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Why some Archean cratons survived for billions of years while the rest of the lithosphere has been reworked,
probably for several times, is both enigmatic and fundamental for plate tectonics. Craton longetivity is mainly
explained by their buoyancy and analyzed by testing gravitational stability of hardly detectable cratonic man-
tle “keels” as a function of a hypothesized thermo-rheological structure. Destruction of some cratons suggests
that buoyancy is not the only factor of their stability, and many previous studies show that their mechanical
strength is equally important. The upper bounds on the integrated strength of cratons are provided by flex-

Ic(g:gzrds' ural studies demonstrating that T, values (equivalent elastic thickness) in cratons are highest in the world
Lithosphere (110-150 km). Yet, the lower bounds on the integrated strength of stable cratons are still a matter of debate,
Topography as well as the question on how this strength is partitioned between crust and mantle, and which set of rheo-
Rheology logical parameters is most pertinent. We show that primary observed cratonic features - flat topography and

Plate tectonics “frozen” heterogeneous crustal structure - represent the missing constraints for understanding of craton lon-
gevity. The cratonic crust is characterized by isostatically misbalanced density heterogeneities, suggesting that
the lithosphere has to be strong enough to keep them frozen through time without developing major gravita-
tional instabilities and topographic undulations. Hence, to constrain thermo-rheological properties of cratons
one should investigate the stability of their topography and internal structure. Our free-surface thermo-mechanical
numerical models demonstrate that craton stability cannot be warranted even by very high crustal strength, so that
dry olivine mantle and cold thick lithosphere are indispensable conditions. We establish lower-bound limits on
the thermo-rheological structure of cratons. In particular, we find that minimal T, needed for long-term stability
of continents is approximately 90-110 km of which at least 70 km should be “contributed” by the lithosphere
mantle.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Preservation of Archean cratons for billions of years remains one
of the fundamental problems of geodynamics since the emergence
of the plate tectonics paradigm (Fig. 1). Since their formation, cratons
have moved all around the Earth's surface but remained largely intact
(e.g., Griffin et al., 2003), surviving multiple plate reorganizations that
led to destruction or essential reworking of the rest of the lithosphere.
Phenomena leading to recycling of non-cratonic and cratonic litho-
sphere and related mantle-lithosphere interactions have been treat-
ed in a great number of geodynamic modeling and analytical studies
(e.g., Bird, 1979; Houseman and Molnar, 1997; Pysklywec et al., 2000;
Rowland and Davies, 1999; Sleep, 2003a,b,c; Tao and O'Connell, 1992;
Willet et al., 1993). The mechanisms of craton survival have attracted
as much attention (e.g., Beuchert et al., 2010; Lenardic et al., 2003;
Sleep, 2003b), yet there is still no consensus on which factors play
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major role here: crustal or mantle compositional buoyancy, rheological
strength of the lithospheric mantle or that of the lithospheric crust. The
Canadian and Australian cratons represent emblematic examples of sta-
ble cratons, probably due to the lack of major asthenospheric perturba-
tions. Cratonic lithosphere can nevertheless be fragmented by plume
events and major thermal events, such as few cases of Proterozoic and
Phanerozoic thermal rejuvenation (e.g., Gamburtsev Mountain Range,
Ferraccioli et al.,, 2011), or marginally destroyed on its edges due to
lateral heat exchanges and density gradients (e.g., North China craton:
Bleeker, 2003; Griffin et al,, 2003; Xu, 2001). Cratons also attract grow-
ing attention of the geodynamic community for understanding the
dynamics of the Early Earth and terrestrial planets and because they
represent key proxies for the much debated, long-term rheological
and thermal properties of the lithosphere (i.e., end-member rheological
concepts such as the “Créme Briilée” and “Jelly Sandwich” models;
Burov and Watts, 2006; Jackson, 2002; see below).

Although the mechanisms of cratonic survival are still debated, it
is generally agreed that their stability must relate to their differences
from “ordinary” platform lithosphere. We herein follow the broad
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Fig. 1. A: Archean regions of the world. a Worldwide distribution of cratonic terrains with a zoom onto two well-preserved Archean cratons, the Canadian Shield b and the Australian
Shield c. Legend: CS, Canadian shield; AUS, Western Australia; BS, Baltic shield and East European Platform; NC, North China shield; SAM, South American craton; SIB, Siberian Platform;
SAF, South African craton; and WAF, West African craton. b Canadian shield and location of the lithospheric cross-section “Northeastern lithospheric profile”, AA’ based on the data of the
LITHOPROBE project (modified from Hammer et al., 2010). ¢ Australian shield and location of the lithospheric cross-section “Central Lithospheric Profile”, BB’ (after Clitheroe et al., 2000;
Ford et al., 2010; Stephenson and Lambeck, 1985). Note the highly heterogeneous inherited crustal structure in both cases. Shown also are surface topography of the Australian craton and
the associated Bouguer gravity anomaly (after Lambeck, 1986) witnessing periodic anomalies associated with whole-scale lithospheric folding. The bottom inserts present surface shear
wave tomography (CUB) anomalies extracted from the model of N. Shapiro (http://ciei.colorado.edu/~nshapiro/MODEL/, Shapiro et al., 2002). B: Alternative thermal models for cratons,
matched to the mantle xenolith data. As can be seen, large scatter in data derived from different sources does not allow inferring discriminating constraints on mantle lithosphere
geotherms from xenolith data only, even though some local data (e.g., Kopylova et al., 1999) show a good internal consistency. The largely missing parameter is the thermal thickness
of the lithosphere, i.e. the depth to 1330 °C. C: Left: typical model for testing stability of “normal” lithosphere with undepleted negatively buoyant mantle, with rigid-top upper boundary
condition that neglects surface evolution. Right: In case of negatively buoyant mantle, RT instabilities develop in mantle roots (LAB) leading to gravitational collapse and deblobbing of the
mantle lithosphere (after Burov and Watts, 2006). This approach is generally based on the analytical models of RT instability and allows for discrimination between different
thermo-rheological assumptions for heavy undepleted lithospheres. However, in case of positively buoyant depleted mantle RT instabilities will not develop, at least in analytical models
or in numerical models without strong perturbations leading to convective instabilities. Also LAB is hard to detect to match the observations with nature. Hence this method is not efficient
for cratons.
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Fig. 1 (continued).

understanding that stable cratons refer to vast continental areas with
rocks >2.5 Ga having remained mostly undeformed since then, with
generally smooth internal topography, low heat flux and thick litho-
sphere. More specifically, the following features also discriminate
cratons (we cite here not only data sources but also modeling studies
concerned with particular characteristics of cratons): (a) great seismic
thickness (Hs, ~200-350 km) defined as a region of distinctly faster
than average seismic velocities (by 1.5-2%) in global S velocity tomo-
graphic models (Cooper and Conrad, 2009; Gung et al., 2003; Sleep,
2003b), or depth of lithosphere-asthenosphere boundary (LAB);
(b) positive buoyancy of the cratonic mantle associated with chemical
depletion (Doin et al, 1997; Jordan, 1981; Poudjom Djomani et al.,
2001; Shapiro et al,, 1999); (c) low surface heat flux (30-50 mW/m?)
(Lévy and Jaupart, 2011; Lévy et al, 2010; Mareschal and Jaupart,
2004), which is generally interpreted as a consequence of their impor-
tant thermal thickness, H, but also of low internal heat production;
and (d) high integrated mechanical strength, revealed by flexural isos-
tasy studies (Audet and Biirgmann, 2011; McKenzie and Fairhead,
1997; Watts, 2001) and generally explained by cold mantle geotherm
and depletion of water (dry rheology).

Several reasons nevertheless call for a thorough reinvestigation of
the stability of cratons:

(1) Although positive buoyancy and high mechanical strength
(Cooper and Conrad, 2009; Sleep, 2003b) have so far been
regarded as the prevalent conditions for cratonic and more gen-
erally lithospheric stability, the respective contributions of crust
and mantle to the integrated strength, and hence stability, of cra-
tons is unknown.

(2) The common approach to lithosphere stability is to test different
thermal and simplified rheological assumptions in terms of their
impact on the growth rates of gravitational thermo-mechanical
instabilities at the lithosphere-asthenosphere boundary (LAB)
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(Fig. 1C). However, the LAB itself is not the best reference be-
cause its depth, nature, and geometry are strongly debated
(e.g., Artemieva, 2009; Eaton et al., 2009; Fischer et al., 2010;
Karato, 2012).

One key characteristic of cratons has so far been neglected:
the central zones of cratons generally have a smooth topography,
which remained largely unchanged (Belton et al., 2004 and refer-
ences therein; Pillans, 2007; Stewart et al., 1986), sometimes
over very long periods of time (>200 Myr), and show little cor-
relation with known subsurface loads. This is, for example,
attested in the Canadian and Australian craton by the very little
amount of sedimentation or erosion of intra-cratonic origin.
Overall, sedimentation/erosion of intra-cratonic origin appears
to be very low (<2.5 um/yr in average since ca. 1.7 Ga; Flowers
et al.,, 2006) and in many areas Precambrian rocks croup out at
the surface. Within the Australian craton, denudation rates are
also negligibly low, in the range 0-2 m/Myr since the Mesozoic
(Belton et al., 2004; Bierman and Caffee, 2002; Gale, 1992). It
must nevertheless be acknowledged that, in a number of cases,
the topographic stability of cratons has been perturbed by exter-
nal tectonic and mantle dynamic events. Examples include the
recent Arctic cordilleran folding and faulting (1.5 km high
Torngat Mountains of the Nain Craton; Hammer et al., 2010),
the break-up of Gondwana some 150 Ma (Western Ghats still
culminating at 2650 m above sea level in the Dharwar craton;
Gunnell and Fleitout, 2000) or the large-scale plume-related
dynamic topography of the 1.5 km high Kaapvaal craton (South
Africa, Gurnis et al., 2000). However, in the absence of major
thermal events or external forcing, as for the central regions of
the Canadian and Australian cratons, the topography of the cra-
tonic lithosphere seems to be very stable over >200 Myr, and,
importantly, insensitive to the presence of buried crustal loads
inherited from previous tectonic history.



T. Frangois et al. / Tectonophysics 602 (2013) 106-123 109

We thus herein explore the idea that the sensitivity of the surface
topography to the internal loads should help further characterize
their rheological strength and stability. We also take a straightfor-
ward yet unprecedented approach using the geometries of the only
well-constrained interfaces, surface topography and Moho. Tracking
the evolution of topography is indeed now permitted by a new genera-
tion of thermo-mechanical models that implement free-surface bound-
ary conditions, allowing us to analyze variations of surface (>10 m)
and Moho topography, in addition to that of the LAB. The second novel-
ty for lithosphere stability analysis lies in the implementation of a
petrologically-consistent density structure (computed from the ther-
modynamic code Perple_X) and explicit viscous (ductile)-elastic-
plastic (brittle) rheology laws in large-strain numerical formulation,
instead of more common viscous or viscous—pseudoplastic rheologies
(Lenardic et al., 2003) or visco-elastic rheologies (Beuchert et al,
2010). The first set of experiments shown here explores the conditions
of the stagnant lid approximation (i.e., flat layered homogeneous litho-
sphere structure in the absence of far-field forces). The second and third
sets explore the implications of a laterally heterogeneous crustal struc-
ture without or with tectonic compression, respectively, with reference
to the Canadian and Australian cratons, which are likely to have pre-
served the rheological profile of stable cratonic lithosphere. Our aim is
to reproduce the overall characteristics of these cratons rather than
every single detail. The robustness and significance of our results are
then discussed, with emphasis on their rheological implications.

2. Methodology
2.1. Possible rheological assumptions

The rheology and strength of the Earth's lithosphere have been a
topic of debate ever since the beginning of the 20th century, when
Joseph Barrell introduced the concept of a strong lithosphere overlying
a fluid asthenosphere (e.g. Watts, 2001; Watts and Burov, 2003 and ref-
erences therein). The question of how the strength of the plates varies
spatially and temporally is fundamental to geology and plate tectonics
(e.g., Burov, 2010; Burov and Watts, 2006; Jackson, 2002).

The main proxy to the integrated long-term strength of the litho-
sphere is its equivalent elastic thickness, T, derived from studies of
flexural isostasy. This integrated strength of continental plates varies
within large limits (Audet and Biirgmann, 2011; Watts, 2001 and ref-
erences therein), highlighting cratons as the strongest lithospheric
blocs in the world. T, is generally highest in coldest plates (character-
ized by lowest surface heat flow), reflecting the fact that thermal struc-
ture of the lithosphere primarily controls its rheological strength profile
(Burov, 2011 and references therein; Fig. 2A).

The rheological interpretation of flexural observations is not
straightforward, however, since it requires additional constraints on
rheological parameters of at least one of the major structural units
(i.e., crust or mantle; Burov, 2011). For any given rock mineralogical
composition and microstructure, the most important controlling pa-
rameters are temperature, fluid content, pressure, strain, strain rate,
strain history, grain size, fugacities of volatiles, and chemical activities
of mineral components (Biirgmann and Dresen, 2008; Evans and
Kohlstedt, 1995; Katayama et al., 2005; Keefner et al,, 2011). Most
of these parameters are poorly constrained in nature, unfortunately,
explaining the difficulties of extrapolation of experimental rock me-
chanics data to geological conditions (Burov, 2011; Karato, 2010).
These limitations have fuelled strong debates on the long-term strength
of the lithosphere, including controversial evaluations of their thermal
structure and equivalent elastic thickness T, (Burov, 2011; Watts and
Burov, 2003).

Although it is agreed that measurable elastic thickness T, cannot
be higher than 110-150 km (e.g., Audet and Biirgmann, 2011; Watts,
2001), there is neither agreement on the lower bounds of T, nor on
the thermal thickness of the cratonic lithosphere (Hy; i.e., the depth at

which T=1330 °C) that controls its integrated strength (Artemieva,
2006; Artemieva and Mooney, 2001). Depending on assumptions on
flexural models (specifically, for the two major antagonist approaches,
based on Free Air gravity admittance and on Bouguer coherence), esti-
mates for cratonic T, cluster either around values as low as 30-40 km
(McKenzie ad Fairhead, 1997) or as high as 80-150 km implying, respec-
tively, H; values ranging from 100-150 km to 250-300 km (Watts and
Burov, 2003).

At the outcome, two opposite, end-member rheological concepts
have emerged, namely the “Jelly Sandwich” and “Créme Briilée” models
(JS, CB; Fig. 2A) (Burov and Watts, 2006). In the JS model, the mantle
lithosphere is strong and supports surface and buried tectonic loads, as-
suring mechanical and gravitational stability of the lithosphere, while
the lower crust can be either strong or weak depending on its composi-
tion. The JS model is based on the assumption of a cold, thick thermal
lithosphere and dry olivine mantle rheology (cold thermal conditions
and absence of fluids both favor high rock strength). In the CB model,
the lithospheric mantle is weak and strength is concentrated in the
highly buoyant continental crust, which is supposed to keep afloat the
entire lithosphere. This model assumes the hottest possible thermal
structure and wet olivine mantle rheology (see also Fig. 1B).

2.2. Craton stability and stagnant lid approximation

The “normal” chemically undepleted mantle lithosphere is nega-
tively buoyant, so that any perturbation of major density interfaces
such as the LAB will result in Rayleigh-Tailor (RT) instabilities leading
to lithospheric destruction by “de-blobbing” of the lithospheric mantle
“keels” whose base may be identified with the LAB (Burov and Watts,
2006; Houseman and Molnar, 1997). Even in the case of a very strong
(ie., T,>90-110 km; Burov and Watts, 2006) negatively buoyant man-
tle lithosphere, the development of RT instability takes a few hundred of
millions of years at the most. This process cannot be slowed down to
time scales larger than 300-400 Ma (Fig. 1C; Burov and Watts, 2006),
and certainly not to time scales compatible with the lifespan of cratons,
without reversing the density contrast between the lithosphere and as-
thenosphere. Positive buoyancy of cratonic mantle (Forte and Perry,
2000; Kopylova and Russell, 2000) is thus a key factor for the longevity
of cratons.

Yet, even buoyant lithosphere may only be unconditionally stable
under the “stagnant lid” condition (Solomatov, 1995; Solomatov and
Moresi, 1997; 2000), i.e. when it has an infinite, horizontally homoge-
neous flat-layered structure not subjected to far-field tectonic forces,
while the upper mantle convection parameters (such as the Rayleigh
number) are tuned to prevent convective erosion of the LAB (see below).
In nature, cratons are laterally heterogeneous, bordered by thinner
“normal” lithosphere of contrasting density and may be subjected to
far-field forces. If cratons were not strong enough, external forces, ther-
mal and pressure gradients resulting from lateral variations in crustal
thickness and density would result in significant perturbations of densi-
ty and rheological interfaces (such as surface, LAB and Moho). Gravita-
tional spreading, RT and marginal instabilities will develop at internal
density interfaces, while the LAB may also be eroded by convective
instabilities in the upper mantle (Guillou-Frottier and Jaupart, 1995;
Korenaga and Jordan, 2002; Lenardic et al, 2003). The threshold of
such perturbations therefore needs to be assessed.

2.3. Testing for two well-constrained natural case-examples: the Canadian
and Australian cratons

As follows from the previous discussion, the Canadian and Australian
shields (Fig. 1A) are “ideal” examples for testing lithospheric stability
and its ability to preserve buried loads, specifically because in these
well-preserved Archean cratons there is a host of available structural,
thermal and other geophysical data allowing for the development of sta-
tistically representative structural and thermo-mechanical models. The
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Fig. 2. A: Thermo-rheological profiles tested in the numerical experiments: two end-member assumptions (strongest and weakest rheology) and one intermediate case. Respec-
tively: “Jelly Sandwich”, JS, with dry olivine mantle part and 250 km thick thermal lithosphere (H;) (Jaupart et al., 1998) (Moho temperature 400 °C); “Créme Briilée” profile,
CB, with weak wet olivine mantle part and 150 km thick thermal lithosphere (H;) (Jackson, 2002) (Moho temperature 500 °C); Intermediate profile, IM, with Moho temperature
400 °C and wet olivine mantle. B: Design of the numerical model for stability analysis of lithosphere with a positively buoyant depleted mantle. The temperature at the base of the
model (600 km depth), at the base of the lithosphere and at the surface is 1700 °C, 1330 °C and 0 °C, respectively. The arrows represent an example of trajectories of passive
markers (after 100 Myr of JS model evolution) to show the convective instabilities developing in sub-lithosphere mantle.

LITHOPROBE project and related studies (Audet and Mareschal, 2004;
Burov et al., 1998; Hammer et al,, 2010; Lévy and Jaupart, 2011; Lévy
et al.,, 2010; Mareschal and Jaupart, 2004; Kaminski and Jaupart, 2000)
have revealed strong lateral heterogeneities in the crustal structure of
the Canadian craton. Some of these heterogeneities act as important
sub-surface loads, and correspond to large-scale intrusions, ancient crust-
al mountain roots or lower crustal regions brought to the surface along
ancient thrust faults. Others represent lateral trends in crustal density,
thermal properties, composition and radiogenic heat production.

As mentioned above, geological constraints reveal steadily flat, al-
most unaltered topography for the large parts of the Canadian craton,
with as little as a few hundred meters of exhumation or burial since
the past billion years (Burgess, 2008). For example, despite a depres-
sion of 8 km in the Moho, there is almost no topographic imprint of
the huge granulitic intrusion in the upper crust of the Kapuskasing
area, a fossil low angle thrust bringing deep crustal material up to the
surface (Burov et al.,, 1998). Such “frozen”, up to 10 km vertical offsets
of Moho boundary at the limits of ancient crustal blocks, with little or
no topographic expression, suggest high strength of the Canadian and
Australian cratons (Fig. 1B). Noteworthily, only small topographic un-
dulations (<500 m) are observed in the Australian craton, despite the
fact that, by contrast to the Canadian craton, it did experience Tertiary
compression (Lithgow-Bertelloni and Richards, 1998).

The Canadian and Australian cratons are also known for extensive
flexural studies, which provided estimates of the equivalent elastic
thickness supporting either the ]S rheology model (T.; 70-150 km;
Audet and Biirgmann, 2011; Audet and Mareschal, 2004; Forsyth, 1985;
Lambeck, 1986; McNutt et al., 1988; Watts, 2001; Kirby and Swain,
2009) or the CB rheology (Te; 10-50 km; McKenzie and Fairhead, 1997).

Finally, even though the data on the Canadian and Australian craton
are largely used in this study to build representative “generic” models of
the Cratonic lithosphere, it is important to keep in mind that we do not
intend to reproduce every particular feature of the Canadian or Australian
cratonic shields.

Table 1
Model parameters for the three thermo-rheological concepts (JS, IM and CB).
JS model IM model CB model
T (°C) Moho 400 °C 400 °C 500 °C
Thickness of lithosphere 250 150 150
(km)
Crust rheology Upper Dry quartz Dry quartz Wet quartzite
Lower Dry diabase Dry diabase Dry diabase
Lithospheric mantle Dry olivine Wet olivine Wet olivine
rheology
Te (km) 90 45 30
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3. Numerical modeling
3.1. Numerical approach and model setup

We use the numerical thermo-mechanical modeling approach to as-
sess the mechanical response of the lithosphere in various thermo-
rheological contexts. The thermo-mechanically and thermo-dynamically
coupled code used here is Flamar v12 (Burov and Yamato, 2008), based
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on the FLAC-Para(o)voz algorithm; Cundall, 1989; Poliakov et al., 1993).
This algorithm is described in detail in the Appendix A and in previ-
ous studies (e.g., Burov and Yamato, 2008; Yamato et al., 2008). Here
we limit the description to some essential features of the numerical
technique.

The code handles (1) free surface boundary condition which
is of paramount importance for modeling of topography evo-
lution, (2) large strains, and (3) visco (ductile)-elastic-plastic
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(brittle) rheologies characteristic for different lithospheric and
mantle units (see Appendix A). The implemented constitutive laws in-
clude linear elasticity, Mohr-Coulomb failure criterion for brittle defor-
mation (faults and thrusting) and pressure-temperature strain-rate
dependent ductile flow for viscous deformation. As another key feature,
the algorithm takes into account thermo-dynamic phase transitions
(Perple_X 2006; Connolly, 2005) and internal heat sources. The code
has no intrinsic limitations in treating physical instabilities (see Cundall,
1989) and incorporates particle-in-cell remeshing and tracking of particle
trajectories. For the numerical experiments, we use same model setup as
shown in Fig. 2B. The multilayered visco-elasto-plastic continental litho-
sphere is composed of a 40 km-thick free upper-boundary crust, of
which the top 20 km upper crustal layer has a dry granite rheology un-
derlain by a 20 km-thick dry diabase lower crust. The total thickness of
the lithosphere is 150 km for the CB rheology model, as implied by this
thermo-rheological concept (geotherm B, Fig. 1B) and 250 km for the
JS rheology model, in accordance with the JS concept (geotherm A,
Fig. 1B). The densities are updated dynamically as a function of pressure
and temperature (PT) using the thermodynamic free-energy minimiza-
tion approach (Connolly, 2005). The adopted temperature at the base of
the upper mantle is 1700 °C, which corresponds to the assumption of
whole mantle convection (Burov and Cloetingh, 2009). The initial

thermal gradient in the lithosphere is computed as a function of its
age using the half-space cooling model (Burov and Diament, 1995) de-
rived from Parsons and Sclater (1977), which accounts for radiogenic
heat sources. The initial temperature at the base of the lithosphere is
1330 °C and the initial linear thermal gradient in the underlying mantle
is such that the temperature at 650 km depth is 1700 °C (Schubert et al.,
2001). Zero thermal out-flux is used as lateral boundary condition. The
mechanical boundary conditions are the following: free upper surface,
reflecting boundary conditions or horizontal velocities at the lateral
borders, hydrostatically compensated bottom.

In all experiments, the initial “model box” is 3000 km long and
600 km deep with a spatial resolution of 10x 10 km. We use the fol-
lowing mechanical boundary conditions: (1) the upper surface is free
(free stress and free slip condition in all directions); (2-3) constant
horizontal velocity, vy, at the lateral sides (vx=0 in most experi-
ments); and (4) pliable hydrostatic Winkler basement (Burov et al.,
1998). In agreement with the geological record, erosion is considered
to be negligible (k.=0 m?/yr). Thermal initial and boundary condi-
tions vary for the different thermo-rheological scenario considered
in this study (Fig 2A, see Appendix A). By contrast to classical studies
(Lenardic et al., 2003; Schubert et al., 2001), the Rayleigh number
(Ra) of the convective mantle cannot be exactly defined here because
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of the non-linear character of the viscosity law and continuous phase
changes. Ra varies from approximately 107 to 0.5x10° in different
experiments and through time, so that the upper mantle is highly
convective in all our experiments. According to the thermodynamic
calculations (Perple_X), the maximum density contrast between a
completely depleted Archean mantle and the asthenosphere is on the
order of 20-30 kg m 3, a value corroborated by independent data on
the density of mantle xenoliths (Poudjom Djomani et al., 2001). Since
buoyancy favors craton stability, adoption of the maximum value of

the density contrast warrants that the thermo-rheological parameters
derived from our experiments correspond to the upper-bound stability
range.

3.2. Numerical experiments
We test the implications of the end-member rheological models

(Fig. 2A): “Jelly-Sandwich” rheology (JS; strong dry olivine mantle,
strong crust, cold geotherm with Moho temperature of 400 °C, thermal
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lithosphere thickness of 250 km) and the “Créme Briilée” rheology (CB;
strong dry diabase lower crust, weak wet olivine mantle, Moho temper-
ature of 500 °C, thermal lithosphere thickness of 150 km). We also test-
ed several intermediate rheologies, one of which is represented here by
the IM rheology (same rheology parameters and structure as for CB
model but cold geotherm as for the JS model) (see Table 1). The ]S
and IM cases assume the same “cold” initial geotherm based on the lat-
est reconstruction of the thermal structure of the Canadian craton
(Cooper and Conrad, 2009). The CB model relies on alternative thermal
models based on the assumption of thin “hot” lithosphere (Jackson,
2002; Mackwell et al., 1998; McKenzie and Fairhead, 1997). The rheo-
logical impact of the thermal assumptions is crucial and one of the
major model sensitivities: the fact that Moho temperature varies from
400 °C to 500 °C between the JS and CB models is all-alone sufficient
to produce orders of magnitude differences in the effective viscosity at
Moho depths. It is also worth mentioning that for each experiment we
also estimated the effective elastic thickness values (T,) following the
direct integration method developed in Burov and Diament (1995).
This allowed to verify that the T, of the tested JS model was on the
order of 100-110 km matching the upper-bound range observed in cra-
tons. Similarly, T, of the CB models was on the order of 40-50 km
matching the lower bound, admittance-based estimates in cratons.
The first set of experiments shown here (Fig. 3) tests the conditions
of the stagnant lid approximation (see Section 2.2 above), that is the
stability of a flat layered homogeneous lithosphere structure in the
absence of far-field forces. The second set (Figs. 4 and 5) explores the

implications of a laterally heterogeneous crustal structure (Fig. 2A),
with reference to the Canadian craton. The third set of experiments
(Fig. 6) refers to the Australian craton, which, in contrast to the Canadian
one, currently undergoes tectonic compression.

Geometrical constraints on crustal thickness and structure for
tests 2 and 3 come from the LITHOPROBE project and relevant studies
for the Canadian craton (Audet and Mareschal, 2004; Burov et al., 1998;
Hammer et al., 2010; Lévy and Jaupart, 2011; Lévy et al,, 2010; Mareschal
and Jaupart, 2004) and for the Australian craton (Clitheroe et al., 2000;
Ford et al,, 2010; Stephenson and Lambeck, 1985). In our models we
use a statistically representative distribution of crustal heterogeneities
with horizontal dimensions in the range of 500-700 km (Fig. 2B;
i.e., granulitic bodies that mimic the crustal structure of the Canadian
craton: Fig. 1B). The initial Moho geometry is characterized by 10 km
vertical steps below the heterogeneities, in line with present-day
geophysical observations (Clitheroe et al., 2000; Cook et al., 2010; Hall
et al,, 2002; Hammer et al., 2010). For the reasons discussed in the pre-
vious sections we ran experiments for as long as 750 Myr. This time
span is also compatible with that used in most craton stability tests
(Beuchert et al.,, 2010). Even though the Earth system cools down over
billions of years, thereby changing the conditions of the mantle convec-
tive system, there is no need to run experiments for longer times than
400-700 Myr to test whether the particular configurations will be stable
(or not). As we argue below, this time lapse is largely sufficient to discrim-
inate between different thermorheological assumptions, and in fact in
most cases the asymptotic behavior of the system becomes clear after
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the first 200 Myr. We hence show here the results for 200 Myr snapshots,
while the results of longer control experiments are provided in Fig. 7.

3.3. Using present-day configuration as initial settings to study cratonic
stability

Sleep (2003b) and some other previous studies did consider en-
trainment of buoyant hot viscous lithosphere and underlying denser
mantle with constant properties for a time span of 2 Ga. It hence may
be argued that a successful study of cratonic stability should cover
their entire lifespan (i.e. 2-2.5 Gyr on average). However, except for
simple models, this task is fraught with major uncertainties. Indeed, in
their early age cratons were characterized by a hot thermal structure,
higher radiogenic heat production and most probably smaller thickness
conditioned by poorly constrained convective regimes in early mantle
(Michaut et al., 2009). Their rheological properties were also different
due to different fluid content and, very likely, composition of their man-
tle. Finally, during the past 2 Gyr, continents broke and collided a num-
ber of times, a process that would be difficult to account for in a single
geologically consistent model.

Consequently, our goal is not to reproduce the entire history of
Archean cratons but only to constrain the rheology and thermal struc-
ture that characterize their present-day state. Indeed, most of the data
on cratons come from present-day seismic data, gravity and other geo-
physical data observations of isostatic balance, and surface heat flow
(even if completed by xenolith data that refer to older events). We are
also primarily interested in finding constraints on the present day and
“recent” properties of cratons to use them as proxy for the rheology of
other, more recent continental plates. Observations of topographic evo-
lution in tectonically “quiet” regions are robust enough to conclude that

within some cratons there are areas that did not experience significant
modifications during the past 500 Myr, or at least that their topography
remained stable and did not re-adjust to regain isostatic balance with
their heterogeneous crustal structure. On the other hand, such time
span, is largely sufficient for thermal relaxation and establishment of a
stationary regime in the lithosphere (e.g., Burov and Diament, 1995). In
the absence of local thermal events and notwithstanding some decay in
radioactive heat production affecting the thermal regime of the crust,
the thermal structure of cratons cannot have significantly evolved since
the break-up of Gondwana. Consequently, present day conditions in sta-
ble cratonic areas must be similar to those prevailing 400-500 Myr ago.
Using present-day conditions as initial conditions for our stability models,
we therefore test the inferences of different thermo-rheological assump-
tions for the stability of surface, Moho and LAB topography, so that the
successful model should preserve its initial topography and crustal struc-
ture within 400-500 Myr. By taking this approach, we can verify if any of
the tested thermorheological models (CB, IM or JS) is compatible with the
preservation of the inferred crustal and topography structures in Canada
and Western Australia.

4. Results and discussion

The first “stagnant-lid” experiments (Fig. 3), in which buoyant
cratons are expected to be stable for any of the examined rheologies,
are used to test the internal consistency of the models. In this case the
crust is laterally homogeneous, without imposed far-field tectonic
forces and velocities. The computed T, values at 200 Myr are, respec-
tively, 100-110 km, 60 km, and 40-50 km for JS, IM and CB rheology.
They match those typically implied for the corresponding rheologies
thus justifying our parameter choices. These experiments show that
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Fig. 6. A: Test for semi-infinite cratons with heterogeneous crust and horizontal tectonic forces: Topographic stability tests and time evolution of topography over 200 Myr for semi-
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surface topography, Moho and LAB are shown for each model after 200 Myr. B: Time evolution of topography over 200 Myr for the three types of heterogeneous semi-infinite craton

models with horizontal tectonic forces shown in panel A.

under the “stagnant lid” conditions the continental lithosphere in-
deed remains stable (<500 m of surface topography undulations, sta-
ble flat Moho) over large time spans (750 Myr), for all tested thermo-
rheological assumptions (JS, IM or CB).

By contrast, the second set of experiments, which explores the impact
of laterally heterogeneous crust in the absence of far-field tectonic forc-
ing, shows large differences between the three thermo-rheological
models (Fig. 4). Surface topography is highly unstable both for the IM
and CB rheologies (Fig. 4A) with differences in topographic heights over
the borders of crustal heterogeneities on the order of 5000-8000 m
(at 200 Myr, Figs. 4B and 5), which are inconsistent with the stratigraphic
data on the Canadian and Australian cratons for the corresponding pe-
riods of their evolution (Burgess et al, 1997; Gale, 1992; Stephenson
and Lambeck, 1985). By contrast, for the JS rheology, the differences in to-
pographic heights do not exceed 200 m (Figs. 4, 5 and 7) and remain
within the observed range of topographic roughness. The Moho geometry
also shows marked differences between all three models after 200 Myr
(Fig. 4B). For the JS model, the initially prescribed 10 km Moho steps

are well preserved. For the IM model, the Moho geometry is partly
preserved, but locally diverges strongly from the initial geometry. For
the CB model, the initial steps in Moho geometry are flattened to only
1-2 km after 200 Myr. The LAB boundary shows a similar trend and is in-
creasingly unstable from the ]S to IM and CB rheology. The CB model rap-
idly exhibits 40-80 km LAB undulations that progressively lead to
small-scale convective movements and to removal of a large portion of
the mantle lithosphere. For the IM and CB models, the mantle lithosphere
is thinned in a number of places by a factor of 1.5-2 by 200 Myr. Given
that the growth rate of viscous instabilities is an exponential function of
time (e.g., Chandrasekhar, 1961; Houseman et al,, 1981), this indicates
that 200 Myr interval constitutes the maximum half-life time span of a
compositionally positively buoyant CB mantle (Figs. 2 and 4). It is
noteworthy that the half-life time of negatively buoyant CB mantle
is 5 to 10 times shorter (Burov and Watts, 2006; Houseman et al.,
1981), reconfirming the previous idea that compositional buoyancy
is a crucial - yet not sufficient - controlling factor in the preservation
of cratons (e.g., Burov and Watts, 2006). Since JS experiments did show
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practically no modifications in surface and inner structure after the first
200 Myr, we have extended the |S experiments to a 750 Myr duration
thus largely exceeding the maximal targeted time span of 500 Myr
(Fig. 7). As can be seen, even in this case the lithosphere structure and to-
pography remain stable and practically unchanged compared to its state
at 200 Myr.

The comparison between the models involving CB or JS rheology
with homogenous or heterogeneous crust shows that the strength
of the mantle lithosphere is a major stabilizing factor both for surface
topography and subsurface interfaces (i.e., Moho and LAB), while
strong crust alone is insufficient to keep topography stable over sig-
nificant time spans. The experiments without far-field tectonic forces
indicate that the buoyancy and strength of the strong mantle litho-
sphere are both necessary to allow the long-term preservation of cra-
tons. While the previous studies have already shown that lithospheric
strength matters for cratonic stability (Guillou-Frottier and Jaupart,
1995; Lenardic et al., 2003; Sleep, 2003b), these experiments show
that it is sub-crustal mantle lithosphere and not thick cratonic crust
that plays a major role in cratonic stability.

The third set of experiments allows testing the effect of horizontal tec-
tonic forces applied to a cratonic lithosphere. We investigate the impact
of a small shortening rate (strain rate=10"1% s~1, as for the Australian
craton (Celerier et al,, 2005)). Although the Australian craton is under
compression only since the Tertiary (Lithgow-Bertelloni and Richards,
1998), the numerical experiments allow exploring a longer compression
time of 200 Myr (Fig. 6). For the three tested thermo-rheological models,
the topographic heights over the first 50 Myr remain within the range of
that observed for the Australian craton. Yet, the CB rheology induces un-
realistic surface undulations with kilometric topographic heights al-
ready at 60 Myr, reaching improbable 12 km heights after 200 Myr.
By comparison, the JS and IM rheologies result in more realistic topo-
graphic heights of about 4 km after 200 Myr.

Importantly, maximum wavelengths for the 50 and 200 Myr old
topography are also more realistic for the JS model (400-700 km that
fall in the observed range for the Australian craton) than for the CB
model (as small as 100-200 km, i.e. 3-4 times less than observed). The
importance of vertical strength partitioning in the lithosphere is another
important conclusion that can be derived from these experiments. In
fact, high crustal strength alone does not “save” the craton, even for
non-negligible integrated lithospheric strength (T,=50-60 km, IM).
Strong mantle lithosphere (i.e., T.=100-110 km, JS) is needed to support
crustal irregularities and keep surface topography, Moho and LAB stable.

5. Conclusions

We herein suggest that testing the stability and evolution of sur-
face topography in thermo-mechanical models of geodynamic pro-
cesses provides a key tool for constraining mechanical and thermal
properties of the lithosphere. We also stress the need to consider bur-
ied or “hidden” loads and tectonic forces whenever constraining
long-term rheological properties of the Archean lithosphere (and of
the lithosphere in general). Our results demonstrate a strong sensitivity
of the predicted surface and Moho topographies to thermo-rheological
assumptions, thereby allowing for new, stronger constraints on the rhe-
ological and thermal structure of cratons and of the continental litho-
sphere in general.

One of the important results of this study concerns the rheology of
the mantle lithosphere and infers that the “Jelly-Sandwich” thermo-
rheological model with strong dry olivine mantle, a 250-300 km
thick lithosphere and a temperature of 400 °C at Moho depth so far
better accounts for geological and geophysical observations in cratons
than the “Créme-Bri{ilée” rheology. Our experiments demonstrate the
importance of vertical strength partitioning in the lithosphere by
showing that high crustal strength alone is not sufficient for preservation
of crustal heterogeneities and long-term stability, even for non-negligible
integrated lithospheric strength (T, =50-60 km, IM). Strong mantle

lithosphere (i.e., T.=100-110 km, ]JS) with at least 60-70 km thick
strong mechanical layer in the mantle is needed to support crustal
irregularities while keeping surface topography, Moho and LAB
stable.

The parameter set for dry olivine here (fitting the power flow law
with A=1x10% MPa—"s~ !, n=3, Q=520 k]/mol) is, of course, not
unique. Based on our experiments and following the approach of
Burov and Diament (1995), we can suggest that any other rheological
parameter set for the flow law in the lithosphere mantle can be also valid
if it is compatible with the prediction of a 60-80 km-thick strong me-
chanical mantle layer with a steady geotherm passing through 400 °C
at 40 km depth and 1330 °C at 250 km depth. The minimal strength of
this mechanical layer should be roughly ~5-10 MPa at 800 °C.

We believe that our findings go beyond application to cratons,
suggesting, for example, that strong dry olivine mantle lithosphere
is universally needed for lithosphere stability and for most
lithospheric-scale tectonic processes. In the case of a chemically
undepleted mantle (“normal” lithosphere), strong mantle lithosphere,
rather than crust, appears to be the main stabilization factor that can en-
sure the integrity of lithospheric plates within typical time scales of tec-
tonic processes.
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Appendix A. Numerical method, model setup and experiments:
extensive description

A.1. Thermal structure of the lithosphere

The thermal structure is one of the key parameters defining the
mechanical strength and buoyancy of the lithosphere. We test three
cratonic structures, the “Jelly Sandwich” (JS), the “Intermediate
Model” (IM) and the “Créme Br{ilée” (CB). The JS geotherm corre-
sponds to commonly inferred cratonic geotherm derived on the basis
of surface heat flow measurements, radiogenic heat production data
and crustal conductivity data (Lévy et al, 2010; Mareschal and
Jaupart, 2004). In this model, the thermal base of the lithosphere
(1330 °C) is placed at 250 km depth and surface heat flux is
40 mW m ™2, For CB thermo-rheological model, we use the geotherm
adopted for the CB concept (Mackwell et al., 1998; McKenzie and
Fairhead;, 1997). This geotherm is based on upper-bound mantle tem-
peratures derived from mantle xenoliths data (MacKenzie and Canil,
1999) and is equivalent to that used for constructing CB yield-stress
envelope for Venus (Mackwell et al, 1998), and for the Earth
(Jackson, 2002). According to this model, the thermal base of the litho-
sphere for CB model is placed at 150 km depth. The surface heat flux is
still 40 mW m~2 implying fairly higher mantle and near-Moho tem-
perature gradients than in the JS model. Finally the IM model corre-
sponds to the CB rheology with a JS geotherm. We assume zero
outflow as a lateral thermal condition on both sides of the box. The ini-
tial background geotherm for the mantle-lithosphere system is
obtained by joining the lithospheric and deep mantle adiabatic
geotherms (approx. 0.3 °C/km (Sleep, 2003b)). Fixed temperatures
are used as upper (0 °C) and lower boundary condition (1700 °C
at 650 km depth). The initial age-dependent geotherms in the litho-
sphere are computed according to, Burov and Diament (1992); Burov
and Diament (1995) and Parsons and Sclater (1977). For the |S cratonic
geotherm, the thermotectonic age yielding the heat flux of
40 mW m~2 and 1330 °C at 250 km depth is 500-2000 Ma, which
also fits with its geological age. For the “hot” geotherm, the thermal



T. Frangois et al. / Tectonophysics 602 (2013) 106-123 119

surface topography

depth [km]
g

depth [km]
&
= |
1
I
I
-
|
|

Elevation (m)

1
0 500 1000 150

viscosity [log(Pa.s)]
BT T .
20 22 25 topography (m)
; 1000

_1500 -1000

0 500 1000

Kilometers

Fig. 7. Long time-scale test for semi-infinite cratons with a heterogeneous crust: internal and surface topography evolution over 750 Myr for semi-infinite cratons with heterogeneous

crust, for the JS rheological assumption.

age satisfying same boundary condition for surface heat flux and
1330 °C condition at 150 km depth is on the order of 150 Myr. It is
impossible to reach stationary state within the time interval corre-
sponding to the geological age of cratons with boundary conditions
of the CB model, except if one admits constant heat flux boundary
condition at the bottom of the lithosphere (this corresponds to the
assumption of small-scale convection in the asthenospheric layer
below the lithosphere). However, validation of the thermal model
used under the hypothesis of CB rheology is clearly out of the scope of
this study.

The initial thermal model for the cold-thick lithosphere model is
validated by computing key stagnant parameters that roughly define
the thickness of a non-convective layer (lithosphere) overlying con-
vective mantle (Nyblade and Sleep, 2003; Sleep, 2003c; Solomatov,
1995; Solomatov and Moresi, 2000). These parameters are only
used to check whether the thermal and rheological parameters used
for the lithosphere are roughly compatible with its long-term stability
in the absence of external perturbations, i.e. to verify that the litho-
sphere would form a stable “stagnant lid” on the surface of the con-
vective mantle; the numerical experiments thus start from roughly
stable situation. This preliminary analysis is based on the assumption
that stagnant lithospheric lid is dominated by heat conduction, in dif-
ference from the underlying convective mantle dominated by heat
advection. The thickness of this stagnant layer, Zeo,, should be
equal to the thickness of mechanically strong lithosphere, i.e. to the
thickness of its uppermost portion that is strong enough to prohibit
convective flow above its lower boundary thus remaining purely con-
ductive. Hence, Zn,e, Should be close to the thickness 6 of the conduc-
tive lithosphere. The latter equals the sum of thicknesses of the

constituent conductive layers, i.e., of the crust (h.~40 km) and of
the lithosphere mantle (h,,=h;— h.):

d= hc + hm > km(Tmemoho)/qm + kc(Tmoho_TO)/qc

= k(Tm_Tmoho)/qm+hc7 (A~1)
where g, is the basal heat flux, q. is the mean crustal heat flux, T, is
the temperature at the bottom of the stagnant lid, Tyon, is the tem-
perature at Moho depth z=h.. q. and T,ono are computed from the
tested thermal model of the lithosphere, g, Tr, k, and h. are also
known. Consequently, 6 can estimated from Eq. (A.1). For JS cratons
(qm=15-20 mW m~—2), 6=200-250 km (Jaupart et al., 2007). For CB
lithosphere g, =30 mWt m~2, 5=120-150 km (Jaupart et al., 2007).
& only approximately defines the thickness of the stagnant lithosphere
Z:heo because the latter also depends on thermally dependent mechani-
cal properties. For these reasons, the next step consists in estimation of
the thickness of the rheology boundary layer between the potentially
strong upper lid and the underlying weak asthenosphere, and to ensure
that the viscosity drop across this layer is compatible with the mechani-
cal stability of the lid. In the stagnant mantle lithosphere, the effective
viscosity decreases exponentially as the temperature increases with
depth until this process is slowed down by rising pressure and change
in the flow law, from dislocation to diffusion creep. The impact of tem-
perature on the viscosity becomes nearly constant in the underlying
convecting mantle as the temperature gradient becomes adiabatically
small. The depth Z;,e, <5 to the zone of transition from a fast viscosity
drop (pre-dominant thermal conduction, lithosphere) to nearly constant
viscosity (predominant thermal advection, upper mantle) defines the
“true” rheological and stagnant thickness of the lithosphere. This zone
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Table A1
Thermo-mechanical parameters and boundary conditions used in numerical experi-
ments (Turcotte and Schubert, 2002).

Thermal Surface temperature 0°C
Temperature at the bottom of the thermal 1330 °C
lithosphere
Thermal conductivity of crust 25 Wm~!°C
Thermal conductivity of mantle 3.5Wm~!°C

1075m?s™' °C
1x107°W kg™ !

Thermal diffusivity of mantle
Radiogenic heat production at surface

Radiogenic heat production decay depth 10 km
constant

Thermo-tectonic age of the lithosphere 1000 Ma
Surface heat flow 40 mW m~2
Mantle heat flow 15 mW m~2

Mechanical Density for all materials p=f(P,T) calculated

using Theriak (kg m~3)

Lamé elastic constant \, 30 GPa
G (here, \=G)

Byerlee's law — friction angle 30°
Byerlee's law — cohesion 20 MPa

is referred to as the rheological boundary layer of thickness &eo. This
layer separates strong lithosphere (“stagnant lid”) from weak underlying
mantle and its thickness characterizes the mechanical stability of the
“lid”. For mantle rheology (Table A.1), the estimated characteristic tem-
perature change for viscosity reduction in the rheology boundary layer
is T,,=50-65 K. This quantity yields a total temperature change, Tineo,
across the rheology boundary layer. In our model, Ty,eo, is on the order
of 120-150 K (Sleep, 2003a):

Tiheo => 2.4T, > (T, —Thono) /0> 1/A, (A2)

where 6 is common approximative Frank-Kamenetskii parameter
(Solomatov, 1995) defined as §~AAT where A (~1072 K™ 1) is
“activation parameter” for convective flow in the sub-lithosphere
mantle (Schubert et al., 2001, p. 618) and AT=T;, — Tmono. The
thickness of the rheological boundary layer, 6,1, can be estimated
as: drheo = Trheod/ Tm = 50 km (Nyblade and Sleep, 2003). Consequently,
the characteristic stress scale, Ty~ (5;hea2PmOTiheo) = 5-7 MPa. The value
of T, means that if the strength of the lithosphere at its mechanical
bottom (z=7Zneo) is smaller than Ty, it may become gravitationally
unstable. In this case, the lithosphere thickness will be progressively
reduced by a series of mantle drippings that will remove all material
which strength is below T,. For the geotherms and rheology used, we
first checked that the strength of the model cratons is higher than T,
down to the depth corresponding to their assumed thickness, which var-
ied from 150 km for CB rheology to 250 km JS rheology. The convective
regime in the upper mantle is commonly described by Rayleigh number,
Ra which is also uses as a variable parameters of convection models.
However, as we also mention in the main text, it is hard or misleading
to define a Rayleigh number for a system with strongly varying temper-
ature, strain rate and pressure dependent viscosity, compositionally
varying “thermodynamic” density and internal heat sources. This param-
eter can be estimated only very approximately by depth averaging the
properties of the system. This gives us roughly initial Ra of 107 for CB
models and 0.7 x 107 for JS models. This value changes during the evolu-
tion of the system by about factor of 2. Unlike in some previous studies
there is no point to vary the general Ra number of the experiments
since each time we are testing a concrete situation imposed by already
existing thermo-rheological concepts.

Appendix B. Numerical model

We use our thermo-mechanical code Flamar v12 to assess the re-
sponse of multilayered visco-elasto-plastic lithosphere. The code is
based on the FLAC (Cundall, 1989) and Parovoz algorithm (Poliakov
et al,, 1993) and is described in many previous studies (e.g., Burov and

Cloetingh, 2009; Burov and Guillou-Frottier, 2005; Burov and Poliakov,
2001; Burov et al., 2001, 2003). Here we limit the description of the
code to most essential features: the ability to handle (1) large strains
and multiple visco-elastic—plastic rheologies (EVP) including Mohr-
Coulomb failure (faulting) and non-linear pressure-temperature and
strain-rate dependent creep; (2) stain localization; (3) thermo-dynamic
phase transitions; (4) internal heat sources; and (5) free surface bound-
ary conditions and surface processes.

B.1. Basic equations

As its prototypes FLAC (Cundall, 1989) and Parovoz (Poliakov et al.,
1993), Flamar has a mixed finite-difference/finite element numerical
scheme, with a Cartesian coordinate frame and 2D plane strain formu-
lation. The Lagrangian mesh is composed of quadrilateral elements
subdivided into 2 couples of triangular sub-elements with tri-linear
shape functions. Flamar uses a large strain fully explicit time-marching
scheme. It locally solves full Newtonian equations of motion in a contin-
uum mechanics approximation:

(pu)—divo—pg =0 (B.1)

coupled with constitutive equations:

DO _ ko uu,va,..T...) (B.2)
Dt

and with equations of heat transfer, with heat advection term uVT in-
cluded in the Lagrangian derivative DT/Dt, are:

n
pC,DT/Dt-V (kVT)—> _ H; =0 (B.3)
i

p=f(P.T). (B4)

Here u, 0, g, and k are the respective terms for displacement, stress,
acceleration due to body forces and thermal conductivity. P is pressure
(negative for compression). The triangular brackets in Eq. (B.1) specify
conditional use of the related term (in quasi-static mode inertial terms
are damped using inertial mass scaling (Cundall, 1989). The terms ¢, p,
G, T, and H; designate respectively time, density, density at reference
conditions, specific heat, temperature, internal heat production per
unit volume, thermal expansion coefficient and isothermal compressibil-
ity. The symbol 3 means summation of various heats sources H;. The
expression p=f(P,T) refers to the formulation, in which phase changes
are taken into account and density is computed by a thermodynamic
module that evaluates the equilibrium density of constituent mineralog-
ical phases for given P and T as well as latent heat contribution H, to the

n n n
term ) " H; <Z Hi=H; +Hf + H + ) . Hj also accounts for radio-
i 7 ;

genic heat H, and frictional dissipation Hy. The terms Doy/Dt, F is the objec-
tive Jaumann stress time derivative and a functional, respectively. In the
Lagrangian method, incremental displacements are added to the grid co-
ordinates allowing the mesh to move and deform with the material. This
allows for the solution of large-strain problems while using locally the
small-strain formulation: on each time step the solution is obtained in
local coordinates, which are then updated in a large-strain mode.

Solution of Eq. (B.1) provides velocities at mesh points used for com-
putation of element strains and of heat advection uVT. These strains are
used in Eq. (B.2) to calculate element stresses and equivalent forces used
to compute velocities for the next time step. Due to the explicit approach,
there are no convergence issues, which is rather common for implicit
methods in case of non-linear rheologies. The algorithm automatically
checks and adopts the internal time step using 0.1-0.5 of Courant's crite-
rion of stability, which warrants stable solution.
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B.2. Phase changes

Direct solution for density (Eq. (B.4), p=f(P,T)) is obtained from
optimization of Gibbs free energy for a typical mineralogical composi-
tion (5 main mineralogical constituents) of the mantle and lithosphere.
With that goal, we coupled Flamar with the thermodynamic code
PERPLE_X (Connolly, 2005). PERPLE_X minimizes free Gibbs energy G
for a given chemical composition to calculate an equilibrium mineralog-
ical assemblage for given P-T conditions:

n
G=Y uN (B.5)
i=1

where 1 is the chemical potential and N; the moles number for each
component i constitutive of the assemblage. Given the mineralogical
composition, the computation of density is straightforward (Yamato
et al., 2007, 2008). The thermodynamic and solid state physics solutions
included in PERPLE_X also yield estimations for elastic and thermal prop-
erties of the materials, which are integrated in the thermo-mechanical
kernel Flamar via Egs. (B.1), (B.2), (B.3) and (B.4).

B.3. Explicit elastic-viscous—-plastic rheology

We use a serial Maxwell-type solid, in which the total strain increment
in each numeric element is defined by a sum of elastic, viscous and brittle
strain increments. In contrast to fluid dynamic approaches, where
non-viscous rheological terms are simulated using pseudo-plastic and
pseudo-elastic viscous terms (e.g., Bercovici et al., 2001; Solomatov and
Moresi, 2000), Flamar explicitly treats all rheological terms. The parame-
ters of elastic-ductile-plastic rheology laws for crust and mantle are
derived from rock mechanics data (Table B.1) (Kirby and Kronenberg,
1997; Kohlstedt et al., 1995).

B.4. Plastic (brittle) behavior

The brittle behavior of rocks is described by Byerlee's law (Byerlee,
1978; Ranalli, 1995) which corresponds to a Mohr-Coulomb material
with friction angle ¢ =30° and cohesion |Cy|<20 MPa:
T=Cy+0,tand (B.6)
where 0, is normal stress 0, = 1/30; + 0{sing, 1/30;= Pis the effective
pressure (negative for compression), 0§ is the second invariant of
deviatoric stress, or effective shear stress. The condition of the transition
to brittle deformation (function of rupture f) reads as: f= 0§ + Psing —
Cocos=0 and 0f/ot = 0. In terms of principal stresses, the equivalent of
the yield criterion (Eq. (B.6)) reads as:

0;—03 = —sin (0 + 03-2Cy/ tan ¢). (B.7)

Table B.1

Creep parameters used in this study: (1) Ranalli and Murphy (1987); (2) Mackwell et
al. (1998); (3) Carter and Tsenn (1987); (4) Wilks and Carter (1990); and (5) Chopra
and Paterson (1984).

Composition A n AG Ref.
[MPa—"s~1] [KJ-mol ]
Upper crust Dry quartzite 6.8x107° 3 156 1
Wet quartzite 1.1x1074 4 223 2
Lower crust Dry Maryland diabase 8+4 47+06 485+30 2
Dry diabase 6.3x1072 3.05 276 3
Mantle Dry olivine 1x10* 3 520 4
Wet olivine 417 4.48 498 5

B.5. Elastic behavior

The elastic behavior is described by the linear Hooke's law:

where N and G are Lame's constants. Repeating indexes mean sum-
mation and & is the Kronecker's operator.

B.6. Viscous (ductile) behavior

Within deep lithosphere and underlying mantle regions, creeping
flow is highly dependent on temperature and is non-linear non-
Newtonian since the effective viscosity also varies as function of dif-
ferential stress (Kirby and Kronenberg, 1997; Ranalli, 1995):

¢4 = Aoy —0y)" exp(—QR”T*l).

(B.9)

Where £ is effective shear strain rate, A is a material constant, n is
the power-law exponent, Q=E, + PV is the activation enthalpy,E, is ac-
tivation energy, V is activation volume, P is pressure, R is the universal
gas constant, T is temperature in K, o; and 03 are the principal stresses.
The effective viscosity L for this law is defined as:

Her = 747" exp(Q(mRT) ). (B.10)

For non-uniaxial deformation, the law (Eq. (B.10)) is converted to
a triaxial form, using the invariant of strain rate and geometrical pro-
portionality factors:

Her = 417" (A7) " exp(QuRT) )

whereﬁdII = (Invu (é,-j))§andA* —§A-3 2,

(B.11)

The parameters A, n, Q are the experimentally determined material
constants (Table B.1). Using olivine parameters, we verify that the pre-
dicted effective viscosity just below the lithosphere is 10'°-5x10'° Pa s
matching post-glacial rebound data (Turcotte and Schubert, 2002). Due
to temperature dependence of the effective viscosity, the viscosity de-
creases from 10%to 10%” Pa s to asthenospheric values of 10'° Pa s in
the depth interval 0-250 km. Within the adiabatic temperature interval
in the convective mantle (250 km-650 km), the dislocation flow
law (Eq. (B.9)) is replaced by a nearly Newtonian diffusion creep. In
this interval, temperature increases very slowly with depth while linear-
ly growing pressure starts to affect viscosity resulting in its slow growth
from 10'° Pa s in the asthenosphere to 10?! Pa s at the base of the upper
mantle (e.g., Turcotte and Schubert, 2002).

Appendix C. Model setup

The model setup is shown in Fig. 2B. We followed parametric studies
by (Burov and Cloetingh, 2009; Burov and Guillou-Frottier, 2005; Burov
et al., 2007; d'Acremont et al., 2003) who have modeled mantle-
lithosphere interactions for various visco-elasto-plastic lithospheric
structures and Rayleigh numbers.

C.1. Density and thermo-rheological structure

The thermal structure, initial and boundary conditions of the models
are described in the beginning of this section. Each element of the nu-
merical grid is assigned its specific material phase defined as a subset
of physical parameters of the corresponding material: density, thermal
and EVP rheology parameters (Tables A.1 and B.1). All models in-
clude a 40 km thick crust and four horizontal rheological layers
(Table B.1): (1) a20 km thick granitic upper crust with mean density
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0f 2700 kg/m>; (2) a 20 km thick lower crust with an effective rheology
defined by JS or CB models and mean density of 2900 kg/m?>; (3) a
60 km or 160 km thick olivine mantle lithosphere with density of
3330 kg/m? at reference temperature; and (4) sub-lithosphere upper
mantle with reference density of py, = 3340 kg m~>, so that the litho-
sphere is initially gravitationally stable (Ranalli and Murphy, 1987).

C.2. Mechanical boundary conditions

The mechanical boundary conditions assigned on the four sides of
the box are: at the left and right sides: horizontal velocity, vy (set to zero
in most experiments); at the bottom: hydrostatic pressure with free slip
in all directions; the upper surface is free (free stress and free slip con-
dition in all directions), without diffusion erosion (k.=0 m?/yr). The
bottom is pliable Winkler basement (= hydrostatic condition).
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