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fic bodies (UPMB) in the localization of deformation is examined using a two-
dimensional thermo-mechanical finite element model. Rheological heterogeneity brought about by the
UPMB is linked with the following two main physical effects: the UPMB material is assumed to have (1) an
anomalous high temperature and (2) a mafic crustal rock composition that is intrinsically weaker than the
mantle. The thermal effect will disappear rather quickly, but the rock composition can have an effect at any
stage of extension. We show that the UPMB has a strong influence on the style of lithospheric extension,
which depends on the thermal condition of the uppermost mantle at the time when the UPMB is emplaced.
Since the strength contrast between the weakened and non-weakened regions is the most important factor,
the UPMB works more efficiently on the localization of deformation for a colder uppermost mantle.
Dependence of the localization of deformation on the temperature and thickness of the UPMB (i.e. more
significant localization for the UPMB with higher temperature and greater thickness) also depends on the
thermal condition of the uppermost mantle. However, the width of the UPMB has a strong influence on the
localization for any thermal condition of the uppermost mantle; a greater amount of thinning is distributed
into a narrower weakened region. Such a model behaviour implies that various styles of lithospheric
extension, including inward or outward migration of deformation and asymmetric extension, can be simply
obtained by considering the emplacement of the UPMB, which also plays an important role in controlling the
onset of continental break-up.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Many continental rifts and passive margins display a high level of
volcanic activity (see Fig. 1), before, during or shortly after extension
(e.g., Ruppel, 1995; Neumann et al., 1995; White and McKenzie, 1989;
Symonds et al., 1998; Gladczenko et al., 1997; Eldholm et al., 2000;
Berndt et al., 2001; Menzies et al., 2002; Geoffroy, 2005; Mackenzie
et al., 2005). The presence of high seismic velocity lower crust
(Vp∼7.1∼7.8 km/s) often observed along volcanic margins (Planke
et al., 1991; Eldholm et al., 2000; Bauer et al., 2000; Mjelde et al., 2007)
andmagmatic rifts (e.g., Ro and Faleide, 1992;Mohr,1992) is referred to
as mantle-derived mafic intrusions, so-called magmatic underplating
(Cox, 1980; Mutter et al., 1984) or magmatic inflation (Thompson and
McCarthy, 1990). Such underplated mafic bodies (UPMB) have been
discussed in relation to (i) the high grade metamorphism of lower
crustal material (e.g., Rey,1993), (ii) thickening of the crust (Gans,1987;
Mohr, 1992), (iii) permanently higher post-rift topography (Lachen-
ulty of Earth and Life Sciences,
Amsterdam, Netherlands. Tel.:

asaki).

l rights reserved.
brunch and Sass, 1978, 1990; Lister et al., 1991) and (iv) significant
positive gravity anomalies (Hutchinson et al., 1990).

However, in most kinematic and dynamic models of rift formation
and evolution, the effects of magmatism have been neglected (e.g.
McKenzie 1978; Royden and Keen 1980; Wernicke, 1985;Braun and
Beaumont 1987; Buck 1991; Davis and Kusznir, 2004). The generation
of melt associated with rifting has been investigated for a given
kinematic model of extension, but without considering effect of melts
on the dynamics (e.g., McKenzie and Bickle, 1988; White and
McKenzie, 1989; Latin and White, 1990; Harry et al., 1993; Harry and
Leeman, 1995). As many prior studies have emphasized that most of
the rifted margins are affected by magmatism (e.g., Gernigon et al.,
2004; Geoffroy, 2005; Ebbing et al., 2006; Gernigon et al., 2006;
Lizarralde et al., 2007), one of the most important issues to address is
how magmatic activity influences the rifting dynamics.

The aim of the present study is to evaluate, using a two-dimensional
thermo-mechanical finite element model, the possible influence of
UPMBs on localizing extensional deformation. The understanding of the
development of continental rifts and passive margins requires knowl-
edge of a process to explain how the deformation is localized.
Continental rifts formed by large-scale extensional tectonics are
characterized by locally thinned crust and high surface heat flows
(e.g., Artemjev and Artyushkov, 1971; McKenzie, 1978). Continental
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Fig.1. Distribution of sedimentary basins, large Igneous Provinces, themain volcanic rifts and volcanic riftedmargins in theworld. This map illustrates the importance of the magmatism
associated with sedimentary basins, continental margin and rift systems. Data after Coffin and Eldholm (1994) and Laske and Masters (1997). Isochrons are after Müller et al. (1997).
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break-up is an end product of continental extension, and the break-up
point usually focuses and concentrates within a local area (e.g., Ebinger
and Casey, 2001). Thus, the problem which we also have to consider is
what controls the localization of deformation. In this study, we focus on
the UPMB as a possible origin of rheological heterogeneity, and attempt
to investigate a correlation between magmatism and rifting dynamics
from the point of view of the localization of deformation. As well as the
rheological heterogeneities brought about by a locally thickened crust
(e.g., Braun and Beaumont, 1987; Bassi, 1991; Bassi et al., 1993; Govers
and Wortel, 1993; Bassi, 1995; Govers and Wortel, 1995), temperature
variation in the lithosphere (e.g., Govers and Wortel, 1999; Pascal et al.,
2002) or pre-existing faults (e.g., Braun and Beaumont, 1989; Dunbar
and Sawyer, 1988; 1989a,b; Melosh and Williams, 1989; Williams and
Richardson,1991), the presence of UPMBs in the continental lithosphere
is likely tomodify the thermal structure andmechanical properties (e.g.,
Frey et al., 1998; Buck, 2006), which could then control the evolution of
the rift system. Analogue modelling studies by Callot et al. (2001, 2002)
have previously demonstrated that localization can be brought about by
low viscosity bodies in the lower crust and/or the uppermost mantle,
interpreted as plume-related partial melts. Corti et al. (2003a) and Corti
et al. (2007) also carried out analogue modelling experiments to
investigate effects of melts on the progression of continental rifting into
localized break-up. However, even though one of the most important
physical mechanisms in such soft point models depends on tempera-
ture, it is difficult to include a temperature-dependent rheology in
analogue modelling. Therefore, it is important to investigate the role of
the UPMB in relation to its thermal aspects using numerical modelling
(e.g., Gac and Geoffroy, 2009-this issue).

This study considers in detail the likely rheological heterogeneity
brought about by the UPMB. We first discuss the role of the UPMB as the
initial rheological heterogeneity, while respecting the initial crustal and
thermal structure of the lithosphere. Since magmatic activity possibly
precedes rifting (e.g., Burke and Dewey, 1973; Sengör and Burke, 1978;
Griffiths and Campbell, 1991; Menzies et al., 2002; Courtillot and Renne,
2003), the UPMB could work as the initial rheological heterogeneity. In
fact, Buck (2006) emphasized the importance ofmagmatic intrusions as a
possible means of reducing the entire lithospheric strength to initiate the
rifting with a reasonable tectonic force.

The basic characteristics of the UPMB, i.e. its width, thickness and
temperature are examined in this study, as well as the relative
importance of theUPMB to a locally thickened crust for the localization
of deformation. Whether the lateral variation in the thickness of the
UPMB has the potential to bring about the asymmetric structures
found in rift and passive margins is also examined in this study. We
lastly demonstrate that the localization of deformation can be brought
about by the UPMB during the extensional process.

2. Model description

The two-dimensional finite element model is schematically shown
in Fig. 2. We examine the response of the lithosphere to an applied
constant boundary velocity at the edge of the model. The UPMB is
introduced as a material with an anomalous high temperature and a
mafic lower crustal composition. The mechanical problem is coupled
with the thermal problem through temperature-dependent viscosity.
The plane strain condition, which seems appropriate for the geological
structure of a rift, is assumed in this study. The lithosphere has three
compositional layers: wet quartzite upper crust, anorthite lower crust,
and wet dunite mantle.

The origin of the force driving the extension is not considered. Even
if the lithosphere has a uniform rheological structure localization of
deformation can be obtainedbya non-uniformdriving force. The rising
plume may also control a location where deformation could be
concentrated (e.g., Sengör and Burke,1978; Burov and Guillou-Frottier,
2005; Burov et al., 2007). Additionally, in the analogue model of Tirel
et al. (2006), localization of deformation is obtained by a velocity
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Fig. 2. Schematic figure of the numerical model adopted in this study. The continental lithosphere has three compositional layers; wet quartzite upper crust, anorthite lower crust and
wet dunite mantle. The initial thickness of the crust is tc, and the thickness of the lower crust is tc /2. A constant horizontal boundary velocity (Vx=1 cm/year) is applied at the right
and left side ends of the model. The Winkler restoring force is applied at the following major density interfaces so as to calculate the vertical surface movements: at the surface, the
boundary between upper and lower crust and at the Moho. The thermal boundary condition of the model is as follows. The horizontal heat flow is zero at the right and left side
boundaries of the model. The temperature of the surface is fixed to be 0 °C. In order to obtain the steady state solution of Eq. (5) the reduced heat flow is applied at the bottom of the
model, satisfying the condition that the temperature at the base of a given thermal lithosphere (at a depth of 125 km) is equal to the potential temperature of the asthenosphere
(1350 °C). At depths below the thermal lithosphere the temperature is set to be the potential temperature of the asthenosphere. In the transient thermal problem, the temperature
below the depth of 125 km is imposed to be 1350 °C as a constant temperature boundary condition. Three domains of the UPMB (I∼III) with abnormally high temperature and mafic
lower crustal composition are characterized byWup1 and tup1,Wup2 and tup2, andWup3 and tup3, respectively. All domains of the UPMB are assumed to have uniform temperature Tup.
For themodel with a locally thickened crust, the crust is thickened byΔtc over a distance ΔX in the centre of the model. The transition from thickened to normal crust takes place over
a distance of Δx, and the Moho depth linearly decreases from tc to tc−Δtc (km). The initial topographic height resulting from the isostatic response to the thickened crust is not taken
into account in the setup of the model.
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discontinuity between the surrounding rigid plates and the plate in
which deformation is taking place. In the present study, however,
localization of deformation is particularly discussed in relation to the
rheological heterogeneity brought about by the UPMB, so that we just
apply a constant velocity (Vx=1 cm/yr) at the left and right side
boundaries of the model.

Since the formation process of UPMBs is still poorly understood,
we simply assume that the UPMB is emplaced instantaneously, as is
adopted in Frey et al. (1998), without considering how the melt is
generated and how it migrates upwards. Additionally, even though
both the timing of the emplacement and volume of the UPMB are
important factors in controlling magma related heterogeneities (e.g.,
Chapman and Furlong, 1992), it is still difficult to exactly estimate the
timing of the magmatism and the quantity of generated melt prior to
and/or during extension. As shown in Hirth and Kohlstedt (1996), the
process of decompressional melting cannot be investigated without
information of the initial water content in the mantle peridotite.
Therefore we make simple assumptions about the timing and
distribution of the UPMB.

The UPMB is described by three basic parameters, its width (Wup),
thickness (tup) and temperature (Tup). Each of three domains of the
UPMB (labelled I, II and III in Fig. 2) are characterized byWup1 and tup1,
Wup2 and tup2, and Wup3 and tup3, respectively. All the domains are
assumed to have a uniform temperature Tup.

In this study, the UPMB is regarded as the primal origin of
rheological heterogeneity for localization of deformation. However,
the rheological heterogeneity brought about by a locally thickened
crust could also be a plausible origin of the heterogeneity, as adopted
in many prior studies (e.g., Braun and Beaumont, 1987; Bassi, 1991;
Bassi et al., 1993; Govers and Wortel, 1993; Bassi, 1995; Govers and
Wortel, 1995). Therefore, we perform several models with a locally
thickened crust in the Section 3.4 in order to investigate the condition
where the UPMB could play a dominant role in localizing the
deformation. For the model with a locally thickened crust, the
continental lithosphere has a crustal thickness tc locally thickened
by Δtc over a distance ΔX in the centre of the model (see Fig. 2). The
transition from thickened to normal crust takes place over a distance
of Δx, over which the Moho depth linearly decreases from tc to tc−Δtc.
The initial topographic height resulting from the isostatic response to
the thickened crust is not taken into account in the setup of themodel.
A finite element code, tekton ver. 2.1, developed by Melosh and
Raefsky (1980, 1981) andMelosh andWilliams (1989), is used to solve
the mechanical equilibrium equation

jd σ þ X ¼ 0 ð1Þ
where σ is the stress tensor and X is the body force. Large strain and
displacement effects are incorporated by using an updated Lagrangian
method. The vertical movements of the major density interfaces, i.e.
the surface, the boundary between the upper and lower crust, and the
Moho, are calculated by using the Winkler restoring force (e.g.,
Williams and Richardson, 1991).The constitutive relationships that
relate the stress to the strain are required to solve the mechanical
equilibrium equation. The viscoelastic–perfect plastic rheology model
with temperature-dependent viscosity has been incorporated into the
code (Yamasaki et al., in press). Under low deviatoric stress conditions,
rock deformation is elastic, inwhich the strain is linearly related to the
stress by the generalized Hooke's law (e.g., Ranalli, 1995). However,
under larger deviatoric stress conditions, different deformation
mechanisms become more important, depending on the temperature
and pressure conditions.

Under low temperature and pressure conditions, deformation of
rocks takes place in a brittle manner. The brittle stress σb is given by
Byerlee's law (Byerlee, 1967, 1978):

σb ¼ f 1− υ⁎
� �

z ð2Þ

where z is the depth in km, ζ is a constant (24 MPa/km) and υ⁎ (0.4) is
the density ratio of pore water to rock matrix (e.g., Brace and
Kohlstedt, 1980; Ranalli, 1995). The elastic–perfect plastic rheology is
adopted for the brittle deformation (e.g., Flecher and Hallet, 1983;
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Fig. 3. Localization of extensional deformation; (a) extension of the uniform lithosphere
with no lateral rheological heterogeneity, (b) extension of the lithosphere with weak
rheological heterogeneity, and (c) extension of the lithosphere with strong rheological
heterogeneity.
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Braun and Beaumont, 1987; Bassi, 1995). The state of the stress is
assumed to be controlled by the Von Mises yield criterion F,

F ¼ J2D−
1
3
σ2

y ¼ 0 ð3Þ

where J2D is the second invariant of deviatoric stress and σy is the
yield stress that is equivalent to σb in Eq. (2).

On the other hand, under high temperature and pressure
conditions, ductile deformation is the dominant mechanism. A non-
linear Maxwell viscoelastic rheology is adopted for the ductile
behaviour of rocks (e.g., Melosh and Raefsky, 1980; Braun and
Beaumont, 1987; Bassi, 1995; Govers and Wortel, 1995). The viscous
flow is controlled by power law creep (e.g., Kirby, 1983; Carter and
Tsenn,1987), where the effective viscosity η can bewritten in the form

η ¼ 1
2A⁎

J
1−n
2

2D exp
Q
RΘ

� �
ð4Þ

where A⁎ is a material constant, Q is the activation energy, n is the
stress exponent, R is the universal gas constant and Θ is the absolute
temperature. Flow law parameters of each rock composition are
shown in Table 1.

Since power law creep is a function of temperature, the distribu-
tion of temperature in the lithosphere must be calculated at all stages
of deformation. The time-dependent heat conduction equation is
given by

ρCp
AT
At

¼ j � KjTð Þ þ H ð5Þ

where ρ is the density, Cp is the specific heat, T is the temperature, t is
the time, K is the thermal conductivity and H is the radiogenic heat
Table 1
Model parameter values used in this study

Symbol Meaning Value

E Young's modulus 1.5×1011 Pa
ν Poisson's ratio 0.25
ζ Depth dependence of brittle failure 24.0 MPa/km
υ⁎ Density ratio of pore water to rock 0.4
Cp Specific heat 1050 Jkg−1K−1

R Universal gas constant 8.314 Jmol−1K−1

Ta Potential temperature of the asthenospher 1350 °C
Ts Temperature at the surface 0 °C
ρuc Mass density of the upper crust 2800 kgm−3

ρlc Mass density of the lower crust 2900 kgm−3

ρm Mass density of the mantle 3300 kgm−3

Huc Heat production in the upper crust 1.37 μWm−3

Hlc Heat production in the lower crust 0.45 μWm−3

Hm Heat production in the mantle 0.02 μWm−3

Kuc Thermal conductivity of the upper crust 2.56 Wm−1 K−1

Klc Thermal conductivity of the lower crust 2.60 Wm−1 K−1

Km Thermal conductivity of the mantle 3.20 Wm−1 K−1

Flow law parameters of power law creep
Wet quartzite: Koch et al. (1989)
A⁎uc Pre-exponent 1.10000×10−21 Pa−ns−1

nuc Power 2.61
Quc Activation energy 145 kJ mol−1

Anorthite: Shelton and Tullis (1981)
A⁎lc Pre-exponent 5.60000×10−23 Pa−ns−1

nlc Power 3.20
Qlc Activation energy 238 kJ mol−1

Wet Aheim dunite: Chopra and Paterson (1984)
A⁎m Preexponent 5.4954×10−25 Pa−ns−1

nm Power 4.48
Qm Activation energy 498 kJ mol−1

Mafic granulite: Ranalli (1995)
A⁎upmb Preexponent 8.8334×10−22 Pa−ns−1

nupmb Power 4.2
Qupmb Activation energy 445 kJ mol−1
source. We ignore the effect of the latent heat associated with the
solidification of melts. Parameter values used in this study are shown
in Table 1. We have written an additional finite element code to solve
the transient heat conduction equation (Eq. (5)). Overlapping thermal
and mechanical finite element grids are used to solve the heat and
mechanical equilibrium equations sequentially. Advection of heat is
incorporated in a way that the finite element geometry is updated at
every time step with the displacements computed by the mechanical
algorithm. The thermal boundary conditions are as follows. At the left
and right side boundaries of the model the horizontal heat flow is
zero. The temperature at the surface is held at 0 °C. The potential
temperature of the asthenosphere is assumed to be 1350 °C. The initial
thermal structure is calculated from the steady-state solution of Eq.
(5). The reduced heat flow is applied to satisfy the condition that the
temperature at the base of the thermal lithosphere (at a depth of
125 km) is equal to the potential temperature of the asthenosphere
(i.e. the thickness of the thermal lithosphere a is defined by the
1350 °C isotherm). Below a depth of 125 km, the temperature is
assumed to be identical to the asthenospheric potential temperature.
In the transient thermal problem, the temperature at a depth greater
than 125 km is imposed to be 1350 °C as a constant temperature
boundary condition.

3. Results and discussion

Extensional deformation of the lithosphere results in its thinning
following the conservation of mass. If a lithosphere that has no lateral
rheological heterogeneities is extended byan applied boundary velocity,
thinningof the lithospherewill occur uniformly (see Fig. 3(a)). However,
if lateral rheological heterogeneity is present in the lithosphere, the
thinning will be distributed, particularly into a weak region (e.g.,
Fernàndez and Ranalli, 1997). In this case, the strength contrast of the
heterogeneity is an important factor in controlling how much of the
thinning is distributed into the weak region. If the strength contrast is
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weak, there will be a small amount of thinning in the weak region
because extension is also significantly accommodated by thinning in the
non-weakened region (Fig. 3(b)). On the other hand, for a stronger
strength contrast, extensional deformation is mostly accommodated by
thinning the weak region (see Fig. 3(c)). It should be noted that in the
numerical model the strength contrast is, in practice, recognized by the
difference in the strain rate. Higher strain rate is obtained in the
weakened region, which results in the localization of deformation.

We have confirmed that the least amount of a thinning of the
lithosphere cannot be avoided in the non-weakened region even for
the model with significant strength contrast. Extension applied at the
edge of the model is also accommodated by a thinning of the non-
weakened region, and the total amount of extension accommodated
in the non-weakened region increases as Wnw (width of non-
weakened region) increases. That is, the amount of thinning
distributed into the weakened region becomes smaller for the
model with larger Wnw. Therefore, the absolute amount of thinning
in a significantly deformed region can be evaluated only for a specific
Fig. 4. Temperature distributions for the models with and without an UPMB that has an abno
30 km); (a) tc=30 km and (b) tc=40 km.
size of model. The most important point to be investigated is the
sensitivity to an assumed heterogeneity.

3.1. Dependence on the initial lithospheric structure

Rheological heterogeneity brought about by the UPMB is linkedwith
the following two physical effects: (1) the higher temperature of the
UPMBresults inweakening through the temperature-dependence of the
viscosity and (2) the mafic crustal composition of the UPMB is
significantly weaker than themantle, evenwithout any thermal effects.

Fig. 4(a) and (b) shows the initial temperature distributions for the
models with and without the UPMB, with tc=30 and 40 km,
respectively. The temperature at the Moho is higher for the model
with tc=40 km than for the model with tc=30 km. Therefore, the
difference in temperature between the UPMB and normal mantle is
larger for the model with tc=30 km than for the model with tc=40 km.

This implies that the UPMB could be more effective in localizing
the deformation for the model with tc=30 km. When tc is 30 km, the
rmal temperature Tup (Tup=600, 800 and 1000 °C) and a thickness of tup (tup=5, 15 and
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temperature of the UPMB for the model with Tup=800 and 1000 °C is
greater than that of the normal mantle from the Moho to the base of
the UPMB. For the model with Tup=600 °C, the temperature of the
Fig. 5. Time-dependent deformed grids with superimposed temperature contours for the
Tup2=800 °C; (a) tc=30 km and (b) tc=40 km. Contours of temperature are shown at 100 °C in
curve) and total (dotted and dashed curve) are depicted for each time. The stretching factor
UPMB is higher than that of normal mantle to a depth of about 45 km,
but lower at a greater depth. When tc is 40 km, with Tup=600 °C the
temperature of the UPMB is never higher than that of the uppermost
UPMB models with Δtc=0 km, Wup1=Wup3=0 km, Wup2=100 km, tup2=15 km and
tervals from 0 to 1300 °C. Stretching factors of the crust (dotted curve), mantle (dashed
is defined by the ratio of the thickness before extension to the thickness after extension.
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mantle for the whole range of tup. Even for the model with
Tup=800 °C, the temperature is higher only to a depth of about
55 km. However, for the model with Tup=1000 °C, the UPMB results in
a higher temperature anomaly over the whole depth range where the
UPMB is situated.

Fig. 5(a) and (b) shows the extensional deformation of the
lithosphere with increasing time for the models with tc=30 and
40 km, respectively, in which only the centre domain (II) is used to
describe the characteristic of the UPMB (i.e. Wup1=Wup3=0). A local-
ly thickened crust prior to extension is not taken into account
(Δtc=0 km). It is assumed that Tup is 800 °C, Wup2 is 100 km and
tup2=15 km. It can be clearly seen that a greater amount of thinning is
distributed into a weakened region for the model with tc=30 km than
for the model with tc=40 km. The total stretching factor at time
t=10 my reaches up to about 4.0 for the model with tc=30 km, but to
only about 1.6 for the model with tc=40 km. A greater strength
reduction through the increase in temperature is obtained by the
UPMB for the model with tc=30 km because of the smaller initial
geothermal gradient in the normal mantle (see Fig. 4).

It should be also noted that the temperature anomaly caused by the
UPMB disappears within a few million years. The period that the UPMB
can keep a temperature higher than the normal mantle may practically
depend on the size of the UPMB and the time-scale of its formation
process (e.g., ChapmanandFurlong,1992): theperiod couldbe shorter for
a smaller UPMB and/or for a slower formation of the UPMB. On the other
hand, anothereffect relating to thedifference in compositionbetween the
UPMB and mantle could work on localizing deformation at any stage of
extension, because this effect has no relation to temperature.

Although only the results of the model with a=125 km are shown,
the UPMB model is applicable for any thicknesses of the thermal
lithosphere. Since the localization of the deformation brought about
by the UPMB is dependent on the degree of strength reduction, it is
Fig. 6. Total stretching factors as a function of a distance for different (a) Tup, (b) tup2 and (c)
with tc=30 and 40 km, respectively.
clear that the UPMB works more effectively for the colder lithosphere
than for the hotter lithosphere.

3.2. The basic model parameters describing the characteristics of the
UPMB

Fig. 6 shows how the stretching factor varies as a function of
distance for models with tc=30 km and 40 km, in which only the
domain II is used to describe the characteristic of the UPMB. A local-
ly thickened crust prior to extension is not taken into account
(Δtc=0 km). The times are 6 and 10 my for the models with tc=30 and
40 km, respectively. Fig. 6(a) shows the dependence of extensional
deformation on Tup, with Wup2=100 km and tup2=15 km. Three
models are shown for Tup=600, 800 and 1000 °C. The dependence on
Tup is not seen in the model with tc=30 km. Even when the
temperature of the UPMB is 600 °C, the temperature anomaly
necessary to produce a strength contrast strong enough to distribute
the thinningmostly into aweak zone is obtained below theMoho (see
Fig. 4(a)). On the other hand, for the model with tc=40 km, the
localization of the deformation is dependent on Tup; a higher UPMB
temperature leads to a higher degree of thinning distributed into a
weak region, because the strength contrast between weakened and
non-weakened regions is larger for higher UPMB temperature. It is
also important to note that extensional deformation can be localized
even for the model with tc =40 km and Tup=600 °C, i.e. the
temperature of the UPMB is lower than that of the normal mantle
(Fig. 4(b)). This is because the mafic crustal material is intrinsically
weaker than the mantle without any thermal effects.

Fig. 6(b) shows the dependence on tup2, with Wup2=100 km and
Tup=800 °C, for models with tup2=5, 15 and 30 km.When tc is 40 km, a
greater amount of thinning is distributed into a weak zone for the
models with greater tup2. A greater reduction in the total lithospheric
Wup2, in which Δtc=0 km andWup1=Wup3=0 km. Times are 10 and 6 my for the models
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strength is obtained by the model with greater tup2. This is consistent
with the results from analogue modelling by Corti et al. (2007).

However, the temperature of the UPMB becomes lower than the
mantle temperature at a depth greater than ∼57 km (see Fig. 4(b)), so
that at a further depth it becomes difficult to obtain the significant
strength reduction by the temperature anomaly of the UPMB. In fact,
models with tup2≥15 km do not further enhance the localization of the
deformation, inwhich the stretching factor predicted by themodel with
tup2=15 km is almost the same as that with tup2=30 km. On the other
hand, when tc is 30 km, themodel behaviour is virtually independent of
tup2. Even for the model with tup2=5 km the strength contrast is strong
enough to distribute the thinning mostly into a weak region.

Fig. 6(c) shows the dependence on Wup2, with tup2=15 km and
Tup=800 °C. The results of the models withWup2=50, 100 and 300 km
are depicted in the figures. As Corti et al. (2007) demonstrated
previously using an analogue model, our numerical model also shows
a strong dependence on Wup2 for both tc=30 and 40 km. A greater
amount of thinning is distributed into a weak region for the models
with smallerWup2. For a given amount of extension at the boundary of
the model, the extensional deformation of the lithosphere is
accommodated by the distribution of thinning into a narrower region
for the model with smallerWup2, which leads to a higher strain rate in
deformed region.

3.3. Localization of deformation by slow strain rate or UPMB in the lower
crust: outward migration of deformation

As described above, the distribution of thinning into a weak region
is controlled by the rheological heterogeneity introduced as a result of
Fig. 7. Deformed grids with superimposed temperature contours for the model with tc=30 k
tup2=30 km and (b) tup2=15 km. Stretching factors of the crust (dotted curve), mantle (dash
the presence of the UPMB. Our experiment shows that the distribution
of thinning into a weak zone is larger for the models with stronger
strength contrast and with a narrower UPMB. Consequently, the strain
rate in the significantly deformed zone is controlled by the
characteristics of the UPMB, i.e. even if the applied boundary velocity
is fixed, various strain rates can be obtained.

It is important to discuss the effect of strain rate on the extensional
deformation in relation to thermal diffusion. The strength of the
lithosphere changes as extension progresses, as a result of the
competition between the weakening caused by the increase in
geothermal gradient associated with the passive upwelling of the
asthenosphere and the strengthening by crustal thinning and thermal
diffusion. For a smaller strain rate, the strengthening by thermal
diffusion becomes the more dominant factor (e.g., England, 1983).

Fig. 7(a) shows the result of the model with an UPMB in which
Wup1=Wup3=0, Wup2=300 km, tup2=30 km and Tup=800 °C. A local-
ly thickened crust prior to extension is not taken into account
(Δtc=0 km). It can also be seen that lithospheric thinning moves
outward in the later rifting phase. Similar numerical model behaviour
has been reported by van Wijk and Cloetingh (2002) and Corti et al.
(2003b), in which outward migration of the thinning was obtained by
a model with a low extensional velocity or a very wide thickened
crust. Such model behaviour is attributed to the thermal diffusion in a
deformed region with a slow strain rate. For the model with W-
up2 =300 km, extensional deformation is accommodated by a
distribution of thinning into a wide weak region, so that the obtained
strain rate is low and the effect of thermal diffusion plays an important
role in the style of extension. On the other hand, the strain rate in the
deformed region for the models with Wup2≤150 km is so high (see
m, Δtc=0 km, Wup1=Wup3=0 km, Wup2=300 km and Tup=800 °C at t=10 and 19 my; (a)
ed curve) and total (dotted and dashed curve) are depicted for each model.



Fig. 8. Total stretching factors as a function of a distance for different widths (Wup2) of
an UPMB, at t=6 my, with ΔX=100 km and Δx=25 km; (a) tc=30 km and Δtc=5 km, (b)
tc=30 km and Δtc=2.5 km, (c) tc=40 km and Δtc=5 km, and (d) tc=40 km and
Δtc=2.5 km. It is assumed that Wup1=Wup3=0 km, tup2=15 km and Tup=800 °C.
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Figs. 5 and 6) that it is difficult to obtain outwardmigration by thermal
diffusion. Fig. 7(b) shows the result of setting tup2=15 km. Outward
deformation migration is not obtained by this model. This result
indicates that the replacement of the mafic lower crustal material (the
UPMB) with mantle material is also an important factor in controlling
the change in the total lithospheric strength. The replacement is smaller
for the model with smaller tup2. Therefore, even though the thermal
diffusion progresses significantly, the centre of the rift does not become
strong enough to obtain outward migration of deformation.

Prior numerical modelling studies have successfully explained an
outwardmigration of deformation in terms of thermal diffusion in the
deformed region (e.g., Negredo et al., 1995; van Wijk and Cloetingh,
2002; Corti et al., 2003b). However, if theUPMB is taken into account, it
is generally difficult to obtain migration of the deformation to outside
theUPMBregion, because theUPMBhas intrinsically less strength than
the mantle without considering the thermal effects. Even if outward
migration of deformation can be obtained by the model with the
UPMB, itsmigration is limited to the regionwhere the UPMB is present
(see Fig. 7(a)). Therefore, in order to shift deformation to outside the
UPMB region, there may be no other way than by considering a shift of
magmatic activity, such as following a change inplume activity (Müller
et al., 2001; Yamada and Nakada, 2006).

Only the UPMB in the uppermost mantle just below the Moho has
been examined in this study. However it is likely that melts could
intrude into the lower crust (e.g., Bonini et al., 2001; Corti et al.,
2003a). We give an important implication for the case of the UPMB in
the lower crust. As described above, the UPMB has the two physical
properties important for the localization of deformation: it has an
abnormally high temperature and an intrinsically weaker composition
than the mantle. Because mafic granulite has a greater strength than
anorthite lower crust (e.g., Ranalli, 1995; Ranalli et al., 2007), the
compositional effect does not work if the UPMB is situated in the
lower crust. Once the temperature anomaly caused by the UPMB in
the lower crust is significantly relaxed by thermal diffusion, deforma-
tion would be localized into outside the UPMB where the felsic lower
crust is intrinsically weaker than the UPMB. In the prior analogue
modelling studies on extensional deformation of the lithosphere in
relation to the magmatic process (Callot et al., 2001; 2002; Corti et al.,
2003a; Corti et al., 2003b; Corti et al., 2007), the origin of the
localization of deformation is brought about by a low viscosity body
not only in the mantle but also in the lower crust. However it might be
questionable to keep such a low viscosity body in the lower crust over
the entire duration of rifting.

3.4. Relative importance of the UPMB to a locally thickened crust

Fig. 8 shows a relative importance of the UPMB to a locally
thickened crust in which ΔX and Δx are 100 and 25 km, respectively.
Only the domain II with tup2=15 km and Tup=800 °C is used to describe
the characteristic of the UPMB. The time is 6my for all models. Fig. 8(a)
shows the resultswith tc=30 km andΔtc=5 km. For themodelwithout
the UPMB, the total stretching factor is predicted to be about 2.2, at
most. On the other hand, for a UPMBwithWup2=50 km, the stretching
factor at the centre of the rift reaches 2.6, which is significantly larger
than that for the model without the UPMB. However, an UPMB model
with Wup2=100 km predicts an almost identical stretching factor to
that predicted by the model without the UPMB (∼2.2). In addition, the
stretching factor at the centre decreases to 1.8 for the model with
Wup2=300 km.

Fig. 8(b) shows the results for the model with tc =30 km and
Δtc =2.5 km. The predicted stretching factor at the centre for the
model without the UPMB is smaller than that even for the UPMB
model with Wup2=300 km. This is because a difference in tc of
2.5 km does not result in a strength contrast strong enough to
distribute thinning mostly into a region weakened by a locally
thickened crust.
The obtainable strength contrast for the model with tc=40 km is
weaker than for the model with tc=30 km, as shown in the previous
subsection. The same is true for the rheological heterogeneity by a
locally thickened crust. Therefore, for a given amount of extension, the
predicted stretching factor (the amount of thinning distributed into a
weak region) for the model with tc=40 km is significantly smaller
than that predicted for the model with tc=30 km (see Fig. 8(c) and
(d)). For the model with tc=40 km, even when Δtc is assumed to be
5 km (see Fig. 8(c)), the stretching factor for the model without the
UPMB is predicted to be only the same as that for the UPMB model
withWup2=300 km. When Δtc is assumed to be 2.5 km (see Fig. 8(d)),
the predicted stretching factor without the UPMB is significantly
smaller than that obtained with the UPMB, which is practically
independent of Wup2 (at least for Wup2 between 50 and 300 km).

Thus, if the lateral scale of the UPMB is smaller than that of a locally
thickened crust, the UPMB plays a dominant role in localization of
deformation. However, if the crustal thickness variation is small, the
UPMB still plays a dominant role in localization of deformation which
is independent on Wup2.

3.5. Inhomogeneous thickness of the UPMB: implication for asymmetric
structure of continental rifts and passive margins

Fig. 9 shows the results of the models where the UPMB has a var-
iable thickness. Only two domains of the UPMB are considered (i.e.,
Wup2=0 km). Tup is assumed to be 800 °C for the both domains. A locally
thickened crust prior to extension is not taken into account (Δtc=0 km).
For the models with Wup1=Wup3=50 km, tup1=5 km and tup3=15 km



Fig. 9. Deformed grids with superimposed temperature contours for the model with Tup=800 °C, Δtc=0 km, Wup2=0 km, tup1=5 km and tup3=15 km; (a) tc=30 km and W-
up1=Wup3=50 km; (b) tc=40 km and Wup1=Wup3=50 km; (c) tc=30 km and Wup1=Wup3=150 km, and (d) tc=40 km and Wup1=Wup3=150 km. The vertical dotted line indicates the
centre of the model. Stretching factors of the crust (dotted curve), mantle (dashed curve) and total (dotted and dashed curve) are shown for each model.
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(see Fig. 9(a) and (b)), a greater amount of lithospheric thinning can be
seen to be distributed into domain III (where there is a greater thickness
of UPMB). The axis of the significantly deformed region is shifted from
the centre of the model, producing an asymmetric structure about the
centre of the model. However, the structure seems mostly symmetric
about the axis of the significantly deformed region (although slight
asymmetry is perceptible for the model with tc=40 km).

For themodels withWup1=Wup3=150 km, the axis of the deformed
region is shifted even more from the centre of the model (see Fig. 9(c)
and (d)). For the model with tc=30 km, the predicted structure still
seems to be mostly symmetric about the axis of the significantly
deformed region. The strength contrast between domains I and III is
large enough to distribute a thinning into the domain III. On the other
hand, for the model with tc=40 km, a slight asymmetry about the axis
of the significantly deformed region can be seen. Here the strength
contrast between the two domains of the UPMB is not strong enough,
so that a significant amount of thinning is distributed even into the
domain I. The same physical explanation can be applied to the models
with Wup1=Wup3=50 km. However, the lateral scale of the UPMB is
too small for the asymmetric structure to be clearly perceptible (see
Fig. 9(a) and (b)).
Fig. 10 shows results where three domains of the UPMB are taken
into account with different thicknesses; tup1=5 km, tup2=30 km and
tup3=15 km. Tup is assumed to be 800 °C for all the domains. A
locally thickened crust prior to extension is not taken into account
(Δtc=0 km). Fig. 10(a) and (b) shows the results of the models with
Wup1=Wup2=Wup3=50 km. The maximum amount of thinning is now
distributed into domain II, and the stretching factor becomes
maximum in the centre of the model. The predicted structure is
asymmetric about the centre of the model and also the axis of most
deformed region.

The results of the models with Wup1=120 km, Wup2=60 km and
Wup3=120 km are shown in Fig. 10(c) and (d). The stretching factor is
again maximum at the centre of the model and is clearly asymmetric
even about the centre of the model. Although the greatest amount of
the thinning is distributed into domain II where the UPMB has the
greatest thickness (=30 km), a significant thinning also spreads into
domain III where tup2 is 15 km. The strength contrast between domain
II and III is not large enough to localize deformation only into domain
II, so that there is significant deformation even in domain III
(especially for the model with tc=40 km). For the model with
tc=30 km, significant thinning is not distributed into domain I, where



Fig. 10. Deformed grids with superimposed temperature contours for the model with Tup=800 °C, Δtc=0 km, tup1=5 km, tup2=30 km and tup3=15 km; (a) tc=30 km
and Wup1=Wup2=Wup3=50 km, (b) tc=40 km and Wup1=Wup2=Wup3=50 km, (c) tc=30 km, Wup2=60 km and Wup1=Wup3=120 km, and (d) tc=40 km and Wup2=60 km and
Wup1=Wup3=120 km. The vertical dotted line indicates the centre of the model. Stretching factors of the crust (dotted curve), mantle (dashed curve) and total (dotted and dashed
curve) are shown for each model.
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the UPMB has only a thickness of 5 km. The strength contrast between
domain I and II is large enough to localize the deformation into
domain II. On the other hand, for the model with tc=40 km, the
strength contrast between the three domains of the UPMB is not high
enough for significant thinning to be distributed, even into domain I.

In previous dynamic models, large-scale lithospheric deformation
has been usually discussed in relation to the rheological change during
the extensional process without considering the importance of the
initial heterogeneities. However, Dunbar and Sawyer (1988, 1989a,b)
proposed the important insight that the structure of the initial
heterogeneity offers the key to understanding the development of
continental extension. Corti et al. (2003b) and Corti and Manetti
(2006) attempted to confirm this concept by using analogue and
numerical models, in which the asymmetric geometry of passive
margins, wide non-volcanic margins and narrow volcanicmargins, are
explained by an initial asymmetric structure of a locally thickened
crust. In fact, clearly the asymmetric structure cannot be obtained by
the symmetric initial setup of the model.

Similarly, as shown in this study, the asymmetric structure brought
about by the inhomogeneous thickness of the UPMB might explain
wide non-volcanic and narrow volcanic margins, in which a greater
amount of deformation focuses into the regionwhere the UPMB has a
greater thickness.

However, this kind of asymmetry is basically obtained by the shift
of the significantly deformed region from the centre of the UPMB, so
that it is essentially required that the UPMB have its greatest thickness
at a point that is significantly distant from the centre of the UPMB (see
Fig. 9). In fact, if the greatest thickness of the UPMB is located at the
centre of the UPMB, it becomes difficult to explain the characteristics
of the wide and narrow passive margins (see Fig. 10).

Additionally, even if the UPMB has a variation in thickness, the
structure of the rift seems to be mostly symmetric about the axis of
the significantly deformed region for a small lateral scale of UPMB.

Therefore, the UPMBmay have to range over a regionwide enough
to obtain a perceptible asymmetry.

It is also important to note that the asymmetric structure brought
about by the inhomogeneous thickness of the UPMB can be clearly
obtained when the strength contrast between each domain of the
UPMB is weak enough not to distribute deformation into a particular
domain.
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Although the asymmetric structure of continental rifts and passive
margins has been usually explained in terms of the simple shear
model (Wernicke, 1985) or the combined pure and simple shear
models (e.g., Kusznir and Egan, 1989; Lister and Davis, 1989; Lister
et al., 1991), it is not necessary for the asymmetry to be accompanied
by a large-scale shear zone in the lithosphere (e.g., Corti et al., 2003b;
Corti and Manetti, 2006). Our numerical models also explain the
asymmetric structure of extended lithosphere without the develop-
ment of a shear zone cutting the lithosphere. The presence of a shear
zone might be a consequence of asymmetry, rather than its origin.
However, it may still be impossible that the initial asymmetric
heterogeneity is sufficient to obtain the shear zone. Other sorts of
rheological weakening during the extensional process may be
required to develop a large-scale shear zone in the lithosphere (e.g.,
Frederiksen and Braun, 2001; Huismans and Beaumont, 2002;
Yamasaki, 2004; Yamasaki et al., 2006).

3.6. The UPMB during extension: from inward deformation migration to
continental break-up

Fig. 11 illustrates the localization of the deformation caused by the
UPMB during the extensional process. A locally thickened crust is
adopted so as to obtain an initial localization of deformation, where tc is
40 km, ΔX is 300 km, Δx is 25 km and Δtc is 5 km. Only the domain II is
used to describe the characteristic of the UPMB. It is assumed that the
UPMB with tup2=15 km, Wup2=50 km and Tup=800 °C is emplaced at
time t=5 my. Extensional deformation prior to the onset of the UPMB is
obviously controlled by the initial heterogeneity brought about by the
locally thickened crust, and deformation takes place over a wide broad
Fig. 11. Time-dependent extensional deformation of the lithosphere for the UPMB models w
configuration, it is assumed that ΔX is 300 km, Δx is 25 km and Δtc is 5 km. Emplacement of t
without the UPMB are depicted for each time.
region. However, once theUPMB is emplaced, the thinning is apparently
distributed into a narrower region, following rheological weakening by
theUPMB. The supply ofmagmadecreases the lithospheric strength and
localizes the deformation into the magmatic zone.

In the Ethiopian rift, where the development of continental rifting
into sea-floor spreading is being demonstrated, inward deformation
migration is observed. Showing that border faults are inactivated prior
to continental break-up and most of the strain across the rift is
accommodated in the magmatic segments, Ebinger and Casey (2001)
has suggested that there is migration of extensional deformation into
narrower magmatic segments in the rift. Then, Keranen et al. (2004)
and Maguire et al. (2006) supported the view that extensional
deformation in the Ethiopian rift is strongly controlled by the
magmatic activity, based on a crustal seismic velocitymodel combined
with geological studies where the distribution of faults and dike
deformation zones were concentrated above high seismic velocity
bodies, interpreted as intra-crustal and/or underplated intrusions. Keir
et al. (2006) also pointed out a good correlation between the
distributions of seismicities and magmatic activities, emphasizing an
interaction between tectonic processes and magmatic activity. Similar
characteristics of such an interaction between magmatism and
tectonics can also be seen in Afar (e.g., Hayward and Ebinger, 1996;
Manighetti et al., 1998; Doubre et al., 2007a,b), in the North Atlantic
margins (e.g., Gernigon et al., 2004; Geoffroy et al., 2001; Gernigon et
al., 2006), in the northwest coast of Scotland (Speight et al., 1982) and
in the Ligurian Tethys (Corti et al., 2007; Ranalli et al., 2007).

Our numerical results are consistent with these observations;
inward migration of deformation can be explained by rheological
heterogeneity brought about by the UPMB during the extensional
ith Wup1=Wup3=0 km, Wup2=50 km, tup2=15 km and Tup=800 °C. For the initial crustal
he UPMB is at t=5my. Stretching factors of the total lithosphere for the models with and
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processes. We have discussed localization of deformation brought
about by the UPMB in the particular case where an UPMB is present
prior to the onset of extension. However, the general model behaviour
obtained in the previous sections is applicable even to localization of
deformation during the extensional process. It has been shown in this
study that the UPMB works more efficiently to localize a deformation
for originally colder uppermost mantle. It is also well known that any
material within the lithosphere suffers cooling as the lithosphere
thins. Therefore, the magmatic activity in later phases of the
extensional process (i.e. after a deformed region has cooled down
significantly by thermal diffusion) is more appropriate to localize
deformation. In this regard, the UPMB could work on significant
localization of deformation even for an initially hot lithosphere if the
UPMB is emplaced during the extensional process.

It is also important to note that a small amount of magmatic
emplacement ismore efficient to initiate the localization of deformation,
rather than a huge amount. In this study, and also in Corti et al. (2007), it
is shown that a narrower UPMB can localize deformation more
effectively. Additionally, as discussed above, even a thin UPMB could
work efficiently on localization of deformation if an extended litho-
sphere is significantly cooled by thermal diffusion. A large amount of the
UPMBmayblur out the localizationof deformation, and thedeformation
may range over awide broad region (see Figs. 6(c) and 7). The break-up
triggered by amagmatic process, even that observed in themagma poor
margin of the Newfoundland–Iberia rift system (Tucholke et al., 2007),
may be a good evidence to support our view that a small amount of the
UPMB is enough to produce significant localization of deformation and
accelerate the continental break-up. Once the additional rheological
heterogeneity brought about by the UPMB occurs, the thinning of the
lithosphere may be increased and local magmatic activity enhanced,
which in turn successively induces subsequent localizations of deforma-
tion and magmatic activity into a more local region.

Such a localization process could explain a sudden transition from
continental rifting to break-up and subsequent enhancement of major
magmatic activity at the break-up point. In the Outer Vøring Basin,
where inward migration of the deformation during the onset of
magmatism has also been documented by Gernigon et al. (2004,
2006) seismic observations show that faulting migrated towards the
proto-oceanic rift during the onset of major magmatism in the
Paleocene, indicating that the inward migration of the deformation
started before the major volcanic phase and continental break-up in
the Late Palaeocene–Early Eocene. The emplacement of a small
amount of UPMBmight favour the onset of the deformationmigration,
and a consequent increase in lithospheric thinning at the break-up
point could likely increase the major volcanic activity there. It may be
more reasonable to regard the major volcanic phase at the break-up
point as a consequence of the localization of the deformation, because
a huge amount of magmatic emplacement prior to the onset of the
deformation migration may prevent the formation of a localized
break-up axis.

Many studies have emphasized the importance of dike intrusions
on surface extensional tectonics (e.g., Poliakov and Buck,1998; Ebinger
and Casey, 2001; Geoffroy et al., 2001; Klausen and Larsen, 2002;
Keranen et al., 2004; Sigmundsson, 2006; Wright et al., 2006).
However, the process of dike intrusion may have the potential only
to affect the deformation of the brittle upper crust (e.g., Keranen et al.,
2004). Additionally, as pointed out above, an UPMB in the crust can
possibly bring about an outward migration of the deformation, which
from the point of view of its compositional characteristics, has more
strength than the continental crust. Therefore, it may be difficult to
regard the diking process in the upper crust as the main factor in
controlling the break-up process. The intrusion of dikesmay be, rather,
a complementary and/or secondary product of a significantly localized
deformation that is brought about by an UPMB in the uppermost
mantle. Extensional tectonics controlled by dike intrusion may
indicate the latest stage of the break-up, not its initiation.
4. Conclusions

In this study, we have investigated the influence of the UPMB on
the style of lithospheric extension so as to discuss a correlation
between magmatism and rifting dynamics. The numerical modelling
study has demonstrated that UPMBs play an important role in
controlling the localization of deformation, depending on the initial
crustal and thermal structure of the lithosphere, the basic character-
istics of the UPMB, the geometry of the UPMB, and the timing of the
emplacement of the UPMB. This study also provides important
insights into the dynamics of rifting and development of continental
rifting into sea-floor spreading. It should be noted that the general
model behaviour has been discussed mostly in the particular case
where an UPMB is present prior to the onset of extension. However,
such a model behaviour must be applicable even to the localization of
deformation during extension. That is, the initial lithospheric condi-
tion assumed in this study can be regarded as the condition at the time
when the UPMB is emplaced. The model with an initially located
UPMB only evaluate the minimum effect of the UPMB on localization
of deformation. This is because each material point in the lithosphere
being extended suffers cooling, and consequently the UPMB emplaced
during extension leads to a greater decrease in strength. The limitation
of our model is related to the assumption in which the UPMB is a
solidified mafic lower crustal material, not a melt. Rheological pro-
perty of a partially molten rock should be applied in a more realistic
self-consistent model, in the future.

The main conclusions of the study are as follows:

(i) The role of UPMBs in localization of deformation is linked with
the following two main physical effects: they have an anom-
alously high temperature and a mafic crustal rock composition
that has less strength than the mantle. The former effect will
disappear rather shortly after the emplacement of the UPMB, but
the latter one could play an important role at any stage of
extension.

(ii) The most important factor in controlling localization of
deformation is the strength contrast between the weakened
and non-weakened regions. The strength contrast brought
about by the UPMB is strongly dependent on the thermal
condition of the uppermost mantle at the timewhen the UPMB
is emplaced; colder uppermost mantle results in a larger
strength contrast. Thus, the UPMBwill workmore efficiently on
the localization of deformation for colder uppermost mantle.
Dependence on the characteristics of the UPMB is also
dependent on the thermal condition of the uppermost mantle.
However, the width of the UPMB has a strong influence on the
localization of deformation for all thermal conditions of the
uppermost mantle. Such model behaviour implies that even if
the extensional velocity applied at the boundary of themodel is
constant, various strain rates in a significantly deformed region
can be obtained, depending on the characteristics of the
rheological heterogeneity brought about by the UPMB.

(iii) For the model with a very wide UPMB, the effective strain rate
is predicted to be very slow, and outward migration of the
deformation can be obtained by thermal diffusion during the
extensional process. However, such a migration is still limited
to the region where the UPMB is situated. The outward
migration of the deformation is also dependent on the
thickness of the UPMB; a greater thickness of the UPMB is
preferred for the outward migration.

(iv) An UPMB in the lower crust could be an origin of a weak zone
only when its temperature is significantly high. Once the UPMB
loses the thermal anomaly, deformation would migrate to
outside the UPMB region. This is because a mafic lower crustal
composition generally has more strength than a normal lower
crustal composition without any thermal effects.
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(v) The relative importance of the UPMB to a locally thickened
crust depends on the lateral scale of heterogeneity; if the
upward migration of melts is concentrated into a region
narrower than the lateral scale of the crustal heterogeneity,
localization of the extensional deformation is dominantly
controlled by the UPMB. When the variation in thickness of
crust is small, the UPMB still plays a dominant role in
localization of deformation, which is independent of the lateral
scale of the UPMB.

(vi) Lateral variation in the thickness of the UPMB can lead to
asymmetric rift and passive margin structures. A greater
amount of deformation is concentrated into the region where
a larger amount ofmigratedmagma has accumulated below the
Moho. However, the greatest thickness of the UPMB must be
away from the centre of the UPMB so as to obtain the
asymmetric structure found in narrow volcanic and wide
magma-poor passive margins. It is also noted that an asym-
metric rift structure is more favourably obtained by the UPMB
when the strength contrast between each domain of the UPMB
is weak enough not to distribute deformation into a particular
domain.

(vii) An UPMB that is emplaced during an extensional process
results in deformation migration into a narrower region. This
can be responsible for inward migration of the deformation
which could develop into a continental break-up as observed in
continental rifts and passive margins. A small amount of UPMB
emplaced in the uppermost mantle favours a localized break-
up, whereas a huge amount may blur out the localization.
The least amount of UPMB could result in successive localiza-
tions of deformation and magmatic activity into a more local
region.
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