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Abstract Archean cratons are the most stable tectonic units and their lithospheric mantle is chemically
depleted and buoyant relative to the underlying mantle. The chemical depletion leads to high viscosity that
maintains the long-term stability of cratons. However, the eastern part of the North China Craton
(�1200 km in horizontal length scale) had been extensively reactivated and modified over a time scale of
�100 Myr in the Mesozoic and Cenozoic. While the causes for the weakening of the North China Craton, a
necessary condition for its reactivation, are still in debate, we investigate gravitational instability of composi-
tionally buoyant lithosphere, by computing 2-D thermochemical convection models with different buoy-
ancy number, lithospheric viscosity, and rheology. We find that the gravitational instability of cratonic
lithosphere can happen over a larger range of buoyancy numbers with non-Newtonian rheology, but litho-
spheric instability with Newtonian rheology only happens with relatively small buoyancy numbers. For cra-
tonic lithosphere with non-Newtonian rheology and relatively weak temperature-dependent viscosity, the
instability starts in the cold, shallow part of the lithosphere and has small horizontal length scale (<300 km),
leading to efficient thermal and chemical mixing with the underlying mantle. For cratonic lithosphere such
as the eastern North China Craton, the instability process is episodic and consists of multiple instability
events that may last for �100 Myr. The instability process revealed from our study explains the observations
of episodic magmatism/volcanism events, geochemical mixing, and time scales associated with the reacti-
vation of the North China Craton.

1. Introduction

Archean cratons represent the oldest (>3 Ga) and thickest (�250 km) stable tectonic units on the Earth and
are characterized by low surface heat flux and mantle lithosphere with fast seismic speeds, low temperature,
and melt-depleted compositions [e.g., Carlson et al., 2005; Foley, 2008; King, 2005; Lee et al., 2011]. The melt
depletion leads to high viscosity and reduced intrinsic density for cratonic lithosphere [Carlson et al., 2005],
while its low temperature further increases viscosity which is the key to its long-term stability [Lenardic and
Moresi, 1999; Shapiro et al., 1999; Sleep, 2003]. However, not all the cratons are stable, and the North China
Craton (NCC), for example, had undergone extensive modification and reactivation in the Mesozoic and
Cenozoic as indicated by large-scale deformation, magmatic activities, and basin formation [Menzies et al.,
2007]. Therefore, the NCC provides a unique opportunity to study the (in)stability of cratonic lithosphere.

Geochemical studies of Paleozonic kimberlites showed that the NCC had a thick (�200 km) lithosphere of
Archean age as recently as in the Ordovician [Gao et al., 2002], but may have lost a large portion of its root
during the Mesozoic and Cenozoic periods [Griffin et al., 1998; Menzies et al., 2007; Xu, 2001; Zhang et al.,
2003]. This has been corroborated by geophysical observations of relatively high surface heat flow (�65
mW/m2) and thin lithosphere (�80 km) at the present [Chen et al., 2009; Menzies et al., 2007; Zhu et al.,
2012a]. The reactivation of the NCC may have been initiated in the Jurassic at �190 Ma with emplacement
of plutonic rocks and lasted for �100 Myr until the late Cretaceous as documented in Nd isotopes [Menzies
et al., 2007; Xu, 2001]. Episodic magmatism/volcanism occurred in the late Jurassic at �160 Ma [Gao et al.,
2004] and peaked in the Cretaceous around 110–130 Ma [Wu et al., 2005; Zhang et al., 2003]. Extensional
basins were also formed during this period on the craton [Menzies et al., 2007; Zhu et al., 2012a]. It is sug-
gested that by the Cenozoic the thick and cold cratonic lithosphere of the NCC may have been replaced
with thin and hot oceanic-type lithosphere [Menzies et al., 2007; Xu, 2001].
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However, the mechanism responsi-
ble for large-scale reactivation of
Archean cratons including the NCC is
still poorly understood. There have
been two main proposals for the
reactivation of the NCC. The first pro-
posal emphasizes possible roles of
subduction in reactivation of the
NCC [e.g., Zhu et al., 2012a]. The NCC
as an overriding plate was adjacent
to three subduction zones in the
Paleozoic and Mesozoic (Figure 1):
(1) to the south the subduction of
the South China block until its colli-
sion with the NCC at 245–210 Ma
[Ames et al., 1993; Li et al., 1993], (2)
to the north, the subduction of the
Siberia block and its merging with
the NCC at �250 Ma [Kusky et al.,
2007; Xiao et al., 2003], and (3) to the
east, the subduction of the Izanagi

plate [Seton et al., 2012]. Subduction may deliver water to the overriding plate (i.e., the NCC) to weaken the
lithosphere, which is a necessary condition for destabilizing cratonic lithosphere [Lee et al., 2011; Lenardic
et al., 2003; Shapiro et al., 1999; Sleep, 2003], irrespective of physical mechanisms. Subduction of the Izanagi
plate may cause extensional stress on the NCC, leading to thinning and reactivation of the NCC [Zhu et al.,
2012a, 2012b]. However, this model is largely a kinematic description with physical processes yet to be
illustrated.

Second, gravitational instability of lithosphere (sometimes referred to as lithospheric delamination) was pro-
posed to explain the high intensity of volcanism/magmatism and extensional events in the Jurassic and Cre-
taceous on the NCC [Wang et al., 2005; Wu et al., 2005; Zhang et al., 2003] and its hybridized source of
foundered crustal eclogite and cratonic lithosphere [Gao et al., 2008, 2004]. However, the relatively long
duration (�100 Myr) associated with the NCC reactivation was considered as an obstacle for the instability
mechanism [Menzies et al., 2007], because this time scale is significantly longer than expected for the litho-
spheric instability [e.g., Duggen et al., 2005; Molnar and Jones, 2004]. It is important to note that the gravita-
tional instability and subduction models are not mutually exclusive. For example, water delivered from
subduction to the NCC may help weaken the lithosphere and lead to gravitational instability.

Although the gravitational instability for the NCC reactivation has been questioned for its time scales [Men-
zies et al., 2007], most of our understanding on the instability has been derived from studies on noncratonic
lithosphere without compositional buoyancy [e.g., Conrad and Molnar, 1997; Houseman and Molnar, 1997].
Gravitational instability of compositionally buoyant lithosphere was only investigated recently in laboratory
studies with emphasis on instability conditions for Newtonian fluids [Fourel et al., 2013; Jaupart et al., 2007].
Important questions including the temporal and spatial scales for the instability of cratonic lithosphere
remain unexplored [Morency and Doin, 2004]; also, the effect of various rheological properties (e.g., stress-
dependent viscosity) has not been investigated [Lenardic et al., 2003; Wang et al., 2014]. Addressing these
questions and their implications for the NCC reactivation is the main goal of this study.

2. Model Description

Lithospheric gravitational instability requires net negative buoyancy. Geochemistry studies suggest that
melt depletion in cratonic lithosphere may result in 1–2.5% density reduction for the lithosphere [Lee et al.,
2011; Poudjom Djomani et al., 2001; Griffin et al., 2009]. However, there is no significant depth-variation in
the degree of melt depletion and hence intrinsic density for individual cratonic lithosphere [Carlson et al.,
2005; Lee et al., 2011], suggesting that the cold, top portion of cratonic lithosphere is gravitationally
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Figure 1. Tectonic map of the North China Craton and their surrounding blocks at
160 Ma ago from the GPlates [Seton et al., 2012]. NC, SC, and IZA denote the North
China block, South China block, and the Izanagi Plate. The gray line divides the NNC
into the eastern and western parts. The red-dashed lines denote the suture zones
between the North China and Siberia blocks, and the North China and South China
blocks, respectively. The blue arrows represent plate motion.
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unstable, contrary to the isopycnic hypothesis [Jordan, 1978].
Joint seismic and petrologic analyses of peridotite xenoliths
for the Kaapvaal Craton suggest that the lithosphere is nega-
tively buoyant overall [Schutt and Lesher, 2010], consistent
with other similar analyses [Afonso et al., 2008]. Furthermore,
the thermal boundary layer is thicker than compositional layer,
thus providing extra negative buoyancy for cratonic litho-
sphere [Cooper et al., 2004; Lenardic et al., 2003].

We have formulated 2-D Cartesian thermochemical convection
models to study the gravitational instability of chemically
buoyant lithosphere. The basic model setup is similar to the

laboratory studies by Jaupart et al. [2007]. The models include a thick (�250 km) top layer with smaller den-
sity and higher viscosity than the underlying bottom layer, analogous to cratonic mantle lithosphere overly-
ing the mantle. Our models do not include the crust that does not have significant effect on the dynamics
of cratonic lithosphere [Beuchert et al., 2010; Wang et al., 2014]. Assuming incompressible fluids with Boussi-
nesq approximation, the nondimensional governing equations are described as the conservation of the
mass, momentum, energy, and composition.

r � u50; (1)

2rP1r � gðru1ruT Þ
� �

1RaðT2BCÞez50; (2)

@T
@t

1u � rT5r2T ; (3)

@C
@t

1u � rC50; (4)

where u, P, g, and T are velocity vector, pressure, viscosity, and temperature, respectively; C represents the
composition and C is 1 and 0 for the fluids in the top and bottom layers, respectively; ez is the unit vector in
vertical direction; and Ra and B are a Rayleigh number and compositional buoyancy number. The governing
equations are obtained by using the following characteristic scales: length D, time D2/j, viscosity g0, and
temperature DT, where D is the thickness of the box, j is the coefficient of thermal diffusivity, g0 is the refer-
ence viscosity that is taken as the viscosity of the bottom layer, and DT is the temperature difference across
the box. Ra and B are defined as

Ra5
aq0gDTD3

jg0
; (5)

B5
Dq

q0aDT
; (6)

where a is the coefficient of thermal expansion, q0 is the reference density, g is the gravitational accelera-
tion, and Dq is the intrinsic compositional density difference between the two layers. As suggested by labo-
ratory studies [Jaupart et al., 2007], the stability of the chemically buoyant top layer depends on both the
buoyancy number B and the lithospheric Rayleigh number Ral

Ral5
aq0gDTd3

jgl
; (7)

where d is the lithospheric thickness and gl is the lithospheric viscosity. All the relevant model parameters
and their reference values are in Table 1.

We imposed no-slip boundary conditions at the surface and free-slip on all the other boundaries. The sur-
face and bottom boundaries are isothermal, while along the side boundaries thermally insulating boundary
conditions are used. The dimensionless temperatures are 0 and 1 for the top and bottom boundaries,
respectively. Initially, the temperature increases linearly from 0 at the surface to 1 at the bottom of the cra-
tonic lithosphere, and it is uniformly at 1 in the bottom layer. Superimposed on this temperature structure
is a random temperature perturbation with a magnitude of 0.01. Notice that the top surface corresponds to

Table 1. Physical Parameters

Box thickness D 1250 km
Lithosphere thickness d 250 km
Thermal expansivity a 3 3 1025/K
Reference density q0 3300 kg/m3

Gravitational acceleration g 9.8 m/s2

Reference temperature DT 750 K
Thermal diffusivity j 1 3 1026 m2/s
Transition stress sT 0.5 MPa
Stress exponent n 3.5
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the crust-mantle boundary (i.e., Moho), and no-slip boundary condition is adequate for the Moho in cratonic
settings where the temperature is relatively low. The isothermal boundary condition for the top surface rep-
resents a simplification of the Moho thermal state. The boundary conditions for the sidewall and bottom
boundaries are more arbitrary, but these boundaries are more distant from the top layer and may not influ-
ence its gravitational instability. Notice that convective instability of cratonic lithosphere in our study does
not depend on initial perturbation (neither wavelengths nor amplitude), unlike the Rayleigh-Taylor instabil-
ity [e.g., Houseman and Molnar, 1997]. As to be shown in our numerical models, the instability of cratonic
lithosphere does not start until after a long-time integration and when the mantle has developed active
convection.

The rheology for cratonic lithosphere is poorly understood and is likely complicated with temperature, stress,
and composition-dependent viscosity [Lenardic and Moresi, 1999; Shapiro et al., 1999; Sleep, 2003; Pollack,
1986; Dixon et al., 2004; Wang et al., 2014]. Melt depletion leads to not only compositional buoyancy but also
low water and volatile content in cratonic mantle lithosphere [Carlson et al., 2005]. The reduced water and
volatile content may lead to viscosity increase by a factor of 30–100 [Pollack, 1986; Hirth and Kohlstedt, 2003],
or by as much as 3–4 orders of magnitude for cratonic lithosphere relative to asthenosphere, together with
the temperature’s effect [Dixon et al., 2004]. In numerical models, we employ simplified rheological models
for both Newtonian and non-Newtonian rheologies. Our Newtonian models use two-layer viscosity structure,
and for most cases the viscosity is 1000g0 and g0 for the top and bottom layers, respectively. The top layer
represents the cratonic lithosphere and its high viscosity reflects both composition and temperature-
dependent viscosity. Another reason for using such two-layer viscosity structure is to enable direct compari-
son with the laboratory studies by Jaupart et al. [2007] that also used two-layer viscosity models.

For non-Newtonian models, we use a composite viscosity that incorporates both the Newtonian and non-
Newtonian rheology [e.g., Hirth and Kohlstedt, 2003], and the effective viscosity is given by [e.g., Podolefsky
et al., 2004]

geff 5
gc

11
gce
sT

� �n21
n

; (8)

where e is the second invariant of strain rate tensor, sT and n are the transition stress and the stress expo-
nent, respectively, and gc reflects the composition and temperature-dependent viscosity to be discussed
more later. The stress exponent is taken as 3.5 for dislocation creep as reported from laboratory experi-
ments [e.g., Hirth and Kohlstedt, 2003] and commonly used in geodynamic studies [e.g., Podolefsky et al.,
2004; Wang et al., 2014]. The transition stress could be in the range of 0.1–1 MPa in asthenospheric condi-
tion as suggested by Hirth and Kohlstedt [2003], but we use 0.5 MPa for transition stress here. Although
these rheological parameters (i.e., n and sT) may vary and potentially affect the lithospheric instability, we
do not attempt to address their effects in this study by keeping these parameters as constant. This expres-
sion of effective viscosity is consistent with experimental studies on the upper mantle rheology, i.e., the dif-
fusion and dislocation creep mechanism dominate at low-stress and high-stress levels, respectively [e.g.,
Hirth and Kohlstedt, 2003]. In calculating lithospheric Rayleigh number Ral (i.e., equation (7)) for non-
Newtonian models, the lithospheric viscosity is the averaged viscosity weighted by strain rate for cratonic
lithosphere before the instabilities.

Although most of our non-Newtonian models use two-layer viscosity with two different gc in equation (8)
(i.e., gc 5 1000 for cratonic lithosphere and gc 5 1 for its underlying mantle), similar to the Newtonian mod-
els, the temperature and composition-dependent viscosity can be incorporated explicitly into gc in a dimen-
sionless form as

gc5gw exp
E

T1Toff
2

E
11Toff

� �
; (9)

where E 5 E0/(RDT) is dimensionless activation energy with R as the gas constant and E0 as activation energy,
Toff 5 Ts/DT is the normalized surface temperature with Ts as the surface temperature (i.e., Moho tempera-
ture here), and gw is a pre-factor. It should be reiterated that our models use two-layer viscosity with E 5 0
and gw 5 gc, unless stated otherwise, for example, in discussion section where the temperature-dependent
viscosity is explicitly explored.
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These equations for thermochemical convection with composite rheology are solved using Citcom with a
particle method [McNamara and Zhong, 2004; Moresi et al., 1996; Tackley and King, 2003]. Models are com-
puted in a Cartesian box with an aspect ratio of 1–3. The model box consists of 128 by 128 elements for
models with an aspect ratio of 1, and for models with an aspect ratio of 2 and 3 the number of elements in
horizontal direction is proportionally increased. Initially, each element contains 16 tracers to represent the
compositionally distinct cratonic lithosphere and the regular mantle. For all the cases, we compute the
model until the entire top layer goes unstable or for a time corresponding to 4.5 Ga, whichever comes first.
We use thermal diffusivity j and box thickness D to define the time scaling D2/j.

3. Results

A total of 106 cases are computed with buoyancy number B varying from 0 to 0.9, Ral from �200 to 105,
and Newtonian and non-Newtonian models (see Table 2 for all the non-Newtonian models). In this section,
we will first present Newtonian and non-Newtonian models that are followed with models of different vis-
cosity contrasts and aspect ratios.

3.1. Newtonian Models
Jaupart et al. [2007] performed laboratory studies on the gravitational instability of chemically buoyant
lithosphere using Newtonian fluids in a setup that is similar to our numerical models. Their studies show
that the instability is controlled by two parameters: buoyancy number B and lithospheric Rayleigh number
Ral, and that depending on B and Ral, there are three possible instability regimes (Figure 2a). (1) In a stable
regime for small Ral, the lithospheric layer remains stable for sufficiently long time (e.g., >4.5 Gyr) and con-
vection only develops in the bottom layer. (2) In a layered convection regime for large Ral and B� 0.5 (Fig-
ure 2a), convection occurs separately in the top and bottom layers. (3) In an unstable regime for large Ral

and small B (Figure 2a), lithospheric fluid sinks into the bottom layer. Figures 3a–3c show representative
thermal and compositional fields from our 2-D models for stable, layered convection, and unstable regimes,
respectively. The unstable regime includes an oscillatory unstable subregime for moderately large B, in
which the destabilized fluid from the top layer moves up and down in the mantle (Figures 3d–3f) [Fourel
et al., 2013; Jaupart et al., 2007].

Our 2-D Newtonian models agree remarkably well the laboratory work by Jaupart et al. [2007] (Figures 2b
and 3). In our numerical modeling, a case falls in a stable regime if the lithosphere layer remains stable for
>4.5 Ga. A stable top layer (i.e., lithosphere) requires small Ral or large lithospheric viscosity, consistent with
previous studies [Lenardic et al., 2003; Shapiro et al., 1999]. However, when the lithospheric viscosity is
reduced to lead to sufficiently large Ral, the top layer becomes unstable. Our numerical results suggest that
the lithospheric instability only occurs for relatively small buoyancy number of B� 0.4 (Figure 2b), consist-
ent with Jaupart et al. [2007] (Figures 2a and 2b). For cratonic lithosphere with 1–2.5% reduction in density
[e.g., Poudjom Djomani et al., 2001], B is estimated in the range of 0.4–1.0, using the temperature difference
across the lithospheric mantle at �750 K and thermal expansion at 3 3 1025/K (Table 1). A newly estimated
density based on seismic and petrological studies suggests that B is �0.49 for the Kaapvaal Craton [Schutt
and Lesher, 2010]. Therefore, the laboratory studies and our numerical results suggest that the gravitational
instability of cratonic lithosphere that leads to replacement of mantle lithosphere by asthenosphere is
unlikely to happen for Newtonian rheology.

3.2. Non-Newtonian Models
For non-Newtonian models, we observe the same three regimes as for Newtonian models, but these
regimes occur in different parameter spaces of buoyancy number B and lithospheric Rayleigh number Ral

(Figures 2b and 2c). We find that the lithospheric instability can happen for buoyancy number B up to 0.7
with the non-Newtonian rheology (Figure 2c). This is significantly larger than the threshold buoyancy num-
ber of �0.4 for the Newtonian rheology (Figure 2b) but is comparable with a range of buoyancy number
estimated for cratonic lithosphere, thus making the lithospheric instability a possible mechanism for the
reactivation of cratonic lithosphere. The instability also tends to occur at a larger Ral for the non-Newtonian
rheology than for Newtonian rheology (Figures 2b and 2c), but this may partially be caused by the uncer-
tainty in determining the temporally and spatially averaged lithospheric viscosity before the instability,
which is required in calculating Ral. We also found that with non-Newtonian rheology the instability for
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cratonic lithosphere (i.e., B� 0.5) is episodic and consists of multiple events each of which has a relatively
small horizontal length scale and only affects a small segment of the lithosphere.

The larger threshold buoyancy number B � 0.7 with the non-Newtonian rheology and the episodic and
multistaged instability process for cratonic lithosphere are inherently related to each other and are caused
by the dynamic interaction between buoyancy structure and non-Newtonian rheology. Here we use a repre-
sentative and reference non-Newtonian model (CaseNN026 in Table 2 with B 5 0.5 and Ral 5 5700) to
describe the episodic and multistaged instability process and its characteristic time and length scales. For
the reference case, with the given initial temperature, the thermal boundary layer thickens with time at
early stage and becomes thicker than the compositionally buoyant top layer. The thickening top thermal
boundary layer drives thermal convection in the bottom layer, while the top layer remains stable (Figure
4a). With time, a segment of the top layer with a width of �300 km (or �0.3 in dimensionless width)
becomes unstable, forming a blob that sinks into the bottom layer (Figure 4b). Subsequently, another part
of the top layer goes unstable and sinks into the bottom layer (Figure 4d), and the process continues in mul-
tiple stages to affect the entire top layer (Figure 4f). The total time for this multistaged instability is on the
order of tens of Myr (Figures 4b–4f), if the time is scaled using the model parameters in Table 1.

The total time of the instability affecting the entire top layer of dimensionless width of 1 (or 1250 km) can
be determined from the time-dependent averaged flow velocity of the top layer, Vrms, and the cumulative
fraction of lithospheric materials (i.e., C 5 1 fluid) that have traveled across a dimensionless depth of 0.2 (or
250 km) to the bottom layer Cd (Figure 5a). The spikes in the flow velocity Vrms indicate episodic, multi-
staged instability events at different times (Figure 4), which cause the stair-step increase in Cd (i.e., the
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Figure 2. Different regimes of lithospheric instabilities depending on buoyancy number B and lithospheric Rayleigh number Ral from (a) laboratory studies for Newtonian fluids by Jau-
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cumulative fraction) (Figure 5a). An onset time of the instability is defined as when Vrms first surpasses 1% of
its maximum (the first circle in Figure 5a). The total instability time is defined as the time from the onset to
when the cumulative fraction Cd reaches an approximately constant value and the entire horizontal extent
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mantle materials, respectively. The arrows in Figures 3d–3f represent the directions of the flow.
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Table 2. Model Parameters and Results for Non-Newtonian Models

Case ca B Rai
b Ral

b tdlm
c (Myr)

<Tblob>
d

(3750�C)
gl

d

(31021 Pa s)
gm

d

(31021 Pa s)

NN001 1,000 0 1e5 9,400 11.6 0.57 1.4 6 12.1 2.3 6 0.77
NN002 1,000 0 4e5 27,500 1.4 0.60 0.48 6 2.8 0.48 6 0.19
NN003 1,000 0 8e5 18,900 1.0 0.65 0.7 6 8.6 0.60 6 0.09
NN004 1,000 0 1e6 72,700 2.0 0.63 0.18 6 3.1 0.30 6 0.11
NN005 1,000 0.1 1e5 700 20.8 0.56 19.0 6 12.8 2.2 6 0.48
NN006 1,000 0.1 3e5 23,500 6.0 0.54 0.57 6 4.3 0.83 6 0.35
NN007 1,000 0.1 1e6 15,100 6.1 0.57 0.88 6 1.3 0.35 6 0.03
NN008 1,000 0.1 2e6 1.1e105 1.1 0.59 0.12 6 1.3 0.17 6 0.06
NN009 1,000 0.2 1e5 2,100 126.1 0.53 6.3 6 0.48 2.04 6 0.32
NN010 1,000 0.2 3e5 9,500 29.4 0.52 1.4 6 4.3 1.2 6 0.23
NN011 1,000 0.2 8e5 16,100 12.8 0.57 0.82 6 0.73 0.69 6 0.04
NN012 1,000 0.2 2e6 64,500 4.1 0.55 0.21 6 1.6 0.23 6 0.09
NN013 1,000 0.3 1e5 920 286.2 0.50 14.4 6 1.9 3.7 6 0.12
NN014 1,000 0.3 3e5 2,700 110.7 0.52 4.9 6 4.9 1.7 6 0.32
NN015 1,000 0.3 1e6 7,300 49.4 0.51 1.8 6 1.6 0.53 6 0.09
NN016 1,000 0.3 2e6 14,400 31.3 0.51 0.92 6 2.1 0.32 6 0.06
NN017 1,000 0.3 6e6 38,800 8.1 0.53 0.34 6 1.1 0.10 6 0.03
NN018 1,000 0.3 1e7 84,300 8.3 0.52 0.16 6 0.80 0.088 6 0.03
NN019 1,000 0.4 8e5 120 Stable 114 6 55 2.8 6 0.72
NN020 1,000 0.4 2e6 290 Stable 46.4 6 32.0 0.49 6 0.11
NN021 1,000 0.4 6e6 23,700 98.7 0.45 0.56 6 1.2 0.25 6 0.004
NN022 1,000 0.4 3e7 43,700 14 0.42 0.30 6 0.62 0.034 6 0.003
NN023 1,000 0.4 4e7 67,700 13.4 0.43 0.20 6 0.97 0.026 6 0.002
NN024 1,000 0.5 4e6 380 Stable 35.2 6 15.2 0.24 6 0.05
NN025 1,000 0.5 8e6 3,100 124.6 0.37 4.3 6 0.58 0.13 6 0.01
NN026 1,000 0.5 2e7 5,700 62.1 0.37 2.3 6 1.0 0.063 6 0.002
NN027 1,000 0.5 4e7 12,200 43.9 0.36 1.1 6 0.74 0.028 6 0.001
NN028 1,000 0.5 6e7 29,000 18.6 0.37 0.46 6 0.48 0.018 6 0
NN029 1,000 0.6 8e6 500 Stable 26.4 6 10.1 0.11 6 0.02
NN030 1,000 0.6 2e7 900 Stable 14.2 6 2.6 0.059 6 0.008
NN031 1,000 0.6 2.2e7 4,400 96.7 0.31 3.0 6 0.35 0.048 6 0.004
NN032 1,000 0.6 3e7 6,500 45.6 0.33 2.1 6 0.095 0.032 6 0.002
NN033 1,000 0.6 6e7 12,000 22.0 0.33 1.1 6 0.27 0.017 6 0
NN034 1,000 0.7 8e6 640 Stable 20.8 6 5.5 0.13 6 0.021
NN035 1,000 0.7 2e7 1,100 Stable 12.2 6 3.6 0.052 6 0.007
NN036 1,000 0.7 2.5e7 4,100 83.5 0.27 3.2 6 0.66 0.048 6 0.004
NN037 1,000 0.7 4e7 6,800 40.8 0.28 2.0 6 0.28 0.03 6 0.001
NN038 1,000 0.7 8e7 11,800 21.8 0.29 1.1 6 0.4 0.014 6 0
NN039 1,000 0.8 8e6 830 Stable 15.9 6 11.2 0.12 6 0.018
NN040 1,000 0.8 2e7 1,100 Stable 11.9 6 3.7 0.046 6 0.006
NN041 1,000 0.8 3e7 4,800 Layered 2.7 6 0.55 0.037 6 0.001
NN042 1,000 0.8 4e7 6,000 Layered 2.2 6 0.51 0.026 6 0
NN043 1,000 0.8 8e7 10,300 Layered 1.3 6 0.48 0.016 6 0
NN044 1,000 0.9 2e7 1,000 Stable 13.4 6 3.9 0.049 6 0.007
NN045 1,000 0.9 3e7 4,600 Layered 2.9 6 0.34 0.037 6 0
NN046 1,000 0.9 4e7 6,000 Layered 2.2 6 0.7 0.03 6 0.002
NN047 300 0.5 2e7 27,500 20 0.48 6 0.27 0.049 6 0.001
NN048 100 0.5 2e7 70,000 6 0.19 6 0.25 0.041 6 0.001
NN049 30 0.5 2e7 3.5e5 1.43 0.038 6 0.72 0.078 6 0.006
NN050 10 0.5 2e7 4.9e5 0.49 0.027 6 0.36 0.078 6 0.005
NN051 300 0.5 6e6 8,400 85 1.6 6 0.13 0.085 6 0.003
NN052 100 0.5 2e6 6,000 63 2.2 6 0.70 0.26 6 0.022
NN053 30 0.5 6e5 7,500 98 1.8 6 5.8 1.24 6 0.40
NN054 10 0.5 2e5 25,200 20.8 0.53 6 2.7 1.69 6 1.0
NN055e 1,000 0.5 2e7 9,700 117 1.4 6 0.68 0.047 6 0.002
NN056f 1,000 0.5 2e7 6,300 162.5 2.1 6 0.45 0.057 6 0.005

ac is the viscosity contrast between the top and bottom layers as in equation (8).
bRai is the input Rayleigh number that is defined by box depth and a mantle viscosity. 1e5 reads as 105. Ral is the lithospheric Ray-

leigh number from equation (7) with lithospheric viscosity determined from an average viscosity weighted by strain rate over the whole
lithosphere before the instability.

ctdlm is the total instability time in Myr. Cases with stable lithosphere or layered convection do not have instability times.
d<Tblob> is the averaged temperature for destabilized blobs that is only defined for cases with unstable lithosphere. gl and gm are

averaged lithospheric and mantle viscosities, respectively, and their standard deviations are also given.
eThis is the case that has an aspect ratio of 2.
fThis is the case that has an aspect ratio of 3.
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Figure 4. Snapshots of temperature (the upper row) and composition (the lower row) for a representative non-Newtonian case (Case NN026 in Table 2) at six different time steps. The
color scale bar is for dimensionless temperature. In the composition plots, the white color is for the bottom layer (i.e., the normal mantle with C 5 0), while the top layer is represented
by three layers of different colors with blue, yellow, and red for initially shallow, middle, and large depths, respectively. Note that these three color layers have the same composition
C 5 1 and intrinsic density.
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of the top layer has been destabilized (the second circle in Figure 5a). The total instability time was esti-
mated to be �60 Myr for the reference case (Figure 5a and Table 2).

Such defined total instability time generally increases with increasing buoyancy number B but decreases
with increasing lithospheric Ral (or decreasing lithospheric viscosity) (Figure 5b and Table 2). For B 5 0 (i.e.,
noncratonic lithosphere), the instability happens over a short time of 1–2 Myr (Table 2), consistent with pre-
vious studies for noncratonic lithosphere [e.g., Molnar and Jones, 2004]. It generally takes one or two insta-
bility events to remove most of the top layer of C 5 1 fluid (Figure 6a). However, for cratonic lithosphere
with B> 0.4, it may take multiple stages of instability to affect the entire top layer (�1200 km wide) over
time scales of �100 Myr for relatively small Ral.

The increased total time and multiple stages of instability for cratonic lithosphere (i.e., B> 0.4) are related to
the lithospheric buoyancy structure and the length scale of instability. The net negative buoyancy driving
the instability resides in the cold and shallow part of the compositionally buoyant top layer, and this may
have two consequences. First, because the thickness of the upper layer with net negative buoyancy controls
the length scale of the instability [Jaupart et al., 2007] and because this layer thins with increasing B, this
results in a reduced length scale of the instability with increasing B (Figures 4c–6a for B 5 0, 0.3, and 0.5,
respectively). Consequently, it takes more instability events and longer time to destabilize the whole top
layer with a larger B (Figure 5b). Figure 7a shows the wavelength (i.e., length scale) of the initial instability
for models with different B and Ral and confirms that B has the first-order control on the instability length
scale that decreases with increasing B. Here the wavelength of the initial instability (i.e., at onset time) is
determined by quantifying the horizontal length scale of instability-induced temperature variation near the
bottom of the cratonic layer. Second, because the instability requires thermal buoyancy of sinking blobs to
overcome their compositional buoyancy, the blobs for cases with larger B should be colder and come from
shallower depths. This is confirmed by the blob’s temperatures versus B (Figure 7b) and the shallower initial
depths of sinking materials with larger B (Figures 6a, 6b, and 4 for B 5 0, 0.3, and 0.5, respectively). These
blob’s temperatures are determined by computing an average temperature of destabilized cratonic materi-
als (i.e., with C 5 1) between the nondimensional depths of 0.2 and 0.3 at the time when the head of the
first sinking blob has reached a depth of 0.3. In general, for B 5 0 (i.e., noncratonic lithosphere), the instabil-
ity affects mostly the deep part of the lithosphere with relatively large horizontal length scale, while the
shallow part of the lithosphere is largely unaffected (Figure 6a). However, for B> 0.4 (i.e., cratonic litho-
sphere), the instability occurs at relatively short length scale and destabilizes the shallow part of the litho-
sphere where the net negative buoyancy is sufficiently large to cause the instability (Figure 4d).

We now come back to illustrate the cause for the increased threshold buoyancy number for instability for
non-Newtonian models (B � 0.7), relative to that for Newtonian models (B � 0.4) (Figures 2b and 2c). The
destabilized blobs for Newtonian models are always warmer than their non-Newtonian counterparts for given
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Figure 5. (a) Time dependences of normalized root mean square flow velocity for the lithosphere VRMS (blue) and the cumulative fraction
of lithospheric materials (i.e., C 5 1 fluid) that have traveled across a dimensionless depth of 0.2 (or 250 km) to the bottom layer Cd (red)
for case NN026. (b) Total instability times versus buoyancy number B for non-Newtonian cases in unstable regime (Table 2) that have the
mantle viscosity less than 1021 Pa s. The lithospheric viscosity for each case is color coded in Figure 5b. The green and red circles in Figure
5a denote the onset and end of the instability process.
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buoyancy number B (Figure 7b). Furthermore, the instability for Newtonian models tends to remove mostly
the warmer, lower part of the top layer (Figure 6c for B 5 0.3 and Newtonian rheology), which is consistent
with the relatively larger temperatures for the blobs in Newtonian models (Figure 7b). This suggests that the
destabilized blobs in Newtonian models are not as negatively buoyant as those in non-Newtonian models.

However, it is the localized deformation from non-Newtonian rheology that is responsible for the difference
in the blobs’ temperature and buoyancy (i.e., the threshold buoyancy number) between non-Newtonian
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Figure 6. Snapshots of temperature (the upper row) and composition (the lower row) for (a) non-Newtonian model with B 5 0 and Ral 5 18,900 (Case NN003), (b) non-Newtonian model
with B 5 0.3 and Ral 5 7300 (Case NN015), and (c) Newtonian model with B 5 0.3 and Ral 5 1000.
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and Newtonian models. Non-Newtonian rheology weakens the regions with large stresses and decouples
efficiently regions with large stresses from that with small stresses. These regions with large stresses are
mostly initiated at the shallowest part of the top layer with the largest negative buoyancy. This is sometimes
referred to as localized deformation effect that is best demonstrated with a snapshot of effective viscosity
and strain rate at about onset of instability for the reference non-Newtonian case (NN026) (Figure 8a). The
sinking blob is associated with large strain rate and is surrounded by regions of reduced effective viscosity
that separate and decouple the blob from the rest of the lithosphere. However, for Newtonian models with
uniform viscosity, the flow is uniformly coupled and the strain rate in the top layer does not vary signifi-
cantly (Figure 8b). The localized deformation effect helps tap colder, shallower, and more negatively buoy-
ant materials (C 5 1 fluid) to drive the instability so that it can occur for lithosphere with a larger buoyancy
number B in non-Newtonian models than in Newtonian models. We also noticed that the episodic and mul-
tistaged instability only happens in non-Newtonian models with large buoyancy number, and for Newto-
nian models the instability occurs simultaneously in different parts of the top layer (Figure 6c), suggesting
that the localized deformation from non-Newtonian rheology plays an essential role in lithospheric
deformation.

Finally, it is interesting to note some distinct characteristics in thermal and chemical mixings during the
instability process for cratonic lithosphere with a large buoyancy number. For example, for the reference
non-Newtonian case, not all the compositionally buoyant materials (i.e., C 5 1 fluid) sink into the bottom
layer, as seen in the cumulative fraction Cd that is significantly less than 1 at the end of the instability (Cd �
0.57 in Figure 5a). That is, after the onset of instability a significant fraction of C 5 1 fluid moves, circulates,
and mixes within the top layer but never sinks below a dimensionless depth of 0.2 into the bottom layer
(e.g., Figure 4f). Some of the C 5 1 fluid comes back to the top layer after sinking into the bottom layer and
mixing with the C 5 0 fluid there (Figure 4e–f). At the end of the instability, while the top layer is mixed
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thoroughly thermally (i.e., the top layer is significantly heated and has a thin thermal boundary layer) and
reasonably well chemically, it still contains dominantly C 5 1 fluid (Figure 4f).

3.3. Effects of Different Box Aspect Ratio and Viscosity Contrasts
All the results presented so far have been from models with a unit aspect ratio and a viscosity ratio of 103

between lithosphere and the underlying mantle (i.e., equation (8)). We also calculated two models with an
aspect ratio of 2 and 3 (Cases NN055 and NN056 in Table 2) to examine possible effects of the aspect ratio
on our results. Case NN055 has the same input parameters as that for the reference case (Case NN026)
except for an aspect ratio of 2. Notice that although input Rayleigh numbers are the same for these two
cases, Ral for Case NN055 is larger than that for Case NN026 (Table 2). This is because the averaged litho-
spheric viscosity before the onset for Case NN055 is smaller than that for Case NN026. As shown in Figure 9,
with the increased aspect ratio, the lithospheric instability shows same episodic and multistaged behaviors
as in Case NN026 with the instability propagating from one side of the box to the other. We also found that
it takes about �60 and 117 Myr to destabilize the top layer for half of the box and the entire box, respec-
tively (Figure 9 and Table 2). These instability times are generally consistent with that for Case NN026 (Fig-
ure 5a and Table 2).

Case NN056 is identical to cases NN026 and NN051 (Table 2) except for an aspect ratio of 3. For case
NN056, the instability shows again the same episodic and multistaged behavior as in the other two cases. It
takes �57 Myr to destabilize the first one third (i.e., dimensionless length of 1) of the lithosphere and �162
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Myr for the entire length of the lithosphere (Table 2). These results suggest that irrespective of the aspect
ratio of model box, the total instability time that is required to destabilize the cratonic lithosphere of the
same horizontal length scale of �1200 km (or dimensionless length 1) is nearly the same. We also observe
that for case NN056 the instability does not always propagate from one side of the box to the other. After
the first one third of the box is destabilized, another instability develops at the center of the stable part of
the lithosphere. These two instabilities eventually destabilize the whole box, leading to a slightly shorter
instability time of �162 Myr than expected for this case with an aspect ratio 3. These results suggest that
the aspect ratio of the box does not significantly affect the temporal and spatial scales and style of the
instability.

Jaupart et al. [2007] indicated that for Newtonian fluids, the instability of chemically buoyant lithosphere is
insensitive to the viscosity ratio between lithosphere and the underlying mantle. However, it is unclear
whether this statement is equally true for non-Newtonian fluids. Here we use two sets of non-Newtonian
models with different viscosity ratios to investigate possible effects of viscosity contrast. All these models
have buoyancy number B 5 0.5. The first set includes cases NN026 and NN047–050 (Table 2) that have the
same input Rayleigh number (or the same mantle viscosity), but different viscosity ratios of 1000, 300, 100,
30, and 10, respectively. Notice that a larger viscosity ratio implies a larger lithospheric viscosity or smaller
Ral for these cases (Table 2). The total instability times are 62, 20, 6, 1.43, and 0.5 Myr for cases NN026 and
NN047–050 (Table 2), respectively. This is generally consistent with what we have proposed that the total
instability time is controlled mainly by lithospheric viscosity and is insensitive to the viscosity of the lower
layer.

The second set consists of cases NN026 and NN051–054, for which the input Rayleigh number decreases
proportionally as the viscosity contrast decreases from 1000 to 300, 100, 30, and 10, respectively (Table 2).
We may interpret this set of cases as having approximately the same lithospheric viscosity but different
mantle viscosity (i.e., a larger mantle viscosity with a smaller viscosity ratio). The total instability times for
cases NN026, NN051, and NN052 with viscosity ratio of 1000, 300, and 100 do not differ significantly (Table
2), but the times for cases NN053 and NN054 with viscosity ratio of 30 and 10 seem to differ more from
other cases in this set (Table 2). However, we notice that for these last two cases with smallest viscosity
ratios, the mantle viscosity exceeds 1021 Pa s and is also higher than the averaged lithospheric viscosity,
both of which seem unrealistic. Additionally, the instability for these two cases seems to have larger hori-
zontal scale with less episodic events. In summary, we think that the viscosity ratio does not affect the
results significantly, provided that the effective lithospheric viscosity is larger than the mantle viscosity.

4. Discussion

4.1. Style and Temporal and Spatial Scales of Lithospheric Instability
Gravitational instability of lithosphere is considered as an important process affecting continental magma-
tism/volcanism and tectonics [e.g., Elkins-Tanton, 2007; Molnar and Jones, 2004]. A large number of studies
have investigated the dynamics of the instability for chemically neutrally buoyant lithosphere (i.e., buoyancy
number B 5 0) with Newtonian and non-Newtonian rheology [e.g., Conrad and Molnar, 1997; Harig et al.,
2010; Houseman and Molnar, 1997]. However, geochemical studies suggest that all the continental litho-
sphere is chemically buoyant to some extent relative to its underlying mantle [e.g., Lee et al., 2011]. The
instability of chemically buoyant lithosphere was only recently investigated in laboratory studies for Newto-
nian fluids. Jaupart et al. [2007] reported that for Newtonian rheology lithospheric instability occurs for
buoyancy number B� 0.4, suggesting that the instability may not happen for cratonic lithosphere with B
ranging between 0.4 and 1. However, our numerical modeling, while reproducing the laboratory work by
Jaupart et al. [2007] for Newtonian fluids, shows that lithospheric instability may occur for B up to 0.7 with
non-Newtonian rheology (Figures 2b and 2c), suggesting that non-Newtonian rheology may play a key role
in the instability of cratonic lithosphere.

The non-Newtonian rheology leads to other distinct features for instability of cratonic lithosphere (i.e.,
B> 0.4). The instability happens to the shallow part of the lithosphere with relatively short horizontal length
scales (Figures 4 and 7a), which differs significantly from the instability for Newtonian fluids or chemically
neutrally buoyant lithosphere that removes mostly the bottom of the lithosphere [e.g., Conrad and Molnar,
1999; Jaupart et al., 2007]. This also differs from convective entrainment in thermochemical convection
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models that erode and destruct gradually cratonic lithosphere from the bottom of cratonic lithosphere
upward [Beuchert et al., 2010; Lenardic and Moresi, 1999; Shapiro et al., 1999; Wang et al., 2014]. These dis-
tinct features and the increased threshold buoyancy number up to 0.7 can be explained by dynamic inter-
action between the buoyancy structure and non-Newtonian rheology. With a relatively large B, the net
negative buoyancy driving the instability only exists in the cold, shallow part of the lithosphere. The nega-
tive buoyancy induces stress variations that cause weakening in high-stress regions with non-Newtonian
rheology and decoupling there (Figure 8a), thus enabling the instability to grow locally at relatively small
length scales.

With the Newtonian rheology the fluids are uniformly coupled together, the net negative buoyancy at the
shallow depths for cratonic lithosphere with large buoyancy number would not be able to go unstable by
itself. Therefore, the threshold buoyancy number for instability is smaller for Newtonian rheology than that
for non-Newtonian rheology. When the buoyancy number is relatively small (i.e., noncratonic lithosphere),
net negative buoyancy exists over a large depth range in the lithosphere, and consequently the instability
occurs over large vertical and horizontal scales (Figure 7a). Lithospheric instability at larger spatial scales for
smaller buoyancy number also implies that destabilized blobs on average are warmer (Figure 7b).

The intrinsically small horizontal length scale for instability of cratonic lithosphere (i.e., B> 0.5) with non-
Newtonian rheology suggests that on a regional scale for cratonic lithosphere of horizontal length scale of
�1000 km or more, the instability is episodic and consists of multiple events that may last for �100 Myr to
destabilize the whole lithosphere (Figures 4 and 5). It should be pointed out that the total instability time is
mainly controlled by effective lithospheric viscosity and buoyancy number (i.e., intrinsic density of cratonic
lithosphere) (Figure 5). Although the depth of the box, as the length scale, is used to scale the time, the rele-
vant length scale would be the lithospheric thickness. Our current study did not explore the effect of litho-
spheric thickness, but because our models use a representative reference thickness of 250 km, the
estimated instability time should be relevant and applicable to observations. Different rheological parame-
ters including power law exponent and transition stress may affect the detailed instability processes [e.g.,
Houseman and Molnar, 1997], but their effects were not explored here. However, we think that these rheo-
logical parameters mainly affect the results through effective lithospheric viscosity that we investigated
extensively in this study.

4.2. Implications for Reactivation Process of the North China Craton
The episodic and multistaged instability of cratonic lithosphere from our studies has implications for the
reactivation of the eastern North China Craton with a horizontal length scale of �1200 km. The magma-
tism/volcanism associated with the reactivation of the NCC in the Mesozoic and Cenozoic is episodic and
the reactivation process may have lasted for �100 Myr [e.g., Menzies et al., 2007], all of which are consistent
with the instability process revealed from our study for cratonic lithosphere with non-Newtonian rheology.

That the shallow part of cratonic lithosphere is preferentially destabilized from our non-Newtonian models
may have implications for geochemical observations in the NCC. Lithospheric instability has been proposed
to explain the presence of crustal eclogitic components in the source for volcanic rocks associated with the
reactivation of the NCC [Gao et al., 2004, 2008]. Although our models do not include crust, foundering of
the shallow part of mantle lithosphere and subsequent emplacement of relatively hot asthenospheric man-
tle there from our model (Figure 4) may provide the heat source to the lower crust to help form eclogite.
Our results show that the shallow part of cratonic lithosphere is significantly heated and weakened by the
instability process (Figure 4). This would allow the crustal eclogite to founder into the mantle and then be
melted together with the heated cratonic lithosphere, thus explaining the eclogite component in the source
of volcanic rocks [Gao et al., 2004, 2008]. We think that this geochemical observation may present a chal-
lenge to convective entrainment as a mechanism for reactivation of the NCC, because it preferentially
erodes the bottom of the lithosphere [e.g., Beuchert et al., 2010; Wang et al., 2014].

The fate of destabilized cratonic lithospheric materials deserves some discussion, after they sink into the
mantle. Some of the materials would be sheared away to other parts of the mantle due to mantle global cir-
culation (not modeled here), but some may be heated, lose its net negative buoyancy and come back to
the lithospheric depths [Fourel et al., 2013; Jaupart et al., 2007] to be mixed with that derived from astheno-
spheric mantle (Figure 4). This may explain the hybridized magmatic sources of cratonic lithosphere and
oceanic mantle found in Cenozoic xenoliths in the NCC [Zheng et al., 2001]. Most studies on the NCC
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suggest that the cratonic lithosphere was nearly completely removed, based on the seismic and heat flux
observations [e.g., Menzies et al., 2007; Zhu et al., 2012a]. However, our models indicate that a significant
fraction of cratonic mantle may remain underneath the NCC, but the instability causes the lithospheric man-
tle thermally mixed and heated (Figure 4d–f), which may explain the seismic and heat flux observations
equally well.

4.3. Lithospheric Viscosity and Cause for the Reactivation of the NCC
The stability of cratonic lithosphere is controlled by lithospheric strength [Lenardic and Moresi, 1999; Shapiro
et al., 1999]. Therefore, the eastern part of the North China Craton must have been weakened significantly
before its reactivation [e.g., Menzies et al., 2007]. Water released from subduction process may have contrib-
uted to the lithospheric weakening [Hirth and Kohlstedt, 2003], and this is supported by a recent study that
found the high water content in the source of Mesozoic volcanic rocks on the NCC [Xia et al., 2013]. Litho-
spheric yielding associated with subduction may also have contributed to the weakening of overriding
plates (i.e., the NCC) [Lenardic et al., 2003; O’Neill et al., 2009]. Subduction of the Izanagi Plate in the Meso-
zoic may induce tensional stress that weakens and reactivates the NCC [e.g., Zhu et al., 2012a, 2012b]. How-
ever, given the long and complicated subduction history around the NCC in the Paleozoic and Mesozoic
(Figure 1), it is challenging to establish a cause-effect relation between the subduction process and the ini-
tiation of reactivation of the NCC. A number of questions need answers. How is the water delivered to the
cratonic lithosphere? Why does subduction of the Izanagi Plate necessarily induce extensional stress in the
NCC, considering that other subduction zones produce compressional stress on the overriding plates (e.g.,
South America)? Does lithospheric yielding remain relevant deformation mechanism at depths of cratonic
lithosphere, if the coefficient of friction for lithospheric mantle is >0.25, as suggested by observations of
load-induced seismicity and flexure [Zhong and Watts, 2013]?

Our current studies, by focusing on lithospheric instability process and its dependence on lithospheric vis-
cosity (or lithospheric Rayleigh number Ral), do not directly address the question of lithospheric weakening,
hence the cause of reactivation of the NCC. However, as we have demonstrated, it is important to investi-
gate the instability process (i.e., its style and temporal and spatial scales) in order to interpret geological
and geochemical observations, even if the cratonic lithosphere is assumed weakened by some processes
(e.g., hydration or heightened tectonic stress). The effective lithospheric viscosity is 102121022 Pa s before
the instability in our models (Table 2), consistent with that estimated for actively deformed continental
lithosphere [England and Molnar, 1997; Flesch et al., 2000].

A significant simplification in our models is the two-layer viscosity structure (i.e., with g0 in equation (8))
that only approximates but does not explicitly consider temperature-dependent viscosity, following the
simplified viscosity models in Jaupart et al. [2007]. Using a temperature-dependent viscosity with an activa-
tion energy derived from laboratory studies (e.g., �400 KJ/mol) would lead to too high cratonic lithospheric
viscosity that would prohibit any lithospheric deformation and instability [e.g., Hirth and Kohlstedt, 2003]. To
examine the effects of temperature-dependent viscosity, we have computed non-Newtonian (n 5 3.5) mod-
els with different activation energy in equation (9). In these calculations, gw, the prefactor in equation (9), is
set to be 30 for cratonic lithosphere (i.e., C 5 1) to account for melt depletion effect on viscosity [e.g., Hirth
and Kohlstedt, 2003]. With input Rayleigh number Rai ranging from 2 3 107 to 6 3 107 and buoyancy num-
ber B 5 0.5 (i.e., the same as in our reference case NN026), our models suggest that the cratonic lithosphere
is largely stable for at least 4.5 Gyr for activation energy greater than 140 KJ/mol. However, with smaller acti-
vation energy (e.g., �100 KJ/mol) that results in a viscosity increase of 3–4 orders of magnitude together
with the melt-depletion effect for cratonic lithosphere, the gravitational instability of cratonic lithosphere is
similar to that from our simplified two-layer models (Figure 10 for an example case with activation energy
of 100 KJ/mol).

While lithospheric viscosity is likely very complicated, we believe that our simplified lithospheric rheology
may be partially justified by the field observations. Seismic observations indicate that cold lithospheric man-
tle can be destabilized and sink into the mantle in different tectonic settings. For example, in the
Carpathian-Pannonian region of the central Europe, seismically fast anomalies down to �400 km depths
are interpreted as the destabilized lithosphere that is sufficiently cold to contain abundant seismicity
[Dando et al., 2011; Ren et al., 2012]. In the western US, the foundered lithosphere appears to originate
immediately below the Moho [Levander et al., 2011; Molnar and Jones, 2004]. Particularly, Molnar and Jones
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[2004] estimated that in the Sierra Nevada, tens of kilometers of mantle lithosphere that is colder than
900�C may have been removed through the instability process, suggesting the importance of other litho-
spheric deformation mechanisms [Harig et al., 2010]. Geochemical evidence for crustal eclogite to founder
into the mantle [Gao et al., 2004, 2008] also suggests that the cold, shallow part of cratonic lithosphere be
sufficiently weak during the reactivation. Although the instability mechanism that we present here in this
study depends on our simplified two-layer viscosity structure that is clearly different from what has been
proposed from laboratory studies in terms of rheological parameters, the model outcomes seem to be sup-
ported by these field observations. This highlights the need to bring together field observations, laboratory,
and geodynamic modeling studies on lithospheric rheology, as recently stated in Zhong and Watts [2013]
based on studies on surface loading problems. More future studies are needed to examine how more realis-
tic lithospheric rheology could affect the instability of cratonic lithosphere as investigated in this study.

5. Conclusions

We have formulated 2-D thermochemical convection models to investigate the instability of a composition-
ally buoyant lithosphere and its temporal and spatial scales. We have computed a large number of simpli-
fied two-layer Newtonian and non-Newtonian models with different buoyancy number B and lithospheric
Rayleigh number Ral. The numerical models show that with non-Newtonian rheology, gravitational instabil-
ity of a compositionally buoyant layer can happen for buoyancy number B up to 0.7, which is significantly
larger than the threshold buoyancy number B � 0.4 for the instability with Newtonian rheology. Consider-
ing that the buoyancy number for cratonic lithosphere is in the range of 0.4–1.0, our results suggest an
essential role of non-Newtonian rheology in the instability of cratonic lithosphere.

The instability of cratonic lithosphere (i.e., B> 0.4) with non-Newtonian rheology is driven by net negative
buoyancy at the shallow depth and tends to destabilize preferentially the shallow part of the lithosphere
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Figure 10. Snapshots of temperature (the upper row) and composition (the lower row) at three different times for a non-Newtonian calculation with temperature-dependent viscosity
with activation energy of 100 KJ/mol. Other parameters are gw 5 30, Rai 5 6 3 107, and B 5 0.5. The lithospheric instability is similar to that for non-Newtonian with two-layer viscosity
structure, i.e., episodic and multistaged features, and initiation of the instability at the shallower part of the lithosphere.
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with an intrinsically small horizontal length scale (<�300 km). Such instabilities lead to efficient thermal
and chemical mixing of entire cratonic lithosphere, which may explain geochemical mixing inferred for the
sources of volcanism/magmatism during the reactivation of the North China Craton. For compositionally
buoyant lithosphere with a smaller buoyancy number or Newtonian rheology, the instability destabilizes
mantle lithosphere at larger depths with a larger horizontal length scale.

For cratonic lithosphere of horizontal length scale of �1200 km such as the eastern North Chain Craton, the
instability process is episodic and consists of multiple instability events that may last for �100 Myr to desta-
bilize the entire lithosphere. This is consistent with the observations of episodic magmatism/volcanism
events and their �100 Myr duration in the Mesozoic and Cenozoic for the reactivation of the North China
Craton. This consistency, together with efficient thermal and chemical mixing for instability of cratonic litho-
sphere, suggests that the gravitational instability may play an essential role in the reactivation of the North
China Craton.
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