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[1] Although presence of weak layers due to hydration
and/or metasomatism in the lithospheric mantle of cratons
has been detected by both geophysical and geochemical
studies, its influence on craton evolution remains elusive.
Using a 2-D thermomechanical viscoelastoplastic numerical
model, we studied the craton extension of a heteroge-
neous lithospheric mantle with a rheologically weak layer.
Our results demonstrate that the effect of the weak mantle
layer is twofold: (1) enhances deformation of the overlying
lithosphere and (2) inhibits deformation of the underlying
lithospheric mantle. Depending on the weak-layer depth, the
Moho temperature and extension rate, three extension pat-
terns are found (1) localized mantle necking with exposed
weak layer, (2) widespread mantle necking with exposed
weak layer, and (3) widespread mantle necking without
exposed weak layer. The presence of the weak mantle layer
reduces long-term acting boundary forces required to sustain
extensional deformation of the lithosphere. Citation: Liao, J.,
T. Gerya, and Q. Wang (2013), Layered structure of the lithospheric
mantle changes dynamics of craton extension, Geophys. Res. Lett.,
40, 5861–5866, doi:10.1002/2013GL058081.

1. Introduction
[2] Physical parameters controlling the stability and

destruction of cratons remain hotly debated [Sleep, 2005;
Lee et al., 2011; Gerya, 2012, and references therein].
Based on numerical thermomechanical models, positive
chemical buoyancy, high viscosity and high yield strength
of the cratonic lithosphere are regarded as the key fac-
tors that ensure the long-term craton stability under the
condition of an ongoing mantle convection [Lenardic and
Moresi, 1999; Lenardic et al., 2000, 2003; O’Neill et al.,
2008; Peslier et al., 2010; Yoshida, 2012]. Indeed, previous
numerical studies typically assumed a homogeneous litho-
spheric mantle structure under cratons. This assumption has
recently been challenged by a heterogeneous layered struc-
ture of the cratonic mantle lithosphere detected from both
geophysical and geochemical studies [Thybo and Perchuc,
1997; Griffin et al., 2004; Peltonen and Brügmann, 2006;
Thybo, 2006; Romanowicz, 2009; Rychert and Shearer,
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2009; Fischer et al., 2010; Yuan and Romanowicz, 2010;
Abt et al., 2010]. The strong, scattered reflections beyond
8ı offset in all continental high-resolution, long-range seis-
mic profiles identify a low velocity zone (LVZ) at �100 km
depth in the continental mantle [Thybo and Perchuc, 1997;
Thybo, 2006]. The global presence of this LVZ beneath
Precambrian shields and platforms is confirmed by high-
frequency P-to-S (Ps) converted phases at depths of 95˙4
km [Rychert and Shearer, 2009]. Such sharp velocity drop
cannot be caused by temperature alone because of the nearly
constant occurrence depth in both hot and cold areas, and it is
too shallow to be related with the lithosphere-asthenosphere
boundary (LAB) as the LAB beneath cratons generally
reach 200–250 km [Romanowicz, 2009; Eaton et al., 2009].
Geochemical data of mantle xenoliths indicate that the litho-
spheric mantle beneath Slave Craton consists of a depleted
upper layer and a refertilized lower layer, with a boundary
at 140–160 km [Griffin et al., 2004]. This two-layer struc-
ture is consistent with changes in the direction of azimuthal
anisotropy with depth in the North American Craton [Yuan
and Romanowicz, 2010].

[3] The nature and tectonic implications of this sharp
midlithospheric boundary challenge our understanding on
the craton evolution. Several effects that may contribute
to the generation of this midlithospheric LVZ have been
summarized by Thybo [2006]. The favorite hypothesis for
the LVZ is partial melting of peridotites because even
small amount of melt or fluids (< 1 to 2%) can signif-
icantly decrease seismic velocities of peridotites [Thybo
and Perchuc, 1997; Karato and Jung, 1998; Thybo, 2006].
However, the lack of correspondent high conductivity layer
caused by partial melting [Maumus et al., 2005] beneath
cratons makes people argue the wide presence of a par-
tially molten layer at depth of 100 km. It is noteworthy
that Archean lithospheric mantle have been strongly affected
by Proterozoic and Phanerozoic melt-related metasomatism
[Griffin et al., 2003, 2004; Sleep, 2009]. The continental
lithospheric strength can be dramatically reduced if metaso-
matism and/or subduction-related hydration occur over wide
areas in the mantle [Hacker et al., 2003; Carlson et al.,
2005; Wang, 2010; Lee et al., 2011; Wang et al., 2013], and
the depth of the weakened area is related with the peak of
the lithospheric strength envelop, because ascending magma
dikes cannot penetrate the strongest lithospheric part and
freeze at that depth [Sleep, 2009].

[4] Although the origin of the LVZ is still not clear, it
may correspond to a weak zone in the upper mantle because
of hydration, metasomatisim, or partial melt. So far, only
a few modeling studies take into account the lithospheric
mantle heterogeneity [O’Neill et al., 2010]. In this paper,
we investigate cratonic extension processes superimposed
on a heterogeneous lithospheric mantle structure containing
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Figure 1. Initial setup for the reference model. A 10 km thick “sticky air” is used to make the crustal surface a free sur-
face [Crameri et al., 2012]. Initial temperature in the model is uniform laterally and increases linearly in the crust and
lithospheric mantle with different gradients due to the prescribed Moho temperature (white lines in the figure). Lithosphere-
asthenosphere boundary has an initial temperature of 1300ıC, below which asthenosphere is adiabatic with an initial
temperature gradient 0.5ıC/km. Extension rate of 1.5 cm/yr (half rate) is prescribed symmetrically on left and right
boundaries. Compensating vertical influx velocities through the upper and lower boundaries is imposed to ensure mass con-
servation in the model domain and constant average 10 km thickness of the sticky air layer. A weak seed is imposed to
localize deformation in the model domain [Huismans and Beaumont, 2011].

a rheologically weak layer (hereby “layered model”) and
compare results to extension of a homogeneous lithospheric
mantle (hereby “homogeneous model”). In addition, we test
sensitivity of layered model extension to the weak-layer
depth, the Moho temperature and extension rate.

2. Numerical Model Description
[5] The numerical model setup is shown in Figure 1, and

more detailed description of numerical implementation can
be found in the supporting information. Governing momen-
tum, mass, and heat conservation equations are solved
with the 2-D thermomechanical viscoelastoplastic numer-
ical code I2ELVIS based on finite-difference method and
marker-in-cell techniques [Gerya and Yuen, 2007].

3. Modeling Results
3.1. Reference Models

[6] Figure 2 (and Figure S1 in the supporting informa-
tion) compares extension dynamics for homogeneous and
layered models for an extension rate of 1.5 cm/yr (half rate).
In the homogeneous model, brittle deformation is dominant
in the early stage while ductile deformation becomes domi-
nant after a certain extension. Brittle deformation generates
asymmetric shear zones in the upper lithosphere and leads
to the formation of asymmetric grabens/half grabens on the
surface (Figures 2a–2b). Shear heating causes asymmetric
extension, as it produces significant temperature pertur-
bations (Figure 2b). Symmetric mantle necking becomes
dominant gradually, and as a result, relatively symmetric
topography forms (Figures 2c and 2d). With further exten-
sion, decompression melting is generated followed by the
lithospheric breakup (t = 10.1 Ma, Figures 2e and 2f). Rel-
atively symmetric passive margins develop on the two sides
of the breakup.

[7] Our layered model has an identical setup to the homo-
geneous model, except for a 20 km thick weak layer at
depth of 90 km. The layered model has notably differ-
ent extension dynamics (Figures 2g–2l) compared to the
homogeneous model described above. In the early extension
stage (t = 2.1 Ma, Figures 2g and 2h), the weak-layer flows

toward the extension center and forms a dome which can
rupture the overlying mantle and crust rapidly. Due to the
enhanced deformation in the upper lithosphere, the surface
is subjected to deep depressions. After a certain period of
extension (t = 6.1 Ma, Figures 2i and 2j), the crust has
been broken apart by the weak layer, while the lithospheric
mantle located underneath the weak layer remains relatively
undeformed. Thus, the presence of the weak layer acceler-
ates deformation of the overlying lithosphere, but inhibits
deformation of the underlying lithosphere and upwelling of
the asthenosphere. A possible explanation is that the flow
of the weak layer toward the extension center accommo-
dates the space generated by extension, which prevents the
mantle upwelling beneath the weak material (Figures S1f–
S1h). Asymmetric mantle necking occurs at the tips of the
major shear zones which are formed related to a channel
flow of weak material (Figures 2j, S1h, and S1i). As a
consequence, the asymmetric distribution of depressions on
the surface is enhanced. Finally (t = 10.1 Ma, Figures 3k
and 3l), an asymmetric localized mantle necking domi-
nates the lithospheric deformation, generating asymmetric
continental breakup and passive margins. The difference
of the mean lithospheric strength (Figures 2m–2o, aver-
aging the second invariant deviatoric stress horizontally)
between the homogeneous and layered models is mainly
caused by the accumulation of the weak layer. We name the
deformation pattern of the layered model as localized man-
tle necking with exposed weak layer. In the next section,
we will investigate controlling parameters on the forma-
tion of widespread mantle necking with or without exposed
weak layer.
3.2. Influence of Model Parameters

[8] Here we test influences of the weak-layer depth, the
Moho temperature, and extension rate on cratonic exten-
sion patterns. The weak-layer depth controls the transition
from localized mantle necking to widespread mantle neck-
ing. Wider mantle necking is favored by a deeper weak
layer (Figures 3a and S2a–S2f) because the location of major
shear zones before mantle necking is controlled by the weak
layer. The deeper the weak layer locates, the deeper the
major shear zones (detachments) reach. These shear zones
localize large strain and widen the mantle upwelling area.
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Figure 2. Extension of layered and homogeneous model at times of 2.1, 6.1, and 10.1 Ma. (a, c, e, g, i, k) Topography, (b,
d, f, h, j, l) composition, and (m, n, o) second invariant deviatoric stress are compared for both models. White lines in the
composition snapshots are isotherms, with an interval of 200ıC. Parameters used in the layered model are depth = 120 km
(depth of the upper surface of the weak layer), TMoho = 450ıC (Moho temperature), velocity = 1.5 cm/yr (half-extension
rate). Note the deformation pattern: weak layer is exposed to the surface and localized mantle necking is generated (localized
mantle necking with exposed weak layer).

Consequently, the deformation pattern is widespread man-
tle necking with exposed weak layer. Moho temperature also
affects the rifting patterns because it controls the strength
ratio between crust and mantle. In agreement with the previ-
ous study [Gueydan et al., 2008], a low Moho temperature
promotes narrow rifting while a high Moho temperature
favors wide rifting. Higher Moho temperatures generate
more widespread extension in both homogeneous and lay-
ered models, and strain localization occurs later (Figures 3b,
S3, and S5). Compared to the homogeneous model, the lay-
ered model results in more diffused deformation. High Moho
temperatures favor the deformation pattern of widespread
mantle necking with exposed weak layer. Moreover, exten-
sion velocities prescribed on the side boundaries could play

an important role because effective viscosity is strain-rate
dependent. With a slow extension rate (0.3 cm/yr, half rate),
the weak layer does not erupt to the surface, but distributes
along the Moho, which results in widespread mantle necking
without exposed weak layer (Figures 3e and S4a–S4f). For
faster extension, weak layer always breaks apart the overly-
ing rock and the lithospheric extension is characterized by
localized mantle necking with exposed weak layer (Figures
S4g–S4l and S5).

3.3. Boundary Force
[9] To examine the evolution of the overall resistance of

the continental lithosphere to extension, we calculated the
required boundary force (Figure 4) to keep the constant
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Figure 3. Influence of the (a) weak-layer depth (depth to the surface of the weak layer), (b) Moho temperature, and (c)
extension rate on lithospheric extension. Only one parameter is changed in each model compared to the reference models
in Figure 2. Dynamic evolution of the models is shown with thinning factor, which is the normalized lithospheric thinning:
(l0 – l)/l0, where l0 is the original lithospheric thickness, l is the lithospheric thickness at a certain time. When thinning factor
reaches 1, lithospheric breakup occurs. Extension amount in Figure 3c is computed by multiplying full extension rate with
extension time. One composition snapshot is shown for each layered model (corresponding to the line with the same time
in the thinning factor graph). Isotherms are in white lines with an interval of 200ıC in the composition snapshots. Note the
deformation pattern for each model. MN: mantle necking, WM: weak-layer material.

velocities on the side boundaries (by integrating boundary
normal stress across the entire boundary on each side, and
taking the mean value between the left and right bound-
ary forces). The boundary force in the layered model is
lower than that in the homogeneous model in the early
extension stage, implying that the layered model is easier
to trigger deformation under the same stress induced by
slab pull and/or mantle convection. Rapid force decrease
in the early extension stage is caused by the formation
of large shear zones cutting through the upper lithosphere,
and this force decrease occurs earlier in the layered model
because the weak layer enhances the brittle deformation in
the upper lithosphere. Due to the formation of mantle neck-
ing, boundary force in the layered model can exceed that in
the homogeneous model in the late extension stage. Deeper
weak layer has less influence on the brittle deformation of
the upper lithosphere (Figure 4a). High initial Moho tem-
peratures can significantly reduce the boundary force at the
beginning of extension (Figure 4b). The effect of extension
rate on the boundary force is not notable (Figure 4c).

4. Discussions and Conclusions
[10] In order to drive the weak-layer flow by pressure gra-

dient, sufficiently low viscosity of the weak layer is required.
In our models, the effective viscosity of the weak layer is
several orders of magnitude lower than that of the mantle
lithosphere. In addition to the relatively weak wet olivine
flow law, strong viscosity reduction is caused by strain-rate
localization in the weak layer in combination with power
law dislocation creep. Hopper and Buck [1998] showed
that weak flow laws and high temperatures are critical con-
ditions for lower crust flow under extension. Weak-layer
flow is typically a consequence of extension, however, if
the layered model is subjected to compression, deformation
dynamics will dramatically change and delamination of the
lithospheric mantle underneath the weak layer will possibly
occur [Gorczyk et al., 2012].

[11] The major driving force of plate motion is slab pull,
which is one order of magnitude higher than any other forces
[Forsyth and Uyeda, 1975; Turcotte and Schubert, 2002].
The slab pull force computed by Turcotte and Schubert

S5a

Figure 4. Boundary force evolution for layered models (LM) and homogeneous models (HM) influenced by (a) weak-
layer depth, (b) Moho temperature, and (c) extension rate. Symbols used in this figure are the following: v is boundary
extension rate (half rate), TM is Moho temperature, d is weak-layer depth.
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[2002] is 33 TN/m (49 TN/m if considering the olivine-
spinel phase transition), which is comparable to the peak
boundary force in our models (Figure 4). The average stress
of cratons subjected to the ongoing mantle convection is sev-
eral hundreds of megapascal [O’Neill et al., 2008]. A force
reduction of 10 TN/m (Figure 4a) corresponds to an aver-
age stress reduction of 50 MPa for a cratonic lithospheric
thickness of 200 km, which is one order of magnitude
smaller than the average cratonic stress. Therefore, although
the weak layer can accelerate deformation process, it may
not play a dominant role in triggering craton destruction.
The most critical condition to initiate extension of a cra-
ton is availability of the extension force which is maximal
in the beginning (Figure 4). According to our experiments,
this peak extension force does not depend significantly on
the presence/absence of the weak mantle layer (Figure 4a)
but rather on the Moho temperature (Figure 4b). There-
fore, onset of extension of layered cratons in nature can
be triggered by the Moho temperature increase (especially
for young cratons/late Proterozoic lithosphere) [Artemieva
and Mooney, 2001], for example, due to the plume-induced
magmatism, which is often proposed to trigger continental
breakup processes [Kendall et al., 2005].

[12] We test how the lithospheric extension patterns
of cratons change with a layered mantle structure.
The midlithospheric layer enhances the deformation of
the overlying mantle and crust, but slows down the
upwelling/necking of the underlying mantle. Three domi-
nant patterns of extension are identified: (1) localized mantle
necking with exposed weak layer favored by cold Moho
temperatures and fast extension rates, (2) widespread mantle
necking with exposed weak layer favored by deep weak lay-
ers and high Moho temperatures, and (3) widespread mantle
necking without exposed weak layer generated only by slow
extension rates. The layered model requires a lower bound-
ary force compared to the homogeneous model to sustain a
constant boundary extension rate.
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