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[1] We examine the influence of variable thermal properties on the thermal state of a
subducting slab in the upper mantle and the transition zone by combining a kinematic slab
model with models of thermal conductivity. Thermal diffusivity and conductivity models
for major mantle minerals in the MgO-SiO2 system are developed based on experimental
measurements on these minerals at high pressure and temperature. The models show
significantly higher thermal conductivity for stishovite and clinopyroxene compared to the
Mg2SiO4 polymorphs and majorite garnet. In our subduction model we consider scenarios
with a differentiated slab (basalt–harzburgite–pyrolite) in a pyrolite mantle and uniform
composition for both the slab and the mantle (pyrolite or a pure Mg2SiO4-based system).
The role of highly conductive pyroxene is examined by taking it into account in some
models and replacing it in others with majorite garnet. This choice has a strong influence
on the thermal state of the slab, shifting the depth of the 1000 K temperature anomaly
by as much as 100 km. This is caused by faster cooling of the plate at the surface and
thermal insulating effects once subducted. Temperature differences between models with
variable thermal diffusivity and those with constant parameters can reach 125 K, i.e. 10%
of total thermal anomalies of the slab relative to an average geotherm. Taking into
account the stable mineral phases we evaluate density variations between different models
and find that variable thermal diffusivity results in a modest increase of negative buoyancy
of the slab.
Citation: P. Maierová, T. Chust, G. Steinle-Neumann, O. Čadek, and H. Čížková (2012), The effect of variable thermal
diffusivity on kinematic models of subduction, J. Geophys. Res., 117, B07202, doi:10.1029/2011JB009119.

1. Introduction
[2] The subduction of lithosphere at convergent plate
boundaries plays a crucial role in the process of mantle
dynamics and cooling, and a detailed characterization of subduction is necessary for an understanding of Earth’s heat
engine. Studies based on the interpretation of seismic tomography suggest that subducting slabs penetrate the whole mantle
and reach the core-mantle boundary within 120–250 Myr
[e.g., Kývalová et al., 1995; van der Meer et al., 2010].
However, the fate of individual slabs may vary significantly
[e.g., Bijwaard et al., 1998; Fukao et al., 2001] and the
observed differences cannot be directly related to the basic
characteristics of subduction, such as age and velocity of the
lithospheric plate or dip of the subducting plate. It is obvious
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that subduction is a strongly non-linear system and even
small changes in parameters can influence its behavior.
[3] The factors determining the deformation of slabs in
the mantle have been intensively studied by numerical
modeling in conjunction with the results of mineral physics
[e.g., Ita and King, 1998; Marton et al., 1999; Nakagawa and
Buffett, 2005; Ricard et al., 2005]. Numerical models have
looked at mechanical properties of mantle materials and their
effects on the deformation of slabs in the upper mantle and
transition zone [e.g., Schmeling et al., 1999; van Hunen et al.,
2002, 2004; Běhounková and Čížková, 2008; Schmeling
et al., 2008; Billen, 2010], their descent into the lower
mantle [e.g., Christensen, 1996; Čížková et al., 2002; Enns
et al., 2005; Billen and Hirth, 2007; Běhounková and
Čížková, 2008; Yoshioka and Naganoda, 2010] and the surface expression of the subduction process [e.g., Christensen,
1996; King, 2001; Tosi et al., 2009; Krien and Fleitout, 2008;
Faccenna et al., 2009; Quinquis et al., 2011]. Numerical
studies have emphasized the importance of viscosity variations within the slab and in the ambient mantle [Čížková
et al., 2002; Stein et al., 2004; Billen and Hirth, 2005;
Quinteros et al., 2010] and demonstrated effects associated
with phase transitions [Jacobs and van den Berg, 2011; Bina
and Kawakatsu, 2010; Marton et al., 2005, 1999]. On the
other hand, numerical models of subduction usually consider
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Table 1. Simplified Mineralogical Model (mol. %) for the
Different Lithologies Occurring in Subductiona

Pyrolite
Harzburgite
Basalt
Lower mantle

Mg2SiO4
ol/wa/ri

MgSiO3
mj/cpx

60
80

40
20
92

SiO2 st

MgSiO3 pv

MgO pc

8
83

17

a

Abbrevations for the minerals are the following: olivine = ol,
wadsleyite = wa, ringwoodite = ri, majorite garnet = mj, clinopyroxene =
cpx, stishovite = st, perovskite = pv, and periclase = pc. The lower mantle
is modeled uniformly for the slab and the ambient mantle as described in
the text.

thermal diffusivity to be constant throughout the model
domain. Notable exceptions are studies by Marton et al.
[2005] and Emmerson and McKenzie [2007]. In Marton
et al. [2005] a thermo-kinetic model of subduction is used
to consider the influence of varying thermal conductivity
for the Mg2SiO4 polymorphs on temperature structure and
the metastable olivine volume in the slab. Emmerson and
McKenzie [2007] have looked at the thermal state of a slab
with and without variable thermal parameters to assess their
influence on seismicity in deeply subducting slabs.
[4] At this time thermal conductivity (k) or diffusivity (D)
for the main upper mantle minerals has been estimated
over a wide pressure (P) and temperature (T) range in experiments and from systematic considerations [Xu et al., 2004;
Hofmeister, 2008; Hofmeister et al., 2007; Hofmeister and
Pertermann, 2008; Dobson et al., 2010; Marquardt et al.,
2009], although substantial uncertainty in the thermal transport properties remains. Variable k can be incorporated into
models of subduction through the heat equation, and in the
current paper we consider models of k for the different
lithologies present in a slab in order to study their influence
on its thermal structure and evolution.
[5] Subduction is modeled in a kinematic setup, for which
we compute the corresponding temperature and density
fields. The temperature fields are compared with a reference model relying on constant thermal diffusivity, and the
influence of resulting temperature differences on density is
discussed.
[6] The structure of the paper is as follows: In section 2
we define different lithologies in the subduction system,
representing the basaltic oceanic crust, the depleted harzburgite component of the slab, and the ambient mantle in a
simplified MgO-SiO2 mantle. We then compile the available information on thermal diffusivity of the upper mantle
minerals and compute the aggregate conductivity of the different phase assemblages. The model setup and the numerical approach used to simulate the evolution of temperature
in a subducting slab are described in section 3. Section 4
presents results on the temperature field for different lithologies, different models of thermal conductivity, and setups
for the subducting slab. In section 5 we discuss the influence
of the lithological and temperature differences on the density
distribution and whether such changes can potentially influence the style of subduction. The implications of the current study on our understanding of subduction are presented
in section 6, in particular the possible influence of the
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temperature variations on buoyancy and viscosity in a fully
dynamic model.

2. Mineralogical Model
[7] The mineralogical model of the ambient mantle is
based on pyrolite [Palme and O’Neill, 2003]. The two
complementary lithological components of the slab, basalt
and harzburgite, are created as a result of partial melting
of pyrolite at mid-ocean ridges [Baker and Beckett, 1999].
Due to lack of a comprehensive and systematic data set on
thermal conductivity or diffusivity for solid solutions in
minerals both at ambient and high pressure we have restricted
the compositional model to the MgO-SiO2 system here, similar to early work on mantle thermodynamics and its influence
on mantle properties and dynamics [Ita and Stixrude, 1992;
Ita and King, 1994, 1998]. This simplification is also justified
by large uncertainties in the available measurements of k
and D for even the major mantle phases. In the MgO-SiO2
model seven mineral phases occur in the upper mantle and
the transition zone (Table 1): olivine (ol) and its high pressure polymorphs wadsleyite (wa) and ringwoodite (ri),
clinopyroxene (cpx), majorite garnet (mj) and stishovite (st)
that appears as a free phase in the SiO2-rich basalt (Table 1).
In the MgSiO3 system, which is particularly relevant for
basalt, akimotoite is found stable at the base of the transition
zone [Ishii et al., 2011], but due to the lack of thermal diffusivity or conductivity measurements on this phase we had
to replace akimotoite with mj.
[8] The lower mantle is part of the model domain, but
effects of thermal conductivity on the state of the slab in the
lower mantle are beyond the scope of the current study and it
will not influence the thermal structure of the upper mantle
and the transition zone. Consequently we do not distinguish
between the lithology of the ambient mantle and the slab in
the lower mantle. In the MgO-SiO2 system the minerals that
occur in the lower mantle (Table 1) are MgSiO3 perovskite
(pv) and periclase (pc) [Ita and Stixrude, 1992; Piazzoni
et al., 2007].
[9] We parameterize the thermodynamics of phase transitions in the mantle for the ol–wa, wa–ri and post-spinel
transitions through their respective Clapeyron slopes [Katsura
and Ito, 1989; Akaogi et al., 1989; Ohtani and Litasov, 2006].
Kinetics and latent heat effects of the transitions in the
Mg2SiO4 system [Akaogi et al., 1989; Brearley et al., 1992;
Katsura et al., 2004] are not taken into account as these
would mask the effects from variable thermal conductivity
between different models considered. The dissolution of cpx
into mj is modeled through a linear increase of the garnet
content from 0% at 50 km to 100% at 500 km depth, following the actual dissolution trend of cpx in mj [Xu et al.,
2008; Ricard et al., 2005].
[10] For the mineral phases listed in Table 1 we have
compiled analytical relationships of thermal diffusivity D as
a function of pressure and temperature (Table 2). Where the
conversion between D and thermal conductivity k is needed,
we use
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Table 2. Thermal Diffusivity D Models for Minerals in the Upper
Mantle and the Transition Zonea
D(T, Pref) (mm2s1)
Olivine
Wadsleyite
Ringwoodite
Majorite
Stishovite
Clinopyroxene

0.68b

1.31 (298/T)
2.55 (298/T)0.72b
3.09 (298/T)0.79b
0.62 (300/T)c
0.49 (690/T)d
1/(0.138 + 0.00173T
3.24⋅107T2)e

aP (GPa1)

Pref (GPa)

0.036
0.023
0.022
0.022
0.09
0.04

0b
14b
20b
15c,f
0g
0f,h

a

The functional dependence of D on P and T is discussed in the text.
Xu et al. [2004].
c
Dobson et al. [2010].
d
Osako and Kobayashi [1979].
e
Average from measurements for oriented Fe-bearing diopside on faces
(100), (110) and (001) [Hofmeister and Pertermann, 2008].
f
Osako et al. [2004].
g
Yukutake and Shimada [1978].
h
Hofmeister and Pertermann [2008].
b

with density ϱ and isobaric heat capacity cP computed at
appropriate P and T with the thermodynamic database of
Xu et al. [2008] as outlined below.
[11] Thermal diffusivity of the Mg2SiO4 polymorphs
(ol-wa-ri) has been studied experimentally up to 20 GPa
and 1400 K by Xu et al. [2004], almost covering the range
of pressures and temperatures relevant for the transition zone
along a normal geotherm, i.e. up to 24 GPa and 1900 K.
[12] For pyroxenes, conductivity measurements on MgSiO3
enstatite are limited in temperature (<400 K) and pressure
(<6 GPa) [Schloessin and Dvořák, 1972], in the stability
range of ortho-enstatite [Kanzaki, 1991]. Clinopyroxenes have
been studied over a wider temperature range at ambient
pressure, with maximum temperatures of 1200–1600 K
[Hofmeister and Pertermann, 2008]. The clinopyroxene
most relevant for the mantle in that study was an Fe-bearing
diopside. Thermal diffusivity measured for this diopside is
consistent with that of ortho-enstatite from Schloessin and
Dvořák [1972]. Pressure dependence of thermal conductivity
in pyroxenes is poorly constrained, but measurements on
jadeite [Osako et al., 2004] provide values that are again
consistent with the ortho-enstatite data of Schloessin and
Dvořák [1972]. For the current work we combine the average of diffusivity on Fe-bearing diopside with different
orientation from Hofmeister and Pertermann [2008] for
T-dependence with P-dependence for jadeite from Osako
et al. [2004].
[13] Diffusivity of majoritic garnet with a MORB-like
composition has recently been determined by Dobson et al.
[2010] at 15 GPa and temperatures of 400–1400 K. For the
model of thermal diffusivity used here, measurements on
pyrope garnet by Osako et al. [2004] have been combined
with those by Dobson et al. [2010].
[14] For stishovite, measurements have been performed
over a very limited pressure (<4 GPa) [Yukutake and
Shimada, 1978] and temperature (<550 K) range [Osako
and Kobayashi, 1979], similar to enstatite. Diffusivity data
for st show a strong pressure dependence, and it has been
suggested by Hofmeister et al. [2007] that this may be a consequence of the experimental setup; however, due to a lack
of alternatives we use the data by Yukutake and Shimada
[1978] and Osako and Kobayashi [1979]. It is worth noting that this has only a minor influence on the resulting
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conductivity of the aggregate due to the low proportion of
st present in the basaltic component of the slab (Table 1).
[15] Experimental data on thermal conductivity for lower
mantle minerals at the relevant pressure and temperature
conditions have been reported only very recently [Manthilake
et al., 2011], and here we rely on computational work by
de Koker [2010] on the lower mantle phase aggregate,
consisting of pv and pc.
[16] A radiative component to thermal conduction is
observed at the temperatures in the upper mantle for transparent single crystals of the Mg-end-members or near-endmembers of silicates considered here [Shankland et al.,
1979; Gibert et al., 2005; Hofer and Schilling, 2002]. However, for the polycrystalline nature of the mantle with crystal
sizes of 0.1–10 mm [Solomatov and Reese, 2008] and the
presence of minor elements, most importantly Fe, the radiative
component to thermal conduction is expected to be reduced
although this is still under debate [Goncharov et al., 2010;
Hofmeister et al., 2007; Thomas et al., 2010; Keppler and
Smyth, 2005]. It is worth pointing out that the experiments
used in the development of our diffusivity model do not
capture the radiative component.
[17] For the minerals considered (Table 1) we treat the
pressure and temperature dependence of thermal diffusivity
with a separation of variables, i.e. fit P- and T-dependence
independently at a reference temperature and pressure,
respectively:


DðT; PÞ ¼ D T ; Pref ⋅ f Tref ; P :

ð2Þ

This is a widely used approach in dealing with thermal
transport properties in laboratory and field measurements
[Kukkonen et al., 1999]. In equation (2) the temperature
dependence is formulated as
 q

T
D T; Pref ¼ const ⋅
:
Tc

ð3Þ

The temperature dependence varies significantly for the
different minerals with q values between 0.68–1.0 (Table 2).
For pyroxene (diopside) at low temperatures this does not
provide a satisfactory fit as diffusivity values decrease
much faster and we adopt a more complicated temperaturedependence, as given in Hofmeister and Pertermann [2008].
Diffusivity of stishovite is considerably higher than for the
other minerals occurring in the different lithologies (Table 1).
Due to a lack of a significant number of data points, a value
of q = 1 is used. Implicit in the formulation of equation (3)
is a reference temperature: Tref is determined as the temperature at which diffusivity is D(T, Pref) = 1 mm2s1. This
is not equal to the temperature constant Tc in equation (3).
[18] Pressure dependence is linearized with a coefficient
aP around a reference pressure Pref at Tref , following the
work on Mg2SiO4 polymorphs by Xu et al. [2004]:


f Tref ; P ¼ 1 þ aP P  Pref :

ð4Þ

Values for aP and the corresponding Pref are given in the
right column of Table 2. This approach differs from other
work on the behavior of thermal diffusivity and conductivity
with an exponential dependence on P [Hofmeister et al.,
2007; Dobson et al., 2010]. However, for the current study
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Figure 1. Thermal conductivity of (a, b) mineral phases and (c, d) phase assemblages along a mantle
(Figures 1a and 1c) and slab geotherm (Figures 1b and 1d). Both geotherms are introduced in section 2
of the text. The dashed profiles in Figures 1c and 1d show the conductivity values for the phase aggregates
when cpx is completely replaced by mj. The thin vertical lines separate the upper mantle (UM), transition
zone (TZ) and lower mantle (LM).
we found the linear approach to be appropriate and robust for
appropriate choices of Pref (Table 2), especially when taking
into account the large uncertainties in experiments.
[19] Thermal diffusivity for the different minerals determined here can be considered as upper bounds to D in solid
solutions for all minerals and consequently for the phase
assemblages of the different lithologies (Table 1). In a solid
solution D decreases for compositions away from the
respective end-member. This has been examined for various
minerals, including garnets [Marquardt et al., 2009] and the
olivine solid solution [Pertermann and Hofmeister, 2006] at
ambient conditions, and for pc and pv at high pressures
[Manthilake et al., 2011]. However, due to the restricted
number of compositions studied and the large uncertainties
on the measurements it is not possible to quantify the effect
of other chemical components on thermal transport.
[20] For the subduction simulations thermal conductivity
rather than diffusivity is used in the heat equation (see below),
and D of the individual phases in the MgO-SiO2 system is
converted to k by means of density ϱ and heat capacity cP of
these phases (Table 1) according to equation (1). The thermodynamic parameters ϱ and cP for the minerals in Table 1
are derived from their P  ϱ  T equation-of-state according to the model by Stixrude and Lithgow-Bertelloni [2005a,
2005b] that combines a finite strain equation-of-state at room
temperature with a Debye model for thermal excitations to
obtain thermal pressure. The necessary model parameters are
taken from the thermodynamic database of Xu et al. [2008].

Density ϱ and heat capacity cP for the phase assemblages
are required for solving the heat equation.
[21] Thermal conductivity profiles of the different mineral
phases along model mantle and slab geotherms are shown in
Figure 1. The mantle geotherm is constructed by a half-space
cooling model in the top 300 km, followed by an adiabat, as
described in detail in section 3. The slab geotherm is taken
according to Frohlich [2006]. As discussed above, conductivity values for stishovite are considerably larger than for
other minerals along both temperature profiles. Similarly,
at low pressure thermal conductivity of cpx is considerably
larger than that of mj or ol. Differences in temperature
dependence between the minerals become apparent when
comparing values for the mantle (Figure 1a) and the slab
geotherms (Figure 1b). For the lower temperatures in the slab,
thermal conductivities are higher, with k for the Mg2SiO4
polymorphs showing a modest increase. The increase of k
for majorite with decreasing T is similar to that for the
Mg2SiO4 polymorphs, while both stishovite and pyroxene
show a strong increase. It is worth noting that while for
ambient mantle temperatures wa and ri show different values
of k, for slab temperatures they become indistinguishable.
Along the mantle geotherm conductivity of majorite is larger
than that of the Mg2SiO4 polymorphs; along the slab thermal
profile k for mj is larger than for ol, but smaller than for
wa or ri.
[22] Conductivity values of the aggregate lithologies
(Table 1) – needed for the subduction simulations – are
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Table 3. Mineralogical Models Used in This Study for the Kinematic Subduction
Model

Minerals Included

Lithologies for Slab

Remarks

phb-px
phb-mj
p-px
p-mj
olwari

all
ol, wa, ri, mj, st
all
ol, wa, ri, mj, st
ol, wa, ri

basalt, harzburgite and pyrolite
basalt, harzburgite and pyrolite
pyrolite
pyrolite
Mg2SiO4

–
cpx replaced by mj
–
cpx replaced by mj
–

computed as the average of the lower and upper HashinShtrikman bounds [Hashin and Shtrikman, 1962]. Conductivity profiles for the mantle and slab geotherm are shown in
Figures 1c and 1d, respectively. Profiles of k for pyrolite
and harzburgite are similar, with the higher content of
MgSiO3 in pyrolite relative to harzburgite leading to slightly
larger values of thermal conductivity in the upper mantle,
where both mj and cpx have larger values of k than ol. In the
transition zone, there is a difference in k between the two
thermal profiles. As discussed above, k of mj is larger than k
of wa and ri for the mantle geotherm, but smaller for the slab
geotherm. As a consequence, the aggregate value for pyrolite
is slightly larger than that of harzburgite for the mantle geotherm, and slightly lower for the slab geotherm.
[23] The lower mantle aggregate [de Koker, 2010] shows
considerably smaller k than the transition zone for the thermal profile of the ambient mantle (Figure 1c), and a slightly
lower value for the slab geotherm (Figure 1d).
[24] Basalt shows a considerably higher value of thermal
conductivity, especially at low pressure. This is caused by the
higher values for conductivity of st and cpx. With 92 mol. %
content of cpx (Table 1) this mineral dominates basalt, and
high values of thermal conductivity, especially at low pressures, yield considerably higher k for basalt compared to
harzburgite and pyrolite (Figures 1c and 1d) up to 15 GPa
for the slab geotherm, and over the whole pressure range for
the mantle geotherm. As other studies [Kobayashi, 1974]
report much lower values of thermal conductivity of cpx than
the ones used here from Hofmeister and Pertermann [2008],
we consider two alternative scenarios for the thermal conductivity of the basalt: In addition to models that include
thermal diffusivity of cpx for basalt (labeled px) we use
thermal diffusivity profiles in which we replace cpx with mj
for all lithologies (mj, dashed lines in Figures 1c and 1d).
The latter case is also motivated by the fact that ultrabasic
rocks show k  4.5 Wm1K1 at ambient conditions [Zoth
and Hänel, 1988], still considerably larger than the standard
lithospheric value of thermal conductivity from Stein and
Stein [1992], but in line with the values of conductivity
used by Marton et al. [2005].
[25] In the current study, we are interested in the effect of
variable thermal properties in a numerical model of subduction. We are aware that implementing the pressure-,
temperature- and lithology-dependent thermal properties in
a numerical model is rather difficult. Among others, the
resolution of the thin basaltic (and harzburgitic) layer is
particularly demanding, especially in a fully dynamic subduction model. For this reason we also explore model scenarios that are simplified (Table 3). Apart from models with a
lithologically distinct slab (phb, which stands for pyroliteharzburgite-basalt), we show models with pyrolitic composition in the whole simulation domain (p). We also test a

model where only olivine and its polymorphs are taken into
account (olwari), which is the simplest reasonable model with
P- and T-dependent thermal diffusivity in the upper mantle
and the transition zone, similar to Marton et al. [2005].

3. Numerical Setup
[26] We use a kinematic model of subduction that is
driven solely by the prescribed subduction velocity along the
whole slab and neglects buoyancy forces associated with
thermally induced density anomalies. We solve the continuity, momentum and heat equations:

ϱcp

r ⋅ v ¼ 0;

ð5Þ

rp  r ⋅ s ¼ 0;

ð6Þ

DT
 r ⋅ krT ¼ s : _  aϱvz Tg:
Dt

ð7Þ

Symbols and parameters used in equations (5)–(7) are listed
in Table 4. The thermodynamic parameters in the heat
equation (ϱ, cP, a) are computed from the P-ϱ-T equation of
state in the mineral physics model, consistent with the model
of k presented above. For the solution of the conservation
equations (5)–(7) we use the finite element software Elmer
(www.csc.fi/english/pages/elmer).
[27] The rheological description combines linear diffusion
creep (through the associated viscosity hN), power law dislocation creep (hP) and a power law stress limiter (hL) into a
composite rheological model [e.g., van den Berg et al.,
1993]:
s ¼ 2heff _ :

ð8Þ

Effective viscosity heff is calculated as follows [van Hunen
et al., 2004]:
1
1
1
1
¼
þ þ :
heff
hN hP hL

ð9Þ

The viscosities of the individual creep mechanisms are
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hN ¼ A1
N exp



EN þ PVN
;
RT

1=n ð1nÞ=n

hP ¼ AP

_



EP þ PVP
exp
;
nRT

1=n
hL ¼ sL _ L L _ 1=nL 1 :

ð10Þ

ð11Þ

ð12Þ
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Table 4. Symbols and Parameters Used in the Current Manuscript
Parameter

Symbol

Value

Parameters for the Diffusivity Model
Temperature
T
Reference temperature
Tref
Temperature constant
Tc
Hydrostatic pressure
P
Reference pressure
Pref
Thermal diffusivity
D
Thermal conductivity
k
Coefficient for temperature
q
dependence of D
Coefficient for pressure dependence
aP
of D
Density
ϱ
Specific heat
cp
Parameters for the Kinematic Model
Velocity
v
Pressure
p
Strain rate tensor
_
2nd invariant of the strain rate tensor
_
Deviatoric stress tensor
s
Time
t
Thermal expansion coefficient
a
Gravitational acceleration
g
10
Rheological Parameters
Effective viscosity
heff
Viscosity — diffusion creep
hN
Viscosity — power law
hP
dislocation creep
Viscosity — stress limiter
hL
Gas constant
R
8.3143
Viscosity stress exponent for hP a,b
n
3.5
108
Yield stress
sL
5
Yield stress exponent
nL
1015
Reference strain rate in yield
_ L
strength determination

Units
K
K
K
Pa
Pa
m2s1
Wm1 K1
Pa1
kg m3
J kg1 K1
ms1
Pa
s1
s1
Pa
s
K1
ms2
Pa s
Pa s
Pa s
Pa s
JK1 m1
Pa
s1

Upper Mantle and Transition Zone Parameters for hN and hPa
Pre-exponential parameter of
AN
1.92 ⋅ 1010 Pa1 s1
diffusion creep
Pre-exponential parameter of
AP
2.42 ⋅ 1015 Pans1
dislocation creep
Activation energy of diffusion creep
EN
300
kJ mol1
Activation energy of dislocation
EP
540
kJ mol1
creep
Activation volume of diffusion creep
VN
6 ⋅ 106
m3mol1
Activation volume of dislocation
VP
15 ⋅ 106
m3mol1
creep
Lower Mantle Parameters for
Pre-exponential parameter of
AN
diffusion creep
Pre-exponential parameter of
AP
dislocation creep
Activation energy of diffusion creep
EN
Activation energy of dislocation
EP
creep
Activation volume of diffusion creep
VN
Activation volume of dislocation
VP
creep
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subduction arc and the vertical portion of the subducting slab
(Figure 2). Zero velocity is prescribed at the top of the
overriding plate and free inflow/outflow at the sides and
bottom boundaries. Our model domain is 1000 km deep and
2000 km wide. The initial condition for temperature is
determined as follows: We calculate an adiabatic temperature
profile for the entire model domain with a potential temperature of 1570 K at the surface. In constructing the adiabat we
use the pressure and temperature dependent thermal expansivity for pyrolite from the mineral physics model, consistent
with the use of thermodynamic parameters in the heat
equation (7). The temperature in the uppermost 300 km is
then evolved in time using the 1D heat equation (7) including
only the conductive term with a prescribed constant surface
temperature T = 273 K and the adiabat temperature at a depth
of 300 km. In most of our models we use a geotherm
corresponding to a 100 Myr old plate. The conductive solution in the uppermost 300 km, followed by the adiabat in the
lower part of the box, is also used as a boundary condition on
both sides of the model domain. At the top boundary we
prescribe a constant temperature T = 273 K, at the bottom a
heat flux corresponding to the adiabatic gradient.
[29] Both the subducting and overriding plates have a
10 km thick basaltic layer on top, followed by 40 km of
harzburgite (green and blue lines in Figure 2). In order to
resolve the thin basaltic layer, we use an unstructured grid
of linear triangular elements with variable resolution. The
resolution is about 3 km in the basaltic layer, 5 km in the
harzburgitic layer of the slab and gradually decreases to
20 km in the ambient mantle far from the subducting and
overriding plates. Between the subducting and overriding
plates a narrow weak zone is introduced. Its low viscosity
facilitates the decoupling of the subducting and overriding
plates. The weak zone is 10 km wide and extends to a depth
of 200 km. Its low viscosity is ensured by prescribing a yield
stress sL = 106 Pa, that is lower by two orders of magnitude
than in the rest of the model domain (Table 4).
[30] In numerical models of slab deformation constant
diffusivity is often considered throughout the mantle [e.g.,
Billen and Hirth, 2007; Čížková et al., 2007; Yoshioka and
Naganoda, 2010]. As the main focus of the current paper
is the study of variable pressure and temperature dependent

hN and hPb
6.63 ⋅ 1032 PA1 s1
3.65 ⋅ 1015 Pa ns1
208
285

kJ mol1
kJ mol1

2.5 ⋅ 106
1.37 ⋅ 106

m3mol1
m3mol1

a

Values based on Karato and Wu [1993].
Values based on Yamazaki and Karato [2001], Frost and Ashby [1982],
modified after Běhounková and Čížková [2008].
b

[28] In our kinematic model setup the geometry of the
subducting plate is defined and does not change during the
model calculation. A constant velocity is prescribed along
the upper surface of the subducting plate, along the

Figure 2. Setup of the model domain, boundary conditions
for the momentum equation and lithologies (green = basalt,
blue = harzburgite, white = ambient mantle, red = weak
zone). The gray-shaded rectangle corresponds to the region
shown in Figures 3–7.
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thermal diffusion, we will discuss its effects on each case
(Table 3) with respect to a reference model. In general, the
choice of a representative reference model is rather difficult
as the thermal parameters not only control the slab development with time, but also the initial temperature distribution.
Therefore using a single reference model with constant
parameters ϱ, cP, k and a would produce high temperature
differences relative to the models taking into account pressure,
temperature and lithology dependent parameters just due to
the very different initial condition. As a consequence, we
define a reference model for each case (Table 3) separately:
The model studied and the corresponding reference have the
same initial geotherm calculated for variable thermal properties. During the time evolution, density ϱ and heat capacity
cp are also the same in both models, but conductivity k is
different: In the reference model, it is calculated such that
D = 106m2s1 in equation (1) remains constant [Billen and
Hirth, 2007].
[31] In the following we will use two quantities to demonstrate the effects of variable conductivity on temperature
changes. First we introduce the temperature anomaly Tanom
as the difference between the actual temperature distribution
in a given model and the 1D depth dependent temperature
following the mantle geotherm, calculated with the parameters of a given mineralogical model. The second quantity
is the temperature difference Tdiff , defined as the difference
between the actual model temperature field and the temperature field in the corresponding reference model described
above.

4. Thermal Structure
[32] Conductivity and temperature fields are evaluated in
the kinematic model as presented in the previous section.
We consider a 100 Myr old plate subducting with a velocity
of 5 cm yr1. Figures with results show a domain within the
simulation box (2000 km width  1000 km depth) of
600 km  660 km (Figure 2), centered on the vertical portion
of the subducted slab. Models are evaluated at the time when
the slab tip would have reached the core-mantle boundary.
In Figure 3, different rows show the different mineralogical
models (Table 3), starting with the differentiated slabs (phb)
in the upper two rows (phb-px, phb-mj). Uniform composition models are presented in the next two rows for pyrolite
(p-px and p-mj) and the lowermost row shows the model
olwari. The different columns show the conductivity field
for the models (left), temperature anomaly with respect to the
corresponding geotherm Tanom as discussed in section 3
(middle column), and temperature difference Tdiff relative
to a model with D = 106m2s1 constant (right column).
[33] The general conductivity distribution is similar for all
models studied and will be described for phb-px as an example
(Figure 3a). The subducting slab, as a cold region, has higher
thermal conductivity than the surrounding mantle. This fact is
illustrated in Figure 1 for analytical slab (Figures 1b and 1d)
and mantle (Figures 1a and 1c) geotherms and it stems from
the Tq dependence of thermal diffusivity in equation (3).
At 200 km depth, the conductivity of the surrounding
mantle drops to less than 2.5 Wm1K1 (red color in
Figure 3a). This value corresponds to the minimum of conductivity for pyrolite in Figure 1c at 4 GPa, i.e. underneath
the lithospheric part of the analytically computed geotherm.
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In the transition zone, we observe an increase of k due to
the ol-wa transition, while the wa-ri transition (550 km
depth) is almost invisible (Figures 1a and 1c).
[34] In detail, in the model phb-px (Figure 3a) the presence
of cpx results in a highly conductive basaltic layer, visible in
the narrow purple band in the shallow part of the slab which
gradually changes to blue as cpx transforms to less conductive mj (Figure 1b). The conductivity of the basaltic layer is
higher than 7 Wm1K1 at shallow depths, i.e. significantly
higher than that of ultrabasic rock at ambient conditions
[Zoth and Hänel, 1988]. In the transition zone, pyroxene is
mostly replaced by majorite and k is similar in the pyrolitic,
basaltic and harzburgitic components of the slab, as already
illustrated in Figure 1d. In the case where pyroxene is
replaced by majorite (phb-mj), conductivity is reduced not
only in the basaltic layer, but also in the rest of the slab and
in the overriding plate (Figure 3d). The maximum value of
conductivity in the upper 400 km of the model domain is
then 4 Wm1K1.
[35] In the p-px model (Figure 3g), we replace the basaltic
and harzburgitic layers of the slab by pyrolite, which is
intermediate in conductivity between basalt and harzburgite
(Figure 1d). As a consequence we do not observe any highly
conductive band in the upper portion of the slab, but in shallow
parts of the subducting and overriding plates k increases to
more than 5 Wm1K1 (blue wedge in Figure 3g). When the
pyroxene component is replaced by majorite in the pyrolite
model (p-mj, Figure 3j), conductivity in the upper mantle is
lower than 4 Wm1K1, similar to phb-mj (Figure 3d). In
both of these models (phb-mj and p-mj), the area characterized by relatively high conductivity (marked by green in the
conductivity plot) is considerably narrower than in the
corresponding models with pyroxene.
[36] In the model olwari, only Mg2SiO4 polymorphs are
considered and the conductivity follows the black lines in
Figure 1a. In the upper mantle, the conductivity of olivine is
lower than that of cpx or mj, which leads to conductivity
values as low as 2.0  2.3 Wm1K1 in the asthenosphere
(dark red color in Figure 3m). In the transition zone, the
ambient mantle conductivity of wa/ri is similar to that of mj
and it is higher in the cold slab (Figures 1a and 1c). For this
reason, conductivity in the transition zone in the olwari
model (Figure 3m) is higher in the slab, but similar or
slightly lower in the surrounding mantle than in the p-mj
model (Figure 3j).
[37] The middle panels in Figure 3 show the temperature
anomaly Tanom with respect to the mantle geotherm. Generally, it has a minimum of 1100 K to 1150 K in the shallow
part of the bending slab and is lower by 750–850 K at the
bottom of the transition zone. Further, the overriding plate
is found to be colder by about 300 K at a depth of 80 km.
[38] If we compare the maximum depth of a temperature
anomaly of 1000 K in the different models, we can see that
the slab is coldest in the phb-px model with a maximum
depth of 300 km (Figure 3b), and warmest in the models
without pyroxenes, i.e. phb-mj and p-mj with a maximum
depth of 200 km (Figures 3e and 3k). This shows that
higher conductivity of the slab (e.g. due to the basaltic layer
in phb-px) implies a colder subducting slab, and we relate
this effect to faster cooling of the plate at the surface prior to
subduction. Surprisingly, the olwari model (Figure 3n)
belongs to the intermediate models in this respect, although
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Figure 3. (left) Thermal conductivity k, (middle) temperature anomaly Tanom relative to the geotherm
computed as described in section 3, and (right) temperature difference Tdiff with respect to the corresponding reference model with constant diffusivity of 106m2s1 for the five mineralogical/conductivity
models considered (Table 3). In the kinematic slab model the subduction velocity is 5 cm yr1 and the
age of the subducting plate is 100 Myr.
it has relatively low conductivity values for the slab and very
low conductivity in the mantle. This is related to steep
conductivity variations (Figure 3m) and demonstrates the
effective thermal insulation of the cold slab due to the temperature dependence of k.

[39] The effect of variable thermal parameters is demonstrated in the right column of Figure 3 where the temperature
difference Tdiff with respect to the corresponding reference
model with constant D = 106m2s1 is plotted. The subducting and overriding plates are significantly colder, while
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Figure 4. Heat flux  krT in the model phb-px with (a) variable thermal diffusivity and (b) constant
diffusivity of 106m2s1, and (c) their difference. Arrows show direction and relative magnitude of the
heat flux (Figures 4a and 4b) and heat-flux difference (Figure 4c).
the asthenosphere and the areas along the slab are warmer
than in the case of constant diffusivity. In the shallow part of
the subducting slab, we observe the effect of faster cooling
of the plate prior to subduction. Again, this effect is most
prominent in the model phb-px (Figure 3c), where Tdiff
reaches values of 125 K in the shallow parts of the subducting plate. Despite the high thermal conductivity of the
slab Tdiff remains high throughout the transition zone
(80 K), a somewhat counter-intuitive result that is examined in more detail below by considering the heat flow in the
phb-px model with variable and constant thermal diffusivity
(Figure 4). In the phb-px model, the asthenosphere below the
subducting plate is warmer by 30 K and Tdiff in and just
above the mantle wedge reaches 60 K (Figure 3c).
[40] When the slab is not divided into basaltic and harzburgite layers, i.e. the whole model domain is pyrolitic (p-px,
Figure 3i), the absence of the highly conductive basalt in the
upper portion of the plates, combined with a somewhat lower
conductivity of the slab in the transition zone (compare
Figures 3a and 3g), yields a slab that is warmer than in model
phb-px (Figure 3c). Still, Tdiff within the slab remains as high
as 80 K. In the models without px (phb-mj and p-mj,
Figures 3f and 3l, respectively), Tdiff within the slab and
overriding plate is smaller in magnitude: it reaches up to
60 K in the shallow part of the slab and 50 K at 660 km
depth. As there are only small differences in conductivity
between these two models (Figures 3d and 3j) it is not
surprising that the resulting temperature and Tdiff fields are
similar as well.
[41] In the olwari model (Figure 3o) we obtain more
prominent temperature differences within the subducting
slab (about 75 K in the coldest portion of the slab all the
way from the top to the transition zone) and around it (more
than +50 K) compared to the p-mj model (Figure 3l). Tdiff
below the overriding plate exceeds 60 K and is the highest of
all models examined, which can be related to the low conductivity of the asthenosphere.
[42] In all of the models considered, the internal parts of
the plates are colder (Tdiff < 0) and the surrounding regions
are warmer (Tdiff > 0) when variable diffusivity is taken into
account. This is related to two effects: First, with higher

thermal conductivity the slab is colder when it enters the
subducting arc as discussed above, Second, in models with
variable thermal conductivity the slab is more effectively
insulated from the ambient mantle, as is demonstrated in
Figure 4 for the model phb-px. In Figures 4a and 4b we show
the heat flux  krT in the case with variable and constant
diffusivity, respectively. In both cases, the heat flux is highest
in the outer part of the slab, where the temperature gradient
is steepest. The arrows are pointing toward the center of the
slab showing the direction of the heat flux. In the case with
variable thermal properties (Figure 4a) the region with the
heat flux higher than 102Wm2 is visibly narrower and we
observe higher heat flux in the slab below  400 km – due to
an increase of thermal conductivity between the upper mantle
and transition zone phase assemblage (Figure 1) – than in the
constant diffusivity case (Figure 4b). The difference between
the heat flux in the variable and constant diffusivity cases is
plotted in Figure 4c. The difference is largest in the regions
surrounding the cold slab, and the arrows pointing outwards
from the slab show that the flux of heat into the slab is smaller
when variable thermal properties are taken into account. In
the transition zone this effect is reduced and in the slab even
overcompensated (see arrows pointing toward the slab center
in Figure 4c) by the high conductivity of this zone
(Figure 3a).
[43] In addition to the effects of mineralogy, we examine
the influence of plate velocity, plate age and slab dip on the
thermal evolution of the model. In the previously discussed
models, the plate was 100 Myr old, dipping vertically and
subducting with a rate of 5 cm yr1. Figures 5a and 5b
illustrate the effect of plate velocity: The 100 Myr old plate
is now subducting with the plate velocity of 10 cm yr1. As
one may expect, a faster subduction rate results in a colder
slab. The temperature anomaly in the transition zone is higher
by 100 K (Figure 5a) than in the slower slab (Figure 3b).
The temperature difference with respect to the reference
model (Figure 5b) is of a similar character as for the slower
model (Figure 3c) except that Tdiff in the shallow part of the
subducting slab is now smaller by 30 K due to shorter
cooling time at the surface. The effect of the slab dip on Tdiff
is demonstrated in Figure 5c, where the slab is subducting
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Figure 5. (left) Temperature anomaly Tanom and temperature difference Tdiff for model phb-px with
(middle) vertically subducting slab and (right) a slab dipping under the angle of 60 degrees. (a–c) The
subduction velocity is 10 cm yr1, and the age of the subducting plate is 100 Myr. (d–f) Slab velocity
is 5 cm yr1, and the subducting plate has an age of 50 Myr.
under an angle of 60 degrees. The comparison of the vertical (Figure 5b) and dipping slabs (Figure 5c) suggests that
the effect of the slab dip is negligible in the kinematic
setup.
[44] The fate of a younger and thus warmer and thinner
plate is shown in the second row of Figure 5: The lithospheric age is 50 Myr, plate velocity is 5 cm yr1, and it
subducts vertically (Figures 5d and 5e) or is dipping with an
angle of 60 degrees (Figure 5f). When arriving at the transition zone, the younger plate is warmer by 150 K than the
old one (cf. Figures 3b and 5d). Its temperature difference
with respect to the reference model (Tdiff) with a constant
diffusivity is much more prominent than for the older plate
(cf. Figures 3c and 5e).
[45] Variations between individual models of the standard
vertically subducting slab (Figure 3) are illustrated in
Figure 6, where we show the difference between the temperature distributions for all pairs of models considered
(Table 3). The different panels of Figure 6 show the temperature variations between the model noted above it and the
model indicated to its left. For example, Figure 6a shows the
temperature in the model phb-px relative to olwari (phb-px
minus olwari). The temperature variations in the ambient
mantle are negligible between some models (white areas
around the slab), very small for other groups of models
(yellow) and rather high between others (blue). These variations in the ambient mantle reflect the differences in the mantle
geotherm – they are zero for the pairs with the same thermal
expansivities, densities and heat capacities (Figures 6g and 6j),
very small for pairs where thermal expansivities and heat
capacities are similar, i.e. for pyrolite with and without cpx
(Figures 6e, 6f, 6h, and 6i), and very high between the models
with very different parameters, i.e. olwari vs. all other models
(Figures 6a–6d).

[46] Slabs with cpx are colder than those in models without
cpx, with negative variations of up to 125 K (Figures 6e and
6h). The models with pyroxenes also produce colder slabs
than the olwari model (Figures 6a and 6b). On the other hand,
the temperature variation inside the slab is very small (less
than 25 K) between the models without cpx and the olwari
model, indicated by the white and yellow areas in the shallow
parts of the slabs in Figures 6c and 6d. The similar thermal
structure stems from the fact that it is mainly controlled by
thermal conductivity – and the conductivity for pyrolite
without pyroxenes is rather close to that of olivine (Figure 1).
By contrast, the deeper thermal structure in the ambient
mantle, controlled by thermal expansivity and heat capacity,
is very different in these models.
[47] Finally, we would like to point out the small difference between slabs that have a layered structure (phb) and
pyrolite models (p), especially when pyroxenes are not
included (Figure 6g).

5. Density Variations
[48] Together with the temperature fields, density has been
extracted for the final state of all kinematic models. Figure 7
shows the results for two models that are representative for
the differentiated (model phb-px, Figure 7a) and homogeneous slab (model p-px, Figure 7b), respectively. The sinking
slab and its immediate surroundings are denser than ambient
mantle in both models, and in analogy to the definition of
Tanom we use the term density anomaly ϱanom for this density
contrast. While the slab manifests itself as a coherent feature
in the phb-px model through the basaltic layer (Figure 7a), it
only appears as a diffuse high density region in the pyrolitic
model p-px (Figure 7b). The basalt in phb-px has a marked
density contrast to the pyrolite background due to its distinct
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Figure 6. Differences between the temperature distributions for pairs of mineralogical models. The different panels show the temperature difference between the model indicated on top and the model indicated
to the left (e.g. Figure 6a shows the temperature in the model phb-px minus the temperature in the model
olwari). The x- and y-axis ranges are the same as for Figures 3–5.
bulk chemistry and different mineral phases (Table 1). For
example, at 350 km depth the most abundant phases in the
ambient mantle are ol and mj, with the density of the
assemblage 3.46 g cm3. In the harzburgite layer of the
slab the same phases are stable, but ol is more abundant, and
the density of 3.49 g cm3 is higher by 1%: The compositional change alone would lead to a lower density of 1%,
but the lower temperature of the slab region overcompensates
this effect. In the basaltic layer of the slab mj, cpx and st are
stable, and the density of 3.71 g cm3 is higher by 7%
than that of the ambient mantle.
[49] At the boundary between the upper mantle and the
transition zone the phase change from ol to wa also occurs at
different depths in the ambient mantle and the harzburgite
component of the slab due to different temperature, but even
in the depth intervals where wa in the slab coexists with ol in
the ambient mantle the density contrast between pyrolite and

basalt as well as between harzburgite and basalt is still larger
than between harzburgite and pyrolite (Figure 7a). For the
homogeneous model (p-px) the density increase of pyrolite
in the slab region (Figure 7b), and hence ϱanom, is caused by
lower temperatures to first order. As a consequence density
contours are simply bent toward lower depths in the slab
region.
[50] The behavior of the density field matches well with
that found by Ricard et al. [2005] for more complex mineralogy but a similar model setup. In that study, the basaltic
layer of the sinking differentiated slab is denser by 6%
than the ambient mantle, while the density of the harzburgite
layer is higher by 1%. In the case of homogeneous
chemistry Ricard et al. [2005] show a broad density maximum
around the slab region, similar to our results (Figure 7b): Large
scale density structure correlates with the temperature field.
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Figure 7. Density fields for the final thermal state of
(a) a compositionally differentiated (phb-px) and (b) homogeneous (p-px) model and their difference ϱdiff with respect
to (c, d) the corresponding reference model with constant
diffusivity of 106m2s1.
[51] Density differences (ϱdiff) caused by variable as
opposed to constant diffusivity (Figures 7c and 7d) are
focused in the regions of the phase transitions in the Mg2SiO4
system, i.e. depth ranges of approximately 380–460 km and
490–600 km. The positive Clapeyron slope of the phase
transitions ol-wa and wa-ri used in the current model [Akaogi
et al., 1989; Katsura and Ito, 1989] will lead to a shallower
phase transition depth (7–10 km) at lower temperatures,
and the resulting difference of mineralogy at the same depth
between the constant and variable conductivity cases explains
the larger ϱdiff.
[52] Away from these regions ϱdiff is about one order of
magnitude smaller than ϱanom. The higher density of the slab
region directly reflects the lower temperatures of these areas
in the variable diffusivity models. For example, at 200 km
depth in the harzburgite layer of the slab the density
increases by 0.01 g cm3 for a drop of 100 K (Tdiff) in
temperature, which agrees with ϱdiff in Figures 7c and 7d as
well as Tdiff in Figures 3c and 3i.

6. Conclusions
[53] Based on our kinematic simulations, we can conclude
that the temperature differences between subduction models
that take into account pressure-, temperature- and mineralogy-dependent thermal properties and those with constant
thermal diffusivity are significant. In models with variable
diffusivity, the interior of slabs is colder while their outer
portion and the surrounding region is warmer. Depending on
the mineralogical model and on the functional dependence
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of thermal conductivity the temperature difference (Tdiff)
can be as high as 125 K, i.e. 10% of the total temperature
anomaly of the slab, with models containing highly conductive pyroxene showing the largest deviations. As a consequence the ol-wa and wa-ri phase transitions within the
slab – with positive Clapeyron slope of both transitions – are
moved to shallower depths (7–10 km) for the models with
variable thermal diffusivity. The temperature difference of
125 K is significantly larger than the latent heat released at
the ol-wa (60 K) and wa-ri phase transitions (45 K)
[Katsura et al., 2004] that would counteract the temperature
differences from variable thermal diffusivity.
[54] The temperature differences among individual
mineralogical/lithological models considered here are also
quite significant and comparable to the overall effect of
including variable diffusivity, reaching values in excess of
100 K. This is exemplified by the 1000 K temperature
anomaly in the slab (difference to the ambient geotherm,
Tanom) being shifted downward from 200 km to 300 km
for models containing pyroxene (phb-px and p-px). The
downward shift of the isotherms observed here is less pronounced than in the model by Emmerson and McKenzie
[2007]. At 400 km depth, i.e. near the upper mantle –
transition zone boundary, the temperature anomaly still
exceeds 900 K, with temperature differences relative to
constant D models in the range of 90 K. This temperature
difference could potentially lead to an extension of the olivine metastability region in the transition zone due to the
kinetics of the ol-wa transition, beyond the thermodynamic
stability limit of ol [Mosenfelder et al., 2001; Marton et al.,
2005].
[55] Temperature variations on the order of 100 K account
for one order of magnitude in viscosity and translate to
10% of buoyancy. Both effects would exert important
effects on the evolution of a slab in a fully dynamic model.
When including variable, realistic thermal properties, slabs
should be more negatively buoyant and subduct faster. The
resulting higher strain rate should affect the deformation of
the slab through the non-linear stress-dependent rheology
leading to dynamic feedback. Therefore, including proper
mantle composition and related thermal properties may be
crucial, especially for the numerical modeling of slab deformation in the upper mantle.
[56] On the other hand, our results show that dividing the
slab into basalt and harzburgite layers has only a secondary
effect on its thermal structure: The differences between
temperatures obtained in a layered slab model (basalt,
harzburgite, pyrolite) and a simple pyrolitic slab are small.
This suggests that including the complex layered structure
of the slab may not be necessary and a pyrolitic model is
able to capture the most important features of shallow slab
deformation. A similar conclusion can be drawn for the
resulting density differences: Between a differentiated and a
pyrolitic slab model, the density fields differ, as the denser
basalt is missing in the latter. However, density averaged
over the whole slab is nearly indistinguishable between
these cases.
[57] Due to the kinematic setup the results presented here
can provide only a rough estimate of possible effects of
complex mineralogical models of thermal conductivity on
subduction. Further modeling efforts, especially using fully
dynamic models that take into account the non-linear
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feedback mechanisms mentioned above will be necessary to
better understand the role of thermal parameters on controlling slab dynamics.
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