocos plate and the overlying mantle wedge (Section 2.1). Using the thermal model of Manea
and Manea (2011), we extract the temperature conditions of the flat plate interface at 40 km depth between 120
and 290 km from the trench. We binned the flat plate interface into 5 km segments, and using the temperature
data from the thermal model, we calculate the corresponding water content and rock density from the MORB and
metasedimentary Perple_X models. For each segment, the amount of water lost by subducting rocks is calculated
as the difference between the maximum and minimum water content (in kg/m?) of the modeled lithology over the
temperature range of that 5 km segment. Using the modern convergence rate of 60 km Myr~! and the thickness
of the water-producing rock (150 m of metasediments, 600 m extrusive basalt), we calculate the flux of water
across the plate interface in kg m~2 Myr~'. This model assumes that all fluid released during metamorphism in
a given 5 km-long region of the subducting Cocos plate is transported vertically into the overlying 5 km-long
region of the subduction interface.

The structure of the subducting Cocos crust—i.e., the thicknesses of the layers of basalt and sedimentary rocks—
is assumed to be comparable to what is presently outboard of the trench. We assume that the thickness of the
sedimentary rock is 150 m—approximately the thickness of the sediment in hole 487 from the Cocos plate off
the coast of Acapulco (Watkins et al., 1982). We use a thickness of hydrated MORB of 600 m, which is assumed
to be a representative thickness of the layer of extrusive material based on seafloor drilling (e.g., Jarrard, 2003).

5.1. Water Fluxes

Our water flux estimates show constant low levels of fluid release by the downgoing slab across the plate inter-
face, interspersed with large pulses of water release that are localized where the subducting basalt undergoes
metamorphic dehydration. Figure 4a shows the calculated flux of water across the plate interface averaged for
each 5 km-long segment of the flat slab, and the relative contributions of metabasalts and metasedimentary rocks.
Total water fluxes range from 103 to 3.5 x 10° and average 3.9 x 10* kg m~2 Myr~' over the whole flat slab.
Metabasalts contribute an average of 7.7 times higher flux than metasediments, or 89% of the total water flux
over the flat slab, as a result of both the greater volume of metabasalt than metasediments in our model crustal
structure and the larger amount of mineral-bound water that can be carried by basaltic lithologies.

As expected from our modeling of subducted Cocos slab lithologies and their water content (Figure 3), water is
released from the Cocos plate in three main pulses, one at 180-200 km from the trench, one at 215 km from the
trench, and another at 270-290 km. These regions of high fluid flux are associated with the three main pulses of
metabasalt dehydration shown in Figure 3. The first pulse of dehydration results in the greatest water fluxes up
to 3.5 X 103, the second pulse up to 1.6 x 10°, and the final pulse up to 1.5 x 10° kg m~2 Myr~". In all cases, our
models suggest the fluid released from metabasalts is the dominant contributor to the pulse, demonstrating that
the dehydration of metabasalts provides a much more significant flux of water into the mantle wedge and along
the plate interface than that of metasedimentary rocks, as has been observed in previous modeling studies (e.g.,
Condit et al., 2020).

5.2. Silica Fluxes

We combine the estimates of the water flux into the mantle wedge over the flat slab segments with an empiri-
cal model of silica solubility in water (Manning, 1994) to calculate the amount of silica that could be advected
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Figure 4. Estimates of (a) water and (b) silica flux across the plate interface assuming vertical transport of all fluids released
by the slab into the overlying interface. (a) Shows the relative contributions to water flux of metasedimentary and metabasaltic
rocks in the Cocos plate. Regions highlighted in blue are the main areas of high water flux into the plate interface. (c, d)

Show the effects of 50°C cooler and warmer thermal models, respectively, on the locations of water flux pulses, shifting the
locations of large water and silica flux into the interface by up to 50 km from the original model in panel (a).

from the subducting Cocos plate into the plate interface serpentinites. Assuming that all the silica that could be
advected is added to the serpentinized harzburgites in the plate interface—which is reasonable given the silica
undersaturation of peridotites—we calculate a silica mass flux across each 5 km segment of the flat plate inter-
face (Figure 4b). These calculations assume silica saturation of a pure H,O fluid that is transported vertically into
the plate interface.

Our model only considers the advection of silica in aqueous fluids, so the pattern of silica flux (Figure 4b)
generally follows the pattern of water flux (Figure 4a), with low levels of silica flux along the entire flat slab
punctuated by pulses of high silica flux where dehydration occurs in the subducting metabasalts. This silica flux
is also dependent on temperature, which has a strong influence on the solubility of silica in aqueous fluids (e.g.,
Manning, 1994). In both models, only eight of the 5-km wide bins exhibit higher than average silica fluxes. As
with the water flux, there are three primary regions of silica flux around 180-200, 215, and 270-290 km from
the trench, and because silica solubility increases with temperature, silica flux is greater farther from the trench
as the slab top continues to heat up. Silica flux across the plate interface ranges from 3.1 to 2,900 and averages
410 kg m~2 Myr~! across the entire flat slab. The first high-flux pulse of fluids around 190 km from the trench
results in silica fluxes up to 2,400 kg m~2 Myr~!. The second pulse at 215 km reaches 1,400 kg m~2 Myr~!, and
the final pulse from 270 to 290 km contributes up to 2,900 kg m~2 Myr~! (Figure 4b).
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Additionally, recognizing that thermal models at these depths are associated with uncertainties of +50°C
(Peacock, 2009), we also calculate water flux from the subducting slab in a 50°C cooler (Figure 4c) and 50°C
warmer (Figure 4d) thermal structure. These models provide an indication of the sensitivity of the predicted loca-
tions of dehydration pulses to the thermal structure of the subduction zone and uncertainties in thermodynamic
modeling approach and the compositional variability of subducting rocks. As Figures 4c and 4d show, a hotter or
colder thermal model for Guerrero may shift the locus of dehydration—and therefore fluid and silica flux—by
tens of kilometers in some cases. We further consider the implications of this uncertainty and sensitivity in the
discussion.

5.3. Time Dependent Talc Production by Pervasive Fluid Flow

The estimated silica fluxes from the subducting slab then allow us to build a simple time-dependent model for talc
production at the plate interface. We use this to predict the growth of talc along the flat slab over its minimum life-
time of 10 Myr (Ferrari et al., 2012). Pairing the silica flux estimates with our models of silica metasomatism, we
can estimate the silica content of the serpentinite along the plate interface in million-year increments and deter-
mine the modal abundance of talc for the corresponding 7-X conditions. When considering the effects of these
fluids on the bulk rock composition of serpentinites, we use two end-member models for the thickness of the
overlying mantle material: a 4 km-thick zone of serpentinite based on the thickness of the observed low-velocity
layer (Kim et al., 2010; Song et al., 2009); and a 100 m-thick zone. We use this range of thicknesses to simulate
silica-bearing fluids reacting with different volumes of hydrated peridotite. This allows us to explore the effect
of different interactive volumes at the plate interface on the ability of the zone to grow significant quantities of
rheologically important minerals. The thinner 100 m-thick zone endmember may be a more geologically real-
istic interaction volume and reflect the possible confinement and channelization of fluids at the plate interface
(e.g., Bebout, 1991; Ganzhorn et al., 2019). However, to compare with the geophysical interpretations of Kim
et al. (2010), we include the 4 km-thick model endmember as well.

Figure 5 displays the results of this time-dependent metasomatism model for each endmember oxygen fugacity
and interface thickness parameter by plotting the initial wt. % SiO, in serpentinites for each 5 km segment of
the flat slab and the final SiO, content after 10 million years, as well as the corresponding talc abundance. For
reference, we also extract from each 7-X model of silica metasomatism the values of SiO, content at which
the serpentinite achieves 10 vol. % talc at the conditions of each 5 km segment (Figure 5). As with the silica
flux models, these calculations are based on the assumption that silica is advected in a pure H,O fluid that is
transported vertically into the plate interface. We further assume that the silica is homogeneously mixed with
the serpentinite at the interface, where it instantaneously reacts to increase the silica content of the serpentinite.
Therefore, these models only inform us of the potential for talc production by advective silica metasomatism
through pervasive fluid flow.

For both reduced and oxidized serpentinites at the plate interface, the flux of silica into the 4 km-thick interface is
not high enough anywhere along the flat slab to produce any appreciable talc in the plate interface after 10 million
years. Assuming pervasive metasomatism of the 4 km-thick interface, the added silica would be too dilute to drive
the bulk composition of the serpentinite to greater wt. % SiO, (Figures 5a and 5b). In the 100 m-thick interface
model, however, the magnitude of silica flux relative to the volume of interface rock is high enough to drive up
the silica content of the serpentinite (Figures 5c and 5d). In this case, talc is produced in the serpentinite at the
interface in the regions that experience large fluid fluxes at 180-200, 215, and 270-290 km from the trench.

Larger volumes of talc are stabilized by the oxidized serpentinites than the reduced serpentinites. In the first fluid
pulse around 190 km, 27 vol % talc is produced in the reduced serpentinite compared to 33 vol. % talc in the
oxidized serpentinite, and similarly at 280 km from the trench, up to 33 vol. % talc is produced compared to up
to 43 vol. % talc in the oxidized serpentinite model (Figures 5c and 5d). At the fluid pulse near 215 km from the
trench, only the oxidized model achieves 10 vol % talc.

It should be noted that the wt. % SiO, values reported in Figure 5 are the amount of silica in the model rock, which
is different from the wt. % SiO, values reported in Figure 2 that are the total amount of silica in our modeled
system. The difference between these is a function of the amount of mineral-bound water, as the total amount of
water in the system is fixed. Temperature-dependent differences in the amount of water that is mineral-bound in
serpentinite accounts for the variations in the starting SiO, content of serpentinites in both reduced and oxidized
models of metasomatism (Figure 5).
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Figure 5. Models of the amount of talc in serpentinites at the plate interface based on flux estimates into 4 km (top panels)
and 100 m thick (bottom panels) plate interface zones from Figure 4, and reduced and oxidized serpentinite metasomatism
models in Figure 2, assuming 10 Ma of flat slab subduction and adjective silica flux into the plate interface. Light pink
lines show the amount of silica that serpentinites at the plate interface start with before the addition of silica-rich fluids,
circles show the amount of silica predicted after 10 Ma of subduction and fluid flow and are colored according to the modal
abundance of talc on the same scale from Figure 2, and dark blue lines show the threshold of silica required to produce a
rheologically significant 10 vol. % talc for that part of the flat slab.

Our simple time-dependent models show that talc production over 10 million years of flat slab subduction beneath
Guerrero is limited by generally low silica fluxes due to low water production and silica solubility systematics
along the length of the flat slab segment. Appreciable talc growth through 10 million years of pervasive silica
metasomatism is only predicted to occur if the interface is thin so that there is a low interaction volume for the
advected silica to metasomatize. Even so, areas of the interface that can achieve >10 vol. % talc in 10 Myr are
localized to regions where the subducting Cocos plate undergoes large pulses of dehydration that can produce
sufficient volumes of silica-rich fluids (Figures Sc and 5d).

5.3.1. Calculating Fluxes Required for Significant Talc Volume

Given the values of silica content at which our modeled serpentinites achieve 10 vol. % talc, we also perform a
back-calculation to estimate the silica and water fluxes required at each 5 km segment of the flat slab to achieve
this rheologically significant abundance of talc within 10 million years. We take the difference between the silica
content of the serpentinites with 10 vol. % talc and their initial, unaltered silica contents to determine the silica
flux necessary to produce >10% vol. talc in 10 million years for both reduced and oxidized models (Figure 6a).
Again using the silica solubility model of Manning (1994), we calculate the amount of water necessary to advect
this target quantity of silica every million years (Figure 6b). Figure 6 compares both target and predicted silica
and water fluxes for the flat plate interface.

As expected, over the whole flat slab, the fluxes predicted by our mass balance calculations are much lower
than these target silica and water fluxes for a 4 km-thick serpentinite interface. For example, even with the
high silica fluxes at 190 km from the trench, the needed silica fluxes to the 4 km-thick interface are ~27 times
larger than those predicted (Figure 6a). These silica fluxes would then require corresponding water fluxes into
a 4 km-thick interface on the order of 10°~107 kg m~2 Myr~! (Figure 6b), which are ~10-10* times greater than
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Figure 6. Estimates of the necessary (a) silica and (b) water fluxes into the plate interface to stabilize 10 vol. % talc in serpentinites along the flat slab beneath Mexico
in 10 million years. Dark blue circles and light blue squares plot the necessary fluxes for reduced and oxidized models, respectively, and closed and open shapes
correspond to the target fluxes for a 4 km-thick and 100 m-thick interface, respectively.

the water fluxes actually predicted (Figure 4a). In contrast, silica fluxes needed to produce significant talc in a
100 m-thick interface average around 1,600 kg m~2 Myr~2 (Figure 6a), which corresponds to target water fluxes
of ~10°-10* kg m~2 Myr~2. As demonstrated in the previous section, our predicted fluxes into a 100 m-thick
interface match or exceed these values in three locations (Figure 6), corresponding again to the locations of dehy-
dration pulses in subducting metabasalt.

5.4. Time-Dependent Talc Production by Localized Metasomatism at the Plate Interface

Whereas the previous section considered the effects of metasomatism by pervasive fluid flow resulting in
the homogeneous distribution of silica through a prescribed thickness of serpentinite, we may also consider
the case of localized metasomatism at the plate interface. In this case, all silica in the fluid released by the
Cocos plate reacts with the serpentinite immediately at the plate interface and is scrubbed from the infiltrating
fluid to produce a nearly pure talc schist with a bulk composition with ~61 wt. % SiO,. Using the predicted

silica flux from the Cocos plate, we estimate what the thickness of a talc-

10" = 102 rich layer of rock at the plate interface would be as a result of this type of
= = 3 g metasomatism.
s, L /\l: o
= L ] N
£ N 10 S Again using serpentinite 7-X models, we calculate the difference between
= = - ) [ ey g . . . .
Qo E 3 = the silica content (kg m~3) of an ultra-silicified serpentinite with the maxi-
g o ] g mum amount of talc it could have (96-98 vol. % talc at ~61 wt. % SiO,) and
- - >
£ 101 L - o the initial silica content of serpentinites along the flat slab beneath Mexico
%’ E 3 g (Figure S2 in Supporting Information S1). Dividing the predicted silica flux
£ C ] > from the Cocos plate by this difference in silica content yields a value for the
g 1024 Lo E rate at which a zone of talc schist would vertically thicken at the plate inter-
N E 3 - face (Figure 7). These results indicate talc zone growth rates ranging from
= C reduced serpentinite J 3 3 . .
I i - ] 4.4 x 10~° m Myr~! where silica fluxes are low closer to the trench, up to
—e— oxidized serpentinite . . . .
103 . . . . . . . 102 5.4 m Myr~! where dehydration reactions produce large pulses of silica-rich
130 150 170 190 210 230 250 270 290

fluid. Because we calculate this vertical growth rate of a layer of nearly pure

Distance from trench (km)

Figure 7. Calculated rate at which a zone of talc schist (96-98 vol % talc)

at the plate interface would thicken for reduced (gray) and oxidized (black)
serpentinites based on the predicted silica fluxes in Figure 4b. Full thicknesses
of the zones of talc schist after 10 Myr are given by the scale on the right.

talc, this represents a minimum growth rate for a talc-rich layer at the plate
interface, as layers containing less talc would require less silica, allowing
for thicker talc-rich zones. Over 10 Myr, this would result in the growth of
~50 m-thick layers of talc schist at the high-flux regions of the plate inter-
face, or on the order of several meters on average over the entire flat slab top.
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6. Discussion
6.1. Silica Metasomatism of Serpentinites

Based on geophysical observations of the subduction zone beneath Guerrero, Mexico, a layer of talc has been
inferred at the flat plate interface that hosts slow slip and tremor events (Kim et al., 2010). Our 7-X models of serpen-
tinized harzburgites at the conditions of the flat slab top beneath Mexico indicate the necessary extent of advective
silica metasomatism to producing significant quantities of talc at this plate interface through advective silica meta-
somatism (Figure 2). For any talc to be present on the flat plate interface where slow slip and tremor occur beneath
Guerrero—up to 520°C at 1.3 GPa—our calculations indicate that the silica content of hydrated serpentinites must
increase from ~39 to ~43 wt. %. The initial production of talc in these rocks is associated with the breakdown of
clinopyroxene in the reduced model and the breakdown of antigorite in the oxidized model. Subsequent increases in
talc in both sets of calculations are associated with decreasing abundance of antigorite. To stabilize 10 vol. % talc at
the plate interface, serpentinites must achieve ~45 wt. % SiO,. This amount of talc would be rheologically signifi-
cant and would likely localize deformation at the plate interface (e.g., Hirauchi et al., 2013; Peacock & Wang, 2021).
Over the temperature range of slow slip and tremor phenomena on the flat slab (~350-520°C), each additional
1 wt. % SiO, in the serpentinized harzburgites will stabilize an additional 5 vol. % talc, and increasing the silica
content of these to that of MORB (~49 wt. % SiO,) stabilizes up to 35-40 vol. % talc (Figures 2c and 2d). Chlorite,
another weak phyllosilicate mineral that may influence the rheology of the plate interface, is not predicted to stabi-
lize in our serpentinite models until >625°C, which is only reached at the farthest end of the flat slab from the trench.

Our results give us a lower bound for the amount of silica metasomatism needed to produce rheologically signif-
icant talc within hydrated entrained mantle wedge peridotites along the flat slab. These results are not signifi-
cantly affected by redox state: our two end-member models for the redox state of serpentinite at the flat plate
interface both show that the stability of talc in 7-X space and the amount of silica necessary to produce talc only
vary slightly between these two models (Figure 2). In evaluating the ability of silica-rich water produced by the
predicted dehydration reactions in our models in the next section, we keep both oxidation state end-member
models in mind to understand the range of conditions that may allow the stabilization of large volumes of talc
near the plate interface through silica-metasomatism.

6.2. Water and Silica Flux at Guerrero
6.2.1. Fluid Production and Slip Behaviors

The production of metamorphic fluid through dehydration reactions is influenced by both the bulk rock composi-
tions from the subducting slab in Guerrero and the P-T path these rocks take as they subduct. Both metasedimen-
tary and metabasaltic rocks of the Cocos plate near the flat plate interface will undergo dehydration reactions and
produce water in three pulses along the flat slab (Figures 3 and 4). The first pulse of fluid flux into the interface
is the result of lawsonite and clinopyroxene breakdown into epidote and chlorite at ~425°C. The second pulse is
associated with chlorite breakdown at ~460°C, and the third with chlorite, epidote, +stilpnomelane breakdown
over 520-575°C. Although this last pulse occurs over a wider temperature range, these temperatures occur at the
end of the flat slab region near the mantle wedge where the flat slab top heats up rapidly through these tempera-
tures so that they occur within a 20 km region along the slab top. The minerals that are predicted to carry water in
both the sedimentary and basaltic rocks of the Cocos plate are consistent with those in other petrologic studies of
slab dehydration (e.g., Condit et al., 2020; Herndndez-Uribe & Palin, 2019; Kerrick & Connolly, 2001).

The locations of the two pulses of fluid production nearest the trench lie within the spatial extent of both long-
term and short-term SSEs. These fluids will carry silica that will likely metasomatize rocks at the plate interface,
as discussed in the next section, and will contribute to the elevation of pore fluid pressures at the plate interface.
Two of the main fluid pulses, at 180-200, and 270-290 km from the trench, are anti-correlated with the location
of the primary regions of tremor activity: the transient zone and sweet spot 140-170 and 205-250 km from the
trench, respectively (Figure 4). However, the middle pulse that our models predict at 215 km from the trench lies
in the range of the tremor sweet spot. Both short- and long-term SSEs overlap the predicted locations of the two
main fluid pulses nearer the trench from our models (Figure 4). However, both types of SSEs occur over much
wider regions than the extent of the water and silica pulses. While considering uncertainties in thermal structure
that may shift the location of these pulses within the zones of SSEs (Figures 4c and 4d), the spatial extents of local
water and silica flux pulses into the plate interface are much narrower than those of SSEs.
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Our results also show that the water production by metasedimentary rocks is significantly lower than that of
metabasaltic rocks. In particular, each of the major pulses of water is dominated by fluids produced from the
dehydration of metabasalts (Figures 4a and 4b). This is consistent with the results of other authors (Manea &
Manea, 2011; Perry et al., 2016), although the degree of dehydration for the modeled metabasalts considered
here is greater because of the geologically realistic assumption of water-saturated conditions near the plate
interface. Although this means that our calculations consider the maximum amount of water that could be
carried by sedimentary and basaltic rocks in the Cocos plate, we only consider the contribution of water from
the upper 600 m of volcanic rocks that make up the oceanic crust. Deeper portions of the oceanic crust are
likely hydrated heterogeneously along fault zones that may penetrate into the mantle lithosphere as observed
at other subduction zones (e.g., Naif et al., 2015). The release of these fluids from the oceanic lower crust
and suboceanic mantle may also contribute to the water flux into the plate interface (e.g., Gutiérrez-Aguilar
et al., 2022).

6.2.2. Silica Flux and Magnitude of Talc Metasomatism

Given the predicted fluid and silica flux from the Cocos plate, our models of time-dependent silica enrichment
of serpentinites beneath Guerrero for end-member interface thicknesses of 100 m to 4 km (Sections 5.3 and 5.4)
predict the locations and potential magnitudes of talc production along the flat plate interface. With the silica
fluxes that we calculated from the dehydration potential of the subducting slab, we find that our simple advective
model of silica metasomatism does not predict pervasive talc production along the entire flat slab interface, which
should be analogous to the low velocity layer of Kim et al. (2010).

The extent of silica enrichment depends both on the thickness of the serpentinite layer (i.e., the volume of
rock with which fluids interact) and the oxidation state of these serpentinites (Figure 5). The results of our
time-dependent models show that after 10 million years of flat-slab subduction, talc production by this pervasive
fluid flow can only occur in thin (~100 m) interface zones and is localized to portions of the flat slab where
dehydration reactions in the subducting slab liberate large volumes of water. At these regions of major fluid
production, serpentinized harzburgites in a 100 m-thick zone may experience increases in silica content from
39 to ~50 wt. % SiO, after 10 million years of fluid and silica flux from the subducting Cocos plate (Figure 5).
Oxidation state then influences the amount of talc that may be produced by similar changes in the silica content
of reduced and oxidized serpentinites, with the latter generally stabilizing greater volumes of talc.

Importantly, it is difficult to produce rheologically significant quantities of talc in the 4km thick interface models
or enough talc to explain the seismic observations. In neither reduced nor oxidized models of pervasive silica
metasomatism of a 4 km-thick zone does significant talc stabilize because the amount of silica introduced into
the interface is not high enough to drive the silicification of such a large volume of serpentinite (Figure 6). These
results suggest that, by itself, talc production by advection of silica from the subducting slab into the plate inter-
face cannot explain the low Vp/Vs ratios and low Vs values in the ~4 km-thick layer imaged by Kim et al. (2010).

Considering our model of localized silica metasomatism at the plate interface (Section 5.4), however, it is possi-
ble that meter-scale layers of talc-schist can grow immediately at the plate interface as silica-rich fluids react with
“fresh” serpentinites and are scrubbed of silica (Figure 7a). Unlike the other models based on pervasive fluid
flow and homogeneous metasomatism of prescribed thicknesses of serpentinite (Figures 5 and 6), localized meta-
somatism at the plate interface would produce a layer of talc schist along the entire flat plate interface beneath
Mexico. With an average thickness after 10 Myr of ~7 m (Figure 7b), such a zone of talc-rich rock is consistent
with the geologic record of talc schists in exhumed subduction zone rocks, which typically occur in layers tens of
centimeters to meters thick (e.g., Hirauchi et al., 2020; Hoover et al., 2022; Spandler et al., 2008).

In addition to the amount of silica introduced to the plate interface, oxidation state of the rocks at the plate
interface may influence the effects of metasomatism (and vice versa). Oxidized serpentinites generally can
stabilize larger volumes of talc than reduced serpentinites with the same silica content (Figure 2), and in our
time-dependent models oxidized serpentinites do indeed achieve more talc than reduced serpentinites (Figure 5).
The redox conditions of serpentinites in the mantle wedge are not well constrained (Deschamps et al., 2013),

but more serpentinized peridotites are likely to be more oxidized with higher Fe3*/Fe,_  than fresh peridotites

‘total
(Evans, 2008). Our oxidized 7-X models may thus more closely represent the mineralogy of serpentinites at the
plate interface in the Mexican subduction zone. However, the control of redox conditions on the abundance of talc
at the plate interface mainly becomes significant at high temperatures, and the difference between oxidized and

reduced models is thus not as relevant to the majority of the area of the flat slab that hosts ETS.
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6.2.3. Sensitivity of Fluid Production to Thermal Structure

As Figures 4c and 4d show, our predicted locations of dehydration are extremely sensitive to changes in the
thermal model as shown in other subduction-related petrologic models (e.g., Hernandez-Uribe & Palin, 2019;
Kerrick & Connolly, 2001). In particular, the low thermal gradient down-dip along the top of the flat slab beneath
Guerrero may result in large spatial uncertainties in the location of water and silica fluxes. For the water flux
pulses centered at 190 and 215 km from the trench, this 50°C uncertainty has the potential to shift these loci of
dehydration by +40-50 km from the trench. The large pulse of fluids and silica that we predict occurs at the
northeast end of the flat slab could be shifted 60 km trenchward if temperatures at the flat slab are 50°C higher
than predicted in the thermal model that we use. This would place this large fluid pulse in the region of the tremor
sweet spot. Therefore, it is difficult to definitively correlate the predicted locations of dehydration pulses with the
distribution of slow slip phenomena at the plate interface. Even when considering the uncertainties in the exact
location of dehydration reactions in the downgoing Cocos plate, however, the location of the water flux pulse
nearest to the trench is always encompassed by the slip areas of both the short- and long-term SSEs (Figure 4).

Previous petrologic modeling has also shown that the dehydration of metabasalts and metasedimentary rocks
should provide significant pulses of fluid to the plate interface beneath Guerrero (Condit et al., 2020; Manea &
Manea, 2011; Manea et al., 2004; Perry et al., 2016), although the predicted locations of dehydration pulses differ
from the results of the models presented here. Manea and Manea (2011) and Perry et al. (2016) construct their
own models for the thermal structure of the subduction zone at Guerrero. Perry et al. (2016) consider the added
effect of fluid circulation in the subducting oceanic lithosphere in their models, which accounts for at least some
of the difference between our predictions of fluid flux from the dehydrating oceanic lithosphere. The preferred
model of Perry et al. (2016) predicts pulses of fluid flux near 140, 225-275, and >300 km from the trench. Manea
and Manea (2011) predict that the majority of dehydration in the metasedimentary and metabasaltic rocks occurs
between 230 and 250 km from the trench. This range overlaps with landward-end of the tremor sweet spot, from
205 to 250 km from the trench (Frank et al., 2014); however, neither of these two studies pairing petrologic and
thermal models at Guerrero have considered the effects of uncertainty in the thermal models that clearly can have
a large impact on the predicted locations of dehydration reactions (Figures 4e and 4f). In this work, we use the
thermal model of Manea and Manea (2011) to establish the P-T parameters of our petrologic modeling; there-
fore, the differences between our models and those of Manea and Manea (2011) may be due to differences in
bulk compositions and phase-equilibrium model parameters. Manea and Manea (2011), for example, use phase
diagrams from Riipke et al. (2004), who used bulk compositions of global average sediment compositions for
metasedimentary models, and average carbonate-altered MORB from the Atlantic Ocean for metabasalt models,
and constructed these models using an earlier generation thermodynamic database. These differ slightly in bulk
composition from the local sedimentary and basaltic rocks of the Cocos plate near Guerrero that we use here, and
this compositional variation likely contributes to the differences between our petrologic predictions.

6.3. Assumptions and Caveats

Both our petrologic models and mass balance calculations rely on several assumptions that are important to
consider in interpreting these results. The petrologic models that form the foundation of this work assume that
rocks are in thermodynamic equilibrium and thus do not account for the potential effects of reaction overstepping.
However, as considered by Condit et al. (2020), rocks near the plate interface are likely to experience metamor-
phic reactions close to equilibrium P-T conditions because of the abundance of fluids, additional strain energy
contributed through deformation, and, when considering the devolatilization of the subducting plate, dehydration
reactions that are associated with large entropy changes which reduce the magnitude of reaction overstepping.
Nonetheless, in phase equilibria modeling, 2¢ uncertainties of +50°C and +0.1 GPa in the location of phase
assemblage field boundaries are also expected as a result of uncertainties associated with end-member thermo-
dynamic properties and the development of activity-composition models (e.g., Gervais & Trapy, 2021; Palin
et al., 2016; Powell & Holland, 2008).

Our modeling of the silica metasomatism of serpentinites at the plate interface is also necessarily simplified in
several respects. In our first set of analyses, we take a bulk-rock approach by assuming that silica enrichment
occurs homogeneously throughout a body of rock. This effectively assumes that fluid flow is pervasive and
occurs along grain boundaries, but does not account for the possibility of anisotropic fluid movement through
highly deformed rocks (e.g., fracture networks, shear zones), which would be especially likely in the case of our
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localized silica metasomatism models producing meter-scale zones of talc schist (e.g., Figure 7). The channeli-
zation and transport of fluids over 10s of kilometers along the plate interface has been documented in various
exhumed subduction records (e.g., Angiboust et al., 2014; Bebout & Penniston-Dorland, 2016). As demonstrated
in our modeling of water and silica flux into the plate interface, if the fluids that we predict to be produced by the
subducting plate interact with smaller volumes of serpentinite, it is easier to drastically change the bulk compo-
sition of these rocks and produce talc. However, this bulk-rock approach to modeling the mineralogy of the plate
interface under Guerrero is consistent with the uncertainties of geophysical observations, which are only able to
resolve low-velocity zones with thicknesses on the order of kilometers. Producing a 3—5 km-thick zone of talc-
rich serpentinite as predicted by Kim et al. (2010) requires extensive alteration that is appropriately modeled by
varying the bulk-rock composition of rocks at the plate interface.

The silica metasomatism models also assume that the only chemical change in the rocks is the addition of silica
to the composition of the serpentinites and that the fluid is pure H,O. Talc may also be produced by the reaction
of CO, with serpentinites (e.g., Okamoto et al., 2021); however, because of the lack of carbonate materials in
sediments recovered from the Cocos plate (Watkins et al., 1982), we suggest that this is unlikely to be a significant
process beneath Guerrero. Water is also expected to be the most abundant volatile comprising fluids released by
the subducting slab, but solutes such as Al and Ca, in addition to Si, will also be present in these fluids (Codillo,
Klein, & Marschall, 2022; Manning, 2004). The involvement of these elements could promote the growth of other
minerals like chlorite, which was predicted to grow during some types of metasomatism based on reactive trans-
port modeling (Codillo et al., 2022b), and is a common phase in metasomatic rocks exhumed from subduction
zones that may be involved in the localization of deformation at the conditions of ETS (e.g., Hoover et al., 2022;
Nishiyama et al., 2023; Ujiie et al., 2022). However, rheological modeling (French & Condit, 2019) and geologic
evidence (Hoover et al., 2022) suggest that talc schists may preferentially localize deformation at slow slip strain
rates over chlorite schists.

The mass-balance-based models of water and silica flux (Figures 4-7) assume that all the fluid being produced in
each 5 km segment of the subducting slab is going directly into the corresponding 5-km segment of the overlying
mantle. This approach ignores the possibility of fluid transport along the plate interface. Furthermore, because
this model is based on the solubility of silica in pure water, and subduction zone fluids likely carry multiple
solutes (Manning, 2004), this calculation likely provides a lower bound on the quantity of silica that would
realistically be advected in solution by fluids released from the dehydrating slab. Using the modern convergence
rate of 60 mm/yr in estimating water and silica flux is also conservative because Cocos—North American plate
convergence rates have been faster in the last 20 Ma (Sdrolias & Miiller, 2006).

6.4. Implications for Guerrero and Beyond: Talc Metasomatism and Slip Behaviors

The simple model of silica advection beneath Guerrero that we present here suggests that silica-rich fluids
produced by local dehydration in the upper <1 km of the subducting Cocos plate can alter the composition of
overlying serpentinites enough to produce significant volumes of talc in these rocks. These predicted areas of talc
production, however, are localized to the regions where increasing temperature causes the metamorphic dehy-
dration of subducting metabasalts (Figure 8). If talc is necessary to produce the observed low seismic velocity
regions at Guerrero, local fluid and silica fluxes alone cannot explain the hypothesized alteration because silica
fluxes are not high enough to increase the silica content of serpentinites to >43 wt. % along the entire region of
the flat slab where the low velocity zone is imaged (Figure 5). This suggests that either other mechanical and
chemical processes contribute to the transfer of silica from the subducting Cocos plate into the overlying plate
interface, or that the low Vp/Vs ratios and low Vs values imaged at the plate interface beneath Guerrero (Kim
et al., 2010) may be produced by some combination of talc, other minerals, fluids, and rock structures. The
4 km-thick zone may also not reflect the size of the actively deforming and metasomatism region, but rather may
be the result of progressive underplating of material, including thinner talc-rich zones, through time.

Although our models predict that the local advection of silica-rich fluids from the subducting slab into the plate
interface is insufficient to produce thick talc-rich zones along the entire plate interface beneath Guerrero, it is
possible that the migration of fluids within the plate interface may help to distribute silica and promote metas-
omatism in regions that are not directly adjacent to rocks in the subducting plate that undergo large dehydration
reactions (Figure 8). This process is consistent with geophysical observations at Guerrero, where variations in
the rate of low-frequency earthquakes during SSEs may be explained by the migration of pulses of pore fluids
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Figure 8. Schematic cross section of flat slab subduction beneath Guerrero (a) demonstrating the possible mechanisms for
silica metasomatism of serpentinites at the plate interface that are explored here and comparing talc production in the (b)
100 m-thick interface and (c) 4 km-thick interface models. Blue arrows show the locations of major fluid pulses, and light
green regions experience significant talc production as a result of silica metasomatism over 10 million years. The simple
models of silica metasomatism considered here assume pervasive fluid flow and reaction of silica-bearing fluids with
serpentinite, as in panel (d), but anisotropic permeability that develops in deformed talc-rich rocks as in panel (e) as a result
of localized metasomatism that will likely occur even if the pervasive metasomatism of the whole interface is unlikely, may
act to channelize fluids at the plate interface and cause the migration of silica-rich fluids to the rest of the interface where
local fluid fluxes may not be high enough to promote significant talc growth, or produce pervasive talc growth as in the

4 km-thick interface.

trenchward along the plate interface from the region of the sweet spot (Frank et al., 2015a, 2015b). This migration
of fluids along the plate interface may provide a mechanism for distributing silica-rich fluids from regions of
high local fluid flux to regions of the flat slab with low levels of local fluid flux, and similar fluid flow patterns
have been suggested by stable isotope studies from the rock record (e.g., Condit et al., 2022; Epstein et al., 2021;
Jaeckel et al., 2018). The creation of talc and other phyllosilicate minerals may contribute to the production of
anisotropic permeability that can help confine fluids to the plate interface region. Such impermeable barriers
have been suggested as an explanation for geophysically inferred high pore-fluid pressures (e.g., Hyndman, 1988;
Peacock et al., 2011), and have been suggested to channelize fluids and concentrate silica (Hyndman et al., 2015).
Experiments on antigorite, on the other hand, suggest that deformed serpentinites may provide enough permea-
bility along grain boundaries to allow fluid movement (Ganzhorn et al., 2019). The development of impermeable
seals of talc schist, which are predicted by our localized metasomatism model (Figure 7), may contribute to the
redistribution of fluid along the plate interface (Figure 8e), which might diminish the amount of silica introduced
into the regions that experience high degrees of local silica flux and increase the silica delivery to up-dip parts of
the interface that have low local silica flux.

The contrast between our 4 km-thick, 100 m-thick, and localized metasomatism models also highlights the impor-
tance of the physical pathways of fluid flow at the subduction interface, as the same volume of water released
by subducting rocks may cause different degrees of metasomatism depending on the volume of serpentinite with
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which it interacts (e.g., Figure 8d vs. Figure 8e; Figures 5a and 5b vs. Figures 5c and 5d). A thin zone of talc
produced by the metasomatism of serpentinite immediately adjacent to the plate interface, as predicted in our
localized metasomatism models (Figure 7), is likely rheologically signficant, as suggested by the experiments
of Hirauchi et al. (2013) in which less than 10 vol. % talc was sufficient to localize frictional slip. As shown in
Figure 4, the locations of pulses of high water and silica flux into the plate interface overlap with the spatial
extent of SSEs, even when considering possible uncertainties in the thermal models. Talc-rich rocks are therefore
likely to be present at the plate interface within some of the region that hosts slow slip—if not the entire flat plate
interface—even if lateral fluid movement does not lead to a wider distribution of metasomatized rocks over the
flat plate interface. No matter which process of metasomatism is dominant beneath Mexico, it is likely that a
small volume of talc-bearing rocks are present along some or all of the flat plate interface and influence the slip
phenomena that occur there.

The model for silica flux and talc production presented here only considers advective silica metasomatism, but
other mechanisms of metasomatism may contribute to talc production in subduction zones, including mechani-
cal mixing and diffusion. However, field-based studies of exhumed rocks from accretionary wedges and deeper
in subduction zones suggest that advective silica transport can be important and externally derived fluids can
transport large quantities of silica through subduction zones. For example, Breeding and Ague (2002), document
extensive quartz veining in low metamorphic grade accretionary wedge rocks, indicating up to 10% increases
in rock mass through quartz precipitation. Externally derived fluids have also been invoked to explain some of
the vein formation and metasomatism in higher-grade mélange, metasedimentary, and metabasaltic rocks of the
Catalina Schist on the basis of trace element and oxygen isotope data (Bebout, 1991; Bebout & Barton, 1993).
Therefore, our results represent the effects of one, likely important, end-member mechanism for silica metasoma-
tism and talc production at Guerrero.

7. Conclusion

We use petrologic models to explore the effects of silica metasomatism on serpentinites at the plate interface
and the ability of silica advection to produce talc in these rocks above the flat slab beneath Guerrero. At the
conditions of ETS beneath Guerrero, serpentinites must achieve ~43 wt. % SiO, to begin to stabilize talc, and
~45 wt. % Si0, to stabilize a rheologically significant 10 vol. % talc. Estimates of water production along the flat
slab based on our petrologic models of the rocks that make up the subducting Cocos plate suggest that water and
silica flux will only lead to silica metasomatism of the entire plate interface near sites of significant dehydration
of metabasalts. However, localized metasomatism of serpentinite directly adjacent to the plate interface can
easily produce thin zones of talc-rich rocks given the silica fluxes that we predict to occur along the entire flat
slab. We also suggest that fluids are likely to migrate along the plate interface, distributing silica farther from the
loci of dehydration, although silica advection by saturated aqueous fluids alone is still likely not enough to cause
extensive metasomatism of the plate interface. We note, however, that other mechanisms such as mechanical
mixing of more silica-rich rocks with serpentinites near the plate interface, and diffusion of silica may still lead
to metasomatism and talc production. Although our estimates of talc production are not large enough to explain
previous seismic velocity models of the flat plate interface beneath Mexico, our results indicate that rheologically
significant volumes of talc are nonetheless likely to occur.
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