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Abstract

Very low to zero shallow dip angles are observed at several moderately young subduction zones with an active
trenchward moving overriding plate. We have investigated the effects of latent heat for this situation, where mantle
material is pushed through the major mantle phase transitions during shallow low-angle subduction below the
overriding plate. The significance of the buoyancy forces, arising from the latent heat effects, on the dynamics of the
shallowly subducting slab is examined by numerical modeling. When a 32-Ma-old slab is overridden with 2.5 cm/yr by a
continent, flat subduction occurs with a 4^5 cm/yr convergence rate. When latent heat is included in the model, forced
downwellings cause a thermal anomaly and consequently thermal and phase buoyancy forces. Under these
circumstances, the flat slab segment subducts horizontally about 350 km further and for about 11 Ma longer than
in the case without latent heat, before it breaks through the 400-km phase transition. The style of subduction strongly
depends on the mantle rheology: increasing the mantle viscosity by one order of magnitude can change the style of
subduction from steep to shallow. Similarly, an overriding velocity of less than 1 cm/yr leads to steep subduction, which
gradually changes to flat subduction when increasing the overriding velocity. However, these model parameters do not
change the aforementioned effect of the latent heat, provided that low-angle subduction occurs. In all models latent heat
resulted in a substantial increase of the flat slab length by 300^400 km. Varying the olivine^spinel transition Clapeyron
slope Q from 1 to 6 MPa/K reveals a roughly linear relation between Q and the horizontal length of the slab. Based on
these results, we conclude that buoyancy forces due to latent heat of phase transitions play an important role in low-
angle subduction below an overriding plate. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has long been recognized that the major
mantle phase transitions in£uence the dynamics
of subducting slabs [1^5]. Due to opposing signs

of the Clapeyron slopes, cold slabs are accelerated
through the 410-km transition, but are retarded
or even trapped at the 670-km transition. Latent
heat due to these phase transitions gives only a
second-order e¡ect, because the cold thermal
anomaly of the slab overshadows the temperature
change from latent heat release or absorption.
During shallow £at subduction, a cold slab does
not (initially) penetrate the phase transitions, but
instead travels (sub)horizontally. Flat subduction
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of relatively young oceanic (6 50 Ma) lithosphere
is observed in about 10% of the modern subduc-
tion zones and is, for example, observed today
below the Peru and central Chile [6,7]. In the
case of shallow £at subduction below a trench-
ward moving overriding continent [8,9], relatively
warm mantle material below the subducting plate
is pushed through the phase transitions. In such a
case, latent heat forms a ¢rst-order e¡ect of the
phase transition, because of the absence of a cold
thermal anomaly at the depth of the phase tran-
sition. Latent heat release at the 400-km transi-
tion results in a temperature rise, which depresses
the phase plane to greater depth. The resulting
thermal and phase buoyancy will resist further
downward motion of mantle material. In this pa-
per, we examine the e¡ects of latent heat under
such circumstances. Relevant model parameters
are varied to test the robustness of the observed
features.

2. E¡ects of latent heat

When a steeply subducting slab passes the 400-
km phase transition, latent heat is released, which
heats up the cold slab and reduces its gravitation-
al instability. In general, the temperature rise due
to this latent heat release is small : the slab still
remains relatively cold (Fig. 1a). However, when
material with a very small or absent thermal
anomaly passes the phase transition, latent heat
results in a ¢rst-order buoyancy e¡ect, which may
be decisive in maintaining marginal stability in
systems with £at subduction. Since the material

at the depth of the phase transition is not gravita-
tionally unstable, it must be forced to pass the
transition. This is the case when a continent over-
rides a subducting oceanic plate, by which mech-
anism the oceanic plate is brought to a depth of at
least 100^150 km. This subducting plate, in turn,
pushes underlying mantle material down through
the phase transitions at greater depths. At the
400-km transition, the released latent heat results
in both a thermal buoyancy force and a depres-
sion of the equilibrium position of the phase tran-
sition, which results in a positive phase buoyancy
contribution (Fig. 1b). These buoyancy contribu-
tions can in£uence the dynamics above the tran-
sition, since they tend to resist further downwel-
lings. We can make a rough estimation of these
e¡ects. The latent heat release per unit mass of
mantle material equals [10]:

QL � QN bT=b 2 �1�

where parameters are de¢ned in Table 1. Clapeyr-
on slopes are taken from [11]. Neglecting thermal
di¡usion, an estimate of the resulting temperature
rise is given by NT = QL/cp, while the phase change
equilibrium depression is described by:

N z � QNT=bg �2�

For a mantle temperature T = 1728 K at 400
km depth and parameter values as in Table 1,
we obtain a temperature rise NT = 100 K due to
latent heat release. Such a temperature rise would
depress the phase transition by approximately
Nz = 9 km. We assume a depth increase of all man-

Fig. 1. Schematic representation of the buoyancy e¡ects of latent heat release around 400 km depth during subduction. In the
shaded area, the release or advection of latent heat a¡ects the temperature. The thick solid line schematically represents the depth
of the 400-km phase transition. Solid arrows denote the £ow ¢eld, open arrows represent the local buoyancy forces: sl = slab
thermal buoyancy, ph = slab phase buoyancy, lh = total latent heat buoyancy. (a) During steep Benio¡ subduction, the thermal
anomaly of the cold slab eclipses the latent heat e¡ect. (b) In case of low-angle subduction below a trenchward moving overrid-
ing plate, latent heat release gives a ¢rst-order buoyancy e¡ect of the phase transition.
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Table 1

Symbol Meaning Value used Dimension Reference

A pre-exponential £ow law parameter
crustal dislocation creep value 8.8U10325 Pa3n s31

reference mantle di¡usion creep value 1.92U10311 Pa3n s31 [25]
reference mantle dislocation creep value 2.42U10316 Pa3n s31 [25]

C Composition parameter ^ ^
cp Speci¢c heat 1250 J kg31 K31

Di dissipation number =Kgh/cp 0.47 ^
E* Activation energy

crustal dislocation creep value 260U103 J mol31 [26]
reference mantle di¡usion creep value 300U103 J mol31 [25]
reference mantle dislocation creep value 540U103 J mol31 [25]

eij eij = Djui+Diuj = strain rate tensor ^ s31

H Non-dimensional radiogenic heat production ^ ^
n Viscosity stress exponent

crustal dislocation creep value 3.4 ^ [26]
reference mantle di¡usion creep value 1.0 ^ [25]
reference mantle dislocation creep value 3.5 ^ [25]

QL Latent heat release across a phase transition ^ J kg31

R Gas constant 8.3143 J K31 m33

Ra Thermal Rayleigh number bKvTh3/RU 1.8U107 ^
Rb Phase Rayleigh number Nbgh3/RU

400-km phase transition 2.1U107 ^
670-km phase transition 2.4U107 ^

Rc Compositional Rayleigh number vbcgh3/RU
basalt 3.1U107 ^
harzburgite 6.0U106 ^

T Non-dimensional temperature ^ ^
T0 Non-dimensional surface temperature 273/vT ^
vP Non-dimensional hydrodynamic pressure ^ ^
vT Temperature contrast across model domain 2300 K
t Non-dimensional time ^ ^
u Non-dimensional velocity u = (v, w)T ^ ^
w Downward vertical velocity component ^ ^
V* Activation volume

crustal dislocation creep value 10U1036 m3 mol31

reference mantle di¡usion creep value 4.5U1036 m3 mol31

reference mantle dislocation creep value 14U1036 m3 mol31 [27]
v0 Overriding velocity (reference model value) 2.5 cm yr31

K Thermal expansion coe¤cient 3U1035 K31

yk Harmonic phase functions for all k mantle phase transitions ^ ^
Q400 Clapeyron slope 400-km phase transition 3 MPa K31 [11]
Q670 Clapeyron slope 670-km phase transition 32.5 MPa K31 [11]
vbc Compositional density relative to mantle material kg m33

basalt 3400 kg m33

harzburgite 377 kg m33

NT Temperature increase due to latent heat release ^ K
Nz Phase transition de£ection due to latent heat release ^ m
Nb400 Density di¡erence across the 400-km phase transition 273 kg m33 [28]
Nb670 Density di¡erence across the 670-km phase transition 342 kg m33 [28]
R Non-dimensional viscosity ^ ^
x Non-dimensional viscous dissipation ^ ^
b Mantle density 3416 kg m33

dij Deviatoric stress tensor ^ Pa
d Second invariant of the stress tensor dij ^ Pa
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tle material of 100 km due to the overriding e¡ect
of a continent of such thickness. Forcing a 100-
km-thick vertical column of mantle material with
unit cross section through the 400-km transition
would reduce its weight relative to a column with-
out vertical movement and would approximately
result in a latent heat buoyancy force Flh;400 =
3.4U107 N/m2 due to both thermal and phase
buoyancy e¡ects of the latent heat release. This
estimate of the latent heat e¡ect represents an
upper bound for two reasons. First, resistance of
mantle downwellings, because the latent heat
forces will have a negative feedback on these
forces, since less latent heat is released. Second,
thermal di¡usion will spread the (local) temper-
ature increase, which will diminish the depression
of the phase transition.

For comparison, we estimated the thermal and
phase buoyancy for a 32-Ma-old slab, before and
during the breakthrough at the 400-km transition.
We assume a cooling halfspace description of the
oceanic lithosphere and vertically integrate the re-
sulting density pro¢le with respect to the mantle
adiabat [1] to obtain the negative thermal slab
buoyancy Fsl of a lithospheric plate just prior to
subduction. Assuming the model parameters from
Table 1, we obtain Fsl =34.7U107 N/m2, where
the minus-sign indicates a downward force. Fsl

diminishes as the slab heats up during the (sub)-
horizontal subduction process. If the slab ¢nally
reaches the 400-km transition, the negative phase
buoyancy of the uplifted transition within the
cold slab will start to contribute. Using
vT =3700 K in the cold interior of the slab,
Eq. 2 would give an uplift of the phase transition
of 63 km, and with the parameters from Table 1,
this gives a negative phase buoyancy force
Fph =316.8U107 N/m2.

Latent heat is absorbed when material is
pushed down through the 670-km phase transi-
tion, which gives a negative thermal buoyancy.
The phase transition's equilibrium depth, how-
ever, is depressed and this gives again a positive
phase buoyancy. Thermal and phase buoyancy
counteract each-other for this phase transition
and the total buoyancy e¡ect of this phase tran-
sition will be smaller than that for the 400-km
phase transition, but still positive, since the phase

buoyancy will be dominant. Applying the same
method as for the 400-km phase transition and
using a mantle temperature T = 1908 K at 670
km depth and parameter values as in Table 1
results in a total positive latent heat buoyancy
force Flh;670 = 1.8U107 N. Comparison of the
combined e¡ects of the positive Flh;400 and Flh;670

with the negative Fsl shows that during low-angle
subduction below a trenchward moving continent,
the total buoyancy e¡ect of the latent heat is of
similar magnitude as the negative thermal slab
buoyancy. Only if the slab eventually reaches
the 400-km transition, the negative Fph will start
to dominate the other buoyancy forces, which
may result in a £ushing event and steeper subduc-
tion. How the latent heat would a¡ect the path of
the (sub)horizontal slab above the transition is
not easily estimated. Vertical motion of the shal-
low slab and the deeper mantle material around
the phase transitions are indirectly coupled by the
viscous deformation of intermediate mantle mate-
rial. Due to the larger distance between slab and
transition, the e¡ects of latent heat on shallow £at
subduction will be smaller for the 670-km phase
transition than for the 400-km phase transition.
In order to assess these e¡ects quantitatively, we
use numerical modeling and vary the controlling
parameters.

3. Model description

The subduction model is based on the extended
Boussinesq formulation for an incompressible £u-
id of in¢nite Prandtl number [12]. We give a brief
description of the governing equations and ap-
plied rheology. A more elaborate description is
given in [9]. We solve the continuity and momen-
tum equation to obtain the motion of the slab
through the mantle below an overriding conti-
nent:

D juj � 0 �3�

D j�Reij�3D ivP � �RaT3
X

k

Rbkyk � RcC�N iz

�4�

EPSL 5891 19-7-01 Cyaan Magenta Geel Zwart

J. van Hunen et al. / Earth and Planetary Science Letters 190 (2001) 125^135128



Thermal, compositional, and phase buoyancy,
as well as temperature-dependent rheology are ac-
counted for through coupling with the conserva-
tion equations for energy and composition:

DT
D t
� ujD jT3Di�T � T0�w3

X
k

Q k
Rbk

Ra
Di�T � T0�

dyk

dt
3D jD jT � Di

Ra
x �H �5�

DC
D t
� ujD jC � 0 �6�

Symbols are de¢ned in Table 1. The buoyancy
and latent heat e¡ects of the mantle phase tran-
sitions are described by the terms with yk in Eqs.
4 and 5, respectively [12], in a summation of the
e¡ects of the 400-km and 670-km phase transi-
tions. Here, we model the subduction of a rela-
tively young lithosphere (V32 Ma). Based on re-
sults from [13,15], we conclude that olivine meta-
stability below the 400-km phase transition is neg-
ligible in our model, due to the relatively high slab
temperature. Therefore, we do not include olivine
metastability in our models. Eqs. 3^5 are solved
with a code that is based on the ¢nite element
package Sepran [14], which is combined with a
Lagrangian tracer particle method to solve Eq.
6. Compositionally, the model distinguishes be-
tween two types of mantle material (undepleted
lherzolite and depleted harzburgite) and crustal
material and each has its own compositional
buoyancy, de¢ned through the compositional
Rayleigh number Rc, as de¢ned in Table 1. For
all mantle material, the same composite rheology
is applied, which combines both Newtonian and
non-Newtonian creep [15,16]. Crustal rheology is
described by non-Newtonian creep. Each creep
mechanism is prescribed by an Arrhenius rela-
tion:

eij � Ad n31d ij exp 3
E� � PV �

RT

� �
�7�

Symbol de¢nition and used reference model
values are de¢ned in Table 1. Besides a constant
maximum viscosity Rmax = 1023 Pa s, an additional

stress limiting rheology is applied here, which as-
sumes that material yield when the second invar-
iant of the stress exceeds a pressure-dependent
stress limit cy [17,18].

We model the subduction process in a Carte-
sian box of 2000 km deep and 3800 km wide. Our
model reference frame is ¢xed to the overriding
continent, such that in this reference frame the
subducting plate and underlying mantle move to-
wards this continent. The reference frame of a
subduction zone is usually ¢xed to the deep man-
tle. For reasons of computational convenience, we
model the subduction below a trenchward moving
overriding plate in a reference frame that is ¢xed
to this overriding plate: an overriding plate veloc-
ity (v0, 0) is modeled with a no-slip condition at
the Earth's surface for the overriding plate and a
velocity boundary condition (3v0, 0) at the left
hand side and bottom boundaries are imposed.
The subducting plate has a free-slip boundary
condition, while horizontal £ow and a lithostatic
pressure are prescribed on the right hand side
boundary. Temperature boundary conditions are
a mantle adiabat (potential temperature Tp =
1300³C) at the left hand side and bottom bound-
ary, T = 0³C at the surface and a continental geo-
therm on the right hand side boundary. In be-
tween the converging plates, a curved free-slip
fault extends to a depth of 100 km. For all model
calculations, a single initial situation was created
by kinematically driving the subduction of a 32-
Ma slab for a duration of 8 Ma, such that the tip
of the slab just enters the asthenosphere. After
this initial stage, the subduction velocity is no
longer prescribed, but driven by internal buoy-
ancy forces in combination with the e¡ects of
the overriding plate. The initial mantle has an
adiabatic temperature pro¢le below the cool litho-
spheric plates. Model setup, fault implementation
and initial conditions are described in more detail
in [9], and the same model parameters are taken,
unless explicitly reported.

The e¡ect of a basalt-to-eclogite phase transi-
tion in the subducting oceanic crust has been ap-
proximated by applying a transition of the com-
positional buoyancy of crustal material at a depth
of 50 km. Temperature dependence of this tran-
sition is neglected by setting the Clapeyron slope
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to zero. Below the 7-km-thick oceanic crust, an
18-km-thick harzburgitic layer is present. The rel-
ative compositional density of basalt and harzbur-
gite with respect to undepleted mantle material in
the model are 3400 and 377 kg/m3, respectively.
Furthermore, we assume that oceanic composi-
tional buoyancy terms of eclogite and harzburgite
cancel each other with respect to undepleted man-
tle material within a lithospheric column. There-
fore, no net compositional buoyancy is applied in
our model below 50 km depth. Within the shallow
subduction zone, the converging plates are prob-
ably decoupled by a fault gouge and a weak ba-
saltic crust. However, for the decoupling of the
deeper parts of the two converging plates, several
alternative mechanisms have been proposed: eclo-
gite being equally weak as basalt, decoupling
within the subducting sediment layers, incomplete
dehydration or eclogitization occurring as deep as
250 km [19] or the mantle material overlying the

hydrated subducting crust altering to weak ser-
pentinite and talc [20]. To obtain mechanical de-
coupling between the converging plates, we ap-
plied a weak crustal rheology above a depth of
200 km and, for numerical convenience, used the
stronger mantle rheology for all materials below
this depth. Di-variant mantle phase transitions are
included in the model for the 400-km and 670-km
discontinuity. These discontinuities are suggested
to be as sharp as 4 km [21]. However, as long as
the phase transition width is smaller than about
40 km, our model results show little dependence
on this width. For numerical convenience, we
used a 20-km-wide harmonic parameterization of
the phase functions yk for both transitions.

4. Numerical results

For the set of experiments in this section, we

Fig. 2. Temperature contour snapshots of the reference model without (left) and with (middle) latent heat at t = 7.9 Ma (a,d),
t = 17.38 Ma (b,e), and t = 26.86 Ma (c,f) are shown. The x-axis displays the horizontal distance to the trench. Black arrows visu-
alize the direction and amplitude of the £ow relative to the overriding plate. The horizontal slab length is increased by the e¡ects
of latent heat. The right panel shows a vertical exaggeration of the area around the 400-km transition with contour lines of the
temperature change with respect to the situation at t = 0 Ma. White lines display the 400-km phase transition equilibrium posi-
tion.
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de¢ned a reference model as discussed in Section
3 with reference parameter values as given in Ta-
ble 1. The e¡ects of latent heat of the two mantle
phase transitions on the subduction are investi-
gated. Fig. 2 shows snapshots of the model evo-
lution with and without included latent heat. The
results of the model without latent heat (Fig. 2a^
c) show a slab which subducts with a small angle
and reaches the 400-km phase transition after ap-
proximately 14 Ma with an average convergence
rate of 4.6 cm/yr. Corresponding results for a
model including latent heat (Fig. 2d^f) show a
dip angle of the slab reaching zero degrees and
a slab traveling horizontally over a longer dis-
tance. This slab reaches the transition after ap-
proximately 25 Ma with an average convergence
rate of 4.1 cm/yr. The black arrows show the di-
rection and amplitude of the mantle £ow with
respect to the overriding plate. These arrows dem-
onstrate that the breakthrough, which occurs
when the slab reaches the 400-km transition, is
less vigorous in the model with latent heat. This
is due to the extra heating of the slab during its
longer route from trench to transition, which re-
duces the transition uplift. The e¡ects of the latent
heat release at the 400-km transition are visual-
ized in Fig. 2g^i, showing the area around 400 km
depth with a vertical exaggeration. The plot
shows the contours of the temperature ¢eld, rela-
tive to the situation at t = 0 Ma and gives a good
impression of the latent heat release due to the
overriding plate, together with the resulting (ver-
tical exaggeration of the) phase transition depres-
sion.

Fig. 3 shows the e¡ects of the latent heat re-
lease/absorption for both phase transitions from
the start of the model at t = 0 Ma until the mo-
ment when the slab reaches the 400-km transition.
Fig. 3a gives the maximum temperature change
around the transitions with respect to the initial
situation, while Fig. 3b shows the corresponding
maximum phase equilibrium depressions. Fig. 3a
shows a maximum temperature rise of 70^80 K
for the 400-km transition, while near the 670-km
transition, the temperature drop is only about 20
K. In Fig. 3b, the resulting shift of the equilibri-
um depth the transitions show a similar trend: the
400-km transition is depressed by 8 km, while the

670-km transition shifts only 2^3 km downwards.
As expected, these e¡ects are smaller than the
ones obtained from the theoretical estimate in
Section 2. This is due to the thermal di¡usion of
the latent heat and a reduced vertical £ow from
the slab to the transitions, because of the viscous
deformation of the mantle in between. The mea-
sured perturbations are stronger at the 400-km
transition, because it is situated closer to the sub-
ducting plate. Furthermore, the in£uence of the
slab on the 670-km transition is partly shielded
o¡ by the 400-km transition, which results in a
larger £ux of mantle material through the 400-km
transition. After 10 to approximately 15 Ma, the
maximum temperature rise due to the latent heat
release of the 400-km transition remains fairly
constant at about 70 K, because latent heat pro-
duction is in equilibrium with thermal di¡usion.
After 15 Ma, the slab is attracted by the 400-km
transition, neighboring mantle material is acceler-
ated downwards and the e¡ects of latent heat
again dominates thermal di¡usion. The e¡ects of
the accelerating slab motion on the 670-km tran-
sition is less direct and not clearly observable in
Fig. 3a,b.

The robustness of the latent heat e¡ects is
tested through variation of several model param-
eters. As an indicator of the latent heat e¡ect, we
estimated the length of the £at slab segment be-
low the overriding continent. The horizontal posi-
tion of the point of penetration of the slab
through the 400-km transition was used to quan-

Fig. 3. Evolution of maximum temperature change NT (a)
and phase transition depression Nz (b) for both mantle phase
transitions due to latent heat release/absorption of the down-
ward penetrating mantle material. Both e¡ects are roughly
four times larger for the 400-km phase transition than for
the 670-km one.
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tify this segment length. The importance of trench
migration and the mantle viscosity on ability of
the slab to penetrate into the lower mantle has
been shown by [22,23]. In previous work we
have shown that mantle viscosity is also a key
parameter for the occurrence of shallow £attening
of the slab at a depth of about 100 km [9]: during
a trenchward motion of the overriding plate, a
strong mantle resists steep Benio¡ type subduc-
tion. Furthermore, viscosity controls the interac-
tion between vertical slab motion and £ux of
mantle material through the 400-km transition.
We varied the e¡ective mantle viscosity through
variation of the viscosity prefactors A in Eq. 7,
around the reference values from Table 1, of both
the di¡usion and dislocation creep components of
the composite rheology. The relationship between
A and the e¡ective viscosity R is dependent on the
local circumstances for a composite rheology [9]:
with the rheological parameters from Table 1, a
one order-of-magnitude decrease of A results in
an e¡ective viscosity increase with a factor be-
tween 2 and 10. Fig. 4 shows the e¡ect of the
prefactor variation vA with respect to the refer-
ence model on the horizontal position of the point
of slab penetration through the 400-km phase
transition. A positive correlation between e¡ective
mantle viscosity and the length of the £at slab
segment is observed for models with and without
latent heat. Latent heat increases the £at slab

length by approximately 150 km in a weak man-
tle, and up to 300 km in a stronger mantle. Only
the models with the weakest mantle do not show
this feature. No real £at slab segment occurs in
the models with a low-viscosity mantle, and in
this case a reduction of the subduction angle is
a better description of the latent heat e¡ect. Be-
sides a buoyancy e¡ect, the thermal anomaly also
in£uences the temperature-dependent mantle vis-
cosity near the phase transitions. Although this
weakening may be as large as half an order-of-
magnitude just below the 400-km transition, the
surface area of this phenomenon is too small to
have a signi¢cant in£uence on the dynamics. On
the whole, the importance of the mantle viscosity
in these models is quite remarkable : the style of
subduction changes from steep Benio¡ type sub-
duction to £at subduction with a £at slab segment
length of about 1000 km by changing the mantle
viscosity with less than one order-of-magnitude,
which is well within the uncertainty of estimates
of e¡ective upper mantle viscosity [24].

In the scenario of lithospheric doubling, the
occurrence of £at subduction is mainly due to
the overriding continent [9,22,23]. Therefore, we
varied the velocity of the overriding continent
with respect to the deep mantle. Fig. 5 illustrates
the e¡ect of the varying overriding velocity vov on
the lateral position of the breakthrough point.

Fig. 4. Relation between the length of the £at slab segment
and mantle viscosity prefactor A, relative to the reference
values in Table 1, for models with (solid line) and without
(dashed line) latent heat. The prefactor A and the e¡ective
mantle viscosity are inversely related (see text). The x-axis
displays the horizontal distance between trench and slab
breakthrough point. The length of the £at slab segment in-
creases with e¡ective mantle viscosity with approximately 600
km in the case without latent heat. The e¡ects of latent heat
results in an extra 150^300 km of £at-lying slab segment.

 

Fig. 5. E¡ect of the overriding velocity on the length of the
£at slab segment for models with (solid line) and without
(dashed line) latent heat. The horizontal axis shows the hori-
zontal distance between trench and slab breakthrough point.
Steep subduction occurs for a low continental overriding ve-
locity (6 1.5 cm/yr). A higher overriding velocity leads to an
increasing slab length. Latent heat results in no extension of
the £at slab segment for an overriding velocity of 1 cm/yr or
less, up to a fairly constant extra £at slab length of about
400 km for an overriding velocity of 3 cm/yr or more.
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Steep subduction occurs in case of no or a small
overriding velocity and latent heat seems to make
little di¡erence in these cases. When the overrid-
ing velocity exceeds approximately 1.5 cm/yr, the
slab starts to £atten: the slab penetrates the 400-
km transition further away from the trench. The
length of the £at slab segment increases mono-
tonically with increasing overriding velocity.
With the £attening, the e¡ect of latent heat release
becomes increasingly important. For an overrid-
ing velocity of 3 cm/yr or higher, the e¡ect of
latent heat release leads to a slightly growing in-
crease of the length of the £at slab segment to a
little more than 400 km. This ¢gure shows that
the e¡ectiveness of the latent heat release is not
directly depending on the overriding velocity, but
only indirectly through the style of subduction
(high- or low-angle subduction).

Finally, we varied the strength of the 400-km
phase transition through variation of the Clapeyr-
on slope between 1 and 6 MPa/K, which a¡ects
the amount of latent heat release (Eq. 1). As
shown in Fig. 3, the e¡ects of the 670-km transi-
tion are relatively small. We kept the parameters
of this transition constant during the experiments
to extract the in£uence of the greater impact of
the 400-km phase transition. Fig. 6 shows the ef-
fects of varying the Clapeyron slope on the lateral
position of the breakthrough point. A roughly
linear relation is present between the Clapeyron
slope and the horizontal extent of the £at slab.

Changing the Clapeyron slope from 1 to 6 MPa/
K results in an extra 400-km £at slab segment.
This is the result of two e¡ects: on the one
hand, once the slab reaches the vicinity of the
phase transition, a strong transition tends to
pull the slab more ¢rmly, resulting in a shorter
£at slab segment, which is visible from the results
of experiments without latent heat. On the other
hand, more latent heat release of the stronger
transition leads to a stronger resisting buoyancy
opposing penetration of the £at slab. The latter
e¡ect dominates, as illustrated with the curve of
experiments with latent heat.

5. Discussion and concluding remarks

Shallow or very low-angle subduction is occur-
ring at about 10% of the modern subduction
zones [7]. As an explanation for this feature, the
e¡ect of the trenchward moving overriding plate
[8,9] has been proposed. We have investigated the
e¡ects of latent heat of the mantle phase transi-
tions at 400 and 670 km depth on the dynamics of
low-angle subduction below a trenchward moving
overriding continent. In such a situation, an over-
riding continent forces an oceanic plate to sub-
duct to at least 100 km depth. This, in turn,
pushes underlying mantle material down through
the phase transitions, where latent heat release or
absorption gives rise to positive phase buoyancy.
For the 400-km transition, the maximum temper-
ature change and depression are approximately 80
K and 8 km, respectively, while for the 670-km
transition these are only 20 K and 2 km, respec-
tively. We examined the signi¢cance of these la-
tent heat e¡ects on the dynamics of the slab. A
32-Ma-old slab, which is forced to subduct into a
moderately strong mantle below an overriding
continent with 2.5 cm/yr, travels horizontally ap-
proximately 350 km further and 11 Ma longer if
latent heat is included in the model calculations.
As shown here, rapid vertical motion through the
phase transitions results in a temperature discon-
tinuity across the transition due to latent heat,
which di¡uses away again with time. Our initial
temperature pro¢le assumes no e¡ects of latent
heat release. This is a good assumption in case

Fig. 6. The relation between Clapeyron slope of the 400-km
phase transition and the length of the £at slab segment. The
horizontal axis shows the horizontal distance between trench
and slab breakthrough point. In case of latent heat (trian-
gles), the £at slab grows roughly linearly with increasing Cla-
peyron slope. Without latent heat (circles), a stronger transi-
tion pulls down the slab more ¢rmly, resulting in a shorter
£at slab.
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of a trenchward moving overriding plate, which
continuously forces a di¡erent part of the mantle
to sink through the phase transitions.

The style of subduction is strongly dependent
on the mantle viscosity: a viscosity increase of
only one order-of-magnitude may change the style
of subduction from steep to horizontal. The sig-
ni¢cance of latent heat does not change much
within this range. Variation of the overriding ve-
locity changes the style of subduction from steep,
for an overriding velocity of 1 cm/yr or less, to
£at subduction, when the overriding velocity ex-
ceeds 3 cm/yr. E¡ects of latent heat are negligible
at low overriding velocity, and show a slightly
growing £at slab length increase to about 400
km above 3 cm/yr overriding velocity. The rela-
tion between the Clapeyron slope and the length
of the £at slab is almost linear. An increase of Q
from 1 to 6 MPa/K leads to a 400-km-longer £at
slab segment. These results indicate that buoyancy
e¡ects from latent heat at low-angle subduction
below an overriding continent form a robust fea-
ture that increases the tendency to £at subduction
signi¢cantly.
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