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Abstract

Shallow flat subduction is a relatively common feature at present-day subduction zones. Several mechanisms to explain
this feature have been proposed, and can be subdivided into three groups: overthrusting of the subducting plate, subduc-
tion of a plume-generated oceanic plateau, and slab suction forces. We developed a numerical model to investigate these
mechanisms and tested it through a comparison of the model results with the observations of the Peru flat slab where all
three mechanisms seem to be contributing. The ratio of contributions of overthrusting continent to plateau subduction is
in the range of 1:1 to 1:2, and the role of plate suction forces is likely to be significant. By applying the overthrusting
continent and plateau subduction mechanisms separately, we were able to determine the most important model parameters
for each of the mechanisms. Overthrusting easily results in flat subduction, and the flat slab length is primarily a function
of slab age, overriding plate motion and mantle viscosity. An oceanic plateau is much less likely to cause flat subduc-
tion, and favorable conditions for flat subduction include a young slab age, long-lived plateau buoyancy after subduction,
a strong mantle, and addition of slab suction forces that are large enough to further reduce the subduction dip angle, once
the plateau initiates this flattening. Furthermore, we found that even though today flat subduction can be explained with
the dominant model parameters within a reasonable range, for a slightly hotter, younger Earth, these flat subduction condi-
tions are much less favorable, and so this style of subduction was probably not present in the past. This contradicts earlier
predictions that flat subduction was a more wide-spread phenomenon in the early stages of plate tectonics in a younger
earth.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The phenomenon of shallow flat subduction oc-
curs at several present-day convergence zones. The
best-known example is the horizontally subducting
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slab below South Peru. At this location, the Nazca
plate subducts with a normal dip angle of about
14◦(Jarrard, 1986)to a depth of about 100 km, from
where it bends back to the horizontal and moves with
zero dip angle as far as 700 km inland(Sacks, 1983;
Gutscher et al., 2000). Other areas include Central
Chile, Central Mexico, Cascades, and the Nankai
Trough (Jarrard, 1986; Gutscher et al., 2000). From
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geological observations it has been suggested that a
very large flat slab was present below the Western
United States around 65 Ma ago(Cross and Pilger,
1978; Bird, 1988; Spencer, 1996). Most other sub-
duction zones show subduction with a much steeper
dip angle(Jarrard, 1986). Since slab pull, the nega-
tive buoyancy of the dense subducting slab, is most
likely the dominant driving force of plate motion
(Wortel et al., 1991), these steep slabs are more in
agreement with what we would expect from buoyancy
considerations alone. Shallow flat subduction does
not fit in this simple picture, and additional mecha-
nisms, mostly based on correlation and observations
(Jarrard, 1986), are proposed to provide a better
explanation.

We can group these mechanisms into three cate-
gories. The first category assumes that the buoyancy
of the subducting plate helps to keep the slab at
shallow depth and more or less horizontal(Cross
and Pilger, 1978). Young slab age reduces its aver-
age density, and therefore also its negative buoyancy.
Most shallow flat slabs are indeed not older than 40
to 50 Ma (Vlaar and Wortel, 1976; Jarrard, 1986).
Oceanic plateaus form another cause for low slab
density. Their thicker-than-average crust and under-
lying harzburgite layer (which are both less dense
than normal mantle material) significantly decrease
the average density of the plate. Correlation between
several subducting plateaus and flat slab areas suggest
that indeed such plateaus could significantly reduce
the dip angle. These plateaus are most likely the re-
sult of a hot mantle plume below the lithosphere.
The plume locally increases the average mantle tem-
perature, and therefore also the amount of partial
melt and melt residue that is created. In this way,
the interaction of a mantle plume and a mid ocean
ridge leads to a thicker oceanic crust and harzbur-
gite layer(Saunders et al., 1996), but the large heat
source of plume heads can probably also produce
an oceanic plateau on older, already existing oceanic
lithosphere.

A second explanation uses the trenchward mo-
tion of the overlying plate as a means to explain flat
subduction. Correlation between continental motion
in a hot spot reference frame and the dip angle of
neighboring slabs again suggest such causal relation
(Cross and Pilger, 1978). Vlaar (1983) proposed a
‘lithospheric doubling’ scenario, in which a conti-

nent actively moves in the direction of a trench, and
overthrusts relatively young oceanic lithosphere. The
underplated material does not have sufficient negative
buoyancy to sink quickly deeper into the mantle, and
this situation may lead to flat subduction.

Finally, non-hydrostatic pressure forces, or ‘slab
suction forces’ are proposed as a possible explanation
(Stevenson and Turner, 1977; Tovish et al., 1978). Al-
though in principle these forces apply at any trench,
the effect would be largest in already shallowly dip-
ping slabs, which could flatten those slabs completely
and could explain the absence of dip angles between
10 and 20◦(Tovish et al., 1978).

Flat subduction has also been suggested as the
dominant subduction style in a younger hotter Earth
(Vlaar, 1986; Abbott et al., 1994). In the past, the
mantle temperature was higher than today. Since
the 1980’s, there has been an ongoing debate about
the actual amount of cooling since the Archean
(England and Bickle, 1984; Bickle, 1986; Vlaar, 1986;
Herzberg, 1992; de Wit, 1998; Hamilton, 1998), and
proposed temperature drops range from 50 to 350 K.
This higher mantle temperature may have important
consequences for the subduction dynamics in the
past. On the one hand, it leads to more partial melt-
ing of mantle material near the mid-ocean ridges and
thus thicker crust and harzburgite layers, similar to
the present-day oceanic plateaus. On the other hand,
mantle viscosity drops with increasing temperature.
These phenomena have raised questions about the
viability of plate tectonics in the past(Vlaar, 1986;
Vlaar and van den Berg„ 1991; Davies, 1992). Here,
we focus on the effect of an increased mantle tem-
perature on the subduction dip angle of underthrusted
lithosphere.

Here, we first investigate the mechanisms and via-
bility of flat subduction in a series of numerical mod-
eling experiments. In the next section, the numerical
model setup is described. InSection 3, results of ear-
lier studies are combined with new results to better
identify the characteristics of each of the proposed
flat-subduction mechanisms. We compare the model-
ing results to observations of the Peru flat slab area,
and use this model to further investigate the effects
of the proposed mechanisms separately. InSection 4,
we apply the model to a younger, hotter Earth to
examine the viability of shallow flat subduction in
the past.
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2. Model description and numerical methods

2.1. The set of governing equations

To solve for the dynamics of the moving lithosphere,
slab, and surrounding mantle, conservation laws for
mass and momentum are used:

∂juj = 0 (1)

∂j(ηε̇ij )− ∂i 
P = 
ρgi (2)

where
P = p − ρ0gz is the dynamic pressure, and
the effective density variations
ρ and viscosityη
are elaborated below. All symbols are described in
Table 1. The flow field is dependent on temperature
through several temperature-dependent physical pa-
rameters and mechanisms, such as viscosity, buoy-
ancy, phase-transitions in mantle and crust, and shear
heating. Temperature is solved using conservation of
energy:

ρ0cp

(
∂T

∂t
+ uj∂jT

)
− αT

dp

dt
−

∑
k

ρ0Tγkδρk

ρ2
0

dΓk
dt

− ∂j(k∂jT) = τij∂jui + ρ0H (3)

Furthermore, with a purely advective transport equa-
tion, we track a material field throughout the model
domain to enable the definition of material-dependent
properties (e.g. viscosity and buoyancy):

∂C

∂t
+ uj∂jC = 0 (4)

which is solved with a tracer particle method. This set
of equations is non-dimensionalised with the follow-
ing scaling scheme:

�x = �x′h, t = t′
h2

κ
, �u = �u′ κ

h
, T = Ts + T ′
T

2.2. Buoyancy and viscosity definitions

In this model, the mantle dynamics are predomi-
nantly driven by internal buoyancy forces and external
imposed plate velocities. The buoyancy is determined
by internal density variation


ρ(T,C, Γk)= ρ0

[
−α(T − Ts)+ 
ρc

ρ0
+

∑
k

δρk

ρ0
Γk

]

(5)

which describes three different origins: thermal, com-
positional and due to phase transitions, respectively.
The incorporated phase transitions are described in
Section 2.3.

A key physical parameter in the dynamics of man-
tle and lithosphere is the rheology. Olivine controls to
a large extent the strength of mantle material, while
crustal strength is on average much lower, and best
described by the strength of basalt, its coarse-grain
size equivalent gabbro, or, at depth, eclogite (see be-
low). Dominant creep flow mechanisms are diffusion
creep, dislocation creep, and possibly a stress-limiting
deformation mechanism that controls the maximum
strength of cold material(Karato et al., 2001). We ap-
plied a composite rheology formulation(van den Berg
et al., 1993)to describe the combined effects of these
mechanisms. A general Arrhenius expression:

η = A−1/nε̇(1−n)/n exp

[
E∗ + pV∗

nRT

]
(6)

describes the diffusion or dislocation creep compo-
nents for mantle or crustal materials. Parameters are
taken from(Karato and Wu, 1993)and the prefactorA
and activation volumeV ∗ are modified somewhat to
meet the constraints from post-glacial rebound mod-
els. These models suggest an upper mantle viscosity
ranging between 2.6 and 4.6 × 1020 Pa s and a lower
mantle viscosity between 4× 1021 and 3× 1022 Pa s
(Lambeck and Johnston, 1998; Lambeck et al., 1998)
(seeFig. 1). True polar wander data in combination
with geoid inversions predict an upper mantle viscos-
ity somewhat higher than 1020 Pa s(Vermeersen et al.,
1998). Applied rheological parameters for the differ-
ent model setups are given inTable 2. Some mod-
els contain a subduction mantle wedge that is weak-
ened with respect to the rest of the mantle, to account
for the weakening effect of hydrous minerals in the
wedge, and its details are described below. All oceanic
crust is underlain by a depleted harzburgite layer (see
Section 2.4), which is assigned the same rheology as
normal (i.e. undepleted) mantle material.

Although not as extensively studied as olivine,
laboratory deformation studies are also performed
for oceanic crust by (e.g.)Shelton and Tullis (1981),
Caristan (1982), and, under completely dry condi-
tions, byMackwell et al. (1998). Uncertainties, how-
ever, are in general much higher for crustal material,
because of widely varying grain size and hydration.
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Table 1
Notations

Symbol Meaning Value used Dimension

A pre-exponential flow law parameter – Pa−n s−1

C composition parameter – –
cp specific heat 1250 J kg−1 K−1

E∗ rheological activation energy – J mol−1

H radiogenic heat production – W m−3

h depth of the model domain 2000 km
k thermal conductivity 4.27 W m−1 K−1

n viscosity stress exponent – –
ny yield stress exponent 5 –
p pressure – Pa
R gas constant 8.3143 J K−1 m−3

T absolute temperature – K
T0 non-dimensional surface temperatureTs/
T 0.119 –
Ts dimensional surface temperature 273 K
Ttr transition temperature for the eclogitisation reaction – ◦C
t time – s
ttr transition time for the eclogitisation reaction 10 Ma
�u velocity �u = (v,w)T – m s−1

V ∗ activation volume – m3 mol−1

vov overriding velocity of the overlying plate – cm y−1

vsubd subduction (or convergence) velocity – cm y−1

α thermal expansion coefficient 3× 10−5 K−1

Γk phase function for thekth mantle phase transition – –

γk Clapeyron slope of thekth phase transition
400 km phase transition 3 MPa K−1

670 km phase transition −2.5 MPa K−1


P hydrodynamic pressure – –

T vertical temperature contrast across model domain 2300 K

ρ total density variation with respect toρ0 kg m−3


ρc compositional density relative to mantle material
basalt −400 kg m−3

harzburgite −77 kg m−3

δρk density difference across thekth phase transition
400 km phase transition 273 kg m−3

670 km phase transition 342 kg m−3

ε̇ij ε̇ij = ∂jui + ∂iuj = strain rate tensor – s−1

ε̇ 2nd invariant of the strain rate – s−1

ε̇y reference strain rate in yield stress determination 10−15 s−1

η viscosity – Pa s
η0 reference viscosity 1021 Pa s
ηy yield viscosity – Pa s
η̄UM average upper mantle viscosity – Pa s
κ thermal diffusivity 10−6 m2 s−1

ρ0 reference mantle density 3416 kg m−3

τy yield stress – Pa
σij total stress tensorσij = −pδij + τij – Pa
τij deviatoric stress tensor – Pa
τ 2nd invariant of the stress tensorτij – Pa
τy yield stress for strain ratėεy – Pa
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Fig. 1. Compilation of vertical viscosity profiles through a 40-Ma
old oceanic lithosphere in a mantle with a 1300◦C-potential tem-
perature. The thick solid line is a typical profile example from
model calculations (freėε). Using the same rheological param-
eters, the thin solid line gives a profile in case of a constant
strain rateε̇ = 10−15 s−1 (fixed ε̇). Dashed lines represent the wet
(KW-wet) and dry (KW-dry) profiles for rheological parameters
from (Karato and Wu, 1993)(using µ = 80 GPa,b = 0.5 nm,
d = 1 mm andm = 2.5) for ε̇ = 10−15 s−1. The gray areas give
the effective viscosity, as proposed byLambeck et al. (1998)from
post-glacial rebound results.

We adopted the dislocation flow law fromShelton
and Tullis (1981), but changed the prefactor to lower
the crustal strength to meet the requirement that the
crust should be weak enough to decouple the two
approaching lithospheres at a subduction zone(van

Table 2
Rheology parameters for the deformation mechanisms of crust and mantle material for different average upper mantle viscosity valuesη̄UM

Material Mechanism A (Pa−n s−1) n E∗ (J mol−1) V ∗ (cm3 mol−1)

Crust Dislocation creep 3.4 260× 103 10
η̄UM < 1021 Pa s 8.8 × 10−18

η̄UM = 1021 Pa s 8.8 × 10−19

Mantle Diffusion creep 1.0 300× 103 4.5
η̄UM = 2 × 1020 Pa s 2.42× 10−10

η̄UM = 3.5 × 1020 Pa s 1.21× 10−10

η̄UM = 6.5 × 1020 Pa s 6.07× 10−11

Mantle Dislocation creep 3.5 540× 103 14
η̄UM = 2 × 1020 Pa s 3.05× 10−15

η̄UM = 3.5 × 1020 Pa s 1.53× 10−15

η̄UM = 6.5 × 1020 Pa s 7.6 × 10−16

Crustal diffusion creep is not applied.

Hunen et al., 2000). Basalt transforms to eclogite
during subduction (see below), of which the rheology
is even less well known than for basalt:Ji and Zhao
(1994) report strong eclogite, whileStöckhert and
Renner (1998)find eclogite to be weak in comparison
to basalt. We decided to assign the same strength to
basalt and eclogite.

Slabs would be much too strong to deform in the
mantle, if only (depth-dependent) diffusion and dislo-
cation creep mechanisms are applied(Cı́žková et al.,
2002). We have included here a general stress-limiting
deformation mechanism to account for brittle or
semi-brittle deformation(Kohlstedt et al., 1995; Bos
and Spiers, 2002), or low-temperature plasticity (or
Peierl’s stress mechanism, seeKameyama et al.,
1999; Karato et al., 2001). To do so, we define a yield
viscosityηy as:

ηy = τyε̇
−1/ny
y ε̇1/ny−1 (7)

in which the ‘brittleness’ of this deformation mecha-
nism is described byny, which was chosen to be 5 in
this study. Other parameters and their applied values
are given inTable 1.

2.3. Major phase transitions in mantle and crust

The major mantle phase transitions around 400
and 670 km depth are implemented(van Hunen et al.,
2001), including the latent heat effects, which can
both favor and resist vertical motion of slabs. The rel-
atively young age of the slabs in this study does not
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require olivine-metastability to be taken into account
(Schmeling et al., 1999).

The ‘buoyant-slab’ theory which explains the oc-
currence of flat slabs by the buoyancy of the subduct-
ing plate requires that this slab remains buoyant for
several millions of years after subduction, and until a
depth of at least 100 km. The main contribution to this
buoyancy comes from the basaltic crust. It is, how-
ever, known that under equilibrium conditions, basalt
transforms into eclogite at a depth of about 50 km.
Basalt is approximately 400 kg m−3 less dense than
mantle material, whereas eclogite is about 200 kg m−3

more dense than mantle material. This implies that
most or all of the compositional buoyancy of the slab
will be lost after this crustal phase transition. Geo-
logical observations, however, suggest that basalt can
persist in a metastable phase in the eclogite stability
field. Although this metastability is not yet well quan-
tified, metastable basalt may exist for temperatures be-
low 400–800◦C, under relatively dry conditions, and
without too much deformation(Ahrens and Schubert,
1975; Rubie, 1990; Hacker, 1996; Austrheim, 1998).

Such phase change kinetics are generally described
by a nucleation and growth theory(Riedel and Karato,
1996). A simplified parameterization was proposed
by (Giunchi and Ricard, 1999), and we adopted their
method, and applied it to describe the eclogitisation of
the subducting oceanic crust(van Hunen et al., 2002b).
A ‘transition temperature’Ttr was defined to conve-
niently express the reaction rate, and displays the tem-
perature at which half of the reaction takes place in
a rather arbitrarily chosen reaction time or ‘transition
time’ ttr = 10 Ma. This is a significant time span in
subduction zone processes, andTtr can therefore also
be seen as the maximum temperature that basalt is
able to survive. For higher temperaturesT > Ttr, the
reaction is much faster (i.e. the reaction time< ttr),
while for lower temperatures, it is slower.

2.4. Model geometry and boundary conditions

A Cartesian two-dimensional (2-D) model domain
of 5200 km wide and 2000 km deep is used to model
the subduction process (Fig. 2). A fully decoupling
100 km deep fault with a static arc-shaped geometry
separates the oceanic lithosphere on the left from the
overriding continent on the right. The overthrusting
motion of the continent is prescribed in a reference

Fig. 2. Sketch of the numerical model geometry. A 100-km deep
free-slip fault decouples the oceanic lithosphere from the conti-
nental one. The oceanic plate is compositionally subdivided into a
crust-harzburgite-lherzolite layered system. If applied, an oceanic
plateau with thicker crust and harzburgite layers is part of the
subducting plate and is about to enter the subduction zone at
model timet = 0. The major mantle phase transitions at 400 and
670 km depth are incorporated, as well as a (kinetically delayed)
basalt-to-eclogite transition in the oceanic crust.

frame attached to this continent(van Hunen et al.,
2000). Modeling of an essentially three-dimensional
oceanic plateau in a 2-D model requires imposed sub-
ducting plate velocities at the surface to avoid the over-
estimation of the plateau effect on the convergence
rate (van Hunen et al., 2002b): a free-slip condition
would be inappropriate, because the subduction would
stop as soon as the plateau enters the subduction zone,
while in the full, 3-D situation, the convergence is
determined by the (negative) buoyancy of the much
larger remainder (outside the buoyant plateau) of the
subducting plate. The left hand boundary becomes an
‘inflow’ boundary, in case of a modeled overthrust-
ing continent, which is defined byvx = −vov and
σxz = 0 boundary conditions on the inflow boundary.
On the right hand boundary, a ‘horizontal, developed
outflow’ boundary condition is imposed:σxx = −p
and vz = 0. The bottom boundary is impermeable
and has the same prescribed horizontal flow as the left
hand boundary. TemperatureT = 0 ◦C at the top, and
follows a mantle adiabat for a given potential tem-
perature at the bottom and left hand boundary. The
right hand boundary has ‘reflecting’ thermal boundary
conditions:∂T/∂x = 0. The initial temperature distri-
bution is adiabatic with a given potential temperature
Tpot, on which a cool top layer is superimposed: a
cooling halfspace solution for the oceanic lithosphere,
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and for the continental lithosphere a steady state tem-
perature distribution with crustal radiogenic heat pro-
duction according to(Chapman, 1986), corresponding
to a 60 mW m−2 surface heat flow. For normal oceanic
lithosphere, the crust is 7 km thick, and is underlain
by an 18-km thick depleted harzburgite layer with a
compositional density difference of−77 kg m−3 with
respect to undepleted mantle material. In an oceanic
plateau, the crust is thickened to 18 km, and the un-
derlying harzburgite layer is thickened proportionally.
The lateral extent of a plateau is fixed to 400 km.

In this study, we report two sets of experiments:
set I is to examine the significance of several physi-
cal quantities in the development of shallow flat slabs
in present-day subduction zones, and determine the
relative importance of the proposed flattening mecha-
nisms. Set II examines the viability of flat subduction
in a hotter, younger Earth. Set I is performed in two
steps. The initial step is done once, in which a sub-
ducting slab is formed. We start with an oceanic and
continental lithosphere neighboring each other, and
force the oceanic plate to subduct below the continent
until the tip has just reached the 400 km phase transi-
tion. We used the end result of this initial step as the
starting situation for all subsequent calculations. Set
II requires no two-step procedure.

2.5. Numerical methods

We solve the model differential equations in the
described model domain with a code that is based
on the finite element package SEPRAN(Segal
and Praagman, 2000). Equations for mass and mo-
mentum are solved simultaneously with a penalty
function method with extended quadratic triangular
elements, using a direct solver for resulting alge-
braic equations of the discretized Stokes equation.
The time-dependent temperature equation is inte-
grated with a predictor–corrector scheme on linear
sub-elements of the velocity elements(van den Berg
et al., 1993). For the advection of the compositional
field and the determination of the basalt-to-eclogite
phase change kinetics, we developed a tracer particle
method. Approximately 500,000 particles are ad-
vected with a second (Predictor) or fourth (Corrector)
order Runge–Kutta scheme(Press et al., 1992). Inter-
polation from the finite elements to the particles (to
obtain the local velocity of the function field value)

is performed with a quadratic or linear interpolation
inside the finite element in which the particle is po-
sitioned. Interpolation from the particles to the finite
elements is performed with either a Shepard interpola-
tion (Shepard, 1968)or a particle-in-cell interpolation
(Hockney and Eastwood, 1988; Birdsall and Langdon,
1991). After particle advection, the basalt-to-eclogite
phase function is updated by time integration at each
particle location in a predictor–corrector technique,
with an (explicit) Euler method in the predictor, and
a Crank–Nicolson trapezium rule in the corrector.

3. Mechanisms for flat subduction

3.1. Observations and input parameters

In this study, we aim to examine the circumstances
for which flat subduction can be expected. To gain con-
fidence in the model results, and the choice of the set of
model parameters, we compare the results of the model
calculations with observations from flat slab areas on
the Earth. Around the Pacific, flat subduction occurs
at several locations(Gutscher et al., 2000). One of the
best studied areas of flat subduction is South Peru, and
we applied our numerical model to that specific area.
There, the flat slab is possibly the result of a combi-
nation of the proposed mechanisms: South America
moves westward with about 3 cm per year(Olbertz
et al., 1997), and has the Nazca Ridge subducting at
the location where the flat slab is observed. Further
north or south, where no plateau is subducting, the dip
angle is much steeper. The Nazca Ridge has a crustal
thickness of about 18 km(McGeary et al., 1985). The
convergence rate of the South American plate and the
Nazca plate is 6.7 cm per year(Olbertz et al., 1997),
and the age of the subducting slab is around 44 Ma.

3.2. A parameter investigation: the Peru
subduction area

To quantify and better constrain the effects of
the proposed flat subduction mechanisms, discussed
above, we further elaborated the model results that
were obtained for the Peru subduction region in(van
Hunen et al., 2002a). We will briefly revisit this model,
and then apply the results to better quantify the con-
tributions of those mechanisms to other flat slab areas.
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We performed model calculations for the Peru subduc-
tion zone with parameter settings as discussed above.
We kept all model parameters constant, except for
the upper mantle viscosity, and the basalt-to-eclogite
phase change kinetics. The upper mantle viscosity is
described in terms of its average effective viscosity
η̄UM. We varied the prefactorA of Eq. (6) such that
we obtained āηUM of 2, 3.5, and 6.5 × 1020 Pa s, to
approximately span the range that was suggested by
observations as discussed inSection 2.2. Applied rhe-
ological parameters are given inTable 2. We variedTtr
between 400 and 800◦C, as suggested from geologi-
cal observations (e.g.Austrheim, 1998). We fixed the
yield viscosityηy to a rather arbitrarily chosen value
of τy = 300 MPa. A mantle wedge associated with the
dehydration of the subducting slab(van Hunen et al.,
2002b)was imposed with a one order of magnitude
lower viscosity than the rest of the mantle under sim-
ilar p-T-conditions, and the lateral and depth extent
of weakened part of the mantle wedge was assumed
to be 250 and 40 km, respectively, measured from the
mantle wedge corner. Other model parameters values
are given inTable 1.

A typical model result with̄ηUM = 3.5× 1020 Pa s,
andTtr = 700◦C for a subducting oceanic plateau is
given inFig. 3. It shows that the subducting slab starts
flattening as soon as the oceanic plateau has subducted
below the overriding plate. The thicker weak crust
of the plateau forms a better lubrication between the
two converging plates than normal oceanic crust does,
and therefore might change the subduction dynamics
somewhat. However, it is primarily due to the buoy-
ancy of that thicker crust that flat subduction sets in.
For each of the relevant combinations ofTtr andη̄UM,
we calculated the resulting flat slab length after 15 Ma
after the model start. We defined the length of the flat
slab as the horizontal shift with respect to the start-
ing situation of the rheologically strongest part of the
slab at 200 km depth.Fig. 4gives a compilation of the
model results, and shows that both an increase in the
average mantle viscosity and an increased transition
temperature result in a longer flat slab section. For cal-
culations withη̄UM = 6.5×1020 Pa s, all slabs, regard-
less of the presence of a plateau, will go flat. Since this
does not correspond to the observation that flat sub-
duction at Peru is only observed where a plateau enters
the trench, we can rule out those parameter combina-
tions from being realistic. Similarly, all calculations

Fig. 3. Model result of a subducting oceanic plate with a oceanic
plateau that enters a subduction zone below 3 cm per year trench-
ward moving continent. The situation displays the slab geometry
at Peru. Before the oceanic plateau subduction subduction is steep,
and gradually a flat slab segment is formed due to the buoyancy
of the oceanic plateau.

with Ttr = 400 or 500◦C can be discarded, because
these show steep subduction, even in the presence of a
plateau. We selected three parameter combinations as
representative for the Peru subduction area: theTtr =
600 and 700◦C models withη̄UM = 3.5 × 1020 Pa s,
and theTtr = 800◦C model withη̄UM = 2×1020 Pa s.
We refer to those as models A–C, respectively.Table 3
lists the applied models in this study.

We further determined the relative importance of
effects of the overriding lithosphere, and subducting
plateau on the extent of the flat slab area. We did so by
increasing or decreasing the crustal thickness of the
plateau in each of the models A–C by 11 km, i.e. to
29 km (to which we refer to as models A+, B+, and
C+, respectively), or 7 km (models A−, B−, and C−,
respectively). SeeTable 3 for a description of each
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Fig. 4. Length of the flat slab segment at model timet = 14.4 Ma
for several values of the transition temperatureTtr and average
upper mantle viscositȳηUM. Solid lines represent situations with a
plateau, dashed lines without. Only theTtr = 600 and 700◦C cal-
culations with intermediate mantle strength, and theTtr = 800◦C
with the weakest mantle show the observed characteristics at Peru,
i.e. flat subduction with a plateau, and steep without. Figure from
(van Hunen et al., 2002a).

model. The decrease essentially replaces the plateau
by an oceanic crust with normal thickness, while the
increase ‘doubles’ the plateau thickness. The under-
lying harzburgite thickness is proportionally adjusted.
This change in plateau thickness has an influence on
the flat slab length, and we tried to compensate this ef-
fect by adjusting the overriding plate motion so that we

Table 3
Model calculations

Model Age
(Ma)

Ttr (◦C) η̄UM

(×1020 Pa s)
τy (MPa) WMW

(×1000 km2)
vov

(cm per year)
Dcr (km) Tpot (◦C)

A 45 600 3.5 300 10 3 18 1300
A+ 45 600 3.5 300 10 0–3 29 1300
A− 45 600 3.5 300 10 3–6 7 1300
B 45 700 3.5 300 10 3 18 1300
B+ 45 700 3.5 300 10 0–3 29 1300
B− 45 700 3.5 300 10 3–6 7 1300
C 45 800 2.0 300 10 3 18 1300
C+ 45 800 2.0 300 10 0–3 29 1300
C− 45 800 2.0 300 10 3–6 7 1300
D45 45 400–800 2,3.5,6.5 200,300,500 6,10,24 1–5 7 1300
D37 36 400–800 2,3.5,6.5 200,300,500 6,10,24 1–5 7 1300
D25 22 400–800 2,3.5,6.5 200,300,500 6,10,24 1–5 7 1300
E45 45 600–800 2,3.5,6.5 200,300 6,10,24 0 18 1300
E37 36 600–800 2,3.5,6.5 200,300 6,10,24 0 18 1300
E25 22 600–800 2,3.5,6.5 200,300 6,10,24 0 18 1300
E15 15 600–800 2,3.5,6.5 200,300 6,10,24 0 18 1300
F 45 400–800 10 200 0 5 7,9,11 1300,1338,1375

Fig. 5. Relative importance of the overriding plate motion and
plateau subduction for modified versions of models A–C at model
time t = 15 Ma. Lengths of the flat slab are for models with a
‘twice-as-thick’ plateau (solid lines) and without a plateau (dashed
lines) for several overriding plate motion adjustments (with respect
to the default overriding plate motion of 3 cm per year at Peru).
Flat slab length differences
Lfs are measured with respect to the
lengths obtained in model A–C. Figure modified after(van Hunen
et al., 2002a).

again obtain approximately the original flat slab length
from models A–C, respectively. By doing so, we have
a measure to compare the effects of the plateau and
the overriding lithosphere. Results for this procedure
for each of the models A+, B+, C+, A−, B−, and C−
are shown inFig. 5. The changed plateau thickness
is roughly compensated by
vov ≈ 1.5 cm per year
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(for the stronger mantle models) to 3 cm per year (for
the weaker mantle model) change in the overriding
plate motion. Taken the observed Nazca Ridge crustal
thickness, and the South-American absolute plate mo-
tion, these model calculations suggest that the effect
of the South-American plate motion is roughly once
to twice as important as the effect of the subducting
Nazca Ridge.

3.3. The influence of each of the mechanisms
separately on the subduction dip angle

Results from theSection 3.2show that a combina-
tion of each of the proposed mechanisms, i.e. trench-
ward overriding plate motion, a subducting oceanic
plateau, and possibly slab suction forces, can result in
shallow flat subduction. Next, we will determine the
applicability of this model to other present-day flat
subduction sites, where not all three mechanisms seem
to be present. If we remove one of the mechanisms,
the length of the flat slab segment will diminish or
vanish completely. We used the Peru model to inves-
tigate how the model parameters should be changed
to induce flat subduction with only the presence of an
overriding continent, or a subducting oceanic plateau.

To do so, we started with Peru model A− (i.e. with-
out the oceanic plateau, seeTable 3). Fig. 4 shows
that this model does not show any flat subduction.
We systematically changed some of the important
physical model parameters separately in this model
to observe its influence on the flat slab length. We
refer to this model as model D (see againTable 3).
The dynamics of subducting plates of three different
ages at the trench was examined: 45 Ma (model D45),
36 Ma (D36), and 22 Ma (D22). We varied the aver-
age upper mantle viscosity value of 3.5 × 1020 Pa s
in model D to the smaller and larger values of 2 and
6.5×1020 Pa s. Furthermore, we varied the overriding
plate velocityvov = 3 cm per year with±2 cm per
year, the maximum yield stressτy of the material from
300 MPa (medium yield stress model or MYS model)
to 200 (small YS or SYS model) and 500 MPa (large
YS or LYS model), and the transition temperatureTtr
between 400 and 800◦C. Finally, the size of the weak
part of the mantle wedge was changed from horizontal
and vertical dimensions of 250 km× 40 km (referred
to as the medium weak mantle wedge (WMW) or
MWMW model) to a smaller and larger weak man-

Fig. 6. Compilations of model calculations without an oceanic
plateau. Several important model parameters are varied around
the values from Peru model A. Most important parameters are
the average upper mantle viscosityη̄UM, age of the slab, and
overriding plate velocityvov, while eclogitisation kinetics (varied
through variation inTtr ), slab yield stressτy and size of the weak
mantle wedge seem to be of minor importance.

tle wedge area of 150 km× 40 km (small WMW
or SWMW), and 400 km× 60 km (large WMW or
LWMW), respectively. Results are displayed inFig. 6.
Lowering the age of the slab, increasingvov, or in-
creasing the average mantle viscosityη̄UM all result
in a development of a flat slab segment. Effects of the
transition temperatureTtr and the slab strengthτy are
less important under these circumstances. A change in
the size of the weak mantle wedge does seem to have
even less influence. These results suggest that the pa-
rameter combination of Peru model A is already quite
close to the settings that are needed for a flat slab,
because only a slight change in any of the important
model parameters already leads to a flat slab.

We continue with the examination of the situation
without an overriding plate motion. We adapted the
Peru model B (i.e. with̄ηUM = 3.5 × 1020 Pa s and
Ttr = 700◦C) to a new model E by setting the over-
riding plate motion tovov = 0 cm per year. Not sur-
prisingly, this immediately results in the absence of
flat subduction. To obtain a smaller subduction dip
angle again, we have to modify other model parame-
ters to favor flat subduction again. One obvious choice
for such modification is to reduce the age of the sub-
ducting plate: the age of the subducting plate at Peru
is about 45 Ma, but at several other flat slab areas
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(Nankai Trough, Mexico, Cascades) the age is much
smaller(Jarrard, 1986). Other parameters to be varied
are the ones that are not well constrained, such as the
extent of the weak mantle wedge, and the yield stress
of the material. We refer to model E with a 45 Ma
old slab as model E45. We included the dynamics for
models with younger slab ages of 36 Ma (model E36),
22 Ma (model E22), and 15 Ma (model E15), differ-
ent sizes of the weak mantle wedge, and models with
a smaller material yield stress of 200 MPa. Remark-
ably, we found that changing only a single parameter
within these ranges doesn’t change the dip angle of
the subducting plate significantly, and flat subduction
is not obtained in any of these situations. Only the
SWMW or SYS model obtain a modest amount of flat
subduction for model E22, whereas a combination of
SYS and SWMW is necessary to also obtain some flat
subduction for model E36. In none of the situations,
flat subduction was observed for model E45.

We used model E22 and E36 to investigate again the
influence of several model parameters in a systematic
way. We varied one parameter at the time, while keep-
ing the others to their default values: 3.5 × 1020 Pa s
mantle stress, 200 MPa yield stress, 700◦C transition
temperature, and a 50× 103 km2 weak mantle wedge
per unit length of the trench. Results are shown in
Fig. 7. Again, the slab age and mantle strength turn out
to play an important role. Also the transition tempera-
tureTtr is important, as suggested as well by the Peru
model results above, while the yield stress of the slab
has a more modest influence. The effect of the size
of the weak mantle wedge is puzzling: although the
WMW-size seems to have an influence, there is not a
clear preference for a large or small WMW. Qualita-
tively, the parameter dependence is comparable to the
results, observed in(van Hunen et al., 2002b), where
a similar study was performed under somewhat dif-
ferent model parameter settings. The reference model
from which those model parameter variations were
performed was more favorable for flat subduction, and
the length of the flat segment in those calculations was
on average higher. The model parameters in this study
are chosen with the use of observations from Peru,
which gives more confidence in the choice.

The response of all models D and E (seeTable 3)
to most of the changes in the model parameters in this
section is fairly well understood. Both a high age and a
rapid basalt-to-eclogite formation will increase the av-

Fig. 7. Compilations of model calculations (model E) without an
overriding plate motion. Important model parameters are varied for
a 22 and 36-Ma old subducting slab with maximum yield stress
τy = 200 MPa. Most important parameters are the average upper
mantle viscosityη̄UM, age of the slab, and eclogitisation kinetics.
The effect of the slab yield stressτy is of minor importance, while
the effect of the weak mantle wedge is not clear.

erage density of the subducting slab, and consequently
a larger buoyancy force is necessary to flatten the slab.
For the overtrusting plate model, both an increased
overriding plate motionvov and an increased average
upper mantle viscositȳηUM will increase the reaction
force of the mantle in response to forced deformation
induced by the forced subduction of the underthrusted
plate. This will lead to a better development of a flat
slab segment. For the subducting plateau model, the
positive effect of an increase in mantle viscosity on the
length of the flat slab is less clear. The most likely ex-
planation for this influence is that an overall increase
of the mantle strength also makes the mantle wedge
stronger. This can have two effects that counteract each
other: (1) It requires larger forces to adapt the shape
of the mantle wedge when the dip angle decreases in
the creation of a flat slab(van Hunen et al., 2002b).
and (2) It increases the plate suction forces that tend to
enhance flat subduction(Stevenson and Turner, 1977;
Tovish et al., 1978). The η̄UM-variation plot inFig. 7
suggests that the second effect dominates the first one.
The effect of the size of the weak mantle wedge is
complicated for the same reasons. This study clearly
shows that the size and weakness of the mantle wedge
are important in the development of flat subduction,
which is a direct indication for the significance of the
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slab suction forces. Therefore, more detailed studies
to the effect of size and strength of the weakened man-
tle wedge, such as done byBillen and Gurnis (2001),
should be applied to the flat subduction models to
fully understand its influence, possibly including a
dynamically more self-consistent way of rheologi-
cal weakening in the mantle wedge by incorporating
devolatiling subducting slabs and resulting mantle
wedge hydration(Iwamori, 1998).

In general, we observed that flat subduction occurs
more easily due to only an overthrusting continent than
due to a subducting plateau alone for the examined
range of model parameters. Our results show that the
proposed large flat slab region below North-America
during the Laramide orogeny (e.g.Dickinson and
Snyder, 1978; Bird, 1988, 1998) was very likely
and even almost inevitable if the 5 cm per year
North-American plate motion in a hotspot reference
frame (Engebretson et al., 1985)is correctly inter-
preted as the overriding plate motion. Several of the
present-day flat slab regions, however, are not cor-
related to overthrusting continents. This study shows
that favorable conditions for flat subduction due to the
single effect of a subducting oceanic plateau are less
common. Adding the fact that the two-dimensional
model probably overestimates the effect of a sub-
ducting plateau on the dip angle(van Hunen et al.,
2002b), we are somewhat puzzled about the ob-
served, rather striking correlation between subducting
plateaus and the location of flat subduction(Gutscher
et al., 2000). However, we are aware of the fact that
the plateau model contains several poorly constrained
model parameters. The two most important of those
are probably the strength of the subducting slab, and
the extent of the basalt metastability after subduction,
in which the effects of hydration and deformation are
probably important, but highly unconstrained(Rubie,
1990). Better constraints on those parameters may
provide narrower constraints on the plateau effect on
the subduction dynamics.

4. Flat subduction in a younger, hotter Earth

We extended this parameter study by examining
the influence of the mantle temperature on the viabil-
ity of flat subduction, using model F (seeTable 3).
We gradually increased the potential mantle temper-

ature from a present-day value, which was taken to
be 1300◦C, to simulate the situation of a younger
Earth. This mantle temperature increase will have two
important effects on the subduction dynamics: (1)
It will lead to a thicker crust and harzburgite layer,
and therefore to more compositional buoyancy of the
oceanic plate. Here, we used the crustal and harzbur-
gitic layer thicknesses from(Vlaar and van den Berg„
1991). (2) It will decrease the temperature-dependent
mantle viscosity, which will lead to a more vigorous
convective mantle regime. Since we calibrate both
the thickness of the crust and the mantle viscosity to
present-day observations, the actual choice of the po-
tential temperatureTpot for the present-day situation
is not important, and only the increase with respect to
that value for a younger Earth is relevant. Since for a
hotter mantle not just patches of the oceanic crust are
thickened, but the whole plate has a thicker crust, we
cannot apply the assumption that the average plate
remains negatively buoyant, and will drive the sub-
duction. Therefore, to obtain subduction even in the
case of buoyant oceanic lithosphere with a thick crust,
we again imposed an (arbitrarily chosen) overthrust-
ing plate velocity of 5 cm per year. Furthermore, the
subducting plate has a relatively young age of 45 Ma,
consistent with the idea that old oceanic lithosphere
cannot account for a large heat flow that has cooled
the Earth in the past(Davies, 1992). We chose the
maximum yield stressτy = 200 MPa, used a relatively
strong average mantle viscosity of about 1021 Pa s,
and ignored possible effects of a weak mantle wedge.
Applied rheological parameters are given inTable 2.
Fig. 8 shows the resulting slab dynamics for several
mantle temperatures. For this calculation, we used a
modest basalt metastability by choosingTtr = 500◦C.
The model simulation withTpot = 1300◦C displays
the present-day situation, and results are compara-
ble to overriding plate velocity results in the former
section. A small mantle temperature increase of 38 K
basically shows no difference in the slab behavior.
But for a similar mantle temperature rise toTpot =
1375◦C the subduction style is steep. This variation in
subduction style is reflected in the convergence veloc-
ity between the overriding and the subducting plate:
during flat subduction, the subducted lithosphere is
positioned rather passively below the overthrusting
lithosphere, in which the convergence velocity is
approximately the imposed overriding plate motion.
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Fig. 8. Viscosity plot of subduction process below an trenchward moving overriding continent at t= 12.8 Ma after model initiation. Colors
represent the effective mantle viscosity, while black and white areas refer to basaltic and eclogitic crust, respectively. Potential temperature:
(a) Tpot = 1300◦C, (b) Tpot = 1338◦C, and (c)Tpot = 1375◦C. The white line at 400 km depth represents the mantle phase transition at
that depth.

But if steep subduction occurs, the slab hangs in the
mantle, and its weight can be effectively transmitted
to the oceanic plate at the surface. This causes slab
pull to act as an additional force to the subduction
system, which rapidly increases the convergence rate.
This allows for a more compressed representation of
the subduction dynamics inFig. 9. This plot shows
the resulting convergence rate for different mantle
temperatures and different eclogite-formation rates,
parameterized through the transition temperature
Ttr. For Tpot = 1300 and 1338◦C, the convergence
rates differ little for different transition temperatures:
for high Ttr, convergence is a little slower than for
low Ttr, which reflects the resistance of the buoy-
ant, metastable basaltic crust to subduction. Only for
Tpot = 1375◦C, convergence rates depend largely
on the the transition temperature. For lowTtr, eclog-
ite forms quickly during subduction, which leads to
steep subduction, effective transmission of slab pull
to the oceanic plate at the surface, and therefore to an

Fig. 9. Convergence velocity during subduction below a trenchward moving overriding continent for different values of the potential
temperatureTpot and transition temperatureTtr .

increased convergence rate. Only forTtr = 800◦C,
the convergence rate remains low, and indeed for this
calculation flat subduction is still observed. The con-
vergence rate, however, is significantly lower than the
overriding plate motion of 5 cm per year. This repre-
sents a dynamical state that may be best described by
a mix of pure collision (in which case the convergence
rate decreases to zero), and passive subduction (in
which case the convergence rate equals the overriding
plate motion).Fig. 8cfurther shows the localized low
viscosity region surrounding the cold slab. The effect
of high slab velocity (and resulting high strain rate) in
combination with composite rheology illustrates the
lubricating effect of strain rate localization(van den
Berg and Yuen, 1997). Model calculations were also
performed at even larger thanTpot = 1375◦C mantle
temperatures. All these calculations showed steep sub-
duction forTtr ≤ 600◦C, and no subduction at all, or
rather collision, forTtr = 800◦C. In general, we can
conclude from these results that flat subduction in a
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much hotter Earth is not viable. This result contradicts
earlier theories that flat subduction was more abun-
dant in a hotter Earth as a result of the buoyant char-
acter of the subducting plates(Vlaar, 1986; Abbott
et al., 1994). The presented results put important con-
straints on the geodynamical regime in a hotter Earth,
as discussed by, e.g.Hamilton (1998), de Wit (1998).

5. Conclusions

Several mechanisms have been proposed to explain
the worldwide occurrence of flat subduction at ap-
proximately 10% of the trenches. We grouped these
mechanisms into three categories: (1) subduction of
lithosphere with increased buoyancy because of its
young age or the presence of an oceanic plateau;
(2) subduction below an trenchward moving over-
thrusting continent; and (3) slab suction forces in the
mantle wedge. We investigated the effects of each of
these mechanisms through numerical modeling exper-
iments. Comparison of model results of the subduc-
tion geometry near Peru with the observed geometry
allows for calibration of several of the model parame-
ters, from which we conclude that the average mantle
viscosity ranges between 2 and 3.5 × 1020 Pa s, and
basalt should be able to survive temperatures of 600
to 800◦C. We used this model to quantify the circum-
stances for which we expect shallow flat subduction
if an overriding continent or an oceanic plateau is
absent. We conclude that an overriding continent eas-
ily provides the circumstances for flat subduction. A
slightly higher overriding plate motion, average man-
tle viscosity, as well as a slightly weaker or younger
slab than is observed near Peru already results in flat
subduction. An oceanic plateau without an overrid-
ing plate motion seems to be much less capable of
developing low-to-zero angle subduction, and only a
combination of the changes, mentioned above, gives
rise to flat subduction. The plate suction forces play an
important role, but further research will be needed to
quantify the effects of the mantle wedge viscosity and
the hydrous weakening of the mantle wedge due to the
devolatisition of the subducting slab. We also applied
the numerical situation to a hotter mantle to simulate
the dynamics of a younger Earth. We used this model
to determine the viability of flat subduction in this situ-
ation. The resulting increase in the oceanic plate buoy-

ancy and the weakening of the mantle counteract each
other, but the rheological effect seems to dominate, be-
cause flat subduction is not observed for even a mod-
est mantle temperature increase of 75 K. This rules
out the previously suggested scenario that flat sub-
duction was a more wide-spread phenomenon in the
past.
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