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9 Introduction and swnmary 

Chapter 1 

Introduction and summary 

The essential feature of the plate tectonic model (e.g., Le Pichon, 1968; Morgan, 
1968) is that the outermost part of the earth - to which we will refer as the lithosphere - is 
seen as a mosaic of rigid plates that move with respect to one another. Material within these 
plates is of lower temperature, and hence of greater strength, than material within the 
underlying upper mantle. In addition, the upper part of these plates, i.e. the crust, has a 
composition and physical properties quite distinct from mantle material. The thickness of 
the lithosphere is of an order of magnitude of 100 krn; the thickness of the crust is about 7 
km for oceanic lithosphere and generally about 25 - 40 km for continental lithosphere. 

Most of the tectonic and magmatic activity on earth takes place at the plate 
boundaries. Key roles are played by the divergent plate boundaries, where new oceanic 
lithosphere is created, and by the convergent plate boundaries, where oceanic lithosphere is 
subducted into the mantle. Not only are convergent plate margins the site of the destruction 
of oceanic lithosphere, but they are also the site of the creation or reworking of continental 
crust. Subduction of oceanic lithosphere is generally associated with a linear belt of 
volcanoes, situated where the subducting plate has reached a depth of about 100 - 150 krn. 
Creation of new continental crust at these volcanic belts is due to melting of the crustal part 
of the subducting oceanic plate and/or to melting of overlying mantle material (e.g., Gill, 
1981; Wyllie, 1988). In addition, the growth of continental crust at convergent plate 
margins may be caused by the transfer of material from the subducting plate to the 
overriding plate. This process refers either to- the more or less continuous transfer of 
sedimentary material on top of the subducting plate (which may be metamorphosed to a 
high-pressure, low-temperature metamorphic facies), or to the transfer of crystalline 
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material, ongmating from the subducting plate itself. The North American Cordillera 
provides a prime example of continental growth due to subduction related processes. 
Subduction of oceanic lithosphere over a period of time of several hundreds of Myr has 
here resulted in a collage of oceanic terranes (sediments, slivers of oceanic lithosphere, 
seamounts) and volcanic arcs (e.g., Coney et aI., 1980; Suppe, 1985). 

The much less frequent arrival of continental lithosphere at a subduction zone leads to 
the fonnation of an orogenic belt. A present-day example is provided by the India-Eurasia 
collision that has resulted in the fonnation of the Himalayas. During this process, 
continental crust is subducted to a depth of a few tens of km and will thus be subjected to 
pervasive metamorphism, if not to (partial) melting. Although Archean ( > 2.5 Gyr old) 
continental crust has been preserved in several places, it is likely that much of the 
continental crust that has been fonned in Archean times has been unrecognizably changed 
during later orogenic phases (Windley, 1984; Taylor and McLennan, 1985). Much of 
western Europe, for instance, consists of older continental crust that has been extensively 
reworked during the Caledonian, Hercynian and Alpine orogenic phases. 

The plate tectonic model in its simplest fonn (rigid plates, all defonnation 
concentrated at narrow plate boundaries) runs into problems at convergent plate margins. 
Near the Himalayas, the colliding Indian and Eurasian continents do no longer behave as 
coherent plates. Rather, the collision has lead to the break-up! of Indian continental 
lithosphere at more and more southward situated major thrust faults (Molnar, 1984; 
Mattauer, 1986), and to the fonnation of a diffuse zone of defonnation, several hundreds of 
km wide, in Eurasian continental lithosphere to the North of the suture zone (e.g., 
Tapponier et al., 1986). It is unclear, what mechanisms can account for the break-up of 
young oceanic lithosphere and their subsequent incorporation in mountain ranges, leading 
to belts of ophiolites such as that near the Indus-Tsangpo suture zone for the Himalayas 
(e.g., Moores, 1982). 

Processes such as metamorphism or melting of material at convergent plate margins, 
or the break-up of a plate during the early phase of its subduction, are of course closely 
related to the thennal and mechanical structure of convergent plate margins. Thenno
mechanical models of subduction zones (see Wortel and Vlaar, 1988, and references 

1.	 The tenn break-up here denotes that a plate breaks up over at least a substantial fraction of its entire thickness, 
leading to the fonnation of a new plate contact within or at the base of the plate. For the Himalayas, break-up 
of Indian continental lithosphere has only involved its crustal part, and has thus only lead to the detachment 
and transfer of crustal material to the upper Eurasian plate. On the other hand, the break-up of oceanic 
lithosphere that has resulted in ophiolite emplacement, has involved an entire section of (be it relatively young 
and thin) oceanic lithosphere. 
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therein) have generally focused on the subduction process in general, thus including the 
entire slab up to depths of about 700 km. These models are less well suited for a detailed 
investigation of processes within the shallow part of a subduction zone. Thus, the thermal 
structure of the shallow part of a subduction zone is relatively poorly known, and it is 
unclear what factors determine the conditions during high-pressure, low-temperature 
metamorphism within accretionary wedges. That most of the deformation within the outer 
shell of the earth is situated at relatively narrow plate boundaries, indicates that the strength 
of material at these boundaries must be much lower than the strength of material within the 
plates. For subduction shear zones, the subduction of sediments and fluids (leading to 
relatively high pore fluid pressures) provides a mechanism to establish relatively low 
strengths of material at the plate contact, at depths of a few tens of km. Detailed 
information on the magnitude of shear stresses at subduction shear zones (e.g., as a 
function of depth) is still lacking, however. 

In this thesis, the thermal and mechanical structure of convergent plate margins will be 
investigated by means of numerical modelling. In addition, we will discuss the 
implications of modelling results for geological processes such as metamorphism or the 
break-up of a plate at a convergent plate margin. Both the thermal models (chapters 2 and 
3) and the mechanical models (chapters 4 and 5) focus on the more shallow part of a 
subduction zone, where the downgoing plate is still in contact with the upper plate and has 
not yet been subducted into the mantle. This enables us to make a more detailed 
investigation of the thermo-mechanical structure of the upper part of a subduction zone. 
Throughout this thesis, numerical modelling techniques such as finite difference methods 
(for the thermal models) and finite element methods (for the mechanical models) have been 
used. 

Vlaar and Wortel have demonstrated the prime importance of the age of a subducting 
oceanic plate on subduction zone temperatures and on the subduction process in general 
(Vlaar, 1975; Vlaar and Wortel, 1976; Wortel, 1980). Following these authors, much 
emphasis has here been emplaced on the influence of various parameters (in particular the 
age of a subducting oceanic plate) on the thermal and mechanical structure of the more 
shallow part of a subduction zone. 

The use of pressure and temperature dependent rheologies, which (apart from elastic 
deformation) incorporate both brittle failure at lower temperatures and ductile deformation 
at higher temperatures, has been a major step forward in modelling deformation and stress 
within plates under various loading conditions (e.g., Goetze and Evans, 1979; Cloetingh, 
1982; see also Cloetingh et aI., 1982). In this thesis, such rheologies have been used in a 
finite element analysis of the mechanical structure of a subducting plate. Different 
rheologies have been used to model the strength of material within a subducting plate and 
at the plate contact. 
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During the mechanical modelling, we have first focused on the subduction of 
medium-age or older oceanic lithosphere (which was found not to break up), next on the 
subduction of young oceanic lithosphere (which was found to break up only under 
relatively rare circumstances) and finally on the subduction of continental lithosphere 
(which was found to break up frequently; if not as a rule). 

The subduction of oceanic lithosphere and of continental lithosphere has been 
modelled in a similar way. These two sorts of subduction processes should not be seen as 
being fundamentally different. Rather, the differences in the compositional structure 
between these two types of lithosphere seem to be responsible for the different response of 
continental lithosphere to the subduction process, compared to that of oceanic lithosphere. 

Chapter 2 of this thesis presents the results of finite difference modelling of the 
thermal structure of the shallow part of a subduction zone during the subduction of oceanic 
lithosphere. Heat flow data, in combination with rheological arguments and the distribution 
of interplate thrust earthquakes at the plate contact, are used to constrain the thermal 
structure of this region and the magnitude of shear stresses acting on the plate contact. It is 
shown that temperatures are primarily determined by the downward movement of relatively 
cold material and by frictional heating. Except for the subduction of young oceanic 
lithosphere (less than 30 Myr old), temperatures at the plate contact and within the upper 
plate are found to be essentially independent of the age of the subducting plate and the 
convergence velocity between the two plates. For models that satisfy the constraints, 
temperatures are shown to be in good agreement with pressure-temperature conditions 
during high-pressure metamorphism, inferred from mineral assemblages in the Franciscan 
Complex of California. 

Chapter 3 focuses in more detail on the thermal consequences of the subduction of 
young oceanic lithosphere. A case study is carried out for the Cascadia subduction zone of 
southwestern Canada. For this subduction zone, there is both an extensive heat flow data set 
(Lewis et aI, 1988), as well as several seismic reflection and refraction profiles, which 
constrain the geometry of the subducting plate (e.g., Clowes et al., 1987). In addition, plate 
motion studies (e.g., Engebretson et aI., 1985) provide detailed information on the age of 
the subducting plate and the convergence velocity between the two plates, as a function of 
time. It is found that the prolonged subduction of very young oceanic lithosphere (less than 
10 Myr old) can still lead to very low temperatures at the plate contact and within the upper 
plate. The models indicate that the small age of the subducting plate in itself does not 
preclude the existence of significant shear stresses at the plate contact. 

In chapter 4 it is investigated, by means of finite element modelling, whether oceanic 
lithosphere may break up, just prior to or during the early phase of its subduction. In 
general, this is found not to be the case, except during the interaction between a relatively 
fast spreading ridge and a subduction zone. Break-up is caused by the relatively slow 
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decrease of resistive forces (due to buoyancy of the oceanic crust and primarily to friction 
at the plate contact) and the relatively fast decrease of the strength of the subducting plate, 
during the subduction of gradually younger oceanic lithosphere. If break-up occurs, some 
young oceanic lithosphere that has descended to a depth up to a few tens of kIn, as well as 
the oceanic plate between the ridge and the trench, will be detached from the other parts of 
the subducting plate. The geometry of the detached sheet will depend upon the spreading 
rate and the length of the ridge segment that interacts with the trench. Instead of being 
subducted into the mantle, the detached sheet of thin oceanic lithosphere (which has a 
maximum thickness of about 10 - 20 km) may be incorporated into the forearc region. Our 
modelling thus provides a mechanism to incorporate thin sheets of oceanic lithosphere into 
an arc-trench region and eventually, upon closure of the ocean basin, into an orogenic belt. 
It is proposed that ophiolites with a harzburgite-dominated mantle section (see e.g., 
Boudier and Nicolas, 1985) have experienced an emplacement history in which the break
up of young oceanic lithosphere in the upper part of a subduction zone is the first phase. 

Chapter 5 focuses on both thermal and mechanical consequences of the subduction of 
continental lithosphere. It is found that, contrary to oceanic lithosphere, continental 
lithosphere as a rule breaks up during the early phase of its subduction. In addition, it is 
shown that the break-up of continental lithosphere only leads to the transfer of crustal 
material to the upper plate. The more frequent break-up of continental lithosphere in the 
shallow part of a subduction zone is in part due to greater resistive forces, due to the 
buoyancy of continental crust, but primarily to the lower strength of subducting continental 
lithosphere (and in particular the existence of zones with very low strength in the middle or 
lower crust). Finally, it is shown that the arrival of a a cool continental shield at a 
subduction zone, or alternatively of continental lithosphere with a relatively small crustal 
thickness, may lead to the subduction of both upper and lower crust to mantle depths. 
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Chapter 2 

Temperatures and shear stresses in the upper part of a 
subduction zone 

J. van den Beukel and R. Wortel 

Abstract. The thennal structure of the shallow part of a subduction zone, i.e. the 
region between the trench and the volcanic line, has been calculated 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 thennal 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 detennined 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 Myr), 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 

This chapter has been published as: 

van den Beukel, J., and R. Wortel, Thenno-mechanical modelling of arc-trench regions, Tectonophysics. 154. 
177-193,1988. 
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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 metamorphism. 

2.1 Introduction 

Processes at convergent plate margins, associated 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 continental 
crust (Gill, 1981). It is obvious that the thermal structure of the upper part of a subduction 
zone has a large influence on these processes. 

Here, we present a thermal model for the region between the trench and the volcanic 
line (arc-trench region; see Fig. 2.1). Arc-trench regions are characterized by a small, 
gradually increasing dip of the slab and, as can be inferred from heat flow data, by the 
absence of an asthenospheric 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 structure of a subduction zone (e.g. Minear 
and Toksoz, 1970; Andrews and Sleep, 1974; Anderson et al., 1978, 1980; Hsui and 
Toksoz, 1979; Honda and Uyeda, 1983; Honda, 1985). These models, which encompass 
both the subducting and the overriding plate, exhibit large differences in temperature for 
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 earthquakes, 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
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Figure 2.1. The shallow part of a subduction zone. Dashed lines indicate the base of the 
lithosphere, which can only be given schematically. No vertical exaggeration. 

trench region. 

2.2 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 subduction wnes. Differences in the 
geometry of the slab at depths less than 100 km are small compared to differences at 
greater depths. The distance between 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. 2.2. 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 300. The total 
distance between the trench and the volcanic line is about 250 km; the depth of the upper 
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Figure 2.2. Geometry of the model. 

surface of the slab below the volcanic line is about 95 km. The geometry of the model is 
particularly close to that of the subduction zone near N.E. Honshu, Japan (Yoshii, 1979). 
The thickness of the crustal and sedimentary part of 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 temperature distribution T(x,z,t) (where z is the 
depth, x the horizontal distance from the trench and V the velocity; T in 0c) is calculated 
from: 

~T +v.VT= _l_(V.(kVT) + A) (1) 
ut pcp 

For crustal material the density p is taken to be 2.7 X 103 kg m-3 and the thermal 
3conductivity k is 2.5 W m-1 0C-1• For subcrustallithosphere the density is 3.3 x 103 kg m-

and a temperature dependent thermal conductivity for olivine, from Schatz and Simmons 
(1972), is used. A value of 1.05 x 103 J kg-1 OC-1 has been adopted for the specific heat cpo 
It can be inferred from heat flow data (see below) 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 V c 

between the two plates, except for a small effect due to downbending of the slab. Velocities 
along circular arcs within the slab (e.g. lines AB and CD in Fig. 2.2) are constant. A is the 
heat production rate per unit volume due to friction and the decay of radioactive elements. 
For the slab adiabatic compression gives also a small contribution to A (see Minear and 
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Toksoz, 1970). 

Finite difference methods are used to solve eqn. (1) numerically. The system of 
ordinary differential 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. 2.2) and at straight lines perpendicular to these 
segments (e.g. lines AC and BD). The distance between gridpoints at these straight lines is 
5 lan. In order to check the results, calculations have also been made for models with 
smaller distances between gridpoints. The amount of frictional heat Qf> generated at the 
upper surface of the descending slab is (per unit time and unit surface of plate contact): 

Qr = V't (2a) 

where v is the velocity of the upper surface of the slab, relative to the upper plate, and 't the 
shear stress. Shear stresses have been modelled with a pressure and temperature dependent 
rheology (see below). For gridpoints at the upper surface of the slab the heat production 
rate by friction Ar (per unit volume) is: 

(2b) 

where Zg 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 assumed to be 0 °C. Temperatures for the 
downbending oceanic lithosphere below the trench depend on the age of the subducting 
oceanic lithosphere 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 lan within the slab 
(line CD in Fig. 2.2) 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 lan, are those of a geotherm with a surface heat flow of 80 mW m-2• 

Such a high heat flow is common for the volcanic zone and the back-arc region (see also 
Fig. 2.3). High temperatures below the volcanic zone can also be inferred from the 
composition of magmas (Tatsumi et aI., 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-2 

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 
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radioactive elements, 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. Generally the following sequence exists in the direction from the 
trench to the volcanic arc: accretionary wedge - oceanic crust and forearc sediments - are 
crust and/or continental crust (Dickinson and Seely, 1979). The heat production rate in 
crust of oceanic origin is about O.5IlW m-3 (pollack and Chapman, 1977). Crust formed by 
subduction related volcanism (arc crust) has a low heat production rate of 0.25 - 0.50 
IlW m-3 (Gill, 1981, p. 45). Sediments in the forearc basin, which are derived from are 
crust (Dickinson, 1974), are thus also expected to have a low radiogenic heat production. 
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 
Tamey (1984), range from 0.73 - 0.95 IlW m-3

. 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 IlW m-3 (typical for arc crust and oceanic crust) and a high 
estimate of 0.9 IlW m-3 (typical for continental crust). Note that the radiogenic heat 
production 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 IlW m-3• For 
the crust of the slab a radiogenic heat production rate has been assumed of O.5IlW m-3• 

2.3 Constraints on temperatures and shear stresses 

Heatfiow 

Heat flow measurements (from Anderson, 1980; Nakamura and Wakita, 1982 and 
Yoshii, 1983) for the subduction zone near the Japan trench (N.E. Honshu) are given in 
Fig. 2.3. Heat flow is low in the entire arc-trench region; most data are lower than 40 
mW m-2• The volcanic line is associated with an increase in heat flow to 75 - 100 mW m-2 

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 are
trench regions, using ocean probe techniques, is estimated to be about 12 mW m-2 

(Hyndman, 1976). 

Other subduction zones show a similar pattern; low heat flow ( < 40 mW m-2) in the 
arc-trench region and high heat flow in the volcanic zone and the back-arc region (e.g. 
Watanabe et aI., 1977). The increase in heat flow near the volcanic line may be somewhat 
more gradual than is suggested by the data given in Fig. 2.3. The low heat flow in the are
trench region points to temperatures above the slab that are considerably below mantle 
temperatures. 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 arc-trench region 
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Figure 2.3. Heat flow for the subduction zone near the Japan trench (N.E. 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» for 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 lan. 

are given in table 2.1. 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 
XAT/3 (where XAT is the distance between the trench and the volcanic line). The heal flow 
in this part of the arc-trench region will not be influenced by the high temperatures below 
the volcanic zone (via horizontal conduction) or by processes within the accretionary 
wedge. Subduction zones with a very large accretionary wedge (Sumatra, Aleutians) may 
be an exception to this. These subduction zones do not conform to the adopted geometry 
(Fig. 2.2) and are not included in this study. The number of heat flow measurements that 
have been used to calculate the average values, given in table 2.1, ranges from 9 (South 
America) to 15 (N.E. 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 
inferred from drill hole measurements) these average values are expected to have an error 
of about 3 - 4 mW m-2 only. 

An average value higher than 40 mW m-2 is only obtained for the S.W. Honshu 
subduction zone. The time passed since the initiation of subduction is relatively short for 
this subduction zone (see table 2.1). This may explain the higher heat flow, since it will 
take time for the lithosphere above the slab to cool, after the initiation of subduction. The 
other subduction zones have all been active for more than 50 Myr. 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-2• Heat flow profiles and maps for the 
Central America (Blackwell et al., 1977) and Kuriles (Smirnov and Sugrobov, 1982) 
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Subduction zone Heat flow(a) Duration(b) 
(mWm-2) (Myr) 

N.E. Honshu 34 >50 
S.W. Honshu 54 ± 15 
Cascades 35 > 50 
South America 31 > 50 

a) Average values for heat flow data at distances greater than 0.33 x XAT from the trench and the 
volcanic line (where XAT is the total distance between the trench and the volcanic line). Heat flow 
data from Anderson, 1980 (N.E. Honshu); Blackwell et al., 1982 (Cascades); Henry, 1981 (South 
America); Hyndman, 1976 (Cascades); Nakamura & Wakita, 1982 (N.E. Honshu); Uyeda & 
Watanabe, 1982 (South America); Watanabe et al., 1977 (S.W. Honshu) 
b) Duration since the initiation of subduction, taken or inferred from Coney and Reynolds, 1978 
(Cascades); Hilde et al., 1977 (N.E. Honshu); Kobayashi, 1983 (S.W. Honshu); Palacios, 1984 
(South America). 

Table 2.1. Average values of heat flow data in the central part of the arc-trench region. Also 
given is the time since the initiation of subduction. 

subduction zones exhibit a heat flow of about 30 mW m-2 in the central part of the arc
trench region. These subduction zones have also been active for more than 50 Myr (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

2trench region should fall between 30 and 35 mW m- • 

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 deformation takes place at lower temperatures whereas plastic 
deformation dominates at higher temperatures. For brittle deformation the shear stress 't 

required to cause sliding on a pre-existing fault is given by: 

(3) 

where ~ is the coefficient of friction and er: the effective normal stress, acting on the fault 
surface: 

(4) 

where ern is the normal stress and Pf the pore fluid pressure. For a wide variety of rocks it 
follows from experimental data that, for er: less than 200 MPa, ~ is approximately equal to 
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0.85 (Byerlee, 1978). Clays, however, have a much lower coefficient 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: 

't =')'P (5) 

Flow laws for plastic deformation that is caused by steady state power law creep have 
the form (Kirby, 1983); 

(6)
 

where E is the strain rate, T the absolute temperature, R the gas constant and (11 and (13 the 
maximum and minimum principal stress. Q, Ao 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 deformation, at a subduction 
shear zone is taken to be given by a flow law for diabase (under dry conditions). Material 
constants for flow laws that are used during model calculations are given in table 2.2. Note 
that these laboratory derived flow laws should be regarded as giving an upper bound for the 
strength of the material under natural conditions. 

Flow law A n Q Referenceo 
(Kbar-n s-1) (Kcal/mole) 

Limestone 4.9 x 107 2.05 50.4 Schmid (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 x 108 3.0 85 Caristan (1982)
 

Table 2.2. How law parameters 

By using several flow laws (and also including 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 
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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 geologic 
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 't (= (CJI-CJ3)(2) from eqn. (6), an estimate OfE is needed. Yuen et 
ai. (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 10-12 

S-l. Here, £. is taken to 
be (vJvrd) X 10-12 

S-1 (vc in cm/yr). Vref 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 plastic deformation (eqn. (6». The lowest of these two 
values is used to model heat production by friction (eqn. (2b». 

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 aI., 1979; Ruff 
and Kanarnori, 1983). At the same depth Sykes and Quittrneyer (1981) locate the transition 
from principally seismic to principally aseismic motion at the plate contact. This is 
confirmed by studies of the seismicity for several subduction zones (e.g. Davies and House 
(1979) for the Aleutians; Isacks et ai. (1981) for the New Hebrides; LeFevre and McNally 
(1985) for Middle America). 

For continental fault zones Meissner and Strehlau (1982) have shown that below the 
seismogenic zone the strength of material is low as a consequence of thermally activated 
creep. For oceanic lithosphere the absence of intraplate earthquakes below the 700 DC 
800 DC 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 contact takes place at a depth between 30 and 50 krn. 

2.4 Model calculations 

Parameters for all models are given in table 2.3. As a starting point calculations have 
been made for five models (TAl, TUM1, TQUA1, TDI01 and TDIA1). The age of the 
subducting oceanic lithosphere in these models is 70 Myr and the convergence velocity is 8 
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Model y Flow law T(a)
81 

v (b) 
e 

A (e) 
r 

(Myr) (cm/yr) (JlW m 3
) 

TAl o. 70 8 .7 
TA2 o. 70 8 .9 
TUM1 0.03 Limestone 70 8 .7 
TLIM2 0.03 Limestone 70 8 .9 
TLIM3 0.025 Limestone 70 8 .9 
TQUAI 0.05 Quartzite 70 8 .7 
TQUA2 0.05 Quartzite 70 4 .7 
TQUA3 0.05 Quartzite 70 12 .7 
TQUA4 0.05 Quartzite 30 8 .7 
TQUA5 0.05 Quartzite 150 8 .7 
TDIOI 0.09 Diorite 70 8 .7 
TDI02 0.09 Diorite 70 8 .4 
TDI03 0.075 Diorite 70 8 .4 
TDIAI 0.11 Diabase 70 8 .7 
TDIA2 0.11 Diabase 70 8 .4 

a) Age of the oceanic lithosphere at the trench.
 
b) Convergence velocity between the two plates.
 
c) Radiogenic heat production rate in the upper 25 Ian of the upper plate.
 

Table 2.3. Input parameters for model calculations. 

em/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 Ar 
within the crustal and sedimentary part of the upper plate of 0.7 j.lW m-3

• 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 wne takes place at a depth of approximately 40 kIn (thus 
satisfying the depth constraint for the brittle-ductile transition at the plate contact). 

At a time 50 Myr after the initiation of subduction a steady state thermal structure has 
been reached completely (see Fig. 2.4a). All results of model calculations will be given for 
a steady state situation 50 Myr after the initiation of subduction. The heat flow for the 
models TAl - TDIAl, 50 Myr after the initiation of subduction, is given in Fig. 2.4b. The 
models exhibit a low heat flow in the arc-trench region, which is the result of the advection 
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 the central part of the are-trench region 
varies from less than 20 mW m-2 for model TAl to about 45 mW m-2 for model TDIAI. 
Only the model with a flow law for quartzite has an average heat flow in the central part of 
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Figure 2.4. (a) Heat flow, 10,30 and 50 Myr after the initiation of subduction for model TQUAI. 
(b) Heat flow, 50 Myr after the initiation of subduction. Dashed lines give the interval 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 Myr ago. (c) Heat flow, 50 Myr after 
the initiation of subduction, for models TA2, TLIM2, IDI02 and TDIA2. (d) Heat flow, 50 Myr 
after the initiation of subduction, for models TLIM3 and TDI03. 

an arc-trench region that falls within the interval of 30 - 35 mW m-2 inferred from heat 
flow data. 

Model calculations have also been made for models similar to the models TAl 
TDIAI, 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, 
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TLIM2 (with a high estimate for Ar of 0.9 JlW m-3
), TDI02 and TDlA2 (with a low 

estimate of 0.4 JlW m-3) are given in Fig. 2Ac. Of these models, model TLIM2 meets both 
the constraint on heat flow and that on the depth of the brittle-ductile transition. Model 
TDI02 exhibits a heat flow that is slightly too high. Models similar to model TDI02, 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 constraints 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, with a limestone, quartzite or diorite rheology to model plastic 
deformation, exhibit a brittle-ductile transition between 30 and 50 Ian 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, TQUAI and TDl03 are 
given in Fig. 2.5. Of all acceptable models, the models TLIM3 and TDI03 exhibit the 
lowest and highest temperatures 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. 2.6. 

Calculations have been made for models with a quartzite flow law and convergence 
velocities of 4 and 1'Z cm/yr. Most of the subduction zones have convergence velocities 
between these two values. The influence of velocities on the thermal structure turns out to 
be very small (see Fig. 2.7a). The effect of an increased cooling, due to the faster 
subduction, approximately cancels the effect of an increased heat production by friction. 
Fig. 2.7b shows temperatures at the plate contact for two models similar to model TQUAl, 
but with a young (30 Myr) and a very old (150 Myr) subducting oceanic lithosphere. The 
influence of the age of the oceanic lithosphere on the thermal structure is greater than that 
of the convergence velocity. Differences between models for which the age of the 
subducting plate varies are small, however, compared to the differences between the 
models TLIM3, TQUAI and TDl03. Acceptable models with an age of the subducting 
plate of 30 or 150 Myr show a very similar range in temperatures and shear stresses as the 
models TLIM3 and TDl03. 

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 to 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 of very young oceanic lithosphere or with a very 
low convergence velocity, the age of the subducting lithosphere and the convergence 
velocity will not have a large influence on the temperatures at and above the plate contact. 
During brittle deformation, friction causes heating up to temperatures which enable plastic 
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Figure 25. Temperature distributions for models TLIM3 (Fig. 2.5a), TQUAl (Fig. 2.5b) and 
TDI03 (Fig. 2.5c). 50 Myr after the initiation of subduction. 
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Figure 2.6. (a) Temperatures at the upper surface of the slab (line AB in Fig. 2.2), 50 Myr after 
the initiation of subduction, for models TUM3, TQUAI and TDI03. (b) Shear stresses at the 
upper surface of the slab, 50 Myr after the initiation of subduction, for models TLIM3, TQUAI 
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Figure 2.7. (a) Temperatures at the upper surface of the slab, 50 Myr after the initiation of 
subduction, for models TQUA2 and TQUA3. (b) Temperatures at the upper surface of the slab, 
50 Myr after the initiation of subduction, for models TQUA4 and TQUA5. 

flow to take place. At depths greater than that of the brittle-ductile transition friction only 
leads to a small increase of temperature with depth at the plate contact. A low level of 
interplate seismicity may exist at depths of about 40 to 80 km, since shear stresses for 
plastic deformation do not falloff rapidly to values near zero. Average shear stresses at the 
plate contact (between points A and B in Fig. 2.2) are 12 MPa (model lLIM3), 24 MPa 
(model TQUAl) and 38 MPa (model TDI03). 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 
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Myr), essentially independent of these parameters. Average shear stresses for the models 
TQUA2 - TQUA5 range from 21 to 26 MPa. 

2.5 High-pressure metamorphism 

Subduction of oceanic lithosphere can lead to the formation of an accretionary wedge, 
which consists of sedimentary material. In a high-pressure 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 Ian) is now exposed at the surface. High
pressure metamorphic belts are characterized by mineral assemblages 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 experimentally determined or calculated 
phase equilibria estimates can be made of the pressure-temperature conditions to which the 
material in a high-pressure metamorphic belt has been subjected. 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 estimate 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 
represent a steady state thermal structure (as our model temperatures do) but may also 
represent relatively high temperatures shortly after the initiation of subduction. 

Fig. 2.8 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 (Coleman 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 Myr (Brown et al., 1982; Cloos, 1985). These ages are close to the age of 155 to 165 
Myr for the Coast Range Ophiolite (Hopson et aI., 1981) and indicate that metamorphism 
took place during, or shortly after, the initiation of the subduction episode that lead to the 
formation of the Franciscan. Radiometric ages for zones Band C range from about 70 to 
150 Myr, 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 Myr for an arc-trench region as a 
whole to reach a steady state thermal structure, temperatures at the plate contact do so 
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Figure 2.8. Temperatures at the upper surface of the descending slab. as a fimction of pressure. 
for models TAl, TLIM3, TQUAI and TDI03. 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: Amphibolite 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. 

within a few Myr and temperatures within the upper plate, where its thickness is less than 
30 km, do so within about 10 Myr (see Fig. 2.4b). 

Fig. 2.8 also gives temperatures at the upper surface of the descending slab for the 
models TAL, TLIM3 and TDI03. Models TLIM3 and TDI03 provide a lower and an 
upper limit for temperatures in an arc-trench region. Thermal models in which heat 
production by friction is not included or very low (model TAl in Fig. 2.8; see also Wang 
and Shi, 1984) give temperatures that are considerably 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 I cm/yr or less 
(Wang and Shi, 1984). No present-day subduction zone has a subduction rate near I cm/yr 
and it seems unlikely that subduction of oceanic lithosphere with such low velocities has 
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been widespread in the past. On the other hand, the range of P-T conditions for the 
preferred thennal models (TLIM3, TQUAI and TDI03) 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 
thennal 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 
accretionary 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 peridotite and Brown et al. (1982) 
have proposed that these higher temperatures are caused by hot ultramafic material within 
the hanging wall during the initiation of subduction. Similar high-temperature 
metamorphic rocks have been found directly below 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 conditions 
represent an early phase of subduction when temperatures at the plate contact were already 
detennined 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 aI., 1985). We expect that upward velocities of sediments will be very small 
compared to the convergence velocity between the two plates. Firstly, it takes at least 20 
30 Myr for blueschists to reach the surface (Ernst, 1972). Secondly, observed uplift 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 TQUAI but with an upward 
velocity (in the direction perpendicular to the upper surface of the slab) within the upper 
plate. Although movements within an accretionary wedge will certainly exhibit a much 
more complex pattern, such models can give an estimate of the influence of possible large 
scale movements of sediments. Differences in temperature between a model with an 
upward velocity of 0.3 mm/yr within the upper plate and model TQUAI 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 
accretionary wedge occur, conditions for high-pressure metamorphism will still be 
primarily detennined by the way the upper part of the slab heats up as a result of frictional 
heating. 
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2.6 Discussion 

The first step of the process that leads to subduction 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 high temperatures in the asthenospheric wedge above the slab are 
required for melting. From heat flow data we have inferred that the asthenospheric wedge 
does not extend significantly into the arc-trench region. The asthenospheric wedge does 
exist, 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 composition of arc-basalt 
magmas; Tatsumi et aI., 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 detennined by the extent of the asthenospheric 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 temperatures in material that is still part of the 
lithosphere. During subduction, the volcanic line may slowly migrate, with a velocity less 
than 1 km/Myr (Dickinson, 1973). Because the thermal relaxation time of the upper plate in 
an arc-trench region is relatively shon (see Fig. 2.4b), this will not have a large influence 
on the overall thermal structure of an arc-trench region. 

Endothermic dehydration reactions for water-containing minerals in the crust of the 
descending slab stan 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 coefficient of friction of material near the shear zone. For accretionary wedges, 
observed pore fluid pressures range from about 67.5 % 10 nearly 100 % of the lithostatic 
pressure (Davis et aI., 1983). Chu et a!. (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 aI., 1983), corresponding 10 values for rbetween 0 and 0.1. This agrees well with 
the interval for r of 0.025 (model TLIM3) 10 0.075 (model IDI03) for the preferred 
thennal models. During thermal modelling r is assumed to be independent of depth, 
whereas in reality r may vary (Zhao et aI., 1986). Values for r in our thennal 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. 2.6b) 
is a simplification. In reality this transition will be more gradual (e.g. Kirby, 1983). 

From theoretical considerations on mantle convection McKenzie and Jarvis (1980) 
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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 subduction 
zones where back-arc spreading occurs. The estimates are 16.5 ± 7.5 MPa for the Mariana 
and 22 ± 10 MPa for the Tonga subduction zone. These values are in good agreement with 
the average shear stress between the trench and the volcanic line for the models lLIM3 (12 
MPa) and TQUAI (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 lithostatic 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 (Lachenbruch 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 temperatures 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 to which frictional heating 
occurs is much greater than for a strike-slip fault and, for a given rheology 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 
lLIM3) to 10 x 1012 N/m (model TDI03). Estimates of the gravitational 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. 

2.7 Conclusions 

(1) From published heat flow data it can be inferred that, for older subduction zones 
(subduction started more than 50 Myr ago), the average heat flow in the central part of the 
arc-trench region is 30 - 35 mW m-2• 

(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 Myr), temperatures and 
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shear stresses are essentially 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 metamorphism inferred from 
mineral assemblages in the Franciscan Complex of California. Conditions for high-pressure 
metamorphism are heavily influenced by frictional heating, and thus by pore fluid pressures 
and the rheological properties of material near the shear zone. 
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Chapter 3 

Thermal modelling of the Cascadia subduction zone: a case 
study for the subduction of young oceanic lithosphere 

Abstract. A two-dimensional thermal model is presented of the Cascadia subduction 
zone of southwestern Canada. It is found that in spite of the prolonged subduction of very 
young oceanic lithosphere (with an age less than 10 Myr) the subduction process still leads 
to relatively low temperatures at the plate contact and within the upper plate. This is 
primarily due to the downward movement of slab material. Endothermic dehydration 
reactions within the crustal part of the downgoing plate are of much smaller influence. Our 
modelling results indicate that the small age of the subducting plate does not preclude the 
existence of significant shear stresses at the plate contact. 

3.1 Introduction 

Thermal models of subduction zones (see van den Beukel and Wortel, 1988, and 
references therein) have generally focused on the subduction of medium-age or older 
oceanic lithosphere (about 30 to 150 Myr old). For such an age-range, van den Beukel and 
Wortel (1988) found that the age of the subducting plate has only minor influence on the 
thermal structure of the upper part of a subductiqn zone, the region between the trench and 
the volcanic arc. In all cases, the subduction process was found to lead to relatively low 
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temperatures within this region. The subduction of a spreading centre, on the other hand, 
will result in relatively high temperatures and a phase of high-T, low-P metamorphism 
within the upper plate near the trench (James et aI., 1989). If the age of the subducting plate 
becomes very smail, this is expected to lead to higher temperatures at the plate contact and 
to increasing aseismic slip, as a result of ductile deformation (Kanamori and Astiz, 1985; 
Heaton and Hartzell, 1987). It is not clear, at what age of the subducting plate the thermal 
structure in the upper part of a subduction zone starts to deviate significantly from that for 
the subduction of medium-age or older oceanic lithosphere and starts to resemble the 
thermal structure during a ridge-trench interaction. 

Examples of the subduction of young oceanic lithosphere include the subduction 
zones of S. Chile, the Cascades, and S.W. Japan. The Cascadia subduction zone provides a 
good opportunity to model the thermaI consequences of the subduction of young oceanic 
lithosphere. Data acquired by the Canadian Lithoprobe program across the Cascadia 
subduction zone include seismic reflection profiles, which constrain the geometry of the 
subducting plate (e.g., Clowes et aI., 1987a), as well as an extensive heat flow data set 
(Lewis et ai, 1988). Further, plate reconstruction studies (e.g., Engebretson et aI., 1985) 
provide information on the age of the subducting plate and the convergence velocity 
between the upper and the subducting plate, as a function of time. In this paper, we present 
a 2-D finite difference thermal model of the Cascadia subduction zone near Vancouver 
Island, S.W. Canada. It is the aim of our modelling to investigate the thermaI consequences 
of the subduction of the relatively young Juan de Fuca plate (with an age less than 10 Myr); 
e.g., to assess whether it can still act as a significant heat sink during the early phase of its 
subduction, leading to relatively low temperatures within the upper plate. 

3.2 Model description 

The geometry of the subducting plate in our model is chosen to be in agreement with 
pertinent data on the geometry of the subducting plate. Clusters of Benioff seismicity 
(labeled 1 and 2) within the subducting slab are shown in Figure 3.1a. We have required 
that these clusters should fall within the subducting plate, although not necessarily in its 
mantle part. Seismicity within the crustal part of the downgoing plate may be caused by the 
basalt to eclogite phase transition (pennington, 1984). In addition, we have required that a 
band of dipping reflectors (labeled E in Figure 3.la), situated above the top of the 
subducting plate (Clowes et al., 1987a, 1987b), should fall within the upper plate. This 
band is thought to be related to a dipping zone of trapped pore water (Hyndman, 1988). 
The adopted geometry of the model, as given in Figure 3.la, satisfies these constraints. The 
dip of the subducting plate in the model decreases gradually from 7° beneath the trench to 
about 27° at a distance of 220 Ian from the trench. The thickness of the crustal part of the 
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Figure 3.1. a) Geometry of the model. Dashed lines (labeled E) denote a dipping band of 
reflectors below Vancouver Island (Clowes, 1987a; 1987b). Clusters of Benioff seismicity within 
the subducting plate (from Rogers; as given in Lewis et aI., 1988) are labeled 1 and 2. b) Position 
of the profile, shown in Fig. 3.la. 

upper and lower plate is taken to be 40 and 6 km, respectively. 

Temperatures are determined by conduction, the downward movement of material 
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within the subducting plate and various sources of heat production (friction at the plate 
contact, radiogenic heating, dehydration reactions in the crustal part of the subducting 
plate). A more detailed description of the model can be found in van den Beukel and 
Wortel (1988). Unless otherwise stated, the values of various parameters for crustal and 
mantle material are the same as those given in van den Beukel and Wortel (1987; 1988). 

Temperatures at the surface are kept at 0 DC. Temperatures at the left side of the model 
depend upon the age of the subducting oceanic lithosphere and are calculated using a 
boundary layer model for the cooling of oceanic lithosphere (Crough, 1975). We have 
adopted an age of the oceanic lithosphere of 8 Myr and a convergence velocity between the 
two plates of 5 cm/yr. These values are close to the present age of the Juan de Fuca plate, 
subducting below the southern part of Vancouver Island (e.g., Heaton and Hartzell, 1987), 
and the average convergence velocity between the two plates here during the last 6 Myr 
(Riddihough, 1984). Plate motion studies indicate that similar values for these parameters 
have prevailed for a period of time of at least 30 Myr (Engebretson et al., 1985). 

It is noted that Crough's model is a relatively simple model for the thermal structure of 
very young oceanic lithosphere. Hydrothermal convection within the oceanic crust may 
lower temperatures. On the other hand, sediment deposition may lead to higher 
temperatures within an oceanic plate. Sedimentary sequences within the trench may be 
about 1 - 2 km thick. Most of these sediments represent a recent trench-fill deposit (Scholl, 
1974), however, which is unlikely to have influenced the thermal structure of the 
underlying oceanic plate significantly. 

Following Lewis at al. (1988), we have adopted a radiogenic heat production rate for 
the crustal part of the upper plate of 0.2 IlW m-3 (for material at depths greater than 10 
km). At depths smaller than 10 km, this radiogenic heat production rate is taken to be 0.5 
JlW m-3

• 

Anderson et al. (1976) have estimated that, depending upon its composition, the 
dehydration of 1 kg of oceanic crustal material requires about 0.4 to 1.7 x lOS J. Stability 
limits for various hydrous minerals, as a function of pressure and temperature, are given by 
Tatsumi (1989). We have here assumed that the gradual dehydration of the oceanic crust, 
between 50 and 80 km depth, requires 1 x lOS J per kg of material. 

The amount of frictional heating at the plate contact depends linearly on the 
magnitude of shear stresses and the convergence velocity between the two plates. Shear 
stresses at the plate contact for brittle deformation (tbr) are taken to depend linearly on the 
lithostatic pressure P (=pgz): 

(1) 

For ductile deformation, shear stresses (td.J were inferred from a steady state flow law for a 
wet quartzite (Koch et al., 1980), adopting a strain rate of 1 x 10-12 S-I. For a given place at 
the plate contact, the lowest of the two values for 'tbr and 'tdu has been used to infer the 
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amount of frictional heating. 

The model does not include the effects of fluid flow or of underplating of sedimentary 
material beneath the upper plate. For the Cascadia subduction zone, a major episode of 
underplating may have taken place during Eocene times (Clowes et aI., 1987a). In view of 
the limited time, needed for the upper plate to reach thermal equilibrium (less than 10 Myr 
where its thickness is less than about 30 km; see also van den Beukel and Wortel (1988)), 
we have not considered the effects of underplating in the present model. Modelling of the 
thermal consequences of fluid flow (Reck, 1987) indicates that the amount of fluids is 
insufficient to influence the overall thermal structure of the accretionary wedge. Restriction 
of fluid flow into narrow zones may influence temperatures and surface heat flow locally, 
however. Exothermic hydration reactions may retard the cooling of the upper plate shortly 
after the initiation of subduction (peacock, 1987), but are unlikely to have a significant 
influence for a case in which there has been long-term subduction of oceanic lithosphere. 
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Figure 3.2. Heat flow data (from Lewis et al., 1988) at the Cascadia subduction zone, along the 
profile shown in Fig. 3.lb. Solid lines denote surface heat flow for models for which 'Y (which 
determines shear stresses during brittle deformation) is 0.0 (lower curve), 0.05 or 0.1 (upper 
curve). Dashed lines denote models with 'Y equal to 0.05, for which temperatures within the upper 
plate beneath the heat flow transition zone (curve 1) or beneath the volcanic belt (curve 2) are 
kept at constant values, corresponding to a continental geotherm with a surface heat flow of 80 
mWm-2• 

Heat flow data (from Lewis et al., 1988) for a profile across the southern part of 
Vancouver Island are given in Figure 3.2. Going landward, heat flow decreases gradually 
from about SO mW m-2, near the shelf edge, to a level of about 30 mW m-2• For the 
comparison with modelling results, we have primarily used the data at a distance of 140 
200 km from the trench, for which the spread in the data is relatively small. A sharp 
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increase in heat flow occurs at a distance of about 260 - 270 kIn, about 30 kIn seaward from 
the volcanic belt The sharpness of the heat flow transition indicates that the relatively high 
heat flow, just landward of the heal flow transition zone, is primarily related to relatively 
high temperatures at shallow depths only, or alternatively that relatively high temperatures 
at greater depths have only recently been established. Otherwise, a more gradual heat flow 
transition would be expected (see also below). It seems likely that the emplacement of 
magmas at relatively shallow depths, beneath and landward of the heat flow transition zone. 
has determined the shape of the heat flow transition (Lewis et aI.. 1988). 

Thermal modelling results will only be given for the region shown in Figure 3.1a, 
which extends over a distance of about 220 km. The actual right boundary of the model is 
situated at a distance of more than 100 km landward from the heat flow transition zone. 
This setup has the advantage that the boundary condition at the right side of the model 
(where temperatures are kept constant) does not influence temperatures within the region 
shown in Figure 3.1a. 

3.3 Results 

Modelling results are shown in Figure 3.3. Shown are thermal structures for three 
models. with y (which determines the amount of frictional heating during brittle 
deformation; see above) equal to 0.0, 0.05 and 0.1. These models will be referred to as the 
standard models. A value for y of 0.0 implies that shear stresses at the plate contact are zero 
everywhere. Thermal structures are shown at a time 100 Myr after the onset of subduction, 
which ensures that the initial thermal structure is of no influence. Surface heat flow for 
these models is shown in Figure 3.2. Models with yequal to 0.05 or 0.1 are in good 
agreement with the heat flow data. Larger values for y would give relatively high heat flow 
for the region near the trench. For the model with y equal to zero, model heat flow falls 
below the heat flow data at distances of 140 - 200 km from the trench. 

Models without any frictional heating are only found to be in agreement with the data 
if the radiogenic heat production rate in the crustal part of the upper plate is increased (e.g., 
from 0.2 to 0.5 ~W m-3 for material at depths greater than 10 km). Such a model would 
exhibit a similar thermal structure as that given in Figure 3.3a. as an increase in radiogenic 
heat production rates primarily influences surface heat flow and has only minor influence 
on temperatures at depth. 

Dashed lines in Figure 3.2 denote models for which temperatures within the upper 
plate beneath the heat flow transition zone or beneath the volcanic belt are kept at constant 
values, corresponding to a continental geotherm with a surface heat flow of 80 mW m-2• 

Based on these modelling results, it can be excluded that temperatures beneath the heat 
flow transition zone. al greater depths, have been kept at a relatively high level for a 
prolonged period of time. It can not be ruled out that temperatures beneath the volcanic 
belt, at greater depths. have been kept at a relatively high level. e.g., as a consequence of 
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induced mantle flow in the asthenospheric wedge. For the region shown in Figure 3.3, the 
differences in temperature and surface heat flow between such a model and the standard 
model are very small, however. 
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Figure 3.3. Thennal modelling results for the Cascadia subduction zone near the southern part of 
Vancouver Island. Age of the subducting plate is 8 Myr; convergence velocity between the two 
plates is 5 crn/yr. Temperature difference between adjacent isothenns is 150 "C. a) For a model 
with yequal to 0.0. b) For a model with yequal to 0.05. c) For a model with yequal to 0.1. 
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Figure 33 (continued). 

Shear stresses at the plate contact for models with 'Yequal to 0.05 or 0.1 are shown in 
Figure 3.4a. For older oceanic lithosphere ( > 30 Myr old), y was inferred to fall within a 
range of 0.025 to 0.075 (van den Beukel and Wortel, 1988). If for the subduction of 
relatively young oceanic lithosphere, y has similar values, significant shear stresses may 
exist at the plate contact, in spite of the relatively high temperatures within the subducting 
plate. The average shear stress at the plate contact (within the region shown in Figure 3.1a) 
for the model with 'Yequal to 0.05 is about 14 MPa, about half of the average shear stress 
for a similar model for which the age of the subducting plate is greater than 30 Myr. 

Figures 3.4b and 3.4c show temperatures at the top of the subducting crust and surface 
heat flow for models with y equal to 0.05. In addition to the standard model, results are 
shown for a model in which the effect of endothermic dehydration reactions is not 
included. For such a model, temperatures at the plate contact are less than 50°C higher 
than those for the standard model. It is concluded that the low temperatures within the 
modelled region are primarily due to the downward movement of slab material and that the 
influence of dehydration reactions is much smaller. At least for the subduction of young 
oceanic lithosphere, the influence of dehydration reactions on subduction zone 
temperatures seems to be more limited than suggested by Anderson et al. (1976). 

Prior to about 30 Myr ago, the convergence velocity and possibly the age of the 
subducting plate may have been significantly greater than the present-day values of these 
parameters (Engebretson et al., 1985). The lower curve in Figure 3.4c denotes the surface 
heat flow for a model in which, at times between 100 and 30 Myr ago, the convergence 
velocity has been 10 cm/yr and the age of the subducting plate has decreased gradually 
from 70 to 8 Myr. The maximum difference in surface heat flow between this model and 
the corresponding standard model is about 1.5 mW m-2 only. 
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Figure 3.4. a) Shear stresses at the plate contact, as a function of depth beneath the top of the 
upper plate, for standard models with 'Yequal to 0.05 (solid line) or 0.1 (dashed line). A distance 
of 100 or 200 km corresponds to a depth of the plate contact of about 25 km or 62 km 
respectively. b) Temperatures at the plate contact, as a function of depth beneath the top of the 
upper plate, for the standard model (solid line; with 'Y equal to 0.05) and for a similar model, for 
which the effect of endothermic dehydration reactions within the crustal part of the downgoing 
plate is not included (dashed line). c) Surface heat flow for the standard model, with 'Yequal to 
0.05 (solid line). Upper dashed line denotes a similar model, for which the effect of endothermic 
dehydration reactions is not included. Lower dashed line denotes surface heat flow for a model 
for which, between 100 and 30 Myr ago, the convergence velocity has been 10 cm/yr and the age 
of the subducting plate has decreased gradually from 70 to 8 Myr. 

The relatively low magnitude of heat flow data (see Figure 3.2) points to relatively 
low temperatures within the upper plate for the Cascadia subduction zone at the southern 
part of Vancouver Island. Thennal modelling results were found to be in good agreement 
with the heat flow data. Based on our modelling results, we conclude that the low 
temperatures within the upper plate are primarily caused by the downward movement of 
the subducting plate, in spite of the prolonged subduction of very young oceanic 
lithosphere at the Cascadia subduction zone. Endothennic dehydration reactions within the 
subducting crust were found to be of lesser influence. 
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3.4 Discussion 

We have here focused on the thermal consequences of the subduction of young 
oceanic lithosphere. The subduction of young oceanic lithosphere will also lead to a much 
reduced strength of the subducting plate. The results of mechanical modelling, which 
indicate that the interaction between a relatively fast spreading ridge and a subduction zone 
can lead to the break-up of very young oceanic lithosphere during the early phase of 
subduction, will be presented elsewhere (van den Beukel, 1989). 

Shear stresses at the plate contact for the Cascadia subduction zone (see Figure 3.4a) 
are considerably lower than those inferred for the Taiwan fold-and-thrust belt (Barr and 
Dahlen, 1989). This is likely to be due to higher pore fluid pressures at the plate contact, 
leading to lower shear stresses during brittle deformation. For the subaerial Taiwan fold
and-thrust belt, pore fluid pressures are lower than those commonly observed for submarine 
accretionary wedges (Davis et aI., 1983). 

Hyndman (1988) has proposed that the top of the band of reflectors (labeled E in 
Figure 3.la) coincides with a transition from high to low permeability, near the boundary 
between greenschist and blueschist facies metamorphic conditions at a temperature of 
about 400 °C. This is good agreement with the thermal models for which frictional heating 
is included. For these models, the top of the band of reflectors is nearly isothermal, at 
temperatures of about 380°C (y =0.05) or 390°C (y =0.1). Temperatures for the model 
without frictional heating are considerably lower (about 290 - 320°C). 

A study of the observed stress field near the Cascadia subduction zone, augmented by 
finite element modelling of stresses within the Juan de Fuca plate and the adjoining part of 
the North American plate indicates relatively strong coupling between the two plates, with 
an average shear stress at the plate contact that may range between about 5 and 25 MPa 
(Spence, 1989). The best agreement between model results and the observed stress field 
was found to occur for models in which the coupling between the two plates was not 
concentrated at the trench itself, but rather at a distance of about 100 km from the trench. 
Thermal models for which friction at the plate contact is included (given in Figure 3.3b and 
3.3c) exhibit an average shear stress at the plate contact of about 14 to 18 MPa. Highest 
shear stresses are reached at a distance of 80 to 100 km from the trench. 

Several independent lines of evidence thus indicate that these thermal models give a 
better approximation of the actual thermal structure of the Cascadia subduction zone, than a 
thermal model without any frictional heating (as given in Figure 3.3a). In any case, it is 
clear that, if shear stresses during brittle deformation are similar to those inferred for older 
oceanic lithosphere (y between 0.025 and 0.075), subduction of very young oceanic 
lithosphere can still lead to significant coupling between the subducting and the overriding 
plate. Thus, one of the conditions for the generation of interplate thrust earthquakes, the 
existence of significant shear stresses at the plate contact, is likely to be fulfilled for the 
Cascadia subduction zone. 
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Chapter 4 

Break-up of young oceanic lithosphere in the upper part of a 
subduction zone: implications for the emplacement of ophiolites 

Abstract. It is investigated, by means of numerical modelling, whether the interaction 
between young oceanic lithosphere and a subduction zone can lead to the break-up of a 
young and thin oceanic plate. First, a thermal model of the upper part of a subduction zone 
(the region between the trench and the volcanic arc) is presented. Temperatures are 
modelled for situations in which the age of the subducting oceanic lithosphere gradually 
decreases, culminating in the arrival of a spreading ridge at the trench. Temperatures are 
used to infer the strength of material within the subducting plate from a pressure and 
temperature dependent rheology. Next, it is investigated by means of finite element 
modelling whether the forces acting upon young subducting oceanic lithosphere, recently 
created at a spreading centre in the vicinity of a subduction zone, can lead to its break-up. 
Our modelling results show that very young oceanic lithosphere may indeed break up 
during the early phase of its subduction. Whether break-up occurs depends upon the 
spreading velocity and the length of the ridge segment that interacts with the trench. If 
break-up occurs, some young oceanic lithosphere situated in the upper part of the 
subduction zone and in the region between the ridge and the trench will be detached from 
the other parts of the subducting plate. The detached sheet of thin oceanic lithosphere will 

lbis chapter is to be published as: 

van den Beukel. J., Break-Up of young oceanic lithosphere in the upper part of a subduction zone: implications for 
the emplacement of ophiolites; Tectonics, in press, 1989. 
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not be subducted to mantle depths. Instead, subduction of the trailing plate, at the opposite 
side of the ridge, can lead to the incorporation of this sheet into the forearc region. Our 
modelling provides a mechanism to incorporate thin oceanic lithosphere into an arc-trench 
region and eventually, upon closure of the ocean basin, into an orogenic belt. It is shown 
that a large subset of ophiolites (those with a harzburgite-dominated mantle section) has 
properties in good agreement with an emplacement history in which the break-up of young 
oceanic lithosphere in the upper part of a subduction zone is the first phase. 

4.1 Introduction 

Using numerical modelling techniques we investigate whether oceanic lithosphere 
involved in the subduction process may break up, leading to a situation where some 
oceanic lithosphere remains at the surface or at relatively shallow depths. Our modelling 
results have implications for the emplacement of ophiolites; oceanic crust and upper mantle 
that has apparently escaped the usual fate of oceanic lithosphere (i.e. subduction into the 
mantle). 

It is generally accepted that ophiolites are fragments of oceanic crust and upper 
mantle. Dike complexes which, in most cases, form part of the crustal section point to a 
spreading centre origin. Ophiolites are mostly exposed within orogenic belts (e.g., the well 
exposed Semail ophiolite of Oman and the Troodos ophiolite of Cyprus), in which case 
exposure is thought to be due to underthrusting by continental lithosphere [e.g., Moores, 
1982]. In some cases, in which exposure is not related to underthrusting by continental 
lithosphere, ophiolites are found in (former) forearc regions, such as the Zambales ophiolite 
in the northern Philippines [Karig, 1982] and the Coast Range ophiolite in California 
[Ingersoll, 1982]. The initial tectonic setting at which ophiolites have been created is not 
clear. Models for the origin and emplacement of ophiolites invoke both the creation at a 
mid-ocean ridge [e.g., Nicolas and Le Pichon, 1980; Boudier and Coleman, 1981; Boudier 
et al., 1988] and creation at a spreading centre above a subducting plate, in the arc or back
arc region [e.g., Pearce et al., 1981; Harper and Wright, 1984; Thy and Moores, 1988]. 

In many cases it has been found that there is only a small difference in age (less than 
about 10 Myr) of an ophiolite itself and of the metamorphic rocks directly below an 
ophiolite [e.g., Lanphere, 1981; Spray, 1984]. Apparently, many ophiolites were still very 
young during the early phase of deformation at their base. Shearing at the base of these 
ophiolites thus started when they were still at a relatively small distance from the spreading 
centre at which they were created, and it seems likely that the relatively low strength of 
young oceanic lithosphere has played an important role [Vlaar and Cloetingh, 1984; 
Meissner and Wever, 1988]. It is not clear what mechanism and what plate tectonic setting 
can account for compression and shearing at the base of an ophiolite, shortly after that it 
has been created at an extensional spreading centre. One of the possibilities that has been 
considered is that the arrival of very young oceanic lithosphere (possibly a ridge crest) at a 
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subduction zone can lead to the break-up of a young and thin oceanic plate, followed by 
shearing within the plate or at its base [Christensen and Salisbury, 1975; Nicolas and Le 
Pichon, 1980]. It is the aim of our numerical modelling to investigate theoretically whether 
young oceanic lithosphere can break up just prior to or during the early phase of its 
subduction. 

We have recently [van den Beukel and Wortel, 1987, 1988] studied the thermal 
structure of the upper part of a subduction zone. Heat flow data, in combination with 
rheological arguments and the distribution of interplate seismicity, have been used to 
constrain the thermal structure of this region and the magnitude of shear stresses at the 
plate contact between the downgoing and the upper plate. These shear stresses result in a 
resistive force, opposing subduction, that has the same order of magnitude as the plate 
driving ridge push and slab pull forces. For the subduction of oceanic lithosphere with an 
age greater than 30 Myr, temperatures at and above the plate contact as well as shear 
stresses at the plate contact were found to be essentially independent of the age of the 
subducting plate and the convergence velocity between the two plates. In the thermal 
models presented here, we focus on temperatures and shear stresses during the subduction 
of relatively young oceanic lithosphere. During the thermal modelling, the age of the 
subducting oceanic lithosphere will be decreased gradually until a spreading ridge has 
reached the trench. It is investigated whether, for the subduction of such young oceanic 
lithosphere, friction at the plate contact in the upper part of a subduction zone still leads to 
a substantial resistive force. At various stages during the evolution of the convergent plate 
margin it will then be investigated, by means of finite element modelling, whether the 
forces acting upon a young subducting plate can lead to the break-up of young oceanic 
lithosphere just prior to or during the early phase of its subduction. A pressure and 
temperature dependent rheology will be used to infer the strength of material within the 
subducting slab from the thermal models. 

4.2 Thermal modelling 

The geometry of the thermal model is given in Figure 4.1. The model encompasses the 
upper part of a subduction zone, the region between the trench and the volcanic line (arc
trench region). The volcanic line is the boundary, in the direction of the trench, of the 
volcanic arc. The top of the subducting plate is part of a circle, which gives a reasonable 
approximation of the actual geometry of a slab during the early phase of its subduction 
[e.g., Furlong et aI., 1982]. At the right side of the model, the upper surface of the slab has 
reached a depth that is slightly less than 100 kIn. The thickness of the subducting oceanic 
crust is 6 km; the thickness of the crustal and sedimentary part of the upper plate is 25 km. 
Conduction of heat, the movement of the slab (which causes temperatures in an arc-trench 
region to be relatively low) and frictional heating at the plate contact (line A-B in Figure 
4.1) primarily determine the thermal structure of an arc-trench region. The differential 
equation to be solved, the employed finite difference techniques, and values of different 
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Figure 4.1. Geometry of the thermal model. 

parameters (e.g., densities, thermal conductivities) are given in van den Beukel and Wortel 
[1987, 1988]. During thermal modelling it is assumed that the subducting plate does not 
break up. Velocities within the slab are taken to be constant, except for a small effect due to 
bending of the plate. 

Temperatures at the surface are assumed to be 0 DC. Temperatures at the right side of 
the model (below the volcanic line), at depths less than about 85 km, are those for a 
geotherm with a relatively high surface heat flow of 80 mW m-2, in keeping with 
observations that temperatures here remain relatively high as a consequence of processes 
below the volcanic are and the back-arc region [see van den Beukel and Wortel, 1988]. 
Temperatures below the trench, at the left side of the model, are calculated using a 
boundary layer model for the cooling of oceanic lithosphere from Crough [1975]. 
Temperatures here depend upon the age of the oceanic lithosphere that arrives at the trench, 
which is varied during model calculations. During the subduction of gradually younger 
oceanic lithosphere, the age A(t) of the subducting oceanic plate as a function of time is 

sp 

given by: 

A(t) == ~ 
v - v 

C sp t (1) 
vsp 

where vc is the convergence velocity between the two plates and v the half-spreading rate 
for the ridge at which the subducting plate was created (both taken to be constant). Aois the 
age of the subducting plate at a moment that the reference time t is equal to zero. It has 
been assumed that the subduction of gradually younger oceanic lithosphere has been 
preceded by the subduction of oceanic lithosphere with a constant age of 70 Myr for a 
period of time of 30 Myr. The start of the subduction of oceanic lithosphere with a 
decreasing age took place at t == O. For Ao we have obviously adopted a value of 70 Myr. 
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The age of the subducting lithosphere (as a function of time), for vsp equal to 5 cm/yr and 
V c equal to 12 cm/yr, is given in Figure 4.2. 

o o
Or---------------., b) 0 ,----------------,

a) 

O'---'-----.l.------'------'~---' 0'---'--------'-------'------''''-
o 50 o 50 

time (Myr) time (Myr) 

Figure 4.2. Age of the subducting oceanic lithosphere below the trench, as a function of time, for 
V o equal to 12 cm/yr and Vsp equal to 5 cm/yr. (a) Symbols denote times at which thennal 
modelling results are given in Figme 4.3. (b) Symbols denote times at which mechanical 
modelling results are given in Figme 4.5. 

Shear stresses at the plate contact determine both frictional heating and the resistive 
force, caused by coupling between the two plates, that must be overcome in order to 
continue subduction. Van den Beukel and Wortel [1987, 1988] have modelled these shear 
stresses with a pressure and temperature dependent rheology, using heat flow data from 
arc-trench regions and the distribution of thrust earthquakes at the plate contact as 
constraints for the magnitude of these shear stresses. In agreement with the results obtained 
by van den Beukel and Wortel [1987], we here adopt the following shear stresses at the 
plate contact: 

Brittle deformation: 'tbr = 0.05 P (2) 

Ductile deformation: 'tdu = 0.5 (E/A)l/n exp(E/nRT) (3) 

For brittle deformation, at relatively small depths and low temperatures, shear stresses 
depend linearly on the Iithostatic pressure P. The lithostatic pressure P has been calculated 
assuming a density of 2700 kg m-3 for crustal and sedimentary material and a density of 
3300 kg m-3 for mantle material. The relatively low shear stresses during brittle 
deformation are likely to be caused by high pore fluid pressures and a low coefficient of 
friction, related to the subduction of sediments and fluids [Davis et al., 1983; Shi and 
Wang, 1988]. For ductile deformation, values for the material constants A and n, and the 
activation energy E are those for a steady state flow law for a quartzite under wet 
conditions [from Koch et aI., 1980]. R is the universal gas constant and T the temperature 
(in K). Models for ductile deformation at subduction shear zones exhibit a typical strain 
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rate of about 10-12 S-1 [Yuen et aI., 1978]. Here, the strain rate Edepends linearly on ve, and 
is taken to be (vJ8) X 10-12 s-1 (ve in cm/yr). For the subduction of oceanic lithosphere 
older than 30 Myr, the adopted rheology gives an average shear stress at the plate contact, 
within the modelled region, of 20 - 25 MPa [van den Beukel and Wortel, 1988]. This is in 
good agreement with values of approximately 20 MPa, inferred by Bird [1978] by means of 
a force balance, for the average shear stress at the plate contact in the upper part of the 
Tonga and Mariana subduction zones. A similar value of about 20 - 30 MPa has been 
obtained by Sleep [1979] for the Aleutian subduction zone. The adopted shear stresses 
result in a limited amount of frictional heating, which causes pressure-temperature 
conditions at the plate contact in thermal models to be in good agreement with pressure
temperature conditions inferred for material in high-pressure metamorphic belts [van den 
Beukel and Wortel, 1988]. 

The strength of material within the subducting plate has been modelled with pressure 
and temperature dependent rheologies which incorporate both pressure-dependent brittle 
deformation and temperature-dependent ductile deformation. Differential stresses that 
cause normal faulting have been inferred from (see Sibson [1974]): 

(4) 

with 

(5) 

(fl and (f3 are maximum and minimum principal stresses and A is the pore fluid factor. A 
value of 0.75 has been adopted for the coefficient of friction Jl [Byerlee, 1978]. For ductile 
deformation, the strength of material is inferred from steady state power-law creep flow 
laws, which have the form: 

(6) 

We have used both a relatively weak and a relatively strong rheology for the strength of 
material within the subducting plate. A low estimate for the strength of material has been 
obtained using a value of 1/3 for the pore fluid factor A, which implies near-hydrostatic 
pore fluid pressures, and by inferring the strength for ductile deformation of mantle 
material from a flow law for olivine under wet conditions (Aheim dunite; from Chopra and 
Paterson [1981]), and the strength for ductile deformation of material within the oceanic 
crust from a flow law for a diorite under wet conditions [from Hansen and Carter, 1982]. A 
high estimate for the strength of material has been obtained using a value of zero for Aand 
by inferring the strength for ductile deformation of mantle material from a power-law creep 
flow law for olivine under dry conditions (for differential stresses less than 200 MPa) or 
from a Dam-creep flow law (for differential stresses greater than 200 MPa). Parameters of 
these two flow laws, as well as the constitutive equation for Dom-creep, are given by 
Goetze and Evans [1979]. The strength for ductile deformation of crustal material is 
inferred from a flow law for diabase under dry conditions [from Caristan, 1982]. The strain 
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Figure 43. Temperatures (in °C) within the upper part of a subduction zone during the 
subduction of gradually younger oceanic lithosphere: (a) at a moment when the age of the 
subducting plate below the trench is 25 Myr; (b) when the age of the subducting plate is 10 Myr; 
(c) when the age of the subducting plate is 3 Myr; (d) when the ridge has reached the trench. 
Insets in the lower left show shear stresses at the plate contact (line AB in Figure 4.1) as a 
function of depth below the surface. Insets in the lower right show the strength T of the 
subducting slab for extensional deformation, per unit length of trench, as a function of the depth 
to which the upper surface of the slab has been subducted. 

rate for material within the subducting plate is taken to be 10 % of the strain rate for 
material at the plate contact. 

Results of our modelling of the thennal evolution of an arc-trench region during the 
subduction of gradually younger oceanic lithosphere are given in Figure 4.3. Results are 
shown for a model with a convergence velocity between the two plates of 12 cm/yr and a 
half-spreading rate for the approaching ridge of 5 em/yr. For these velocities it takes 50 
Myr for the age of the subducting plate to decrease from its initial value of 70 Myr to 0 
Myr (see also Figure 4.2). Thennal structures are shown at times when the age of the 
subducting oceanic lithosphere at the trench is 25, 10, 3 and 0 Myr. Shortly before the 
arrival of the ridge at the subduction zone, temperatures within the upper plate increase 



Figure43 (conlinued). 

significantly, especially in the region near the trench. 

Insets in the lower left of Figures 4.3a - 4.3d give shear stresses at the plate contact, as 
a function of depth below the surface. Going along the plate contact from point A to B (see 
Figure 4.1), shear stresses at the plate contact first increase with depth. For this part of the 
plate contact, temperatures are less than about 400 °C and defonnation is brittle (shear 
stresses given by equation (2)). At the deeper part of the plate contact, shear stresses 
decrease with depth, as increasing temperatures lead to decreasing strengths for ductile 
defonnation. At this part of the plate contact, temperatures are greater than about 400 °C 
and defonnation is ductile (shear stresses detennined by equation (3)). During the 
subduction of gradually younger oceanic lithosphere, the increasing temperatures at the 
plate contact lead to decreasing shear stresses; especially at the deeper parts of the plate 
contact where ductile defonnation prevails. 

Insets in the lower right of Figures 4.3a - 4.3d give the strength of the subducting plate 
for extensional defonnation, as a function of the depth below the surface to which the top 
of the plate has been subducted. The strength of the plate has been obtained by integrating 
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Figure43 (continued). 

yield strengths, inferred from equations (4) and (6), over a profile through the slab (e.g., 
lines A - C and B - D in Figure 4.1). The strength of the slab generally increases with the 
depth to which its upper surface has been subducted (e.g., from about 0.6 x 1013 N/m below 
the trench to about 3 x 1013 N/m at the right side of the model in Figure 4.3a). This is 
caused by the increasing pressure, leading to greater strengths for brittle deformation, and 
the relatively small rise of temperatures within the slab during subduction to depths less 
than about 100 km. 

At this stage of our modelling, an important observation can already be made. As can 
be seen in the insets in Figure 4.3, shear stresses at the plate contact (and thus the resistive 
force caused by friction at the plate contact) decrease much more slowly during the 
subduction of gradually younger oceanic lithosphere than the strength of the subducting 
plate. At the moment that the ridge arrives at the trench, the average shear stress at the plate 
contact is still about 35 % of the average shear stress in Figure 4.3a, where the subducting 
plate is still 25 Myr old. The average strength of the subducting plate in the modelled 
region is, at the time that the ridge reaches the trench, only about 3 % of the average 
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strength in Figure 4.3a. The relatively slow decrease of resistive forces caused by friction 
in the upper part of the subduction zone and the relatively fast decrease of the strength of 
the subducting plate, during the subduction of gradually younger oceanic lithosphere, 
suggests that break-up of oceanic lithosphere in the upper part of a subduction zone will 
become more likely if the age of the subducting plate becomes smaller. 

4.3 Finite element modelling 

4.3.1 Model description 

During the thermal modelling it has been assumed that a subducting young oceanic 
plate does not break up during the early phaore of its subduction. We will now investigate, 
by means of finite element modelling, whether this is indeed the case. We model 
deformation and stresses for the subducting slab within the arc-trench region (the region 
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encompassed by the thermal model) as well as for the oceanic plate between the ridge and 
the trench. If the ridge is at a distance greater than 400 km from the trench, only that part of 
the oceanic plate at a distance less than 400 km from the trench has been included in the 
finite element models. 

The geometry of a finite element model is shown in Figure 4.4. Point E represents the 
position of the trench in the thermal models. Calculations have been made at different 
stages of the evolution of the convergent plate margin. The different finite element models 
consist of about 200 - 300 elements. Element strengths are inferred from pressure and 
temperature dependent rheologies. Calculations have been made both for a relatively weak 
and a relatively strong rheology (see above). The brittle strength for material in 
compression is probably greater than the brittle strength for material in extension. Because 
plate bending generally does not imply compression in the upper part of the plate (that part 

where temperatures are relatively low and where failure will mostly be related to brittle 
deformation), the differential brittle strength for material in compression could be taken to 
be equal to that in tension (given by equation (4», without significantly affecting the 
results. Temperatures are inferred from our thermal models or, for the part of the plate that 
has not yet reached the trench, are calculated using the model for the thermal evolution of 
oceanic lithosphere from Crough [1975]. For those regions where the pressure and 
temperature dependent strength is not reached, material behaves elastically. We have 
adopted a Young's modulus of 7 x 1010 N m-2 and a Poisson's ratio of 0.25. Following 
Bodine et al. [1981], we define a strength level (in this case 30 MPa) which determines the 
location of the base of the mechanically strong part of the subducting oceanic lithosphere. 
Except for the area near the ridge, the base of the finite element models is situated at the 
depth where the strength falls below 30 MPa. 
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Figure 4.4. Geometry of a finite element model. 
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Finite element calculations have been carried out with a modified version of the 
NONSAP program for nonlinear finite element analysis [Bathe et al., 1974]. An extensive 
description of the finite element method can be found in Zienkiewicz [1977]. As constant 
strain elements are not well suited for an analysis of a bending plate, we have used linear 
strain (eight-node) elements (see also Cloetingh [1982]). 

Isostasy has been incorporated by the implementation of springs at the base of the 
model, resulting in an elastic foundation with a stiffness equal to (Pm - Pw)g, where g is the 
acceleration due to gravity and (Pm - Pw) is the density difference between the mantle and 
the medium overlying the subducting and upper plate (taken to be water with density Pw 
equal to 1000 kg/m3). Initially, for a situation in which the oceanic plate is horizontal, with 
its upper surface at z == 0 km (for distance x less than 0 km; see Figure 4.4) or where it has a 
constant radius of curvature equal to that in the thennal model (for x > 0 km), the 
hydrostatic restoring forces exerted by the springs at the base of the model are taken to be 
zero. It is noted that this leads to a relatively simple geometry of the subducting plate, as 
the radius of curvature will approximately be constant throughout the upper part of the 
subduction zone. The actual geometry may be more complicated; in particular for the 
region near the trench. 

Forces at the plate contact, opposing subduction, are due to friction and are 
determined by the magnitude of shear stresses at the plate contact in the thennal models. 
The total resistive force due to friction can be obtained by integrating shear stresses over 
the total length of the plate contact and ranges from about 2 x 1012 N (at the moment that 
the ridge arrives at the trench; see Figure 4.3d) to about 6 x 1012 N (for the subduction of 
oceanic lithosphere with an age of 70 Myr) per unit length of trench. 

The relatively low density of the basaltic crust (prior to the basalt-eclogite phase 
change) and of the underlying depleted mantle material will also lead to a resistive force, 
opposing subduction. Upwards directed buoyancy forces acting upon subducting material 
within the downgoing slab have been taken to depend linearly upon .1p, the difference in 
density between material within the slab and material, situated at the same depth z, at x == 0: 

.1p == p(O,z) - p(x,z) (7) 

A value of 450 kg/m3 has been adopted for the difference in density (due to the difference 
in composition) between undepleted mantle material and basaltic crust; a value of 60 kg/m3 

for the difference in density between undepleted and depleted mantle material, and a value 
of -200 kg/m3 for the difference in density between undepleted mantIe material and 
eclogite [Oxburgh and Parmentier, 1977]. The basalt-eclogite phase change probably takes 
place at a depth between about 40 and 80 km [Ahrens and Schubert, 1975). We have 
assumed a gradual transition from basalt to eclogite between 40 and 60 km depth. The 
thickness of the crust is taken to be 6 km; the thickness of the layer of depleted mantle 
material immediately below it is taken to be 20 km. For mantle material, a thermal 
component of buoyancy forces has been included, which is determined by a density 
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difference; 

l1Pth = Pm ex (T(x,z) - T(O,z)) (8) 

adopting a value for the thennal expansion coefficient ex of 4 x 10-5 0c-l • 

As we focus here on the subduction of very young oceanic lithosphere, the neglect of 
ridge push forces does not significantly influence the modelling results. Slab pull forces 
have been incorporated in the model, however, and act upon the right boundary of the 
model (line G - J in Figure 4.4). Slab pull forces need not to be specified explicitly. We do 
not pennit any defonnations at the right side of the model. As a result a force will be 
exerted upon the subducting plate at the right boundary of the model. For the first set of 
finite element models (set A), the magnitude of this force will be approximately equal to 
the sum of the resistive forces caused by friction at the plate contact and the components in 
the direction parallel to the slab of the buoyancy forces within the modelled region. This 
implies that resistive forces in the models are overcome by slab pull forces (due to density 
differences between the slab and the surrounding mantle at depths greater than about 100 
km) in the same section of the subduction zone. As slab pull forces are expected to be 
relatively small for the subduction of young oceanic lithosphere (England and Wortel, 
1980; Wortel, 1984), we have also considered a second set of models (set B) for which 
resistive forces are only in part overcome by slab pull forces, and in part by a compressive 
force (applied upon the left boundary of the model), or by distributed body forces. 

4.3.2 Modelling results: set A 

Set A represents finite element models in which resistive forces are overcome by slab 
pull forces, exerted upon the right boundary of the model, only. Modelling results, at times 
when the age of the subducting plate at the trench in the thennal models (point E in Figure 
4.4) is 70, 25, 5 and 2.8 Myr are given in Figure 4.5. These models correspond to the 
overall thennal evolution for which the results of thennal modelling are given in Figure 
4.3; the convergence velocity between the two plates is thus 12 cm!yr and the half
spreading rate of the approaching ridge at which the subducting plate wac; created is 5 
em/yr. Strengths have been inferred from thennal models, using the relatively weak 
rheology. The lower halves of Figure 4.5a - 4.5d give the stresses within the subducting 
plate. Straight lines with arrows denote tension; straight lines without arrows denote 
compression. Stresses are only given for a subset of elements. Black areas in the upper 
halves of Figure 4.5a - 4.5d denote material for which the yield strength has been reached; 
white areas denote the part of the plate that behaves elac;tically. 

For the model given in Figure 4.5a, for which the age of the oceanic plate below the 
trench is still 70 Myr, bending of the plate primarily detennines the stress field. Extension 
prevails in the upper half of the slab; compression in the lower half. Brittle failure within 
the upper part of the plate will lead to the fonnation of horsts and grabens near its upper 
surface [Wortel and Cloetingh, 1985]. Apart from bending, the strength of material also 
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Figure 4.5. Results of finite element modelling for a model with a relatively low strength for 
material within the subducting plate and with a half-spreading rate Vsp equal to 5 crn/yr (vc = 12 
crn/yr). (a) At a moment when the age of the subducting plate below the trench is 70 Myr; (b) 
when the age of the subducting plate is 25 Myr; (c) when the age of the subducting plate is 5 Myr; 
(d) when the age of the subducting plate is 2.8 Myr (situation shortly after break-up of the slab 
near the right side of the model). Lower half of figures gives stresses within the sulxlucting plate. 
Straight lines without arrows denote compression; straight lines with arrows denote tension. 
Upper half of figures gives areas in failure within the subducting plate. Black areas denote zones 
for which the strength of material has been reached and that are in failure. White areas within the 
subducting plate denote material that behaves elastically. 
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Figure 45 (conlinued). 
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influences the stress field given in Figures 4.5a. The low stresses near the base of the plate 
are due to the low strength of material here, caused by relatively high temperatures that 
lead to relatively low-strength ductile deformation. This also applies to the relatively low 
stresses within the crust of the slab, in the region where it has been subducted to depths 
greater than about 75 km. The largest stresses are reached for the mantle part of the slab 
that has been subducted to the greatest depths. This is caused by the increase of the strength 
for brittle deformation with pressure. 

At a moment that the age of the subducting plate below the trench is 25 Myr (Figure 
4.5b), the situation is still very similar to that given in Figure 4.5a. In both cases, it is 
expected that all of the lithospheric material that arrives at the trench will be subducted into 
the mantle. 

During the gradual decrease of the age of the subducting plate, the magnitudes of the 
bending stresses tend to become smaller as the thickness of the subducting slab decreases. 
For models in which the age of the plate below the trench has become very small (Figures 
4.5c and 4.5d), most material within the part of the plate for which the upper surface has 
been subducted to a depth greater than about 50 km is in extension. Extension in the deeper 
parts of the slab, during the subduction of very young oceanic lithosphere, is caused by the 
combination of resistive forces, which act primarily on slab material at depths less than 
about 50 ken, and slab pull forces exerted upon the right boundary of the model. Extension 
in the deeper parts of the slab in the model is superimposed on the bending stresses. At a 
time that the subducting plate is 5 Myr old, about half of the material near the right side of 
the model is in extensional failure (see Figure 4.5c). Eventually, extensional failure 
throughout the subducting plate, near the right side of the model, occurs at a time when the 
oceanic plate at the trench is about 2.8 Myr old. At this time, a large slab of thin oceanic 
lithosphere, with a length of about 400 ken, will be detached from the deeper parts of the 
subducting oceanic plate. Whereas the deeper parts can continue to subduct, the detached 
thin sheet of oceanic lithosphere at the surface or in the upper part of the subduction zone 
will remain at its present position. If detachment is followed by subduction of the trailing 
plate (at the opposite side of the ridge) the new plate contact will initially be situated at the 
base of the detached sheet, probably near the lithosphere-asthenosphere boundary, and the 
detached slab will be transferred to the upper plate. The geometry of the thin oceanic 
lithosphere, detached from the deeper parts of the slab, is given in Figure 4.6a. The base of 
the detached sheet has been taken to coincide with the 1200 °C isotherm, near the 
lithosphere-asthenosphere boundary. The use of a somewhat higher or lower isotherm, also 
close to mantle temperatures, would give only slightly different geometries. 

At the time of break-up, resistive forces are primarily due to friction at the plate 
contact. The sum of the components, in the direction parallel to the slab, of buoyancy 
forces (due to both the thermal and the composi tional structure of the slab) is about 10 % of 
the total resistive force due to friction. This fraction can be somewhat greater if the basalt
eclogite phase change takes place at a greater depth. If the phase change occurs gradually 
between 60 and 80 km depth, break-up takes place at a moment that the age of the 
subducting plate at the trench is about 3.2 Myr; at a time that the sum of the components of 
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Figure 4.6. The geometry of the detached sheet. Dashed lines denote the geometry of the upper 
plate in the thermal model. The base of the detached sheet is taken to coincide with the 1200 "C 
isotherm in the thermal models. (a) for models with a relatively low strength for material within 
the subducting plate (defined in the section on thermal modelling), with a half-spreading rate vip 
equal to 3 cmlyr (vc = 8 cm/yr), vip = 5 cmlyr (vc = 12 cm/yr), and vip =7 cm/yr (vc = 14 cmlyr). 
The age of the subducting plate, at a time that break-up has just occurred, is 1.4 Myr (vip = 3 
cm/yr), 2.8 Myr (vip = 5 cm/yr) or 3.6 Myr (vip = 7 cm/yr). For an alternative condition for 
detachment (see below), these ages are 1.4, 2.6 and 3.6 Myr respectively. (b) for models with a 
relatively high strength for material within the subducting plate (defined in the section on thermal 
modelling), with a half-spreading rate vip equal to 5 cm/yr (vc = 12 cm/yr), and vip =7 cmlyr (vc = 
14 cm/yr). The age of the subducting plate, at a time that break-up has just occurred, is 1.0 Myr 
(v"" = 5 cm/yr) or 2.8 Myr (v"" = 7 cm/yr). For the alternative condition for detachment (see 
below), break-up was found to have just occurred for the same ages of the subducting plate. 
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buoyancy forces parallel to the slab is about 30 % of the total resistive force due to friction. 

Results of other thermal and mechanical calculations, for different half-spreading rates 
of the ridge that approaches the trench, are also shown in Figure 4.6a. No detachment was 
found to occur for models in which the ridge has a half-spreading rate of I cm/yr or 2 
crn/yr. For the other models, the length of the detached sheet increases rapidly as the the 
half-spreading rate increases. For a model with a large half-spreading rate, the amount of 
low-strength very young oceanic lithosphere, that is situated in the upper part of a 
subduction zone and the region near the trench, can be much greater, and break-up takes 
place at an earlier time, when the ridge is still at a greater distance from the trench. This 
distance amounts to as much as about 250 km for a model with a half-spreading rate of 7 
cm/yr. Other calculations (not shown) indicate that the geometry of the detached sheet and 
the time of break-up are primarily determined by the half-spreading rate of the ridge; the 
convergence rate between the two plates being of less importance. 

It is clear, that in reality the convergence velocity and the half-spreading rate may 
vary as a function of time. The age of the subducting plate as a function of time is likely to 
exhibit a more complicated pattern than that shown in Figure 4.2. It is expected that the 
time of break-up will primarily be determined by the half-spreading rate during and just 
prior to the subducti,on of very young oceanic lithosphere. The half-spreading rate during 
earlier stages of the subduction process is likely to be of only minor influence. 

Results of finite element models with a relatively strong rheology (as defined in the 
section on thermal modelling) for material within the subducting plate are shown in Figure 
4.6b. For these models, detachment was found to occur at a later time (vsp equal to 5 or 7 
cm/yr), or no break-up was found to occur, prior to the arrival of the ridge at the trench (vsp 
= 3 crn/yr). Subsequent finite element models use the relatively weak rheology for material 
within the subducting plate. 

For all models, for which results are given in Figure 4.6, break-up takes place at the 
right boundary of the model. This is caused by the small decrease in the strength of the 
subducting plate near the right boundary, related to limited heating of the slab in this region 
(see Figure 4.3c). If no such heating of the slab would occur, break-up would take place 
shortly afterwards, at a place where the slab has been subducted to a somewhat smaller 
depth. The temperature gradient, just above the slab at the right boundary of the thermal 
model (below the volcanic line), is of similar magnitude, however, as temperature gradients 
here, in thermal models of subduction zones that include mantle flow in the region above 
the slab, below the volcanic zone and the back-arc region (e.g., Hsui et aI., 1983). 

4.3.3 Modelling results: set B 

In the finite element models, of which the results are shown above (set A), it is 
assumed that resistive forces are overcome by slab pull forces exerted by earlier subducted 
oceanic lithosphere in the same section of the subduction zone. Although slab pull forces 
are indeed likely to be the main forces driving plate motion [e.g., Forsyth and Uyeda, 
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1975], this does not mean that for a given section of a subduction zone, resistive forces are 
overcome by slab pull forces, exerted by lithosphere subducted into the mantle in the same 
section of the subduction zone. Especially, subduction of young oceanic lithosphere 
(leading to relatively small slab pull forces) is likely to be due in part to slab pull forces 
exerted by oceanic lithosphere, that was of greater age when it reached the trench, in 
adjacent parts of the subduction zone [e.g., Wortel, 1984]. A rigorous analysis of the 
influence of forces, exerted by slab segments in adjacent parts of the subduction zone, 
requires three-dimensional finite element modelling. With the present two-dimensional 
finite element models, an estimate of the possible influence of these forces has been made 
by considering an additional set of finite element models (set B). For these models, resistive 
forces caused by friction at the plate contact and by buoyancy are only in part overcome by 
slab pull forces exerted upon the right boundary of the finite element models, and partly by 
distributed body forces or by a force exerted upon the left boundary of the model. 

Figure 4.7a shows modelling results for a situation in which a compressive force is 
exerted upon the left boundary of the model. The magnitude of this force is equal to 33 % 
of the total resistive force (the sum of resistive forces due to friction and the components of 
buoyancy forces parallel to the slab) exerted upon the subducting plate. Other model 
parameters are equal to those of the model for which results are shown in Figure 4.5b. The 
force exerted upon the left boundary leads to compression within the oceanic plate and to a 
thin band of material in failure near the relatively weak upper boundary of the plate, prior 
to its subduction. It also leads to a small upwards shift of the part of the downbending plate 
that behaves elastically and to a decrease of the extensional stresses near the right boundary 
of the model, making break-up less likely. 

No significant compressive forces can be exerted upon the left boundary of the model 
if the spreading ridge is situated at this boundary. Calculations have also been made for two 
additional sets of models, in which 33 or 67 % of the resistive forces are overcome by 
distributed body forces, exerted in the direction parallel to the slab. We have, somewhat 
arbitrary, assumed that these plate driving body forces have a magnitude that depends 
linearly on the strength of the element on which the force is exerted; the sum of the body 
forces being equal to 33 or 67 % of the sum of the resistive forces. Figures 4.7b and 4.7c 
show results of some of these calculations, for models for which 33 % of the total resistive 
force is overcome by distributed body forces, and for which other model parameters are the 
same as for the initial set of models (results shown in Figure 4.5). Break-up near the right 
boundary of the model here occurs when the age of the subducting slab, just prior to 
subduction, is about 1.8 Myr. Break-up for the initial set of models occurred for an age of 
about 2.8 Myr. The geometry of the detached sheet, at the time of break-up, is given in 
Figure 4.8b. Results of similar models, with a higher or lower half-spreading rate and 
convergence velocity, are also given in Figure 4.8. These results indicate that forces, 
exerted by slab segments in adjacent parts of the subduction zone, will cause break-up to 
occur at a later time and will lead to a significantly smaller length of the detached sheets. 
The geometry of the detached sheets, as given in Figure 4.6 (modelling results for set A), 
should be seen as giving an upper bound for their actual dimensions. 
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Figure 4.7. (a) Material that is in failure, for a model for which the age of the subducting plate at 
the trench is 25 Myr and for which a compressive force, equal to 33 % of the total resistive force 
(the sum of resistive forces due to friction and the components of buoyancy forces parallel to the 
slab), is exerted upon the left boundary of the model. Otherwise, model parameters are the same 
as for the model for which results are shown in Figure 4.5b. (b) Material that is in failure, for a 
model for which the age of the subducting plate at the trench is 2.8 Myr, and for which 33 % of 
the total resistive force (the sum of resistive forces due to friction and the components of 
buoyancy forces parallel to the slab) is overcome by distributed body forces. Otherwise, model 
parameters are the same as for the model for which results are shown in Figure 4.5d (vsp equal to 5 
cm/yr; Vc equal to 12 cm/yr). (c) Material that is in failure, for a model similar to that in Figure 
4.Th, for which the age of the subducting plate at the trench is 1.8 Myr. 
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Figure 4.8. Geometry of the detached sheet, for models for which 33 % or 67 % of the total 
resistive force is overcome by distributed body forces. The position of the right boundary of the 
detached sheet is estimated from the finite element modelling results. (a) for Vsp =3 cm/yr, Vc =8 
cm/yr, weak rheology; (b) for Vsp =5 cm/yr, Vc = 12 cm/yr, weak rheology; (c) for Vsp = 7 cm/yr, 
V c = 14 cm/yr, weak rheology. 
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Failure throughout the plate may also occur in the immediate vicinity of the ridge; at 
distances less than about 50 km (see Figure 4.7c). Here, however, failure is not related to 
extension (or compression) throughout the plate and is not expected to lead to detachment. 
Apparently, bending of the very thin and weak plate near the ridge leads to an elastic zone 
that is either very small (considerably less than the thickness of an element in the finite 
element models) or absent. Models, in which only the effects of bending are incorporated 
(and for which the resistive forces at the plate contact and buoyancy forces are taken to be 
zero) show a very similar stress field and regions were material is in failure, in the vicinity 
of the ridge. Note, that in the vicinity of the ridge the lower part of the crust may form a 
zone of relative weakness, compared to the crustal material above it and the mantle 
material below. 

4.3.4 An alternative approach: a condition for detachment 

An alternative assessment of the time of break-up has been obtained by taking into 
account that detachment of young oceanic lithosphere not only requires extensional failure 
of the slab itself, but also shearing at the transform faults and fracture zones that bound the 
young oceanic lithosphere recently created at the ridge segment (see Figure 4.9). An 
estimate of the time of break-up and the geometry of the detached sheet has been made by 
assuming that detachment of part of a young subducting plate will occur once that the 
following condition is reached: 

FRES(F) Dtrf = FT(F,I) Dtrf + 2.0 FS(trf) (9) 

where FRES(F) is the sum (per unit length of trench) of the resistive force due to friction at 
the plate contact between points E and F (see Figure 4.4), which can be obtained by 
integrating shear stresses over the plate contact between points E and F, and the 
components in the direction parallel to the slab of buoyancy forces, exerted upon that part 
of the slab of which the upper surface has been subducted to a depth smaller than that of 
point F. FT(F,I) is the integrated strength (for tension) over a profile F - I (again per unit 
length of trench). Dtrf is the length of the ridge segment that interacts with the subduction 
zone. FS(trf) is the total force that will be exerted upon the segment of young oceanic 
lithosphere during strike slip deformation at the transform faults or fracture zones that 
bound the part of the slab of which the upper surface has not yet reached the trench or has 
been subducted to a depth smaller than that of point F. It is obtained by integrating shear 
resistance over the transform faults or fracture zones. Shear resistance during frictional 
sliding at strike slip faults is taken from Sibson [1974]: 

't = 0.5(a1 - (3) sin 29 (10) 

where 9 is the angle between the fault and a1' and where 

sin 29 = (1+11.2)-112 (11) 

R' -1 
(a1 - (3) = 2 R' + 1 (1- A) P (12) 
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Figure 4.9. Schematic representation of the 3-D situation near the trench. 

Equation (12) assumes that (j2 = «jl + (j3)/2. Shear resistance for ductile deformation is 
obtained using the same flow laws that are used to determine in-plate strengths. We have 
also adopted the same values for 11 and A.. We have thus assumed that material at a 
transform fault or fracture zone has similar strength as material within a plate, which may 
be an upper bound for the actual strength here [Engeln et al., 1986]. Temperatures at 
fracture zones are taken to be equal to those within the subducting young oceanic plate that 
is part of the thermal model, thus neglecting horizontal conduction across the fracture 
zones. For a two-dimensional situation (Dtrf goes to 00), the time of break-up, as predicted 
by equation (9), is in good agreement with the time of break-up that is predicted by finite 
element models that belong to set A (see also Figure 4.6). 

The geometry of the thin oceanic lithosphere, detached from the deeper parts of the 
slab and the oceanic lithosphere adjacent to the ridge segment, is given in Figure 4.10. 
Results are shown for calculations with different half-spreading rates and with ridge 
segment lengths of 100 and 500 km, which seems a reasonable range for the distance 
between two major transform faults. Calculations have been made both for a high and a 
low estimate for the strength of material within the plate and at fracture zones or transform 
faults. In some cases, detachment occurs shortly after the arrival of the ridge at the trench. 
During thermal modelling of the situation after the arrival of the ridge at the trench, it has 
been assumed that the plate continues to subduct at the same velocity and that the gap with 
the trailing plate is filled with hot mantle material. It is clear that, apart from the half
spreading rate, the length of the ridge segment can also have a large influence on the 
geometry of the detached sheet. The length of the detached sheet increases as the length of 
the ridge segment and the half-spreading rate increase. Even for a ridge segment with a 
length as great as 500 km, the length of the detached sheet is significantly smaller, 
however, than that for the two-dimensional situation, as inferred for finite element models 
that belong to set A (compare Figures 4.6 and 4.10). At the time of break-up, resistive 
forces acting upon a detached sheet are primarily due to friction at the plate contact, 
although the influence of buoyancy forces may be somewhat greater than that for a two
dimensional model with a similar half-spreading rate. The sum of the components of 
buoyancy forces in the direction parallel to the slab may range up to about 40 % of the total 
resistive force due to friction. 
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Figure 4.10. The geometry of the detached sheet as a flll1ction of the half-spreading rate and the 
length Dtrf of the ridge segment that interacts with ;t subduction zone. Dashed lines denote the 
geometry of the upper plate in the thermal model. The base of the detached sheet is taken to 
coincide with the 1200 °C isotherm in the thermal models. (a) for vip = 3 cm/yr, V c = 8 cm/yr, 
weak rheology; (b) for Vsp = 5 cm/yr, Vc 0= 12 cm/yr, weak rheology; (c) for vip = 7 cm/yr, Vc = 14 
cm/yr, weak rheology; (d) for vip = 5 cm/yr, Vc = 12 cm/yr, strong rheology; (e) for Vsp = 7 cm/yr, 
V c = 14 cm/yr, strong rheology. 
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Figure 4.10 (continued). 

Calculations have been made for a condition for detachment, similar to equation (9), 
which applies to the crustal part of the subducting plate only and which includes forces that 
can be exerted upon the base of the crust. These calculations indicate that in general the 
condition for detachment of both crust and subcrustal lithosphere is reached at an earlier 
time than the condition for detachment of the crust only. This is not always the case, 
however, for models with a length of the ridge segment of 100 lan. It thus can not be 
excluded that in some cases only crustal material will be detached. 

It is concluded that very young oceanic lithosphere, created at a moderately fast or fast 
spreading ridge (vsp greater than about 3 to 4 cm!yr), may break up during the early phase 
of subduction. The geometry of the elongated sheet of detached oceanic lithosphere, which 
will remain at the surface or within the upper part of the subduction zone, is detennined by 
the half-spreading rate and the length of the ridge segment at which it was created. Break
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up is caused by the relatively slow decrease of resistive forces in the upper part of a 
subduction zone (primarily due to friction at the plate contact and to a lesser extent to the 
compositional buoyancy of crustal and depleted mantle material) during the subduction of 
oceanic lithosphere with a gradually decreasing age. 

4.4 Implications of modelling results for the emplacement of ophiolites 

As follows from our modelling results, the interaction between a spreading ridge and a 
subduction zone can lead to the break-up of young oceanic lithosphere during the early 
phase of its subduction. In this chapter, we will first discuss the tectonic setting of the 
detached sheet of thin oceanic lithosphere, both during and after break-up. Next, we will try 

to asses whether recent, and thus relatively well-known, ridge-trench interactions have led 
to break-up of the subducting plate. Finally, we will discuss whether the properties of 
(some) ophiolites are in agreement with an emplacement history in which the break-up of 
young and thin oceanic lithosphere in the upper part of a subduction zone is the first phase. 

4.4.1 Tectonic Setting of the Detached Sheet 

Tectonic setting during detachment. The current record of plate motions indicates 
that the absolute velocity of a subducting oceanic plate increases as the average age of the 
subducting oceanic lithosphere, at the trenches that bound part of the plate, increases. For 
the Juan the Fuca plate, for which the average age of the subducting plate has a small value 
near 10 Myr, the absolute velocity is about 1 cm/yr only [Carlson et al., 1983]. This is 
probably related to the relatively low magnitude of slab pull forces for a relatively young 
subducting plate. Theoretical modelling of the slab pull force, which is thought to be the 
dominant force driving plate motion [Forsyth and Uyeda, 1975], predicts that it depends on 
the age of the subducting plate and that it will increase linearly with age3f2 [e.g., England 
and Wortel, 1980]. It seems unlikely that, if the average age of a subducting plate is very 
small (and has been so during the last 5 - 10 Myr), a moderately fast or fast spreading ridge 
(vsp greater than 3 - 4 cm/yr) can arrive at or near the trench. 

Although the half-spreading rate of a ridge is thus expected to decrease as the ridge 
approaches the trench, there are at least two recent examples of the interaction between a 
relatively fast spreading ridge segment and a subduction zone. In both these cases, which 

are discussed below, subduction of very young oceanic lithosphere is contemporaneous 
with the subduction of much older oceanic lithosphere in other parts of the subduction 
zone. In general, we expect that an interaction between a relatively fast spreading ridge and 
a subduction zone will only occur if the subduction of very young oceanic lithosphere is 
contemporaneous with the subduction of significantly older oceanic lithosphere, belonging 
to the same plate, in other parts of the subduction zone, or (alternatively) if subduction of 
very young oceanic lithosphere has recently been preceded by the subduction of 
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considerably older oceanic lithosphere in the same section of the subduction zone. 

Tectonic setting after detachment. In some cases, the interaction between a spreading 
ridge and a subduction zone will be followed by subduction of the trailing plate, that was 
initially situated at the opposite side of the ridge. In the southern part of the South 
American subduction zone, for instance, subduction of the Nazca plate has been followed, 
after the arrival of the Chile ridge at the subduction zone, by subduction of the Antarctic 
plate. For such a situation, our modelling results predict the following scenario (see also 
Figure 4.11). If ridge-trench interaction has led to break-up, a new plate contact will 
develop at the base of the detached sheet. Initially, friction at the new plate contact will be 
very low as a result of the high temperatures at the new plate contact, combined with the 
subduction of fluids, oceanic crust and sedimentary material below the detached sheet. 
Thus, the subducting trailing plate is unlikely to break up. If the detached sheet is very 
large, young and relatively buoyant oceanic lithosphere of the trailing plate will be moving 
sub-horizontally below the detached sheet for some time, in a situation that is essentially 
similar to the lithospheric doubling process, proposed by Vlaar [1983]. 

Subduction of oceanic crust, sediments and fluids below the detached sheet, which has 
mantle temperatures at its base, is likely to lead to a short phase of near-trench volcanism 
[e.g., Boudier et al., 1988]. Similar to the situation below a "normal" subduction-related 
volcanic arc [Gill, 1981], the first phase of the process that leads to volcanism may be 
either melting of the subducting crustal and sedimentary material itself, or melting of hot 
overlying mantle material, due to the migration of fluids. Due to the small thickness of the 
detached sheet, it will cool rapidly and the phase of near-trench volcanism will be very 
short. Generation of the sheet at a spreading centre, subsequent near-trench volcanism, and 
cooling of the detached sheet will take place within less than 10 to 15 Myr. 

As a result of the subduction of the trailing plate, the detached slab will be transferred 
to the upper plate (see Figure 4.11). Continuation of subduction of the trailing plate may 
well lead to imbrication and dismemberment of the detached sheet. It will eventually result 
in the resumption of subduction-related arc volcanism in the region where the slab has 
reached a depth of about 100 - 200 km. 

Underthrusting of the oceanic sheet by continental lithosphere, after the closure of the 
ocean basin and the arrival of continental lithosphere at the trench, will lead to the 
incorporation of the elongated sheet of thin oceanic lithosphere into an orogenic belt, as 
well as rapid uplift and sub-aerial exposure. 

Our modelling provides us with a mechanism to incorporate thin oceanic lithosphere 
into a forearc region and, eventually, an orogenic belt. In the remaining part of this chapter 
we will try to assess whether recent ridge-trench interactions have led to the transfer of part 
of the subducting plate to the upper plate. In addition, we will compare the properties of 
ophiolites with our modelling results, in order to determine whether (some) ophiolites may 
have experienced an emplacement history as shown in Figure 4.11. 
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c: shortly after break-up 

D: subduction 

E: arrival of continental lithosphere 
at the subduction zone 

closure of ocean basin 

Figure 4.11. Schematic representation of the tectonic sening during and after break-up. Dashed 
lines denote the base of the crust in the subducting plate. The absolute velocity of the upper plate 

need not be zero; arrows denote relative rather than absolute velocities. 
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4.4.2 Recent Ridge-Trench Interactions 

Some of the recent examples of the subduction of very young oceanic lithosphere have 
not led to the interaction between a relatively fast spreading ridge and a subduction zone. 
This is the case for the present-day subduction of the Juan de Fuca plate and the subduction 
of the (now largely subducted) Phoenix plate at the Pacific margin of the Antarctic 
Peninsula [Barker, 1982]. In these cases, the .average age of the subducting oceanic 
lithosphere has been relatively small, which may preclude the arrival of fast spreading 
ridge segments at a trench (see above). In both cases, there is no evidence for a recent 
break-up of the subducting plate. 

S. Chile. During the last 14 Myr, segments of the Chile Ridge have interacted with 
the southern part of the Peru-Chile subduction zone. For most of this time, the half
spreading rate at the Chile Ridge has been about 5 cm/yr. During the last 6 Myr, it has 
decreased to about 3 - 3.5 cm/yr [Cande et aI., 1987]. North of the present-day triple 
junction, the Nazca plate is now subducting with a velocity of about 9 cm/yr below the 
South American plate. The average age of the subducting Nazca plate is about 40 Myr 
[Wortel, 1984]. South of the triple junction, the Antarctic plate is subducting with a 
velocity of about 2 cm/yr. 

The last segment of the Chile Ridge that has reached the trench over its entire length 
did so about 2.5 to 4.0 Myr ago in the region between 46.5 and 47 aS. It had a length of 
about 50 kID and was offset by relatively large transform faults [Cande et aI., 1987]. For the 
region where this occurred, Forsythe et al. [1986] have reported the discovery of a smaIl, 
fully-developed ophiolite complex at the Taitao Peninsula, directly bordering on the Pacific 
Ocean, and at a distance of only 10 - 15 km from the trench. A K-Ar age of 3.7 ± 0.6 Myr 
of the ophiolite indicates that its emplacement must indeed have been related to the 
interaction between the spreading ridge segment and the subduction zone [Forsythe et aI., 
1986]. Exposure of the ophiolite on Taitao Peninsula is probably caused by the short time 
span that has elapsed since the ridge-trench interaction. Prior to a ridge-trench interaction, 
the region near the trench will be uplifted significantly. Submergence of the ophiolite below 
sea-level is likely to occur within a few Myr, as the age of the subducting Antarctic plate 
will increase rapidly. 

Solomon Island arc. Another example of a recent ridge-trench interaction occurs near 
the Solomon Island arc in the southwestern part of the Pacific Ocean. Since the initiation of 
seafloor spreading at the Woodlark spreading system, more than 3.5 Myr ago, a trench
ridge-trench triple junction exists South-West of the Solomon Island are [Weissel et aI., 
1982]. The ridge is strongly oblique with respect to the trench, which may promote 
detachment as such a situation can lead to the prolonged arrivaI of very young low-strength 
oceanic lithosphere at the same section of the trench. Oceanic lithosphere of the Solomon 
Sea plate, part of which has been recently created at the Woodlark Rift (at a rate of ± 3.6 
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cm!yr), subducts at relatively high velocities ( > 10 cm!yr) below the Solomon Island are 
[Weissel et al., 1982]. South-East of the triple junction, subduction of the Solomon Sea 
plate has been followed by subduction of the Indo-Australian plate. 

The tectonic development of this region has been discussed by Ridgway [1987]. 
Presently, subduction of very young oceanic lithosphere occurs at a trench South-West of 
the New Georgia Islands, causing anomalously near-trench volcanism at these islands, at a 
distance of only 25 - 50 kIn from the trench. A fossil trench can be recognized, however, to 
the North-East of these islands [Ridgway, 1987]. This fossil trench was still active during 
Late Miocene and Pliocene times, indicating that migration of the trench was 
contemporaneous with the interaction of the Woodlark spreading system and the 
subduction zone. Eruption of picritic and olivine basalts at the New Georgia Islands 
[Weissel et al., 1982] seems to be caused by the subduction of crust, sediments and fluids 
beneath a recently detached sheet of young and thin oceanic lithosphere. 

Implications for forearc regions. Recent ridge-trench interactions indicate that during 
such an interaction some thin oceanic lithosphere can indeed be incorporated into an are
trench region, in agreement with our modelling results. Forearc regions are thought to be 
frequently underlain by oceanic crust and upper mantle [e.g., Dickinson and Seely, 1979; 
Hamilton, 1988], which may thus in some cases be due to a ridge-trench interaction. 
Oceanic basement in forearc regions, however, is not well exposed. In general, it does nol 
seem possible to determine the dimensions of oceanic crust and upper mantle in arc-trench 
regions and to compare them with the geometry of the detached sheets in our models. 

An exception is the forearc region near Vancouver Island, western Canada, for which 
seismic reflection and refraction profiles delineate structures up to substantial depths. Based 
on these profiles, Green et al. [1986] have proposed that an elongated slab of oceanic 
lithosphere overlies the currently subducting Juan de Fuca plate in this are-trench region. 
The upper surface of this slab is situated at depths of 10 - 20 km. The thickness of the slab 
is about 15 km, of similar magnitude as the thicknesses of the detached sheets in our 
models. Green el al. [1986] suggest that this slab has been transferred to the upper plate 
after a jump in the locus of subduction during the Eocene. Plate reconstructions from 
Engebretson et al. [1985] show that throughout the Tertiary the subducting plate in this 
region has been relatively young. In particular, our modelling predicts that the Late Eocene 
arrival of the still fast spreading (vsp > 5 cm!yr) Farallon - Pacific ridge at the North 
American subduction zone, in the region near Vancouver Island, may well have led to 
break-up. 

4.4.3 Observed Properties of Ophiolites; Comparison with Modelling Results 

A review of the structure of ophiolite complexes is given in Moores [1982]. Here, we 
will focus on a number of properties of ophiolites that seem to be especially useful to 
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constrain the tectonic settings during the initial creation of the ophiolite and the subsequent 

emplacement history. A small subset of ophiolites, those with a lherzolite-dominated rather 
than harzburgite-dominated mantle section, is excluded from this discussion. Most 
ophiolites, including relatively well exposed and large ophiolites such as the Semail 
ophiolite (Oman) and the Troodos ophiolite (Cyprus), exhibit a harzburgite-dominated 
mantle section [Boudier and Nicolas, 1985]. 

Dimensions. Ophiolites generally form linear belts that extend along plate sutures 
over significant lengths. The length of a single ophiolite may range up to about 450 km and 
the exposed width may range up to about 90 km (for the Semail ophiolite, [Lippard et al., 

1986]). Our modelling results indicate that break-up can occur when the ridge is still at a 
significant distance from the trench (up to about 100 to 200 km; see Figures 4.8 and 4.10). 
The thickness of ophiolites generally ranges between about 10 and 15 km [Christensen and 
Salisbury, 1975]. Estimates range up to about 14 - 20 km for the thickness of the 
northeastern part of the southern section of the Semail ophiolite [Hopson et aI., 1981]. The 
narrow range of observed thicknesses of ophiolites is consistent with an emplacement 
history as envisaged in Figure 4.11. Near the ridge, cooling oceanic lithosphere rapidly 
reaches a thickness of about 5 to 10 km. At the time of break-up the detached sheets in our 
models, where situated at the surface, have a maximum thickness of about 10 to 15 km (for 
a relatively strong and a relatively weak rheology respectively, for ridge segment lengths 
up to 500 km). 

Tectonic units below the ophiolite. The base of ophiolites, if exposed, is generally 
associated with a thin sheet of metamorphic material, the basal metamorphic sole, situated 
immediately below the ophiolite [Jamieson, 1986]. The basal metamorphic sole consists of 
metamorphosed basalts and sediments of oceanic origin [Searle and Malpas, 1982], that 
were emplaced during an early phase of underthrusting of material below the ophiolite. 
Going downward, the metamorphic grade decreases from granulite facies immediately 
below the ophiolite through amphibolite facies to greenschist facies. For the highest sub
ophiolite metamorphic rocks, temperatures during metamorphism have reached about 700 
950°C [Jamieson, 1986]. Partial melting may have occurred during the early phase of 
deformation below an ophiolite [Searle and Malpas, 1980; Boudier et al., 1988]. 
Temperatures of 700 - 950°C are far in excess of temperatures that can be reached as a 
result of frictional heating during ductile deformation of crustal or sedimentary material. 
Thus, residual heat from the overlying ophiolite must have been the cause for the high 
initial temperatures at the shear zone below the ophiolite, in agreement with the 
emplacement history as envisaged above. 

The ophiolite and the basal metamorphic sole are generally underlain by a series of 
thrust sheets of abyssal plain sediments, in some cases again underlain by passive margin 
sediments and continental lithosphere, indicating that large amounts of convergence have 
taken place below the ophiolite [e.g., Glennie et aI., 1974; Moores, 1982]. Based on these 
structural relationships and on regional geologic considerations, Gealey [1977, 1980] has 
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proposed that many relatively well-exposed and large ophiolites (including Semail and 
Troodos) have, prior to underthrusting by continental lithosphere, been part of a forearc 
region. 

Volcanic stratigraphy and trace element composition of the ophiolite crust. 
Geochemical studies have shown that at least parts of the crustal section of ophiolites have 
a trace element composition more similar to arc rocks than to mid-ocean ridge basalts [e.g., 
Pearce et aI., 1981]. For the Troodos ophiolite, for instance, the extrusive sequence can be 
divided into a lower and an upper group. Lower pillow lavas can be correlated 
compositionally with the sheeted dike complex and the older (and upper) part of the 
gabbroic cumulates [Thy, 1987]. The basaltic and picritic upper pillow lavas, with 
relatively high MgO and low TiOz contents, have a composition that points to an origin in a 
subduction-related setting (e.g. melting of a depleted mantle source, induced by fluids 
derived from a subducting slab) and that is incompatible with a mid-ocean ridge origin 
[pearce, 1980; Rautenschlein et al., 1985]. The upper pillow lavas contain boninites which, 
apart from their exposure in ophiolites, have only been found in forearc regions [Cameron 
et al., 1979; Bloomer and Hawkins, 1987]. The younger part of the cumulates can be 
correlated compositionally with the upper pillow lavas. Taken together, the geochemical 
evidence indicates that the crustal part of the Troodos ophiolite was formed by two distinct, 
chemically unrelated, systems. Lower pillow lavas, sheeted dikes, and the upper part of the 
cumulates where formed during an earlier event at a spreading centre; upper pillow lavas 
and the lower part of the cumulates were formed during a later event, after the termination 
of spreading, in a subduction-related setting. This later event seems to represent a short
lived phase of incipient island-arc volcanism [Rautenschlein et aI., 1985; Thy, 1987; Thy 
and Moores, 1988]. 

The subduction of a trailing plate below a thin sheet of detached oceanic lithosphere, 
with mantle temperatures at its base, may well account for the arc nature of the upper part 
of the extrusive section of an ophiolite. A similar opinion is given by Boudier et al. [1988] 
and Emewein et al. [1988], who relate the later stages of arc-like volcanism and ernst 
formation of the Semail ophiolite to subduction of a ridge crest below another ridge crest. 
As the detached sheet of oceanic lithosphere will rapidly cool during the subduction of the 
trailing plate, the emplacement history as envisaged above (see Figure 4.11) can explain 
why the phase of are-like volcanism has been so short-lived. 

Age relations. A compilation of ages of ophiolites and their basal metamorphic soles, 
given in Spray [1984], gives differences in the age of the ophiolite itself and that of the 
basal metamorphic sole that range from 0 to about 20 Myr. In several well-documented 
cases, the age difference is less than 10 Myr. 

For the Semail Ophiolite, a particularly accurate timing exists of events that took place 
during and shortly after the creation of the ophiolite. The lower volcanic Geotimes Unit, 
created at the spreading centre, contains intercalated sediments with an early Cenomanian 
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(± 95 Myr on the Cretaceous time scale of Kennedy and Odin [1982]) radiolarian 
assemblage [Tippit et aI., 1981]. Sediments within, and directly overlying the upper 
volcanic sequences (Lasail and Alley Units) contain Cenomanian and early Turonian (± 95 
- 89 Myr) radiolarian assemblages, indicating that all volcanic units were emplaced within 
a time span of about 6 Myr only [Tippit et aI., 1981]. Amphibolites within the upper part of 
the basal metamorphic sole have a mean 40ArP9Ar isotopic age of 90 ± 3 Myr [Lanphere; 
1981]. This is a minimum age of formation of these rocks, as some diffusive loss of 40Ar is 
expected to occur at the high temperatures that these rocks have initially been subjected to. 
It thus seems likely that the early phase of shearing at the base of the Semail ophiolite has 
been contemporaneous with the eruption of part of the volcanic sequences. 

The relatively small time span between the initial creation at a spreading centre, arc
like volcanism, and the initiation of shearing at the base of an ophiolite is in keeping with 
the emplacement history as envisaged above. 

Synthesis. Our modelling results indicate that a tectonic setting which is known to 
have occurred fairly frequently in the geological past (i.e. the interaction between a 
spreading centre and a subduction zone) will in some cases have led to the incorporation of 
a thin sheet of oceanic lithosphere into an arc-trench region and eventually into an orogenic 
belt. The properties of a large subset of ophiolites, those with a harzburgite-dominated 
mantle section, are in good agreement with our modelling results. We thus propose that 
these ophiolites are the result of the interaction between a mid-ocean spreading centre and a 
subduction zone. 

A number of studies have proposed that the initiation of shearing at the base of an 
ophiolite, shortly after its creation at a spreading centre, was caused by the break-up of 
young oceanic lithosphere at a subduction zone as a result of bending [Nicolas and Le 
Pichon, 1980], or by the subduction of a ridge crest below another ridge crest [Boudier et 
aI., 1982, 1988; Spray, 1983]. The situation during the initiation of shearing at the base of 
the detached oceanic lithosphere, as envisaged in Figure 4.11, contains elements of both 
these types of models, as it incorporates both break-up of oceanic lithosphere in the upper 
part of a subduction zone, and subduction of a ridge crest below another ridge crest 

The proposed model for the emplacement of ophiolites with a harzburgite-dominated 
mantle section, if correct, has significant implications. Initial generation of the ophiolite 
will have taken place at a spreading centre with an intermediate or high spreading rate (vsp 

> 3 - 4 cm/yr). The largest ophiolites will have been generated at fast spreading ridge 
segments. During the creation of the ophiolite, spreading took place in the vicinity of a 
subduction zone, which may already have affected the composition of the crust [Abbott and 
Fisk, 1986]. Within a few Myr after its initial generation, the ophiolite will have 
experienced a second stage of volcanism, caused by subduction of fluids, sediments and 
oceanic crust beneath a thin sheet of oceanic lithosphere with mantle temperatures at its 
base. 
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4.5 Summary 

Thenno-mechanical modelling indicates that very young oceanic lithosphere, recently 
created at a spreading ridge in the vicinity of a subduction zone, can break-up during the 
early phase of its subduction. Break-up is due to the relatively slow decrease of resistive 
forces, primarily caused by friction at the top of the subducting plate, and the relatively fast 
decrease of the strength of the subducting plate during the subduction of gradually younger 
oceanic lithosphere. Whether break-up occurs depends upon the spreading velocity and the 
length of the ridge segment that interacts with the trench. If break-up takes place, a thin 
sheet of oceanic lithosphere will be detached from the other parts of the slab. It will remain 
at the surface or, at relatively small depths, in the upper part of a subduction zone. The 
geometry of the detached slab of oceanic lithosphere will depend on the spreading velocity 
and the length of the ridge segment at which it was created in the vicinity of a subduction 
zone. 

Break-up of young oceanic lithosphere during the early phase of subduction, followed 
by subduction of the trailing plate (at the opposite side of the ridge at which the young 
oceanic lithosphere was created), can lead to the incorporation of a thin sheet of oceanic 
lithosphere, less than about 15 to 20 kIn thick, into a forearc region. Finally, upon closure 
of the ocean basin, this sheet can be incorporated into an orogenic belt. It is proposed that 
ophiolites with a harzburgite-dominated mantle section have experienced such an 
emplacement history. If this is the case, these ophiolites represent oceanic lithosphere that 
was created at a ridge with an intennediate or high half-spreading rate (greater than 3 - 4 
cm/yr), in the vicinity of a subduction zone, and that experienced a second stage of 
volcanism and crust fonnation within a few Myr after the initial generation at the spreading 
centre. 
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Chapter 5 

Some thermo-mechanical aspects of the subduction of 
continental lithosphere 

Abstract. Based on thermal and mechanical modelling, it is concluded that the 
subduction of continental lithosphere can lead to its break-up and the formation of a new 
plate contact within the middle or lower crust. As a result, (part of) the subducting 
continental crust is transferred to the upper plate. Break-up is caused by the resistive forces 
acting upon subducting continental crust, due to the buoyancy of crustal material and to 
friction at the plate contact, as well as the decrease in strength of the subducting crust once 
that it has been subducted to a depth of a few tens of km. The crustal thickness and the 
thermal and compositional structure of the continental crust just before the onset of 
subduction have a large influence on the depth to which continental crust can be subducted 
(prior to its break-up). The depth to which continental crust can be subducted coherently 
decreases as the surface heat flow or the crustal thickness of the subducting continental 
plate increases. In many cases, break-up is found to occur at a time when the upper surface 
of the continental plate has been subducted to a depth of 25 - 50 km. The subduction of a 
cold continental shield or of continental lithosphere with a relatively small crustal 
thickness, on the other hand, may lead to the subduction of both upper and lower crust to 
mantle depths. 

This chapter has been submitted for publication as: 

van den Beukel, J., Some thermo-mechanical aspects of the subduction of continental lithosphere, submiJted to 
Tectonics, 1989. 
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5.1 Introduction 

In this paper, the subduction! of continental lithosphere is studied by means of thermal 
and mechanical modelling. In particular, it is investigated whether (and if so, due to what 
processes) continental lithosphere may break up during the early phase of its subduction. 

Orogenic belts such as the Alps and the Himalayas are associated with the collision of 
continents. Such a collision has generally been preceded by the subduction of oceanic 
lithosphere. Large amounts of convergence can take place between two continental plates 
during a continental collision. Balanced cross-sections of external fold and thrust belts 
generally show a minimum shortening of about 100 km (Boyer and Elliot, 1982; Williams, 
1985). Much greater amounts of shortening are obtained if more internal parts of an 
orogenic belt, where thrusting has also occurred within the crystalline basement, are 
included in the balanced cross section (e.g., Butler, 1986). For the Himalayas, 
paleomagnetic data indicate an amount of convergence, related to deformation and 
subduction of the Indian continent as well as deformation of the Eurasian plate, of 2600 ± 
900 km (patriat and Achache, 1984). 

Subduction of continental lithosphere (also termed A-subduction) can lead to the 
detachment of the upper part of the crust and the formation of a large thrust sheet with a 
thickness of about 10 - 20 km (e.g., Burchfiel (1980) and Gillet et a1. (1986) for the 
European Alpine system; Allegre et al. (1984) and Mattauer (1986) for the Himalayas). We 
will refer to this process as break-up of a subducting continental plate, although it is noted 
that it does not necessarily involve the break-up of an entire section of continental 
lithosphere but rather the break-up and detachment, of its upper part only. The relatively 
small amounts of lower crust and mantle material (originating from the subducting plate) 
observed in orogenic belts indicate that these parts of the continental lithosphere are 
subdueted to greater depths, possibly into the mantle. 

Emplacement of such relatively large crystalline thrust sheets requires decoupling, 
presumably in relatively weak zones within the middle or lower part of the crust (Bally, 
1981; Meissner, 1986). The causes for thrust sheet emplacement are, however, not well 
known. Mostly, it is assumed that the buoyancy of crustal material plays a key role in 
inhibiting the subduction of continental crust, and continental lithosphere as a whole (e.g., 
McKenzie, 1969). Molnar and Gmy (1979) have modelled the resistive forces, due to the 
buoyancy of continental crust, that act upon subducting continental lithosphere and have 
compared them with driving forces (exerted by earlier subdueted oceanic lithosphere and 
subcrustal continental lithosphere, possibly augmented by forces exerted by adjacent slab 

1.	 With subduction we mean the movement of material within adowngoing plate at convergent plate margins. It 
does not imply that the material reaches mantle depths. 
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segments). They concluded that the buoyancy of continental crust in itself can not prevent 
the subduction of significant amounts of continental crust to mantle depths, in particular if 
the subducting continental plate is still attached to earlier subducted oceanic lithosphere. In 
an analysis, such as that given in Molnar and Gray (1979), the subducting continental plate 
is treated like a coherent plate that does not deform or break up. Even if sufficient driving 
forces are available, however, the limited strength of continental crust may still lead to its 
break-up, and thus inhibit its subduction to greater depths. In the present analysis, the 
strength of subducting continental crust is compared with the forces acting upon it, in order 
to constrain the depth to which continental crust can be subducted. 

We here present a thermo-mechanical model of a convergent plate margin, where 
subduction of oceanic lithosphere is followed by the subduction of a limited amount of 
continental lithosphere. It is the aim of our modelling to assess whether continental 
lithosphere may break: up during the early phase of its subduction. We model the strength 
of material within subducting continental lithosphere (which is inferred from pressure and 
temperature), as well as the magnitude of the resistive forces opposing the subduction of a 
continental plate. Two aspects appear to control the break: up of continental lithosphere in 
the upper part of a subduction zone. First, the relatively low strength of the crustal part of 
the continental plate. Second, the resistive forces opposing the subduction of continental 
lithosphere. These resistive forces are not only due to the relatively low density of the 
continental crust but also to friction at the upper surface of the subducting continental plate. 

5.2 Thermal modelling 

The geometry of the thermal model is given in Figure 5.1. The plate contact between 
the upper plate and the subducting lower plate is part of a circle. Temperatures are 
modelled for the upper part of a subduction zone only. At the right boundary of the model, 
the downgoing plate has been subducted to a depth that is slightly less than 100 km. For the 
subduction of oceanic lithosphere, which is assumed to have preceded the subduction of 
continental lithosphere for a period of time of 30 Myr, the region encompassed in the 
model coincides with the region between the trench and the volcanic arc. For a detailed 
investigation of the thermal structure of this model, it is not necessary to include the entire 
slab and back-arc region in the thermal model (see also van den Beukel and Wortel, 1988). 
For the situation shown in Figure 5.1, continental lithosphere has already been subducted to 
a depth of a few tens ofkm. 

Temperatures are determined by conduction, the downward movement of material 
within the lower plate, and by heat production due to radiogenic heating and to friction at 
the plate contact. Temperatures are calculated by means of a finite difference method. The 
differential equation to be solved as well as values for different parameters (e.g., densities, 
thermal conductivities) for material within the upper plate and the subducting oceanic plate 
are given in van den Beukel and Wortel (1987; 1988). In the present study, the thickness of 
the subducting plate is 75 km and the distance between gridpoints (situated at lines 
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Figure 5.1. Geometry of the thennal model, for a situation that continental lithosphere has been 
subducted to a depth of a few tens of km. No vertical exaggeration. Point B denotes the leading 
edge of the subducting continental plate. 

perpendicular to the plate contact) is 3 kIn. It is noted that the thickness of the subducting 
lithosphere may well be greater than 75 kIn. Limiting the thickness of the downgoing plate 
to 75 km does not significantly influence our modelling results, however. 

Temperatures at the surface are kept at O°C. During model calculations, the slab 
below the volcanic line (coinciding with the right side of the model) is generally of oceanic 
origin. Temperatures at the right side of the model, at depths less than 80 km, are those for 
a geotherm with a surface heat flow of 80 mW m-2• As follows from heat flow data (e.g., 
Watanabe et aI., 1977) and the composition of arc magmas (Tatsumi et aI., 1983), 
temperatures within the upper plate below the volcanic zone and the back-arc region 
remain high during the subduction of oceanic lithosphere into the mantle. This may be 
caused by subduction induced mantle flow in the asthenospheric wedge above the slab 
(Hsui et aI., 1983). 

For the subduction of oceanic lithosphere, temperatures at the left side of the model 
are calculated using a boundary layer model for the cooling of oceanic lithosphere from 
Crough (1975). These temperatures depend on the age of the subducting oceanic 
lithosphere, which has been taken to be equal to 70 Myr; close to the average age of 
presently subducting oceanic lithosphere. 

For the subduction of a continental plate, temperatures (in 0c) within continental 
lithosphere at the left side of the model are taken ,to be equal to those of a steady state 
continental geotherm (e.g., Chapman, 1986). For the upper crust for instance: 

Qsz Auc z2 
T(z) = Ts + -k- -~ (1) 
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where Ts is the surface temperature (taken to be 0 °C), Qs the surface heat flow and k the 
thermal conductivity. Unless otherwise stated, the thickness of both the upper crust (Due) 
and the lower crust (~J of the subducting continental plate are taken to be 18 km. 
Following Pollack and Chapman (1977), it has been assumed that the radiogenic heat 
production rate Auc within the upper crust accounts for 40 % of the surface heat flow 
(Aue =OAQJDue). The radiogenic heat production rate Ale for lower crustal material is 
taken to be 0.5 J.l.W m-3 (Chapman, 1986). The radiogenic heat production rate for mantle 
material is taken to be zero. A mantle temperature has been adopted of 1325°C. The 
thermal conductivity is taken to be 2.5 W m-l °C-l for crustal material and 3.1 W m-l OC-l 

for subcrustal material. Densities of upper crustal, lower crustal and mantle material are 
taken to be 2700, 3000 and 3300 kg m-3 respectively. A resulting set of continental 
geotherms (with Qs ranging between 40 and 90 mW m-2

) is given in Figure 5.2. 
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Figure 5.2. Temperatures for continental lithosphere, as a fimction of depth, for a set of steady 
state continental geotherms. Surface heat flow ranges between 40 and 90 mW m-2• 
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It is clear that, for a given depth, large differences in temperature can occur. Temperatures 
at the Moho range from about 370 to 870°C. The large differences in temperature, within 
continental lithosphere just prior to its subduction, are likely to have a profound influence 
on the mechanical structure of the continental plate during the early phase of its subduction. 
Rather than assuming that the subducting continental plate has an average thermal 
structure, calculations have been made for variou~ geotherms of the continental plate, 
corresponding to a surface heat flow that ranges befween 40 and 90 mW m-z. This range 
encompasses both continental shields (Q. about 40 to 55 mW m-z) and regions with high 
heat flow due to relatively recent tectonic or magmatic events (Q. > 75 mW m-z). 

For the subduction of oceanic lithosphere we have shown (van den Beukel and 
Worte1, 1987; 1988) that, for the upper part of a subduction zone, frictional heating has a 
large influence on temperatures at and above the plate contact. We inferred shear stresses at 
the plate contact from heat flow data, rheological arguments and the distribution of 
interplate thrust earthquakes. Underthrusting of fluid-rich sediments, which causes 
relatively low shear stresses during brittle deformation, will take place both for the 
subduction of oceanic and for the subduction of continental lithosphere. We have thus 
initially assumed that, for brittle deformation, she*" stresses at the plate contact for the 
subduction of continental lithosphere are similar to those inferred for the subduction of 
oceanic lithosphere. Following van den Beukel and Wortel (1987), it has initially been 
adopted that: 

'tbr = 'Y P ( 'Y = 0.05 ) (2) 

where P is the lithostatic pressure (= pgz). Calculations have also been made for other 
values of 'Y, however. The geometries of fold and thrust belts and accretionary wedges, and 
observed pore fluid pressures indicate that shear stresses at the base of a fold and thrust belt 
are of at least similar magnitude as the shear stresses at the base of an accretionary wedge 
(Davis et al., 1983). For ductile deformation, at greater depths and higher temperatures, we 
have inferred shear stresses, both for the subduction of oceanic as well as continental 
lithosphere, from: 

'tdu = 0.5 (e/A)1/n exp(E/nRT) (3) 

where values for n, A and the activation energy E are those for a flow law for wet quartzite, 
as given by Koch et aL (1980). The strain rate eis assumed to be vJ8 x 10-12 S-1, Vc being 
the convergence velocity between the two plates (in cm/yr). The actual shear stress at the 
plate contact is taken to be the lowest of the two values calculated with equations 2 and 3. 

For all modelling results that will be shown hereafter, the subduction of continental 
lithosphere has been preceded by the subduction of oceanic lithosphere, with an age of 70 
Myr and with a convergence velocity of 8 cm/yr, for a duration of 30 Myr. After such a 
duration of subduction, a steady state thermal structure has been reached almost 
completely. The resulting thermal structure is given in Figure 5.3a. Temperatures within 
the downgoing plate are primarily determined by the downward movement of material. 
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Figure 53. Thermal structure of the upper part of a subduction zone. (a) For the subduction of 
oceanic lithosphere, with an age of 70 Myr and a velocity of 8 em/yr, prior to the subduction of 
continental lithosphere. (b-d) For the subsequent subduction of continental lithosphere with a 
velocity of 4 cm/yr and a surface heat flow, just prior to subduction, of 50 mW m-2 (5.3b), 70 
mW m-2 (5.3c), and 90 mW m-2 (5.3d). All parameters are equal to those of the standard 
parameter set (ve =4 cm/yr; Due =~e = 18 km; 'Y =0.05). Thermal structures are shown at a time 
3 Myr after the onset of subduction of continental lithosphere. Point B denotes the leading edge 
of the subducting continental plate. 

Frictional heating has a l~ge influence on temperatures at and above the plate contact. 
These temperatures are, except for the subduction of very young oceanic lithosphere, 
influenced less by the age of the subducting oceanic lithosphere or the convergence 
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Figure 53 (continued). 

velocity. Pressure-temperature conditions at the plate contact are in good agreement with 
those inferred for a high-pressure metamorphic belt such as the Franciscan Complex of 
California (van den Beukel and Wortel, 1988). 

During the thermal modelling it is assumed that, after the closure of the ocean basin, 
some amount of subduction of continental lithosphere will take place. An increase of 
resistive forces or a decrease of driving forces will occur gradually, as long as earlier 
subducted oceanic lithosphere is not detached. In i the section on mechanical modelling, 
estimates will be given of the depth to which continental lithosphere can be subducted, 
prior to its break-up. In all cases it has been assumed that a transition zone, with a width of 
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72 km, is situated between the oceanic lithosphere and the leading edge of the continental 
lithosphere. Prior to its subduction, temperatures within the transition zone change 
gradually (linearly with distance) from that corresponding to the oceanic plate to that 
corresponding to the continental plate. All parameters for material within the transition 
zone (e.g., thermal conductivities) are taken to be equal to those adopted for oceanic 
lithosphere. This assumption does not significantly influence our thermal modelling results. 

Thermal structures during the subduction of continental lithosphere are shown in 
Figures 5.3b - 5.3d. Parameters for the subduction of continental lithosphere are shown in 
Table 5.1. We will refer to this parameter set as the standard set of parameters. Results are 
shown for the subduction of continental lithosphere with a surface heat flow of 50 (Figure 
5.3b), 70 (Figure 5.3c) and 90 mW m-2 (Figure 5.3d). Thermal structures are shown at a 
time 3 Myr after the onset of subduction of continental lithosphere. Calculations have been 
made, however, until the leading edge of the subducting continental lithosphere has 
reached the right boundary of the model. Temperatures within the subducting plate, except 
where close to the top of the subducting plate, are primarily determined by the thermal 
structure of the plate prior to its subduction. Near the plate contact, frictional heating has a 
large influence on temperatures. 

Table 5.1. Parameter values for the standard parameter set 

Parameter Meaning of parameter Value 

vc Convergence velocity 4 cm/yr 
Due Thickness upper crust 18km 
Dlc Thickness lower crust 18km 
y see text 0.05 

Temperatures and shear stresses at the plate contact (as a function of depth below the 
surface) for the subduction of continental lithosphere are given in Figure 5.4. This figure 
gives modelling results at a time that the leading edge of the subducting continental crust 
has reached the right boundary of the model. Figures 5.4a and 5.4b show modelling results 
for a case in which shear stresses at the plate contact are determined by the same rheology 
for both the subduction of continental and oceanic lithosphere. For the subduction of 
continental lithosphere with low or medium surface heat flow, temperatures at the plate 
contact are similar to those for the preceding subduction of oceanic lithosphere (dashed line 
in Figure 5.4a). Average shear stress at the plate contact, for the subduction of continental 
lithosphere, ranges between about 15 MPa (Qs = 90 mW m-2) and 25 MPa (Qs = 40 
mW m-2). These values do not exceed an upper limit of about 20 to 30 MPa, inferred by 
Bird (1978), for the average:shear stress at the plate contact for the Himalayas. 
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Figure 5.4. Temperatures and shear stresses at the plate contact, as a function of depth below the 
surface, at a time that the leading edge of the sulxlucting continental plate has reached the right 
boundary of the model. (a-b) For the subduction of continental lithosphere with a surface heat 
flow of 50,70 and 90 mW m-2 (all parameters equal to those of standard parameter set). Dashed 
line denotes temperatures at the plate contact during the subduction of oceanic lithosphere. Lower 
x-axis gives down-dip distance (along the plate conta~t) from the left boundary of the model. (c
d) For the sulxluction of continental lithosphere with a surface heat flow of 70 mW m-2 and with 'Y 
(which determines shear stresses at the plate contact during brittle deformation) equal to 0.025, 
0.05 and 0.1 (all other parameters equal to those of standard parameter set). Dashed line in Figure 
5.4c denotes the situation if sulxluction of continental lithosphere leads to zero shear stresses at 
the plate contact. 

Frictional heating significantly influences temperatures at the plate contact. A higher 
value for 'Y leads to higher shear stresses during brittle deformation (see Figure SAd) and 
thus to a greater amount of frictional heating and higher temperatures at the plate contact 
(see Figure SAc). Friction in itself will not lead to melting of material, however. At higher 
temperatures, during ductile deformation, a small increase in temperatures leads to rapidly 
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decreasing shear stresses (see Figures 5.4b and 5Ad). Unless the subduction of continental 
lithosphere leads to a very different amount of frictional heating, temperatures at the plate 
contact during the subduction of continental lithosphere (at plate tectonic rates) will be 
similar to those during the subduction of oceanic lithosphere. 

It is clear that the thermal modelling results, as given above, are applicable to a 
situation in which the subducting continental plate has not broken up. In the following 
section an assessment is made whether continental lithosphere may break up during the 
early phase of its subduction. 

5.3 Mechanical modelling 

In this section, we will first infer the strength of material within the downgoing plate 
from our thermal modelling results. Next, resistive forces due to friction at the plate contact 
and to buoyancy will be calculated as a function of the depth to which continental crust is 
subducted. Finally, the depth at which the subducting continental plate will break up will be 
estimated by comparing resistive forces with the strength of subducting continental crust. 
An assessment will be made of the influence of various parameters, such as the 
convergence velocity between the two plates and the surface heat flow of the downgoing 
continental plate, on the depth to which continental lithosphere can be subducted, prior to 
its break-up. 

Strength of the subducting continental plate. Pressure and temperature dependent 
rheologies, which incorporate both pressure-dependent brittle deformation and 
temperature-dependent ductile deformation, have been used to model the strength of 
material within the subducting continental plate. Differential stresses that cause faulting 
have been inferred from Sibson (1974). For extensional deformation, for instance, these 
differential stresses are given by: 

(4) 

with 

(5) 

0"1 and 0"3 are maximum and minimum principal stresses. The coefficient of friction ~ has 
been taken to be 0.75 (Byerlee, 1978). For the pore fluid factor A., a value has been adopted 
of 1/3, which implies near-hydrostatic pore fluid pressures. The strength of material for 
ductile deformation has been inferred from steady state power-law creep flow laws: 

(6) 

For material within the upper crust, a flow law for a wet quartzite (from Koch et aI., 1980) 
has been used. The strength for ductile deformation of subcrustal material has been inferred 
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from a power-law creep flow law for olivine under dry conditions (for differential stresses 
less than 200 MPa) or from a Dom-creep flow law (for differential stresses greater than 200 
MPa). Parameters of these two flow laws, as well as the constitutive equation for Dorn
creep, are given by Goetze and Evans (1979). The choice of a flow law for the lower crust 
is less straightforward than that for the upper crust or subcrustal lithosphere. For the 
strength envelopes, given by the solid lines in Figure 5.5, a flow law for a dry diabase (from 
Turcotte and Schubert, 1982) has been adopted. Other flow laws have also been used, 
however, such as that for a relatively weak: wet quartzite (from Koch et aI., 1980), a wet 
diorite (from Hansen and Carter, 1982), or a relatively strong orthopyroxenite (from Carter 
and Tsenn, 1987). 

Figure 5.5 shows differential stresses, as a function of depth, for extensional 
deformation. Strength envelopes for compressional deformation show a very similar 
pattern. Results are shown for continental lithosphere with a surface heat flow of 50, 70 and 
90 mW m-2

• It is clear that the thermal structure of the continental lithosphere has a large 
influence on its strength. For continental lithosphere with an elevated surface heat flow, 
there are pronounced minima for the strength of material at both the base of the upper crust 
and the base of the lower crust. The extensional strength Tlit of the lithosphere, obtained by 
integrating the depth dependent strength over the thickness of the plate ranges from about 
1.8 x 1012 N/m (for Q. =90 mW m-2

) to about 3.5 x 1012 N/m (for Q. =50 mW m-2
). 
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Figure 5.5. Strength envelopes for continental lithosphere with a surface heat flow of 50 mW m-2 

(5.5a), 70 mW m-2 (5.5b), and 90 mW m-2 (5.5c). Aqw laws for a wet quartzite, dry diabase and 
dry olivine have been used for upper crustal, lower crustal and mantle material respectively. 
Dashed line denotes a strength envelope for which a flow law for a wet diorite is used for lower 
crustal material. E= 5 X l(j14 s-l. 
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It should be kept in mind that the strength envelopes given in Figure 5.5 are relatively 
simple and subject to considerable uncertainty (e.g., Carter and Tsenn, 1987). Several 
weakening mechanisms (e.g., pressure solution) can lead to a less pronounced maximum in 
strength near the brittle-ductile transition. Enhanced pore fluid pressures can lead to lower 
strengths for brittle deformation. Finally, the compositional structure of the continental 
crust is obviously much more complicated than that in our model, which assumes a simple 
twofold division into an upper granitic and a lower feldspathic or granulitic crust. 

During the early phase of subduction, the increase in pressure wil1lead to greater 
strengths for brittle deformation, whereas on the other hand the increase in temperature will 
lead to smaller strengths for ductile deformation. Figures 5.00 - 5.6c show the strength of 
the continental lithosphere (flit) below the leading edge of the subducting continental plate 
(see Figure 5.1), as a function of the depth to which the leading edge has been subducted. 
The dashed lines in Figures 5.6a - 5.6c denote the contributions of the upper crust, lower 
crust and subcrustal lithosphere. It is clear that the thermal structure of the continental 
plate, just prior to its subduction, has a large influence on the strength of the continental 
plate during the early phase of its subduction. The strain rate for material within the 
subducting plate is always taken to be 10 % of the strain rate for material at the plate 
contact. 

During the early phase of subduction, the strength T of the upper crust changes uc 

rapidly (see Figure 5.6d). Initially the strength of the subducting upper crust increases as a 
consequence of increasing pressure, leading to greater strengths for brittle deformation. 
Once that the upper surface of the subducting continental plate has reached a depth of 
about 20 to 30 km, the strength of the upper crust starts to decrease rapidly, as a result of 
the increasing temperatures, leading to lower strengths for ductile deformation. The 
subduction process has a much less pronounced influence on the strength of the lower crust 
and the subcrustal lithosphere. Here, the amount by which temperatures increase is much 
smaller, compared to that within the upper crust. In particular, the strength of the subcrustal 
lithosphere is relatively independent of the depth to which the continental plate has been 
subducted. 

Raising the convergence velocity leads to lower temperatures within the subducting 
continental plate, in particular within its upper crust. Nevertheless, the strength of the upper 
crust, as a function of the depth to which its upper surface has been subducted, exhibits a 
very similar pattern as that for a model with the standard set of parameters (see Figure 
5.00). 
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Figure 5.6. (a-c) Strength of the subducting continental lithosphere for extensional deformation 
(fliJ beneath the leading edge of the subducting continental plate, as a function of the depth to 
which the leading edge has been subducted. Shown are results for the subduction of continental 

2lithosphere with a surface heat flow of 50 mW m-2 (5.6a), 70 mW m-2 (5.6b) and 90 mW m
(5.6c). Dashed lines denote the contributions to the total strength of the plate by the upper crust 
(uc), the lower crust (lc), and the subcrustal or mantle part of the lithosphere (rna). All parameters 
are the same as for the standard model (see Table 5.1). Note, that different scales are used for the 
y-axis. (d-e) Strength of the upper crust for extensional deformation (Tuc) beneath the leading 
edge of the subducting continental plate, as a function of the depth to which the leading edge has 
been subducted. Figure 5.6d shows modelling results for various surface heat flows of 50, 70 and 
90 mW m-2 (all parameters equal to those of the standard parameter set). Figure 5.6e shows 
results for various convergence velocities of 2,4, and 8 crn/yr (all other parameters equal to those 
of the standard parameter set). 
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Resistive forces. Forces opposing the subduction of the continental lithosphere are 
due to the buoyancy of the continental crust and to friction at the plate contact. The low 
density of the continental crust leads to an upwards directed buoyancy force. This force is 
taken to depend linearly upon the difference in density between material within the 
subducting continental plate and material, situated at the same depth z, within the 
continental plate prior to its subduction. In agreement with the densities given in the 
thermal modelling section, a value of 600 kg/m3 has been adopted for the difference in 
density between upper crustal and mantle material and a value of 300 kg/m3 for the 
difference in density between lower crustal and mantle material. For the subcrustal part of 
the subducting continental plate, a thermal component of buoyancy forces has been 
included, which is determined by a difference in density: 

~Pth = Pm a (T(x,z) - T'(z)) (7) 

where T' is the temperature within a continental plate prior to its subduction. The thermal 
expansion coefficient a is taken to be 4 X 10-5 °C-1• 

The buoyancy of the downgoing continental lithosphere leads to a force (per unit 
length of trench; note that we only consider the component parallel to the downbending 
plate): 

Fbu = J~P g sin 0 dV (8) 

where integration takes place over the subducting continental plate between A - A' and B 
B' (see Figure 5.1), and where 0 is the dip of the downgoing plate. 

Friction at the upper surface of the subducting continental crust leads to a resistive 
force Ftr, which is obtained by integrating shear stresses at the plate contact between points 
A and B. 

The magnitude of these resistive forces, as a function of the depth to which the leading 
edge B has been subducted, is shown in Figure 5.7. Shown are results for a model in which 
the continental plate arriving at the subduction zone has a surface heat flow of 70 mW m-2

• 

Note, however, that buoyancy forces are relatively independent of the thermal structure of 
the subducting plate. As expected. the crustal component of the total buoyancy force is of 
opposite sign, and of considerably greater magnitude, than the subcrustal component. For 
the standard model (y = 0.05), the resistive force due to friction is, during the early phase of 
subduction, approximately equal to that due to buoyancy. Once that low-strength ductile 
deformation starts to prevail at the plate contact, Ftr increases only slowly. 

Break-up ofsubducting continental lithosphere. The magnitude of the resistive forces, 
acting upon the subducting continental plate, increases as the amount of subducting 
continental lithosphere increases. In order to continue subduction of the continental part of 
the subducting plate, these resistive forces must be overcome by forces FA (acting upon the 

continental plate just prior to the onset of its subduction) and FB (acting upon the 
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Figure 5.7. (a) Buoyancy forces acting upon subducting continental lithosphere, as a function of 
the depth to which the leading edge has been subducted. Curves denote the contributions by the 
upper crust (uc), crust (cr), and subcrustal lithosphere (rna). Dashed line denotes Frr. All 
parameters are the same as for the standard model. Surface heat flow of the subducting plate is 70 
mW m-2• (b-c) The resistive force Frr, caused by friction at the plate contact, as a function of the 
depth to which the leading edge has been subducted. Heat flow of the subducting continental plate 

2is 70 mW m- • Shown are results for models with different values for 'Y of 0.025 and 0.1 (5.Th) 
and with different values of the convergence velocity V o of 2 and 8 cm/yr (5.7c). Dashed line 
denotes modelling results for the standard model. 

continental plate beneath the leading edge). Maximum values that these forces can attain 
are determined by the strength of material. Continuation of subduction of the subducting 
plate is no longer possible once that sum of the res~stive forces becomes greater than the 
sum of these maximum values of FA and FB• This also applies to parts of the subducting 
plate. For the upper crust between the left side of, the model and the leading edge, for 
instance, we have used the following condition for the detachment of the continental upper 
crust from the other parts of the subducting plate: 

F res =CA,uc + TB,uc + Fhase,uc (9) 
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where Fres is the sum of the resistive forces acting upon the upper crust (due to its buoyancy 
and to friction at the plate contact). CA,uc is the strength for compressional deformation of 
the upper crust, just prior to its subduction; TB•uc the strength for extensional deformation 
(see also Figures 5.6d and 5.00) of the upper crust beneath the leading edge. Fblse.uc is 
obtained by integrating shear stresses (taken to be equal to 0.5(CJ] - CJ3) over the entire 
length of the base of the upper crust, where CJ] - CJ3 is inferred from a flow law for a wet 
quartzite, using a strain rate equal to that at the plate contact. Similar conditions for 
detachment have been made for the crust between the left side of the model and the leading 
edge, as well as for the entire continental lithosphere. In the former case the maximum 
force FbI,e,cr that can be exerted upon the base of the crust is obtained by integrating shear 
stresses (inferred from the same flow law that is used for lower crust) over the base of the 
crust. In the latter case the maximum force Fbase that can be exerted upon the base of the 
subducting continental lithosphere is taken to be zero, as the strength of material at the 
lithosphere-asthenosphere boundary is very low. 

The validity of this approach has been investigated by van den Beukel (1989) in a 
study that focused on the break-up of very young oceanic lithosphere, in the upper part of a 
subduction zone, during a ridge-trench interaction. The break-up process was studied both 
with a condition for detachment similar to that given above, and with a finite element 
model of deformation and stress throughout the subducting plate. The latter model included 
the effect of bending of the plate. The times at which break-up occurred, as predicted by 
these two types of models, were found to be in good agreement with each other (see also 
Figure 6 in van den Beukel, 1989). The use of a relatively simple condition for detachment, 
as given above, thus seems justified. 

Modelling results are shown in Figure 5.8. Shown is the depth to which the leading 
edge has been subducted at the time at which the condition for detachment for the upper 
crust (or, alternatively, of both upper and lower crust or the entire continental lithosphere) 
is reached. Figure 5.8a shows results for models in which a dry diabase rheology has been 
adopted for the lower crust. It is clear that an increase of the surface heat flow of the 
subducting continental plate results in a more shallow depth at which the condition for 
detachment is reached. Subduction of continental lithosphere may here lead to the 
detachment of the upper crust from the subducting plate (see also Figure 5.9a). This 
requires subduction of the leading edge of the downgoing plate to a depth of at least 30 km. 
If, however, a weaker flow law (e.g., a wet diorite or a wet quartzite) is used for lower 
crustal material, the condition for the detachment of the entire crust is reached at an earlier 
time than that of the upper crust. In general, we expect the strength of the lower crust to be 
greater than that inferred from a wet quartzite rheology. Due to the uncertainty of the 
strength of lower crustal material, it is not clear whether break-up of a subducting 
continental plate will in general lead to the detachment of the upper crust only (leading to a 
new plate contact at mid-crustal levels) or to the detachment of both upper and lower crust 
(leading to a new plate contact at the base of the crust). 
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Figure 5.8. Depth to which the leading edge of the cbntinental plate (Point B in Figure 5.1) has 
been subducted, at the time that the condition for detachment is reached. (a) Modelling results for 
detachment of the upper crust (uc), crust (cr) and entire continental lithosphere (lit) for the 
standard model (ve = 4 crn/yr; Due = ~e =18 krn; 'Y =0.05). Dashed line denotes detachment of a 
relatively small part of the upper crust near the leading edge (see text). (b) Detachment of the 
entire crust, for a case in which a flow law for a wet quartzite is used for lower crustal material 
(curve a), a wet diorite flow law (curve b), a dry diab~e flow law (curve c), and a flow law for an 
orthopyroxenite (curve d). (c) Detachment of the upper crust, for different shear stresses at the 
plate contact, 'Ybeing equal to 0.025 or 0.1. Dashed line denotes standard model. (d) Detachment 
of the upper crust, for different convergence velocitie~ between the two plates, V ebeing equal to 2 
or 8 crn/yr. Dashed line denotes standard model. (e) Detachment of the upper crust, for different 
thicknesses of the upper and lower crust, Due (= ~e) being equal to 12 or 24 krn. Radiogenic heat 
production rates are taken to be equal to those for the standard model. Dashed line denotes 
standard model. 
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For other aspects of the subduction of continental lithosphere, there is less uncertainty. 
For all model calculations that have been made, the condition for detachment of either 
upper crust or both upper and lower crust is reached at an earlier time than the condition for 
break-up of the entire continental lithosphere. We thus do not expect that subduction of 
continental lithosphere can lead to the transfer of mantle material, originating from the 
subcrustal part of the subducting continental plate, to the upper plate. 

In addition, it is clear that the thermal structure of the subducting plate has a large 
influence on the depth to which continental crust can be subducted. For high-heat flow 
continental lithosphere (Qs > 75 mW m-2), detachment of the upper crust, for instance, 
occurs when the leading edge has reached a depth of about 30 to 40 km, at a depth when 
the strength of the upper crust has decreased to a relatively low value (see also Figure 5.6). 
For a typical shield area (Qs < 50 mW m-2

), the strength of the subducting upper crust 
decreases more slowly. In particular, however, it is the absence of a low-strength zone at 
the base of the upper crust (see also Figure 5.5) that precludes the detachment of upper 
crustal material from the subducting plate at smaller depths. 

Other calculations, for different convergence velocities and thicknesses of the upper 
crust, are shown in Figures 5.8c - 5.8e. Except otherwise stated, all parameters are equal to 
those of the standard parameters set (see Table 5.1). A smaller convergence velocity leads 
to higher temperatures within the subducting plate and thus to smaller strengths. As a 
result, the condition for detachment is reached at an earlier time. Raising the thickness of 
the upper crust also leads to break-up at an earlier time, as it decreases the strength the 
strength of material at the base of the upper crust and increases buoyancy forces forces that 
act upon upper crustal material. Varying parameters, such as the convergence velocity, has 
a similar effect on the depth at which the condition for detachment of the crust (or 
alternatively the entire plate) is reached, but the differences between the various models 
tend to be smaller. 

Up to now, we have only considered the detachment of bodies for which the left 
boundary coincides with the left boundary of the thermal model and for which the right 
boundary coincides with (part ot) the profile B - B' in Figure 5.1. In addition the base of 
these bodies is situated at the base of the upper crust, the lower crust or the lithosphere. 
This is an obvious choice as the base of the upper crust or lower crust coincides with a 
strength minimum. Further, after an initial increase in strength, the strength of the upper 
crust or lower crust is generally lowest beneath the leading edge of the subducting 
continental lithosphere. Numerous other calculations have been made, however, for other 
geometries. In general, we have found that the condition for detachment is reached first for 
bodies with a geometry as described above. To this, there is one exception which concerns 
bodies of upper crustal material with the base situated at the base of the upper crust, the 
right boundary beneath the leading edge and the left boundary at only at a relatively small 
distance (less than about 50 km) from the leading edge. The left boundary of such a body 
may thus fall within a region where the strength of the subducting upper crust has already 
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Figure 5.9. (a) Schematic representation of the detachment of the upper crust. (b) Schematic 
representation of the stacking of thrust sheets. 

decreased to a very low value (see Figure 5.6). The depth to which the leading edge has 
been subducted at the time when the condition for qetachment for such a body is reached is 
given by the dashed line in Figure 5.8a. The relaqvely small length of such a body may 
preclude the transfer of all of the upper crustal material to the upper plate. Nevertheless, 
'underplating' of such low-strength material, at depths greater than about 50 km, can be an 
alternative mechanism for the transfer of material to the upper plate, compared to the 
detachment of relatively large and elongated sheets ;1S described above. 

The condition for detachment, as given above, does not take into account the transition 
zone between the subducting continental and oceanic lithosphere. Rather than making a 
more detailed study on the subduction of a continental margin, we here want to focus on 
the subduction of continental lithosphere in general. We expect the influence of the 
transition zone to be relatively small, however, as the depth to which continental crust can 
be subducted increases rapidly, if the crustal thickness of the subducting plate is decreased 
(see Figure 5.8). 
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The influence of phase changes has not been included in the models. At increasing 
depths, it becomes increasingly more likely that phase changes will lead to a reduction in 
the density difference between crustal and mantle material (Richardson and England, 
1979). We have thus in Figure 5.8 refrained from giving model results if the depth of the 
leading edge becomes greater than 70 lan. There is considerable uncertainty on the depth at 
which phase changes to eclogite will take place, which is in particular due to the role of 
reaction rates (Ahrens and Schubert, 1975). Our modelling results may give a relatively 
low estimate of the depth of the leading edge at which the condition for detachment is 
reached, if the depth of the leading edge becomes greater than about 40 km. 

Concluding remarks. In summary, it is concluded that a continental plate may break 
up during the early phase of its subduction, leading to the detachment of (part ot) the 
continental crust from the subducting plate. 

If break-up occurs, this is due to the resistive forces (friction, buoyancy) that act upon 
subducting continental crust, in combination with the relatively low strength of the 
subducting continental crust. The buoyancy of continental crust in itself is not sufficient to 
preclude its subduction to mantle depths. Young oceanic lithosphere, less than about 40 
Myr old, will also be relatively buoyant during the early phase of its subduction (prior to 

the basalt-eclogite phase change). Nevertheless, the greater strength of oceanic lithosphere, 
and in particular the absence of zones with very low strength within the oceanic plate, in 
general precludes the break-up of such young oceanic lithosphere during the early phase of 
its subduction, except during the interaction between a relatively fast spreading ridge and a 
subduction zone (van den Beukel, 1989). In the latter case, detachment was found to 
involve both the crustal and the subcrustal part of a very young, subducting oceanic plate. 

The depth to which continental lithosphere can be subducted coherently will be 
primarily determined by the thermal and compositional structure of the subducting plate 
(represented in our modeIling by parameters such as the surface heat flow Q. and the 
thickness of the upper and lower crust) and the convergence velocity between the two 
plates. Our modelling predicts for instance that the upper crust of a cold continental shield 
can be subducted to a much greater depth than the upper crust of a continental plate with 
relatively high surface heat flow (see Figure 5.8). The modeIling results as shown in Figure 
5.8 are subject to considerable uncertainty (e.g., as a result of the uncertainty in the strength 
of the lower crust). Based on our modelling results, we can not predict whether break-up 
leads to the detachment of the upper crust only or, alternatively, of both the upper and the 
lower crust. The near-absence of lower crustal material in orogenic belts suggests, 
however, that the former situation is more likely. 

It should be kept in mind that the remarks made on the uncertainty of the strength 
envelopes as given in Figure 5.5 (see above and Carter and Tsenn, 1987) apply just as well 
on the results of our mechanical modelling (given in Figure 5.8). It is difficult to quantify 
this uncertainty. Nevertheless, two aspects of our mechanical modeIling results seem 
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relatively robust. First, the detachment of (part of) the continental crust, once that the 
leading edge of the subducting crust has reached a depth of about 30 to 50 lan, for 
continental lithosphere with a relatively high surface heat flow ( > ± 75 mW m-2). This 
because the actual strength of continental material i~ likely to be smaller than the strength 
of material as given in a strength envelope such as Figure 5.5. Secondly, the subduction of 
both upper and lower crust to depths of about 70 km or more, for the subduction of 
continental lithosphere with a low surface heat flow ( < ± 50 mW m-2 for the situation 
modelled in Figure 5.8a). This because detachment requires the existence of a very low 
strength zone within the continental crust, which is ,absent in a continental plate with very 
low heat flow or, alternatively, with a very thin crust. 

Our modelling indicates that in some cases, continental crust (both upper crust and 
lower crust) can be subducted to mantle depths. In Iparticular this may be the case for the 
subduction of continental lithosphere with a low surface heat flow, as well as for the early 
phase of subduction of continental lithosphere. The latter situation is likely to involve the 
subduction of continental lithosphere with a rel~tively small crustal thickness, at a 
relatively high rate. 

5.4 Discussion 

Continuation of subduction of continental lithosphere. The force opposing the 
subduction of continental lithosphere, caused by processes within the upper part of a 
subduction zone (the region encompassed in our thermal model), is determined by friction 
at the plate contact and by buoyancy forces. An upper limit for this resistive force is the 
force exerted upon the subducting plate for the subduction of a cold continental plate. At 
the time that the leading edge reaches the right boundary of the thermal model, this force 
may range up to about 1.8 x 1013 N/m. This is an upper limit as phase changes are likely to 
increase the density of the continental crust, prior to the moment that it reaches the right 
boundary of the model. A lower limit is given by the resistive force, exerted upon a 
relatively hot subducting continental plate, at the time that it breaks up. For a subducting 
plate with a surface heat flow greater than 80 mW m-2 this force amounts to about 0.4 x 
1013 N/m. This value is even somewhat lower than the resistive force of about 0.6 x 1013 

N/m, due to friction at the plate contact, during the preceding subduction of oceanic 
lithosphere. 

Gravitational forces exerted upon subcrustal continental lithosphere, which is 
subducted into the mantle, may in part compensate the resistive forces within the upper part 
of the subduction zone. Thus the net resistive force exerted upon the subducting plate is 
likely to be smaller than the total resistive force due to processes within the upper part of 
the subduction zone. 

The continuation of subduction of continental lithosphere at a segment of a subduction 
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zone will be determined by the forces exerted on all the boundmies of the plate. Thus no 
generally applicable rules can be given and the total amount of convergence at continental 
collision zones may vary widely. In all cases that the subduction of continental lithosphere 
has been preceded by the subduction of oceanic lithosphere, however, a certain amount of 
continental lithosphere will be subducted as a consequence of the slab pull exerted by the 
earlier subducted oceanic lithosphere. 

After the detachment or thermal assimilation of earlier subducted oceanic lithosphere, 
subduction of continental lithosphere will lead to a net resistive force. Continuation of 
subduction of continental lithosphere now requires that this net resistive force is overcome 
by net driving forces that are exerted upon other parts of the plate. This seems to be the 
case for the Indo-Australian plate, where the net resistive force at the Himalayas is 
compensated by ridge push forces (up to about 3 x 1012 N/m) and net driving forces due to 
slab pull, which may range up to about 1 x 1013 N/m for the subduction of relatively old 
oceanic lithosphere (England and Wortel, 1980; Wortel, 1980). For such a situation there is 
no theoretical upper limit for the amount of convergence that can take place at a continental 
collision zone. 

Stacking of thrust sheets. Subduction of continental lithosphere may well continue 
after that (part of) the continental crust has been detached, leading to the emplacement of a 
relatively large thrust sheet (see also Figure 5.9). If this thrust sheet consists of upper 
crustal material, most of the new plate contact will initially have a temperature of about 350 
- 500 dc. For the detachment of the entire crust, these temperatures may range from about 
450 - 850°C. Some simple modelling results are shown in Figure 5.10. Here, it is assumed 
that the upper crust is detached. After its detachment, velocities within the upper crust are 
taken to be zero. At this time the upper surface of the subducted continental crust is situated 
at the line A-B. For simplicity, it is assumed that the location of the plate boundary is 
changed throughout the modelled region, the new plate boundary being situated at the line 
AA - Cc. Further it has been assumed during the thermal modelling that continental 
lithosphere, now arriving at the subduction zone, is instantaneously subducted to a depth of 
about 20 km (the depth of point AA at the base of the detached upper crust), which is 
obviously a gross simplification. Temperatures at a given section of the new plate contact 
will start to decrease rapidly once that underthrusting of relatively cold material is 
occurring. Eventually, continuation of subduction can lead to a similar situation as 
described above, which may again lead to break-up and detachment of (part of) the crust. 
The thermal structures, given in Figure 5.10, represent the situation at the time that a 
condition for the detachment of the upper crust, similar to that given above in the section 
on mechanical modelling, is reached. The depth to which the leading edge (denoted by 
point BB in Figure 5.10) has been subducted at this moment may differ from that at the 
time of the first break-up, (~.g., as a result of the different initial thermal structure of the 
material above the plate contact). Shear stresses at the new plate contact may also differ, 
although it seems likely that subduction of sediments and fluids will again lead to relatively 
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Figure 5.10. Thermal structure at the moment that the condition for detachment is reached for the 
second time. Heat flow of the subducting continental plate is 70 mW m-2 (5.lOa) or 90 mW m-2 

(5.lOb). All parameters are equal to those of the standard parameter set. 

low shear stresses at the plate contact during brittle defonnation. For the modelling results 
shown in Figure 5.10, shear stresses at the new plate contact are detennined by the same 
rheology that was used for the old plate contact. 

Continuation of subduction of continental lith~sphere may thus lead to stacking of 
thrust sheets. A schematic representation of this process is given in Figure 5.9b. Over a 
period of time of a few tens of Myr, the upper part of the structure of stacked thrust sheets 
will slowly be eroded. Continental material that is de,tached, after having been subducted to 



117 Subduction of continental lithosphere 

a depth of a few tens of km, will only reach its peak metamorphic temperatures during the 
relatively slow, subsequent uplift phase. Pressure-temperature paths, inferred for material 
such as that currently exposed in the Tauem Window in the Alps (Droop, 1985; 
Selverstone, 1985), primarily constrain conditions during the uplift phase, but are not in 
disagreement with an early subduction phase of relatively 10w-T high-P blueschist facies 
conditions, similar to that in our thermal models. 

Comparison with the structure of orogenic belts. In our models, we have only 
considered deformation within the subducting lower plate. Part of the convergence between 
the two plates may be accommodated by deformation in the upper plate, however. 
Subduction and deformation of the Indian plate may have accounted for about 700 (± 3(0) 
km of convergence during the early phase of the India-Eurasia continental collision (patriat 
and Achache, 1984). At later stages, however, most of the convergence between the two 
plates has been accommodated by lateral expulsion and thrusting in a broad zone within the 
Eurasian plate (Chengfa et aI., 1986; Tapponier et aI., 1986). At present, underthrusting of 
the Indian plate at the Himalayas occurs at a rate of about 1 - 2 cm/yr, the total 
convergence rate between India and Eurasia being about 5 cm/yr (Molnar, 1984). For the 
Alps most convergence has been accommodated by subduction and deformation of the 
European plate (e.g., Butler, 1986). 

Thrust faults bounding large crystalline basement segments are a common feature of 
orogenic belts (e.g., Brewer et al., 1981). Displacements of at least 100 km have been 
inferred for the Main Central Thrust and the still active Main Boundary Fault in the 
Himalayas (Molnar, 1984). For the Alps, large displacements are thought to have occurred 
at the Austroalpine and Frontal Pennine thrusts. Significant amounts of continental crust 
have been subducted on such dominant thrust faults. The stacking of large crystalline thrust 
sheets has been shown to be of prime importance for the structure of a number of orogenic 
belts (e.g., Bradbury and Nolen-Hoeksema (1985) and Butler et al. (1986) for the Alps; 
Molnar (1984) and Mattauer (1986) for the Himalayas, and Norton (1986) for the 
Norwegian Caledonides). Apparently, the structure of these orogenic belts has been largely 
determined by the development of two duplex structures; one that consists of crystalline 
basement and one that consists of its sedimentary cover. The length of such large scale 
crystalline thrust sheets in orogenic belts is typically about 100 - 200 km; the thickness 
about 10 - 20 km (Hatcher and Williams, 1986). These dimensions suggest that detachment 
of the upper crust, leading to a new plate contact at mid-crustal levels, is more likely than 
the detachment of both upper and lower crust. 

During the initial phase of subduction, the strength of the upper crust increases 
significantly as a result of an increase in pressure, leading to greater strengths for brittle 
deformation. For a strength envelope based on a quartzite rheology, as given in Figure 5.5, 
an increase of the pressure at the top of the plate of 1 kbar (corresponding to subduction of 
continental lithosphere below a column of foreland basin sediments with a thickness of 
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about 4 km) leads to an increase in the strength of the upper crust, for compressional 
deformation, of about 40 % (Qs =40 mW m-2) to 65 % (Qs = 100 mW m-2). It thus may 
well be that imbrication and thrusting within the upper crust of the downbending plate is 
initiated in the region where the plate starts to downbend, near the edge of the foreland 
basin, and thus at some distance from the orogenic belt itself. For the Alpine region, such a 
situation may have occurred beneath the Jura Mountains, where reflection seismic data 
indicate that the southern margin of the Jura Mountains is associated with a major basement 
imbrication (Ziegler, 1982). 

A quantitative comparison between model results and the structure of orogenic belts is 
difficult, since it requires an estimate of the depth to which continental crust has been 
subducted in orogenic belts as well as estimates of properties of the subducted continental 
plate. These properties can only be estimated for continental lithosphere close to the 
orogenic belt, that has not yet been subducted, and may thus be considerably in error. The 
following discussion should thus be regarded as tentative. 

The structure of the Alps is compatible with stacking of thrust sheets and subduction 
of the upper surface of the continental crust to a maximum depth of about 30 - 45 km (e.g., 
Menard and Thouvenot, 1984). The heat flow of 'European continental lithosphere, just 
North and West of the Alps is about 70 - 90 mW m-2 (Cermak, 1979). Subduction of such 
continental lithosphere is likely to lead to detachment of (part of) the crust, provided that 
the thickness of the subducting crust is not relativelYI small. 

For the central part of the Himalayas (near 85 to 90 "E), thrusting at a number of 
major faults (Main Boundary thrust, Main Central thrust, Kangmar thrust) has resulted in 
stacking of thrust sheets (Allegre et al., 1984; Molnar, 1984). The crustal thickness of the 
resulting structure is about 75 km. For the western part of the Himalayas, seismicity 
extends to a depth of about 300 km in the Pamir-Hindu Kush region (Chatelain et al., 
1980). Based on inversions of the 3-D velocity structure of this region, Roecker (1982) has 
proposed that continental lithosphere (possibly including the entire continental crust) has 
here been subducted to mantle depths. Although. the amount of convergence has been 
similar, the extent of the crustal-stacking wedge seems to be much greater for the central 
part of the Himalayas than for the western part (Mattauer, 1986). Sparse heat flow data for 
the Indian shield, South of the central part of the Himalayas range between about 60 and 80 
mW m-2 (Gupta, 1982; Negi et aI., 1986). Heat flow data in the northern part of the Indian 
shield, West of approximately 80 °E are considerably lower (about 40 - 55 mW m-2; Gupta, 
1982). 

Evidence for the subduction of continental crust to mantle depths may be most 
conclusive for the subduction of Australian continental lithosphere at the Banda arc. Here, 
seismicity studies indicate the subduction of continental crust to a depth of about 150 km 
(McCaffrey et al., 1985). At least part of this crust will have been of relatively small 
thickness as it belonged to the now subductedcontinental margin. The geochemical 



119 Subduction of continental lithosphere 

composition of the Banda arc rocks also points to derivation (at least in part) of subducting 
continental crust (e.g., Poreda and Craig, 1989). Our modelling indicates that the 
subduction of a relatively thin continental crust, with a relatively high velocity, may well 
lead to the subduction of both upper and lower crust to mantle depths. 
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Samenvatting 

In het plaattektonisch model wordt het buitenste gedee1te van de aarde, de lithosfeer, 
gezien als een mozaiek van relatief sterke platen die ten opzichte van elkaar bewegen. Het 
merendeel van de tektonische en vulkanische activiteit op aarde speelt zich af bij de 
plaatgrenzen. Met name de divergente plaatgrenzen zoals mid-oceanische ruggen (waar 
nieuwe oceanische lithosfeer wordt gecreeerd) en de convergente plaatgrenzen (waar 
oceanische lithosfeer wordt gesubduceerd in de mantel) spelen hierbij een belangrijke ro1. 
Voorbeelden van convergente plaatgrenzen zijn de subductiezones rondom de Pacifische 
Oceaan, zoals die bij Peru-Chili, Japan en de Filippijnen. 

In dit proefschrift wordt de thermische en mechanische structuur van het bovenste 
gedeelte van convergente plaatgrenzen onderzocht met behulp van numerieke 
modelmethoden. Het zijn met name de processen in het bovenste gedeelte van 
subductiezones die grote consequenties hebben voor geologische structuren. Hierbij dient 
te worden opgemerkt dat het subductieproces, naast de subductie van een plaat, ook leidt 
tot de vorming van nieuwe continentale korst in de overschuivende plaat (hetzij door 
vulkanische processen, hetzij door de overdracht van materiaal van de onderschuivende 
plaat naar de bovenste plaat). 

Over het algemeen leidt het subductieproces tot de subductie van een plaat, over de 
gehele dikte, tot in de mante1. Dit basismodel van coherente subductie van de gehele plaat 
is als uitgangspunt gebruikt bij de verschillende numerieke modellen. Oit geldt met name 
voor de thermische modellen voor de subductie van oceanische lithosfeer die worden 
gegeven in de eerste helft van dit proefschrift (hoofdstukken 2 en 3). In de tweede helft 
van dit proefschrift (hoofdstukken 4 en 5) wordt vervolgens nagegaan of een plaat kan 
opbreken gedurende de eerste fase van het subductieproces. Bij deze mechanische 
modellen wordt de sterkte van materiaal afgeleid uit de temperatuur (volgend uit 
thermische modellen) en de compositie van het materiaa1. De aandacht is hierbij eerst 
gericht op de subductie van oudere oceanische lithosfeer (die niet blijkt op te breken), 
vervolgens op de subductie van jonge oceanische lithosfeer (die alleen onder speciale 
omstandigheden blijkt te kunnen opbreken) en tenslone op de subductie van continentale 
lithosfeer (waarvoor het opbreken eerder regel dan uitzondering blijkt te zijn). 
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In hoofdstuk 2 worden thennische modellen van convergente plaatgrenzen 
gepresenteerd voor de subductie van oceanische lithosfeer. Temperaturen en 
schuifspanningen op het plaatcontact worden onderzocht met behulp van 
warmtestroomdata, rheologische argumenten en de verdeling van aardbevingen op het 
plaateontact. Temperaturen blijken vooral te worden bepaald door de naar beneden gerichte 
beweging van materiaal, inherent aan het subductieproces, en door wrijving op het 
plaateontact. Behalve voor de subductie van jonge oceanische lithosfeer (met een 
ouderdom die kleiner is dan 30 miljoen jaar) blijken temperaturen op en boven het 
plaateontact slechts in geringe mate afhankelijk te zijn van de ouderdom van de 
subducerende plaat en de convergentiesnelheid tussen de twee platen. Deze temperaturen 
worden vergeleken met temperaturen die kunnen worden afgeleid uit het voorkomen van 
bepaalde mineralen in hoge-druk metamorfe gebieden. Een gedetailleerde studie van de 
Cascadia subductiezone bij Z.W. Canada wordt gegeven in hoofdstuk 3. 

In hoofdstuk 4 wordt met behulp van numerieke methoden onderzocht of oceanische 
lithosfeer kan opbreken in of nabij het bovenste gedeelte van een subductiezone. Voor 
oudere oceanische lithosfeer blijkt dit niet het geval te zijn. Jonge oceanische lithosfeer 
blijkt alleen te kunnen opbreken gedurende de interactie tussen een relatief snel spreidende 
rug en een subductiezone. Ten gevolge van dit opbreken kan een plak relatief jonge 
oceanische lithosfeer (met een maximum dikte van 10 tot 20 km) deel uit gaan maken van 
de overschuivende plaat in het gebied tussen de trog en de vulkanische zone. Uiteindelijk, 
na het sluiten van het oceanische bekken, kan deze van oorsprong oceanische lithosfeer 
geihcorporeerd worden in een gebergte. Voorgestelp wordt dat ophiolieten met een door 
harzburgiet gedomineerde mantelsectie een dergylijke plaatsingsgeschiedenis hebben 
meegemaakt. 

Sluiting van een oceanisch bekken, gevolgd door de botsing tussen twee continentale 
platen, leidt tot gebergtevonning zoals die nu plaatsvindt bij de Himalaya's. In hoofdstuk 5 
wordt ingegaan op de thennische en mechanische gevolgen van de subductie van 
continentale lithosfeer. Uit de modelberekeningen voIgt dat, in tegenstelling tot oceanische 
lithosfeer, continentale lithosfeer over het algemeen weI zal opbreken gedurende de eerste 
fase van het subductieproces. Oak wordt aangetoond dat het opbreken van continentale 
lithosfeer waarschijnlijk alleen zal leiden tot de overdracht van korstmateriaal naar de 
bovenste, overschuivende plaat. Dit proces leidt tot een aanmerkelijke verdikking van de 
korst in deze bovenste plaat. Het meer frequente opbreken van continentale lithosfeer is het 
gevolg van de relatief lage dichtheid en de relatief geringe sterkte van continentale korst. 
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