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SUMMARY

Cratons are the oldest parts of the lithosphere, some of them surviving since Archean. Their
long-term survival has sometimes been attributed to high viscosity and low density. In our
study, we use a numerical model to examine how shear tractions exerted by mantle convection
work to deform cratons by convective shearing. We find that although tractions at the base
of the lithosphere increase with increasing lithosphere thickness, the associated strain-rates
decrease. This inverse relationship between stress and strain-rate results from lateral viscosity
variations along with the model’s free-slip condition imposed at the Earth’s surface, which
enables strain to accumulate along weak zones at plate boundaries. Additionally, we show that
resistance to lithosphere deformation by means of convective shearing, which we express as
an apparent viscosity, scales with the square of lithosphere thickness. This suggests that the
enhanced thickness of the cratons protects them from convective shear and allows them to
survive as the least deformed areas of the lithosphere. Indeed, we show that the combination
of a smaller asthenospheric viscosity drop and a larger cratonic viscosity, together with the
excess thickness of cratons compared to the surrounding lithosphere, can explain their survival
since Archean time.

Key words: Mantle processes; Numerical modelling; Cratons; Dynamics of lithosphere and

mantle.

1 INTRODUCTION

Cratons are the missing links in Earth’s long history of geodynamic
evolution. In addition to their significant age, cratons generally have
a thick and cold lithosphere (Jordan 1975, 1978; Polet & Anderson
1995; Rudnick et al. 1998; Lenardic & Moresi 1999; Artemieva &
Mooney 2002; Gung et al. 2003; Lenardic et al. 2003; King 2005;
Cooper et al. 2006). Their endurance provokes a fundamental ques-
tion about the special conditions that have protected them from the
destructive forces of mantle dynamics, providing a longer survival
time than any other type of lithosphere, for example, oceanic or non-
cratonic continental lithosphere (Lenardic & Moresi 1999; Shapiro
et al. 1999; Lenardic et al. 2000, 2003; Sleep 2003; King 2005;
Cooper et al. 2006; O’Neill et al. 2008; Yoshida 2010, 2012; Wang
et al. 2014). The craton stabilization ages determined by rhenium
depletion peak around 3 Ga (Pearson ef al. 1995a,b; Pearson & Wit-
tig 2014). This age is marked by several important geophysical and
geochemical phenomena that may have resulted in a global change
of the Earth’s geodynamics, possibly by initiation of plate tectonics
(Sizova et al. 2015; Hawkesworth et al. 2016; Tang et al. 2016;

Hawkesworth ef al. 2017). By this time, mantle had cooled down
sufficiently (Moore & Webb 2013; Sizova et al. 2015; Hawkesworth
et al. 2017) and significant changes in the composition of continen-
tal crust, from mafic to intermediate (Tang ef al. 2016), had taken
place. These changes might have provided an opportunity to form
low density and high viscosity, thick continental lithosphere (Beall
et al. 2018), which could be the reason for craton stabilization at
that time.

Early studies (Jordan 1975, 1978; Lenardic & Moresi 1999;
Lenardic et al. 2003) advocated that the compositional buoyancy
and high viscosity of thick cratons may be responsible for their
long-term survival. In his Tectosphere hypothesis, Jordan (1975)
proposed that the cratons, equipped with compositional buoyancy,
are capable of surviving convective recycling. However, in numeri-
cal models, cratons with low density, high viscosity and high yield
strength experienced a much longer survival time than those with
only chemically buoyant roots (Lenardic & Moresi 1999; Lenardic
et al. 2003). Wang et al. (2014) have proposed compositional den-
sity as a secondary factor for their survival, with compositional
rheology (e.g. viscosity) being primary. Recent studies have shown
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that a part of the North American craton is deforming at a faster rate
because of its low compositional density (Kaban ef al. 2015). Thus,
it is likely that the viscosity of cratons plays a more significant role
in cratonic survival than does craton density. The long-term sur-
vival of high viscosity cratons has been studied numerically before
(Lenardic & Moresi 1999; Lenardic et al. 2000, 2003; O’Neill ez al.
2008; Yoshida 2010, 2012; Wang et al. 2014); however, estimates
of the appropriate viscosity for cratons remain controversial.

In this study, we use numerical models of global mantle flow to
understand how shear tractions at the base of the lithosphere play
a role in the deformation of cratons. We relate these tractions to
strain-rates, which indicate how cratons are deforming due to the
convective shear within the mantle. Our analysis builds upon work
by Conrad & Lithgow-Bertelloni (2006), who employed no-slip
boundary conditions at the surface and showed that traction magni-
tudes increase with increasing thickness of the lithosphere. Cooper
& Conrad (2009), using an analytical model of constant viscosity
at the base of the lithosphere, showed that these tractions cause
sublithospheric strain-rates to increase exponentially as the litho-
sphere thickness increases, thus potentially limiting the maximum
thickness of cratons. However, the actual surface of the Earth is a
free-slip condition, meaning that the lithosphere can move laterally
in response to basal tractions instead of deforming locally beneath a
rigid surface. This plate tectonic response of the lithosphere should
affect the relationship between basal tractions and deformation, and
thus our interpretation of craton survival time as well. Additionally,
lateral viscosity variations (LVV) could also significantly influence
the strain-rate patterns at the base of the lithosphere. In our study, we
use instantaneous 3-D global mantle convection models to examine
how cratonic viscosity structure and thickness relate to strain-rates
beneath the cratons. We assume present-day craton locations from
the lithospheric thickness model of Conrad & Lithgow-Bertelloni
(2006). From our results, we attempt to estimate a critical viscosity
structure for cratons that can explain their survival above the Earth’s
dynamically convecting mantle.

Interpreting the viscosity structure of cratons is the key to under-
standing their long-term survival. Several studies have shown that
there is a significant viscosity contrast between cratonic and non-
cratonic lithosphere. The estimated viscosity contrast calculated
by Lenardic et al. (2003) was 1000 times whereas O’Neill ez al.
(2008) estimated a viscosity contrast of 50-150 times between cra-
tons and their surroundings. In another study, using 2-D box model,
Wang et al. (2014) had shown that a very small viscosity contrast
(of the order of 10) can protect the cratons if non-Newtonian flow
laws are considered. These studies are more focused on the local
dynamics (mechanics of dripping, rifting or other destabilization
mechanisms) rather than the overall relation between thickness,
viscosity and survival potential. Instead, our main focus is to mea-
sure the shear strain-rates under cratons and not their gravitational
instability above a convecting mantle.

2 METHODS

2.1 Mantle flow

We develop instantaneous models of global mantle flow using Cit-
comS (Zhong et al. 2000), a finite element code that solves the
thermochemical convection equations in an anelastic, viscous and
incompressible spherical shell. The code solves the governing equa-
tions for thermal convection, considering conservation of mass, mo-
mentum and energy, assuming Boussinesq approximation. We have
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Figure 1. (a) Schematic diagram of the radial viscosity structure of the
mantle that is considered in our model. Relative viscosity values with respect
to a reference upper-mantle viscosity (102! Pa-s) are marked on the left-hand
side. (b) Temperature-dependent viscosity is introduced in the hatched area
(up to 300 km). Additionally, highly viscous cratons (dark grey bar) are also
incorporated.

used 65 x 65 x 65 nodes per topological cap in CitcomS, which
translates into average horizontal resolution of 0.7 x 0.7 degree.
The vertical resolution is 24 km down to 300 km depth and 50 km
below that. We impose free-slip boundary conditions at the surface
and at the core—mantle boundary (CMB). In addition, we also sim-
ulate a few cases with a no-slip boundary condition at the surface
in order to compare our results with those of Conrad & Lithgow-
Bertelloni (2006). Density anomalies in the mantle are extracted
from SMEAN2 tomography model [a composite model comprised
of S40RTS (Ritsema et al. 2011), GyPSuM-S (Simmons et al. 2010)
and SAVANI (Auer et al. 2014) using the methods of Becker &
Boschi (2002)]. Sub-continental regions with positive seismic ve-
locity anomaly shallower than 300 km are removed from the tomog-
raphy model in order to impose neutrally buoyant cratons. A scaling
(dinp/dinVy) of 0.25 is used to convert seismic velocity anomaly to
density anomaly (cf” Ghosh et al. 2017).

2.2 Mantle viscosity structure

We compare our results to a reference model with a radial viscos-
ity structure, in which we have divided the mantle into five layers
of different rheological strengths following Conrad & Lithgow-
Bertelloni (2006; Fig. 1a). These layers are, respectively, litho-
sphere: 0—100 km; asthenosphere: 100-300 km; upper mantle: 300—
410km; transition zone: 410-670km and lower mantle: 670 km
CMB. The reference viscosity of the upper mantle (10*' Pa-s) is
multiplied by relative viscosities in each of these layers, which are
30,0.1, 1, 1 and 50, respectively. This makes the lithosphere and the
lower mantle the strongest layers and the asthenosphere the weakest
layer.

We develop models with LVV (Fig. 1b) in which high-viscosity
cratons are introduced using the lithosphere thickness model of Con-
rad & Lithgow-Bertelloni (2006). Here, any lithosphere that is more
than 180 km thick is considered cratonic. Lithosphere thickness in
the range of 120—180 km is assumed to be intracratonic continental
and is binned to 120 km in order to distinguish the cratonic re-
gions. This assumption does not affect the result significantly as
only ~7 per cent of the total area is between 120 and 180 km thick
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(see contour lines in Fig. 2). For cratons, we assign a viscosity
between the surface and the base of the craton that is a multiple
of the reference viscosity structure. We run different models with
different cratonic multiples between 10 and 1000 times the relative
viscosities of each layer. Thus, a cratonic multiple of 100 means
that the cratonic areas will have a net viscosity of 3 x 10?* Pa-s
down to 100 km depth and 10?? Pa-s down to the base of the craton
in case of asthenosphere viscosity of 10?° Pa-s. From the surface
down to 300 km, we employ temperature-dependent viscosity us-
ing a linearized form of Arrhenius law, n = no x exp[E(Ty — T)]
(Frank-Kamenetskii 1969), where 7, is the viscosity assigned for
the ambient layer, for example, for top 100 km this is 30 x 10! Pa-
s. Ty and T are non-dimensional reference and actual temperatures
obtained by using a thermal expansivity of 3 x 1073K~! that con-
verts density anomalies into temperature anomalies (¢f: Ghosh ef al.
2017). Because high-velocity anomalies are already removed under
the cratons, their viscosity is not affected by temperature. Applying
temperature dependence of viscosity to the entire mantle (instead of
only above 300 km depth) yields nearly identical results. To apply
the temperature-dependent viscosity, we have non-dimensionalized
temperature with respect to 1300 °C mantle potential temperature.
We have kept the background non-dimensionalized temperature as
0.5 and the non-dimensionalized temperature (7)) varies between 0
and 1. £, a dimensionless number that determines the strength of the
temperature dependence is kept as 5 (e.g. Ghosh ef al. 2010), which
translates to the weakest region having a viscosity ~10 times lower
than the intraplate regions and which also gives rise to plate-like
velocities (Fig. S1, Supporting Information). This set of assigned
viscosity structures produce relatively low viscosity plate margins
and comparatively higher viscosity intraplate regions (Fig. 2). We
have tested a few models with E values greater than 5 (e.g. 10),
but we find that these are unable to reproduce plate-like velocity
patterns in the top 100 km. In particular, stronger temperature de-
pendence of viscosity tends to stiffen colder plate boundary regions
near subduction zones and prevents localized plate-like deformation
there. Because asthenosphere viscosity is not very well constrained
from experimental and numerical studies (e.g. Ghosh et al. 2008,
2013), we have tested different 1, values for asthenosphere rang-
ing from 10'° Pa-s (0.01 times the reference viscosity) to 10?! Pa-s
(same as the reference viscosity) to produce nine different combi-
nations of LVV models. These combinations lead to LVV that range
from 10'® to 10 °Pa-s with a maximum variation of seven orders
of magnitude.

2.3 Traction and strain-rate calculation

Viscous mantle flow exerts shear tractions at the base of lithosphere.
We have extracted the 7,4 and 7,4 components (7, ¢, and 6 are the
radial and lateral components in the polar coordinate system, where
¢ and 0 are longitude and colatitude) of the total stress tensor at the
lithospheric base (the depth of which varies laterally) and have cal-
culated the resultant horizontal traction vectors. We compute shear
strain-rates from the flow velocity of the finite element calculation
by following the approach of Conrad et al. (2007), who ignored
negligible horizontal gradients.

Using a no-slip boundary condition, we are able to reproduce the
traction ratio calculated by Conrad & Lithgow-Bertelloni (2006;
see their fig. 4 and the Supporting Information Fig. S2 of this pa-
per), which was obtained by dividing the surface tractions in LVV
models with the surface tractions in the reference (layered viscos-
ity) model. In our case, using a free-slip boundary condition, we

have calculated tractions and strain-rates at the variable base of the
lithosphere instead of at the surface. We have normalized strain-
rates relative to their values at the same depth in the reference
model. Normalizing the strain-rates thus represents the intensity
of deformation associated with the LVV structure. Absolute val-
ues of tractions and normalized values of strain-rates are binned
into nine intervals of ~24km thickness from 0 to 270km depth
(bins in depth range from 120 to 180 does not have any contri-
bution) and average values are further calculated from each bin
interval.

3 TRACTION AT THE BASE OF THE
LITHOSPHERE

Traction magnitudes (Fig. 3) increase under the highly viscous cra-
tons with a few regions showing amplitudes as high as 13 MPa.
Models with larger asthenosphere viscosity have significantly larger
tractions than those with weaker asthenosphere. Away from the cra-
tons, higher tractions are related to upper-mantle density anomalies
(Fig. S3, Supporting Information). These include the subduction
zones such as those in the Western Pacific and the Indian Ocean.
A few parts of east Africa have high tractions because of velocity
gradients associated with mantle upwelling at the East African Rift
(Fig. S1, Supporting Information).

To look for sensitivity to viscosity structures, we have calcu-
lated the average traction magnitude at the variable base of the
lithosphere. This average traction magnitude shows a dependence
on asthenospheric viscosity, craton viscosity and lithosphere thick-
ness (Fig. 4a). In particular, models with the weakest asthenosphere
(0.01 times the reference viscosity) have the lowest average traction
at the base of the lithosphere, and traction magnitude increases as
the asthenosphere becomes stronger (Figs 3 and 4a). Viscosity and
absolute traction roughly hold a linear relationship (with a corre-
lation coefficient of 0.56, Fig. 4b), because stronger asthenosphere
can more efficiently couple with the lithosphere, transmitting larger
stresses. On the other hand, weaker asthenosphere promotes decou-
pling along the lithosphere—asthenosphere boundary that hinders
stress transmission, resulting in a lowering of average traction mag-
nitude. For the same reason, tractions are larger beneath more highly
viscous cratons (Fig. 4a).

We also find that traction magnitudes tend to increase with litho-
sphere thickness (Fig. 4a). This increase is primarily controlled
by the free-slip boundary condition imposed at the surface. Under
such conditions, shear tractions become zero at the surface and
gradually increase with depth. Beneath the thinnest lithosphere,
that is, mid-oceanic ridges, average traction magnitude is only a
fraction of a megapascal. This average traction magnitude increases
with lithosphere thickness until 100 km, although below continental
lithosphere (96—120 km thick), traction values do not change signif-
icantly. Under thick cratons, tractions also increase with lithosphere
thickness, and the maximum value of traction magnitude occurs
around 216 km, which is the depth that corresponds to most craton
edges (Fig. 4a). At depths greater than 216 km, traction magnitudes
drop again. We speculate that this might be because of high stresses
getting absorbed at the edges of cratons with the cratonic cores
being less stressed. Tractions beneath cratonic regions are several
times larger than those for the reference model (the black dashed
line in Fig. 4a), which does not have cratons. Our finding that trac-
tions increase with lithospheric thickness is similar to what Conrad
& Lithgow-Bertelloni (2006) found for flow calculations beneath a
rigid lid.
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Figure 2. Laterally varying viscosity map at 24 km depth from a model with 100 times viscosity contrast between cratons and the surrounding layer. The
background colour represents normalized value of LVV with respect to the reference viscosity of upper mantle (10%!' Pa-s). In the model, actual viscosity ranges
from 10'° to 10%* Pa-s. Since the representative viscosity is plotted within the lithosphere, the viscosity ranges only between 102! and 10?* Pa-s. However,
within asthenosphere (~100-300 km depth) viscosity drops to ~10'° Pa-s. Lithospheric thickness is obtained from the model of Conrad & Lithgow-Bertelloni
(2006) and is represented by black contour lines. Lithosphere greater than 180 km thick is considered as cratonic in our model.

4 STRAIN-RATES AT THE BASE OF THE
LITHOSPHERE

We similarly compute maps of normalized strain-rates (Fig. 5),
which are strain-rates at the base of lithosphere in LVV models
divided by the strain-rate at same depth in reference radial model.
Strain-rates at the base of the lithosphere should ideally scale with
shear tractions: the larger tractions associated with greater astheno-
sphere viscosity will tend to produce larger strain-rates. However,
we observe the opposite behaviour beneath cratons, where stiffer as-
thenosphere (or stronger cratons) leads to smaller strain-rates (Figs 5
and 6a). Additionally, we observe notably diminished strain-rate
magnitudes (slowest deformation rates) under the cratons (Fig. 5),
which is the opposite of what we found for tractions. Indeed, we
note that average strain-rates drop monotonically with lithosphere
thickness (Fig. 6) for stronger asthenosphere (10% and 10%' Pa-s),
despite an opposing trend of increasing tractions (Fig. 4a). Models
with an asthenospheric viscosity of 10!°Pa-s (0.01 times reference
viscosity) show a jump at around 120 km depth beyond which strain-
rates decrease similarly as the other models. At the core of cratons,
where lithosphere thickness is largest, the normalized strain-rates
are minimum. This indicates that cratonic cores suffer much less
deformation compared to any other part of the lithosphere.

5 DISCUSSION

5.1 Traction and strain-rate relation

Our calculations show that traction magnitudes at the base of the
lithosphere are governed by three main factors: viscosity of astheno-
sphere, viscosity of cratons and lithospheric thickness. We find that

even though tractions are largest beneath cratons, deformation at
their base is slow. Indeed, tractions and strain-rates at the base of
the lithosphere are inversely related (Fig. 6b), which may not be
intuitive. This sort of relationship is only possible if the ‘apparent
viscosity” of the lithosphere depends strongly on thickness. Here
we consider that apparent viscosity represents an average viscos-
ity for the lithosphere that can resist shear deformation across the
lithospheric thickness. To estimate an apparent viscosity, we assume
an average horizontal velocity drop across the lithosphere’s thick-
ness (from the top of the lithosphere to the base of the lithosphere).
Dividing this average velocity drop (§v) by the thickness of the litho-
sphere (/) gives an estimate of the average lithospheric strain-rate.
The apparent viscosity (7,,) that is responsible for deformation at
the base of the lithosphere can then be obtained by dividing absolute
traction (o) by the average lithospheric strain-rate:

Ot

= So/h’ 0

Nap

where 7,, can be scaled to 4#? assuming §v is constant and o, varies
linearly with /. Hence, the apparent viscosity, 7, ~ #>. We see
that in the reference case (marked by black dashed line in Fig. 7a)
Nap does not show much variation with thickness. Introducing LVV
changes the strength of the lithosphere and thus results in different
apparent viscosity, as shown by the varying slopes in the relation
between 1, and 4%.

The apparent viscosity plotted against the square of the thick-
ness of the lithosphere shows a positive and modest linear re-
lationship (Fig. 7a). This means that as the lithosphere becomes
thicker, it can resist more deformation. So, introducing a free-slip
condition results in increased traction magnitude and the laterally
varying viscosity structure results in decreasing strain-rates for
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Figure 3. Map view of the traction magnitudes at the variable base of the lithosphere. Two figures show results from two models with different asthenosphere
viscosity of 10'? Pa-s (0.01 times reference viscosity) (Top) and 10?! Pa-s (same as reference viscosity) (Bottom), both with 100 times viscosity contrast for
cratons. Magnitudes greater than 2 MPa (for top figure) and 4 MPa (for bottom figure) are saturated in the blue colour. Craton boundaries are marked by the

thick black lines.

thicker lithosphere. The combination of these two effects results
in an inverse relation between traction and strain-rate. Cooper &
Conrad (2009) did not consider weak plate boundaries and thus
tractions exerted on the lithospheric base accumulated under thick
cratons, resulting in significant local shearing of the lithosphere.
By contrast, because of our LVV implementation strain can accu-
mulate along the weak lithospheric margins (e.g. plate boundaries)
leaving plate interiors relatively unaffected. Thicker cratons, with
higher apparent viscosity, are thus the least deformed parts of the
lithosphere.

5.2 Survival of cratons over ages

In this section, we attempt to find a relation between the survival
time of cratons and that of the oceanic lithosphere by using their
associated strain-rates. We assume that lithosphere gets destroyed
by accumulating strain with time. So, slower strain-rates applied to
the lithosphere should allow it to survive longer. Hence, we can ap-
proximate the survival time of lithosphere as inversely proportional
to the strain-rate. Let us consider 7,4 and f.4 as the survival duration
of cratonic and oceanic lithosphere, respectively, and let 7, be their
ratio (7, = t.4/toq). The average survival time of oceanic lithosphere
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Figure 4. (a) Variation of average absolute traction magnitude at the base of the lithosphere. Each line of different symbol and colour represents the magnitude
of absolute traction obtained from a model of certain viscosity combinations as presented in the legend. Viscosity of the asthenosphere is with respect to
the reference viscosity (102! Pa-s). The dotted black line is the result obtained from the reference radial model. (b) The relation between average absolute
traction magnitude and asthenospheric viscosity. The coloured dots represent different 1 of the asthenosphere. The black line is the best-fitted line for traction

magnitude and asthenospheric viscosity with a correlation of 0.56.

on the Earth is around 180 Ma (Stern & Scholl 2010), although
the mechanism of destruction of oceanic lithosphere is subduction,
which is not the same as that for cratons. Hence, we take a range
of 1,4 between 80 Ma, which is the time at which the ocean floor
starts to flatten because of convective instability (Davaille & Jau-
part 1994; Huang et al. 2003), and 180 Ma, when most of the ocean
floor gets destroyed by subduction. We take the average normalized
strain-rates under the cratons (>200 km thick, €. ) and the oceanic
lithosphere (0—72 km thick, €, ). The ratio (€, /€. ), which we call
inverse of non-dimensionalized strain-rates (INS), scales with 7.

=y <i> —INS. )
fod €

Thus, if a craton has to survive n times the age of an oceanic

lithosphere, it must experience strain-rates that are at least 1/n

times those appropriate for the oceanic lithosphere. This non-

dimensionalization indicates how fast oceanic lithosphere can be

destroyed compared to a craton.

Ifthe inverse of non-dimensionalized strain-rate (INS) of a craton
is greater than the ratio of survival time (7,) of a particular age
(Table 1), then that craton can potentially survive longer than that
age. We compare this range to the endurance of a craton existing
since the Cambrian (540 Ma) and obtain T, = 6.8 for foq of
80 Ma, and Tpin = 3 for 1, = 180 Ma. If a craton is stable since
Cambrian, its INS value should be within or more than the [3—6.8]
range. Survival time ratios for longer cratonic ages of Proterozoic,
3 Ga (peak craton stabilization time) and Archean are even greater
(Table 1).

We compute the INS values for our models (Fig. 7b) and find that
the model with weakest asthenosphere and weakest cratons (0.01,
10) has INS = 1.3, which is smaller than 7;, for Cambrian (Table 1).
Thus, for this viscosity combination, cratonic lithosphere formed
in Cambrian will not be able to survive to the present day. Cratons
of 100 times viscosity contrast (0.01, 100) have INS = 3.1 that

falls within the 7. range for the Cambrian. 1000 times viscosity
contrast cratons (0.01, 1000) have INS value (10.4) greater than the
Cambrian T, range, and thus may potentially be stable beyond the
Cambrian. The combination of a moderately viscous asthenosphere
(10?° Pa-s) and cratons of 100 times viscosity contrast (0.1, 100;
INS = 14.2) can also potentially be stable beyond the Cambrian.
Within the same moderately viscous asthenosphere, a craton of
1000 times viscosity contrast (0.1, 1000; INS = 64.1) formed during
the Archean can survive until today. If the asthenosphere viscosity
is kept at 10?' Pa-s (same as upper-mantle viscosity), cratons of
100 times viscosity contrast (1, 100; INS = 51.3) may stabilize even
beyond the Archean, and more viscous cratons could potentially
survive for a much longer time.

We have examined a wide interval of 7,4 values, yet the scaling
of strain-rates shows a consistent pattern of viscosity combinations
that are required for cratonic survival for different timescales. In par-
ticular, models with an asthenospheric viscosity that is 100 times
smaller than that of the upper mantle will generally not allow cratons
to survive beyond Archean, but asthenospheric viscosity contrasts
of 10 or smaller will permit this. According to a study by Gung
et al. (2003), a low-viscosity channel beneath the cratons satisfies
some seismic constraints but our results suggest that such a layer
should not have a viscosity lower than ~10% Pa-s. We note that
our estimate of the viscosity combination for a given craton and
asthenosphere is a minimum requirement for a craton to survive
for a certain period of time, provided that basal traction is the only
destructive force acting to destabilize cratons. We do not consider
the delamination of cratons due to gravitational instability. Other
destructive mechanisms (e.g. viscous drainage, rheological weak-
ening; see Lee ef al. 2011 for details) will additionally affect the
long-term survival of cratons. This exercise of interpreting INS val-
ues in terms of the long-term survival potential of cratons has the
additional limitation that oceanic lithosphere and cratons do not get
destroyed by the same tectonic process, and thus the reference age

6102 UDIBIN || UO JosN 80Usidg Jo a)nysu| uelpu| Aq 888/0€S/4201/Z/. 1Z10esqe-ajorue/iB/wod dno-oiwspeoe)/:sdny wouj papeojumoq



1030 J. Paul, A. Ghosh and C.P Conrad

-180° -150"° -120°

-2 -1
-180° -150° -120° -90° -60° -30°

30° 60° 90° 120° 150° 180°

_ Log 4, Normalized strain rate

-3 -2 -1 0 1 2

Figure 5. Map view of the normalized strain-rate magnitudes at the variable base of the lithosphere. Two figures show the result from two models with different
asthenosphere viscosity of 1020 Pa-s (Top) and 102! Pa-s (Bottom). In both the cases, viscosity contrast of craton is 100.

for oceanic destruction is rather uncertain. We have also calculated
rates of lithospheric thickness changes associated with thermal cool-
ing. We find (Fig. S4, Supporting Information) that thermal cooling
tends to change lithospheric thickness more slowly than deforma-
tion due to mantle shearing. As thermal cooling is slower than
deformation, it is unlikely to significantly impact cratonic survival.
But if it did have any influence, it would be to further stabilize the
cratons. Thus our estimates represent a lower bound to the stable
ages of cratons of different viscosities. We also show that the thick-
ness of the cratons may help to explain their longevity compared

to non-cratonic continental areas, which tend to have lithosphere
that is both thinner and younger than cratons (Poupinet & Shapiro
2009).

To understand the complete scenario of cratonic survival, time-
dependent geodynamic models may be required. Because we use
instantaneous models, we have extrapolated the strain-rates linearly
in time to gauge long-term stability or instability of cratons. A time-
dependent study, which is more challenging in terms of data scarcity
for the early earth and computational expenses, can, however, ad-
dress gravitational dripping and changes to strain-rates with time.
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Table 1. Calculation of 7, for different geological ages.

Geological fed Temin for Temax for
time (in Ma) 180 Ma 80 Ma
Cambrian 540 3 6.8
Proterozoic 2500 14 31
Peak craton stabilization 3000 17 38
Archean 3850 21 48

Also, in this study, we have considered Newtonian rheology un-
der the cratons while some studies (Cooper & Conrad 2009; Wang
et al. 2014) have suggested that cratons might deform according to
non-Newtonian flow laws.

6 CONCLUSION

To understand the nature of convective shearing at the base of the
lithosphere, we have used free-slip boundary conditions at the sur-
face of instantaneous global mantle flow models while imposing
LVV, which have allowed stresses to accumulate along weak plate
boundaries. We infer that tractions at the base of the lithosphere
are dependent on the viscosity of asthenosphere, the viscosity of
cratons and the thickness of lithosphere. Cratons, being highly vis-
cous, have maximum traction magnitudes at their base. However,
despite being highly stressed regions, we find that these cratons
are the slowest deforming areas. Such slow deformation enhances
their survival over geological time. We found an inverse relationship
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between stress and strain-rate at the base of the lithosphere, which
we attribute to an increase in the apparent viscosity of the litho-
sphere with the square of the lithosphere thickness. Clearly, in our
models with LVV, thick cratons become more difficult to deform
than the oceanic lithosphere and the thinner continental regions that
surround the cratons. As thicker cratons have higher apparent vis-
cosity, higher traction values at their base cause the lithosphere to
move laterally rather than to deform locally. This leads to strain
localization along weak zones (e.g. plate boundaries). Hence, cra-
tons remain as the least deformed regions, despite having higher
tractions beneath them.

By examining different viscosity combinations for cratons and
asthenosphere, we have also evaluated the impact of viscosity on the
long-term survival potential of cratons. Although time-dependent
models would significantly augment this study, our calculations
from instantaneous models can also shed light on the factors that
control continental survival timescales. We find that greater vis-
cosities for either the asthenosphere or the cratons (or both) tend
to promote long-term survival, as does enhanced craton thickness.
Why cratons have survived over such long periods of time is still an
unsolved problem, with potentially many various factors exerting
important controls on a variety of deformation mechanisms. We
identify the slow deformation at the base of cratons, which we have
shown to be associated with their thickness and viscosity, to be one
key factor that has helped to ensure cratonic survival over geologic
time.
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Supplementary data are available at G.JI online.

Figure S1. Velocity vectors are plotted above viscosity structure at
24 km depth from models with a viscosity combination of 10?° Pa-s
asthenosphere and cratons of 100 times viscosity contrast. Back-
ground colour represents normalized value of LVV with respect to
the reference viscosity of upper mantle.

Figure S2. Traction ratio calculated at the surface from models
using no-slip boundary conditions (similar to Conrad & Lithgow-
Bertelloni 2006). Lines of different colours are obtained from mod-
els of different viscosity combinations of asthenosphere and cratons
mentioned in the legend.

Figure S3. Top: Traction magnitudes at the base of the lithosphere
from a model without any density anomaly in the upper mantle
(till 670km) but with LVV arising from high-viscosity cratons
(100 times more viscous than intraplate areas). In this case, higher
tractions are found to occur only underneath the cratons. Bottom:
Traction magnitudes at the base of the lithosphere from a model with
no LVV but with density anomalies in the entire mantle. High trac-
tions occur under the plate margins (the Pacific, the Indian Ocean
and the East African rift). Cratons do not show high tractions in this
case.

Figure S4. We calculate lithospheric thickening rates due to thermal
cooling. If we take thermal cooling timescale as 7 = é, where / is
the lithospheric thickness in the order of kilometres and « is the ther-
mal diffusivity in m?/s, then, lithospheric thickening rate scales with
€. ~ 1. Hence, the normalized rate (') becomes ¢’ = ;‘ = ! &
where €y 1s the average strain-rate at the base of 120 km thick litho-
sphere. This normalization indicates the intensity of lithospheric
thickening due to thermal cooling compared to mantle shearing at
the base of 120 km thick lithosphere. The result (black dashed line)
shows that the thickening rate due to cooling is much slower than
the deformation rate due to mantle shearing.
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