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We ran numerical experiments of the extension of a crustal wedge as an approximation to extension 
in an orogenic belt or a continental margin. We study the effects of the strength of the lower crust 
and of a weak mid-crustal shear zone on the resulting extension styles. A weak mid-crustal shear zone 
effectively decouples upper crustal extension from lower crustal flow. Without the mid-crustal shear 
zone, the degree of coupling between the upper and the lower crust increases and extension of the whole 
crust tends to focus on the thickest part of the wedge. We identify three distinct modes of extension 
determined by the strength of the lower crust, which are characterized by 1) localized, asymmetric crustal 
exhumation in a single massif when the lower crust is weak, 2) the formation of rolling-hinge normal 
faults and the exhumation of lower crust in multiple core complexes with an intermediate strength lower 
crust, and 3) distributed domino faulting over the weak mid-crustal shear zone when the lower crust is 
strong. A frictionally stronger mid-crustal shear zone does not change the overall model behaviors but 
extension occurred over multiple rolling-hinges. The 3 modes of extension share characteristics similar 
to geological models proposed to explain the formation of metamorphic core complexes: 1) the crustal 
flow model for the weak lower crust, 2) the rolling-hinge and crustal flow models when the lower crust 
is intermediate and 3) the flexural uplift model when the lower crust is strong. Finally we show that 
the intensity of decoupling between the far field extension and lower crustal flow driven by the regional 
pressure gradient in the wedge control the overall style of extension in the models.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The yield strength of the continental lithosphere is primarily 
constrained by the thermal structure and rheological composition 
of the lithosphere and is often represented as a yield stress enve-
lope (YSE) (e.g., Burov and Diament, 1995). In extension, its yield 
strength is such that only when weakened by heating or magmatic 
processes, a continental lithosphere can breakup (e.g., Buck, 1991;
Buck et al., 2005, 2009). For example, Buck (1991) showed that a 
hot, and therefore weak, orogenic lithosphere with a thick crust 
is weak enough to stretch in the “wide rift” or “core complex” 
mode. Some of the best examples of such extensional environ-
ments are the Basin and Range province in the western US, Papua 
New Guinea, and the Aegean.

Several intriguing observations have further driven the search 
for a more detailed mechanical model for the formation of a rift 
basin in similarly hot lithosphere including: 1) the lack of varia-
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tions in crustal thickness over large wavelength, 2) the exhumation 
of lower crust in metamorphic core complexes (MCCs) and 3) the 
formation of large-offset low-angle normal fault. The first observa-
tion is a key characteristic of the extension of hot lithosphere. Hot 
ductile lower crust flows to smooth out variations in crustal thick-
ness caused by differential extension (Block and Royden, 1990;
McKenzie et al., 2000). Likewise, the topographic gradient in a 
differentially thickened crust can also drive the flow of duc-
tile lower crust (Braun and Beaumont, 1989; Kruse et al., 1991;
Bird, 1991). Several mechanisms were proposed to explain the re-
maining characteristic observations, i.e., the exhumation of mid-
dle crust along shallow-dipping mylonitic shear zone and brit-
tle normal faults (e.g., Gans, 1987; Wernicke, 1981; Buck, 1988;
Block and Royden, 1990; Melosh, 1990; McKenzie et al., 2000). The 
rolling-hinge model proposed that the middle crust is exhumed 
from large depths by an offset greater than 15 km along a high-
or low-angle normal fault rooted in the middle crust (Axen, 1988;
Buck, 1988). Other models (Gans, 1987; Block and Royden, 1990;
McKenzie et al., 2000) proposed that lower crustal flow caused 
by local or regional pressure gradients drives exhumation and 
causes the rotation of an initially high-angle normal fault to a low 
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angle. Explaining the formation of large-offset normal faults in the 
rolling-hinge model remains the main issue. Hypotheses include 
fault strength decreasing with fault offset in a thin brittle upper 
crust (Buck, 1988; Axen, 1988; Lavier et al., 2000) and stress rota-
tion caused by basal shear or along a weak frictional fault interface 
(e.g., Yin, 1989; Melosh, 1990). Accordingly, the low dip of a large-
offset normal fault can be achieved either through the rotation of 
a high-angle normal fault (e.g., Buck, 1988) or as a primary fault 
(e.g., Yin, 1989; Melosh, 1990).

However, in spite of a few exceptions (e.g., Rey et al., 2010), 
most numerical and theoretical studies of lithospheric extension 
assumed an initially uniform crustal thickness and ignore regional 
pressure gradients that would be caused by preexisting variations 
in crustal thickness. For instance, Buck (1991) showed that a local-
ized mode of crustal extension similar to core complex extension 
would occur in a uniformly thick lithosphere with weak lower 
crust. The rolling-hinge model (Buck, 1988; Lavier et al., 1999;
Choi et al., 2013) also assumed a lithosphere that initially has a 
uniform thickness. Following the same mechanical principles with 
those of the rolling-hinge model proposed by Buck (1988) (i.e., 
that an active high-angle normal fault is rotated into a low-angle 
normal fault when exhumed at the surface), sometimes with the 
addition of melt, numerical models of core complexes forming in a 
hot and uniformly thick lithosphere with a thick crust have shown 
that the high-angle rolling-hinge is successful at explaining some 
of the observations at core-complexes (e.g., Lavier and Buck, 2002;
Tirel et al., 2008; Rey et al., 2009; Huet et al., 2011; Gessner et al., 
2007). Although successful in explaining the low dip and geome-
try of normal faults observed at many MCCs, rolling-hinge models 
failed to explore the combined effects of regional flow due to gra-
dients in crustal thickness (Bird, 1991) and differential stretching 
(Block and Royden, 1990) on the mechanics of core complex for-
mation. Bialas et al. (2007), Rey et al. (2010), and Whitney et al.
(2013) considered the effects of non-uniform crustal and litho-
spheric thickness but did not analyze the details of the mechanical 
consequences like the interaction between lower crustal flow and 
faulting. Huet et al. (2011) used a wedge-shaped layering of the 
crust without initial topography, Moho relief, or mid-crustal shear 
zone. In addition, they did not systematically vary the strength of 
the lower crust.

Another important but often-ignored possibility in lithospheric 
extension is that a weak mid-crustal shear zone can decouple 
upper crust from lower crust and mantle. The presence of such 
a decoupling zone is supported by the inference of the dip of 
subhorizontal mylonitic shear zone near the base of brittle crust 
using GPS measurements (Velasco et al., 2010) and by subhori-
zontal detachment surface detected in seismic reflection profiles 
such as the S reflector in the Iberia margin (Reston et al., 1996). 
Even in studies that considered the mechanical effect of a decou-
pling mid-crustal surface on rifting (e.g., Nagel and Buck, 2006;
Lavier and Manatschal, 2006; Huismans and Beaumont, 2011), the 
crust–mantle boundary and the topography were assumed to be 
initially flat.

These overlooked components might have substantial influence 
on the dynamics of lithospheric extension. For instance, it is very 
likely that the interaction between regional lower crustal flow and 
normal faulting in a hot lithosphere can result in different exten-
sional styles with single or multiple zones of active basins and 
ranges. Previous studies of extension (Buck, 1988, 1991; Lavier et 
al., 2000) have demonstrated that several weakening and hard-
ening phenomena control whether extension in wide rifts stays 
localized on a single zone (one MCC or graben) or multiple zones 
(multiple MCCs or grabens) of extension. The loss of cohesion or 
frictional strength on a fault competes with the resistance of the 
brittle upper plate to bending (Lavier et al., 2000) to accommo-
date extension on multiple normal faults rather than on a single 
normal fault. Viscous strengthening in response to normal faulting 
at the base of the brittle upper crust can also occur if the lower 
crust is strong (Lavier and Buck, 2002). In that case, strengthen-
ing lead to the formation of multiple normal faults in the upper 
crust (Lavier and Buck, 2002). At the scale of the lithosphere, thin-
ning of the crust and the associated mantle upwelling strengthen 
the lithosphere and force deformation to delocalize over multi-
ple extensional centers (Buck, 1991). If the pressure gradient and 
the strength of the lower crust are such that the lower crust 
can flow efficiently and smooth out variations in crustal thick-
ness (Buck, 1991) then strengthening due to mantle upwelling 
is suppressed and extension should continue on one given ex-
tensional center or normal fault. When the shear resistance in a 
high viscosity lower crust opposes flow, it cannot suppress crustal 
thinning efficiently and as a result mantle upwelling may occur. 
This mechanism increases the lithosphere’s resistance to exten-
sion and causes the formation of multiple rift basins (Buck, 1991;
Buck et al., 2009).

In this paper, we explore the effects of lower crustal flow driven 
by a regional pressure gradient on the decoupling of deformation 
in the lithosphere and the style of rifting that the presence or 
absence of decoupling generates. Specifically, we conducted nu-
merical experiments on the extension of a two- or three-layer 
crust in wedge-shaped crust (Fig. 1). We also studied the effects 
of the composition of the lower crust and included the effect of a 
preexisting decoupling shear zone at the brittle ductile transition 
(BDT). While a two-layer division of the crust (upper and lower 
crust) may be sufficient for most tectonic settings, the presence of 
a strong gabbroic lowermost lower crust (termed mafic lower crust 
throughout the paper) has been inferred in some regions, such as 
the US Cordillera and some parts of the Variscan orogeny in Eu-
rope (McGuire, 1994; Müntener et al., 2000). That motivates us to 
assume a three-layer crust and analyze the effect of a strong gab-
broic lower crust on extension mechanisms and styles.

2. Simple analysis of decoupling

We seek to describe the capacity of lower crustal flow driven 
by a pressure gradient imposed by topographic loading and mantle 
buoyancy, compared with that driven by far field extension applied 
at the side of the lithosphere. While the simple analysis presented 
here ignores the complex non-linear interactions between the brit-
tle and ductile deformation, it is a useful guide to the mechanics 
of the lithosphere and the interpretation of our numerical models.

2.1. Definition of coupled versus decoupled deformation

Local isostasy occurs when loading or unloading on the litho-
sphere is counterbalanced at the same location. In contrast, 
regional isostasy involves the non-local effects such as elastic 
strength (flexure) and lateral ductile flow over a large distance. 
Compensation becomes local when the flexural strength of the 
lithosphere is small so that flexural wavelength is much smaller 
than the scale of loading and ductile flow is not fast enough 
(Watts, 2001). In the case of local compensation, brittle defor-
mation in the upper crust is typically compensated by local 
mantle stretching and upwelling and the deformation appears to 
be coupled. When the lithosphere has a large flexural rigidity 
and/or ductile flow is intense, deformation in the brittle upper 
crust is regionally compensated. Since the regional compensa-
tion would involve vigorous lateral flow of the ductile lower crust 
even for a highly localized deformation of the brittle upper crust
(Watts, 2001), the deformation of the upper crust and the mantle 
lithosphere would appear decoupled.

Here we assume that decoupling and regional compensation oc-
cur when the flow rate in the ductile lower crust is greater than 
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Fig. 1. Model setups. The modeled domain is 200 km wide with overall extension rate of 1.25 cm yr−1 (i.e., 0.625 cm yr−1 at both sides) for the numerical models. See 
supplementary Figs. S1 and S2 for temperature and viscosity of the numerical models at very early stage.
the far field boundary conditions. Ductile flow in the lithosphere 
is generated by horizontal and vertical pressure gradients. The in-
tensity of the flow may exceed the kinematic boundary conditions 
when excess loading from gradients in crustal thickness are pre-
existing. It may also be larger if a weak shear zone or decoupling 
surface is present at the BDT. Another very important factor con-
trolling the rate of ductile flow is the variation in channel thickness 
in the lower crust (McKenzie et al., 2000). For example, if the chan-
nel thickness decreases in the direction of the flow, the flow rate 
increases in order to conserve mass.

2.2. Decoupling ratio

We provide a simple analysis of the effect of lower crustal 
viscosity and loading from topography and Moho relief on the de-
coupling of the deformation. We ignore the effects of both channel 
thickness and weak shear zones for simplicity. Lower crustal flow 
occurs along the width of the lithosphere, W , along the BDT along 
a surface of length W / cosα and along the Moho along a surface 
of length W / cosβ , where α is the slope angle of BDT and β is the
slope angle of the Moho, and both are small, i.e., <5–10◦ . We pro-
pose that the intensity of decoupling of lower crust with respect to 
upper crust and mantle can be roughly expressed as the ratio (D) 
of the mean horizontal velocity (ū) of the pressure gradient-driven 
channel flow in the lower crust to the boundary velocity (vx). If the 
channel velocity is significant (i.e., D ≥ 1) then the deformation is 
decoupled while coupled if the channel velocity is negligible (i.e., 
D � 1).

In a wedge-shaped crust where both regional topography and 
Moho relief are present (Fig. 1) and the BDT is assumed to be sub-
horizontal, the pressure gradient along the base of wedge-shaped 
brittle crust is (Bird, 1991):

∇ P topo
x ≈ ρc g

∂ht

∂x
cosα ≈ ρc g

∂ht

∂x
(2)

where ρc is the averaged density of upper crust, g the gravity, 
∂ht/∂x the gradient of topography and cosα ≈ 1 (α < 10◦).

Similarly, a contribution from the Moho relief to the pressure 
gradient in the lower crust is:

∇ P moho
x ≈ (ρm − ρc)g

∂hm cosβ ≈ (ρm − ρc)g
∂hm (3)
∂x ∂x
where hm is the Moho relief and cosβ ≈ 1 (β < 10◦). The mean 
velocity in the lower crust is:

ū = h2

12ηlc

(∇ P moho
x − ∇ P topo

x
)

(4)

where h is the channel thickness and ηlc is the viscosity of lower 
crust. The decoupling ratio D is defined as:

D = |ū|
vx
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∣
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∣
∣∣
∣

(5)

We proceed to compute D using Eq. (5) for a 200 km-wide 
crustal wedge. We assumed a topographic relief of 3 km and a 
corresponding Moho relief of 14 km under local isostasy (Fig. 1A). 
The decoupling factor, D , is plotted with respect to viscosity of 
the lower crust ranging 1019–1023 Pa s and for 3 values of chan-
nel thickness (10 km, 20 km and 30 km) (Fig. 2). The plot shows 
that D decreases markedly as the lower crust’s viscosity increases. 
D is nearly negligible when the viscosity is greater than 1021 Pa s 
regardless of the channel thickness. The plot also shows that when 
the thickness of the channel increases, the degree of decoupling 
would increase. The simple analysis presented in Fig. 2 suggests 
that the viscosity and thickness of the lower crust has to be 
smaller than ∼1020 Pa s and greater than 10 km, respectively, to 
allow for significant decoupling. A sufficiently large pressure gra-
dient may cause deformations other than the lower crustal flow 
but such a case is beyond the premises of this simple calculations. 
Varying the width of the lithosphere (W ) from 100 km to 300 km, 
the topographic relief from 1 km to 5 km, and correspondingly 
Moho relief from 5 km to 24 km (local compensation) generates a 
maximum topographic and Moho gradient of 5.7◦ and 13◦ respec-
tively. These values still allow us to make the same approximations 
as in Eq. (5). Therefore changing the wedge geometry in this range 
of dimensions does not significantly affect the decoupling analysis.

2.3. Factors contributing to decoupling

Several other factors will play a significant role on the decou-
pling ratio: 1) The thinning of the lower crustal channel from high 
to low elevation (Fig. 1) contributes significantly to the intensity 
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Fig. 2. Intensity of decoupling induced by topographic loading and mantle buoyancy 
as a function of viscosity, ηlc , and thickness, h, of the lower crustal channel.

of lower crust flow. As the lower crust enters a thinner chan-
nel the intensity of the flow increases so that mass is conserved. 
As a result the decoupling ratio should increase significantly as 
strain rate increases. 2) When present, the weak shear zone at the 
BDT is a very narrow channel with low viscosity (∼1019 Pa s at 
∼300–400 ◦C). Our simple analysis cannot take these parameters 
into account. We therefore run numerical experiments to analyze 
the effect of lower crustal strength and the presence of a weak 
mid-crustal shear zone.

The existence of mid-crustal shear zones is supported by ge-
ological and geophysical evidence (e.g., Jolivet et al., 1998; Lister 
and Davis, 1989) and numerical models (e.g., Lavier and Man-
atschal, 2006; Regenauer-Lieb et al., 2006). One difficulty, however, 
is to differentiate preexisting shear zones from the ones developed 
during extension. Here we choose to consider that mid-crustal 
shear zones always exist in the crust; however, they may be weak, 
strong, or even completely annealed depending on the geological 
conditions. To incorporate a full dynamic evolution of the shear 
zone during extension is out of the scope of this work. Finally 
when the weak shear zone behaves in a brittle manner whether it 
slips or not depends on its cohesional and frictional strengths. We 
will also analyze the effects of the shear zone frictional strength.

3. Model setup

Both regional scale flow (Bird, 1991) and flow driven by emerg-
ing differential crustal thickness (Block and Royden, 1990) are 
simulated in our models (Figs. 1 and 3). The mechanism for nor-
mal faulting used in the models follows an elasto-plastic consti-
tutive update with a Mohr–Coulomb yield criterion (Lavier et al., 
1999, 2000) that is consistent with Andersonian fault mechanics 
(Anderson, 1951). We decreased the fault strength as a function of 
plastic strain to simulate weakening of the normal faults (Lavier 
and Buck, 2002; Lavier and Manatschal, 2006). We present ex-
periments with and without preexisting decoupling shear zone. 
In both sets of experiments we explore the effect of the lower 
crustal strength as a function of rheological composition (Fig. 3). 
We investigated a two-layer division of the crust using two sets of 
models (Fig. 3A and B, with and without a decoupling layer, re-
spectively) as well as a three-layer crustal structure with two sets 
of models (Fig. 3C and D). Finally, the numerical models are com-
pared to continental extension in several regions around the world 
to test whether they are developing patterns of deformation that 
are similar to those observed in natural examples.

We limited the number of numerical experiments and comput-
ing time by choosing fixed dimensions and initial thermal struc-
ture for the lithosphere that correspond to the wedge described 
in Fig. 1A. We set the thermal age of the lithosphere at 50 Myr 
with a constant geotherm to set the initial thermal structure. We 
tested bottom boundary temperature from 600 ◦C to 1000 ◦C with 
an interval of 50 ◦C in our early simulations. The changes of the 
bottom boundary temperature in the range only slightly affect our 
models. Moreover a temperature of 700–800 ◦C matches best the 
geotherm imposed by the thermal age of 50 Myr. We used con-
stant boundary temperatures at the bottom (800 ◦C) and surface 
(10 ◦C) and zero heat flux boundary conditions for the sides of 
the model for all the numerical experiments presented here. Fig. 3
shows the initial lithospheric strength profile corresponding to pa-
rameters given in Table 1. To avoid mesh errors at the surface, a 
very small amount of erosion and sedimentation are simulated to 
avoid the development of sharp corners and overhangs. We ap-
plied divergent boundary conditions on the sides with a constant 
overall speed of 1.25 cm yr−1. To simulate regional isostasy we use 
a Winkler foundation at the base of the models.

The decoupling layer is modeled as a thin (∼2 km) shear zone 
at the base of upper crust in models with two- and three-layer 
crust (Fig. 1B and D), respectively. It is initially behaving in a duc-
tile manner and is assumed to have low viscosity (∼1019 Pa s at 
∼300–400 ◦C, see supplementary Figs. S1A, C and S2). When the 
shear zone is included (Fig. 1B and D), we varied its frictional 
strength from very weak to very strong with frictional angle, θ , 
ranging from 5◦ to 25◦ when it enters the brittle field.

The rheology of the lower crust is difficult to specify because 
it depends on the mineral composition, grain size, thermal struc-
Fig. 3. Strength envelope for the crust and lithospheric mantle. The model domain is 200 km wide with a 60 km thickness at left side and additional 3 km topography 
at the right side. A, B: A two-layer crust and plagioclase rheology (Ranalli, 1995) for the upper crust, dry quartz, wet quartz, and wet quartz added with 0.12% water 
(Jaoul et al., 1984) for strong, intermediate, and weak lower crust (red, green, and blue curve in the strength envelope), respectively, and olivine for the mantle (Kirby and 
Kronenberg, 1987). C, D: A three-layer crust and plagioclase rheology (Ranalli, 1995) for the upper crust, plagioclase (Ranalli, 1995), weakened plagioclase and strongly 
weakened plagioclase for strong, intermediate and weak lower crust (red, green, and blue curve in the strength envelope), respectively, strengthened plagioclase (Ranalli, 
1995) for the mafic lower crust, and olivine for the mantle (Kirby and Kronenberg, 1987). The shear zone in B and D is ∼2 km thick, and is of low viscosity when ductile, 
and low frictional angle (θs , 5◦–25◦) when brittle. See Table 1 for detailed parameters.
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Table 1
Summary of model parameters.

Phase ρ
(kg m−3)

θ

(◦)
θ ′
(◦)

C
(MPa)

A
(MPa−n s−1)

Ea

(J mol−1)
n C p

(J kg−1 K−1)
hr

(W kg−1)

Upper crust 2700 30 15 40 0.125 2.76 × 105 3.05 1000 10−9

Weak lower crust (2-layer crust) 2800 30 15 40 2.5 × 10−3 1.63 × 105 1.8 1000 10−9

Intermediate lower crust (2-layer crust) 2800 30 15 40 1.85 × 10−6 1.63 × 105 2.8 1000 10−9

Strong lower crust (2-layer crust) 2800 30 15 40 1.37 × 10−6 1.84 × 105 2.8 1000 10−9

Weak lower crust (3-layer crust) 2800 30 15 40 0.125 1.8 × 105 3.05 1000 10−9

Intermediate lower crust (3-layer crust) 2800 30 15 40 0.125 2.4 × 105 3.05 1000 10−9

Strong lower crust (3-layer crust) 2800 30 15 40 0.125 2.76 × 105 3.05 1000 10−9

Mafic lower crust (3-layer crust) 3000 30 15 40 0.125 3.5 × 105 3.05 1000 10−9

Mid-crustal shear zone 2800 5–25 5–25 4 0.125 1.76 × 105 3.05 1000 10−9

Mantle 3300 30 15 40 7.0 × 104 5.2 × 105 3.0 1000 –

Abbreviation in column headings: ρ (density), θ (initial frictional angle), θ ′ (frictional angle after weakening), C (cohesion), A (coefficient in the creep law), Ea (activation 
energy in creep law), n (exponential component in the creep law), C p (heat capacity), hr (radioactive heating).
See caption of Fig. 3 for references.

Fig. 4. Second invariant of strain (i.e. effective strain) of the numerical models with a 2-layer crust, without (A–C) and with (D–F) a mid-crustal weak shear zone. The shear 
zone friction angle is 5◦ . All the models are shown at 50% extension corresponding to a stretching factor β = 1.5 after 8 Myr of evolution. See also Mov. 1–3 corresponding 
to D–F, respectively, and supplementary Figs. S3 and S4 for corresponding temperature and effective viscosity.
ture and the presence/absence of fluids/magmas. For each setup in 
Fig. 1, we varied the rheology of the lower crust from low to high 
viscosity (Fig. 3) to study its effect on the intensity of lower crustal 
flow and decoupling of the deformation between crust and mantle 
lithosphere. In models with a two-layer crust, we use the creep law 
for dry quartz, wet quartz, and wet quartz with 0.12% added wa-
ter (Jaoul et al., 1984) for strong (high viscosity), intermediate (low 
viscosity), and weak (minimum viscosity) lower crust (red, green, 
and blue in Fig. 3A and B), respectively. In models with a three-
layer crust, we used creep law for plagioclase (Ranalli, 1995) as a 
reference, and systematically reduced the activation energy term 
in the creep law, so that lower crustal viscosity varied from high 
for cold crust to the minimum viscosity for hot crust (red, green, 
and blue in Fig. 3C and D), respectively.

We used a modified version of PARAVOZ (Poliakov et al., 1993;
Tan et al., 2012) to carry out the numerical modeling. We used a 
fine mesh of 500 m by 500 m. We mainly varied the viscosity of 
the lower crust, and the frictional strength of the mid-crustal shear 
zone if included. All the other parameters are kept the same across 
all the models (Table 1).
4. Results

4.1. 2-Layer models

After 50% of extension models without (Fig. 4A–C) and with 
(Fig. 4D–F and Mov. 1–3) a mid-crustal shear zone show that man-
tle upwelling is more intense on the highland side of the models 
(zone of high strain in red), and that as lower-crustal strength in-
creases the extensional style changes from lower-crustal exhuma-
tion dominated to upper-crustal faulting dominated. In models 
with no mid-crustal shear zone (Fig. 4A–C), brittle deformation 
does not necessarily focus in the thin part of upper crust and even 
tend to break the highland part of the model. In contrast, when a 
weak mid-crustal shear zone is present, upper-crustal deformation 
always starts in the lowland (Fig. 4D–F).

With a weak lower crust (Fig. 4A) but no mid-crustal shear 
zone, lower crustal exhumation in a ∼50 km wide gneiss dome 
dominates the deformation pattern. It generates symmetric a 
gneiss dome flanked by two active normal faults. For intermediate 
strength lower crust (Fig. 4B), thinning of the crust is more closely 
related to mantle upwelling as indicated by the upwardly warped 
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Fig. 5. Second invariant of strain (i.e., effective strain) of the 3-layer models without (A–C) and with (D–F) a mid-crustal weak shear zone. The shear zone friction angle θs

is 5◦ . The deformation style is very similar to that described in Fig. 4, with the exception of case A (see text for detailed explanation). All the models are at 50% extension 
(i.e., stretching factor β = 1.5) with 8 Ma of extension at 1.25 cm yr−1. See supplementary Figs. S5 and S6 for corresponding temperature and effective viscosity.
Moho. In this case, the isostatic response renders the gneiss dome 
(Fig. 4B) similar to a narrow rift exhuming lower crustal material. 
With a strong lower crust (Fig. 4C), a series of adjacent half-
grabens develop over the upwelling mantle and connect together 
to form a structure similar to a thinned continental margin.

When the mid-crustal shear zone is present (Fig. 4D–F and 
Mov. 1–3) upper crustal deformation for the weak to intermedi-
ate strength lower crust develops rolling-hinge normal faults ex-
huming lower crust in structures similar to MCCs (Buck, 1988). 
However, when the lower crust is weak, one single very wide 
(∼100 km) gneiss dome forms (Fig. 4D) and lower crustal flow 
forms a symmetric pattern of exhumation. For a stronger lower 
crust (Fig. 4E), two core complexes 30 km and 50 km wide form 
separated by major crustal blocks, deformation is more asymmet-
ric and strain in the lower crustal flow is less intense. When the 
lower crust is strong (Fig. 4F) a single 50 km wide core complex 
forms. However more distributed extension occurs in the upper 
crust forming a thin crustal layer on top of the exhuming and up-
welling lower crust and a zone of highly extended upper crust with 
domino style faulting develops over the mid-crustal shear zone 
(Fig. 4F).

4.2. 3-Layer models

The models with a three-layer crust behave similarly to the 
two-layer crust models (Fig. 5). One apparent difference is that, 
when the mid-crustal shear zone is absent and the lower crust is 
very weak (Fig. 5A), continuous exhumation of lower crust occurs 
along a large offset normal fault in a way similar to that predicted 
by the rolling hinge model (e.g., Buck, 1988; Lavier et al., 1999;
Choi et al., 2013). The corresponding 2-layer model (Fig. 4A) pro-
duces symmetric massifs bounded by high-angle normal faults. 
When compared to models in Fig. 4 (2-layer models), the Moho 
is exhumed to 15 km depth in cases A, B, D and E (Fig. 5) showing 
that crustal thinning is more intense. Crustal thinning is partic-
ularly intense in the model 5C (Fig. 5C) where crustal stretching 
and mantle upwelling thin the crust to less than 3 km. Finally, 
in all the 3-layer models (Fig. 5), the strong mafic lower crust is 
Fig. 6. Second invariant of strain (i.e., effective strain) from 3-layer models with the 
intermediate-strength lower crust and the mid-crustal shear zones. The shear zone 
frictional angle, θs , is A. 5◦ , B. 15◦ , and C. 25◦ . All the models are at 50% extension 
(i.e., stretching factor β = 1.5) with 8 Ma of extension at 1.25 cm yr−1. See supple-
mentary Figs. S7 and S8 for corresponding temperature and effective viscosity.

thinned to a negligible thickness under the highland where mantle 
upwelling is largest.

4.3. Effects of the frictional strength of the mid-crustal shear zone

The internal friction angle of the mid-crustal shear zone was 
changed from 5◦ to 15◦ and 25◦ . As expected, Fig. 6A is identical 
to Fig. 5E since the same parameters are used in both simulations. 
However, as θ increases (15◦ , and 25◦ for Fig. 6B and C, respec-
tively), more core complexes form but they are narrower (from 
70 km to 20 km wide). All other parameters being constant, as the 
frictional strength of the mid-crustal shear zone increases, we find 
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that extension is more distributed and results in the formation of 
multiple closely spaced rolling hinges with normal faults accumu-
lating smaller offsets. Not all core complexes exhume lower crust 
to the surface and the deformation migrates towards the highland 
with increasing extension similar as shown in Mov. 2.

5. Discussions

5.1. Effects of the lower crustal strength

5.1.1. In the absence of a weak mid-crustal shear zone
The models without a preexisting shear zone show systematic 

changes with increasing strength of the lower crust (Figs. 4A–C 
and 5A–C) in terms of the spacing of extensional centers, normal 
fault offsets, and style of rifts and half grabens. Transition from lo-
calized to distributed deformation encapsulates the main change 
associated with increasing lower crustal strength. As a result, the 
number of small offset normal faults increases and they accommo-
date a greater proportion of total extension as the lower crust gets 
stronger. Finally, increasing viscosity of the lower crust decreases 
the degree of decoupling (Eq. (5)).

In the 3-layer models, the presence of a high viscosity mafic 
lower crust increases lower crustal strength. As a result the 
strength of the lithosphere allows for the formation of a thin-
ner viscous channel. According to our channel flow-based analysis 
(Fig. 2), the reduction in channel thickness, l, allows for more 
coupling. However in the outlier case (Fig. 5A), even though the 
channel thickness is smaller, the lower crustal viscosity is so low 
that the upper crustal deformation appears decoupled (Fig. 2) and 
a large massif exhuming lower crust forms in the low land. In the 
other cases, coupling across a thin lower crustal channel leads to 
more intense and focused crustal thinning, which also implies that 
compensation is more local. In this framework of degree of de-
coupling, hardening of the lithosphere is supposed to determine 
whether deformation stays localized on one large-offset fault or 
is distributed over multiple faults. Therefore, processes such as 
crustal thinning, viscous strengthening of the lower crust due to 
increased strain rates and bending of the upper crust are likely to 
dominate the deformation processes as was proposed by Buck et 
al. (1999).

5.1.2. Effects of the weak mid-crustal shear zone
The inclusion of a weak mid-crustal shear zone (frictional angle, 

θs = 5◦ and viscosity of 1019 Pa s when ductile, at ∼300–400 ◦C, 
see supplementary Figs. S1–S2) makes the crust accommodate ex-
tension more by lower-crustal flow rather than upper-crustal fault-
ing (Figs. 4D–F, 5D–F). All six models in Figs. 4D–F and 5D–F 
develop large-offset low-angle normal faults. The extension is gen-
erally decoupled (Figs. 4D–F, 5D–F and Mov. 1–3) and the regional 
lower crustal flow from thick to thin crust is intense. Common to 
all models is the regional migration of the deformation from thin 
to thick crustal domains and the formation a model-wide subhori-
zontal Moho discontinuity (Mov. 1–3, corresponding to Fig. 4D–F). 
The weak mid-crustal shear zone is highly effective in decoupling 
upper crustal and mantle lithosphere deformation and thus signifi-
cantly enhances lower crustal flow, smoothing out the crustal relief 
generated by thinning in all cases.

When the mid-crustal shear zone is present, strength of the 
lower crust determines the distance up to which thinning of brit-
tle upper crust propagates. For instance, the brittle deformation 
always starts from the thinnest part but it appears to stop propa-
gating towards the highland at 75, 100 and 125 km in the 2-layer 
models with weak, intermediate and strong lower crust (Fig. 4D–F). 
This correlation must reflect the balance between increase in brit-
tle strength towards the thicker portion of the crustal wedge and 
viscous stress involved in the flow of lower crust. When the lower 
crust is weak, the associated viscous stress must be comparable to 
the brittle strength of the upper crust at the distance of 75 km; 
when the lower crust is strong, the viscous stress must be as large 
as the brittle strength of the thicker portion of upper crustal at the 
distance of 125 km. Although not as clear as in the 2-layer models, 
the same trend is found in the 3-layer models (Fig. 5D–F) and the 
distance traveled by deformation front toward the highland is over-
all greater compared to that of the corresponding 2-layer model. 
Lower degree of decoupling due to the smaller channel thickness 
of the 3-layer models can explain this difference.

Both weak ductile crust and the mid-crustal shear zone favor 
decoupled extension of a wedge shaped crust. However, decou-
pled extension would require a very weak ductile crust without a 
mid-crustal shear zone. The results are in agreement with our sim-
ple analysis (Fig. 2). While both weak shear zone and weak lower 
crust can decouple the brittle upper crust from the lower crust, 
a shear zone is particularly effective in facilitating sub-horizontal 
shear flow and inducing decoupling in the crustal wedge.

5.1.3. Style of MCC formation
The models suggest that the strength of the lower crust con-

trols the style of MCC formation. We found that extension with a 
weak lower crust favors symmetrical structures similar to gneiss 
domes in which extension is accommodated by ductile flow while 
extension with a stronger lower crust leads to the formation of 
asymmetric MCCs in which extension is accommodated by both 
ductile flow and distributed stretching over a detachment surface.

The mechanism of the formation of gneiss domes in the models 
with weak lower crust (Figs. 4D and 5D) corresponds to the crustal 
flow or intracrustal isostasy model proposed by Gans (1987) and 
Block and Royden (1990). Gneiss domes indicating extrusion of 
deep lower crust by such a process have been observed in the 
Menderes massif, Turkey (Hetzel et al., 1995; Gessner et al., 2001), 
NW Rhodope, the Aegean (Gautier et al., 1999), and Papua New 
Guinea (Martinez et al., 2001). Intermediate strength of lower crust 
appears to produce MCCs by the rolling-hinge mechanism (Figs. 4E, 
5E, and Fig. 6) and exhumes lower crust to the surface (Lavier et 
al., 1999; Choi et al., 2013). The process of MCC formation in the 
strong lower crust models (Figs. 4F and 5F) would correspond to 
the flexural uplift model (Spencer, 1984), in which stretching of 
the upper crust over a flowing and thickening lower crust even-
tually leads to the exhumation of lower crust. This model is still 
used to explain core complexes similar to the Whipple Mountains 
in the Basin and Range province (Spencer, 1984).

The main characteristics of Cenozoic tectonics in the Basin and 
Range and the Aegean are: 1) that both systems were young 
orogenic belts at the initiation of extension (Wernicke, 1985;
Jolivet and Brun, 2010), 2) that they both developed core com-
plexes (Davis and Coney, 1979; Coney et al., 1980; Jolivet and Brun, 
2010), and 3) that the Moho is rather continuous and regionally 
subhorizontal (Klemperer et al., 1986; McCarthy et al., 1991) in 
the extended region. The numerical models including a weak mid-
crustal shear zone (Figs. 4D–F, 5D–F, 6A–C) do fit well with these 
general features. The numerically produced detachment structure 
is also in agreement with those observed in the thermally re-equi-
librated lithosphere, such as the Norwegian margin (Osmundsen 
and Ebbing, 2008), Iberia margin (e.g., Reston et al., 1996), and 
South China Sea (e.g., McIntosh et al., 2014).

The migration of extension seems to conform to the Death Val-
ley region (Miller and Pavlis, 2005), which is comparative in scale, 
and the Elba to the Adriatic coast (Barchi et al., 1998). However it 
should be bear in mind that our model might still be in a local-
regional scale compared to the Aegean and the Basin and Range. 
In addition we did not consider arc migration, magma generation, 
and delamination, which may affect the migration of extension, 
and may compete with our implied conditions.
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5.2. Modes of extension of wedge-shaped crust

We found that the lithospheric wedge extends in one of the 
following two ways: (1) by lower crustal flow, crustal and mantle 
lithosphere thinning in response to the extension applied at the 
model boundaries, (2) by intense extension of the highland and 
the associated upward flow of asthenosphere to compensate for 
flow of lower crust towards the lowland.

The intensity of lower crustal flow is mainly controlled by the 
strength of the lower crust and the presence of a weak mid-
crustal shear zone at the BDT in the crust. The mid-crustal shear 
zone is weaker than the lower crust, and when the lower crust 
is weak (wet quartz rheology) as well, lower crustal flow is in-
tense. As a result, upper crustal extension is localized and ac-
commodated by the exhumation of lower crust to the surface as 
seen in Figs. 4D–E, 5D–E and 6A–C. These behaviors are also char-
acteristics of intracrustal isostasy (e.g., Block and Royden, 1990). 
When lower crustal flow is less intense, extension is accommo-
dated by distributed brittle deformation in the upper crust such 
as domino style faulting (Figs. 4F and 5F), which in turn indicates 
upward warping of a detachment fault by mostly vertical flow of 
the lower crust (Spencer, 1984). Upper crustal deformation migrat-
ing toward the highland seen in our models with a weak mid-
crustal shear zones (Fig. 4D–F, Fig. 5D–F, 6A–C) are reminiscent 
of passive margins like Iberia (Ranero and Pérez-Gussinyé, 2010;
Reston et al., 1996; Nagel and Buck, 2006). Finally the weak mid-
crustal shear zone predominantly records sub-horizontal simple 
shear as is typically observed in mylonitic shear zones at MCCs 
(e.g., Spencer, 1984). Because these characteristics persist even 
when the shear zone behave in a brittle manner (Fig. 6 and sup-
plementary Figs. S4, S6 and S8) we believe that it behaves in a way 
akin to a detachment fault (Davis and Lister, 1988).

5.3. Implications for the continental margin development

The Atlantic margins developed in Caledonian to Variscan oro-
genic belts (Reston et al., 1996; Lavier and Manatschal, 2006) show 
1) multiple tilted high-angle normal fault blocks and few detach-
ment faults, 2) the thinning of the crust compensated in the man-
tle, and 3) the convex upward Moho that is even exhumed at the 
seafloor in some places. These characteristics agree with the cou-
pled extension that occurred in our models with strong lower crust 
and without a mid-crustal shear zone (Figs. 5B–C and 6B–C). These 
conditions might be realized in cooler lower lithosphere of long-
lived orogenic belts and annealed mid-crustal shear zone inherited 
from the previous orogenesis. The modeling results also suggest 
that the presence of reflectors (S reflector in Iberia, Reston et al., 
1996) interpreted as detachment at passive margins is not a pre-
existing weak mid-crustal shear zone but rather the result of shear 
and thinning at the brittle ductile transition as suggested by Lavier 
and Manatschal (2006).

6. Summary

A wedge shape of crust at the beginning stage of extension is 
an often-ignored possibility in numerical models. We studied the 
influence of mid-crustal shear zone and lower crustal strength on 
the extension of a wedge-shape crust using two-dimensional nu-
merical models. When there is a weak mid-crustal shear zone, 
we identify three distinct modes of extension determined by the 
strength of the lower crust, which are characterized by: 1) sig-
nificant exhumation of lower crust that leads to the formation of 
massifs in the weak lower crust models, 2) rolling-hinges with 
large offset faults in the models with intermediate-strength lower, 
and finally 3) intensive domino style normal faulting and neg-
ligible thinning of the lower crust in the case of the models 
with strong lower crust. This result shows that different types of 
core complex may form in a crustal wedge and that the differ-
ent models for the formation of core complexes (e.g., Buck, 1988;
Block and Royden, 1990; Axen, 1988) are not mutually exclusive 
and are representative of a change in the strength and intensity 
of lower crustal flow versus upper crustal faulting in the wedge. 
A frictionally stronger mid-crustal shear zone does not change 
the overall model behaviors but extension occurred over multiple 
rolling-hinges. Without the mid-crustal shear zone, transition from 
localized to distributed deformation style occurs as lower crustal 
strength increases. The associated changes include decrease in the 
spacing of extensional centers, decrease in offsets and increase in 
number of normal faults, and transition of regional to local iso-
static compensation. These changes lead to the formation of struc-
ture similar to those observed at highly extended non-volcanic 
continental margins (e.g. Ranero and Pérez-Gussinyé, 2010).

Our numerical models cover a wide range of continental exten-
sions observed around the world, and have promising applications. 
We propose that the presence of a mid-crustal shear zone at the 
base of the upper crust focuses shear flow subhorizontally in a way 
similar to what is inferred for a décollement. Finally we show that 
the styles of extension in a crustal wedge are dependent on the ra-
tio, D of rate of lower crustal flow to the far field rate of extension. 
As explained above, this ratio depends strongly on lower crustal 
strength and the potential presence of a weak mid-crustal shear 
zone at the brittle ductile transition. This additional parameter al-
lows us to capture the combined influence of the temperature, 
viscosity, rate of extension and initial lithospheric structure into 
one non-dimensional number, D . When D is large enough, exten-
sion in the upper crust is compensated by lateral flow of lower 
crust, which corresponds to regional isostasy. If D is small, local 
isostasy becomes dominant, in which on-site crustal thinning and 
mantle upwelling compensate extension in the upper crust.
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