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Variations in subduction-zone seismicity, seismic velocity, and arc magmatism
reflect differences in the thermal structure and metamorphic reactions occurring in
subducting oceanic lithosphere. Current kinematic and dynamical models of sub-
duction zones predict cool slab-mantle interface temperatures less than one-half of
the initial mantle temperature. Weak rocks along the slab-mantle interface likely limit
the rate of shear heating; surface heat flux measurements and other observations sug-
gest interface shear stresses are 0 - 40 MPa, consistent with this expectation. Thermal
models of the NE Japan, Izu-Bonin, and Aleutian subduction zones predict slab-
mantle interface temperatures of ~500 °C beneath the volcanic front. In such cool
subduction zones, subducting oceanic crust transforms to eclogite at depths > 100 km
and temperatures are too low to permit partial melting of subducted sediments or
crust. In the Nankai subduction zone, where the incoming Philippine Sea Plate is
unusually warm, predicted interface temperatures beneath sparse Holocene volca-
noes are ~800 °C and eclogite transformation, slab dehydration reactions, and
intermediate-depth seismicity occur at < 60 km depth. The geometry and vigor of
mantle-wedge convection remains considerably uncertain; models incorporating
strongly temperature-dependent mantle viscosity predict significantly higher

slab-mantle interface temperatures.

INTRODUCTION

Subducting lithospheric plates are the cool, downwelling
limbs of mantle convection and the negative buoyancy of
subducting slabs (slab pull) drives plate tectonics [Forsyth
and Uyeda, 1975]. Subduction zones are regions of intense
earthquake activity, explosive volcanism, and complex
mass transfer between the crust, mantle, hydrosphere, and
atmosphere. In this contribution, I present subduction-zone
thermal models that provide a framework for discussing the
petrological and seismological processes that occur in sub-
ducting slabs (defined herein as the subducting sediments,

oceanic crust, and oceanic mantle). Specific issues to be dis-
cussed include uncertainties regarding mantle-wedge con-
vection, metamorphic reactions in the subducting plate, the
origin of arc magmas, and subduction-zone earthquakes.

GENERAL OBSERVATIONS
REGARDING SUBDUCTION ZONES

Subducting slabs are cool because oceanic lithosphere,
the cold upper boundary layer of Earth’s internal convec-
tion, descends into the mantle more rapidly than heat con-
duction warms the slab. The chilling effect of subduction is
recorded by surface heat flux measurements < 0.03 W m-2
in subduction-zone forearcs (one-half of the average global
surface heat flux). In well-studied subduction zones like
Cascadia, forearc heat flux systematically decreases from
the trench to the volcanic front [Hyndman and Wang, 1995].
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Cold subducting slabs are well resolved as high-velocity
regions in seismic tomography studies [e.g., Zhao et al.,
1994]. Low-temperature, high-pressure metamorphic rocks
(blueschists, eclogites) provide an important record of the
unusually cool temperatures at depth in subduction zones
[e.g., Carswell, 1990; Peacock, 1992; Hacker, 1996].

Despite subducting slabs being cool compared to the sur-
rounding mantle, almost all subduction zones are distin-
guished by active arc volcanism, which requires that rocks
melt somewhere in the subduction zone system. Early ther-
mal models of subduction zones assumed a priori that arc
magmas were derived from direct melts of the subducting
slab and these models incorporated high rates of shear heat-
ing along the slab-mantle interface in order to supply the
required heat [e.g., Oxburgh and Turcotte, 1970; Turcotte
and Schubert, 1973]. Over time, this view has evolved and
most arc magmas are now thought to represent partial melts
of the mantle wedge induced by infiltration of aqueous flu-
ids derived from the subducting slab [e.g., Gill, 1981;
Hawkesworth et al., 1993]. Current thermal models of sub-
duction zones call upon lower rates of shear heating and
predict that slab melting only occurs in unusually warm
subduction zones characterized by young incoming litho-
sphere and slow convergence [e.g., Peacock et al., 1994].
The complex origin of arc magmas, however, remains an
area of active research and debate.

THERMAL STRUCTURE OF SUBDUCTION ZONES

The thermal structure of subduction zones has been inves-
tigated using analytical [e.g., Molnar and England, 1990]
and numerical techniques [e.g., Toksoz et al, 1971,
Peacock, 1990a; Davies and Stevenson, 1992; Peacock
et al., 1994; Kincaid and Sacks, 1997]. These studies have
identified a number of important parameters that control the
thermal structure of a subduction zone (Figure 1) including:
(1) convergence rate, (2) thermal structure of the incoming
lithosphere, which is primarily a function of lithospheric
age but is also affected by hydrothermal cooling and the
thickness of insulating sediments, (3) geometry of the sub-
ducting slab, (4) rate of shear heating (= shear stress x
convergence rate), and (5) vigor and geometry of flow in the
mantle wedge [see review by Peacock, 1996]. The first
three parameters are relatively well constrained whereas the
rate of shear heating and mantle wedge flow are consider-
ably uncertain.

Calculated slab temperatures decrease with increasing
convergence rate and increasing age of the incoming litho-
sphere. Most western Pacific subduction zones, such as
the Kamchatka-Kurile-Honshu and Izu-Bonin-Mariana

systems, are characterized by rapid convergence of old, cool
lithosphere; subducted slabs in these subduction zones are
relatively cool. In contrast, the young incoming lithosphere
and modest convergence rates of subduction zones such as
Nankai and Cascadia lead to relatively warm subducted
slabs.

At shallow depths (<50 km), temperatures along the slab-
mantle interface during the earliest stages of underthrusting
are predicted to equal the average of the surface temperature
(T,) and the initial (pre-subduction) mantle temperature at
the depth of interest (7;) [Molnar and England, 1990].
Continued underthrusting removes heat from the upper
plate and interface temperatures decrease to less than 0.5 (7
+ T;). High rates of shear heating increase interface temper-
atures, but the low surface heat flux observed in forearcs
requires that advective cooling, and not shear heating, con-
trols the shallow thermal structure of subduction zones. In
general, there is good agreement among the different ther-
mal models presented in the literature and much of the
apparent variation in published thermal structures results
from different rates of shear heating. Recent studies, based
on surface heat flow measurements and other data, suggest
shear stresses in subduction zones are of order 10 MPa and
range from 0 to 40 MPa (Table 1). Shear heating, while an
important heat source, is not the primary control on temper-
atures in the subducting slab.

At depths greater than ~50 km, convection in the overly-
ing mantle wedge strongly influences slab temperatures.
Induced mantle-wedge convection warms the subducting
slab and a cool boundary layer forms in the mantle wedge
adjacent to the slab [e.g., McKenzie, 1969]. Mantle-wedge
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Figure 1. Important parameters which govern the thermal struc-
ture of a subduction zone.



convection increases slab-mantle interface temperatures by
~200-250 °C based on comparing Molnar and Englands
[1990] analytical expressions with the results of numerical
models incorporating wedge convection (Figure 2).
However, models with mantle-wedge convection still pre-
dict slab-mantle interface temperatures less than 0.5 (7 +
T)) (Figure 2) [e.g., Davies and Stevenson, 1992; Furukawa,
1993; Peacock et al., 1994; Peacock, 1996; Kincaid and
Sacks, 1997].

THERMAL-PETROLOGIC MODELS OF COOL AND
WARM SUBDUCTION ZONES

Recently, we constructed a set of two-dimensional, finite-
element, thermal models of four subduction zones—NE
Japan, Izu-Bonin, the Aleutians, and Nankai—in order to
test thermal models against seismological and magmatic
observations (Plate 1) [Peacock and Wang, 1999; Peacock
and Hyndman, 1999; this study]. These models solve the
steady-state heat transfer equation including terms for heat
conduction, advection, and heat sources; in the case of
Nankai we used a transient solution in order to account for
the subduction of the young Shikoku basin. For each sub-
duction zone, the geometry of the subducting slab is defined
using seismic reflection and refraction studies at shallow
levels and Wadati-Benioff zone seismicity at deeper levels.
Our models include two heat sources: radiogenic heat pro-
duction in the upper-plate crust and shear heating along the
plate boundary from the trench to 70 km depth. We neglect

Table 1. Recent estimates of subduction zone shear stresses.

Subduction Shear
zone stress (MPa)

(1) Match of thermal models to surface heat flow

Reference

Continental 14 - 27 Tichelaar and Ruff [1993]
Cascadia ~0 Hyndman and Wang 1995]
Nankai ~0 Peacock and Wang [1999]
NE Japan 10 Peacock and Wang [1999]
Kermadec 40+ 17 von Herzen et al. [2001]

(2) Blueschists (high P — low T conditions)
Franciscan <20-30 Peacock [1992]
Mariana 18£8 Peacock [1996]

(3) Dynamical modeling of trench topography
Oceanic 15-30 Zhong and Gurnis [1994]
(4) Upper plate stress field

Cascadia <10 Wang et al. [1995]
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Figure 2. Predicted pressure-temperature conditions along the
slab-mantle interface based on published kinematic and dynamical
models. In each case predicted interface temperatures are less than
one-half the sum of the surface temperature (7) and the initial, pre-
subduction mantle temperature at depth (7;). M1, M2; Molnar and
England s [1990] analytical expressions for convergence rate, V =
100 and 30 mm yr-L, respectively. D1, D2; Davies and Stevenson's
[1992] numerical solutions for V = 72 mm yr-! and 60° and 30°,
respectively. F1, F2; Furukawa's [1993] numerical solutions for
V = 100 mm yr! and a slab-wedge coupling depth of 100 and
40 km, respectively. P1, P2; Peacock et al. s [1994] numerical solu-
tions for V = 100 and 30 mm yr-1, respectively. K, Kincaid and
Sack’s [1997] numerical solution for V =100 mm yr-1.

heat transported by fluids and heat consumed (released) by
endothermic (exothermic) reactions; both fluid advection
and metamorphic reaction enthalpies are proportional to the
amount of H,O involved, which in subduction zones is very
limited at depths > 10 km [Peacock, 1987; Peacock, 1990b].
The thermal structure of the incoming plate is fixed using an
oceanic geotherm of appropriate age [Stein and Stein,
1992]. The arc-side boundary is defined by either a conti-
nental geotherm (surface heat flux = 0.065 W m=2) or a
20 Ma oceanic geotherm in the case of the Izu-Bonin model.
The surface temperature is fixed at 0 °C and the temperature
at the base of the 95-km-thick subducting plate is fixed at
1450 °C [Stein and Stein, 1992]. Where material flows out
of the model grid, no horizontal conductive heat flow is
permitted.

These thermal models are “kinematic” in the sense that the
slab geometry and convergence rate are model inputs, but we
use a dynamical model for flow in the mantle wedge. In a
pure “dynamical” model, the slab geometry and subduction










































