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ABSTRACT

In the two decades since Subduction: Top to Bottom was published in 1996,
improved analytical and numerical thermal-petrologic models of subduction
zones have been constructed and evaluated against new seismological and
geological observations. Advances in thermal modeling include a range of
new approaches to incorporating shear (frictional, viscous) heating along
the subduction interface and to simulating induced flow in the mantle wedge.
Forearc heat-flux measurements constrain the apparent coefficient of friction
(') along the plate interface to <~0.1, but the extent to which p’ may vary
between subduction zones remains challenging to discern owing to scatter
in the heat-flux measurements and uncertainties in the magnitude and dis-
tribution of radiogenic heat production in the overriding crust. Flow in the
mantle wedge and the resulting thermal structure depend on the rheology of
variably hydrated mantle rocks and the depth at which the subducting slab
becomes coupled to the overlying mantle wedge. Advances in petrologic
modeling include the incorporation of sophisticated thermodynamic soft-
ware packages into thermal models and the prediction of seismic velocities
from mineralogic and petrologic models. Current thermal-petrologic models
show very good agreement between the predicted location of metamorphic
dehydration reactions and observed intermediate-depth earthquakes, and
between the predicted location of the basalt-to-eclogite transition in sub-
ducting oceanic crust and observed landward-dipping, low-seismic-velocity
layers. Exhumed high-pressure, low-temperature metamorphic rocks provide
insight into subduction-zone temperatures, but important thermal param-
eters (e.g., convergence rate) are not well constrained, and metamorphic
rocks exposed at the surface today may reflect relatively warm conditions in
the past associated with subduction initiation or ridge subduction. We can
anticipate additional advances in our understanding of subduction zones as a
result of further testing of model predictions against geologic and geophysical
observations, and of evaluating the importance of advective processes, such
as diapirism and subduction-channel flow, that are not captured in hybrid
kinematic-dynamic models of subduction zones but are observed in fully
dynamical models under certain conditions.

H INTRODUCTION

In 1994, Gray Bebout, David Scholl, Steve Kirby, and John Platt organized
a highly stimulating conference on subduction zones on Santa Catalina Island

off the coast of Los Angeles, California (USA), resulting in the publication
of the well-cited American Geophysical Union volume Subduction: Top to
Bottom (Bebout et al., 1996). In this contribution, | review some of the major
advances in understanding subduction zones made by the thermal-petrologic
modeling community over the past 20-25 years. In particular, | focus on hybrid
kinematic-dynamic thermal models where the flow of the subducting slab is
prescribed kinematically and flow in the mantle wedge is driven by viscous
coupling with the subducting slab (e.g., van Keken et al., 2002). In these mod-
els, the slab geometry, commonly defined by Wadati-Benioff seismicity, and
convergence rate are treated as model inputs. Fully dynamical models, which
calculate both the slab and mantle-wedge flow fields, include terms for thermal
and compositional buoyancy (e.g., Gerya, 2011; Arcay, 2017).

In this paper, | adopt a petrologic point of view, choosing to represent and
compare thermal models of the subducting plate through the use of metamor-
phic pressure-temperature (P-T) paths. These P-T paths, derived from analytical
expressions and numerical models, represent the conditions “experienced”
by subducting sediments, oceanic crust, and mantle. In steady state, the P-T
conditions along the subduction interface coincide with the P-T path followed
by a rock at the top of the subducting plate. Most kinematic-dynamic thermal
models focus on steady-state solutions where the convergence rate and slab
geometry remain constant, but these parameters, and therefore the thermal
structure, vary with time (e.g., during subduction initiation, subduction zones
are considerably warmer than at steady state). The petrologic evolution of a
subducted rock depends primarily on the bulk composition and volatile (H,0)
content of the rock prior to subduction, and on the P-T path followed by the
rock during subduction. For example, metabasalts of the upper oceanic crust
transform to dense eclogite during subduction accompanied by significant H,0
release. The P-T paths followed by the subducting oceanic crust determine
where the transformation occurs, and seismological observations can be used
to test P-T paths generated by thermal models.

B MODELING THE THERMAL STRUCTURE OF SUBDUCTION ZONES

The physics and mathematics of heat transfer are well known (e.g., Carslaw
and Jaeger, 1959) and were first applied to subduction zones 50 years ago (e.g.,
Oxburgh and Turcotte, 1970; Minear and Toks0z, 1970; Hasebe et al., 1970). The
thermal structure of subduction zones can be approximated by using either
analytical or numerical techniques to solve the equations governing heat
transfer. In subduction zones, heat transfer involves conduction, advection
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(heat transported by the subducting plate and flowing mantle wedge), and a
variety of heat sources (e.g., shear heating) and sinks (e.g., partial melting).
Both analytical and numerical thermal models are simplified representations
of the real world that strive to capture the essential physical processes occur-
ring in subduction zones and can be tested against observations. Surface
heat-flux measurements provide an important constraint on thermal models
of subduction zones, in particular the low surface heat flux measured in the
forearc and the high surface heat flux in the arc.

Analytical Approximations

Analytical approximations (e.g., England, 2018) provide useful insight into
the thermal structure of subduction zones and permit the systematic investiga-
tion of parameter space and uncertainties. The importance of different variables
in determining subduction-zone temperatures can be readily visualized by
inspecting the analytical expressions (equations). Analytical expressions are
commonly used to estimate subduction-zone conditions at depths <50 km
where temperatures are not affected by flow in the mantle wedge.

In steady state, the temperature along the shallow (<~50 km depth) sub-
duction interface, T, at depth z is well approximated by analytical expressions
presented by England (2018, their equations 2 and 3), which extend the analysis
presented by Molnar and England (1990):

_ Quz;+7'Vz,+ AD*/2
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(1)
where Q, is the surface heat flux through the top of the incoming oceanic
lithosphere, 1’ is the apparent shear stress, Vis the overall plate convergence
rate, Ais the radiogenic heat production rate in the upper plate, Dis the length
scale for radiogenic heat production, K; is the average thermal conductivity of
the upper plate, and S is a dimensionless divisor given by:

S:H% Z,VnSIFIS' )
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where K, is the thermal conductivity at the top of the lower plate, V, is the
trench-normal convergence rate, & is the average dip of the interface, and k
is the thermal diffusivity.

The three terms in the numerator of Equation 1 represent upward heat
flow from the subducting lithosphere, shear (frictional or viscous) heating
along the interface, and radiogenic heating in the upper plate, respectively.
The denominator, S, reflects the cooling effect of subduction (advection) on
interface temperatures, with faster convergence rates resulting in greater
advective cooling and cooler interface temperatures.

Apparent shear stresses (t') along the subduction interface may be mod-
eled as constant or as increasing linearly with depth (e.g., Molnar and England,
1990). See Peacock (1992) for a discussion of the different interface tempera-
tures resulting from the two different formulations for t". For the case where

7’ increases linearly with depth, the apparent shear stress is related to an
apparent coefficient of friction, W, given by:

T = M’le (3)
where P, is the lithostatic pressure on the fault at depth z. Note that the con-
vergence rate occurs in both the numerator (in the shear heating term) and
denominator of Equation 1. Therefore, depending on the magnitude of the
shear stress, faster convergence rates can result in higher or lower interface
temperatures, with the tradeoff occurring at " ~20 MPa for the constant shear
stress formulation or v ~0.02 P, for the shear stress increasing with depth
formulation (Peacock, 1992). Rearranging Equation 3 and expanding P, gives:

, T T
" P pgz @
where p is the average density of the upper plate, and g is the acceleration
due to gravity.

Additional equations presented by Molnar and England (1990) and England
(2018) allow the calculation of steady-state temperatures within the subducting
plate as well as the initial temperatures experienced during the early stage
of subduction. van Keken et al. (2019) presented slightly modified versions
of Molnar and England’s (1990) equations that increase the accuracy of the
analytical approximations. England and Wilkins (2004) and England and Katz
(2010) presented analytical approximations for greater depths where the con-
vecting mantle wedge strongly influences temperatures in the subducting slab.

Numerical Approximations

Numerical approximations (e.g., Syracuse et al., 2010) allow calculation
of the induced mantle-wedge flow field for different mantle rheologies and
are commonly used to estimate temperatures in subduction zones at depths
>50 km. Numerical models can be tailored to the geometry and structure of
specific subduction zones, allowing the comparison of predicted temperatures
with site-specific observations. In numerical models, appropriate forms of the
equations describing the conservation of mass, momentum, and energy are
solved numerically, most commonly using two-dimensional finite-element or
finite-volume techniques. In hybrid (coupled) kinematic-dynamic numerical
models, the overriding lithosphere is treated as fixed (rigid), the geometry of
the subduction interface is defined by Wadati-Benioff seismicity, the motion
of the subducting plate below the interface is prescribed kinematically, and
viscous corner flow in the mantle wedge induced by the subducting plate is
computed numerically. As discussed below, simulating the induced flow in
the mantle wedge depends critically on the viscosity of the mantle wedge
and the downdip transition along the subduction interface from uncoupled
to fully coupled flow. van Keken et al. (2008) described a set of community
benchmarks created to assess the different approaches used to construct
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numerical models of the dynamic and thermal structure of subduction zones.
In order to accurately model the thermal structure of a subduction zone using
a hybrid kinematic-dynamic approach, van Keken et al. (2008) found that the
velocity discontinuity along the seismogenic zone must be carefully imple-
mented, thermal boundary layers require high resolution, and the wedge-flow
boundary condition must be modified to avoid a pressure singularity at the
tip of the mantle wedge.

Following Syracuse et al. (2010), for the case of an incompressible fluid and
ignoring thermal buoyancy, the velocity and pressure in the mantle wedge
can be found by solving the equations describing the conservation of mass
and momentum:

V-v=0; (5)
V-(2n¢)-VP =0, (6)

where V is velocity, 1 is the effective dynamic viscosity, € is the strain rate
tensor, and Pis dynamic pressure. Temperature, T, can be determined using
the heat advection-diffusion equation (conservation of energy):

pcp(%—:+(\7-V)T):V<(KVT)+H, (7)
where p is density, ¢, is specific heat, tis time, K'is thermal conductivity, and
His the volumetric heat production rate which may include radiogenic heating,
shear heating, and reaction enthalpies. For the mantle wedge, most recent
models (e.g., van Keken et al., 2002; Wada and Wang, 2009; Syracuse et al.,
2010) employ a T- and stress-dependent viscosity such as the dislocation creep
law for olivine (Karato and Wu, 1993).

The accuracy of predicted temperatures at depth in subduction zones may
be viewed as depending on two types of uncertainties: (A) uncertainties asso-
ciated with the parameters in the equations above and (B) the extent to which
the models capture the essential physical processes that control heat transfer
in subduction zones.

From my perspective, the two most important type A uncertainties are both
associated with the nature of the subduction plate interface—the magnitude of
shear heating along the shallow subduction interface, and the depth at which
the subducting slab becomes fully coupled to the overlying mantle wedge.
Radiogenic heat production in the overriding continental crust also represents
a significant uncertainty. In the following discussion section, | attempt to illus-
trate these uncertainties and how geophysical, geochemical, and petrological
observations have been used to reduce these uncertainties.

Type B uncertainties are more difficult to assess. A number of researchers
have constructed complex dynamical models of subduction zones that exhibit
phenomena not captured by the relatively simple analytical expressions and
hybrid kinematic-dynamic numerical models (e.g., Gerya et al., 2002, 2006;
Honda and Saito, 2003; Gerya, 2011, 2019; Arcay, 2017). Dynamical modeling
by Gerya et al. (2002) demonstrated that large-scale return flow of subducted

materials may occur in a broad subduction channel composed of low-viscosity
materials (subducted sediment and hydrated oceanic crust, and serpentinized
mantle derived from the hanging wall). Well-documented geologic examples
of subduction-zone return flow include the Central Belt mélange of the Fran-
ciscan Complex in northern California (e.g., Cloos, 1982) and the Pelona Schist
of southern California (e.g., Platt et al., 2018). In my opinion, it remains to be
determined whether large-scale return flow is the norm in subduction zones or
whether such flow occurs only under unusual conditions such as when large
amounts of sediment are subducted. The incorporation of compositional buoy-
ancy into numerical models has revealed the potential importance of material
and heat flow by diapirism including cold, hydrated-mantle plumes (Gerya
and Yuen, 2003), sedimentary diapirs (Behn et al., 2011), and mélange diapirs
(Marschall and Schumacher, 2012). Developing accurate thermal models for
arc magmatism requires incorporating the transport of heat by magmatic flow,
as well as the enthalpies of partial melting and crystallization. The thermal
effect of single-pass aqueous fluid flow is likely of secondary importance, but
hydrothermal circulation within subducted oceanic crust can alter the shallow
thermal structure of subduction zones (e.g., Spinelli and Wang, 2008), and met-
amorphic dehydration and hydration reactions can change the compositional
buoyancy and resulting solid flow field. A complete evaluation of fully dynam-
ical models that include thermal and compositional buoyancy is beyond the
scope of this paper, and | refer readers to Gerya (2011; 2019) and Arcay (2017).

B PRIMARY FACTORS GOVERNING THE THERMAL STRUCTURE OF
SUBDUCTION ZONES

The primary factors governing the thermal structure of subduction zones
as determined from hybrid kinematic-dynamic models are depicted schemat-
ically in Figure 1.

Thermal Structure of Incoming Oceanic Lithosphere

Seafloor-depth and heat-flux measurements clearly demonstrate that oce-
anic lithosphere cools with age, and both data sets are fit well by cooling plate
models (e.g., Parsons and Sclater, 1977; Stein and Stein, 1992; Hillier and Watts,
2005; Crosby et al., 2006). Subduction zones characterized by young incoming
lithosphere are warmer than those with old incoming lithosphere, as reflected
by the Q, z term in Equation 1. Near spreading ridges, considerable scatter in
heat-flux measurements documents the advection of heat by vigorous hydro-
thermal circulation within the oceanic crust driven by high thermal gradients
(e.g., Davis and Lister, 1977; Stein and Stein, 1994). This hydrothermal circu-
lation cools the oceanic crust and can reduce Q, out of very young oceanic
lithosphere by up to 50% (Stein and Stein, 1994). England’s (2018) analytical
expressions explicitly include the cooling effect of hydrothermal circulation for
subduction zones where the incoming oceanic lithosphere is <67 Ma.
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As oceanic lithosphere moves away from spreading ridges, hydrothermal
circulation continues to redistribute heat within the upper oceanic crust (e.g.,
Davis et al., 1997; Fisher and Von Herzen, 2005). Additional hydrothermal cir-
culation in oceanic lithosphere may occur along plate-bending normal faults
in the trench—outer rise region (Grevemeyer et al., 2005) and along propagator
wakes (Nedimovi¢ et al., 2009).

Surface heat flux
/
~

Figure 1. Schematic cross sec-
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heat-flux profile showing key
parameters that determine
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The upper-plate geotherm chosen for the arc-side boundary condition (Fig. 1)
affects the thermal structure predicted for the convecting mantle wedge. Depend- O"’?uer
ing on whether one is modeling an oceanic or a continental subduction zone, the Qe”cs,
geotherm may include radiogenic heat production in the crust. For continental
subduction zones, a number of hybrid kinematic-dynamic models (e.g., Peacock
and Wang, 1999; Syracuse et al., 2010) define an upper-plate geotherm consis-
tent with the average continental surface heat flux of 65 mW/m? (Pollack et al.,
1993). Currie and Hyndman (2006) presented compelling arguments that many
back-arc regions are significantly hotter than this, and proposed that vigorous
thermal convection in the back-arc region, promoted by low viscosities, would 2.0 T T I I I I T T T
result in significantly higher back-arc temperatures and a thinner lithosphere.
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Shear Heating along the Subduction Megathrust

Global heat-flux measurements demonstrate that subduction-zone forearcs
are cold relative to other tectonic environments, reflecting the subduction of
cool lithosphere (e.g., Uyeda, 1977). In principle, surface heat-flux measure-
ments can be used to constrain the temperature and rate of shear heating on the
underlying subduction interface. In practice, surface heat-flux measurements
vary considerably over relatively small distances, reflecting local sediment
deposition and erosion and advection of heat by fluid flow (e.g., England, 2018),
such that heat flux measurements do not provide firm constraints on subduction
interface temperatures and the rate of shear heating. Nevertheless, the low heat 0 1 | 1 | 1 | 1 | 1
flux observed in subduction-zone forearcs places an upper bound on the rate 0 200 400 600 800 1000
of shear heating along the interface, constraining ’ in most cases to be <~0.1. Temperature (°C)

Shear heating along the subduction interface refers to both frictional
heating and viscous heating averaged over time scales spanning multiple
earthquake cycles. Analytical approximations are well suited for calculating
temperatures in the shallow forearc where the influence of mantle-wedge
convection is minimal. The P-T paths depicted in Figure 2 for the northern
Honshu subduction zone (Japan) illustrate the effect of shear heating on pre-
dicted slab-surface interface temperatures and the thermal structure of the
shallow forearc. For the northern Honshu subduction zone, predicted interface
temperatures at z = 50 km using Equation 1 range from ~100 °C for u’ = 0 to
>1000 °C for u’ = 0.1, where the calculated apparent shear stresses on the fault

Pressure (GPa)
5

Figure 2. Predicted slab-surface temperatures for the northern Honshu subduc-
tion zone (Japan) calculated using Equations 1, 2, and 3 (see text) for apparent
coefficients of friction, p’, varying from 0.0 to 0.1. Parameters: surface heat flux
of the incoming lithosphere (Q,) = 0.0456 W/m? (appropriate for 129 Ma oceanic
lithosphere); overall plate convergence rate (V) = trench-normal convergence rate
(V,) =92 mm/yr, average dip of interface (8) = 15°; radiogenic heat production rate
in upper plate (A) = 1.8 pW/m?; length scale for radiogenic heat production (D) =
15 km; average upper-plate density (p) = 3000 kg/m?; average upper-plate thermal
conductivity (K;) = thermal conductivity at top of lower plate (K,) = 3.0 W/(m-K);
thermal diffusivity (k) = 10° m?/s. Red curve represents predicted slab-surface
temperatures for northern Honshu based on England’s (2018) best-fitting value of
1’ = 0.05; green curve represents predicted slab-surface temperatures for northern
Honshu from Gao and Wang (2014) calculated using a two-dimensional finite-

GEOSPHERE | Volume 16 | Number 4

at z,=50 km are 0 and 150 MPa, respectively.

element kinematic-dynamic model.
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In a study of ten subduction zones, Gao and Wang (2014) combined sur-
face heat-flux measurements with two-dimensional finite-element numerical
models to estimate the strength of the fault interface in the seismogenic zone.
They concluded that the subduction interface is relatively weak with u’ ranging
from 0.02 (northern Cascadia, western North America) to 0.13 (Hikurangi, New
Zealand). For six of the studied subduction zones, Gao and Wang (2014) esti-
mated p’ to be ~0.03, but the uncertainties are large, typically +0.03, owing to
the considerable scatter in heat-flux measurements. In a similar study, England
(2018) used the analytical expressions described above to analyze nine sub-
duction zones with surface heat-flux data, concluding that 0.05 < 1’ < 0.07
along the subduction interface; uncertainties in |’ calculated for individual
subduction zones exhibit a greater range.

For northern Japan (Honshu), Gao and Wang (2014) demonstrated that
surface heat-flux measurements were best fit by u” = 0.025 (green curve in
Fig. 2), but are consistent with 0 <’ < 0.06. England (2018) found that sur-
face heat-flux measurements are best fit by u” = 0.05 (red curve in Fig. 2) with
a range of 0.04-0.07 (uncertainties in heat production expand this range to
0.03-0.08). Estimates of p’ for the northern Honshu subduction zone by Gao
and Wang (2014) and England (2018) agree within stated uncertainties, but the
difference in the best-fitting u’ values correspond to significant differences in
calculated subduction interface temperatures. For z,= 50 km, Gao and Wang's
(2014) preferred value of W’ = 0.025 yields T;= 320 °C, whereas England’s (2018)
preferred value of W’ = 0.05 yields T; =555 °C. Note that the predicted interface
P-T conditions calculated by Gao and Wang (2014) for u’ = 0.025 agree very well
with the P-T conditions calculated using England’s (2018) analytical approxima-
tions for u” =0.02-0.03 (Fig. 2). With the exception of the Hikurangi subduction
zone, Gao and Wang's (2014) and England’s (2018) estimates for i’ agree within
uncertainties, with the differences in the “best-fitting” values largely reflecting
the scatter in the heat-flux measurements, uncertainties regarding radiogenic
heat production discussed below, and different assumptions underlying the
analytical and numerical approximations.

Rather than being a simple planar feature, the subduction-zone plate boundary
is a complex shear zone of finite thickness that may vary considerably in space
and time. In the Barbados, Costa Rica, Nankai (southwest Japan), and Honshu
(northeast Japan) subduction zones, Integrated Ocean Drilling Program drill cores
reveal that the active subduction fault zone is several tens of meters thick near
the trench (<1 km below the seafloor) (Rowe et al., 2013). Based on observations
of exhumed faults, Rowe et al. (2013) proposed that the thickness of the active
shear zone increases to ~100-350 m at 1-2 km below the seafloor, a thickness
that is maintained down to ~15 km depth. Similarly, Agard et al. (2018) concluded
that, at depths of 30-80 km, the regular plate interface is <300 m thick, but must
increase dramatically during periods of interface down-stepping accompanying
detachment and exhumation of kilometer-thick slices of the subducting plate.
In the subduction-channel model (Shreve and Cloos, 1986; Cloos and Shreve,
1988), the thickness of the plate boundary interface may exceed 1 km where
large amounts of sediment are being subducted. Mélange zones, such as those
exposed in the Central Belt of the Franciscan Complex, can be several kilometers

thick (e.g., Cloos, 1982; Bebout and Penniston-Dorland, 2016). Thus, rather than
acting as a planar heat source, shear heating would be distributed across the
active shear zone, which may be several hundred meters or more across.

Within the plate-boundary shear zone, deformation processes change with
increasing depth from brittle (frictional) to ductile (viscous or plastic). Several
different approaches have been used to estimate the depth of the brittle-ductile
transition in subduction shear zones (e.g., Wang and Tréhu, 2016). For example,
Tichelaar and Ruff (1993) and England (2018) equated the maximum depth of
thrust faulting, defined by earthquake focal mechanisms, along the interface
with the maximum depth of brittle behavior. Other researchers have defined
the brittle-ductile transition based on temperature linked to an assumed rhe-
ology (e.g., 350 °C for quartz-bearing rocks; Hyndman and Wang, 1993). The
concept of a relatively simple T-or P-dependent brittle-ductile transition along
the subduction shear zone is complicated by (1) variable fluid pressure along
the plate interface (e.g., Saffer and Tobin, 2011), (2) a transitional regime where
both brittle (frictional) and ductile (viscous) processes operate (e.g., Holdsworth,
2004; Fagereng et al., 2014; Gao and Wang, 2017), and (3) the wide range of rock
types that may be present in the shear zone (e.g., Fagereng and Sibson, 2010).
Aqueous fluids can promote brittle behavior where fluid pressures approach
lithostatic pressures, but such fluids also promote “ductile” flow by forming
weak, platy alteration minerals (clays, micas) and enhancing dissolution-pre-
cipitation deformation mechanisms (Holdsworth, 2004).

In some thermal models (e.g., Peacock and Wang, 1999), shear heating along
the megathrust is restricted to the brittle, frictional regime. In these models,
shear stresses in the frictional regime are assumed to be constant or to increase
linearly with depth (Equation 4) to a specified depth or temperature beyond
which lies the ductile regime where shear stresses and shear heating drop to
zero. Other thermal models incorporate shear heating along the deeper, duc-
tile portion of the megathrust. For example, Gao and Wang (2014) calculated
shear stresses and shear heating along the ductile portion of the megathrust by
employing a wet granite rheology, a 500-m-thick shear zone, and a parameter-
ization that smooths the frictional-viscous transition. Gao and Wang (2017) went
a step further by incorporating a zone of high pore-fluid pressure (resulting in
low shear stresses) downdip of the seismogenic zone in the region of episodic
tremor and slow slip. The plate-boundary shear zone is composed of a variety
of rock types, and may include metamorphosed sediments, basalt, and gabbro
derived from the downgoing plate; granite, gabbro, and gneiss derived from the
overriding crystalline crust; and metamorphosed ultramafic rocks derived from
the overriding mantle wedge. Most of the shear heating occurs in the shallow
frictional regime where shear stresses are highest, such that the exact rheol-
ogy chosen for the ductile regime is less critical, as long as it is relatively weak.

Radiogenic Heat Production in the Crust

The abundance and distribution of radioactive elements in the overriding
plate are not well constrained, which adds considerable uncertainty to estimates
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of the rate of shear heating and 1’ based on surface heat-flux measurements.
As can be seen from Equation 1, for a given surface heat flux, higher rates of
radiogenic heat production result in lower calculated rates of shear heating and
W', and vice versa. As part of their modeling efforts, Gao and Wang (2014) com-
piled existing heat-production data for eight subduction zones, finding values
for A ranging from 1.8 yW/m? for the northern Japan and Nankai subduction
zones to 0.8-0.9 yW/m? for Chile and 0.08 yW/m?3 for Tonga. In Gao and Wang’s
(2014) models, an uncertainty in A of £0.2 yW/m? (and D = 15 km) translates
to an uncertainty of +£3 mW/m? in the calculated surface heat flux and £0.01 in
the calculated p'. England (2018) considered estimates of ADto be uncertain by
+50% (and possibly more), which results in uncertainties in calculated surface
heat flux of up to 20 mW/m?. For continental subduction zones, England (2018)
showed that the uncertainty in calculated p’ introduced by uncertainties in the
radiogenic heat production is comparable to, and in some cases greater than,
the uncertainty owing to the scatter in heat-flux measurements.

Hydrothermal Circulation within the Subducting Oceanic Aquifer

During subduction, hydrothermal circulation may persist within the upper-
most basaltic crust, transporting heat trenchward from deeper levels in the
subduction zone (e.g., Spinelli and Wang, 2008). The thermal effects of hydro-
thermal circulation within oceanic crustal aquifers during subduction has been
investigated by Spinelli and Wang (2008, 2009), Harris et al. (2010, 2017), Rotman
and Spinelli (2013), and Spinelli et al. (2018), among others. In these models,
the redistribution of heat by hydrothermal circulation is simulated by increasing
the thermal conductivity of a thin (~600 m) layer at the top of the oceanic crust
representing the high-permeability (~10° m?) oceanic crustal aquifer. Numerical
models suggest that hydrothermal circulation within the crustal oceanic aqui-
fer can reduce predicted interface temperatures at 50 km depth by >100 °C for
subduction zones, like Nankai and Cascadia, characterized by slow subduction
of young lithosphere (Rotman and Spinelli, 2013; Harris et al., 2017). In contrast,
the predicted thermal effect is minor (<25 °C) for subduction zones character-
ized by rapid subduction of old lithosphere, like northeast Japan (Rotman and
Spinelli, 2013). The clearest case for hydrothermal circulation in the oceanic
crustal aquifer during shallow subduction comes from the Nankai subduction
zone, where dense surface heat-flux measurements reveal very high fluxes
in the trench of ~200 mW/m?, far greater than the 130 mW/m? expected for
conductively cooled 15 Ma oceanic lithosphere (Spinelli and Wang, 2008). The
permeability structure of the crustal aquifer and the depth to which it persists
before porosity collapses represent significant uncertainties.

Rheology of the Mantle Wedge

On geologic time scales, Earth’s mantle flows in a viscous fashion. Pre-
dicting the thermal structure of subduction zones at depths >~50 km requires

accurately simulating flow in the mantle wedge. Flow in the mantle wedge
is driven primarily by mechanical coupling with the underlying subducting
slab and is commonly referred to as corner flow. Batchelor (1967) derived a
useful analytical expression for corner flow in an isoviscous fluid, which can
be used to simulate mantle-wedge flow in subduction-zone thermal models
(e.g., Peacock and Wang, 1999). These isoviscous corner-flow models demon-
strated that the subducting slab warms considerably as it descends beneath
the flowing mantle wedge, but the predicted cool slab-surface temperatures
beneath the arc conflict with arc geochemical evidence for higher temperatures
and partial melting of subducted sediments. This inconsistency was reconciled
by employing more appropriate (non-Newtonian) rheologies for the mantle
wedge, which resultin more vigorous induced convection and higher predicted
slab-surface temperatures. Many researchers have adopted Karato and Wu'’s
(1993) temperature- and stress-dependent rheology for wet olivine (e.g., van
Keken et al., 2002; Currie et al., 2004; Wada et al., 2008). The effect of different
mantle-wedge rheologies on the thermal structure of the mantle wedge can
be seen in Figure 3, adapted from van Keken et al’s (2008) subduction-zone
benchmark paper. Modeling the mantle wedge as an isoviscous fluid results
in flow lines and isotherms parallel to the boundaries of the mantle wedge
(Fig. 3A). In contrast, using an olivine dislocation-creep rheology for the man-
tle wedge results in enhanced flow of material toward the wedge tip, higher
wedge temperatures, and enhanced thermal gradients across the slab surface
(Fig. 3B); the thermal boundary layer at the base of the mantle wedge is thinner
and predicted temperatures along the slab surface are higher.

Slab-Mantle Coupling Depth

Between great megathrust earthquakes, the shallow (<30-50 km) plate
interface is commonly considered to be “locked” Viewed over time scales of
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Figure 3. Effect of mantle-wedge rheology on the predicted two-di ional thermal structure
of a benchmark subduction zone after van Keken et al. (2008). Select isotherms are labeled in °C.
(A) Isoviscous rheology. (B) Olivine dislocation-creep rheology. T—temperature.
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thousands to millions of years involving many earthquake cycles, the subduct-
ing plate slides freely beneath the upper plate, and the shallow plate interface
is effectively “decoupled” Indeed, large-scale models of mantle convection
commonly introduce an inclined plane of weak plate-boundary nodes extend-
ing from the surface down to depths of 100 km or more in order to simulate
subducting plates (e.g., Zhong and Gurnis, 1998). Downdip of the seismogenic
zone, viscous flow in the mantle wedge is driven, in part, by mechanical cou-
pling with the subducting plate. Low surface heat fluxes and seismological
observations require the forearc “nose” of the mantle wedge to be relatively
cold and not participate in mantle flow (Fig. 1). Closer to the arc, viscous flow
of the mantle wedge is required to reproduce the observed high surface heat
fluxes and generate the high temperatures (>1200 °C) needed for partial melting
beneath the volcanic arc. Thus, the plate-interface transition from decoupled to
coupled must lie at depths greater than the forearc Moho (typically 30-40 km)
and less than the sub-arc slab depth (~100 km).

The depth and cause of the transition from a decoupled to a coupled plate
interface has been the focus of considerable attention since the pioneering
study of Furukawa (1993), who estimated that the transition occurred at ~70 km
depth based on surface heat-flow measurements above the northeast Japan
subduction zone. Various approaches have been used to numerically simulate
the decoupled-to-coupled transition along the subduction interface including:
(1) imposing a no-flow condition for the near-trench portion of the mantle
wedge (Peacock and Wang, 1999; van Keken et al., 2002; Currie et al., 2004),
(2) prescribing a weak or T-dependent rheology for the subduction shear zone
(e.g., Conder, 2005; Wada et al., 2008; van Dinther et al., 2013), and (3) defining
a velocity discontinuity across the interface that gradually decreases with depth
(Kneller et al., 2005, 2007; Abers et al., 2006). Wada et al. (2008) investigated
the interface decoupling-to-coupling transition by constructing a two-dimen-
sional finite-element model with a 100-m-thick uniform-viscosity layer along
the plate interface. In numerical simulations where the viscous strength of the
interface is less than that of the mantle wedge, the overlying forearc mantle
wedge stagnates and effectively decouples from the subducting slab. The
nonlinear rheology of the mantle results in a sharp downdip transition, over
several kilometers, from decoupled to fully coupled along the subduction
interface. For the relatively warm northern Cascadia subduction zone, the
numerical simulations of Wada et al. (2008) suggest a maximum decoupling
depth (MDD) of 70-80 km, consistent with surface heat-flow measurements
and an extensively serpentinized forearc mantle wedge. Wada and Wang (2009)
expanded the analysis of Wada et al. (2008) to 17 subduction zones, spanning
a range in convergence rates and slab ages, and concluded that a common
MDD of 70-80 km best predicted the temperatures and fluid fluxes required
to generate arc magmas and the relatively uniform slab depth (~100 km)
beneath volcanic arcs.

Syracuse et al. (2010) presented two-dimensional finite-element models for
56 subduction-zone segments around the world that demonstrate the range in
predicted thermal structures as a function of (1) subduction geometry, (2) con-
vergence rate, (3) age of incoming lithosphere, (4) nature of the upper plate (e.g.,

continental versus oceanic), and (5) partial coupling between the subducting
slab and overriding plate. The first four parameters were defined by observa-
tions specific to each subduction-zone segment. For the fifth parameter, four
different partial-coupling models were considered, highlighting the importance
of, and uncertainty regarding, convection in the mantle wedge. The range in
predicted slab-surface P-T paths for the 56 subduction-zone segments and two
of the four different models for slab-mantle coupling are depicted in Figure 4
(Syracuse et al., 2010). Predicted P-T paths are broadly similar for depths <60 km
and depths >200 km; predicted slab-surface temperatures increase moderately
from 0 to 60 km depth and increase slowly at depths >200 km. Between 60 and
200 km depth, predicted slab-surface temperatures increase rapidly, with the
depth of rapid heating dependent on the choice of partial-coupling model. In
the simplest case (Fig. 4A), with the MDD fixed at 80 km, subducting slab sur-
faces heat rapidly at 80 km depth and predicted slab-surface temperatures at
100 km depth (P = 3.3 GPa) range from 650 °C to 950 °C (Syracuse et al., 2010).
Syracuse et als (2010) models do not consider shear heating along the shallow
plate interface and, as a result, predict relatively cool slab-surface temperatures
beneath the forearc, with most models predicting T <300 °C at 50 km depth
(Figs. 4 and 5). The highest temperatures are predicted for the Cascadia and
Mexico subduction zones characterized by the subduction of young (7-11 Ma)
oceanic lithosphere at moderate convergence rates (30-50 mm/yr). The coldest
temperatures are predicted for subduction zones in the western Pacific, charac-
terized by the subduction of old (>100 Ma) lithosphere and rapid convergence
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Figure 4. Predicted slab-surface temperatures for 56 subduction-zone segments after Syracuse
et al. (2010) calculated using a two-dimensional finite-element thermal-kinematic model. Colors
represents different geographic regions (Cascadia, gray; Alaska, yellow; central America, or-
ange; South America, red; northwest Pacific, green; southwest Pacific, blue; Indonesia, purple).
Predicted pressure-temperature conditions beneath the volcanic arc are designated by colored
dots. See Syracuse et al. (2010) for details. Gray shading repr maxil n H,0 of
mineral assemblage with contours labelled in wt% H,O stored in hydrous minerals after Hacker
(2008). Solidi for H,0-saturated mid-ocean ridge basalt (solid white line) and H,O-saturated oce-
anic sediments (dashed white line) after Vielseuf and Schmidt (2001) and Schmidt et al. (2004),
respectively. (A) Predicted slab-surface atures for ir depth of slab-mantle decou-
pling (MDD) fixed at 80 km depth (temperature varies). (B) Predicted slab-surface temperatures
for MDD fixed at 550 °C (depth varies).
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rates (>80 mm/yr). In the other three slab-mantle coupling models, the MDD
varies from 50 to 175 km. Figure 4B shows the predicted slab-surface P-T paths
for the same 56 subduction zone segments where the MDD is defined by the
550 °C isotherm. The MDD is found to vary from 54 to 89 km, and predicted
slab-surface temperatures at 100 km depth (P = 3.3 GPa) range from 680 °C to
940 °C (Syracuse et al., 2010). Note that for the T-dependent coupling model,
the rapid convergence and steep dip of the Tonga subduction zone results in
anomalously cold predicted slab-surface temperatures (270 °C at 100 km depth)
and a very deep MDD at 129 km (Syracuse et al., 2010).

Arcay (2017) constructed a two-dimensional thermal-mechanical model
including a weak subduction channel to investigate how the maximum decou-
pling depth varied as a function of the viscosity contrast (parameterized as the
activation energy contrast, AE,) between the subducting crust and mantle. For
subduction zones where the incoming lithosphere is >100 Ma, a low viscosity
contrast leads to a shallow decoupling depth (e.g., MDD = 60 km depth for
AE, = 20 kJ/mol) and warmer forearc mantle. A high viscosity contrast leads
to deeper decoupling (e.g., MDD = 135 km depth for AE, = 120 kJ/mol) and a
colder mantle wedge. Arcay (2017) concluded that constraints on slab-surface
temperatures and temperatures of arc magmatism are best satisfied by an
intermediate value for the activation energy contrast (80-120 kJ/mol) coupled
with localized weakening of the mantle by H,0.

B PETROLOGIC MODELS OF SUBDUCTION ZONES

During subduction, rocks in the downgoing plate undergo metamorphism
as pressure and temperature increase. Constructing an accurate petrologic
model of a subduction zone requires knowledge of the P-T structure and paths
(derived from thermal models) and the bulk composition of the rocks in the
subduction zone (sedimentary rocks, mafic oceanic crust, and ultramafic oce-
anic mantle). Metamorphosed mafic rocks (basalt, gabbro) contain minerals,
such as amphibole and feldspar, that exhibit complex solid solutions, and
metamorphic reactions in mafic bulk compositions are smeared out in P-T
space. Thus, early petrologic models for metabasalt made use of the metamor-
phic facies concept (e.g., Eskola, 1920; Miyashiro, 1973), where characteristic
mineral assemblages, rather than specific metamorphic reactions, defined
regions in P-Tspace. In contrast to metabasalts, minerals in metasedimentary
and meta-ultramafic bulk compositions tend to exhibit less solid solution, and
constructing phase diagrams for these compositions is generally simpler.

In the past several decades, researchers have constructed phase diagrams
for subduction-zone P-T conditions and bulk compositions based on experimen-
tal studies, mineral assemblages observed in the field, and thermodynamic
calculations. Figure 6 shows phase diagrams and maximum H,0 contents
constructed for metamorphosed mid-ocean ridge basalt using these three
different approaches. Figure 6A is based on extensive experiments for T >
550 °C (Schmidt and Poli, 1998) and mineral assemblages observed in nature
for T < 550 °C (Schmidt and Poli, 2014). Mineral metastability and sluggish

temperatures for the northern
Honshu subduction zone (Japan)
calculated using two-dimensional
finite-element kinematic-dynamic
models that incorporate induced
flow in the mantle wedge. Purple
curves are from Wada and Wang
(2009) for p’ = 0 (WW1, dashed
purple line) and p’ = 0.03 (WW2,
solid purple line). Blue curves are
from Syracuse et al. (2010) for four
different mantle flow models: D80
(maximum depth of slab-mantle
decoupling [MDD] fixed at 80 km),
T550 (MDD set at depth where
temperature [T] = 550 °C), X25 . |
(MDD set 25 km trenchward of arc), 00 : 200 : 400
and W1300 (MDD adjusted so that
the maximum Tbeneath the arc is
1300 °C). Green curve (GW) is from Gao and Wang (2014) with p’ = 0.025 in the brittle (frictional)
regime plus additional shear heating in the deeper semi-brittle regime. Selected forearc slab
surface temperatures for p’ = 0 (dotted black line) and p’ = 0.05 (dotted red line) from Figure 2
are shown for reference.
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reaction rates make it difficult to construct a phase diagram for metabasalts
at T< ~600 °C based solely on experiments (Hacker et al., 2003a). Phase dia-
grams constructed using mineral assemblages observed in the field need to be
coupled to experiments (Fig. 6A) or thermodynamic calculations (Fig. 6B) that
define key reactions bounding metamorphic facies (e.g., Hacker et al., 2003a).
In experiments, the bulk composition of the system is specified by the experi-
mentalist, whereas mineral assemblages observed in nature represent a range
in bulk composition. Increasingly, thermodynamic calculations have been used
to construct subduction-zone phase diagrams. For example, pseudosections
(P-Tphase diagrams for a specific bulk composition) can be constructed using
Perple_X, a powerful thermodynamic software package based on minimization
of Gibbs free energy (Connolly and Kerrick, 1987; Connolly, 2005). Figure 6C
shows a phase diagram and maximum H,O contents constructed by Hacker
(2008) using the Perple_X package for a mid-ocean ridge basalt composition.
One of the advantages of the Perple_X thermodynamic package is the predic-
tion of mineral modes (percentages of minerals that make up the rock), which
can be combined with experimental measurements of seismic properties (e.g.,
Christensen, 1996) to predict the seismological structure of a subduction zone
that in turn can be tested against seismological observations. The Perple_X
and other thermodynamic approaches benefit from an internally consistent
thermodynamic database, but rely on thermodynamic properties of minerals,
determinations of which vary in accuracy and precision.

The three phase diagrams for mid-ocean ridge basalt presented in Figure 6 are
broadly similar, but differ in detail. The stability field for lawsonite (11 wt% bound
H,0) in metabasalts remains uncertain. Experiments demonstrate that lawsonite
is stable to high pressures and temperatures (Fig. 6A), but lawsonite-bearing
eclogites are rare in nature (Hacker et al., 2003a). Similarly, the experimentally
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Figure 6. Examples of phase diagrams and maximum H,O contents proposed for metamorphosed mid-ocean ridge basalt (MORB). Note the different scales for the pressure-temperature (P-T) axes.
(A) Based on experiments (T>550 °C) and mineral assemblages observed in nature (T <550 °C) after Schmidt and Poli (2014). Representative slab surface temperatures from Arcay (2017) (orange) and
Syracuse et al. (2010) (pale orange). D | numbers rep! wt% H,0 stored in hydrous minerals. Ctd—chlorotoid; Epi—epidote; K-holl—K-hollandite; Par— paragonite; Zo—zoisite. (B) Based on
mineral assemblages observed in nature and thermodynamic calculations of key reactions after Hacker et al. (2003a). Phase relations in the forbidden zone (above black line) are poorly known and
have not been observed in rocks. Solidi for H,0-saturated MORB (dashed blue line) and MORB + 1 wt % H,O (solid blue line) after Vielzeuf and Schmidt (2001). P-T regions are labelled with meta-
morphic facies. aE—amphibole eclogite; egA—epidote-garnet amphibolite; gA —garnet amphibolite; jeB—jadei pidote ; PA—prehni inolite; PP—prehnite-pumpellyite; Z—zeolite.
(C) Based on thermodynamic calculations using Perple_X software after Hacker (2008). Representative slab-surface temperatures (white lines) for hot and cold subduction zones labeled with bound
H,O content (wt%) of fully hydrated MORB at 4 GPa after Hacker (2008). Solidi for H,0-saturated MORB (dashed black line) and MORB + 1 wt% H,O (solid black line) after Vielzeuf and Schmidt (2001).
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based phase diagram (Fig. 6A) identifies chloritoid (7.5 wt% bound H,0) as an
important mineral in metamorphosed basalts, but chloritoid is rarely observed
in naturally metamorphosed basalts (Hacker et al., 2003a) and is not included
in the phase diagrams based on thermodynamic calculations (Figs. 6B and 6C).

Phase diagrams have also been constructed using these different approaches
for sedimentary (e.g., Kerrick and Connolly, 2001; Poli and Schmidt, 2002; Hacker,
2008) and ultramafic (e.g., Ulmer and Trommsdorff, 1995; Schmidt and Poli,
1998; Hacker et al., 2003a; Riipke et al., 2004; Fumagalli and Poli, 2005; Hacker,
2008) bulk compositions. For a detailed discussion of the differences between
these phase diagrams, | refer the reader to Hacker et al. (2003a), Hacker (2008),
and Schmidt and Poli (2014).

Hacker (2008) investigated where H,0 is released from the slab during sub-
duction, and how much H,0 is subducted past the arc. Key findings include:
(1) in warm subduction zones, metabasalts largely dehydrate at <100 km depth,
whereas in cool subduction zones, metabasalts remain hydrated (~3 wt% H,0)
to greater depths; (2) the amount of H,0 subducted by metabasalts in cold
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subduction zones depends on the initial H,0 content; (3) like metabasalts,
meta-ultramafic rocks are predicted to undergo little dehydration in cold sub-
duction zones at <100 km depth, but complete dehydration in warm slabs;
(4) metamorphosed sediments can transport significant amounts of H,O to
depths >100 km, even in warm subduction zones; and (5) the amount of H,0
subducted in metasediments is proportional to the bulk-rock K,O content,
which stabilizes white mica (phengite).

B ASSESSING THE THERMAL MODELS AGAINST GEOPHYSICAL
AND PETROLOGIC OBSERVATIONS

Maximum Depth of Thrust Earthquakes along the Plate Interface

The seismogenic zone of a subduction megathrust, which is the depth range
inferred to be capable of producing large stick-slip earthquakes, may be defined in
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several ways (Wang and Tréhu, 2016). For subduction zones that have experienced
recent great earthquakes, the extent of the seismogenic zone can be estimated
by inverting geophysical observations. For example, Simons et al. (2011) inverted
strong-motion, teleseismic, geodetic, and tsunami data sets for the great 2011
Tohoku earthquake (offshore Japan), concluding that most slip occurred at depths
<40 km, but some slip occurred at 40-60 km depth. In subduction zones that have
not experienced a recent great earthquake, the seismogenic zone is commonly
defined by the extent of small to moderate thrust earthquakes. Small to moder-
ate thrust earthquakes, including the aftershocks of great earthquakes, tend to
define a slightly deeper downdip limit to the seismogenic zone.

Small to moderate thrust earthquakes occur at greater depths in cool sub-
duction zones compared to warm subduction zones, suggesting that a critical
temperature may control the maximum depth of thrust faulting on the sub-
duction interface. This is also supported by recent seismo-thermo-mechanical
models exploring T-dependent rheologies for the oceanic crust (van Dinther
etal., 2013). If the downdip limit of the seismogenic zone could be defined by a
critical temperature, then the downdip limit of thrust earthquakes could be used
to constrain thermal models, and the critical temperature could help define the
seismogenic zone of subduction zones, like Cascadia, that have not ruptured in
historic times. Unfortunately, a number of studies suggest that temperatures
at the downdip limit of the seismogenic zone vary considerably. For example,
using analytical expressions to estimate temperatures along the subduction
interface, Tichelaar and Ruff (1993) found that the maximum depth of inter-
plate thrust earthquakes occurred at ~400 °C where the overlying continental
crust was thick, and ~550 °C where the overlying continental crust was thin,
assuming a constant coefficient of friction. If shear stresses are assumed to
be constant with depth, then the maximum depth of thrust earthquakes could
be explained by a single critical temperature of ~250 °C (Tichelaar and Ruff,
1993). England (2018) found a wide variation in estimated temperatures at the
downdip limit of small- to moderate-sized thrust earthquakes, ranging from
250 °C at 20 km depth for the Hikurangi subduction zone to ~700 °C at 60 km
depth for cold subduction zones like Honshu and Kermadec (southern Pacific).
Rather than a constant interface temperature, England’s (2018) analysis of 91
subduction zones found the surface heat flux (corrected for radiogenic heat-
ing) above the maximum depth of thrust faulting to be relatively constant, at
~40 mW/m?, consistent with a constant u’ = 0.07 + 0.01 along the plate interface.
Although the historical seismic record is relatively short, it seems unlikely that
the wide variation in calculated temperatures is an artifact of the sparse record,
suggesting that the downdip limit of the seismogenic zone is controlled by a
number of factors in addition to temperature, including pore-fluid pressure
and the type of rocks along the subduction interface.

Seismological Observations of the Subducting Slab and Mantle Wedge

There is very good agreement between thermal-petrologic models and a
prominent low-velocity layer atop the subducting slab observed in seismological

studies of subduction zones. Analysis of teleseismic scattered waves (receiver
functions) in subduction zones reveals a landward-dipping, low seismic-veloc-
ity layer extending to 50-150 km depth (e.g., Yuan et al., 2000; Rondenay et al.,
2001; Bostock et al., 2002; Ferris et al., 2003; Nicholson et al., 2005; Abers et al.,
2006). The dipping low-velocity layer is also revealed by analysis of local P- to
S-converted waves (e.g., Helffrich and Abers, 1997) and dispersion of seismic
body waves (e.g., Abers and Sarker, 1996; Abers, 2005). This layer is on the
order of 5 km thick and encompasses many (but not all) Wadati-Benioff zone
earthquakes (Abers, 2005). It is commonly interpreted as metamorphosed
oceanic crust and sediments at the top of the subducting plate (e.g., Hacker
et al., 2003b) that have lower seismic velocities than mantle rocks (Christensen,
1996). Consistent with the metabasalt phase diagram and calculated slab P-T
paths (Hacker et al., 2003b; Abers et al., 2013), the low-velocity layer ends at
relatively shallow depth (~40-50 km) in the warm Cascadia subduction zone
(e.g., Nicholson et al., 2005) and at greater depth (~120-130 km) in the cooler
Alaska subduction zone (northernmost Pacific; Abers et al., 2006). The spatial
resolution of seismological studies continues to increase rapidly, and we may
look forward to resolving multiple layers in the subducting slab and adjacent
mantle wedge.

The spatial distribution of earthquakes within the subducting slab cor-
relates strongly with the location of continuous (multivariant) metamorphic
dehydration reactions in the subducting crust and mantle, as predicted by
thermal-petrologic models (e.g., Hacker et al., 2003b; Abers et al., 2013). In
warm subduction zones, intraslab earthquakes cease by 100 km depth, whereas
intraslab earthquakes extend to depths of 700 km in cold western Pacific sub-
duction zones. Kirby et al. (1996) proposed that intermediate-depth earthquakes,
which occur between 50 and 300 km depth, reflect dehydration embrittlement
where H,O-rich fluids released by metamorphic reactions promote brittle reacti-
vation of preexisting faults. In addition to increasing pore pressure (Raleigh and
Paterson, 1965), dehydration reactions generate fine-grained, weak reaction
products that may help promote brittle behavior. Ferrand et al. (2017) proposed
that dehydration-driven stress transfer, rather than fluid overpressure, causes
embrittlement. Other hypotheses have been proposed for intermediate-depth
earthquakes such as viscous instabilities (e.g., Kelemen and Hirth, 2007) and
thermal runaway (e.g., John et al., 2009), but dehydration-related embrittle-
ment remains the leading hypothesis for intermediate-depth earthquakes near
the top of the subducting slab.

Thermal-petrologic modeling by Peacock and Wang (1999) and Hacker
et al. (2003b) has predicted the location of hydrated metamorphic rocks in
warm and cold subducting slabs, which correlates strongly with the loca-
tion of intermediate-depth earthquakes. In order to evaluate the dehydration
embrittlement hypothesis, it is important to determine the precise location of
the intermediate-depth earthquakes with respect to the plate boundary. The
thermal-kinematic models described in this paper commonly use Wadati-Be-
nioff zone seismicity to define the top of the subducting slab, so the precise
location of earthquakes is best determined independently using receiver func-
tions (e.g., Abers et al., 2006). An important result of such analysis is that
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intermediate-depth earthquakes occur both in the subducting oceanic crust
and in the uppermost subducting mantle (Abers et al., 2013). It is well accepted
that spatially heterogeneous hydration of the oceanic crust occurs at spreading
centers and transform faults. Earthquakes in subducted oceanic crust appear
to be linked to continuous dehydration reactions that occur in metabasalt with
increasing T and P (e.g., Kirby et al., 1996; Hacker et al., 2003b). The dehydra-
tion embrittlement model for slab mantle earthquakes requires infiltration and
incorporation of H,O into the upper mantle and subsequent dehydration during
subduction. Recent studies have documented that substantial hydration of the
oceanic crust and uppermost mantle can occur in the outer-rise region along
normal faults associated with plate bending (e.g., Ranero et al., 2003, 2005),
and intermediate-depth earthquakes within the uppermost slab mantle likely
reflect dehydration of hydrated mantle rocks.

Earthquakes defining the lower plane of double Wadati-Benioff zones may
also be caused by dehydration embrittlement linked to serpentine dehydra-
tion reactions (Peacock, 2001). The dehydration embrittlement hypothesis for
these earthquakes remains controversial because it requires the infiltration
of H,0 several tens of kilometers deep into the upper mantle along outer-rise
faults. Numerical modeling by Faccenda et al. (2009) demonstrated that deep
slab hydration may be induced by pressure gradients associated with plate
bending. The recent 2017 Chiapas, Mexico, earthquake provides compelling
evidence that normal faulting can extend several tens of kilometers into the
slab mantle (Melgar et al., 2018; Zhang and Brudzinski, 2019). Low seismic
velocities, interpreted to reflect partial serpentinization, extend to 24 + 5 km
depth below the incoming slab Moho in the Mariana subduction zone (west-
ern Pacific; Cai et al., 2018). On the basis of numerical modeling, Kelemen
and Hirth (2007) proposed that lower-plane Wadati-Benioff zone earthquakes
reflect shear instabilities (thermal runaway) associated with the onset of highly
localized viscous creep in anhydrous mantle, rather than dehydration embrit-
tlement. The shear-instability hypothesis is supported by seismic tomography
studies consistent with anhydrous slab mantle (e.g., Reynard et al., 2010) and
deformation experiments (Ohuchi et al., 2017). Perhaps both dehydration and
thermal runaway mechanisms operate at these depths, as envisioned in the
dehydration-driven stress model of Ferrand (2019). Adding to the list of pos-
sibilities, Faccenda et al. (2012) proposed lower-plane Wadati-Benioff zone
earthquakes are triggered by hydrofracturing resulting from the upward fluid
flow driven by slab unbending.

As discussed above, the low surface heat fluxes observed in the subduc-
tion-zone forearcs require the forearc mantle wedge to be cold (<800 °C),
and petrologic models indicate that these ultramafic mantle rocks could be
hydrated if H,O is present. Depending on the P-T conditions and bulk compo-
sition, hydrous phases such as antigorite (serpentine), chlorite, brucite, and
talc may be stable in the mantle wedge. Multiple geophysical and geological
observations, including reduced P-wave velocities (<8 km/s), suggest that the
forearc mantle wedges are partially serpentinized (Hyndman and Peacock,
2003). Recently, Abers et al. (2017) challenged this interpretation for cold sub-
duction zones, suggesting that subducting plates in cold subduction zones

release insufficient H,O at shallow depths to hydrate the mantle wedge, even
when integrated over the life span of the subduction zone. This suggestion
depends, in part, on the assumption that subducted materials have uniform,
homogenous H,0 contents. Hydration of oceanic crust and mantle is known
to be spatially heterogeneous and concentrated along faults and fractures. If
this heterogeneity is preserved during subduction, then H,O-rich veins may
dehydrate at shallower levels than predicted assuming homogenous bulk
H,O contents.

Arc Magmatism

Numerous researchers have used the depth to the slab surface beneath
arc volcanoes to constrain the thermal structure of subduction zones. Using
the slab depth beneath the volcanic front to constrain subduction-zone tem-
peratures requires assumptions about where partial melting occurs beneath
the volcanic front—e.g., within the subducting slab, along the slab interface,
and/or within the overlying mantle wedge. For example, based on the assump-
tion that arc andesites are derived from partial melting of subducted basaltic
crust, early thermal models of subduction zones relied upon high rates of
shear heating to generate high slab-surface temperatures of ~1000 °C beneath
the volcanic arc (e.g., Turcotte and Schubert, 1973). In the 1980s and 1990s,
most researchers tended to focus on the relatively constant depth to the slab
beneath the arc volcanic front (~110-125 km) (e.g., Gill, 1981; Tatsumi, 1986).
The relatively constant slab depths suggested that arc magmatism was trig-
gered by a critical P-dependent dehydration (or partial-melting) reaction in
the subducting slab. More recent work has emphasized the observed global
range in slab depths beneath volcanic arcs (~65-170 km) (e.g., England et al.,
2004; Syracuse and Abers, 2006), which argues against a simple P-dependent
reaction controlling arc magmatism.

A growing consensus has developed that the location of the volcanic front
is controlled by the thermal structure of the mantle wedge, specifically the
closest approach to the trench of a particular isotherm or solidus. England
et al. (2004) demonstrated that the global range in slab depths beneath the arc
correlated inversely with slab descent velocity, suggesting that arc volcanism
was controlled by the temperature at the top of the slab or in the mantle wedge.
Later, England and Katz (2010) ruled out the slab-temperature hypothesis, not-
ing that isotherms at the top of the slab were subparallel to the slab interface,
which should act to smear out arc volcanism with depth if controlled by the
slab-surface temperature. England and Katz (2010) concluded that the volcanic
front was located above the mantle wedge where temperatures were 1250—
1325 °C at pressures of 2-3.5 GPa, corresponding to the solidus of peridotite
containing 200-500 ppm H,0. Using a larger data set than England et al. (2004),
which included subduction zones with steeper slabs, Syracuse and Abers
(2006) found slab depths correlated with slab dip (and not descent velocity),
concluding that the partial-melting region in the mantle wedge was displaced
upward from the Wadati-Benioff zone by a constant-thickness boundary layer.
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On the basis of numerical modeling, Perrin et al. (2018) concluded that the
trenchward location of the anhydrous peridotite solidus governed the position
of the volcanic arc. Convection in the mantle wedge induced by the subduct-
ing slab exerts a primary control on the thermal structure of the wedge, but
additional processes and parameters play an important role, including heat
transported by rising magma (e.g., England and Katz, 2010), the thickness of
the overriding lithosphere relative to the slab coupling depth (Perrin et al.,
2018), and secondary convection (Currie and Hyndman, 2006).

The distinctive geochemistry of arc magmas appears to require a contribu-
tion to the arc magma source region of a partial melt derived from subducted
sediments (e.g., Gill, 1981). In the past decade, fluid (melt) geothermometers
for magmas have been developed based on the trace elements hosted in
accessory minerals that remain stable during partial melting (Hermann and
Spandler, 2008; Plank et al., 2009). For example, Cooper et al. (2012) measured
H,0/Ce ratios in melt inclusions in arc lavas from ten different subduction
zones and calculated slab-surface temperatures of ~730-900 °C. These high
slab-surface temperatures are consistent with recent thermal models incor-
porating flow in a non-Newtonian mantle wedge driven by slab coupling
(e.g., Syracuse et al., 2010). The inferred slab-surface temperatures assume
that sediment melting occurs atop the subducting slab rather than in the
mantle wedge. Based on analyses of sedimentary rocks metamorphosed
at high pressures (2.7-5 GPa), Behn et al. (2011) concluded that diagnostic
“slab signature” elements (e.g., Th, Sr, Pb, Nd) do not become mobile until
temperatures exceed ~1050 °C, significantly higher than the onset of partial
melting at the wet solidus. Thermal modeling suggests that temperatures
>1050 °C are difficult to achieve along the slab surface beneath volcanic arcs,
but are readily achieved in the hot core of the convecting mantle wedge. The
geochemical evidence for a high-T sediment signature supports dynamical
subduction models that predict metasedimentary rocks detaching from the
subducting slab form buoyant diapirs that intrude the overlying mantle wedge
(e.g., Gerya and Yuen, 2003; Currie et al., 2007; Gerya, 2011; Behn et al., 2011;
Marschall and Schumacher, 2012).

Exhumed High-Pressure, Low-Temperature Metamorphic Rocks

Metamorphic rocks form at depth in the Earth. The P-T conditions recorded
by metamorphic rocks now exposed at the surface provide insight into the
thermal structure of plate margins at depths greater than can be obtained by
drilling. Blueschist- and eclogite-facies metamorphic rocks reflect relatively
high-P, low-T conditions consistent with formation in subduction zones where
observed forearc heat fluxes are low. In contrast, hornfels-, amphibolite-, and
granulite-facies metamorphic rocks reflect relatively low-P, high-T conditions
consistent with formation in magmatic arcs where surface heat fluxes are
high. In the geologic record, the juxtaposition of these “paired” metamorphic
belts is commonly used to infer the presence of an ancient subduction zone,
with the direction of ancient subduction taken to be from the high-F low-T

belt (accretionary prism) toward the low-P, high-T belt (magmatic arc) (Ernst,
1971; Miyashiro, 1972).

In principle, we can invert the P-T conditions recorded by blueschists and
eclogites to constrain important thermal parameters, such as the rate of shear
heating along the subduction shear zone. In practice, however, there are sig-
nificant challenges with using metamorphic P-T data to constrain thermal
parameters including: (1) metamorphic rocks now at the surface formed mil-
lions of years ago when parameters like convergence rate, slab geometry, and
slab age are not well constrained; and (2) there is considerable uncertainty as
to when and where in the tectonic history of an orogenic belt the P-T condi-
tions recorded by metamorphic rocks were achieved. A recent debate in the
literature highlights the challenges of using metamorphic rocks to constrain
subduction-zone temperatures.

Using a global data set, Penniston-Dorland et al. (2015) demonstrated that
temperatures recorded by blueschists and eclogites at their maximum pres-
sure were, on average, 100-300 °C warmer than predicted by thermal models
presented by Gerya et al. (2002) and Syracuse et al. (2010). Penniston-Dorland
et al. (2015) explored possible biases in both the petrologic data (e.g., peak
temperatures may be achieved during exhumation) and in the thermal models
(e.g., lack of shear heating). They noted that the prograde P-T paths recorded
by blueschists and eclogites were also warmer than predicted by the thermal
models. Kohn et al. (2018) extended the Penniston-Dorland et al. (2015) analysis
to include surface heat-flow observations and used analytical expressions to
argue that subduction-zone thermal models must incorporate shear heating
(with p’ = 0.05 + 0.015) or else the models may underestimate slab-surface
temperatures by 100-500 °C at 30-80 km depth.

Agard et al's (2018) global compilation of P-T conditions recorded by sub-
ducted oceanic rocks excluded continental fragments and yielded a geologic
data set indicating significantly cooler conditions than the Penniston-Dorland
et al. (2015) compilation. Agard et al's (2018) P-T data set is more consistent
with the predictions of some thermal models (e.g., Gerya et al., 2002), but
still significantly warmer than those of other thermal models (e.g., Syracuse
et al., 2010).

van Keken et al. (2018) assessed two sets of thermal models with and
without shear heating (Wada and Wang [2009] and van Keken et al. [2011],
respectively) against a broadly similar global data set of P-T conditions
recorded by exhumed subduction-zone rocks. van Keken et al. (2018) demon-
strated that including reasonable amounts of shear heating in the thermal
models increases slab-surface temperatures, but the average temperature
of the 7-km-thick subducting oceanic crust increases by <50 °C. van Keken
et al. (2018) concluded that blueschists and eclogites must be exhumed under
relatively warm, anomalous conditions such as those experienced during
subduction initiation or the subduction of very young lithosphere. van Keken
et al. (2019) demonstrated that analytical approximations for frictional heat-
ing should not be extended past the brittle-ductile transition, reinforcing their
earlier proposal (van Keken et al., 2018) that subduction-zone metamorphic
rocks record anomalously warm conditions.
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The P-T paths depicted in Figure 5 illustrate that models that neglect shear
heating along the shallow plate interface (e.g., Syracuse et al., 2010) pre-
dict cooler slab-interface temperatures beneath the forearc than models that
include modest shear heating (e.g., Wada and Wang, 2009). In contrast, both
sets of models predict similar slab-interface temperatures at greater depth
where slab heating is dominated by the overlying convecting mantle wedge.
For P< 2 GPa, some of the discrepancy (perhaps 100-300 °C) between the tem-
peratures recorded by blueschist and eclogites and those predicted by thermal
models can be eliminated by including shear heating along the interface. For
example, Wada and Wang'’s (2009) model with p" = 0.03 yields slab surface
temperatures that are 150 °C hotter at P= 1.5 GPa than the models of Syracuse
et al. (2010). And, as discussed earlier, modest rates of shear heating appear to
be required to fit the observed surface heat-flux measurements in the forearc.

Most hybrid kinematic-dynamic thermal models do not explicitly simulate
the detachment and exhumation of rocks from the subducting slab, whereas
select fully dynamical models, such as that of Gerya et al. (2002), simulate these
processes. Penniston-Dorland et al. (2015) illustrated that “average” subduc-
tion-interface temperatures predicted by Gerya et al. (2002) are ~100-150 °C
warmer than the temperatures predicted by Syracuse et al. (2010) for P =
1-2 GPa, but are still lower than the temperatures recorded by most blueschists
and eclogites. The higher temperatures predicted by the Gerya et al. (2002)
models reflect, in part, the heat advected by rock underplating and circulation
in the subduction channel; such processes would also affect the predicted
forearc heat flow. More importantly, the high temperatures predicted by Gerya
et al. (2002) for tectonic blocks in the circulating subduction channel appear
to reflect peak metamorphic conditions attained during the early (warmer)
stages of subduction. Rapid cooling of subduction zones after initiation is a
fundamental prediction of virtually all subduction-zone thermal models and
is consistent with numerous field-based studies of paleo—subduction zones
that document that the highest-temperature metamorphic rocks form early in
the history of the subduction zone (e.g., Platt, 1975; Cloos, 1985; Krebs et al.,
2008; Agard et al., 2018).

Resolving the discrepancy between the P-T conditions recorded by blue-
schists and eclogites and the P-T conditions predicted by most thermal models
is an important area for future research. In my opinion, there is compelling
evidence that thermal models of subduction zones should incorporate modest
amounts of shear heating along the brittle portion of the subduction interface,
but shear heating alone is insufficient to explain the discrepancy between
the rock record (especially high-P, low-T metagabbros) and the thermal
models. Most blueschists and eclogites likely record anomalously warm sub-
duction-zone conditions, such as those associated with subduction initiation.
Following the important insights revealed by Gerya et al. (2002), work needs
to be done to assess the thermal effects of underplating, exhumation, and
subduction-channel circulation on the thermal structure of subduction-zone
forearcs. | note that this has been an active area of research with respect to
the exhumation of ultrahigh-pressure metamorphic rocks (e.g., Warren et al.,
2008; Hacker et al., 2013).

Ideally, P-T conditions inferred from analysis of blueschist-facies rocks
being brought to the surface today could be used to constrain the rate of
shear heating because the convergence rate and slab geometry are known.
In the Mariana subduction zone, active serpentine mud volcanoes occur on
the forearc seafloor (e.g., Fryer et al., 1985, 1999). These mud volcanoes are
fed by fluids derived from the subducting Pacific plate and entrain clasts of
serpentinite and, less commonly, blueschist-facies rocks (e.g., Maekawa et al.,
1993). Maekawa et al. (1993) estimated peak metamorphic conditions of T=
150-250 °C and P=0.5-0.6 GPa for a blueschist clast derived from the Conical
Seamount, which Peacock (1996) used to calculate that u” = 0.024-0.049 for the
Mariana subduction zone. However, Tamblyn et al. (2019) recently presented
U-Pb ages of 51.1 + 1.2 Ma (zircon) and 47.5 + 2.0 Ma (rutile) for a blueschist
clast recovered from the South Chamarro Seamount, strongly suggesting that
the Mariana blueschists formed during the Eocene initiation of subduction
in the western Pacific and therefore cannot be used to infer P-T conditions at
depth in the modern-day subduction zone.

B LOOKING AHEAD

Over the past two decades, advances in thermal and petrologic modeling,
coupled with increasingly detailed seismological and geological observations,
have improved our understanding of subduction zones. | expect thermal and
petrologic modeling to continue to advance subduction-zone science as we
further test model predictions against increasingly sophisticated geologic,
seismological, and geophysical observations, and evaluate the importance
of dynamical processes not captured in hybrid kinematic-dynamic models.
Important questions that | hope will be answered in the near future include:
What controls the depth at which the slab becomes fully coupled to the mantle
wedge? What is the permeability structure of subduction zones and the spatial
and temporal patterns of fluid flow? How does fluid infiltration and hydration
affect the rheology and flow structure of the mantle wedge?

Subduction-zone science is inherently multidisciplinary, and advances in
thermal and petrologic modeling will continue to be linked to advances in
a wide range of observational and experimental geoscience disciplines. For
example, experimental measurements of seismic velocities in natural rocks at
elevated Pand T (e.g., Christensen, 1996) have allowed researchers to invert
seismological observations to image the basalt-to-eclogite transition in sub-
ducting oceanic crust. Further advances in this area will require the ability to
differentiate among the competing effects of rock compositions and mineral-
ogy, fluids, and rock and crack anisotropy on seismic velocities.

This paper has focused on hybrid kinematic-dynamic models of subduction
zones. Looking ahead, we need to reconcile further the predictions of these
models with the geologic record and with the predictions generated by fully
dynamical models. Dynamical models of subduction zones have revealed a
number of processes, like subduction-channel flow and diapirism, that are not
represented in hybrid kinematic-dynamic models. If these processes commonly
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occur in subduction zones, then hybrid kinematic-dynamic models may have lim-
ited utility despite their success at explaining a number of important first-order
observations like the spatial distribution of intermediate-depth earthquakes. In
my opinion, it remains to be determined whether such dynamical processes are a
common feature of most (all) subduction zones or whether they occur only under
arestricted set of circumstances. For example, does the geologic record suggest
that subduction-channel return flow is common or rare in paleo-subduction
zones? Might we be able to observe subduction channels or diapirs in modern
subduction zones using increasingly high-resolution seismological techniques?

Finally, to what extent are modern subduction zones in approximate ther-
mal steady state, excluding those subduction zones that have formed in the
last few million years? Dynamical models suggest that the geometry and rate
of subduction can fluctuate rapidly over time scales of a few million years
(e.g., Billen and Arredondo, 2018), and there are well-documented examples
of changes in slab geometry in the geologic record, such as the shallowing
of the slab during the Laramide orogeny (United States; e.g., Bird, 1998). Can
we better use the geologic record, such as the location of the volcanic arc over
time, to constrain the stability or instability of slab geometry over millions of
years? And how might fluctuations in slab geometry affect our understanding
of flow in the mantle wedge?

ACKNOWLEDGMENTS

| thank Taras Gerya and lkuko Wada for their constructive reviews of an earlier version of this
manuscript. | wish to express my deep appreciation to Gray Bebout, Steve Kirby, John Platt, and
David Scholl for organizing the 1994 SUBCON Interdisciplinary Conference on the Subduction
Process, editing the original Subduction: Top to Bottom volume, and editing this special Geo-
sphere volume. This research was supported by funding from the University of British Columbia.

REFERENCES CITED

Abers, G.A., 2005, Seismic low-velocity layer at the top of subducting slabs: Observations, pre-
dictions, and systematics: Physics of the Earth and Planetary Interiors, v. 149, p. 7-29, https://
doi.org/10.1016/j.pepi.2004.10.002.

Abers, G.A., and Sarker, G., 1996, Dispersion of regional body waves at 100-150 km depth beneath
Alaska: In situ constraints on metamorphism of subducted crust: Geophysical Research Letters,
v. 23, p. 1171-1174, https://doi.org/10.1029/96GL00974.

Abers, G.A., van Keken, PE., Kneller, E.A., Ferris, A., and Stachnik, J.C., 2006, The thermal struc-
ture of subduction zones constrained by seismic imaging: Implications for slab dehydration
and wedge flow: Earth and Planetary Science Letters, v. 241, p. 387-397, https://doi.org/10
.1016/j.eps!.2005.11.055.

Abers, G.A., Nakajima, J., van Keken, PE., Kita, S., and Hacker, B.R., 2013, Thermal-petrological
controls on the location of earthquakes within subducting plates: Earth and Planetary Science
Letters, v. 369-370, p. 178-187, https://doi.org/10.1016/j.epsl.2013.03.022.

Abers, G.A., van Keken, PE., and Hacker, B.R., 2017, The cold and relatively dry nature of mantle
forearcs in subduction zones: Nature Geoscience, v. 10, p. 333-337, https://doi.org/10.1038
/ngeo2922.

Agard, P, Plunder, A., Angiboust, S., Bonnet, G., and Ruh, J., 2018, The subduction plate interface:
Rock record and mechanical coupling (from long and short timescales): Lithos, v. 320-321,
p. 537-566, https://doi.org/10.1016/j.lithos.2018.09.029.

Arcay, D., 2017, Modelling the interplate domain in thermo-mechanical simulations of subduction:
Critical effects of resolution and rheology, and consequences on wet mantle melting: Physics
of the Earth and Planetary Interiors, v. 269, p. 112-132, https://doi.org/10.1016/j.pepi.2017.05.008.

Batchelor, G.K., 1967, An Introduction to Fluid Dynamics: Cambridge, UK, Cambridge University
Press, 615 p.

Bebout, G.E., and Penniston-Dorland, S.C., 2016, Fluid and mass transfer at subduction inter-
faces—The field metamorphic record: Lithos, v. 240-243, p. 228-258, https://doi.org/10.1016
/j.lithos.2015.10.007.

Bebout, G.E., Scholl, D.W., Kirby, S.H., and Platt, J.P, eds., 1996, Subduction: Top to Bottom: Amer-
ican Geophysical Union Geophysical Monograph 96, 384 p., https://doi.org/10.1029/GM096.

Behn, M.D., Kelemen, PB., Hirth, G., Hacker, B.R., and Massone, H.-J., 2011, Diapirs as the source
of the sediment signature in arc lavas: Nature Geoscience, v. 4, p. 641-646, https://doi.org
/10.1038/ngeo1214.

Billen, M.1., and Arredondo, K.M., 2018, Decoupling of plate-asthenosphere motion caused by
non-linear viscosity during slab folding in the transition zone: Physics of the Earth and Plan-
etary Interiors, v. 281, p. 17-30, https://doi.org/10.1016/j.pepi.2018.04.011.

Bird, P, 1998, Kinematic history of the Laramide orogeny in latitudes 35°-49°N, western United
States: Tectonics, v. 17, p. 780-801, https://doi.org/10.1029/98TC02698.

Bostock, M.G., Hyndman, R.D., Rondenay, S., and Peacock, S.M., 2002, An inverted continental
Moho and serpentinization of the forearc mantle: Nature, v. 417, p. 536-538, https://doi.org
/10.1038/417536a.

Cai, C., Wiens, D.A., Shen, W., and Elmer, M., 2018, Water input into the Mariana subduction
zone estimated from ocean-bottom seismic data: Nature, v. 563, p. 389-392, https://doi.org
/10.1038/s41586-018-0655-4.

Carslaw, H.S., and Jaeger, J.C., 1959, Conduction of Heat in Solids: Oxford, UK, Clarendon Press,
517 p.

Christensen, N.I., 1996, Poisson’s ratio and crustal seismology: Journal of Geophysical Research,
v. 101, p. 3139-3156, https://doi.org/10.1029/95JB03446.

Cloos, M., 1982, Flow melanges: Numerical modeling and geologic constraints on their origin in
the Franciscan subduction complex, California: Geological Society of America Bulletin, v. 93,
p. 330-345, https://doi.org/10.1130/0016-7606(1982)93<330:FMNMAG>2.0.CO;2.

Cloos, M., 1985, Thermal evolution of convergent plate margins: Thermal modeling and reeval-
uation of isotopic Ar-ages for blueschists in the Franciscan Complex of California: Tectonics,
V. 4, p. 421-433, https://doi.org/10.1029/TC004i005p00421.

Cloos, M., and Shreve, R.L., 1988, Subduction-channel model of prism accretion, mélange forma-
tion, sediment subduction, and sediment erosion at convergent plate margins: 2. Implications
and discussion: Pure and Applied Geophysics, v. 128, p. 501-545, https://doi.org/10.1007
/BF00874549.

Conder, J.A., 2005, A case for hot slab surface temperatures in numerical viscous flow models
of subduction zones with an improved fault zone parameterization: Physics of the Earth and
Planetary Interiors, v. 149, p. 155-164, https://doi.org/10.1016/j.pepi.2004.08.018.

Connolly, J.A.D., 2005, Computation of phase equilibria by linear programming: A tool for geody-
namic modeling and its application to subduction zone decarbonation: Earth and Planetary
Science Letters, v. 236, p. 524-541, https://doi.org/10.1016/j.epsl.2005.04.033.

Connolly, J.A.D., and Kerrick, D.M., 1987, An algorithm and computer program for calculating
composition phase diagrams: CALPHAD (Computer Coupling of Phase Diagrams and Ther-
mochemistry), v. 11, p. 1-55, https://doi.org/10.1016/0364-5916(87)90018-6.

Cooper, L.B., Ruscitto, D.M., Plank, T., Wallace, PJ., Syracuse, E.M., and Manning, C.E., 2012, Global
variations in H,0/Ce: 1. Slab surface temperatures beneath volcanic arcs: Geochemistry Geo-
physics Geosystems, v. 13, Q03024, https://doi.org/10.1029/2011GC003902.

Crosby, A.G., McKenzie, D., and Sclater, J.G., 2006, The relationship between depth, age and
gravity in the oceans: Geophysical Journal International, v. 166, p. 553-573, https://doi.org
/10.1111/j.1365-246X.2006.03015.x.

Currie, C.A., and Hyndman, R.D., 2006, The thermal structure of subduction zone back arcs: Journal
of Geophysical Research, v. 111, B08404, https://doi.org/10.1029/2005JB004024.

Currie, C.A., Wang, K., Hyndman, R.D., and He, J., 2004, The thermal effects of steady-state slab-
driven mantle flow above a subducting plate: The Cascadia subduction zone and backarc:
Earth and Planetary Science Letters, v. 223, p. 35-48, https://doi.org/10.1016/j.eps|.2004.04.020.

Currie, C.A., Beaumont, C., and Huismans, R.S., 2007, The fate of subducted sediments: A case
for backarc intrusion and underplating: Geology, v. 35, p. 1111-1114, https://doi.org/10.1130
/G24098A.1.

Davis, E.E., and Lister, C.R.B., 1977, Heat-flow measured over the Juan de Fuca Ridge: Evidence
for widespread hydrothermal circulation in a highly heat transportive crust: Journal of Geo-
physical Research, v. 82, p. 4845-4860, https://doi.org/10.1029/JB082i030p04845.

Peacock | Modeling of subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1016/j.pepi.2004.10.002
https://doi.org/10.1016/j.pepi.2004.10.002
https://doi.org/10.1029/96GL00974
https://doi.org/10.1016/j.epsl.2005.11.055
https://doi.org/10.1016/j.epsl.2005.11.055
https://doi.org/10.1016/j.epsl.2013.03.022
https://doi.org/10.1038/ngeo2922
https://doi.org/10.1038/ngeo2922
https://doi.org/10.1016/j.lithos.2018.09.029
https://doi.org/10.1016/j.pepi.2017.05.008
https://doi.org/10.1016/j.lithos.2015.10.007
https://doi.org/10.1016/j.lithos.2015.10.007
https://doi.org/10.1029/GM096
https://doi.org/10.1038/ngeo1214
https://doi.org/10.1038/ngeo1214
https://doi.org/10.1016/j.pepi.2018.04.011
https://doi.org/10.1029/98TC02698
https://doi.org/10.1038/417536a
https://doi.org/10.1038/417536a
https://doi.org/10.1038/s41586-018-0655-4
https://doi.org/10.1038/s41586-018-0655-4
https://doi.org/10.1029/95JB03446
https://doi.org/10.1130/0016-7606(1982)93<330:FMNMAG>2.0.CO;2
https://doi.org/10.1029/TC004i005p00421
https://doi.org/10.1007/BF00874549
https://doi.org/10.1007/BF00874549
https://doi.org/10.1016/j.pepi.2004.08.018
https://doi.org/10.1016/j.epsl.2005.04.033
https://doi.org/10.1016/0364-5916(87)90018-6
https://doi.org/10.1029/2011GC003902
https://doi.org/10.1111/j.1365-246X.2006.03015.x
https://doi.org/10.1111/j.1365-246X.2006.03015.x
https://doi.org/10.1029/2005JB004024
https://doi.org/10.1016/j.epsl.2004.04.020
https://doi.org/10.1130/G24098A.1
https://doi.org/10.1130/G24098A.1
https://doi.org/10.1029/JB082i030p04845

GEOSPHERE | Volume 16 | Number 4

Davis, E.E., Wang, K., He, J., Chapman, D.S., Villinger, H., and Rosenberger, A., 1997, An unequiv-
ocal case for high Nusselt number hydrothermal convection in sediment-buried igneous
oceanic crust: Earth and Planetary Science Letters, v. 146, p. 137-150, https://doi.org/10.1016
/S0012-821X(96)00212-9.

England, PE., 2018, On shear stresses, temperatures, and the maximum magnitudes of earth-
quakes at convergent plate boundaries: Journal of Geophysical Research: Solid Earth, v. 123,
p. 7165-7202, https://doi.org/10.1029/2018JB015907.

England, PE., and Katz, R.F, 2010, Melting above the anhydrous solidus controls the location of
volcanic arcs: Nature, v. 467, p. 700-703, https://doi.org/10.1038/nature09417.

England, PE., and Wilkins, C., 2004, A simple analytical approximation to the temperature struc-
ture in subduction zones: Geophysical Journal International, v. 159, p. 1138-1154, https:/doi
.org/10.1111/j.1365-246X.2004.02419.x.

England, PE., Engdahl, R., and Thatcher, W., 2004, Systematic variation in the depths of slabs
beneath arc volcanoes: Geophysical Journal International, v. 156, p. 377-408, https://doi.org
/10.1111/j.1365-246X.2003.02132.x.

Ernst, W.G., 1971, Metamorphic zonations on presumably subducted lithospheric plates from
Japan, California, and the Alps: Contributions to Mineralogy and Petrology, v. 34, p. 43-59,
https://doi.org/10.1007/BF00376030.

Eskola, P, 1920, The mineral facies of rocks: Norsk Geologisk Tidsskrift, v. 6, p. 143-191.

Faccenda, M., Gerya, T.V., and Burlini, L., 2009, Deep slab hydration induced by bending-related
variations in tectonic pressure: Nature Geoscience, v. 2, p. 790-793, https://doi.org/10.1038
/ngeo656.

Faccenda, M., Gerya, T.V., Mancktelow, N.S., and Moresi, L., 2012, Fluid flow during slab unbend-
ing and dehydration: Implications for intermediate-depth seismicity, slab weakening and
deep water recycling: Geochemistry Geophysics Geosystems, v. 13, Q01010, https://doi.org
/10.1029/2011GC003860.

Fagereng, A., and Sibson, R.H., 2010, Mélange rheology and seismic style: Geology, v. 38, p. 751-
754, https://doi.org/10.1130/G30868.1.

Fagereng, A., Hillary, G.W.B., and Diener, J.FA., 2014, Brittle-viscous deformation, slow slip, and
tremor: Geophysical Research Letters, v. 41, p. 4159-4167, https:/doi.org/10.1002/2014GRL060433.

Ferrand, T.P, 2019, Seismicity and mineral destabilizations in the subducting mantle up to 6 GPa,
200 km depth: Lithos, v. 334-335, p. 205-230, https://doi.org/10.1016/j.lith0s.2019.03.014.

Ferrand, TP, Hilairet, N., Incel, S., Deldicque, D., Labrousse, L., Gasc, J., Renner, J., Wang, Y., Green,
H.W., II, and Schubnel, A., 2017, Dehydration-driven stress transfer triggers intermediate-depth
earthquakes: Nature Communications, v. 8, 15247, https://doi.org/10.1038/ncomms15247.

Ferris, A., Abers, G.A., Christensen, D.H., and Veenstra, E., 2003, High resolution image of the
subducted Pacific (?) plate beneath central Alaska, 50-150 km depth: Earth and Planetary
Science Letters, v. 214, p. 575-588, https://doi.org/10.1016/S0012-821X(03)00403-5.

Fisher, A.T.,, and Von Herzen, R.P, 2005, Models of hydrothermal circulation within 106 Ma sea-
floor: Constraints on the vigor of fluid circulation and crustal properties, below the Madeira
Abyssal Plain: Geochemistry Geophysics Geosystems, v. 6, Q11001, https://doi.org/10.1029
/2005GC001013.

Fryer, P, Ambos, E.L., and Hussong, D.M., 1985, Origin and emplacement of Mariana forearc sea-
mounts: Geology, v. 13, p. 774-777, https://doi.org/10.1130/0091-7613(1985)13<774:OAEOMF>2
.0.CO;2.

Fryer, P, Wheat, C.G., and Mottl, M.J., 1999, Mariana blueschist mud volcanism: Implications for
conditions within the subduction zone: Geology, v. 27, p. 103-1086, https://doi.org/10.1130/0091
-7613(1999)027<0103:MBMVIF>2.3.CO;2.

Fumagalli, P, and Poli, S., 2005, Experimentally determined phase relations in hydrous peridotites
to 6.5 GPa and their consequences on the dynamics of subduction zones: Journal of Petrology,
v. 146, p. 555-578, https://doi.org/10.1093/petrology/egh088.

Furukawa, Y., 1993, Depth of the decoupling plate interface and thermal structure under arcs:
Journal of Geophysical Research, v. 98, p. 20,005-20,013, https://doi.org/10.1029/93JB02020.

Gao, X., and Wang, K., 2014, Strength of stick-slip and creeping subduction megathrusts from
heat flow observations: Science, v. 345, p. 1038-1041, https://doi.org/10.1126/science.1255487.

Gao, X., and Wang, K., 2017, Rheological separation of the megathrust seismogenic zone and
episodic tremor and slip: Nature, v. 543, p. 416-419, https://doi.org/10.1038/nature21389.

Gerya, T., 2011, Future directions in subduction modeling: Journal of Geodynamics, v. 52, p. 344-378,
https://doi.org/10.1016/j.jog.2011.06.005.

Gerya, T., 2019, Introduction to Numerical Geodynamic Modelling (second edition): Cambridge,
UK, Cambridge University Press, 472 p., https://doi.org/10.1017/9781316534243.

Gerya, T.V., and Yuen, D.A., 2003, Rayleigh-Taylor instabilities from hydration and melting pro-
pel “cold plumes” at subduction zones: Earth and Planetary Science Letters, v. 212, p. 47-62,
https://doi.org/10.1016/S0012-821X(03)00265-6.

Gerya, T.V,, Stéckhert, B., and Perchuk, A.L., 2002, Exhumation of high-pressure metamorphic
rocks in a subduction channel: A numerical simulation: Tectonics, v. 21, 1056, https://doi.org
/10.1029/2002TC001406.

Gerya, T.V., Connolly, J.A.D., Yuen, D.A., Gorczyk, W., and Capel, A.M., 2006, Seismic implications
of mantle wedge plumes: Physics of the Earth and Planetary Interiors, v. 156, p. 59-74, https://
doi.org/10.1016/j.pepi.2006.02.005.

Gill, J.B., 1981, Orogenic Andesites and Plate Tectonics: Berlin, Springer-Verlag, 401 p., https://
doi.org/10.1007/978-3-642-68012-0.

Grevemeyer, |., Kaul, N., Diaz-Naveas, J.L., Villinger, H.W., Ranero, C.R., and Reichert, C., 2005,
Heat flow and bending-related faulting at subduction trenches: Case studies offshore Nica-
ragua and central Chile: Earth and Planetary Science Letters, v. 236, p. 238-248, https://doi
.org/10.1016/j.epsl.2005.04.048.

Hacker, B.R., 2008, H,0 subduction beyond arcs: Geochemistry Geophysics Geosystems, v. 9,
Q03001, https://doi.org/10.1029/2007GC001707.

Hacker, B.R., Abers, G.A., and Peacock, S.M., 2003a, Subduction factory 1. Theoretical mineralogy,
densities, seismic wave speeds, and H,0 contents: Journal of Geophysical Research, v. 108,
2029, https://doi.org/10.1029/2001JB001127.

Hacker, B.R., Peacock, S.M., Abers, G.A., and Holloway, S.D., 2003b, Subduction factory 2. Are
intermediate-depth earthquakes in subducting slabs linked to metamorphic dehydration reac-
tions?: Journal of Geophysical Research, v. 108, 2030, https://doi.org/10.1029/2001JB001129.

Hacker, B.R., Gerya, T.V., and Gilotti, J.A., 2013, Formation and exhumation of ultrahigh-pressure
terranes: Elements, v. 9, p. 289-293, https://doi.org/10.2113/gselements.9.4.289.

Harris, R.N., Spinelli, G., Ranero, C.R., Grevemeyer, |., Villinger, H., and Barckhausen, U., 2010,
Thermal regime of the Costa Rican convergent margin: 2. Thermal models of the shallow
Middle America subduction zone offshore Costa Rica: Geochemistry Geophysics Geosystems,
v. 11, Q12S29, https://doi.org/10.1029/2010GC003273.

Harris, R.N., Spinelli, G.A., and Fisher, A.T,, 2017, Hydrothermal circulation and the thermal struc-
ture of shallow subduction zones: Geosphere, v. 13, p. 1425-1444, https://doi.org/10.1130
/GES01498.1.

Hasebe, K., Fujii, N., and Uyeda, S., 1970, Thermal processes under island arcs: Tectonophysics,
v. 10, p. 335-355, https://doi.org/10.1016/0040-1951(70)90114-9.

Helffrich, G., and Abers, G.A., 1997, Slab low-velocity layer in the eastern Aleutian subduction
zone: Geophysical Journal International, v. 130, p. 640-648, https://doi.org/10.1111/j.1365-246 X
.1997.tb01858.x.

Hermann, J., and Spandler, C.J., 2008, Sediments melt at sub-arc depths: An experimental study:
Journal of Petrology, v. 49, p. 717-740, https://doi.org/10.1093/petrology/egm073.

Hillier, J.K., and Watts, A.B., 2005, Relationship between depth and age in the North Pacific
Ocean: Journal of Geophysical Research, v. 110, B02405, https://doi.org/10.1029/2004JB003406.

Holdsworth, R.E., 2004, Weak faults—Rotten cores: Science, v. 303, p. 181-182, https://doi.org
/10.1126/science.1092491.

Honda, S., and Saito, M., 2003, Small-scale convection under the back-arc occurring in the low
viscosity wedge: Earth and Planetary Science Letters, v. 216, p. 703-715, https://doi.org/10
.1016/S0012-821X(03)00537-5.

Hyndman, R.D., and Peacock, S.M., 2003, Serpentinization of the forearc mantle: Earth and Plane-
tary Science Letters, v. 212, p. 417-432, https://doi.org/10.1016/S0012-821X(03)00263-2.

Hyndman, R.D., and Wang, K., 1993, Thermal constraints on the zone of major thrust earthquake
failure: The Cascadia subduction zone: Journal of Geophysical Research, v. 98, p. 2039-2060,
https://doi.org/10.1029/92JB02279.

John, T,, Medvedey, S., Rupke, L.H., Andersen, T.B., Podladchikov, Y.Y., and Austrheim, H., 2009,
Generation of intermediate-depth earthquakes by self-localizing thermal runaway: Nature
Communications, v. 2, p. 137-140, https://doi.org/10.1038/ngeo419.

Karato, S.-i., and Wu, P, 1993, Rheology of the upper mantle: A synthesis: Science, v. 260, p. 771-
778, https://doi.org/10.1126/science.260.5109.771.

Kelemen, PB., and Hirth, G., 2007, A periodic shear-heating mechanism for intermediate-depth
earthquakes in the mantle: Nature, v. 446, p. 787-790, https://doi.org/10.1038/nature05717.

Kerrick, D.M., and Connolly, J.A.D., 2001, Metamorphic devolatilization of subducted marine
sediments and the transport of volatiles into the Earth’s mantle: Nature, v. 411, p. 293-296,
https://doi.org/10.1038/35077056.

Peacock | Modeling of subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1016/S0012-821X(96)00212-9
https://doi.org/10.1016/S0012-821X(96)00212-9
https://doi.org/10.1029/2018JB015907
https://doi.org/10.1038/nature09417
https://doi.org/10.1111/j.1365-246X.2004.02419.x
https://doi.org/10.1111/j.1365-246X.2004.02419.x
https://doi.org/10.1111/j.1365-246X.2003.02132.x
https://doi.org/10.1111/j.1365-246X.2003.02132.x
https://doi.org/10.1007/BF00376030
https://doi.org/10.1038/ngeo656
https://doi.org/10.1038/ngeo656
https://doi.org/10.1029/2011GC003860
https://doi.org/10.1029/2011GC003860
https://doi.org/10.1130/G30868.1
https://doi.org/10.1002/2014GRL060433
https://doi.org/10.1016/j.lithos.2019.03.014
https://doi.org/10.1038/ncomms15247
https://doi.org/10.1016/S0012-821X(03)00403-5
https://doi.org/10.1029/2005GC001013
https://doi.org/10.1029/2005GC001013
https://doi.org/10.1130/0091-7613(1985)13<774:OAEOMF>2.0.CO;2
https://doi.org/10.1130/0091-7613(1985)13<774:OAEOMF>2.0.CO;2
https://doi.org/10.1130/0091-7613(1999)027<0103:MBMVIF>2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027<0103:MBMVIF>2.3.CO;2
https://doi.org/10.1093/petrology/egh088
https://doi.org/10.1029/93JB02020
https://doi.org/10.1126/science.1255487
https://doi.org/10.1038/nature21389
https://doi.org/10.1016/j.jog.2011.06.005
https://doi.org/10.1017/9781316534243
https://doi.org/10.1016/S0012-821X(03)00265-6
https://doi.org/10.1029/2002TC001406
https://doi.org/10.1029/2002TC001406
https://doi.org/10.1016/j.pepi.2006.02.005
https://doi.org/10.1016/j.pepi.2006.02.005
https://doi.org/10.1007/978-3-642-68012-0
https://doi.org/10.1007/978-3-642-68012-0
https://doi.org/10.1016/j.epsl.2005.04.048
https://doi.org/10.1016/j.epsl.2005.04.048
https://doi.org/10.1029/2007GC001707
https://doi.org/10.1029/2001JB001127
https://doi.org/10.1029/2001JB001129
https://doi.org/10.2113/gselements.9.4.289
https://doi.org/10.1029/2010GC003273
https://doi.org/10.1130/GES01498.1
https://doi.org/10.1130/GES01498.1
https://doi.org/10.1016/0040-1951(70)90114-9
https://doi.org/10.1111/j.1365-246X.1997.tb01858.x
https://doi.org/10.1111/j.1365-246X.1997.tb01858.x
https://doi.org/10.1093/petrology/egm073
https://doi.org/10.1029/2004JB003406
https://doi.org/10.1126/science.1092491
https://doi.org/10.1126/science.1092491
https://doi.org/10.1016/S0012-821X(03)00537-5
https://doi.org/10.1016/S0012-821X(03)00537-5
https://doi.org/10.1016/S0012-821X(03)00263-2
https://doi.org/10.1029/92JB02279
https://doi.org/10.1038/ngeo419
https://doi.org/10.1126/science.260.5109.771
https://doi.org/10.1038/nature05717
https://doi.org/10.1038/35077056

GEOSPHERE | Volume 16 | Number 4

Kirby, S., Engdahl, E.R., and Denlinger, R., 1996, Intermediate-depth intraslab earthquakes and
arc volcanism as physical expressions of crustal and uppermost mantle metamorphism in
subducting slabs, in Bebout, G.E., Scholl, D.W., Kirby, S.H., and Platt, J.P, eds., Subduction:
Top to Bottom: American Geophysical Union Geophysical Monograph 96, p. 195-214, https://
doi.org/10.1029/GM096p0195.

Kneller, E.A., van Keken, PE., Karato, S., and Park, J., 2005, B-type olivine fabric in the mantle
wedge: Insights from high-resolution non-Newtonian subduction zone models: Earth and
Planetary Science Letters, v. 237, p. 781-797, https://doi.org/10.1016/j.eps|.2005.06.049.

Kneller, E.A., van Keken, PE., Katayama, ., and Karato, S., 2007, Stress, strain, and B-type olivine
fabric in the fore-arc mantle: Sensitivity tests using high-resolution steady-state subduc-
tion zone models: Journal of Geophysical Research, v. 112, B04406, https://doi.org/10.1029
/2006JB004544.

Kohn, M.J., Castro, A.E., Kerswell, B.C., Ranero, C.R., and Spear, FS., 2018, Shear heating recon-
ciles thermal models with the metamorphic rock record of subduction: Proceedings of the
National Academy of Sciences of the United States of America, v. 115, p. 11,706-11,711, https://
doi.org/10.1073/pnas.1809962115.

Krebs, M., Maresch, W.V., Schertl, H.-P, Miinker, C., Baumann, A., Draper, G., Idleman, B., and
Trapp, E., 2008, The dynamics of intra-oceanic subduction zones: A direct comparison between
fossil petrological evidence (Rio San Juan Complex, Dominican Republic) and numerical
simulation: Lithos, v. 103, p. 106-137, https://doi.org/10.1016/j.lithos.2007.09.003.

Maekawa, H., Shozui, M., Ishii, T, Fryer, P, and Pearce, J.A., 1993, Blueschist metamorphism
in an active subduction zone: Nature, v. 364, p. 520-523, https://doi.org/10.1038/364520a0.

Marschall, H.R., and Schumacher, J.C., 2012, Arc magmas sourced from mélange diapirs in sub-
duction zones: Nature Geoscience, v. 5, p. 862-867, https://doi.org/10.1038/ngeo1634.

Melgar, D., Ruiz-Angulo, A., Garcia, E.S., Manea, M., Manea, V.C., Xu, X., Ramirez-Herrera, M.T,,
Zavala-Hidalgo, J., Geng, J., Corona, N., Pérez-Campos, X., Cabral-Cano, E., and Ramirez-Guz-
man, L., 2018, Deep embrittlement and complete rupture of the lithosphere during the M,
8.2 Tehuantepec earthquake: Nature Geoscience, v. 11, p. 955-960, https://doi.org/10.1038
/s41561-018-0229-y.

Minear, J.W., and Toks6z, M.N., 1970, Thermal regime of a downgoing slab and new global tectonics:
Journal of Geophysical Research, v. 75, p. 1397-1419, https://doi.org/10.1029/JB075i008p01397.

Miyashiro, A., 1972, Metamorphism and related magmatism in plate tectonics: American Journal
of Science, v. 272, p. 629-656, https://doi.org/10.2475/ajs.272.7.629.

Miyashiro, A., 1973, Metamorphism and Metamorphic Belts: London, George Allen & Unwin, 492
p., https://doi.org/10.1007/978-94-011-6836-6.

Molnar, P, and England, P, 1990, Temperatures, heat flux, and frictional stress near major thrust faults:
Journal of Geophysical Research, v. 95, p. 4833-4856, https://doi.org/10.1029/JB095iB04p04833.

Nedimovi¢, M.R., Bohnenstiehl, D.R., Carbotte, S.M., Canales, J.P, and Dziak, R.P, 2009, Faulting
and hydration of the Juan de Fuca plate system: Earth and Planetary Science Letters, v. 284,
p. 94-102, https://doi.org/10.1016/j.eps|.2009.04.013.

Nicholson, T., Bostock, M., and Cassidy, J.F, 2005, New constraints on subduction zone structure
in northern Cascadia: Geophysical Journal International, v. 161, p. 849-859, https://doi.org
/10.1111/j.1365-246X.2005.02605.x.

Ohuchi, T, Lei, X., Ohfuji, H., Higo, Y., Tange, Y., Sakai, T, Fujino, K., and Irifune, T., 2017, Inter-
mediate-depth earthquakes linked to localized heating in dunite and harzburgite: Nature
Geoscience, v. 10, p. 771-776, https://doi.org/10.1038/ngeo3011.

Oxburgh, E.R., and Turcotte, D.L., 1970, Thermal structure of island arcs: Geological Society of
America Bulletin, v. 81, p. 1665-1688, https://doi.org/10.1130/0016-7606(1970)81[1665:TSOIA]2
.0.CO;2.

Parsons, B., and Sclater, J.G., 1977, An analysis of the variation of ocean floor bathymetry and
heat flow with age: Journal of Geophysical Research, v. 82, p. 803-827, https://doi.org/10
.1029/JB082i005p00803.

Peacock, S.M., 1992, Blueschist-facies metamorphism, shear heating, and P-T-t paths in subduc-
tion shear zones: Journal of Geophysical Research, v. 97, p. 17,693-17,707, https://doi.org/10
.1029/92JB01768.

Peacock, S.M., 1996, Thermal and petrologic structure of subduction zones, in Bebout, G.E., Scholl,
D.W.,, Kirby, S.H., and Platt, J.P, eds., Subduction: Top to Bottom: American Geophysical Union
Geophysical Monograph 96, p. 119-133, https://doi.org/10.1029/GM096p0119.

Peacock, S.M., 2001, Are double seismic zones caused by serpentine dehydration reactions in
subducting oceanic mantle?: Geology, v. 29, p. 299-302, https://doi.org/10.1130/0091-7613
(2001)029<0299:ATLPOD>2.0.CO;2.

Peacock, S.M., and Wang, K., 1999, Seismic consequences of warm versus cool subduction meta-
morphism: Examples from southwest and northeast Japan: Science, v. 286, p. 937-939, https:/
doi.org/10.1126/science.286.5441.937.

Penniston-Dorland, S.C., Kohn, M.J., and Manning, C.E., 2015, The global range of subduction zone
thermal structures from exhumed blueschists and eclogites: Rocks are hotter than models:
Earth and Planetary Science Letters, v. 428, p. 243-254, https://doi.org/10.1016/j.epsl.2015.07.031.

Perrin, A., Goes, S., Prytulak, J., Rondenay, S., and Davies, D.R., 2018, Mantle wedge temperatures
and their potential relation to volcanic arc location: Earth and Planetary Science Letters, v. 501,
p. 67-77, https://doi.org/10.1016/j.epsl.2018.08.011.

Plank, T., Cooper, L.B., and Manning, C.E., 2009, Emerging geothermometers for estimating slab
surface temperatures: Nature Geoscience, v. 2, p. 611-615, https://doi.org/10.1038/ngeo614.

Platt, J.P, 1975, Metamorphic and deformational processes in the Franciscan Complex, California:
Some insights from the Catalina Schist terrane: Geological Society of America Bulletin, v. 86,
p. 1337-1347, https://doi.org/10.1130/0016-7606(1975)86<1337:MADPIT>2.0.CO;2.

Platt, J.P, Xia, H., and Schmidt, W.L., 2018, Rheology and stress in subduction zones around the
aseismic/seismic transition: Progress in Earth and Planetary Science, v. 5, 24, https://doi.org
/10.1186/s40645-018-0183-8.

Poli, S., and Schmidt, M.W., 2002, Petrology of subducted slabs: Annual Review of Earth and
Planetary Sciences, v. 30, p. 207-235, https://doi.org/10.1146/annurev.earth.30.091201.140550.

Pollack, H.P, Hunter, S.J., and Johnson, J.R., 1993, Heat flow from the Earth’s interior: Analysis of
the global data set: Reviews of Geophysics, v. 31, p. 267-280, https://doi.org/10.1029/93RG01249.

Raleigh, C.B., and Paterson, M.S., 1965, Experimental deformation of serpentinite and its tectonic
implications: Journal of Geophysical Research, v. 70, p. 3965-3985, https://doi.org/10.1029
/JZ070i016p03965.

Ranero, C.R., Phipps Morgan, J., Mcintosh, K., and Reichert, C., 2003, Bending-related faulting
and mantle serpentinization at the Middle America trench: Nature, v. 425, p. 367-373, https://
doi.org/10.1038/nature01961.

Ranero, C.R., Villasefor, A., Phipps Morgan, J., and Weinrebe, W., 2005, Relationship between
bend-faulting at trenches and intermediate-depth seismicity: Geochemistry Geophysics Geo-
systems, v. 6, Q12002, https://doi.org/10.1029/2005GC000997.

Reynard, B., Nakajima, J., and Kawakatsu, H., 2010, Earthquakes and plastic deformation of anhy-
drous slab mantle in double Wadati-Benioff zones: Geophysical Research Letters, v. 37, L24309,
https://doi.org/10.1029/2010GL045494.

Rondenay, S., Bostock, M.G., and Shragge, J., 2001, Multiparameter two-dimensional inversion
of scattered teleseismic body waves 3. Application to the Cascadia 1993 data set: Journal
of Geophysical Research, v. 106, p. 30,795-30,807, https://doi.org/10.1029/2000JB000039.

Rotman, H.M.M., and Spinelli, G.A., 2013, Global analysis of the effect of fluid flow on subduction
zone temperatures: Geochemistry Geophysics Geosystems, v. 14, p. 3268-3281, https://doi
.org/10.1002/ggge.20205.

Rowe, C.D., Moore, J.C., Remitti, F, and the IODP Expedition 343/343T Scientists, 2013, The thick-
ness of subduction plate boundary faults from the seafloor into the seismogenic zone: Geology,
V. 41, p. 991-994, https://doi.org/10.1130/G34556.1.

Ripke, L.H., Phipps Morgan, J., Hort, M., and Connolly, J.A.D., 2004, Serpentine and the subduc-
tion zone water cycle: Earth and Planetary Science Letters, v. 223, p. 17-34, https://doi.org
/10.1016/j.epsl.2004.04.018.

Saffer, D.M., and Tobin, H.J., 2011, Hydrogeology and mechanics of subduction zone forearcs: Fluid
flow and pore pressure: Annual Review of Earth and Planetary Sciences, v. 39, p. 157-186,
https://doi.org/10.1146/annurev-earth-040610-133408.

Schmidt, M.W., and Poli, S., 1998, Experimentally based water budgets for dehydrating slabs
and consequences for arc magma generation: Earth and Planetary Science Letters, v. 163,
p. 361-379, https://doi.org/10.1016/S0012-821X(98)00142-3.

Schmidt, M.W., and Poli, S., 2014, Devolatilization during subduction, in Rudnick, R.L., ed., Trea-
tise on Geochemistry (second edition), Volume 4: The Crust: Amsterdam, Elsevier Science,
p. 669-701, https:/doi.org/10.1016/B978-0-08-095975-7.00321-1.

Schmidt, M.W., Vielzeuf, D., and Auzanneau, E., 2004, Melting and dissolution of subducting crust at
high pressures: the key role of white mica: Earth and Planetary Science Letters, v. 228, p. 65-84.

Shreve, R.L., and Cloos, M., 1986, Dynamics of sediment subduction, mélange formation, and
prism accretion: Journal of Geophysical Research, v. 91, p. 10,229-10,245, https://doi.org/10
.1029/JB091iB10p10229.

Simons, M., Minson, S.E., Sladen, A., Ortega, F, Jiang, J., Owen, S.E., Meng, L., Ampuero, J.-P,
Wei, S., Chu, R., Helmberger, D.V., Kanamori, H., Hetland, E., Moore, A.W., and Webb, FH., 2011,

Peacock | Modeling of subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1029/GM096p0195
https://doi.org/10.1029/GM096p0195
https://doi.org/10.1016/j.epsl.2005.06.049
https://doi.org/10.1029/2006JB004544
https://doi.org/10.1029/2006JB004544
https://doi.org/10.1073/pnas.1809962115
https://doi.org/10.1073/pnas.1809962115
https://doi.org/10.1016/j.lithos.2007.09.003
https://doi.org/10.1038/364520a0
https://doi.org/10.1038/ngeo1634
https://doi.org/10.1038/s41561-018-0229-y
https://doi.org/10.1038/s41561-018-0229-y
https://doi.org/10.1029/JB075i008p01397
https://doi.org/10.2475/ajs.272.7.629
https://doi.org/10.1007/978-94-011-6836-6
https://doi.org/10.1029/JB095iB04p04833
https://doi.org/10.1016/j.epsl.2009.04.013
https://doi.org/10.1111/j.1365-246X.2005.02605.x
https://doi.org/10.1111/j.1365-246X.2005.02605.x
https://doi.org/10.1038/ngeo3011
https://doi.org/10.1130/0016-7606(1970)81[1665:TSOIA]2.0.CO;2
https://doi.org/10.1130/0016-7606(1970)81[1665:TSOIA]2.0.CO;2
https://doi.org/10.1029/JB082i005p00803
https://doi.org/10.1029/JB082i005p00803
https://doi.org/10.1029/92JB01768
https://doi.org/10.1029/92JB01768
https://doi.org/10.1029/GM096p0119
https://doi.org/10.1130/0091-7613(2001)029<0299:ATLPOD>2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029<0299:ATLPOD>2.0.CO;2
https://doi.org/10.1126/science.286.5441.937
https://doi.org/10.1126/science.286.5441.937
https://doi.org/10.1016/j.epsl.2015.07.031
https://doi.org/10.1016/j.epsl.2018.08.011
https://doi.org/10.1038/ngeo614
https://doi.org/10.1130/0016-7606(1975)86<1337:MADPIT>2.0.CO;2
https://doi.org/10.1186/s40645-018-0183-8
https://doi.org/10.1186/s40645-018-0183-8
https://doi.org/10.1146/annurev.earth.30.091201.140550
https://doi.org/10.1029/93RG01249
https://doi.org/10.1029/JZ070i016p03965
https://doi.org/10.1029/JZ070i016p03965
https://doi.org/10.1038/nature01961
https://doi.org/10.1038/nature01961
https://doi.org/10.1029/2005GC000997
https://doi.org/10.1029/2010GL045494
https://doi.org/10.1029/2000JB000039
https://doi.org/10.1002/ggge.20205
https://doi.org/10.1002/ggge.20205
https://doi.org/10.1130/G34556.1
https://doi.org/10.1016/j.epsl.2004.04.018
https://doi.org/10.1016/j.epsl.2004.04.018
https://doi.org/10.1146/annurev-earth-040610-133408
https://doi.org/10.1016/S0012-821X(98)00142-3
https://doi.org/10.1016/B978-0-08-095975-7.00321-1
https://doi.org/10.1029/JB091iB10p10229
https://doi.org/10.1029/JB091iB10p10229

GEOSPHERE | Volume 16 | Number 4

The 2011 magnitude 9.0 Tohoku-Oki earthquake: Mosaicking the megathrust from seconds to
centuries: Science, v. 332, p. 1421-1425, https://doi.org/10.1126/science.1206731.

Spinelli, G.A., and Wang, K., 2008, Effects of fluid circulation in subducting crust on Nankai margin
seismogenic zone temperatures: Geology, v. 36, p. 887-890, https://doi.org/10.1130/G25145A.1.

Spinelli, G.A., and Wang, K., 2009, Links between fluid circulation, temperature, and metamor-
phism in subducting slabs: Geophysical Research Letters, v. 36, L13302, https://doi.org/10
.1029/2009GL038706.

Spinelli, G., Wada, |., Wang, K., He, J., Harris, R., and Underwood, M., 2018, Diagenetic, meta-
morphic, and hydrogeologic consequences of hydrothermal circulation in subducting crust:
Geosphere, v. 14, p. 2337-2354, https://doi.org/10.1130/GES01653.1.

Stein, C.A., and Stein, S., 1992, A model for the global variation in oceanic depth and heat flow
with lithospheric age: Nature, v. 359, p. 123-129, https://doi.org/10.1038/359123a0.

Stein, C.A., and Stein, S., 1994, Constraints on hydrothermal heat flux through the oceanic litho-
sphere from global heat flow: Journal of Geophysical Research, v. 99, p. 3081-3095, https://
doi.org/10.1029/93JB02222.

Syracuse, E.M., and Abers, G.A., 2006, Global compilation of variations in slab depth beneath
arc volcanoes and implications: Geochemistry Geophysics Geosystems, v. 7, Q05017, https:/
doi.org/10.1029/2005GC001045.

Syracuse, E.M., van Keken, PE., and Abers, G.A., 2010, The global range of subduction zone
thermal models: Physics of the Earth and Planetary Interiors, v. 183, p. 73-90, https://doi.org
/10.1016/j.pepi.2010.02.004.

Tamblyn, R., Zack, T., Schmitt, A.K., Hand, M., Kelsey, D., Morrissey, L., Pabst, S., and Saviv, I|.P,
2019, Blueschist from the Mariana forearc records long-lived residence of material in the
subduction channel: Earth and Planetary Science Letters, v. 519, p. 171-181, https://doi.org
/10.1016/j.epsl.2019.05.013.

Tatsumi, Y., 1986, Formation of the volcanic front in subduction zones: Geophysical Research
Letters, v. 13, p. 717-720, https://doi.org/10.1029/GL013i008p00717.

Tichelaar, B.W., and Ruff, L.J., 1993, Depth of seismic coupling along subduction zones: Journal
of Geophysical Research, v. 98, p. 2017-2037, https://doi.org/10.1029/92JB02045.

Turcotte, D.L., and Schubert, G., 1973, Frictional heating of the descending lithosphere: Journal of
Geophysical Research, v. 78, p. 5876-5886, https://doi.org/10.1029/JB078i026p05876.

Ulmer, P, and Trommsdorff, V., 1995, Serpentine stability to mantle depths and subduction-re-
lated magmatism: Science, v. 268, p. 858-861, https://doi.org/10.1126/science.268.5212.858.

Uyeda, S., 1977, Some basic problems in the trench-arc-back arc system, in Talwani, M., and Pitman,
W.C., lll, eds., Island Arcs, Deep-Sea Trenches and Back-Arc Basins: American Geophysical
Union Maurice Ewing Series 1, p. 1-14, https://doi.org/10.1029/ME001p0001.

van Dinther, Y., Gerya, T.V., Dalguer, L.A., Mai, PM., Morra, G., and Giardini, D., 2013, The seismic
cycle at subduction thrusts: Insights from seismo-thermo-mechanical models: Journal of
Geophysical Research: Solid Earth, v. 118, p. 6183-6202, https://doi.org/10.1002/2013JB010380.

van Keken, PE., Kiefer, B., and Peacock, S.M., 2002, High-resolution models of subduction
zones: Implications for mineral dehydration reactions and the transport of water into the

deep mantle: Geochemistry Geophysics Geosystems, v. 3, 1056, https://doi.org/10.1029
/2001GC000256.

van Keken, PE., Currie, C., King, S.D., Behn, M.D., Cagnioncle, A., He, J., Katz, R.F, Lin, S.-C., Par-
mentier, E.M., Spiegelman, M., and Wang, K., 2008, A community benchmark for subduction
zone modeling: Physics of the Earth and Planetary Interiors, v. 171, p. 187-197, https://doi.org
/10.1016/j.pepi.2008.04.015.

van Keken, PE., Hacker, B.R., Syracuse, E.M., and Abers, G.A., 2011, Subduction factory: 4. Depth-
dependent flux of H,0 from subducting slabs worldwide: Journal of Geophysical Research,
v. 116, B01401, https://doi.org/10.1029/2010jb007922.

van Keken, PE., Wada, I., Abers, G.A., Hacker, B.R., and Wang, K., 2018, Mafic high-pressure rocks
are preferentially exhumed from warm subduction settings: Geochemistry Geophysics Geo-
systems, v. 19, p. 2934-2961, https://doi.org/10.1029/2018GC007624.

van Keken, PE., Wada, |., Sime, N., and Abers, G.A., 2019, Thermal structure of the forearc in
subduction zones: A comparison of methodologies: Geochemistry Geophysics Geosystems,
v. 20, p. 3268-3288, https://doi.org/10.1029/2019GC008334.

Vielzeuf, D., and Schmidt, M.W., 2001, Melting relations in hydrous systems revisited: Application
to metapelites, metagreywackes and metabasalts: Contributions to Mineralogy and Petrology,
v. 141, p. 251-267, https://doi.org/10.1007/s004100100237.

Wada, I., and Wang, K., 2009, Common depth of slab-mantle decoupling: Reconciling diversity
and uniformity of subduction zones: Geochemistry Geophysics Geosystems, v. 10, Q10009,
https://doi.org/10.1029/2009GC002570.

Wada, I., Wang, K., He, J., and Hyndman, R.D., 2008, Weakening of the subduction interface and
its effects on surface heat flow, slab dehydration, and mantle wedge serpentinization: Journal
of Geophysical Research, v. 113, B04402, https://doi.org/10.1029/2007JB005190.

Wang, K., and Tréhu, A.M., 2016, Invited review paper: Some outstanding issues in the study
of great megathrust earthquakes—The Cascadia example: Journal of Geodynamics, v. 98,
p. 1-18, https://doi.org/10.1016/j.jog.2016.03.010.

Warren, C.J., Beaumont, C., and Jamieson, R.A., 2008, Formation and exhumation of ultra-high-
pressure rocks during continental collision: Role of detachment in the subduction channel:
Geochemistry Geophysics Geosystems, v. 9, Q04019, https://doi.org/10.1029/2007GC001839.

Yuan, X., Sobolev, S.V., Kind, R., Oncken, O., Bock, G., Asch, G., Schurr, B. Graeber, F, Rudloff, A.,
Hanka, W., Wylegalla, K., Tibi, R., Haberland, C., Reitbrock, A., Giese, P, Wigger, P, Rower,
P, Zandt, G., Beck, S., Wallace, T., Pardo, M., and Comte, D., 2000, Subduction and collision
processes in the Central Andes constrained by converted seismic phases: Nature, v. 408,
p. 958-961, https://doi.org/10.1038/35050073.

Zhang, H., and Brudzinski, M.R., 2019, Evidence for rupture through a double Benioff zone during
the 2017 M,, 8.2 Chiapas, Mexico earthquake: Geophysical Research Letters, v. 46, p. 652-660,
https://doi.org/10.1029/2018GL080009.

Zhong, S., and Gurnis, M., 1998, Role of faults, nonlinear rheology, and viscosity structure in
generating plates from instantaneous mantle flow models: Journal of Geophysical Research,
v. 103, p. 15,255-15,268, https://doi.org/10.1029/98JB00605.

Peacock | Modeling of subduction zones



http://geosphere.gsapubs.org
https://doi.org/10.1126/science.1206731
https://doi.org/10.1130/G25145A.1
https://doi.org/10.1029/2009GL038706
https://doi.org/10.1029/2009GL038706
https://doi.org/10.1130/GES01653.1
https://doi.org/10.1038/359123a0
https://doi.org/10.1029/93JB02222
https://doi.org/10.1029/93JB02222
https://doi.org/10.1029/2005GC001045
https://doi.org/10.1029/2005GC001045
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1016/j.pepi.2010.02.004
https://doi.org/10.1016/j.epsl.2019.05.013
https://doi.org/10.1016/j.epsl.2019.05.013
https://doi.org/10.1029/GL013i008p00717
https://doi.org/10.1029/92JB02045
https://doi.org/10.1029/JB078i026p05876
https://doi.org/10.1126/science.268.5212.858
https://doi.org/10.1029/ME001p0001.
https://doi.org/10.1002/2013JB010380
https://doi.org/10.1029/2001GC000256
https://doi.org/10.1029/2001GC000256
https://doi.org/10.1016/j.pepi.2008.04.015
https://doi.org/10.1016/j.pepi.2008.04.015
https://doi.org/10.1029/2010jb007922
https://doi.org/10.1029/2018GC007624
https://doi.org/10.1029/2019GC008334
https://doi.org/10.1007/s004100100237
https://doi.org/10.1029/2009GC002570
https://doi.org/10.1029/2007JB005190
https://doi.org/10.1016/j.jog.2016.03.010
https://doi.org/10.1029/2007GC001839
https://doi.org/10.1038/35050073
https://doi.org/10.1029/2018GL080009
https://doi.org/10.1029/98JB00605

	ABSTRACT
	INTRODUCTION
	MODELING THE THERMAL STRUCTURE OF SUBDUCTION ZONES
	PRIMARY FACTORS GOVERNING THE THERMAL STRUCTURE OF SUBDUCTION ZONES
	PETROLOGIC MODELS OF SUBDUCTION ZONES
	ASSESSING THE THERMAL MODELS AGAINST GEOPHYSICAL AND PETROLOGIC OBSERVATIONS
	LOOKING AHEAD
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Equation 1
	Equation 2
	Equation 3
	Equation 4
	Equation 5
	Equation 6
	Equation 7
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

	Next Page: 
	Page 1: 
	Page 2: 
	Page 3: 
	Page 4: 
	Page 5: 
	Page 6: 
	Page 7: 
	Page 8: 
	Page 9: 
	Page 10: 
	Page 11: 
	Page 12: 
	Page 13: 
	Page 14: 
	Page 15: 
	Page 16: 
	Page 17: 

	Previous Page: 
	Page 2: 
	Page 3: 
	Page 4: 
	Page 5: 
	Page 6: 
	Page 7: 
	Page 8: 
	Page 9: 
	Page 10: 
	Page 11: 
	Page 12: 
	Page 13: 
	Page 14: 
	Page 15: 
	Page 16: 
	Page 17: 



