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A mechanism to thin the continental lithosphere at
magma-poor margins
Luc L. Lavier1 & Gianreto Manatschal2

Where continental plates break apart, slip along multiple normal
faults provides the required space for the Earth’s crust to thin and
subside1. After initial rifting, however, the displacement on nor-
mal faults observed at the sea floor seems not to match the inferred
extension2. Here we show that crustal thinning can be accom-
plished in such extensional environments by a system of conjugate
concave downward faults instead of multiple normal faults. Our
model predicts that these concave faults accumulate large amounts
of extension and form a very thin crust (<10 km) by exhumation of
mid-crustal and mantle material. This transitional crust is capped
by sub-horizontal detachment surfaces over distances exceeding
100 km with little visible deformation. Our rift model is based on
numerical experiments constrained by geological and geophysical
observations from the Alpine Tethys and Iberia/Newfoundland
margins3–9. Furthermore, we suggest that the observed transition
from broadly distributed and symmetric extension to localized
and asymmetric rifting is directly controlled by the existence of a
strong gabbroic lower crust. The presence of such lower crustal
gabbros is well constrained for the Alpine Tethys system4,9. Initial
decoupling of upper crustal deformation from lower crustal and
mantle deformation by progressive weakening of the middle crust
is an essential requirement to reproduce the observed rift evolu-
tion. This is achieved in our models by the formation of weak
ductile shear zones.

To allow the inclusion of mechanical decoupling of the upper crust
and lower crust-mantle in numerical experiments, we propose a new
formulation for the rheology of the crust (Fig. 1). Weakening associ-
ated with viscous strain accumulation has been included in previous
numerical experiments and plays an important role in decoupling the
upper crust from the lower crust and mantle10. However, studies in the
Pogallo and Lugano–Val Grande shear zones in the Alps11,12 and in
other ductile shear zones (DSZs)13,14 show that for polymineralic rocks,
such as granite, localization occurs for high stress and low strain in the
presence of fluids9,15,16, and from low strain to high strain when the
rock is transformed into a mylonite17,18. Hence, softening is both
stress- and strain-dependent and causes a localized decrease in
viscosity with respect to the surrounding rocks.

We chose to parameterize ductile softening as though it were
governed by a decrease in viscosity from plagioclase to wet quartzite
rheology19 (Fig. 1c). The softening transition occurs only between the
temperatures corresponding to the onset of quartz plasticity (300 8C)
to that of plagioclase plasticity (450 8C). The transition occurs when
the product of the effective stress j eff with the total accumulated
strain 1 t

eff is greater than 4 £ 106 J (which is an approximate measure
of the minimum work done to deform the system) (Fig. 1c) with
j eff ¼

p
(j II) and 1 t

eff ¼
p

(1 t
II) (where j II and 1 t

II are the second
invariants of the stress and strain). This was chosen to initiate
an abrupt change in viscosity for stresses corresponding to the
brittle–ductile transition (BDT) (100 MPa for the choice of the initial

rheology) for 4% of strain. Deformation accumulates at the BDT
where the upper, elastoplastic crust shears over the viscoelastic crust,
and results in the formation of sub-horizontal ductile shear zones
(Fig. 1d, e). In the example depicted in Fig. 1d, the DSZ is active at
low angles (58) near the BDT and the brittle fault is active at 458. For
higher strain (.20%), the stress needed to initiate ductile softening is
of the order of a few tens of MPa or less (Fig. 1e). Thus, multiple, sub-
horizontal DSZs will form in the vicinity of the 300 8C isotherm
where the work criterion is satisfied. Our new parameterization also
causes the deformation to follow the thermal evolution in the crust.
As these DSZs become highly strained, they further weaken and form
a wide, viscous channel. This rheological transition is critical in
controlling the evolution of rifting.

Observations of the sediment, basement and fault architecture of
the Alpine Tethys and Iberia/Newfoundland margins enable a precise
description of the temporal and spatial evolution of deformation
during rifting3,4. The pre-rift conditions were estimated from: the
stratigraphic record of the Alpine Tethys, the crustal-scale seismic
section across the Iberia and Newfoundland margins, and the
pressure–temperature–time path through the Ivrea lower crustal
section and Malenco crust-mantle boundary4,9. These show that
the pre-rift crust was ,30 km thick, dominated by quartzo-
feldspathic upper and middle crust, and with a gabbroic lower
crust inherited from post-Variscan extensional collapse in the
Permian period (Fig. 1a). The temperature and pressure conditions
at the crust–mantle boundary were 550 8C for 0.9–1.0 GPa at the
onset of rifting9 (Fig. 1a). The volcanic activity during rifting is
lacking at both margins, arguing for a cold initial geotherm.

Using structural reconstructions, we identify three phases of rifting
(Fig. 2a). The initial ‘stretching mode’, A, is characterized by
distributed listric-normal faulting, cutting through the brittle
upper crust and soling out at mid-crustal levels. The faults bound
the rift-basins, up to 4 km deep and 30 km wide. Fault offsets are less
than 10 km and total extension is limited. Both hanging wall and
footwall are subsiding (A in Fig. 2a). The type examples are the
Generoso basin in the Southern Alps12 and the Jeanne d’Arc basin in
Newfoundland20.

The ‘thinning mode’, B, follows and affects the future distal margin
in a narrow zone. This area of the margin is commonly buried under
thick sediments. In seismic sections there is little evidence of upper
crustal extension. Drill-holes are rare and do not provide much
information about tectonic subsidence or the nature of the basement.
From the Alps, pressure–temperature–time data from the Ivrea lower
crustal section21 can be related to fault activity along a major DSZ (for
example, the Pogallo shear zone21) while the isostatic movements are
constrained by the stratigraphic record exposed in the Briançonnais
and Err/Canavese domains (B in Fig. 2a). These observations suggest
the occurrence of crustal-scale shear zones thinning the crust to less
than 10 km, without the presence of distributed normal faulting in
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the upper crust and associated large subsidence. Such crustal-scale
shear zones were described for the Iberia margin7 (for example,
seismic reflector4 C), whereas more accurate geological constraints
were obtained from the Alps (for example, Pogallo fault21) (B in
Fig. 2a). Other possible examples of the thinning phase are the
Galicia Interior basin near Iberia22 and the west African margin23. In
all of these examples, thinning of the crust is accompanied by little or
no evidence of upper crustal deformation.

The ‘exhumation mode’, C, is characterized by downward concave
faults that generate fault offsets (more than 10 km) without produc-
ing major observable topography, because the subcontinental mantle
is exhumed at the sea floor3. Examples of this fault system were
seismically imaged and drilled in the Iberia abyssal plain3 and are
exposed in the Err and Platta nappes in the Alps4 (C in Fig. 2a).
Exhumed mantle in the ocean continent transition5,6 is associated
with late, shallow-crustal detachment systems7–9, and is serpentinized
at temperatures under 600 8C and at depths less than 10 km, where
hydrothermal circulation is occurring24.

The numerical experiments were performed with an extended
version of the numerical code PARAVOZ25. We use initial conditions
and a rheological parameterization derived from observations in
the Alps (Fig. 1a). The lithosphere is modelled as a nonlinear
viscoelastoplastic material26. The crust is initially 30 km thick. For
the first 24 km, the rheology approximates the mechanical behaviour
of a polymineralic material composed of plagioclase and quartz. The
deepest 6 km of the crust is gabbroic and modelled with a nonlinear
Maxwell viscoelastic rheology, which is intermediate between plagio-
clase (anorthosite) and dry olivine. The mantle is modelled as a dry
olivine. The temperature at the crust–mantle boundary is taken to be
550 8C, increasing to 1,300 8C at 100 km depth, and is set at 10 8C at
the surface.

The modelled extension follows the same evolution as that
predicted by geological observations. It starts by the formation of
distributed normal faults rooted in the middle crust and is weakened
by the formation of several DSZs (A in Fig. 2b). The weak
middle crust flows over the strong lower crust and allows for the

Figure 1 | Geological constraints, rheological parameterization and
modelling approach. a, The sides of the model are pulled apart at a constant
half-rate of 2 mm yr21. Isostatic equilibrium is simulated at the bottom
while the top surface is stress-free to model the topographic evolution. SII is
the yield stress. b, In the brittle areas, the lithosphere is elastoplastic with a
Mohr–Coulomb yield criterion. The material is both frictional and
cohesional (initially the friction coefficient m ¼ 0.6 and the cohesion
C ¼ 44 MPa). Both cohesion and friction decrease locally as a function of
plastic strain (10%) to trigger the formation of shear bands (to m ¼ 0.3 and
C ¼ 4 MPa). Serpentinization occurs in the mantle for temperatures under
600 8C and depths under 10 km, and we further decrease the friction
coefficient at this depth to 0.2 (ref. 29). Crustal and mantle density are
2,800 kg m23 and 3,300 kg m23 respectively. Power-law creep parameters

are: crust, quartz30 (exponent n ¼ 3, activation energy Q ¼ 2 £ 105 J mol21,
pre-exponent A ¼ 5 £ 102 MPa2n s21) and plagioclase31 (n ¼ 3.2,
Q ¼ 2.38 £ 105 J mol21, A ¼ 3.3 £ 102 MPa2n s21), gabbroic lower crust
(n ¼ 3.05, Q ¼ 3.5 £ 105 J mol21, A ¼ 1.25 £ 1021 MPa2n s21), mantle,
dry olivine32 (n ¼ 3, Q ¼ 5.2 £ 105 J mol21, A ¼ 7 £ 104 MPa2n s21). 1 c is
the characteristic plastic strain for which the material has weakened.
c, Schematic decrease in viscosity associated with the formation of a ductile
shear zone. d, Viscosity and strain-rate fields for a listric normal fault. The
brittle–plastic fault (labelled BF) roots at 12 km in a sub-horizontal low-
viscosity layer (DSZ) extending down to 15 km between the 300 8C and
400 8C isotherms. e, Brittle to semi-brittle, semi-brittle to ductile, and brittle
to ductile transitions in the stress–strain space for our parameterization.
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Figure 2 | Modes of extension leading to continental break-up and three-
dimensional concept for the temporal and spatial evolution of rifting.
a, Conceptual models for the different phases of extension based on
observations from the Alpine and Iberia/Newfoundland margins. They are
set apart by different styles of deformation. The stretching mode (A) is
characterized by listric faulting and a differential subsidence of half-grabens
exemplified by the Monte Generoso basin12. The thinning mode (B) is the
least documented of the modes but it can be characterized by maximum
thinning of the lithosphere and the presence of a major ductile shear zone
(Pogallo shear zone21) accommodating differential motion (up to 10 km
upward) between the upper crust and the lower crust/upper mantle. It is
accompanied by not much uplift of the rift flanks and subsidence in the

hanging wall. The exhumation mode (C) is well documented and
distinguished by the exhumation of serpentinized upper mantle from less
than 10 km depth along a downward-concave fault. b, Modelled evolution
during lithospheric extension. The plastic strain (brittle deformation) and
viscosity field are plotted for the different phases of the modelled evolution
of the lithosphere. Note the similarity between the observed and modelled
structures. The stress envelope is plotted for a given depth profile (dashed
lines for 36 km of extension). For each viscosity field the Mohorovic
boundary is shown by a white line. The letter H indicates the hanging block
discussed in the main text. c, Schematic representation of the temporal and
spatial evolution of the three consecutive phases of rifting leading to break-
up and seafloor spreading.
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delocalization of deformation. In addition to the elastic resistance of
the gabbroic lower crust, cooling of the mantle augments the
mechanical strength of the lithosphere (A in Fig. 2b). This strength-
ening in conjunction with viscous flow in the weakened middle crust
allows for the distribution of the deformation across the model. The
middle crust then forms a 5–6 km decoupling, weak viscous layer
composed of DSZs below the block labelled H (for hanging) in Fig.
2b. After 50 km of extension, brittle deformation in the upper mantle
leads to the formation of a narrow rift zone below the hanging block
H (B in Fig. 2b). Brittle normal faults in the mantle and in the upper
crust are decoupled, and form a system of rolling hinge faults on both
sides of block H (B in Fig. 2b). In the upper crust, normal faults
accommodate large offsets (.30 km), and these thin the crust by
exhuming the middle crust and shearing off both sides of block H (B
in Fig. 2b). The same motion is accommodated in the mantle,
resulting in the exhumation and juxtaposition of deeper mantle
levels against middle-crustal rocks. It also leads to the omission of the
strong lower crust and upper mantle at the surface. In this ‘thinning’
mode, the crust can be thinned to less than 10 km depth over
distances of over 100 km on both sides of block H (C in Fig. 2b).
Coupling of the upper crust and mantle occurs when the low

viscosity layer below block H is thinned to less than 4 km. At that
point, a robust serpentinite front develops at temperatures below
600 8C (right side of block H; C in Fig. 2b) and at depths of less than
10 km. The faults in the brittle mantle and crust on the right side of
block H merge to form one downward concave fault that exhumes
the serpentinized mantle at the surface (C in Fig. 2b). The resulting
‘transitional’ crust formed by exhumation of the middle crust and
upper mantle spans a distance of over 100 km and is topped by
detachment surfaces (C in Fig. 2b). This system sets up the structure
of ocean continent transition (C in Fig. 2a).

The discovery of three consecutive phases of continental extension
overprinting each other implies that, in a propagating rift system,
these phases must be acting next to each other (Fig. 2c). Thus, we
should see distributed listric faulting ahead of propagating rifts
(stretching phase A). This distributed listric faulting is then later
overprinted by localized detachment faulting that first exhumes the
middle crustal levels (thinning phase B) and before exhuming the
serpentinized mantle (exhumation phase C). Final break-up then
propagates across the rift sequence and separates the margins, leading
to seafloor spreading. Such a progression is observed in ‘V’-shaped
basins, such as the Woodlark basin, for instance27.

log[Viscosity (Pa s)]
19.8 21.0 22.2 23.4 24.6 25.8 27.0

Figure 3 | Details of the modelled thinning phase and conceptual model of
crustal thinning. a–c, Localized deformation during the thinning phase
around the block labelled H. Viscous and strain-rate fields for 60 km (a),
100 km (b) and 120 km (c) of extension. The DSZ behaves as a lubricant
between block H and the upper mantle. Block H is trapped between two
active shear zones. A low-viscosity layer (between 300 8C and 450 8C)
corresponds to the DSZ and is dragged at about half of the rifting rate by the
motion generated by the DSZ in the mantle. Similar to the flow of a slider-
bearing, flow in the DSZ is confined below and around block H. Shear in the
DSZ generates a pressure change Q that can support a normal load. Using a
low-Reynolds-number approximation: Q ¼ hUL/h2, where h is the average
viscosity, U is the dragging velocity, L is the length and h is the thickness of
the DSZ. For h varying between 1019 and 1021 Pa s, Q is of the order of a few

to tens of MPa. This pressure change can suppress the subsidence of block H
during thinning by a few 100 m to 1 km. d, This effect may explain why the
subsidence of block H is constant during the thinning phase (60–110 km of
extension). If the stresses exerted by the DSZ are larger than the yield stress
at the base of block H, they may provide the necessary work to thin the crust.
This mechanism may explain the formation of extensional allochthons.
Finally, the subsidence curve shows that block H is uplifted during the final
phase of break-up. This can be explained by the upward-restoring force,
resulting in deep necking below the Mohorovic depth in the last phase of
rifting33. e, Conceptual model for the thinning phase during continental
break-up. We note that thinning is accommodated by the simultaneous
exhumation of middle crust and upper mantle.
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Our modelling highlights a new mechanism for lithospheric
thinning that can reproduce the major observations made at the
Iberia/Newfoundland and Alpine Tethys margins, and evolves from
distributed and decoupled stretching phase to a final, localized and
coupled, exhumation phase. We find two processes that are likely
to weaken the lithosphere and may explain the evolution of rifting:
(1) attenuation of the middle crust in the initial stage of rifting, and,
(2) serpentinization of the lithosphere during the last exhumation
phase. Serpentinization is a critical mechanism to the establishment
of a concave-downward fault, because it allows for the weakening of
the lithosphere as it bends upward through the rolling hinge. It also
replaces the formation of sub-horizontal ductile shear zones as
the mechanism that weakens the lithosphere during exhumation.
Mid-crustal weakening and serpentinization allow for thinning and
exhumation of an originally strong mantle. The presence of an
inherited gabbroic lower crust initially leads to distributed thinning
in the presence of a weakened middle crust.

The model suggests that exhumation of middle crustal rocks
occurs simultaneously with lower crust/mantle thinning along con-
cave, downward faults (Fig. 3 legend). Exhumation leads to the
formation of new tectonic surfaces (detachment surfaces) and the
lack of rifted crust or pre-rift sediment in the area of continental
break-up. This leaves us with no ‘seismically detectable’ indicator of
the amount of strain incurred during thinning. This process may
explain poorly understood observations of tectonic subsidence in the
absence of observable deformation in the upper crust at other
margins (for example, the South Atlantic margin2–23). The inferred
rheological evolution of the lithosphere shows that weakening is acting
to minimize the force that is needed to bend the crust and upper
mantle by decoupling them throughout the rift history28. In the
absence of magmatic activity to weaken the lithosphere, the numerical
experiments point to these two processes as key mechanisms allowing
continental break-up in a strong lithosphere.
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