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FINITE ELEMENT MODELS OF PASSIVE CONTINENTAL MARGINS WITH 
IMPLICATIONS FOR THE INITIATION OF SUBDUCTION ZONES' 

SIERD CLOETINGH2 & RINUS WORTEL2 

ABSTRACT 

Cloetingh, S. & R. Wortel 1982 Finite element models of passive continental margins with 
implications for the initiation of subduction zones - Geol. Mijnbouw 61: 281-292. 

Passive continental margins are in general characterized by the lateral contrast between oceanic and 
continental lithosphere and by the presence of thick sedimentary deposits which cause flexure and 
stressing of the lithosphere . Passive margins therefore, are potential sites for plate rupture and 
initiation of subduction. 

To investigate the evolution of passive margins, we have constructed finite element models , in 
which we have incorporated a complex system of forces , depth-dependent rheological properties and 
lateral variations across the margin. Sediment loading generates differential stresses of several 
kilobars and dominates the state of stress at passive margins. Stresses of this order of magnitude may 
cause failure of the lithosphere and initiation of subduction . We have found that the aging of passive 
margins alone does not make them more susceptible to initiation of subduction. 

However, extensive sediment loading on young lithosphere might be an effective mechanism for 
closure of small oceanic basins. This phenomenon plays an important role in the process of mountain 
building. 

INTRODUCTION 

The initiation of subduction is a key element in plate tectonic 
schemes for the evolution of the lithosphere. Nevertheless , up 
till the present time we have not understood very well the 
underlying mechanisms (e.g. DICKINSON & SEELY, 1979). 
Progress on this topic, recognized as an outstanding problem 
in earth sciences (KANAMORI, 1980) , has lagged far behind 
advances made in the last few years in the analysis of other 
dynamical aspects of plate tectonics. The research presented 
here (see also CLOETINGH ET AL. , 1981; 1982a, b) forms part of 
a systematic study of initiation of subduction. 

Vlaar and Wortel (VLAAR, 1975; VLAAR & WORTEL, 1976; 
WORTEL, 1980) have shown that the age of the oceanic 
lithosphere (which controls its thermal and mechanical struc­
ture) is a fundamental parameter in the dynamics of plate 
motions. It was therefore decided to investigate whether age 
dependence of litho~pheric properties might provide a clue to 
better understand the mechanism of initiation of subduction 
(CLOETINGH ET AL., 1981) . 
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The lithosphere has considerable strength (KIRBY, 1980) and 
is capable of supporting differential stresses of the order of 
several kilo bars on geological timescales (w A rrs ET AL. , 1980). 
Therefore , our study deals basically with an assessment of the 
possibilities for rupture of the lithosphere . In general, 
tectonic forces acting on the lithosphere (FORSYTH & UYEDA , 

1975) do not generate stresses of several kilobars. Thus, 
special circumstances with a local concentration of forces , in 
an optimal combination with a suitable rheological structure, 
are required to induce lithospheric failure. It is therefore 
plausible that initiation of subduction takes place preferen­
tially at pre-existing weakness zones or in regions where the 
lithosphere is stressed by forces arising from mechanisms not 
associa1ed with these tectonic forces. Passive continental 
margins are characterized by a lateral contrast between 
oceanic and continental lithosphere and are commonly the 
sites of thick sedimentary deposits (WATKINS & DRAKE , 1982) 
which cause considerable flexure and stressing of the litho­
sphere. Reconstructions of sedimentary sequences incorpo­
rated in orogenic belts (srnNELEY, 1969) yield estimates for 
maximum thicknesses comparable with those encountered at 
passive margins. These observations together with geological 
arguments put forward by others (DIETZ, 1963; DEWEY, 1969; 
SPEED & SLEEP, in prep.) make passive margins obvious 
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potential sites for initiation of subduction. For a proper 
assessment, however, a model study is essential. Model 
studies of the evolution of passive margins are of increasing 
importance for the evaluation of their petroleum potential 
(EMERY, 1980; WATKINS & DRAKE, 1982). 

The state of stress at passive continental margins is a 
complicated subject as it is determined by local geometrical 
and rheological properties and by the system of forces acting 
on the lithosphere . The forces are the push exerted by the 
adjacent oceanic ridge (HALES, 1969), the negative buoyancy 
associated with the cooling of the oceanic lithosphere when it 
moves away from the spreading centre (vLAAR & WORTEL, 
1976) and sediment loading at the margin (see further Fig. 3). 
Moreover, these properties and forces vary across the margin, 
making an analytical treatment inadequate. These consider­
ations, in particular the possible implications of age-depen­
dent properties of oceanic lithosphere, have not been taken 
into account in earlier work dealing with the state of stress at 
passive margins (WALCOTT, 1972; BOTT & DEAN, 1972; TUR­
COTTE ET AL., 1977). Finite element analysis provides a 
powerful tool to incorporate variable lithospheric properties 
and forces into passive margin models. 

The present work is an example of an application of the 
finite element method on a level sufficiently advanced to cope 
with the complexity of geodynamic problems. The appendix 
to the article contains a short description of features of the 
finite element method pertinent to research in Geodynam­
ics. 

In our previous model studies ( CLOETINGH ET AL., 1981; 
1982a) we have shown that sediment loading dominates the 
state of stress at passive margins. In that work we have 
demonstrated that, owing to the continuing accumulation of 
sediments at · passive margins, the stress level induced 
increases with the age of the margin. An important new 
feature following from more detailed rheological considera­
tions to be discussed here, and implemented in the models, is 
that the strength of the lithosphere increases with age as 
well. 

The results of our analysis provide insight into the con­
ditions that govern the transition from passive margins into 
active margins. This applies in particular in the context of 
opening and closing of small oceanic basins. 

ST ATE OF STRESS AT PASSIVE MARGINS 

Sediment loading models 

The sediment loading capacity of oceanic lithosphere 
increases with age, through its continued cooling and densi­
fication (which controls the subsidence of the ocean floor 
(PARSONS & SCLATER, 1977)). One might therefore expect a 
coupling of the thickness of the sedimentary sequence 
deposited at a passive margin with the age-dependent subsi­
dence of the underlying lithosphere (TURCOTTE & AHERN, 

197.7). As a model for sedimentary loading we adopt two 
adjacent triangular sediment wedges at the continental shelf 
and the continental rise. As our reference we assume that the 
maximum thickness of the wedges corresponds with the 
thickness that can be expected if the sedimentation has been 
keeping up with the subsidence of a boundary layer model of 
the cooling oceanic lithosphere (TURCOTTE & AHERN, 1977; 
WORTEL, 1980) . This implies that the maximum thickness of 
the sedimentary wedge will gradually increase and reach a 
maximum of9.4km at 200 m.y. (see Fig. 1), following roughly 
a square-root-of-age relation. In Fig. 1 we have plotted 
observational data on post-rift sedimentary thicknesess. From 
an inspection of Fig. 1 it follows that the reference model 
constitutes a fair average of the sediment loading histories and 
resulting thicknesses observed at passive margins. 

The huge sediment accumulations found at deltas however, 
clearly exceed the thicknesses depicted by the reference 
model. Therefore, we adopt a second model of sedimenta­
tion, the full load model, in which the entire loading capacity 
of the oceanic lithosphere is taken up by sediments. In this 
model the maximum thickness of the sedimentary wedges 
reaches 16 km at 200 m.y. (see Fig. 1). As shown in Fig. 1 the 
sedimentary thicknesses of the full load model are character­
istic for deltas. It should be noted that only deltas are listed 
which are at least partly deposited on oceanic lithosphere. 
The Nile cone (thickness at least 8 km, MALOVITSKYI ET AL., 
1975) and the Po fan (thickness of the order of7 km, FINETTI & 
MORELLI, 1973) have considerable thicknesses, but they are 
deposited on (thinned) continental crust of the eastern 
Mediterranean (cLOETINGH ET al., 1980a) and Adriatic Sea 
(NOLET ET AL., 1978) respectively, and therefore excluded 
from Fig. 1. 

The width of the sedimentary wedges is on the average 250 
km, although for young margins widths as small as 150 km are 
found (e.g. some western Mediterranean basins ,, see also 
WATKINS & DRAKE, 1982). As the sediments on the margin 
replace water, we consider only the excess density 6g = g 
(sediment) - g (seawater) = 1.4 g cm-3• 

Rheology of the oceanic lithosphere 

The flexure of oceanic lithosphere has been studiled where it 
bends at oceanic trenches (CHAPPLE & FORSYTH, 1979; MCADOO 
ET AL. , 1978) and under the influence of seamount loading 
(WATTS ET AL., 1980). These analyses have demonstrated that 
the lithosphere is capable of supporting stresses of the order of 
several kilobars on geological timescales. The thermally 
defined lithosphere has its lower boundary at a depth, 
approximately corresponding with the 1200°C isotherm. We 
define the depth at which the strength is 500 bar as the lower 
boundary of the mechanically strong upper part of the 
lithosphere. Thermal models for the oceanic lithosphere 
(CROUGH, 1975; PARSONS & SCLATER, 1977) indicate that the 
base of this part of the lithosphere coincides with an isotherm 
of about 600- 700°C. Once a lithosphere plate is loaded, rapid 
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The increase of sediment thickness versus age adopted for the reference load and full load models (solid curves) compared with data on post-rift 
sedimentary thicknesses at passive continental margins. Symbols •, •and .A. denote maximum thicknesses of post-rift shelf, rise and fan 
deposits respectively. Data are taken from the following sources: 
• IS Eastern U .S. shelf off New Jersey based on the cost-B2 well Dashed curve gives the sediment loading history (Grow et al., I979). 2S 
Carolina through (2a), Blake plateau (2b), Baltimore canyon (2c), and Georges Bank (2d) (Grow & Sheridan, I98I). 3S Nova Scotia shelf 
(Keen, I979). 4s Labrador shelf (Hinz et al., I979). SS Western Indian shelf (Closs et al., I974) . 6S Shelf off Kenya (Kent, 1974). 7S South 
Argentina shelf (Urien et al., I976). 8 S Gulf of Lyon (Watts & Ryan, 1976). 
• IR Eastern U.S. continental rise off New Jersey based on the Cost-B2 well. Dashed curve gives the sediment loading history (Grow et al., 
I979). 2R Morocco rise (Goldflam et al., I980). 3R Nova Scotia rise (Watts & Steckler, I979). 4R South Argentina rise (Urien et al., 1976). SR 
Gulf of Mexico rise (Buffer et al., I98I). 6R Baffin Bay (Keen & Keen, I974) 
.A. lC Bengal fan (Curray and Moore, I974). 2C Indus Cone (Naini, 1980). 3C Niger Cone (Lehner & De Ruiter, 1977). 4C Amazon cone 
(Houtz et al., I977; Cloetingh et al., 1979, I980b) . SC Colorado fan (Crowell, I974). 6C Mississippi fan (Buffler et al. , I981). 

stress relaxation takes place in its lower part (MINSTER & In the lower part of the plate the effects of temperature 
ANDERSON, 1980) , and stresses are concentrated in its upper become dominant and stresses are limited by ductile flow. The 
part. Thus modelling the lithosphere as a layer with an ductile deformation is relatively pressure insensitive, but is 
uniform elastic upper part and a plastic lower part (with a very sensitive to temperature, to differential stress and to a far 
relatively low yield strength) provides a good first order lesser extent to strain-rate. 
description of the mechanical properties of the lithosphere At high stresses dislocation glide is the dominant creep 
(CALDWELL & TURCOITE, 1979) and was adopted in our process. The ductile flow is described by the Dorn-creep 
previous models (cLOETINGH ET AL., 1981, 1982a). equation (GOETZE, 1978), which holds for stresses above 2 

More information on the depth-dependence of the rheo- kilobar: 
logical properties of the lithosphere has become available 
through the experimental work by Goetze and coworkers 
(GOETZE, 1978; GOETZE & EVANS, 1979) on deformation of 
olivine, the mineral which is the dominant constituent of 
oceanic lithosphere, and through studies of the flexural 
behaviour of oceanic lithosphere (BODINE ET AL., 1981). 

These investigations show that three deformation zones are 
present in bending of the lithosphere. At the top the 
deformation is in the brittle regime and the (Coulomb) 
strength increases strongly with pressure. The deformation is 
not sensitive to variations in temperature and strain-rate, and 
the strength does not depend on rock type. Near the central 

where e is the strain-rate (s- 1), ois the differential stress, Q the 
activation energy (Q1 = 128 kcal/mole) for dry olivine, R is the 
universal gas constant and Tis the temperature (K). e 1 = 5. 7 
x l011s- 1 and oP = 85 kbar are constants. 

At stresses below 2 kilobar creep by thermally activated 
climb of dislocations becomes effective. This process is 
described by a power-law creep equation (GOETZE, 1978): 

e = e1 o3 exp(- Qi/RT], 

plane of the bending lithosphere , stresses are supported by with Q2 122 kcal/mole and , for 0 in bars, e1 70 
the elastic core of the plate. bar-3s-1• 
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Fig. 2. 
Rheological model for the oceanic lithosphere based on olivine rheology. Three regions are present in the mechanically strong part of the 
lithosphere: The top is characterized by brittle fracture , the central core is in the elastic regime and the lower part is deforming according to 
ductile flow. After Goetze (1978) power-law creep and Dorn-creep, dominant at stresses below and above 2 kbar respectively, determine the 
transition between the elastic and ductile regime. 
a (left). The transition stress between the elastic regime and the region dominated by ductile flow (solid curve). The lower boundary of the 
lithosphere is defined by a temperature of 1200°C. 
b (right) . The strength profile through the upper part of the lithosphere derived from Fig. 2a by specifying the temperature function inside the 
lithosphere according to Crough's (1975) thermal model. (See Fig. 5 for sgecific shapes of the strength envelopes for different ages of the 
oceanic lithosphere). At shallow depths pressure effects on the strength dominate and deformation is in the brittle regime, indicated by the 
dashed line. 

A strength profile for the lithosphere can now be con­
structed by combining the constitutive equations for the 
brittle, elastic and ductile regimes (Fig. 2a) . Once the 
temperature profile and the brittle and ductile behaviour are 
specified, the transition from the eleastic to a ductile state is 
completely determined for a given strain-rate (Fig. 2b ). For 
specific shapes of the strength envelopes for different ages of 
the oceanic lithosphere the reader is referred to Fig. 5. 

The increase in strength with depth inside the sedimentary 
section at the top of the lithosphere is usually linear as stated 
by BRYANT ET AL. (1981). These authors observe that, 
presumably due to porosity contrasts, the shear strength­
depth profile is a function of sediment type and age . They 
point out also that, even amongst seemingly similar sediment 
types, a considerable range of shear strengths versus depth 
has been measured at shallow levels . Further down large 
uncertainties in strength arise. Therefore, instead of making 
an uncertain estimate, we attribute a zero strength to the 

sediments . Numerical experiments have shown us that the 
effect of variations in strength in the top ten kilometres of the 
plate has a very modest effect on the stress distribution within 
the plate as a whole. 

We have derived strenght envelopes from Goetze's flow 
laws for olivine, with an assumed strain-rate of e = 10- 1ss- 1 

(characteristic for sedimentary basin development) for 
oceanic lithosphere of ages up to 200 m.y. Temperature 
profiles are based on CROUGH's (1975) model for the oceanic 
lithosphere, which combines the merits of the boundary layer 
model (TURCOTTE & OXBURGH, 1967) and the plate model 
(MCKENZIE, 1967; PARSONS & SCLATER, 1977; see WORTEL, 

1980, for a review) . A similar approach was followed by 
BODINE ET AL. (1981) . The thickness of the mechanically 
strong part of the lithosphere and its maximum strength are 
strongly dependent on age . Both increase according to a 
square-root-of-age function from a few kilometers, respec­
tively a few kilobars for young lithosphere to values of 



approximately 50 km and 10 kbar for old oceanic lithosphere 
(see also Figs. 3 and 5). The effect of variations in strain-rate is 
much less pronounced; an order of magnitude variation in 
strain-rate corresponds to only a 1-2 km change in the 
thickness of the mechanically strong part of the lithos­
phere. 

MODEL CALCULATIONS AND RESULTS 

Description of the finite element models 

We have constructed finite element models for a passive 
continental margin in different stages of evolution, at ages of 
20, 30, 60, 100 and 200 m.y. respectively. For all models a 
half-spreading rate of 1 cm/yr. is taken, characteristic for 
oceanic lithosphere without attached downgoing slabs (FOR­

SYTH & UYEDA, 1975). The calculations were carried out with 
the MARC finite element package (MARC, 1980) . The model 
features are summarized in Fig. 3. Age-dependent lithospher­
ic thicknesses are based on CROUGH's (1975) model for the 
oceanic lithosphere. A thickness of 150 km inferred from a 
number of independent geophysical approaches (e.g. POL­

LACK & CHAPMAN, 1977) is assigned to the continental 
lithosphere. 

We adopt a width of 200 km for the transition between 
oceanic and continental lithosphere, taking into account the 
evidence for the presence of rift-stage crust at the margin 
(HUTCHINSON ET AL. , 1982). The depth dependent rheology of 
the oceanic lithosphere is based on Fig. 2. A thickness of 60 
km for the mechanically strong upper part of the adjacent 
continental lithosphere is based on HAXBY ET al. (1976) . 
Rheological profiles under the shelf and in the rift-stage crust 
have been constructed by linear interpolation between the 
rheologies of the adjacent oceanic and continental litho­
spheres. This approach is supported by the results of tempera­
ture calculations by ZIELINSKI (1979), showing a gradual and 
linear 100-300 km wide transition in the temperature profiles 
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across the margin , from ocean towards the continent. This 
concerns in particular the isotherms for temperatures below 
600-700°C which are most pertinent to the mechanical 
properties at the margin . Eventual weakness zones associated 
with the break-up stage of passive margins possibly influence 
the state of stress, in particular in the early post-rift phase. 
However , recent modelling of subsidence at passive margins 
(STECKLER & WATTS, 1981) has provided strong evidence that 
faults associated with the break-up phase are locked early in 
their post-rift evolution. Therefore, we refrain from incorpor­
ating mechanical weakness zones and discontinuities (fossil 
fault zones) in our models. 

The two models for sediment loading at the margin have 
been discussed in the previous section. The resulting flexure 
of the lithosphere is counteracted by isostasy. Isostatic forces 
proportional to the deflection due to loading are included in 
the models. Of the plate tectonic forces which are imple­
mented in the models, the magnitudes of the forces associated 
with the ridge push and the negative buoyancy of the oceanic 
lithosphere are calculated on the basis of OXBURGH & 
PARMENTIER's (1977) model for the formation of oceanic crust 
and CROUGH's (1975) model for the thermal evolution of 
oceanic lithosphere. The ridge push is often modelled as a line 
force . Physically it is more appropriate to consider it as a force 
resulting from a horizontal pressure gradient due to density 
variations. The integrated pressure gradient per unit width 
along the ridge, for oceanic lithosphere with an age of 100 
m.y., is 2.3 x 1012 Nim. We neglect drag at the base of the 
lithosphere. Zero horizontal displacements are prescribed for 
the right hand boundary of the model to simulate a ridge push 
transmitted through the continent from an adjacent oceanic 
plate . 

The accuracy of the finite element calculations was checked 
and confirmed by convergence tests and an analysis of the 
internal reaction forces of the model. For further details on 
the numerical aspects of the work the reader is referred to the 
Appendix (see also CLOETINGH & WISSE, 1981) . 

CONTINENT 

--=------- FRp---------- I A 
-----------LITHOSPHERE ..!.s-------------------'V----

1 
IC 

100kmL 
100km 

Fig. 3 
Model features: geometry, rheology, system of forces and boundary conditions. The bottom of the mechanically strong part of the lithosphere is 
indicated by a broken horizontal line. Young's modules E = 7 x 10'0N/m2 and Poisson's ratio v = 0.25. FR• is the push exerted by the oceanic 
ridge, F8 is the negative buoyancy associated with the cooling of the oceanic lithosphere when it moves away from the spreading centre. Isostatic 
forces counteracting the deflection are indicated by springs. 
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Fig. 4 
Deflection and stresses calculated for a passive margin with an age of 100 m.y., based on the reference model of sediment loading, given in Fig. 
1. Flexure caused by sediment loading forms the dominant deformation mode at the margin. Principal stresses denoted by arrows are plotted in 
the undeformed configuration. Stresses and displacements are plotted only for the parts of the lithosphere were the deformation is 
significant. 
a (above), Displacement of the lithosphere (km). Note that the scale of the the displacement (vertical axis) and geometry (indicated by a 
horizontal bar at the bottom of the figure) are not the same. 
b (below), Principal stresses (kbar) at the margin. Symbols (<--->) and (-1-) denote tension and compression respectively. 

Results 

In Fig. 4 the results of the model calculations are displayed for 
a passive margin with an age of 100 m.y. , with sediment 
loading according to the reference model. The deformation of 
the lithosphere and the resulting stress field (order of 

magnitude a few kbar) is dominated by the sediment loading; 
the contribution of the plate tectonic forces to the stress field 
is an order of magnitude smaller. 

Differential stresses are largest at the points of maximum 
flexure. The largest stress maximum is located under the 
continental rise in oceanic lithosphere close to the transition 
of oceanic and rift-stage lithosphere. In Figs. Sa and Sb the 
stress maxima for 100 m.y. and 30 m.y. are displayed for the 
reference load, as a function of depth, down to the base of the 
mechanically strong upper part of the lithosphere. Hatched 
areas indicate failure by brittle fracture in the uppermost part 
and by ductile flow in the lowermost part of the mechanically 
strong part of the lithosphere, respectively. Its main part is in 
the elastic state. If the full loading capacity of the lithosphere 
is taken up by sediments, this can even result in complete 
failure of the lithosphere as demonstrated in Fig. Sc. 

Fig. S also shows that the state of stress is dependent on the 
age of the margin . To illustrate this dependence more clearly 

we have plotted in Fig. 6a the maximum differential (tension­
al) stresses as a function of age for the reference load. The 
age-dependence is strongest for ages below 100 m.y .. 

From 30 to 100 m.y. - an interval in which the sedimentary 
loading, the thickness of the mechanically strong part of the 
lithosphere, and the strength increase - the differential stress 
maxima are found to increase strongly with age. From 100 to 
200 m.y. the thickness of the mechanically strong part of the 
lithosphere and its strength show only a small increase. For 
ages above 100 m.y. the increase in sediment loading 
according to our reference model results only in a minor 
increase of the stresses. 

Interesting quantities are the ratio of the maximum stress 
generated and the maximum strength, the relative thickness 
of the mechanically strong upper part in failure Hy/H and the 
ratio of Ay, corresponding with the hatched area inside the 
strength envelope (Fig. S), and the total area A of the 
envelope. For the reference model of sediment loading these 
quantities prove to be essentia~ly independent of age . 

The situation is drastically different if the full loading 
capacity is taken up. The surplus load of sediments added to 
the reference load is most effective in creating high stresses 
when deposited on a young margin. Of the three ratios plotted 
in Fig. 6a we select the ratio AylA as the most meaningful 



quantity to illustrate the evolution of the stress pattern for full 
loading conditions. Quantity A (or Ay) is a combined measure 
of the thickness and strength of the mechanically strong upper 
part of the lithosphere. The ratio Ayl A as plotted in Fig. 6b as 
a function of the age of the margin. Fig. 6b and results of 
numerical calculations made for ages below 20 m.y. (not 
shown here) demonstrate that full loading on a young passive 
margin (age below 20 m.y.) leads to complete failure of the 
lithosphere. 
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Comparison of stresses generated at the margin with lithospheric strength. Strength envelope and results of stress calculations (solid dots) as a 
function of depth down to the base of the mechanically strong upper part of the lithosphere at the point of maximum flexure (AB of cross section 
ABC in Fig. 3; see also Fig. 4) . The line inside the strength envelope connecting the solid dots is the stress distribution. Differential stresses 
( oH - av) are plotted versus depth . Sign convention for the stresses: tension positive, compression negative. Zero-strength has been assumed 
for the sediments. Hatched areas in the upper and lower part of the mechanically strong upper part of the lithosphere denote failure by brittle 
fracture and ductile flow respectively. a (left), b (upper right) , the results for the reference model of sediment loading for ages of 100 and 30 m.y. 
c. (lower right), the results for the full load model for 20 m.y. The horizontal dashed line indicates the neutral surface just before complete 
failure of 20 m.y. old lithosphere takes place. 

DISCUSSION 

The results of our model calculations show that sediment 
loading at a passive margin can induce flexural stresses of 
several kilobars. Considering this order of magnitude, it is 
justified to neglect here (see also CLOETINGH ET AL., 1981; 
1982a, b) relatively minor effects of stresses due to crustal 

thickness inhomogeneities - · less than 100 bar in oceanic 
lithosphere (Borr & DEAN, 1972) - and stresses induced by 
(hypothetical) phase changes in the lithosphere under the 
influence of sediment loading (NEUGEBAUER & SPOHN, 
1978). 

For the reference model of sediment loading, the increase 
of the stresses generated as loading proceeds is compensated 
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a (left) , Model results for the reference load: maximum differential stresses ( aH - av), tensile strength a,.1., their ratio, the relative thickness of the 
mechanically strong upper part of the lithosphere in failure (H/H), and the ratio of A, (the hatched area inside the strength envelope; see Fig. 5) 
and A (total area of the envelope) plotted as a function of lithospheric age. Stresses remain on a level too low to result in rupture of the 
lithosphere, no matter whether the margin is in a youthful or mature stage. 
b (right), Results for the full load model: ratio of A ,. and A as a function of lithospheric age. For ages below 20 m.y. lithospheric failure and 
consequently initiation of subduction is induced. 

by a similar increase in the strength of the lithosphere. As a 
result the stresses at the passive margin for this sediment 
loading model will remain on a level too low to result in 

rupture of the lithosphere, no matter whether the margin is in 
a youthful or mature stage. 

The situation changes however , when huge sedimentary 
masses (the full load model) are deposited on young (age 
below 20 m.y.) lithosphere. Under these circumstances 
stresses can be generated which are sufficiently high to induce 
lithospheric failure and initiation of subduction. 

Owing to the stabilizing effect of the density changes 
accompanying the formation of oceanic crust ( OXBURGH & 
PARMENTIER, 1977) oceanic lithosphere is gravitationally sta­
ble for ages less than 20-40 m.y. (woRTEL, 1980) . As a result of 
its further cooling and thermal contraction the lithosphere 
becomes unstable for ages above 20-40 m.y. (oxBURGH & 
PARMENTIER, 1977; WORTEL, 1980) . Taking into account only 
the gravitational instability of the lithosphere it was reason­
able to expect that chances for initiation of subduction of 
oceanic lithosphere would increase with the age of the margin 
(vLAAR & WORTEL, 1976). The present work shows that if after 
a short evolution of the plate (time span a few tens of m.y.), 
subduction has not yet started, continued aging of the passive 
margin alone does not result in conditions more favourable 
for plate rupture and initiation of subduction. 

From our results we may conclude that extensive sediment 
loading (following the full load model) might have been an 
effective mechanism for closure of young and presumably 
small ocean basins in geologic history. 

Closing of small oceanic basins plays an important role in 
the process of mountain building. In this context it is 
interesting to note that studies of the A lpine orogeny show 
evidence for closing of oceanic basins in a relatively early 

stage after opening. For the Central Alps , FRISCH (1979) 
demonstrated closing of oceanic basins within the first 100 
m.y. after opening. WINTERER & BOSELLINI (1981) have 
documented the evolution of a thickly sedimented Jurassic 
passive margin in the Southern Alps with closing of the 
oceanic basin approximately 50 m.y. after ocean floor 
spreading started . 

For older margins in general it seems that the stresses 
generated by sediment loading are insufficient to induce 
lithospheric failure and initiation of subduction. Therefore , 
pre-existing weakness zones in oceanic lithosphere might be 
more suitable sites for initiation of subduction than passive 
margins. This view is consistent with the results of a survey of 
recently initiated subduction zones in the Pacific (KARIG, in 
prep.) showing that zones initiated in the Neogene are either 
at the sites of transform faults (as advocated earlier by UYEDA 
& BEN-AVRAHAM (1972)) or rejuvenated pre-existing subduc­
tion zones. Many of the present circum-Pacific zones are in 
fact the successors of subduction zones already present in the 
configuration prior to the break-up of Gondwanaland. Fur­
ther back in geological time different plate configurations and 
a different thermal regime might have provided conditions 
more suitable for initiation of subducion. As an extreme 
example one might consider the Archaean where due to much 
steeper temperature profiles in the lithosphere (SHARPE & 
PELTIER, 1979), the oceanic lithosphere must have been 
considerably weaker than nowadays. In such a situation plate 
rupture requires a considerably lower stress level. This 
suggestion is corroborated by geological data on Precambrian 
orogenic belts (KRONER, 1981) , showing extensive activation 
of passive margins bordering small oceanic basins. 

In general, we expect initiation of subduction of oceanic 
lithosphere at passive margins not to play a primary role in 



plate reorganizations such as documented by RONA & RICH­

ARDSON (1978). However, in an oceanic plate attached to a 
subducting slab the pull acting on the downgoing lithosphere 
can be concentrated to a high level (order of magnitude 
several kilobars) . In particular WORTEL & CLOETINGH (1981, 
1982) have shown that lateral variations in the age of the slab 
descending in a subduction zone might provide a mechanism 
for fragmentation of oceanic plates, and the formation of 
spreading centres . Therefore, plate reorganization might take 
place predominantly by the formation of new spreading 
ridges. 
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APPENDIX 

Finite element modelling in geodynamics 

The finite element method allows the accurate calculation of stresses 
in an irregular inhomogeneous structure deformed by a system of 
distributed loads. In finite element analysis the structure is divided 
into a number of so-called finite elements, connected at nodal points. 
The displacements of the nodal points become the basic unknown 
quantities of the problem. This is the so-called displacement formu­
lation. The state of displacement within each element as a function of 
the nodal displacements is now chosen. These functions also define 
the state of strain in the elements as a function of the nodal 
displacements. The strains in turn lead to the stresses within the 
element through a constitutive law. Finally a system of forces 
consistent with the modal displacements is found . These forces must 
be in equilibrium with the loads. 

The geometrical and rheological properties of the structure are 
condensed in the stiffness matrix K. The displacements w of the 
structure, under a load Fare found by solving the system: 

[K]w = F (Al) 

In linear elastic analysis the solution of the system is easily accom­
plished by triangularization of the matrix Kin one single step. This is 
not possible in analysis of material non-linearity, like plasticity. Here 
small step, incremental approaches are needed. The two extreme 
procedures that may be followed in the solution of the non-linear 
equations are either a large number of small steps or one large step 
with many iterative cycles. In practice a combination of both is 
commonly used. In our analysis a mid-increment state is found for 
each integration point based on an incremental strain prediction. For 
the first cycle of each step this prediction is based on the strain 
increment of the preceding increment. At the start of each new 
increment, global equilibrium is enforced via the residual load 
correction. This prevents the accumulation of out of equilibrium 
forces from increment to increment. 

For these reasons elastic-plastic finite element analysis requires 
considerably more computing time than the simple linear elastic 
calculations. The same applies for the computer memory needed to 
store the various parameters involved. Careful analysis is required to 
ensure convergence of the non-linear solution. In the present study up 
to 20 plastic increments were needed. 

We have incorporated the depth-dependent strength profiles in the 
models by specifying yield strengths at the integration points of the 
elements, assuming linearity in the strength function between the 
integration points. 

Having solved the equation Al for the displacements, the calcula­
tion of the stresses o follows straightforwardly. We illustrate this for 
the case of linear elasticity, were the procedure is as follows. First the 
strains e are calculated by e=(B]w, where Bis the strain-displacement 
matrix. Subsequently stresses are found by using o=(D]e = (D] [B]w, 
where D is the elasticity matrix. For non-linear analysis the proce­
dure, although considerably more complicated, is based on this 
scheme (e.g. ZIENKIEWICZ, 1977; BATHE & WILSON, 1976). 

The accuracy of the finite element computations is improved by 
increasing the number of elements and by selecting a higher 
interpolation order for the polynomial which describes the displace­
ments of the element. Both steps imply a larger stiffness matrix for the 
problem, and as a result require more computer memory. An 
important advantage of taking an element with a higher order for the 
displacement function (a so-called higher order element) is that it 
allows the analysis to be carried out at the same accuracy, with a 
considerable reduction of the number of elements. In our work we 
have used eight node quadrilateral elements with a quadratic 
displacement function (linear strain). It can be easily shown that for 
accurate flexural analysis a quadratic displacement order is required. 
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In the vertical direction we take five elements to discribe the linear 
stress distribution associated with bending. 

The stress distribution in the horizontal direction is more complex 
than in the vertical direction. As a consequence in the first direction a 
relatively large number of elements is used, with a minimum length of 
the elements of 20 km. The models have a characteristic number of 
degrees of freedom of about 2000. 

The deflection under the load is counteracted by isostasy. The 
classical one dimensional equation describing the flexure of a uniform 
elastic place under the influence of a load F with a hydrostatic 
restoring force is: 

Dd'w + (Qm - Qw) gw = F (A2) 
dx' 

where the hydrostatic restoring force (Qm - Qw) is proportional to the 
deflection w and the density difference between the mantle (density 
Qm) and the medium overlying the plate (usually water with density 
Qw) . Dis the flexural rigidity of the plate, and g is the acceleration of 
gravity. 

Equation A2 is equivalent to the linear system: 

Kw + K1w = F (A3) 
d4w 

where K is the operator D dx' and K1 equals (Qm - Qw) g at the 
lower boundary of the plate and zero elsewhere. Translated into finite 
element language the operator (K + K1) is the stiffness matrix K;, and 
the system A3 can now be written in the familiar form: 

[K;]w = F 

where K, = K + K1 at the basal nodes of the plate, and K, = K 
elsewhere. Thus isostasy can be incorporated into the analysis by 
modifying the stiffness matrix at the basal nodes of the model. This is 
accomplished by the implementation of springs or an elastic founda­
tion with a stiffness (Qm - Qw) g in the model. In Fig. Al we have 
plotted the finite element solution of eq.A2, for a triangular 
sedimentary load F on a uniform elastic infinite plate. We have 
adopted characteristics for the load and flexural properties for the 
plate corresponding to the reference load on uniform elastic 100 m.y. 
old lithosphere. Comparison of the resulting stresses and displace­
ments with the analytical solution (HETENYI, 1946) of eq.A2 for this 
case shows that the finite element mesh is sufficiently fine for accurate 
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The deflection of a uniform elastic infinite plate under the influence of 
a triangular load, counteracted by isotasy. Load characteristics 
(density, width L = 300 km, and height D) are for the reference model 
of sediment loading on 100 m.y. old lithosphere . Flexural properties 
are for a plate thickness of 44 km. Solid lines show the displacements 
(w) and maximum bending stresses ( o) according to the analytical test 
solution given by Hetenyi (1946). Crosses (x) denote the displace­
ments and stresses calculated with the fini te element method. 
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analysis. It should be noted that finite element analysis is not 
hampered by the assumptions and limitations of classical thin plate 
theory encountered in methods of flexural analysis used by other 
workers (LAMBECK & NAK!BOGLU, 1980; BODINE ET AL. , 1981). In 
particular the assumptions of a zero shear stress neutral surface and 
zero shear forces in the vertical plane are avoided. Thin plate theory 
overestimates the stiffness of the plate. Therefore, deflections are 
underestimated and bending stresses to a lesser extent, are, overes­
timated. Small deviations of the analytical solution from the finite 
element solution observed in Fig. Al can be attributed to this effect. 
As a matter of fact, analytical test solutions are not available for the 
deformation of a plate with a depth-dependent non-linear elastic­
plastic rheology under the influence of sediment loading and plate 
tectonic forces. Therefore, the accuracy of the model calculations 
presented in this paper was checked by convergence tests, made by 
refining the finite element meshes. An example of such a test is given 
in Fig. A2. A comparison of the results of two model calculations 
carried out with meshes differing by a factor two in the number of 
elements shows that the mesh spacing (mesh 1) used throughout the 
work guaranteed accurate analysis. Finally, the reaction forces of the 
model were checked to ensure equilibrium of external and internal 
forces. 

Fig. A2 
Results of a convergence test on the 100 m.y. model used in the 
analysis (mesh 1). Geometrical and depth-dependent rheological 
properties vary across the margin and the reference model of 
sediment loading and plate tectonic forces are adopted. (see Fig. 3). 
Mesh 2 is the finite element mesh constructed by doubling the number 
of e lements of mesh 1. Solid dots and open circles denote the results of 
the finite element stress calculations for mesh 1 and mesh 2 
respectively. Their close correspondence confirms the accuracy of the 
model calculations. 
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