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Abstract 

Van den Beukel, J. and Wortel, R., 1988. Thermo-mechanical modelling of arc-trench regions. Tectonophysics, 
154:177-193. 

The thermal structure of the shallow part of a subduction zone, i.e. the region between the trench and the voicanic 

line, is catculated with a finite difference method. published heat flow measurements, in combination with rheological 

arguments and the distribution of interplate thrust earthquakes, are used to constrain the thermal structure of this 

region and the magnitude of shear stresses acting on the plate contact. A pressure and temperature dependent rheology 

is used to model shear stresses. From our thermo-mechanical modelling it follows that temperatures at the plate contact 

and within the upper plate are determined by the subduction of cold material and by frictional heating. For models 

that satisfy the constraints the average shear stress at the plate contact (between the trench and the volcanic line) varies 

from about 10 to about 40 MPa and shear stresses during brittle deformation range from 2.5 to 7.5% of the lithostatic 

pressure. For a wide range of convergence velocities (4-12 cm/yr) and ages of the subducting oceanic lithosphere 

(30-150 Ma), shear stresses and temperatures at and above the plate contact are essentially independent of these 

parameters. Temperatures at the upper surface of the slab for the preferred thermal models are in good agreement with 

pressure-temperature conditions during high-pressure metamorphism inferred from mineral assemblages in the 

Franciscan Complex of California. Frictional heating has a large influence on the conditions for high-pressure 

rnet~o~~srn. 

Introduction 

Processes at convergent plate margins, associ- 
ated with the subduction of oceanic lithosphere, 
are important for the evolution of continental 
crust. High-pressure metamorphic belts are formed 
in the region near the trench (Oxburgh and 
Turcotte, 1971; Ernst, 1977). Subduction related 
volcanism results in the formation of new con- 
tinental crust (Gill, 1981). It is obvious that the 
thermal structure of the upper part of a subduc- 
tion zone has a large influence on these processes. 

Here, we present a thermal model for the re- 

gion between the trench and the volcanic line 
(arc-trench region; see Fig. 1). Arc-trench re- 
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gions are characterized by a small, gradually in- 
creasing dip of the slab and, as can be inferred 
from heat flow data, by the absence of an astheno- 
spheric wedge between the slab and the surface. 
Temperatures are relatively low as a consequence 
of the subduction process. The depth of the upper 
surface of the slab in this region is less than about 
100 km. 

Several authors have studied the thermal struc- 
ture of a subduction zone (e.g. Minear and Toksiiz, 
1970; Andrews and Sleep, 1974; Anderson et al., 
1978, 1980; Hsui and Toksiiz, 1979; Honda and 
Uyeda, 1983; Honda, 1985) These models, which 
encompass both the subducting and the overriding 
plate, exhibit large differences in temperature for 
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the arc-trench region which are primarily caused 

by differences in heat production by friction at the 

upper surface of the subducting slab. Shear stresses 

at the plate contact vary from zero MPa (e.g. 

Honda and Uyeda, 1983) to values over 100 MPa 

(e.g. Anderson et al., 1978). Constraints on either 

temperatures or shear stresses are thus essential 

for the thermal modelling of an arc-trench region. 

In addition, the dip of the slab in these models is 

constant and approximately equal to the dip of 

the slab at great depth, whereas in reality the dip 

gradually increases until the slab has reached a 

depth of about 100-200 km. The geometry of the 

slab in these models is not suitable for a detailed 

investigation of the thermal structure of an arc- 

trench region. 

In this study we use published heat flow data, 

in combination with rheological arguments and 

the depth distribution of interplate thrust earth- 

quakes, to infer the thermal structure of an arc- 

trench region and the magnitude of shear stresses 

acting on the plate contact. A constant curvature, 

rather than a constant dip, has been employed to 

model the geometry of the slab, giving a much 

better approximation of its actual geometry in an 

arc-trench region. 

Description of the model 

Isacks and Barazangi (1977) give the geometry 

of the upper surface of the descending slab, as 

inferred from seismicity, for a number of subduc- 

tion zones. Differences in the geometry of the slab 

at depths less than 100 km are small compared to 

differences at greater depths. The distance be- 

tween the trench and the volcanic line is typically 

175-275 km; the depth of the upper surface of the 

slab below the volcanic line is typically 90-110 

km. 

The geometry of the model is given in Fig. 2. 

The upper surface of the slab is part of a circle, 

which gives a reasonable approximation of the 

actual geometry of the slab in an arc-trench region 

(Isacks and Barazangi, 1977; Furlong et al., 1982). 

In the model the dip below the trench is 7” and 

the dip below the volcanic line is slightly over 

30 O. The total distance between the trench and 

the volcanic line is about 250 km; the depth of the 

upper surface of the slab below the volcanic line is 

about 95 km. The geometry of the model is par- 

ticularly close to that of the subduction zone near 

northeast Honshu. Japan (Yoshii, 1979). The 

thickness of the crustal and sedimentary part of 

VOLCANIC 
ARC-TRENCH REGION ZONE 

TRENCH 

WEDGE -__ ’ 

--- 
-. 

-. 
. . 

-1 

\ 

MANTLE 
\ 

\ 
\ 

100 KM 

Fig. 1. The shallow part of a subduction zone. Dashed lines indicate the base of the lithosphere, which can only be given 

schematically. No vertical exaggeration. 
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Fig. 2. Geometry of the model. 

the upper plate is 25 km and the thickness of the 

crust of the slab is 7.5 km. Since we focus here on 

temperatures at and above the upper surface of 

the slab, it is sufficient to incorporate only the 

upper 50 km of the slab in the model. Within an 

arc-trench region heating of the slab takes place 

only in the upper 20-30 km of the slab. 

The time dependent two-dimensional tempera- 

ture distribution T(x,z,t) (where z is the depth, x 

the horizontal distance from the trench, t is time 

and u the velocity; T in “C) is calculated from: 

~+u.VT=--+(kVT)+A] 
P 

For crustal material the density p is taken to be 

2.7 x lo3 kg m-3 and the thermal conductivity k 

is 2.5 W m-i o C-‘. For subcrustal lithosphere the 

density is 3.3 X lo3 kg mP3 and a temperature 

dependent thermal conductivity for olivine, from 

Schatz and Simmons (1972), is used. A value of 

1.05 x lo3 J kg-’ o C-i has been adopted for the 

specific heat cr. It can be inferred from heat flow 

data (see belaw) that the asthenospheric wedge 

does not extend significantly into the arc-trench 

region. We have assumed that velocities are zero 

for material above the slab, thereby neglecting 

internal deformation in the accretionary wedge 

(see also below). For the slab itself velocities are 

equal to the convergence velocity u, between the 

two plates, except for a small effect due to down- 

bending of the slab. Velocities along circular arcs 

within the slab (e.g. lines AB and CD in Fig. 2) 

are constant. A is the heat production rate per 

unit volume due to friction and the decay of 

radioactive elements. For the slab adiabatic com- 

pression gives also a small contribution to A (see 

Minear and Toksoz, 1970). 

Finite difference methods are used to solve eqn. 

(1) numerically. The system of ordinary differen- 

tial equations which results from the discretization 

of space variables in the partial differential eqn. 

(1). is solved with a class of explicit three-step 

Runge Kutta methods (Van der Houwen, 1977; 

Verwer, 1977). Gridpoints are located at segments 

of a circle (e.g. lines AB and CD in Fig. 2) and at 

straight lines perpendicular to these segments (e.g. 

lines AC and BD). The distance between grid- 

points at these straight lines is 5 km. In order to 

check the results, calculations have also been made 

for models with smaller distances between grid- 

points. The amount of frictional heat Qr, gener- 

ated at the upper surface of the descending slab is 

(per unit time and unit surface of plate contact): 

Qt=U7 (2a) 

where u is the velocity of the upper surface of the 

subducting slab, relative to the upper plate, and T 

the shear stress. Shear stresses have been modelled 

with a pressure and temperature dependent rheol- 

ogy (see below). For gridpoints at the upper surface 

of the slab the heat production rate by friction A, 

(per unit volume) is: 

A,=07 
Z (2b) 

g 

where zs is the distance between gridpoints at a 

straight line perpendicular to the plate contact, 

taken to be equal to the thickness of the shear 

zone. 

Temperatures at the top of the model are as- 

sumed to be 0” C. Temperatures for the down- 

bending oceanic lithosphere below the trench de- 

pend on the age of the subducting oceanic litho- 

sphere and are calculated for a boundary layer 

model (Crough, 1975) with a temperature of 

1325°C at the base of the lithosphere. At a depth 

of 50 km within the slab (line CD in Fig. 2) a 

constant heat flow, perpendicular to the line CD 

and equal to the calculated heat flow at point C, 

has been assumed. Temperatures below the 

volcanic line, at depths less than 80 km, are those 

of a geotherm with a surface heat flow of 80 mW 

m -‘. Such a high heat flow is common for the 
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volcanic zone and the back-arc region (see also 

Fig. 3). High temperatures below the volcanic 

zone can also be inferred from the composition of 

magmas (Tatsumi et al., 1983) and are likely to be 

caused by processes within the asthenospheric 

wedge below the volcanic zone and the back-arc 

region. Migration of the volcanic line, if any, is 

slow (Dickinson, 1973) and a high-temperature 

boundary condition, as defined above, thus seems 

reasonable. At the start of the model calculations 

temperatures are those of a geotherm with a surface 

heat flow of 55 mW m-’ and subduction starts 

instantaneously. Here, we do not focus on the 

thermal structure of an arc-trench region during 

the early stages of subduction, but rather on the 

steady state thermal structure, which has been 

reached in many subduction zones (see below). A 

discussion of the mechanisms for the initiation of 

subduction is given by Cloetingh et al. (1982). 

During model calculations the geometry of the 

slab is assumed to be constant. 

A substantial part of the heat flow at the surface 

will be caused by the decay of radioactive ele- 

ments, concentrated in sediments and crustal 

material. Thus radiogenic heat production must be 

incorporated in the thermal models, in order to be 

able to use heat flow data as a constraint. Gener- 

ally the following sequence exists in the direction 

from the trench to the volcanic arc: accretionary 

wedge-oceanic crust and forearc sediments-arc 

crust and/or continental crust (Dickinson and 

Seely, 1979). The heat production rate in crust of 

oceanic origin is about 0.5 VW m-j (Pollack and 

Chapman, 1977). Crust formed by subduction re- 

lated volcanism (arc crust) has a low heat produc- 

tion rate of 0.25-0.50 PW me3 (Gill, 1981, p. 45). 

Sediments in the forearc basin, which are derived 

from arc crust (Dickinson, 1974), are thus also 

expected to have a low radiogenic heat produc- 

tion. Radiogenic heat production in continental 

crust, however, is higher: estimates for the average 

radiogenic heat production rate in continental 

crust, as given by Weaver and Tarney (1984) 

range from 0.73 to 0.95 yW mm3. During the 

thermal modelling the radiogenic heat production 

rate in the upper 25 km of the overriding plate has 

been varied between a low estimate of 0.4 ~-L.W 

rnp3 (typical for arc crust and oceanic crust) and a 

high estimate of 0.9 FW m ’ (typical for continen- 

tal crust). Note that the radiogenic heat produc- 

tion rate for offscraped deep-sea sediments, which 

may form a part of the accretionary wedge, is 

uncertain and may fall outside of the range 0.4-0.9 

t.rW rnw3, For the crust of the slab a radiogenic 

heat production rate has been assumed of 0.5 PW 
-3 m . 

Constraints on temperatures and shear stresses 

Heat flow 

Heat flow measurements (from Anderson, 1980; 

Nakamura and Wakita, 1982 and Yoshii, 1983) 

for the subduction zone near the Japan trench 

(northeast Honshu) are given in Fig. 3. Heat flow 

is low in the entire arc-trench region; most data 

are lower than 40 mW m-‘. The volcanic line is 

associated with an increase in heat flow to 75-100 

mW m-* over a relatively short distance. The 

large spread in the heat flow data is attributed to 

errors in the data and not to real differences in 

heat flow as a function of distance in the direction 

parallel to the trench axis. Heat flow data for 

small segments of this subduction zone, given by 

Yoshii (1983), show a similar spread. The error for 

heat flow measurements in arc-trench regions, 

using ocean probe techniques, is estimated to be 

about 12 mW me2 (Hyndman, 1976). 
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Fig. 3. Heat flow for the subduction zone near the Japan 

trench (northeast Honshu). Heat flow data from Anderson 

(1980); Nakamura and Wakita (1982) and Yoshii (1983). The 

dashed line is the theoretical heat flow (for a boundary layer 

model from Crough, 1975) fur oceanic lithosphere with an age 

of 120 Ma. This is the age of the descending Pacific plate at the 

Japan trench. The distance between the trench and the volcanic 

line is about 260 km. 
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Other subduction zones show a similar pattern; 
low heat flow (< 40 mW m-*) in the arc-trench 
region and high heat flow in the volcanic zone and 

the back-arc region (e.g. Watanabe et al., 1977). 
The increase in heat flow near the volcanic line 
may be somewhat more gradual than is suggested 
by the data given in Fig. 3. The low heat flow in 
the am-trench region points to temperatures above 
the slab that are considerably below mantle tem- 
peratures. Subduction induced flow of mantle 
material in the arc-trench region can thus be ruled 
out. Average values for heat flow data in the 
central part of the am-trench region are given in 
Table 1. The central part of the arc-trench region 
is defined as the region, where the distance to the 
trench and the distance to the volcanic line are 
both greater than X,,/3 (where X,, is the dis- 
tance between the trench and the volcanic line). 
The heat flow in this part of the arc-trench region 
will not be influenced by the high temperatures 
below the volcanic zone (via horizontal conduc- 
tion) or by processes within the accretionary 
wedge. Subduction zones with a very large accre- 
tionary wedge (Sumatra, Aleutians) may be an 
exception to this. These subduction zones do not 

TABLE 1 

Average values of heat flow data in the central part of the 

arc-trench region; time since the initiation of subduction 

Subduction zone 

Northeast Honshu 

Southwest Honshu 

Cascades 

South America 

Heat flow a Duration b 

(mW m-‘) (Ma) 

34 > 50 

54 +15 

35 > 50 

31 > 50 

a Average values for heat flow data at distances greater than 

0.33 x X,, from the trench and the volcanic line (where X,.,. 

is the total distance between the trench and the vokxnic 

line). Heat flow data from Anderson (1980)-north~st 

Honshu; Blackwell et al. (1982)-Cascades; Henry 

(1981)-South America; Hyndman (1976)-Cascades; 

Nakamura and Wakita (1982)-northeast Honshu; Uyeda 

and Watanabe (1982)-South America; Watanabe et al, 

(1977)-southwest Honshu. 

b Duration since the irritation of subduction, taken or inferred 

from Coney and Reynolds (1978)-Cascades; Hilde et al. 

(1977)-northeast Honshu; Kobayashi (1983)-southwest 

Honshu; Palacios (1984)-South America. 

conform to the adopted geometry (Fig. 2) and are 
not included in this study. The number of heat 
flow measurements that have been used to calcu- 
late the average values, given in Table 1, ranges 
from 9 (South America) to 15 (northeast Honshu). 
For an error of 12 mW m-2 (which is likely to be 
a high estimate for many of the heat flow data for 
the Cascades and South America which are in- 
ferred from drill hole measurements) these average 
values are expected to have an error of about 3-4 
mW me2 only. 

An average value higher than 40 mW m-* is 
only obtained for the southwest Honshu subduc- 
tion zone. The time passed since the initiation of 
subduction is relatively short for this subduction 
zone (see Table 1). This may explain the higher 
heat flow, since it will take time for the litho- 
sphere above the slab to cool, after the initiation 
of subduction. The other subduction zones have 
all been active for more than 50 Ma. Such a 
duration of subduction is sufficient for the upper 
plate to reach a steady state thermal structure (see 
below). Average values of heat flow data in the 
central part of the arc-trench region for these 
subduction zones range from 31 to 35 mW m-‘. 
Heat flow profiles and maps for the Central 
America (Blackwell et al., 1977) and Kuriles 
(Smirnov and Sugrobov, 1982) subduction zones 
exhibit a heat flow of about 30 mW m- ’ in the 
central part of the arc-trench region. These sub- 
duction zones have also been active for more than 
50 Ma (Hilde et al., 1977; Karig et al., 1978). For 
our modelling we have required that, once that a 
steady state thermal structure has been reached, 
average heat flow in the central part of the arc- 
trench regions should fall between 30 and 35 mW 
rnF2. 

Rheology 

As follows from rock mechanics experiments 
the strength of material is determined by pressure, 
temperature, pore fluid pressure, rock type and 
strain rate (Kirby, 1983; Tsenn and Carter, 1987). 
Brittle defo~ation takes place at lower tempera- 
tures whereas plastic deformation dominates at 
higher temperatures. For brittle deformation the 
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shear stress r required to cause sliding on a pre- 

existing fault is given by: 

7 = pan* (3) 

where p is the coefficient of friction and a,* the 

effective normal stress, acting on the fault surface: 

an* = a, - Pr (4) 

where a, is the normal stress and Pr the pore fluid 

pressure. For a wide variety of rocks it follows 

from experimental data that, for ax less than 200 

MPa, p is approximately equal to 0.85 (Byerlee, 

1978). Clays, however, have a much lower coeffi- 

cient of friction (Bird, 1984). For an arc-trench 

region the underthrusting of fluid-rich sediments 

will lead to high pore fluid pressures near the 

shear zone up to substantial depths (Von Huene, 

1984). The exact magnitude of these pore fluid 

pressures, however, is uncertain. During modelling 

it has been assumed that, for brittle deformation 

near the upper surface of the slab, the average 

shear stress during fault motion increases linearly 

with the lithostatic pressure P: 

7=yP (3 

Fiow laws for plastic deformation that is caused 

by steady state power law creep have the form 

(Kirby, 1983): 

i=A,(a, -Us)’ exp(-Q/RT) (6) 

where < is the strain rate, T the absolute tempera- 

ture, R the gas constant and a, and a3 the 

maximum and minimum principal stress. Q, A, 

and n are material constants. The flow law that 

should be used to model plastic deformation near 

the upper surface of a descending slab is that of 

the weakest material near the shear zone. This 

may be either sedimentary material or oceanic 

crust (see also Yuen et al., 1978). We have taken a 

relatively weak limestone rheology as a lower limit 

for the strength, during plastic deformation, of 

material at a subduction shear zone. Furthermore, 

calculations have been made using flow laws for 

quartzite and diorite (under wet conditions) which 

are appropriate for material where respectively 

quartz and feldspar are the dominant minerals, 

controlling plastic flow. An upper limit for the 

strength of crustal material, during plastic defor- 

mation, at a subduction shear zone is taken to be 

TABLE 2 

Flow law parameters 

Flow law A, ‘-, 

(Kbar-” 
s ‘) 

Q Reference 
(kcal/ 
mole) 

Limestone 4.9 x 10’ 2.05 50.4 S&mid (1976) 
Quartzite 

(wet) 4.36 2.44 38.2 Koch et al. 
(1980) 

Diorite 

(wet) 80 2.4 52.3 Hansen and 
Carter (1982) 

Diabase 5.2~10’ 3.0 x5 Car&tan (1982) 

given by a flow law for diabase (under dry condi- 

tions). Material constants for flow laws that are 

used during model calculations are given in Table 

2. Note that these laboratory derived flow laws 

should be regarded as giving an upper bound for 

the strength of the material under natural condi- 

tions. By using several flow laws (and also includ- 

ing a model without any frictional heating), we are 

able to cope with the difficulties that arise from 

the uncertainty as to what material determines the 

strength during ductile deformation at the shear 

zone and the uncertainty in the extrapolation of 

laboratory flow laws to geologic strain rates. We 

do not want to exclude the possibility that a 

relatively weak limestone or quartzite flow law 

gives a better approximation of the strength of 

oceanic crust, during ductile deformation at geo- 

logic strain rates, than a diorite or diabase flow 

law. From our modelling we infer the magnitude 

of shear stresses at the plate contact, rather than 

the type of material that determines the strength 

at the shear zone during ductile deformation. 

In order to calculate r( = (a, - a,)/2) from 

eqn. (6), an estimate of i is needed. Yuen et al. 

(1978) have modelled deformation at shear zones 

for a number of different rheologies. A typical 

strain rate that can be inferred from their models 

is lo-” ss’. Here, i is taken to be ( u,..u,,~ ) x 

lo-l2 s-i (0, in cm/yr). u,,r is a reference velocity 

of 8 cm/yr. During modelling, shear stresses for a 

certain place at the plate contact are calculated 

both for brittle deformation (eqn. 5) and for plas- 

tic deformation (eqn. 6). The lowest of these two 
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values is used to model heat production by fric- 

tion (eqn. 2b). 

TABLE 3 

Input parameters for model calculations 

Seismicity 

Near the upper surface of the slab a zone of 

thrust earthquakes extends from a depth of about 

15-20 km to a depth of about 40 km, occasionally 

to depths of 60-70 km (Isacks and Molnar, 1971; 

McCann et al., 1979). Great thrust earthquakes do 

not rupture the interface between the two plates 

below a depth of about 40 km (McCann et al., 

1979; Ruff and Kanamori, 1983). At the same 

depth Sykes and Quittmeyer (1981) locate the 

transition from principally seismic to principally 

aseismic motion at the plate contact. This is con- 

firmed by studies of the seismicity for several 

subduction zones (e.g. Davies and House (1979) 

for the Aleutians; Isacks et al. (1981) for the New 

Hebrides; LeFevre and McNally (1985) for Mid- 

dle America). 

For continental fault zones Meissner and 

Strehlau (1982) have shown that below the seismo- 

genie zone the strength of material is low as a 

consequence of thermally activated creep. For oc- 

eanic lithosphere the absence of intraplate 

earthquakes below the 700-8OO’C isotherm is 

consistent with rapid weakening for olivine 

rheologies at these temperatures (Wiens and Stein, 

1983). Reduced strength, due to thermally 

activated creep, also seems the most likely 

explanation for principally aseismic motion at a 

subduction shear zone for depths greater than 

about 40 km. For our models we have required 

that the brittle-ductile transition at the plate con- 

tact takes place at a depth between 30 and 50 km. 

Model calculations 

Parameters for all models are given in Table 3. 

As a starting point calculations have been made 

for five models (TAl, TLIMl, TQUAl, TDIOl 

and TDIAl). The age of the subducting oceanic 

lithosphere in these models is 70 Ma and the 

convergence velocity is 8 cm/yr. These values are 

close to the average values of these parameters for 

present-day subduction zones (Wortel, 1982). The 

models have a radiogenic heat production rate A, 

Model y Flow law T,= v,b Arc 

(Ma) (cm/yr) (PW me31 

TAl 0. 70 8 0.7 

TA2 0. 70 8 0.9 

TLIMl 0.03 limestone 70 8 0.7 

TLIMZ 0.03 limestone 70 8 0.9 

TLIM3 0.025 limestone 70 8 0.9 

TQUAl 0.05 quartzite 70 8 0.7 

TQUA2 0.05 quartzite 70 4 0.7 

TQUA3 0.05 quartzite 70 12 0.7 

TQUM 0.05 quartzite 30 8 0.7 

TQUA5 0.05 quartzite 150 8 0.7 

TDIOl 0.09 diorite 70 8 0.7 

TD102 0.09 diorite 70 8 0.4 

TD103 0.075 diorite 70 8 0.4 

TDIAl 0.11 diabase 70 8 0.7 

TDIAZ 0.11 diabase 70 8 0.4 

a Age of the oceanic lithosphere at the trench. 

b Convergence velocity between the two plates. 

’ Radiogenic heat production rate in the upper 25 km of the 

upper plate. 

within the crustal and sedimentary part of the 

upper plate of 0.7 l.tW rnp3. Model TAl is a model 

without heat production by friction. Shear stresses 

for plastic deformation for the other models are 

determined by flow laws for limestone, quartzite, 

diorite and diabase. For these models values for y, 

which determines the shear stress (and thus heat 

production by friction) for brittle deformation, are 

chosen in such a .way that the transition from 

brittle to plastic ,deformation at the shear zone 

takes place at a depth of approximately 40 km 

(thus satisfying the depth constraint for the brit- 

tle-ductile transition at the plate contact). 

At a time 50 Ma after the initiation of subduc- 

tion a steady state thermal structure has been 

reached completely (see Fig. 4a). All results of 

model calculations will be given for a steady state 

situation 50 Ma after the initiation of subduction. 

The heat flow for the models TAl-TDIAl, 50 Ma 

after the initiation of subduction, is given in Fig. 

4b. The models exhibit a low heat flow in the 

arc-trench region, which is the result of the advec- 

tion of cold material. It is clear that frictional 

heating at the plate contact has a large influence 

on the magnitude of this low. Average heat flow in 
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Fig. 4. a. Heat flow, 10, 30 and 50 Ma after the initiation of subduction for model TQUAl. b. Heat flow, 50 Ma after the initiation of 

subduction. Dashed lines give the intervai for the average heat flow, inferred from heat flow data, in the central part of the arc-trench 

region for subduction zones, where subduction started more than 50 Ma ago. c. Heat flow, 50 Ma after the initiation of subduction, 

for models TA2, TLIMZ, TD102 and TDIAZ. d. Heat flow, 50 Ma after the initiation of subduction, for models TLlM3 and TD103. 

the central part of the arc-trench region varies 
from less than 20 mW m-’ for model TAl to 
about 45 mW m __ * for model TDIAl. Only the 
model with a flow law for quartzite has an average 
heat flow in the central part of an arc-trench 
region that falls within the interval of 30-35 mW 
m -* inferred from heat flow data. 

Model calculations have also been made for 
models similar to the models TAl-TDIAl, but 
with a different radiogenic heat production rate A, 

in the crustal part of the upper plate. Variations in 
A, have a much greater influence on temperatures 
near the surface than on temperatures at the plate 
contact. The heat flow for the models TA2, TLIM2 
(with a high estimate for A, of 0.9 uW mw3), 
TD102 and TDIAZ (with a low estimate of 0.4 
uW mm3) are given in Fig. 4c. Of these models, 
model TLIM2 meets both the constraint on heat 
flow and that on the depth of the brittle-ductile 
transition. Model TD102 exhibits a heat flow that 
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is slightly too high. Models similar to model 

TD102, but with a lower value for y (between 

0.05 and 0.075) are acceptable, however. 

A large number of model calculations have 

been made for different flow laws, and different 

values for A, and y. It was found that the con- 

straints on heat flow and the depth of the 

brittle-ductile transition could not be satisfied for 

models with a flow law for a diabase. Models 

without heat production by friction could not 

meet the heat flow constraint. Acceptable models, 

Fig. 5. Temperature distributions for models TLIM3 (a), 

TQUAl (b) and TD103 (c), 50 Ma after the initiation of 

subduction. 

with a limestone, quartzite or diorite rheology to 

model plastic deformation, exhibit a brittle-ductile 

transition between 30 and 50 km and shear stresses 

for brittle deformation between 2.5 and 7.5% of 

the lithostatic pressure (y between 0.025 and 

0.075). For a given flow law, a lower value for y 

leads to a brittle-ductile transition at greater 

depth. Temperature distributions for the models 

TLIM3, TQUAl and TD103 are given in Fig. 5. 

Of all acceptable models, the models TLIM3 and 

TD103 exhibit the lowest and highest tempera- 

tures respectively. These two models also give a 

lower and upper bound for the magnitude of shear 

stresses at the plate contact. Temperatures and 

shear stresses at the plate contact, as a function of 

depth, are given in Fig. 6. 

Calculations have been made for models with a 

quartz&e flow law and convergence velocities of 4 

and 12 cm/yr. Most of the subduction zones have 

convergence velocities between these two values. 

The influence of velocities on the thermal struc- 

ture turns out to be very small (see Fig. 7a). The 

effect of an increased cooling, due to the faster 

subduction, approximately cancels the effect of an 

increased heat production by friction. Figure 7b 

shows temperatures at the plate contact for two 

models similar to model TQUAl, but with a young 

(30 Ma) and a very old (150 Ma) subducting 

oceanic lithosphere. The influence of the age of 

the oceanic lithosphere on the thermal structure is 

greater than that of the convergence velocity. Dif- 

ferences between models for which the age of the 

subducting plate varies are small, however, com- 

pared to the differences between the models 

TLIM3, TQUAl and TD103. Acceptable models 

with an age of the subducting plate of 30 or 150 

Ma show a very similar range in temperatures and 

shear stresses as the models TLIM3 and TD103. 

From our thermo-mechanical modelling it can 

be concluded that temperatures at and above the 

plate contact in an arc-trench region are mainly 

determined by the way the upper part of the slab 

heats up, during its descent, as a consequence of 

frictional heating. About 85-90% of the frictional 

heat generated at the plate contact is used to heat 

up downgoing material in the upper part of the 

slab and only a small fraction contributes to the 

surface heat flow. Unless subduction takes place 
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Fig. 6. a. Temperatures at the upper surface of the slab (line AB in Fig. 2), 50 Ma after the initiation of subduction, for models 

TLIM3, TQUAl and TD103. b. Shear stresses at the upper surface of the slab, 50 Ma after the initiation of subduction, for models 

TLIM3, TQUAl and TD103. 

of very young oceanic lithosphere or with a very 

low convergence velocity, the age of the subduct- 

ing lithosphere and the convergence velocity will 

not have a large influence on the temperatures at 

and above the plate contact. During brittle defor- 

mation, friction causes heating up to temperatures 

which enable plastic flow to take place. At depths 

greater than that of the bottle-ductile transition 

friction only leads to a small increase of tempera- 

ture with depth at the plate contact. A low level of 

inter-plate seismicity may exist at depths of about 

40-80 km, since shear stresses for plastic deforma- 

tion do not fall off rapidly to values near zero. 

Average shear stresses at the plate contact (be- 

tween points A and B in Fig. 2) are 12 MPa 

(model TLIM3), 24 MPa (model TQUAl) and 38 

MPa (model TD103). These values are primarily 

determined by the flow law that is used to model 

plastic deformation and are, for a wide range of 

convergence velocities (4-12 cm/yr) and ages of 

the subducting oceanic plate (30-150 Ma), essen- 

tially independent of these parameters. Average 

shear stresses for the models TQUA2-TQUAS 

range from 21 to 26 MPa. 

High-presswe metamorphism 

Subduction of oceanic lithosphere can lead to 

the formation of an accretionary wedge, which 

consists of sedimentary material. In a high-pres- 

b 

Fig. 7. a. Temperatures at the upper surface of the slab, 50 Ma after initiation of subduction. for models TQUA2 and TQUA3. 

b. Temperatures at the upper surface of the slab, 50 Ma after the initiation of subduction, for models TQUA4 and TQUAS. 
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sure metamorphic belt, such as the Franciscan 

Complex of California, material that was once 

part of an accretionary wedge and situated at 

substantial depths (up to about 40 km) is now 

exposed at the surface. High-pressure metamor- 

phic belts are characterized by mineral assemb- 

lages that form at relatively low temperatures, 

which are generally thought to be related to the 

low temperatures that exist in the upper part of a 

subduction zone (e.g. Oxburgh and Turcotte, 

1971). An increase in both metamorphic grade 

and radiometric ages exists in the direction from 

the former trench to the former volcanic arc (e.g. 

Ernst, 1977). 

From observed mineral assemblages and ex- 

perimentally determined or calculated phase equi- 

libria estimates can be made of the pressure- 

temperature conditions to which the material in a 

high-pressure metamorphic belt has been sub- 

jected. Since sedimentary material in downward 

movement is expected to be close to the upper 

surface of the descending slab, P-T conditions 

during prograde metamorphism will give an esti- 

mate of the conditions at the upper surface of the 

slab during metamorphism. It must be kept in 

mind, however, that the P-T conditions inferred 

from mineral assemblages need not always repre- 

sent a steady state thermal structure (as our model 

temperatures do) but may also represent relatively 

high temperatures shortly after the initiation of 

subduction. 

Figure 8 gives P-T conditions for material 

from the Franciscan Complex. For zones A to D 

the grade of metamorphism increases, whereas the 

volume of material, now exposed, decreases (Cole- 

man and Lee, 1963). Zone D represents high-grade 

blueschist blocks (some meters in extent), which 

have been emplaced tectonically into lower grade 

metamorphic material of regional extent (zone A 

to C). Zone E represents material that has been 

metamorphosed at relatively high temperatures in 

contact with peridotite (Brown et al., 1982). 

Radiometric ages for zones D and E span a 

relatively small time range of about 140 to 160 Ma 

(Brown et al., 1982; Cloos, 1985). These ages are 

close to the age of 155-165 Ma for the Coast 

Range Ophiolite (Hopson et al., 1981) and indi- 

cate that metamorphism took place during, or 

T(“C) 

i 12 16 

P(102 MPa) 

Fig. 8. Temperatures at the upper surface of the descending 

slab, as a function of pressure, for models TAl, TLIM3, 

TQUAl and TD103. Temperatures 5 km above the upper 

surface of the slab differ less than 25’C. Zones A to E 

represent P-T conditions during metamorphism for material 

in the Franciscan Complex, California. Zone A: Franciscan 

material at Diablo Range (Bostick, 1974). Zone B: Franciscan 

blueschist facies metasedimentary material from Diablo Range 

(Moore and Liou, 1979). Zone C: Franciscan blueschist facies 

material from northern California Coast Ranges (Black Butte 

and Ball Rock areas) and Panoche Pass region (Brown and 

Ghent, 1983). Zone D: High-grade blueschist blocks, generally 

metabasalts, emplaced tectonically into a melange of 

lower-grade Franciscan material (Taylor and Coleman, 1968; 

Brown and Bradshaw, 1979; Moore, 1984). Zone E: Amphibo- 

lite and barroisite schists, metamorphosed in contact with 

peridotite, from Shuksan Metamorphic Suite (Brown et al., 

1982). All estimates for temperatures are based on mineral 

parageneses, except for zone A where temperatures are inferred 

from the maturation of organic material. 

shortly after, the initiation of the subduction epi- 

sode that led to the formation of the Franciscan. 

Radiometric ages for zones B and C range from 

about 70 to 150 Ma, a time range similar to that 

for Franciscan fossils (Suppe and Armstrong, 

1972; Cloos, 1985). This greater time range and 

the regional extent of the metamorphic rocks from 

zones A to C indicate that the P-T conditions for 

zones A to C represent a steady state thermal 

situation. Note that, although it takes about 30 

Ma for an arc-trench region as a whole to reach a 

steady state thermal structure, temperatures at the 

plate contact do so within a few million years and 
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temperatures within the upper plate, where its 

thickness is less than 30 km, do so within about 10 

Ma (see Fig. 4a). 

Figure 8 also gives temperatures at the upper 

surface of the descending slab for the models TAl, 

TLIM3 and TD103. Models TLIM3 and TD103 

provide a lower and an upper limit for tempera- 

tures in an arc-trench region, Thermal models in 

which heat production by friction is not included 

or very low (model TAl in Fig. 8; see also Wang 

and Shi, 1984) give temperatures that are consid- 

erably lower than the temperatures for zones A to 

C. Such models can only give temperatures in 

agreement with P-T conditions for zones A to C 

if subduction takes place with a very low velocity 

of about 1 cm/yr or less (Wang and Ski, 1984). 

No present-day subduction zone has a subduction 

rate near 1 cm/yr and it seems unlikely that 

subduction of oceanic lithosphere with such low 

velocities has been widespread in the past. On the 

other hand, the range of P-T conditions for the 

preferred thermal models (TLIM3, TQUAl and 

TD103) turns out to be in very good agreement 

with P-T conditions for metamorphic rocks from 

zone A to C. The good agreement between P-T 
conditions for these rocks, likely to be the result of 

a steady state thermal situation, and our preferred 

models is an additional support for our modelling. 

As is the case for temperatures in an arc-trench 

region as a whole, temperatures in the accretion- 

ary wedge and P-T conditions for high-pressure 

metamorphism are heavily influenced by frictional 

heating near the upper surface of the slab and 

thus by pore fluid pressures and the rheological 

properties of material near the shear zone. 

Temperatures for material from zone E are 

considerably higher than model temperatures. 

Metamorphism took place in contact with peri- 

dotite and Brown et al. (1982) have proposed that 

these higher temperatures are caused by hot ultra- 

mafic material within the hanging wall during the 

initiation of subduction. Similar high-temperature 

metamorphic rocks have been found directly be- 

low well-preserved ophiolites (e.g. Ghent and 

Stout, 1981). The radiometric ages and the basaltic 

composition of the high-grade tectonic blocks 

(zone D) suggest that they have been sheared-off 

from the subducting oceanic plate shortly after the 

initiation of subduction. Possibly their P-T condi- 

tions represent an early phase of subduction when 

temperatures at the plate contact were already 

determined by the rheological properties of 

material at the plate contact, but may have been 

somewhat higher than the temperatures during 

later phases, due to a lesser amount of weakening 

(see also Pavlis, 1986). 

Within an accretionary wedge uplift may take 

place as a consequence of underplating and deep- 

seated movements of low-strength sediments 

(Cloos, 1982; Moore et al., 1982; Silver et al., 

1985). We expect that upward velocities of sedi- 

ments will be very small compared to the conver- 

gence velocity between the two plates. Firstly, it 

takes at least 20-30 Ma for bluescbists to reach 

the surface (Ernst, 1972). Secondly, observed up- 

lift rates of accretionary complexes are only a few 

tenths of a mm/yr (Pavlis and Bruhn, 1983). 

Calculations have been made for models similar to 

model TQUAl but with an upward velocity (in 

the direction perpendicular to the upper surface of 

the slab} within the upper plate. Although move- 

ments within an accretionary wedge will certainly 

exhibit a much more complex pattern, such mod- 

els can give an estimate of the influence of possi- 

ble large scale movements of sediments. Dif- 

ferences in temperature between a model with an 

upward velocity of 0.3 mm/yr within the upper 

plate and model TQUAl are less than 5°C at the 

upper surface of the slab and less than 20°C 

within the part of the upper plate where the slab is 

at depths less than 30 km. Even for a model with a 

velocity within the upper plate that is as high as 3 

mm/yr, temperatures at the upper surface of the 

slab differ less than 20°C everywhere. Thus even 

if significant movements of sediments in an accre- 

tionary wedge occur, conditions for high-pressure 

metamorphism will still be primarily determined 

by the way the upper part of the slab heats up as a 

result of frictional heating. 

Discussion 

The first step of the process that leads to sub- 

duction related volcanism is melting of material in 

the crust of the slab or in the asthenospheric 

wedge (e.g. Wyllie, 1979; Gill, 1981). In both cases 
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high temperatures in the asthenospheric wedge 
above the slab are required for melting. From heat 
flow data we have inferred that the asthenosphe~c 
wedge does not extend significantly into the arc- 
trench region. The asthenospheric wedge does ex- 
ist, however, below the back-arc region (as follows 
from the high heat flow data in this region) and 
below the volcanic zone (as follows from the com- 
position of arc-basalt magmas; Tatsumi et al., 
1983). Thus the volcanic line and the boundary of 
the asthenospheric wedge approximately coincide. 
We think it likely that the location of the volcanic 
line is determined by the extent of the astheno- 
spheric wedge and that the part of the arc-trench 
region near the volcanic line is a transition zone, 
where equilibrium exists between cooling (caused 
by the nearby cold slab) and heating (caused by 
the nearby asthenospheric wedge). The absence of 
earthquakes in this region (the aseismic zone from 
Yoshii, 1979) can be attributed to higher tempera- 
tures in material that is still part of the litho- 
sphere. During subduction, the volcanic line may 
slowly migrate, with a velocity less than 1 km/Ma 
(Dickinson, 1973). Because the thermal relaxation 
time of the upper plate in an arc-trench region is 
relatively short (see Fig. 4b), this will not have a 
large influence on the overall thermal structure of 
an arc-trench region. 

Endothermic dehydration reactions for water- 
contai~ng minerals in the crust of the descending 
slab start at a depth of about 75 km (Delany and 
Helgeson, 1978). The influence of these reactions 
on the thermal structure of an arc-trench region 
will be limited to temperatures in the upper part 
of the slab below this depth. The heat needed for 
the reactions will be readily supplied by the nearby 
asthenospheric wedge. 

Frictional heating during brittle deformation 
depends on the pore fluid pressure and the coeffi- 
cient of friction of material near the shear zone. 
For accretionary wedges, observed pore fluid pres- 
sures range from about 67.5% to nearly 100% of 
the lithostatic pressure (Davis et al., 1983). Chu et 
al. (1981) and Bird (1984) give values of 0.2-0.3 
for the coefficient of friction for clays or clayey 
fault gouges. Shear stresses within clay-rich 
material at the base of an accretionary wedge, 
subjected to the observed range of pore fluid 

pressures, will range from 0% to about 10% of the 
lithostatic pressure (eqn. 3; see also Davis et al., 
1983), correspond~g to values of y between 0 and 
0.1. This agrees well with the interval for y of 
0.025 (model TLIM3) to 0.075 (model TD103) for 
the preferred thermal models. During thermal 
modelling y is assumed to be independent of 
depth, whereas in reality y may vary (Zhao et al., 
1986). Values for y in our thermal models should 
be seen as average values over the brittle part of 
the shear zone. In addition, it should be noted that 
the sharp peak of the shear stress near the 
brittle-ductile transition (see Fig. 6b) is a simplifi- 
cation. In reality this transition will be more grad- 
ual (e.g. Kirby, 1983). 

From theoretical considerations on mantle con- 
vection McKenzie and Jarvis (1980) infer that the 
average shear stress at the plate contact in an 
arc-trench region is unlikely to exceed 50 MPa. On 
the base of a force balance Bird (1978) has made 
estimates of the average shear stress at the plate 
contact at depths less than 100 km for two sub- 
duction zones where back-arc spreading occurs. 
The estimates are 16.5 f 7.5 MPa for the Mariana 
and 22 it 10 MPa for the Tonga subduction zone. 
These values are in good agreement with the aver- 
age shear stress between the trench and the 
volcanic line of the models TLIM3 (12MPa) and 
TQLJAl (24 MPa). The average shear stress for 
model TDI03 is higher (38 MPa}. 

In spite of the relatively low strength of material 
at the plate contact (compared to the strength of 
material within a plate), frictional heating does 
have a large influence on the thermal structure of 
an arc-trench region. For shear stresses during 
brittle deformation that are about 5% of the litho- 
static pressure, frictional heating at strike-slip 
faults, such as the San Andreas fault, would lead 
to a very small heat flow anomaly, that would 
probably go undetected (Lachenb~ch and Sass, 
1980). The greater influence of frictional heating 
on the thermal structure of an arc-trench region is 
caused by the continuous advection of cold 
material, which leads to relatively low tempera- 
tures in an arc-trench region and thus, for a given 
pressure and temperature dependent rheology for 
material at the plate contact, to relatively high 
shear stresses. For an arc-trench region the depth 
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to which frictional heating occurs is much greater 

than for a strike-slip fault and, for a given rheol- 

ogy for material at the plate contact, the average 

shear stress will be higher. 

The total resistive force (per unit-length of 

trench), caused by friction in the upper part of a 

subduction zone, can be obtained by integrating 

shear stresses over the total down-dip length of 

the plate contact. This resistive force ranges from 

about 3 X 1012 N/m (model TLIM3) to 10 X 10” 

N/m (model TD103). Estimates of the gravita- 

tional forces that drive the plates (ridge push and 

slab pull forces), as given by Wortel and Cloetingh 

(1983), are of the same order of magnitude. This 

indicates that this resistive force can be of major 

importance for intraplate stress fields and plate 

kinematics. 

Conclusions 

(1) From published heat flow data it can be 

inferred that, for older subduction zones (where 

subduction started more than 50 Ma ago), the 

average heat flow in the central part of the arc- 

trench region is 30-35 mW m-‘. 

(2) From our thermo-mechanical modelling it 

follows that shear stresses at the upper surface of 

the descending slab are relatively low. The average 

shear stress between the trench and the volcanic 

line lies between 10 and 40 MPa. During brittle 

deformation, shear stresses are about 2.5-7.5% of 

the lithostatic pressure. Despite these low shear 

stresses, frictional heating has a large influence on 

temperatures near the plate contact and within the 

upper plate in an arc-trench region For a wide 

range of convergence velocities (4-12 cm/yr) and 

ages of the subducting oceanic lithosphere (30-150 

Ma), temperatures and shear stresses are essen- 

tially independent of these parameters. 

(3) Temperatures at the upper surface of the 

slab, for models that are in agreement with heat 

flow data and for which a steady state thermal 

structure has been reached, are in good agreement 

with P-T conditions for high-pressure metamor- 

phism inferred from mineral assemblages in the 

Franciscan Complex of California. Conditions for 

high-pressure metamorphism are heavily in- 

fluenced by frictional heating, and thus by pore 

fluid pressures and the rheological properties of 

material near the shear zone. 
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