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“If  at first the idea is not absurd, 
then there is no hope for it.”
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• Deformation of  hot continents consequences 
for early Earth

• Early continents and plate tectonics

• Strain regimes in hot crusts
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DEFORMATION OF HOT CONTINENTS
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Hot?

Tmoho > 0.85 Tmelt
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Where do hot continents 
come from?
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• Crustal thickening
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Viscous forces through time
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Viscous forces through time
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Buoyancy of  SCLM
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crust

mant
le

Gravitational forces...
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Vxx - Vyy  = 2 K (Hxx - Hyy)

Vzz - Vyy  = 2 K (Hzz - Hyy)

Vzz - Vxx  = 2 K (Hzz - Hxx)

Hxx + Hyy + Hzz = 0

Thin viscous sheet equations in a triaxial situation

(xx)init = 5 x 10-15 s -1

Triaxial stress,    Local isostasy,    Radiogenic heating

Hzz =             (2 Vzz- Vxx- Vyy)6 K
1

Hyy =             (2 Vyy- Vzz- Vxx)6 K
1

Hxx =             (2 Vxx- Vzz- Vyy)6 K
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regions separate regions where bulk constriction 
or fl attening dominates. Results are presented in 
Figures 2 and 3, and the evolution of the fi nite 
strain is portrayed as a path in the Flinn dia-
gram. Over the fi rst 20 m.y. of ongoing conver-
gence and thickening, the gravitational force—
and therefore the vertical stress—progressively 
increases. This leads σzz-σxx to converge toward 
σzz-σyy (path A to B in Fig. 2) and to the estab-
lishment of a bulk instantaneous plane strain 
regime. At that stage, upon instantaneous 
removal of the tectonic force, the instantaneous 
strain regime switches from plane strain (point 
B in Fig. 2) to horizontal fl attening (point B′ 
and beyond in Fig. 2) as σ1 switches from σxx to 
σzz. In such a case, the bulk instantaneous strain 
evolves from vertical fl attening to plane strain 
and fi nally to horizontal fl attening. A protracted 
phase of divergent gravitational collapse (Rey 
et al., 2001) with horizontal fl attening controls 
the postconvergence evolution of the continen-
tal lithosphere. In the Flinn diagram, the fi nite 
strain path (n = 0.25 in Fig. 2) marks a sudden 
departure from S > L toward L = S fabrics; this 
change is correlated with the instantaneous bulk 
constriction.

The bulk strain evolution is signifi cantly dif-
ferent when one considers a progressive unload-
ing of the tectonic force. For a progressive 
unloading, the evolution of the instantaneous 
bulk strain regime passes through a phase of 

horizontal constriction followed by a phase of 
plane strain before ending in the fi eld of hori-
zontal fl attening (paths B to C and beyond in 
Fig. 2). In this case, a signifi cant portion of the 
gravitational collapse occurs while σ1 corre-
sponds to σxx. This is a case of synconvergent 
gravitational collapse unfolding during a phase 
of bulk instantaneous horizontal constriction. In 
the Flinn diagram, the fi nite strain path (n = 1 
in Fig. 2) evolves toward L = S fabrics, and the 
instantaneous constrictional strain strengthens 
the orogen-parallel linear fabric.

Both progressive tectonic unloading histories 
(n = 1 and n = 0.25) reveal similar instantaneous 
and fi nite strain paths. However, their respective 
evolutions show signifi cant differences. When 
the tectonic unloading unfolds at a constant rate, 
the instantaneous horizontal constriction strain 
regime develops in the fi nal stage of the unload-
ing (Fig. 3A). In contrast, when the unloading 
occurs at a decreasing rate, the constriction 
strain regime unfolds earlier and is followed 
by a longer phase of plane strain then fl attening 
strain (Fig. 3A). In this last case, the constric-
tion could be erased by later fabrics. To evalu-
ate the chances that the constrictional fabric is 
preserved, one can consider the evolution of the 
triaxial strain rates (Fig. 3B). Figure 3B docu-
ments a rather complex evolution of the triaxial 
strain rates. During the fi rst 20 m.y., we observe 
a strong decrease then increase of εxx and εyy, 

whereas εzz shows a monotonous decrease. The 
decreasing εxx and εyy correspond to the thick-
ening and strengthening of the continental 
lithosphere. As thermal relaxation proceeds, the 
thermal softening of the lithosphere promotes 
increasing strain rates in the directions x and y. 
In both cases of progressive unloading, strain 
rates decrease up to one order of magnitude dur-
ing the constrictional phase, down to a few 10−16 
s−1, making possible the preservation of the bulk 
constrictional strain.

On the basis of these results, one can expect 
to fi nd orogen-parallel horizontal linear fab-
ric preserved in hot orogens in general and in 
Archean cratons in particular. In what follows, 
we describe examples of this crustal-scale 
constrictional strain regime preserved in Neo-
archean cratons.

ARCHEAN EXAMPLES OF 
OROGEN-PARALLEL FLOW

Palinspastic reconstructions by Oliver and 
Fanning (1997) and Fanning et al. (1999) allow 
a precise correlation between the Gawler craton 
(South Australia) and the Terre Adélie craton 
(East Antarctica), supporting the notion of a 
Neoarchean Mawson continent. In both cratons, 
2530–2440 Ma granulite to amphibolite facies 
metasediments associated with felsic to mafi c 
gneisses represent a deep crust under an inter-
mediate to upper crust consisting of amphibolite 
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Figure 1. Warm and buoyant continental 
lithosphere is submitted to a tectonic force 
that drives convergence at initial strain rate 
of 5 × 10−15 s−1. A: Driving force is constant 
for 20 m.y. before it decreases progres-
sively to zero over a 20 m.y. period. Three 
unloading histories are considered. B: Each 
tectonic history results in slightly different 
evolution of vertical geometry of continental 
lithosphere.
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Flinn diagram Figure 2. Triaxial stress 
trajectories in graph σzz-σxx 
vs. σzz -σyy, where dotted 
straight lines separate var-
ious instantaneous bulk 
strain regimes. Trajecto-
ries show evolution of tri-
axial state of stress during 
tectonic evolution involv-
ing 20 m.y. of convergence 
and thickening (A to B) 
followed by unloading of 
driving tectonic force (B to 
C). Instantaneous unload-
ing (thin solid line) led to 
switch from plane strain 
(B) to horizontal fl attening 
(B′). In contrast, trajecto-
ries involving 20-m.y.-long 
progressive unloading of 
tectonic force, at constant 
or decreasing rate (A, 
B, C), go through strain 
regime for horizontal con-
striction (shaded area) 
before ending in horizontal 
fl attening fi eld. Evolution 
of fi nite strain (λ) is por-
trayed as a path in Flinn 
diagram (inset) and shows 
progressive strengthening 
of linear fabric.

Duclaux, Rey, Guillot, Ménot

The Archean 
Flat Earth Hypothesis
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Earth’s hypsometry through times: The Archean Flat Earth’s Hypothesis
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Present-day Earth Hypsometry
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Present-day Earth Hypsometry
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Consequences for 
Economic Geology
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Consequences for 
Everyone Else
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hot continents change 
everything...
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hot continents change 
everything...

Hypsometry
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Moresi, Zhong & Gurnis, 2000

Convective stress 
>

Yield stress

MOBILE LID

Convective stress 
<

Yield stress

STAGNANT LID

EARLY CONTINENTS AND PLATE TECTONICS
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Fix foreland, melt with buoyancy

Time = to+12 myr

Total strain

100 km

300 K

1000 K

Temperature

Crust Orogenic plateau
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Co=1 MPa, Bp = 0.015, = 0.001 *3000

Convective system without and with continents ...

Rayleigh nb (Conv. mtle): 106 - 107

Radiogenic Heat: 4.10-12 W.kg-1

Ct Basal Temp. = 1873 ºC

Density = 3395 kg.m-3 = 2.8 10 -5 K-1

4200 km

70
0 

km

Ct Surf Temp. = 20 ºC

Plasticity (Co + µ . Pressure) . Weakening Co=40 MPa, µ = 0.268

Olivine rheology: T,  and  dependent 
(E:520 KJ.mol-1, n=3, 5e6 MPa-n.s-n)
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Open source codes: Ellipsis, Underworld

 (, , , T)
.Coupled thermal-mechanical

Visco-plastic rheology with strain weakening

Radiogenic heat, partial melting, eclogitization...

 (T, Metam.)
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Convective system with no continent ...
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Convective system with continent ...
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Convective system with continent ...
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Convective system with continent ...

Depleted SCLM
=> Buoyant, dry and strong

Total thickness: 175 km

3000 kg.m-3
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Convective system with continent ...
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0 Ma
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83 Ma

0 Ma
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83 Ma

102 Ma

0 Ma
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102.5 Ma
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102.5 Ma

120 Ma
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102.5 Ma

120 Ma

123.5 Ma
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Griffin et al. 1998
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Did early continents
crank-start plate tectonics?
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Strain regimes in hot crusts
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1.8 cm / yr
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1.8 cm / yr
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1.8 cm / yr
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1.8 mm / yr
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1.8 mm / yr
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1.8 mm / yr
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1.8 mm / yr
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Mezger, 2004
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Strain regimes in hot crusts:

SdR
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During extension, hot rocks 
are advected through 
regions of  contrasting 
“tectonic regimes”.

Coeval contractional, extensional and shear fabrics 
develop in various parts of  hot extending crusts.
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