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Abstract 

Many tectonic processes along active continental margins (and convergent plate boundaries, in general) are 
closely related to the dynamics of the subduction process. A major force associated with the subduction of 
oceanic lithosphere is the slab pull, the result of the density contrast between the cold and dense descending 
slab and the surrounding warmer mantle. This force is generally assumed to be compensated by resistive 
forces acting on the slab. In this paper I emphasize that such a compensation may be valid for a plate's 
convergent boundary as a whole but certainly not always for each segment of the trench system. Stress may 
be transmitted from the subducted slab to the attached lithospheric plate at the surface , and taking this into 
account provides insight into the relationship between upper mantle processes and tectonic processes near 
the surface (e.g. fragmentation of plates , accretion of sediments at trenches, and vertical tectonics of active 
continental margins) . 

Introduction 

Early studies of the dynamics of plate motion 
(Elsasser 1967, McKenzie 1969) already recognized 
the slab pull to be a major force responsible for and 
maintaining the motion of lithospheric plates. This 
force arises from the temperature contrast - and, 
hence , via thermal contraction the density contrast 
- between the cold descending slab in a subduction 
zone and the warmer upper mantle surrounding the 
slab. Thus, the dense subducted slab may be con­
sidered to sink under its own weight , pulling the 
attached plate towards the trench. Subsequent 
quantitative investigations by Forsyth & Uyeda 
(1975), Chapple & Tullis (1977) and Backus et al. 
(1981) have confirmed this early assessment. 

Another conclusion of these three studies was 
that the slab pull is balanced - or very nearly so - by 

the resistive shearing forces acting on the downgo­
ing slab. If such a balance would apply locally, it 
would mean that, albeit the high magnitude of the 
slab pull, very little of this force is transmitted to 
the attached horizontal part of the plate . Con­
sequently, the slab pull would have little or no 
effect on geodynamic processes near the surface. 
Several authors , including Forsyth & Uyeda (1975) 
and (especially) Chapple & Tullis (1977) , have 
pointed out, however, that the compensation of the 
slab pull by the resistive forces should not be taken 
to apply for each segment of a convergent plate 
boundary (subduction zone), but rather for a sub­
ducting plate boundary as a whole . 

Insight gained by studying the role of 
lithospheric age in the subduction process (Vlaar 
1975, Vlaar & Wortel 1976, Wortel & Vlaar 1978, 
Wortel 1980, 1982, 1984, England & Wortel 1980) 
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has brought out the significance of a (partially) 
uncompensated or over-compensated slab pull 
force. The extent to which the slab pull force is 
compensated may vary considerably along a con­
vergent plate boundary, thus giving rise to laterally 
varying boundary forces acting on the (non-sub­
ducted) lithosphere. This, in turn, strongly affects 
the stress field in the lithosphere. 

In this paper I will show that taking into account 
an unbalanced slab pull contributes to a better 
understanding of several tectonic processes at or 
near the surface, in particular in the vicinity of the 
trenches along convergent plate boundaries. 

Dynamics of subduction 

To place the problem of compensation of the slab 
pull force into the more general perspective of the 
dynamics of the lithosphere this section starts with 
a short sub-section on plate tectonic forces. The 
importance of the age of the descending 
lithosphere for the dynamics of the subduction pro­
cess is stressed in a second sub-section on age­
dependent subduetion. 

Plate tectonic forces 

In this sub-section I focus on the instructive case of 
a spreading and subducting oceanic plate. With 
some rather straightforward modifications the 
analysis can be generalized to include continental 
lithosphere. The main forces acting on a spreading 
and subducting oceanic plate are indicated in Fig. 1. 

The forces which drive the plates are the ridge 
push F,P and the slab pull F,p· The ridge push force 
is not a boundary force acting at the ridge axis but a 
pressure gradient intergrated over the area of the 
plate (Lister 1975). This pressure gradient results 
from the cooling and densification of the 
lithosphere. Therefore, contributions to the ridge 
push come from all parts of the oceanic lithosphere 
which are subject to continued cooling, that is all 
oceanic lithosphere younger than approximately 
100 Ma. The other driving force, the slab pull F,P, 
results from the density contrast between the cold 
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Fig. I. Schematic representation of the main forces acting o n a 
subducting oceanic plate. Driving forces: F," (ridge push) and 

F," (slab pull). Resistive forces: F,i. (drag force at the base of the 

plate; o,, is shear stress), F" (resistance at the trench and in the 
subduction zone). F,, is composed of three parts: F,,, (composi­

tional buoyancy) , Fp,· (resistance at the plate contact) and F,,. 
(slab resistance by viscous shearing forces a long the slab/upper­

mantle interfaces) . 

descending slab and the surrounding warmer upper 
mantle (e.g. E lsasser 1967, McKenzie 1969). 

The resistive forces shown in Fig. 1 are the drag 
force acting at the base of the lithosphere (that is 
the shear stress oct integrated over the area of the 
base of the plate) and the resistive forces F,, acting 
on the downgoing slab in the trench region and in 
the upper mantle part of the subduction zone. The 
latter forces consist of the compositional buoyancy 
force Feb and resistive shearing forces Fpe (the inte­
grated value of the shear stress ope along the plate 
contact with the overriding plate) and F,, (the inte­
grated value of osr , the resistance to slab penetra­
tion in the upper mantle by viscous shearing 
forces). Feb is associated with the petrological strat­
ification of the oceanic crust and upper mantle 
created during the spreading process (Vlaar & 
Wortel 1976, Oxburgh & Parmentier 1977). The 
density structure of the layering contributes a grav­
itationally stable component to the lithosphere/ 
asthenosphere system. Upon subduction this is felt 
as a force (Feb) which counteracts the gravita­
tionally unstable component resulting from the 
cooling and densification of the lithosphere which 
is represented by Fw 

In specific cases, different from the entirely 
oceanic plate considered here and therefore not 
indicated in Fig. 1, some other forces may be rele-



vant, like drag beneath the continents and the 
forces associated with continental collision (see 
Cloetingh & Wortel 1985, 1986). 

Age-dependent subduction 

Information for this section is drawn from a global 
study of the subduction process (see Wortel 1980, 
1982) which included all subduction zones for 
which adequate data on slab geometry (length, dip 
and maximum depth of the seismic zone), relevant 
plate kinematics and age of the downgoing slab 
were available. 

For the subduction process the significant age of 
downgoing lithosphere is the age at the time it 
arrived at the trench and started to descend, since 
this equals the length of the period during which it 
has been cooling after formation at a spreading 
centre. 

Fig. 2 shows the resorption times of the 
lithospheric slabs in the various subduction zones 
as a function of age. The resorption time trcs is 
defined as the downdip length of the seismic zone 
(S,z, measured from the surface to the depth of the 
deepest earthquake foci) divided by the con­
vergence rate normal to the plate contact (vc). The 
graph shows a strong increase in resorption time 
with the age of the downgoing lithosphere. This 
can be approximated by a linear relationship for 
the resorption time: 

tres = (0.12 ± 0.03) . age (1) 

Thus, the downdip length of the seismic zone is 
given by 

Ssz = (0.12 ± 0.03) ·Ve· age (2) 

Note that the maximum observed resorption time 
is 15Ma. 

Thermal model calculations have been carried 
out (Wortel 1980, 1982) on the basis of McKenzie's 
(1969) model in which a slab is assumed to sink 
through a mantle with an adiabatic temperature 
gradient. The adiabatic temperature distribution in 
the upper mantle below the lithosphere corre­
sponds to a constant potential temperature T~ here 
taken as 1200° C. Potential temperature may be 
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Fig. 2. Resorption times of subducted oceanic lithosphere as a 

function of lithospheric age. T he symbols indicate the resorp­

tion times for the following zones: I , Kuriles ; 2 , N. Honshu; 3, 

Izu-Bonin; 4. Ryukyus; 5, Sumatra ; 6, Java ; 7, Tonga (20° S); 8, 
Tonga (24° S) ; 9, Kcrmadec (28° S); 10 and 11 , New Zealand; 12, 

Chile (36--42° 5); 13, Chile (27- 33°5); 14, Chile (18-26°5); 15, 
North-central Peru; 16, Central America 87° W) ; 17 , Centra l 

America (90° W) ; 18, A laska (150° W); 19, Aleutians (180° W). 

Bars on only one side of the symbols indicate temporal va ria­

tions in age : the symbols arc p lotted at the estimated age at 

which the deepest part of the seismic zone (of the subducted 
slab) started to descend. T he other end of the bar indicates the 

present age of the lithosphe re at the trench. Two-sided bars are 
used for some zones in which the age of the descending 
lithosphere may vary be tween 100 and 140 Ma . The two curves 

indicate the resorption time (that is , the maximum downdip 

penetration divided by the convergence rate) of two isotherms 

of potential temperature . 

regarded as the real temperature minus the effect 
of adiabatic compression and the contribution of 
latent heat from phase changes (McKenzie 1970). 
In Fig. 2 the values of x~/v0 where x~, is the 
maximum downdip penetration of an isotherm of 
potential temperature, are plotted for the 600° C 
and 750° C isotherms. It follows that the downdip 
ends of seismic zones in subducted slabs are charac­
terized by minimum potential temperatures be­
tween 600° C and 750° C. 

Fig. 3 displays the maximum focal depths of 
earthquakes in subducted slabs as a function of 
lithospheric age. This relation has been established 
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Fig. 3. Maximum focal depth of earthquakes in subduction 
zones as a function of the age of the subducted lithosphere. 
Symbols and numbers are the same as in Fig. 2, with the addition 

of 20, Cascades; 21, Chile (42- 46° S); 22, Mexico (102° W); 23, 

Marianas (these zones could not be included in Fig. 2 owing to 
great uncertainties in v, and in down-dip le ngth of the seismic 

zone) . T he penetration depths of the 600°C and the 750°C 
isotherms of potential temperature are plotted for a vertical 
velocity v, = 2.5 cm/yr. 

by Vlaar & Wortel (1976) . Only subduction zones 
in which lithosphere older than 70--100 Ma is con­
sumed exhibit deep focus earthquakes. The depth­
age relations for the 600° C and the 700° C iso­
therms were calculated for an average sinking rate 
vz of 2.S cm/yr. All data points in Fig. 2, with the 
exception of point 16, are bounded by the two 
isotherms. In Fig. 3 this is only the case for ages 
below 70 Ma. This means that the sinking rate v2 = 

2.S cm/yr is appropriate for these ages but clearly 
too low for ages above 70--100 Ma. For lithosphere 
of these ages the sinking rate appears to be be­
tween 4 and 6 cm/yr. 

Compensation of the slab pull: partial or complete? 

To answer the above question we consider the 
dependence of the slab pull on the various perti­
nent parameters. 

The slab pull Fsp is the downdip component of 
the gravitational body force acting on the dense 
subducted slab. Per unit of length in the direction 

of the trench this can be expressed as: 

r L f S" F,11 = g sincp Jo 0 6.g dxdz (3) 

Here , g is the gravitational acceleration, cp the dip 
and L the thickness of the downgoing slab, and 6. Q 

the density contrast between slab and surrounding 
mantle. The x- and z- directions are downdip and 
vertical to the upper (dipping) interface between 
the slab and the upper mantle, respectively. The 
downdip integration is limited to the end of the 
seismic zone (S,,), which is reasonable in view of 
the drastic change in constitution (rheology) and 
subsequent deformation beyond this point (see 
Wortel 1986). Using McKenzie's (1969) thermal 
model we find 

The parameters a, Qm, Tm and x are the coefficient 
of thermal expansion, the density and the tempera­
ture of the asthenosphere , and the thermal dif­
fusivity of the asthenosphere/lithosphere. For the 
present purpose, all these parameters may be taken 
to be constant. The thickness L of the lithosphere 
increases with age t according to a square-root­
of-age relation, at least for t<70 Ma (see Wortel 
1980 for a review). Using this age-dependence of L , 
the relation (2) and x = 0.9 x 10- 6 m2s- 1 we obtain 

[l ( :n;2xS,z)] - 0 29 -exp -vL2 - . 
c 

Thus, the factor between brackets in ( 4) does de­
pend neither on vc nor on the age of the 
lithosphere. Putting vcsincp = v2 , it is found that 

(Sa) 

Taking into account the above-mentioned age-de­
pendence of L gives 

(Sb) 

where c,P is a constant. 
The resistive (viscous shearing) stress osr along 

the slab/upper-mantle interface is taken to be pro­
portional to the relative velocity of the slab and the 
upper mantle. Integrated along the downdip extent 
(S,,) of the slab, this yields (again per unit width): 



(6a) 

and, with (2): 

F,, = c,, v; t (6b) 

where C5, is a constant of proportionality 
Combining the forces on the slab , all per unit 

width in the direction of the strike of the trench, we 
obtain the net force in the trench region exerted by 
the slab on the horizontal part of the plate. This net 
force , designated by F"" acts on the cross section of 
the plate indicated by the dashed line in Fig. 1. 
Positive values of Fll1 - and of the other forces -
correspond with forces directed from the ocean 
towards the trench. Hence, negative values corre­
spond with resistance to continuing subduction. 
Thus, the net force is 

(7a) 

or 

F"1 = c,P vz t312 - (Feb + Fpc + c,, v~ t) (7b) 

It should be noted that vz can vary with the age of 
the lithosphere (according to the relation discussed 
for Fig. 3), whereas vc can not. ve depends on the 
dynamics of the two converging plates: it cannot 
simply adjust to the age of the downgoing slab at a 
certain segment of the trench. 

So far, I have taken the compositional buoyancy 
force Feb and the shear resistance at the plate con­
tact Fpc to be independent of age. For the former 
force this is a sound assumption because the density 
variations due to composition are not likely to vary 
significantly with time and age (see Oxburgh & 
Parmentier 1977 and England & Wortel 1980). As 
to the latter force, there is strong evidence from 
seismological studies that the coupling between the 
downgoing plate and the overriding plate decreases 
with the age of the slab (Ruff & Kanamori 1980). 
This would imply a decrease in Fpc with age . From 
(7b), and in particular from the difference in the 
age-dependences of the driving and the resistive 
forces, it follows that the net force is clearly a 
function of the age of the downgoing lithosphere. 
Starting from a value smaller (in magnitude) than 
the resistive forces, the driving force grows faster 
with age than the resistive forces do. The probable 
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decrease of Fpc with age even strengthens this 
trend. Thus, qualitatively, Fll1 is negative for young 
lithosphere (over-compensation, implying resis­
tance to continuing subduction) and positive for 
old lithosphere (partial compensation). The transi­
tion between negative and positive Fll1 takes place 
at an age of about 40 Ma. This relationship can be 
quantified further by using the results of England & 
Wortel (1980). 

The relation between F"1 and lithospheric age 
should not be interpreted as being contradictory to 
the result obtained by Cloetingh (1982). His result , 
implying that initiation of subduction is to be ex­
pected in young lithosphere rather than in old 
lithosphere , refers to the state of stress required to 
cause failure along a passive continental margin. It 
does not imply that young lithosphere is subducted 
more easily than old lithosphere. 

The account given above serves to bring out 
some basic acpects of the dynamics of subduction . 
A more detailed discussion, however, is beyond 
the scope of the present paper. Instead I will now 
present the results of some investigations which 
clearly and quantitatively demonstrate the signifi­
cance of age-dependent forces. In conclusion , on 
the basis of the analysis of the slab pull force and 
the forces counteracting the slab pull it appears that 
complete compensation should be considered as an 
exceptional situation rather than a common one. 

Implications of the slab pull being uncompensated 

Stress field in the lithosphere: general aspects 

The plate tectonic forces considered above contrib­
ute to the state of stress in the lithosphere. In fact, 
their contribution generally outweighs those of 
other origins, such as thermal stresses and mem­
brane stresses (see Cloetingh 1982 for a review). 
An exception to this are bending stresses in the 
lithosphere, for example near trenches along con­
vergent plate boundaries (see below). 

If F were exactly balanced by resistive forces sp 

one could infer the stress in the oceanic lithosphere 
from a cross section such as shown in Fig. 1. Along 
these lines, and using their main conclusion - an 
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almost complete compensation of the slab pull Fsp 
by the viscous shearing force Fsr (see Fig. 1) -
Forsyth & Uyeda (1975) predicted that the horizon­
tal part of oceanic plates would be in a state of weak 
compressive stress because the ridge push F,P is 
counteracted by the sum of the drag force Fctr and 
the resistance at the plate contact Fpc· 

As Chapple & Tullis (1977) realized, the net 
subduction force (here denoted by F nt) exerted on a 
plate from a long convergent plate boundary may 
give rise to intraplate stresses of considerable mag­
nitude. On the basis of the force modelling dis­
cussed in the previous chapter I will now illustrate 
the importance of the slab pull for the intraplate 
stress field by discussing results of numerical mod­
els for the Nazca (and the Farallon) plate and the 
Inda-Australian plate, obtained by Wortel & 
Cloetingh (1981, 1983, 1985) and Cloetingh & Wor­
tel (1985, in press). 

With a rheological model for the lithosphere the 
stress field in the lithosphere associated with the 
plate tectonic forces can be calculated numerically. 
This field, which is called regional stress field, re­
presents the non-lithostatic state of stress in the 
lithosphere. Because the stress values are to be 
compared with the strength distribution in the 
lithosphere - which is expressed in terms of dif­
ferential stress - the lithostatic part of the stress 
field (depth-dependent pressure) can be omitted. 

To ensure mechanical equilibrium, the net tor­
que exerted by the forces on a plate is required to 
vanish : 

(8) 

where the sum is over the total set of N forces and 
the integration over the boundaries or the area of 
the plate P, depending on the nature of the force 
involved (boundary force or surface force). 

On the basis of their established age-dependence 
the driving forces F,P and Fsp can be calculated. 
Several unknown parameters associated with the 
resistive forces can be determined from eq . (8) (see 
Wortel & Cloetingh 1981, 1983 and Cloetingh & 
W ortel 1985, in press). 

The plates are modelled as being elastic, with a 

reference thickness of lOOkm, Young's modulus 
E = 7 x 1010 Nm-2 and Poisson's ratio v = 0.25. 
From model results for this rheology the stresses in 
a plate with a more complex rheology (see Goetze 
& Evans 1979) can simply be derived. 

Fragmentation of plates 

Studies of marine magnetic anomalies have clearly 
shown that lithospheric plates can break up into 
two or more plates that move in divergent direc­
tions, thus giving rise to the formation of new 
srn~::irling ('f'.ntrP:s A Wf'.11-rlnr.nmP:ntP:rl f':X::lmplP: nf 

such a process is the fragmentation of the Farallon 
plate (the ancestor of the present-day Cocos plate 
and Nazca plate, see Fig. 5) which took place ap­
proximately 25-30 Ma ago (Hey 1977). 

Using finite element methods and a reconstruc­
tion of regional plate boundaries Wortel & 
Cloetingh (1981, 1983) investigated the state of 
stress in the Farallon plate as it was approximately 
25-30 Ma ago, to see whether the stress field pro­
vided a clue towards understanding the fragmenta­
tion. On the basis of a reconstructed age pattern in 
the Farallon plate, the established age-dependence 
of the driving forces F,P and Fsp' and with the use of 
Eq . (8), the forces acting on the plate could be 
modelled. The intersections of the Pacific-Farallon 
spreading centre - the ancestor of the present East 
Pacific Rise - with the trench system (along the 
coast of present-day Mexico, Central and South 
America, see Fig. 5) imply variations in the age of 
the lithosphere at the trench. These variations lead 
to lateral variations along the trench in the net 
force Fn1 associated with the subducting slab: nega­
tive values for Fn, (resistance) near the trench-ridge 
intersections (Baja California, Mexico and South­
ern Chile), and positive values for Fn1 (driving 
force) in the central parts of the trench system. The 
basic features of this situation are represented in 
Fig. 4. Such lateral variations cause a sort of 
in-plane (horizontal) bending process in the plate . 

The resulting stress field in the Farallon plate is 
shown in Fig. 5. It appears to be dominated by high 
tensional stresses, roughly parallel to the trench 
axis. Wortel & Cloetingh (1981, 1983) proposed 
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Fig. 4. Schematic diagram of a convergent plate boundary. F,,, 
represents the net force exerted by the downgoing slab on the 
attached oceanic plate. The direction of the force F,,, in the 
central part of the trench corresponds with a net force pulling 
the plate towards the trench. Differences in age of the sub­
ducted lithosphere, caused for example by a ridge configuration 
as shown, result in lateral variations in F,,, along the trench. The 
force distribution along the trench systems of the Farallon plate 
and the present-day Nazca plate ressembles the situation shown 
in this figure. 

that the approximately North-South directed ten­
sional stresses near present-day Panama and 
Colombia, resulting from lateral variations in 
F01At, have caused the fragmentation of the 
Farallon plate. 

From the stress field in Fig. 5 no particular pref­
erence can be inferred for failure in the north­
ernmost stippled region . Everywhere along the 
central part of the trench system high stresses pre­
vail. If failure occurs in one part of the plate, 
however, the state of stress in the plate is relaxed, 
and the two new parts may change their rate and 
direction of motion. Their motion is no longer 
determined by the forces acting on all of the origi­
nal plate but only by those acting on each of the 
smaller plates separately. The young lithosphere 
near the trench off northwest Mexico and southern 
Chile will cause the Cocos and Nazca plates to 
pivot around the intersections of the ridge and the 
trench. In this respect the postulated break-up re­
gion near present-day Panama and Colombia may 
have had some preference over other regions, be­
cause the new direction of the Cocos plate could 
easily be accommodated in the Central American 
trench system. 

Wortel & Cloetingh (1983, 1985) also applied 
their modelling procedure to the present Nazca 
plate. In this case , again, the distribution of F01 

along the trench ressembles the schematic config-
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Fig. 5. The calculated stress field in the Farallon plate under the 
reconstructed conditions of 25- 30 Ma ago, prior to the break-up 
into the Cocos plate and the Nacza plate. The stress values are 
displayed for a uniform elastic plate with a reference thickness 
of 100 km. Net slab forces pulling the plate towards the trench 
(F,,,>0) are indicated by arrows . In the trench segments without 
arrows resistive forces act on the Farallon plate (F,,.<0). Three 
zones exhibiting tensional phenomena are indicated. The north­
ernmost one, near Panama, developed into the Cocos-Nazca 
spreading centre (Galapagos Rift). 

uration of Fig. 4: positive values of F,11 in the central 
part of the trench system (between latitudes of 
about 17° S and 27° S) and negative values in the 
southern and northern parts of the trench system. 
The corresponding stress field in the Nazca plate is 
presented in Fig. 6: tensional stresses parallel to the 
trench can again be recognized, although the mag­
nitudes are smaller than those of the Farallon plate. 

Very strong support for the stress modelling pro­
cedure and our fragmentation hypothesis formul­
ated for the Farallon plate is provided by Warsi et 
al. (1983). In their marine geophysical studies of 
the Nazca plate off Peru these authors discovered 
that the Mendaiia Fracture zone, oriented perpen-
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dicularly to the Peruvian trench (see dashed line in 
Fig. 6), is in an incipient stage of spreading, very 
much along the lines we suggested for the origin of 
the Cocos-Nazca spreading centre (Wortel & 
Cloetingh 1981, 1983). 

In conclusion, lateral variations in the age of the 
descending lithosphere, and hence variations in 
F11" may be the source of significant tensional 
stresses in the plate to which the slab is attached. 
They constitute a possible cause for fragmentation 
of plates, in general, and of the Farallon plate, in 
particular. 

Accretion and subduction of sediments 

The process of sediment accretion at trenches has 
been recognized to contribute strongly to the evo­
lution of island arcs and continents. Excellent re­
views and compilations of recent work in many 
different regions , both offshore and onshore, are 
given in Leggett (1982) and Watkins & Drake 
(1983) . A puzzling feature of observational results 
obtained sofar is the extremely wide variety of 
structures and tectonic processes encountered in 
the trench regions. Wortel & Cloetingh (1985) ad­
dressed this problem by considering a prominent 
example of a non-uniform arc or trench system, the 
Peru-Chile Trench. Schweller et al. (1981) have 
established that this trench exhibits significant lat­
eral variations, implying sediment accretion in the 
latitude ranges 6°-19.5° S (Peru) and 27°-45° S 
(Central-South Chile) and sediment subduction in 
the range 19.5°- 27°S (North Chile). 

Schweller et al. (1981) also noted a distinct cor­
relation between graben development on the sea­
ward trench slope and the fate of the sediments in 
the trench region (see Fig. 7). This led them (fol­
lowing Hilde & Sharman 1978, see also Hilde 1983), 
to postulate the following mechanism; If the gra­
bens are well-developed, the trench sediments can 
be trapped in them to then be carried down into the 
subduction zone along with the descending plate. If 
the grabens are absent (or shallow) the sediments 
are not (all) carried down but accrete onto the 
continent or island arc. Thus, the controlling factor 
would be the ratio of (or difference between) the 
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Fig. 6. Regional stress field in the Nazca plate. The solid line 

ind icates the boundaries of the Nazca plate. The (stress) scnlc is 
indicated in the uppe r right-ha nd corner. The stress values arc 

displayed for a uni form elastic plate with a thickness of 100 km . 

The dashed line indicates the position of the Mendana Fracture 

Zone. Afte r Wortel & Cloetingh (1985) . 

transport volume of the grabens and the sediment 
supply, both per unit of time or rather averaged 
over a certain period of time. 

Using finite element methods Wortel & 
Cloetingh (1985) investigated the physical back­
ground of the graben formation, that is the stress 
distribution in the down bending Nazca plate . This 
stress distribution is dominated by the stresses as­
sociated with the bending of the plate and by the 
regional stress field (see Fig. 6) . 

To bring out the regional stress situation (Fig. 6) 
along the Peru-Chile Trench more clearly two 
stress components of the regional field are graphed 
in Fig. 8 for the near-trench region of the Nazca 
plate: Gi_ is the normal stress component in the 
direction normal to the trench (as a normal compo­
nent it acts on a vertical plane parallel to the trench 
axis); a11 is a normal stress component in the direc­
tion parallel to the trench axis , acting on a vertical 
plane perpendicular to the trench axis . The Gi_ and 
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Fig. 7. Schematic cross sections of a trench region at a con­
vergent plate boundary (afte r Hilde & Shannan 1978 and Sch­
weller et a l. 1981). T he upper (a) and lower (b) parts of the figure 
illustrate the effect of regional compression and tension, respec­
tive ly, on the format ion of grabens on the seaward trench slope. 

0 11-curves are shown for three models A, Band C, 
which differ somewhat (but all satisfy the con­
straint expressed in Equation 8, see Wortel & 
Cloetingh 1985 for details) in the distribution of the 
resistive forces acting on the plate . All three mod­
els exhibit the same interesting feature (for o 1-: 
compression normal to the trench off Peru, tension 
normal to the trench off North Chile and again 
compression along the southern part of the trench 
system. Such lateral changes are a direct conse­
quence of the variations in the net subduction force 
F"' along the trench. 

The right-hand side of Fig. 8 gives the division of 
the Peru-Chile Trench according to Schweller et al. 
(1981), based on the shallow structure of the trench 
axis and the seaward trench slope: in provinces 1,2 
and 4,5 - where grabens are absent or poorly de­
veloped - accretion occurs, whereas in province 3, 
with deep grabens, sediments are subducted, with-
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out any significant amount of accretion. Note that 
the latitude range with tension normal to the trench 
(positive o.J coincides remarkably well with the 
extent of province 3, where the formation of gra­
bens is most prominent. For all stress values in Fig. 
8 (as well as in Figs 5 and 6) it should be kept in 
mind that they are displayed for a uniform elastic 
plate with a reference thickness of 100 km 

Along the Peru-Chile Trench neither the curva­
ture nor the age of the (bending) Nazca plate is 
constant. The age variations are adequately cov­
ered by considering three cross sections with 
oceanic lithosphere of 15Ma (minimum age) , 40 
Ma and 70 Ma old (maximum age). In Fig. 8 (and in 
the inset in Fig. 9) the sites where these ages are 
encountered are indicated. In calculating the re­
gional stress field (Figs 6 and 8) we were essentially 
interested in the stress integrated over the plate's 
thickness. For this a uniform elastic plate model is 
adequate. If one is interested in the stress variation 
with depth, however, as in the case of bending, a 
depth-dependent rheology must be incorporated . 
Therefore, a depth- and temperature-dependent 
rheology (after Goetze & Evans 1979) was imple­
mented in the models. The variations in curvature 
of the plate are taken from Schweller et al. (1981). 
Fig. 9 shows the strength distribution and the stress 
distribution with depth for lithosphere of the three 
selected ages. Two parameters of the stress dis­
tributions (see Fig. 9) are of particular interest to 
the formation of grabens: the depth of the neutral 
plane (DNr, i.e. the depth at which the stress is 
zero; this is the maximum depth down to which the 
stress is tensional) and the depth down to which 
brittle failure takes place (D8F) , that is the max­
imum depth at which the stress equals the brittle 
strength in the upper part of the plate. For com­
parison the stress distribution in plates with the 
same curvature, but without regional stress field, 
are also graphed in Fig. 9. 

As the 15 Ma cross section represents only a 
small part of the entire trench, the differences be­
tween the 70 Ma and the 40 Ma cross sections are 
most relevant. It appears that the regional stress 
field strongly amplifies the relatively small differ­
ences in D8 F due to variation in curvature and (age­
dependent) thermo-mechanical structure of the 
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Fig. 8. o i_- and ~1 -values for the region near the eastern bound­

ary of the Nazca plate along the Peru-Chile trench. Positive 

values indicate tension, negative values compression. o l is the 

normal stress component acting in the direction perpendicular 

to the trench axis on a vertical plane parallel to the trench axis. ~I 

is the normal stress acting in the direction paralle l to the trench 

axis on a vertical plane perpendicular to the trench axis. Values 

are given for a uniform e lastic plate with a reference thick ness of 

IUOkm. The curves A, Band Care labelled according to the 

force model used in the calculation. Model A is the preferred 

down bending plate: D8 F is 20 km and 15 km for the 
70 Ma and 40 Ma sections without regional stress 
field, respectively, and 26 km and 12 km for the 
same sections with regional stress field. It is of 
course due to the change of sign in o.l. (see Fig. 8) 
that the role of the regional field is so pronounced. 
Regional tension, superimposed on the tensional 
bending stresses in the upper part of the plate, 
promotes the formation of grabens. Regional com­
pression has the opposite effect. 

A (similar) analysis of the Indonesian subduc­
tion zone, based on the regional stress field calcu­
lated by Cloetingh & Wortel (1985 , 1986), is in 
progress. Fig. 10 (bottom part) shows the stress 

(]11 (BARS) 

0 400 800 

70Ma 200 S 

30° s 

c 
H 
I 
L 
E 40° s 

50° s 

model. 0 11 is of interest to the possible fragmentation of the 

Nazca plate, along fracture zones oriented roughly perpen­

dicula rly to the trench axis (see Warsi et a l. 1983). The right­

hand side of the figure shows the divisio n of the Peru-Chile 

trench into five provinces, as made by Schweller et a l. (1981) . 
The thick black line sche matically indicates the trench ax is. 

Exte nsional faulting and formation of grabens (on the seaward 

trench slope) are most prominent in province 3. After Wortel & 
Cloetingh (1985). 

normal to the trench axis ( o J for segments of the 
Indonesian zone. The top part of the figure, after 
Hilde (1983) , indicates that grabens are well de­
veloped in the Java part of the trench system, 
whereas they are 'not obvious' in the Sumatra part 
of the system. Again there is a close correspon­
dence between the extent to which grabens are 
developed and the regional stress field, similar to 
the Peru-Chile Trench (see also Fig. 7). 

It follows that the regional stress field plays an 
important role in controlling the topography of the 
seaward trench slope and , via the sediment trap­
ping mechanism (Fig. 7), the process of sediment 
accretion onto the continental margin. Taking into 
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Fig. 9. Strength distributions and stress distributions in cross 

sections through lithosphere of70 Ma (top), 40 Ma (middle) and 

15 Ma (bottom), respectively. Sign convention: positive va lues 

indicate tension, negative values compression. Stress and also 
strength refer to differentia l stress. Solid outer lines indicate the 

strength e nvelopes . Where the stress is less than the strength the 

dots represent the calculated stress values. T he stress distribu­
tions with shad ing are appropriate for the conditions along the 

Peru-Chile Trench. The regional stress field is taken from Fig. 8 

(ol, mode l A). In addition , the stress distributions for the same 

sectio ns, but without regio nal stress are graphed for compari­

son. The inset shows where li thosphere of the se lected ages is 

encountered along the Peru-Chile Trench. DBr is the maximum 
depth down to which brittle fa ilure takes place. In the figure this 
parameter is only indicated for bending o f70 Ma old lithosphere 

without regional stress fi eld . 

account the role of the regional lithospheric stress 
field in graben formation not only explains first­
order latitudinal changes in accretion and subduc­
tion of sediments in the Peru-Chile Trench, it is 
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Fig. 10. Top: Lateral variations in graben development in the 

seaward trench slope of the Inda-Australian plate subducting in 

the Indonesian trench system. Symbols IBJ and [l denote well­
developed grabens in subducting plate and areas where graben 
development is not obvious (after Hilde 1983) . Bottom : Late ral 

variation of o L the stress compone nt normal to the tre nch axis. 

Sign convention: tension positive , compression negative. 

also expected to contribute to understanding simi­
lar variations observed in other subduction zones. 

Temporal variations in subduction dynamics with 
implications for vertical tectonics of active conti­
nental margins 

In the two previous sections on fragmentation and 
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CONVERGENCE 

COLLISION 

Fig. fl. Schematic diagram of two convergent plates (top), with 

oceanic lithosphere being consumed. Collision (bottom) gives 
rise to a ' land-locked' basin. No convergence takes place and the 
fate of the trapped oceanic lithosphere is controlled by its grav­

itational instability. 

accretion the emphasis was on spatial variations in 
the subduction related forces (as in Fig. 4). 
Through the stress field these spatial variations 
induce spatial variations in tectonic processes, such 
as accretion. It should be noted, however , that the 
forces associated with subduction may not only 
vary spatially but also in time. Underlying causes 
are changes in plate geometry and changes in the 
age of the lithosphere at convergent plate bound­
aries (see Wortel & Vlaar 1978 and Wortel 1984 for 
such changes in the South American subduction 
zone). The latter changes affect the geometry of 
the downgoing slab (see Figs. 2 and 3) and the most 
important driving forces , namely the ridge push 
and the slab pull. 

Another example of significant temporal 
changes in subduction dynamics is encountered at 
sites where plates collide (see Fig. 11). The resistive 
forces acting on a subducting slab mainly arise from 
frictional or shearing processes. They counteract 
the downdip component Fsp of the gravitational 

LITHOSPHERE 

ASTHENOSPHERE 

Fgr 

Fig. 12. Cross section along line A'B'C' in Fig. JI. When con­

vergence comes to an end, the velocity-dependent resistive 

forces F1" and F,, are reduced or vanish. Thus, the gravitational 
force on the slab effectively increases. This causes a change in 

shape of the bulge of the downbending lithosphere. 

force Fg, acting on the slab (see Fig. 12). If the 
relative convergent motion of two plates comes to 
an end, for example in a situation depicted in Fig. 
11, the resistive forces strongly decrease in magni­
tude or even vanish. Thus, upon cessation of plate 
convergence the gravitational force acting on a 
dipping slab effectively increases in magnitude. 

In a discussion of the dynamics of 'land-locked' 
oceanic basins, such as shown schematically in Fig. 
11, Le Pichon & Angelier (1981) and Le Pichon & 
Alvarez (1984) emphasized the importance of roll­
back, that is the vertical motion of the subducted 
slab under the action of gravitational forces (com­
ponent Fnm), leading to an oceanward migration of 
the trench (to the left in Fig. 12). Le Pichon and 
co-workers focused on the back-arc region or the 
overriding continental plate (between B' and C' in 
Figs 11 and 12). In this region roll-back induces 
extension, and hence subsidence. 

Here I want to draw attention to implications of 
the new dynamic situations for the region near the 
plate contact (B' in Figs 11 and 12) and the area 
seaward of the trench (A' -B' in Figs 11 and 12). Of 
interest here is that the flexure of the oceanic 
lithosphere not only migrates away from the for­
mer overriding plate but , in addition, changes in 
shape. The effective increase in gravitational force 



acting on the slab induces an increase in curvature 
of the plate, thereby producing a higher 'bulge', 
seaward of the trench. Numerical calculations 
(Wortel & Cloetingh, in prep.) show that, depend­
ing on the age of the trapped oceanic lithosphere, 
vertical movements may be induced over distances 
of 100-200 km from the trench (between A' and B', 
Figs 11and12). Near the plate contact this may have 
serious tectonic effects (vertical motion, tilting), 
whereas farther away from the plate contact the 
magnitude may still be relevant in the context of 
sea level fluctuations (see also Cloetingh 1986). 

Of special interest in this specific situation are 
the timescales involved . The vertical motion in­
duced upon.collision is controlled by the timescale 
of the collision process. The decay of the induced 
motion, however , is determined by the processes 
which govern the evolution of the subducted slab 
after termination of subduction. Primarily these 
processes are of thermal origin, which implies a 
timescale in the order of 10 Ma or several tens of 
million years. This is likely to be longer (but not 
necessarily so) than the timescale of the process 
which caused the cessation of subduction. 

Conclusions 

A local balance between slab pull force and resis­
tive forces acting on a subducted slab is not a 
standard feature of the dynamics of the 
lithosphere. Generally, the slab pull force is either 
partially compensated or over-compensated . Par­
tial or over-compensation of the slab pull force 
implies a net force transmitted from the subducted 
slab to the lithospheric plate to which the slab is 
attached. This net force, and in particular the way 
it varies along the convergent plate boundary, 
strongly affects the regional stress field in the 
lithosphere. This spatially varying stress field is 
subject to temporal variations, through the depen­
dence of the main plate tectonic (driving) forces on 
the age of the lithosphere near the trench. Taking 
account of the slab pull being compensated and of 
the effect of this on the lithospheric stress field 
sheds light on several , hitherto unexplained spatial 
and temporal variations in tectonic processes (plate 
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fragmentation, accretion and subduction of sedi­
ments, vertical tectonics of active continental mar­
gins). 
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