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Abstract The Helvetic nappes in Switzerland consist of

sediments, which have been sheared off and thrust over the

crystalline basement of the European passive continental

margin during Alpine orogeny. Their basal shear zones usu-

ally root above the external crystalline massifs. However, the

mechanisms that initiated the shear zones and the associated

nappe formation are still debated. We perform two-dimen-

sional numerical simulations of the shearing of linear viscous

fluids above a linear viscous fluid with considerably higher

viscosity (quasi-undeformable). The boundary between the

fluid, mimicking the sediments, and the quasi-undeformable

fluid, mimicking the basement, exhibits geometrical pertur-

bations, mimicking half-grabens. These geometrical pertur-

bations can trigger significant strain localization and the

formation of shear zones within the linear viscous fluid

although no rheological softening mechanism is active. This

kinematic, ductile strain localization is caused by the half-

grabens and the viscosity ratio between basement and sedi-

ments. The viscosity ratio has a strong control on the kine-

matics of strain localization, whereas the depth of the half-

grabens has a weak control. For sediment viscosities in the

order of 1021 Pas and typical half-graben geometries of 5 km

depth and 25 km width the localization generates (a) low-

angle shear zones at the basement-sediment interface, but also

entirelywithin the sediments, (b) horizontal transport[10 km

associatedwith the shear zones, (c) shear zoneswith thickness

in the order of 100 m, (d) an ordered stacking ofmodel nappes

and (e) shear zones that root above the basement. The results

suggest that tectonic inheritance in the form of half-grabens

and associated kinematic strain localization could have been

the triggering mechanism for Helvetic nappe formation, and

not rheological softening mechanisms, which might, how-

ever, have subsequently further intensified shear localization

significantly.

Keywords Tectonic inheritance � Kinematic strain

localization � Helvetic nappes � Wedge

1 Introduction

During Alpine orogeny, parts of the sedimentary cover of

the European passive margin have been sheared off and

thrust over the crystalline basement whereby the pre-

Alpine basement topography was characterized by half-

grabens and horsts (e.g. Trümpy 1960). The half-grabens

and horsts represent a tectonic inheritance from an earlier

rifting event. At present the sheared and displaced sedi-

mentary units form sedimentary nappes within the Helvetic

nappe system of Switzerland (Fig. 1). Parts of the crys-

talline basement, including autochthonous cover sediments,

have also been deformed and form the external crystalline

massifs (e.g. Ménot et al. 1994). The sedimentary nappes

have been displaced over more than 10 km along low angle

shear zones. However, the mechanisms responsible for

triggering and forming these shear zones are still incom-

pletely understood.
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Geologic reconstructions suggest that the sediments in

structurally higher nappes have been deposited in more distal

(SE direction) regions of the passive margin (Fig. 1; e.g.

Masson et al. 1980). The sedimentary units forming indi-

vidual nappes have been attributed to different depositional

domains related to the paleo-topography of the pre-Alpine

European basement (Fig. 1). The lowermost nappes in

Western Switzerland are fold nappes (Morcles and Dolden-

horn nappes; parts of the so-called Infrahelvetic complex;

Epard 1990; Pfiffner 1993) and consist of sediments that have

been deposited in the North-Helvetic basin which is inter-

preted as a half-graben (Epard 1990). The uppermost nappes

are more similar to thrust sheets (so-called Helvetic nappes,

e.g. Wildhorn nappe) and have been deposited in the more

distal Helvetic domain (basin) which was separated from the

North-Helvetic basin by a horst (e.g. Epard 1990). In Eastern

Switzerland, the Glarus thrust sheet has been sheared over

more proximal basement, autochthonous Mesozoic sediments

and Flysch units whereby the Infrahelvetic units did not form

a fold nappe as in Western Switzerland (Fig. 1; Siegenthaler,

1974). The basal shear zones of the tectonic nappes are often

(a) continuous over more than10 km, (b) subhorizontal, and

(c) root in the external crystalline massifs (Fig. 1, see also

Pfiffner et al. 2011).

Many studies argue that softening mechanisms are

required to generate ductile shear zones and that basal

shear zones during nappe displacement are weaker than the

less deformed rocks forming the nappe (e.g. Poirier 1980;

Austin et al. 2008). Therefore, different thermo-mechanical

processes have been suggested for the softening of basal

shear zones, such as grain size reduction in combination

with grain size sensitive diffusion creep (e.g. Ebert et al.

2008; Austin et al. 2008), higher temperatures at the base

of the nappe in combination with a temperature-dependent

viscosity (e.g. Bauville et al. 2013) or combined shear

heating and fluid release by carbonate decomposition (e.g.

Poulet et al. 2014). In contrast, we show in this study that

basal shear zones can also be initiated and maintained

Fig. 1 Simplified geological cross sections across the Helvetic nappe

system (a–c) and conceptual model of its evolution (e, f). The

simplified tectonic map in d shows the location of the cross sections.

a–c Cross sections across the Helvetic nappe system in Eastern,

central and western Switzerland, respectively (after Pfiffner 1993;

Herwegh and Pfiffner 2005; Escher et al. 1993, respectively). The

Helvetic nappes are thrusted along a prominent basal shear zone

(thick red line) over the Infra-Helvetic complex (b, c) and over

Molasse and Flysch sediments (a). The cross sections are parallel to

the displacement direction of the nappes. e Conceptual palinspastic

reconstruction of the European margin in Western and Central

Switzerland. f Conceptual model of nappe emplacement: sediments

initially filling distal basins are displaced tens of kilometers over more

proximal basement and sediment units while acquiring their typical

nappe geometry (modified after Steck 1984; Bugnon 1986)
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during finite strain deformation in a linear viscous fluid

without any softening mechanism.

Structural observations, such as the buttressing of sedi-

ments against the crystalline massif in the Ecrins and Bourg

d’Oisan massifs in France (Gillcrist et al. 1987, Dumont

et al. 2008, Bellanger et al. 2014), indicate that the basement

was more competent (i.e. having a higher mechanical

strength or greater resistance to deformation) than the sed-

imentary cover. The increase of strain towards the base of

spreading-gliding nappes is another example for such com-

petence contrast (e.g. Brun and Merle 1985; Merle 1986).

The impact of the basement-cover competence contrast on

nappe formation has been studied with analogue experi-

ments and numerical simulations. For example, experiments

showed that the indentation of a viscous material by a rigid

object leads to the formation of a shear zone above the rigid

indenter and the subsequent formation of a viscous fold

nappe (e.g. Bucher 1956; Merle and Guillier 1989). Similar

results have been obtained with numerical simulations

(Duretz et al. 2011). Also, Wissing and Pfiffner (2003)

showed with viscoplastic numerical simulations that the

formation of a nappe with a prominent basal shear zone can

be triggered by a rigid obstacle which mimicked a basement

high. In their model the shear zone extends horizontally past

this rigid obstacle. They applied a configuration with a

weaker decollement unit which is entrained at the base of

the nappe to enhance and maintain the basal shear zone.

Furthermore, Bauville and Schmalholz (2015) performed

thermo-mechanical numerical simulations for basement-

cover deformation considering a viscoelastoplastic rheology

with a nonlinear (power-law) and temperature dependent

viscosity (Fig. 2). They performed a systematic analysis of

the simulations and determined the conditions for which the

basement-cover deformation is dominated by a thin-skinned

or thick-skinned style of deformation. In their simulations

horizontal shear zones also formed at the basement-cover

interface. The formation of ductile shear zones at the

interface of the more competent basement with the less

competent sediments is not surprising since it is known in

fluid dynamics that shear zones can form in a linear viscous,

non-localizing fluid around a rigid obstacle. These shear

zones are known as boundary layers and are responsible, for

example, for skin friction on airplanes (e.g. Prandtl 1904;

Schlichting and Gersten 2017). Different to such boundary

layer shear zones, the thermo-mechanical simulations of

Bauville and Schmalholz (2015) also show the formation of

shear zones entirely within the sediments of the half grabens

(Fig. 2). Some of their results further suggest that such shear

zones can also form if the sediments are described by a

linear viscous fluid. In this study, we extend and elaborate

the simulations with linear viscous fluids performed by

Bauville and Schmalholz (2015) in order to quantify shear

localization in a non-localizing, linear viscous fluid

(mimicking sediments) which is sheared over a rigid mate-

rial with laterally-varying topography (mimicking basement

with half grabens). Following earlier nomenclature, we refer

to such a strain localization process in a linear viscous fluid

as kinematic strain localization (e.g. Brun, 2002; Braun et al.

2010). Kinematic strain localization can be caused by the

applied boundary conditions (e.g. a velocity discontinuity;

Brun 2002), the geometrical configuration (e.g. flow around

a rigid obstacle or particular shear zone geometry; Braun

et al. 2010) or internal variations in mechanical strength,

such as the viscosity variation (due to thermal gradient) in

channel flow models (e.g. Bauville and Schmalholz 2015).

The aims of this study are (a) to show that significant

shear localization can occur within a linear viscous fluid if

it is sheared above a rigid material with topography mim-

icking half-grabens, (b) to quantify the shear localization

and shear zone thickness inside the linear viscous fluid,

(c) to study the impact of half-graben depth and fluid vis-

cosity on shear localization and (d) to argue that the pre-

Alpine basement topography, which represents the tectonic

inheritance from earlier rifting, could have triggered shear

zone formation within sediments and hence played an

important role in the initiation of thrusting of the Helvetic

nappes over the Infrahelvetic complex.

2 Method and model

2.1 Numerical method

The applied 2-D numerical algorithm solves the Stokes

equations including gravity, which describe the flow of an

incompressible fluid where inertial forces are negligible

compared to viscous forces. Equations account for the con-

servation of momentum and mass (e.g. Mase 1970). The

numerical model is based on the Galerkin finite element

method and uses the software MILAMIN (Dabrowski et al.

2008) to solve the governing system of equations. The

algorithm further uses the mesh-generator Triangle (Shew-

chuk 2002) to generate a Lagrangian unstructured mesh

composed of seven-node Crouzeix-Raviart triangular ele-

ments with three discontinuous pressure nodes. Material

boundaries are defined by contour lines that are used to

generate a new mesh when the finite elements become too

distorted. The governing equations and the numerical algo-

rithm are described in detail in Schmalholz et al. (2014).

2.2 Model geometry and material properties

The model configuration mimics an idealized and simpli-

fied upper crustal region of a passive margin, where the

basement includes half grabens and is overlain by sedi-

ments (Fig. 1e, 2). Fold nappes and thrust sheets in the
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Helvetic nappe system typically formed at 8–15 km depth

(e.g. Kirschner et al. 1995). To avoid modeling the burial

stage of the passive margin evolution, sediments are

already 5 km thick in the initial configuration. The half

grabens are maximal 5 km deep and 25 km long, in

agreement with reconstructions for the North Helvetic

basin in Western Switzerland (Boutoux et al. 2014, and

Jean-Luc Epard, personal communication). The model

consists of three linear viscous fluids representing from

bottom to top the basement and two sedimentary layers

with viscosities of 1023, 1021 and 1022 Pa s, respectively. A

basement viscosity of 1023 Pa s generates a deviatoric

stress in the order of 100 MPa for a tectonic shortening rate

of 10-15 s-1, which is a stress in agreement with the pre-

dictions of Byerlee’s law at depths between 6 to 10 km,

and, which is supported by borehole stress measurements

(Townend and Zoback 2000). The top, stronger sediment

layer represents the stronger upper part of sediments

around the brittle-ductile transition (e.g. overlying Penninic

nappes), while the lower, weaker layer represents the more

ductile sediments eventually forming the Helvetic nappes

(Fig. 3). The density of the material is 2500 kg m-3. The

impact of temperature and erosion is neglected in the

simple models.

The applied velocity boundary conditions mimic model

configurations of typical analogue sandbox experiments

which have been applied to study the formation of accre-

tionary wedges (see Buiter 2012; Graveleau et al. 2012 for

recent reviews). A horizontal velocity is applied to the left

and bottom boundaries (Fig. 3). This velocity is updated

every time step tomaintain a constant bulk shortening rate of

10-15 s-1. The right wall is fixed in the horizontal direction,

thus acting as a backstop. Vertical velocity is zero at the

bottom boundary, while left and right boundaries are free to

slip (Fig. 3). The top boundary is a free surface.

2.3 Strain and displacement quantification

For every numerical time step, having index i, and at each

point of a finely resolved passive grid we compute the

incremental deformation tensor, Gi,

Gi ¼
1þ Dt

dvix
dx

Dt
dvix
dy

Dt
dviy

dx
1þ Dt

dviy

dy

2
664

3
775 ð1Þ

where Dt, vx
i , vy

i , x and y are the time step, the velocity in

the horizontal x-direction at time step i, the velocity in the

Fig. 2 Evolution of a representative simulation (TM-e) from

Bauville and Schmalholz 2015. The geometry mimics an idealized

passive margin geometry with basement half-grabens. Boundary

conditions are the same as in this study. Rheology of the basement

and sediment is viscoelastoplastic with a power-law (n = 4)

temperature dependent viscosity. During compression sediments are

sheared over the deforming basement. Shear zones form in the

sediment. The shear zones are initiated at the basement-cover

interface and cut horizontally through the half grabens
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vertical y-direction at time step i, the horizontal x-coordi-

nate and the vertical y-coordinate, respectively (e.g. Freh-

ner and Schmalholz 2006). For a given point the finite

deformation tensor F is computed by multiplying all the

incremental deformation tensors for all time steps, that is,

F ¼
Qni

i¼1 G
i where ni is the total number of time steps.

The maximum and minimum principal stretch axes, e1 and

e2, respectively, correspond to the square root of the

maximum and minimum eigenvalues, respectively, of the

tensor FTF (superscript T represents the transpose of the

tensor) which is the right Cauchy-Green strain tensor

(Bower 2009). We quantify strain with the maximum shear

strain cm which is (Ragan 2009; Beer and Erjj 2014)

cm ¼ e1 � e2 ð2Þ

The maximum relative displacement, Dr, in the direction

of maximum shear along any profile perpendicular to the

direction of maximal shear strain is computed according to:

Dr hð Þ ¼ r
h

0

cmdh; ð3Þ

where h is the distance along the profile. We calculated the

integral numerically from the numerical results. The dis-

placement Dr is used to quantify the relative displacement

across a shear zone. This displacement quantification

assumes that the shear zone is dominated by simple shear

which is the case in the simulations.

To describe horizontal displacement at the scale of the

entire model we also compute the horizontal displacement,

Dh, of individual points in the model with

Dh ¼ Xini
pg � Xpg; ð4Þ

where Xpg
ini and Xpg are the initial and final horizontal

coordinates of a particular point in the model, respectively.

3 Results

With increasing bulk shortening, the initially flat model

having a constant thickness forms a viscous wedge with the

largest thickness at the backstop (on the right boundary of

the model; Fig. 4) and the smallest thickness to the left and

moving boundary of the model. During shortening, the

sediments in the rightmost wide basin (green) are com-

pressed, extruded from their basin and sheared over the

basement (black) to the left (Fig. 4). The (green) sediments

are sheared also over the sediments (dark blue) which fill

the half-graben to the left. The interface between the dark

and light green regions is folded and deformed into a fold

nappe with an overturned limb, a frontal part and a normal

limb (Fig. 4g). The normal and the inverted limb are sub-

horizontal after 50% bulk shortening. In the final stage of

shortening (Fig. 4e, f) the higher parts of the dark blue

sediments have been sheared out of their half-graben while

the lower sediments remain inside the half-graben

(Figs. 4f, 3g). After 50% shortening the initial horizontal

succession of sedimentary domains (colored domains) has

been transformed into a vertical stack of nappes. The most

internal (right) domains are found at the highest structural

levels of the stack, that is, white sediments are at the bot-

tom, blue ones in the middle and green ones are highest

(Fig. 4f, g).

The quantities to describe the deformation in the model

after 50% bulk shortening are shown in Fig. 4. The region

shown in Figs. 4a–d corresponds to the one shown in

Fig. 3g. The black framed region in Fig. 4a–d is shown

enlarged in Fig. 4e, f. Since the model materials are linear

viscous, the viscosity of each model unit is constant

(Fig. 5a). The strain rate distribution (Fig. 5b) shows that

strain rates in the sediments are *10 times higher than the

average background strain rate (i.e. *10-14 s-1) in the

sedimentary nappe pile. Strain rates decrease below

10-15 s-1 in the lowest part of the half-graben but reach a

maximum of *10-13.5 s-1 directly above the horizontal

basement-sediment interface on the left of the half-graben.

Overall, the strain rate distribution is smooth and does not

show any significant localization within a region of con-

stant viscosity, only at the interface between two model

units of different viscosity, e.g. basement-sediment inter-

face (Fig. 5b). In contrast, the horizontal displacement

(Figs. 4e, 5c) shows a sharp variation at the interface

between the green and blue sediments (see Fig. 4g for

nappe geometry). We refer to the interface between the

blue and green sediments in the following as a nappe

boundary. Along a 1 km long profile across this nappe

boundary the horizontal displacement varies from *10 km

Fig. 3 Initial configuration of the model. The geometry represents a simplified passive margin. l is the viscosity of the material; vx and vy are

horizontal and vertical velocities respectively; eb = 10-15 s-1 is the bulk shortening rate
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below to 50 km above the nappe boundary (blue dashed

line in Fig. 4e). The relative displacement along this 1 km

long profile is shown in Fig. 4g, h. The considerable

displacement variation across the nappe boundary is also

expressed by a peak in the maximum shear strain (Fig. 4d,

f–h). The maximum shear strain cm amounts to *750 (i.e.

Fig. 4 a–f Evolution of the geometry of the model with increasing

shortening. Basement is in black and sediments are colored.

Limestone pattern indicates the stronger sediment, while the weaker

sediments bear no patterns. Colored areas are used as passive markers

of the deformation. g Detail of the nappe structure at 50% shortening.

The black frame indicates the area of focus for Fig. 4e, f

Fig. 5 Dynamic quantities describing the state of material properties

and deformation at 50% shortening. Nappe geometry of the area

featured in (a–d) is shown in Fig. 3g. Area of (e, f) is indicated by the

black frame in (a, d). g Maximum shear strain and relative

displacement along the profile featured in (e, f). h Detail of the

profile, indicated as the grey area in (g)

528 A. Bauville, S. M. Schmalholz



750 m of displacement across a 1 m thick shear zone;

Fig. 5h). The width of the shear zone in which cm[ 375

(i.e. half the maximal value in the shear zone) is *10 m

(Fig. 5h). The relative displacement, Dr, along the 1 km

long profile across the shear zone is *37 km (Fig. 5g),

whereby *14 km relative displacement occur across the

central 50 m of the profile (Fig. 5h). Dr (Fig. 5g) and Dh

(Fig. 5e) provide similar values for the shear zone which

indicates that the deformation of the shear zones is close to

simple shear and that the shear zone is responsible for most

of the horizontal deformation.

To quantify the sensitivity of the results to different

sediment viscosities and half-graben depths we performed

additional numerical simulations. The results indicate that

the sediment viscosity has a strong control on the kine-

matics of strain localization. If the top and bottom sediment

layer have the same viscosity strain localization is signifi-

cantly less intense (Figs. 6a–c, 7a–c). The strongest strain

localization in the weak lower sediment layer was observed

for viscosities of 1020 and 1021 Pa s and when the viscosity

of the upper sediment layer was ten times larger (Figs. 4d,

e, 6d, e). For a viscosity ratio between lower and upper

sediment layer of 100 (1020 and 1022 Pa s, respectively,

Fig. 7f) the maximum shear strain was smaller than for a

viscosity ratio of 10 (1020 and 1022 Pa.s, respectively,

Fig. 7d) which indicates that for the applied model con-

figuration a viscosity ratio in the order of 10 provides the

largest maximum shear strain and most intense strain

localization. A reduction of the maximum half-graben

depth from 5 to 1 km (not changing viscosities) had a

minor impact on the values of the maximal shear strain and

the strain localization which indicates a weak control of

half-graben depth on strain localization (Fig. 8).

4 Discussion

The average amount of shear strain in basal shear zones of

nappes can be estimated using the ratio of displacement

over shear zone thickness. For example, Ebert et al. (2007)

estimated a maximum displacement-thickness ratio of

*10 km/20 m = 500 for the Morcles nappe. The basal

shear zone of the Glarus nappe recorded an average shear

strain of about 30,000 (*30 km/1 m, e.g. Badertscher and

Burkhard, 2000). In the presented models, the basal shear

zone recorded maximum shear strains of at least 50 (one-

layer sediments) and up to 750 (two-layer sediments;

Fig. 5g, h), with an average of 280 (14 km/50 m) in the

central shear zone (Figs. 4, 6). These values are of the

same order of magnitude compared to values estimated for

the Morcles nappe basal shear zone and *40 times lower

than the values for the Glarus thrust.

Values of shear strain of *750 were obtained in the

model with two layers of sediment (Fig. 7). The motivation

for involving two sedimentary layers is to mimic the rhe-

ological layering in the sediments due to the brittle-ductile

transition, that is, a more competent layer (around the

brittle-ductile transition) resting above a less competent,

ductile layer. Simulations with a more realistic vis-

coelastoplastic rheology inducing a dynamic brittle-ductile

transition have been presented by Bauville and Schmalholz

(2015; see Fig. 2), and their simulations provide similar

results. The models with only one sedimentary layer

recorded less intense strain in the shear zone than the two-

layer models (Fig. 7). However, the value of shear strain in

the one-layer model of up to *60 for a shear zone a few

hundred meter thick is still significant. Regarding the

Glarus nappe basal shear zone, Ebert et al. (2007)

Fig. 6 Model results after 50% shortening for simulations with

different sediment viscosities (model configuration is identical to the

one shown in Fig. 3). The lt and lb are the viscosities of the top and

bottom sediment layer, respectively. The top sediment layer is

displayed with a limestone pattern when it has a viscosity different

from that of the bottom layer. A-C: The lt and lb are identical and are
1020 Pa s (a), 1021 Pa s (b) and 1022 Pa s. d, e The lt is ten times

larger than lb (value is indicated at the top of the panel-column). F:

The lt is hundred times larger than lb (value is indicated at the top of

the panel-column). Lower sediment viscosities favor internal shearing

while the model surface remains relatively flat (i.e. model domain

remains more or less rectangular). Higher sediment viscosities favor

wedge formation (i.e. considerable topography variation) while the

internal shearing is less than for smaller viscosities
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concluded that microfabric modifications and exhumation

induced cooling promoted further strain localization of an

existing high-strain shear zone. Cooling would decrease the

thickness of ductile sediments between the brittle-ductile

transition in the sediments and the top of the basement. Our

results suggest that the decrease of the distance between the

depth of the brittle-ductile transition and the depth of the

shear zone (i.e. a thinner weak sedimentary layer) would

further localize strain. This additional strain localization

effect, by thinning the ductile sedimentary layer, may have

contributed to the intensification of shear localization

described by Ebert et al. (2007).

The higher shear strain value in the basal shear zone

obtained for the two-layer sediment model compared to the

one-layer model may have two reasons:

1. The integral of strain over the area is the same for both

models (background strain 9 area). Therefore, if the

upper, more competent layer deforms less, the lower

layer has to deform more to obtain the same integrated

strain of the entire model.

2. In the one-layer model any vertical profile of the

horizontal velocity is similar to velocity profiles of

channel flow models with a free surface (zero slip at

the bottom, free surface at the top; e.g. Turcotte and

Fig. 7 Color plot of maximum shear strain (cm, Eq. 2) for simula-

tions presented in Fig. 5. The enlargements show the same model

region as in Fig. 4a–d. Kinematic strain localization occurs in all

simulations. Strain localization is more intense for lower viscosities

for homogeneous sediment viscosity (a–c). Strain localization is

significantly larger for two sediment layers with different viscosities

(d–f). g Profile of maximum shear strain across the shear zone

indicated as black line in figure a–f. The line style of the

corresponding simulation is indicated in the lower left corner of

panels a–f. The most intense strain localization with a maximum

shear strain[500 is observed for the simulations with a viscosity ratio

of 10 (d, e)

Fig. 8 Color plot of maximum shear strain after 50% shortening for

simulations with different sediment viscosities (indicated at the left of

each panel-row) and different half-graben depth (indicated at the top

of each panel-column). The general model configuration is identical

to the one shown in Fig. 3 (except half-graben depths and sediment

viscosities). The enlargements show the same model region as in

Fig. 4a–d. For different half-graben depths but identical viscosities

the maximum shear strain in the shear zone is similar (a, b and c,
d) indicating a weak control of half-graben depth on kinematic strain

localization. For different viscosities but identical half-graben depth

the maximum shear strain in the shear zone is different (a, c and b,
d) indicating a strong control of sediment viscosity on kinematic

strain localization, which is in agreement with results shown in Fig. 6
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Schubert 2014). In the two-layer model, the velocity

profile of the weak layer can be idealized as being

bounded by a no slip condition at the bottom and a

fixed horizontal velocity at the top which is imposed

by the displacement of the upper layer. In this case,

strain rate increases when the lower-layer thickness

decreases (assuming that the top velocity is constant).

Assuming a fixed depth of the upper layer, the

thickness of the lower layer is smaller above horsts

than it is above grabens. Therefore the weak layer

records additional strain in the region above horsts.

The shear zones in the linear viscous sediments occur

not only at the basement-cover interface but also entirely

inside the linear viscous sediments where the shear zone

extends across the sediments in the half-grabens (Fig. 5d).

This shear zone formation inside linear viscous fluids is

similar to the flow separation of a boundary layer, fol-

lowing the nomenclature of boundary layer theory (e.g.

Batchelor 2000; Schlichting and Gersten 2017). Flow

separation of the boundary layer shear zone from the

boundary can occur if the boundary has sharp corners. Such

sharp corners in the basement-cover interface are present in

the models due to the half-graben geometry. In our model

the separation of the shear zone is more intense around the

steep slope of the half-graben geometry than around the

shallow slope. The sharp corners along the basement-cover

boundary are most likely responsible for the separation of

the shear zone from the boundary and hence cause the

shear zones within the linear viscous fluid which is sheared

above this boundary. We argue that such flow separation

could have played an important role during the shearing of

less competent, ductile sediments over half-grabens and

horsts whose geometry was defined by a more competent

basement. Hence, such flow separation may have played an

important role during nappe formation in the Helvetic

nappe system.

A boundary layer forms in between a surface of no slip

and a surface of zero stress condition at an infinite dis-

tance from the contact. Boundary layer thickness is gen-

erally defined as the limit at which the zero stress

condition is satisfied at 99% and beyond which the flow

can therefore be considered inviscid. In flow with Rey-

nolds number[1 (typical for water or air) this thickness is

in the order of mm to m. For the deformation of rocks at a

geological time scale, however, the boundary layer

thickness would be orders of magnitude larger than the

earth (e.g. Batchelor 2000; Schlichting and Gersten 2017).

Our model predicts a much thinner shear zone. The main

difference with the boundary layer theory is that in our

model the zero stress condition is satisfied at the free

surface. A vertical velocity profile in the model is thus

close to a channel flow with free surface (e.g. Turcotte

and Schubert 2014). Variations of the basement topogra-

phy modify the depth at which the no slip condition is

applied. This changes the vertical velocity profile and

creates lateral variations in velocity, which, in turn, trig-

ger kinematic strain localization.

Bauville and Schmalholz (2015) also performed viscous

and more advanced viscoelastoplastic thermo-mechanical

simulations in which the basement was more or less

deformed. Their results suggest that a deformable basement

does not significantly modify the kinematic strain local-

ization due to basement topography, in particular during

the initial stages of deformation.

Inversion of basins can occur by reactivation of normal

faults as thrusts (Williams et al. 1989). Here, we did not

consider a reactivation of normal faults since recent studies

tend to agree that no significant reactivation of normal

faults occurred in the external crystalline massifs (e.g. de

De Graciansky et al. 1989; Butler 1989; Bauville and

Schmalholz 2015).

Brittle thrusts, that is, faults controlled by a frictional,

and not ductile, deformation are generally expected to dip

upward. However, the basal shear zone of the Morcles

nappe in places follows the irregular geometry of the

Aiguilles-Rouges basement and is seen going down in

today’s orientation (although the original orientation of

thrusting might have been different; e.g. Butler, 1992).

Recent observations from the accretionary prism of the

Japan Trench show that thrusts in shallow conditions can

follow the topography and even step down into grabens

(Boston et al. 2014). Whether the particular thrust imaged

by Boston et al. (2014) follows a weaker sedimentary level

or simply the basement topography, is unclear. Our results

indicate that thrust-type shear zones can follow the base-

ment topography and can also dip downwards (Fig. 5d).

Basement-cover half-graben geometry and ductile

deformation outside the basal decollement are frequently

neglected in accretionary wedge models based on brittle-

plastic deformation (e.g. Buiter 2012; Graveleau et al.

2012). In such brittle-plastic wedge models the location

and spacing of thrusts is entirely controlled by the geom-

etry of the wedge and the associated internal stress distri-

bution. However, when basement topography and/or

basement deformation is taken into account it is system-

atically shown that basement topography has a strong

control on the cover deformation, regardless of the con-

sidered rheology (e.g. Dominguez et al. 2000; Wissing and

Pfiffner 2003; Panien et al. 2006; Bauville and Schmalholz

2015). In our model, the shear zones enabling the nappe

emplacement are triggered by the basement topography

and hence by the tectonic inheritance of former rifting

phases. The geological reconstructions assigning individual

nappes to different paleogeographic domains characterized

by horst and half-graben structures supports the potential
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importance of kinematic strain localization as an important

trigger mechanism for the formation of tectonic nappes in

the Helvetic nappe system.

5 Conclusion

We numerically studied the shearing of linear viscous

fluids above a linear viscous fluid with considerably

higher viscosity (quasi-undeformable) in two-dimen-

sions. The boundary between the fluid (mimicking sed-

iments) and the quasi-undeformable fluid (mimicking

basement) exhibited geometrical perturbations (mimick-

ing half-grabens). These geometrical perturbations can

trigger significant strain localization and the formation

of shear zones within the linear viscous fluid. This

kinematic strain localization does not only occur at the

interface between fluid and quasi-undeformable fluid but

also entirely within the linear viscous fluid. If the fluid in

contact with the quasi-undeformable fluid is overlain by

a more viscous fluid, then the shear localization is more

intense. The viscosity ratio between the fluid layers has a

strong control on the kinematic strain localization,

whereas the depth of the half-grabens has a weak con-

trol. The shear zones inside the fluid in contact with the

quasi-undeformable fluid can exhibit a significant shear

strain of up to 750 (i.e. ratio of shear displacement

divided by shear zone thickness). For viscosities of the

sheared fluid in the order of 1021 Pas and typical half-

graben geometries of 5 km depth and 25 km width the

kinematic strain localization generated a low-angle shear

zone with a thickness in the order of 100 m and an

associated lateral displacement of[10 km.

We applied the model to the pre-Alpine European

passive margin and the formation of tectonic nappes in

the Helvetic nappe system. The viscosity ratio in the

model represents the competence ratio between basement

and sediments and the geometrical perturbations mimic

half-grabens. These half-grabens represent the tectonic

inheritance of a former rifting event. The shear zones in

the model generate structures comparable to sedimentary

nappes which are sheared over the more proximal base-

ment and sediments. The continuous shearing generates a

stacking of the model nappes whereby the most distal

nappes are structurally highest. The deformation sequence

and nappe stacking in the simulations is in agreement

with general observations from the Helvetic nappe

system.

Tectonic inheritance in the form of half-grabens, com-

petence contrast between basement and sediments, and

ductile creep of the sediments can trigger and form ductile

shear zones in the sediments during compression of the

basement-sediment system even if there are no rheological

softening mechanisms active. The shear zones on which the

nappes in the Helvetic nappe system have been displaced

could have hence been triggered and controlled by the half-

graben architecture of the pre-Alpine European passive

margin. Such control by tectonic inheritance would agree

with the common interpretation that the sediments com-

posing individual nappes originated from different paleo-

geographical domains which were defined by the

paelotopography of the basement. Tectonic inheritance and

associated kinematic strain localization could therefore

have been the trigger mechanism for nappe formation, and

not a rheological softening mechanism. In contrast, soft-

ening mechanisms due to, for example, grain size reduction

or shear heating, might have been activated during the

early stages of kinematic strain localization and might have

subsequently most likely further intensified the shear

localization significantly.
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Escher, A., Masson, H., & Steck, A. (1993). Nappe geometry in the

western Swiss Alps. Journal of Structural Geology, 15(3),

501–509.

Frehner, M., & Schmalholz, S. M. (2006). Numerical simulations of

parasitic folding in multilayers. Journal of Structural Geology,

28(9), 1647–1657.

Gillcrist, R., Coward, M., & Mugnier, J. L. (1987). Structural

inversion and its controls: examples from the Alpine foreland

and the French Alps. Geodinamica Acta, 1(1), 5–34.

Graveleau, F., Malavieille, J., & Dominguez, S. (2012). Experimental

modelling of orogenic wedges: A review. Tectonophysics, 538,

1–66.

Herwegh, M., Hürzeler, J. P., Pfiffner, O. A., Schmid, S. M., Abart,

R., & Ebert, A. (2008). the Glarus thrust: excursion guide and

report of a field trip of the swiss tectonic studies Group (swiss

Geological society, 14.–16. 09. 2006). Swiss Journal of

Geosciences, 101(2), 323–340.

Herwegh, M., & Pfiffner, O. A. (2005). Tectono-metamorphic

evolution of a nappe stack: A case study of the Swiss Alps.

Tectonophysics, 404, 55–76.

Huiqi, L., McClay, K. R., & Powell, D. (1992). Physical models of

thrust wedges. In K. R. McClay (Ed.), Thrust tectonics (pp.

71–81). Netherlands: Springer.

Kirschner, D. L., Sharp, Z. D., & Masson, H. (1995). Oxygen isotope

thermometry of quartz-calcite veins: Unraveling the thermal-

tectonic history of the subgreenschist facies Morcles nappe

(Swiss Alps). Geological Society of America Bulletin, 107(10),

1145–1156.

Mase, G. E. (1970). Schaum’s outline of theory and problems of

continuum mechanics. New York: McGraw-Hill.

Masson, H., Herb, R., & Steck, A. (1980). Helvetic Alps of Western
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