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[1] Although evidence for weak detachments underlying foreland thrust belts exists, very little is known
about the lateral variations in effective strength, as well as the geological nature of such variations. Using
critical taper analysis, we show that a detailed and systematic measurement of surface slope of the Central
European Alps reveals variations in strength parameter F along the detachment, based on the argument that
the Alps are close to the critical state. We show that the basal detachment is very weak near the deformation
front but strengthens toward the hinterland. Very low F (effective coefficient of friction plus normalized
cohesion) values of<0.1 and even 0.05 occur within evaporites and within shales in Triassic (west) or Upper
Cretaceous/Lower Tertiary sequences (east) used by the Alpine sole detachment. These very low values in
shales—comparably low values are reported from other orogens—are caused partly by slightly elevated pore
pressures (k> 0.54) but may also require additional mechanisms of dynamic weakening.
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1. Introduction

[2] Basal detachments beneath active thrust
wedges may be extremely weak [e.g., Suppe,
2007; Ruh et al., 2012]. The strength of such a

basal detachment is usually estimated using vari-
ous strategies based on critical wedge theory
[Davis et al., 1983; Dahlen et al., 1984; Dahlen,
1990] as well as from numerical analysis [Cubas
et al., 2013]. Several studies have shown that it is
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possible to estimate the coefficient of basal friction
by applying mechanical models of wedges. Davis
and von Huene [1987] apply the critical Coulomb
wedge model [Dahlen et al., 1984] using the hang-
ing wall fault geometry at the Aleutian Trench and
infer a weak detachment, which they ascribed to
elevated pore pressure. Schott and Koyi [2001] use
an elastic wedge model [Yin, 1993; Mandal et al.,
1997] and calculate the coefficient of basal friction
for the Makran and Nankai wedges from fault
geometry and material properties and find values
of lb 5 0.16 and 0.2, respectively, which is
extremely low. Furthermore, detachment strength
variations along and across strike have been
reported from various orogens and analyzed in
sandbox and numerical models [e.g., Calassou
et al., 1993; Baby et al., 1995; Macedo et al.,
1999; Schreurs et al., 2001; Calais et al., 2002;
Couzens-Schultz et al., 2003; Bose et al., 2009].
These studies focus on a (both, transient or sharp)
change from brittle to ductile behavior, but little is
known about strength variations within a single
brittle detachment. In particular, the regional vari-
ability of the increasingly reported low strength
values or their relationship with detachment lithol-
ogy remain largely unconstrained.

[3] Recently, Suppe [2007], extending the original
approach of Dahlen [1990] used the example of
the Taiwan wedge and the toe of the Niger delta to
show that it is possible to constrain detachment
strength (the magnitude of detachment strength
parameters, respectively, see below) by a simple
measurement of surface and detachment slope
(e.g., see also application of this strategy to the
Central Andes foreland belt by Oncken et al.
[2012]). In this study, we closely follow this
approach and show that the equations Suppe has
derived can be used to reveal strength parameter
variations along one single brittle detachment. To
this end, we carry out a detailed analysis of wedge
topography and the shape of the basal detachment,
assuming that the equations that Suppe [2007]
derived for the entire wedge are also valid for
every point within the wedge. Before this analysis,
we must address this assumption. Analogue
experiments and numerical studies show that the
basis of critical taper theory, which is failure equi-
librium throughout the wedge, is violated if defor-
mation in elastic-plastic materials is localized due
to strain weakening [Lohrmann et al., 2003;
Simpson, 2011]. Accordingly, in order to obtain
meaningful results, geometric detail of spatial
detachment strength variations is limited by the
spacing of the strain-weakening parts, i.e., to the

thrust spacing of the fold and thrust belt forming
the overlying wedge.

[4] The European Alps provide a suitable example
to investigate variations in detachment strength in
a natural system because of the availability of
high-resolution geologic and tectonic maps for the
entire orogen. Additionally, various orogen-scale
cross sections provide control on the 3-D architec-
ture and the depth of the detachment horizons,
their stratigraphic position and lithologies
involved [e.g., Schmid et al., 1996; Escher and
Beaumont, 1997; Pfiffner et al., 1997b; Burkhard
and Sommaruga, 1998; Schmid et al., 2004;
L€uschen et al., 2006; Lammerer et al., 2008; Pfiff-
ner, 2010]. The focus of this study is the central
part of the orogen where along strike variations in
deep structure and timing of metamorphic events
are small enough to suggest along strike consis-
tency of wedge dynamics [e.g., Gebauer, 1999;
Thöny, 1999; Schmid and Kissling, 2000; Schmid
et al., 2004].

2. Geological Framework

[5] The Central European Alps are the result of
convergence and collision of the Adria and Euro-
pean plates [e.g., Tr€umpy, 1960; Frisch, 1979;
Stampfli et al., 2001; Schmid et al., 2004]. Follow-
ing southward subduction of the Penninic Ocean,
the continents collided at �35 Ma, [e.g., Schmid
et al., 1996]. On-going convergence resulted in
northward thrusting of the European passive mar-
gin (Helvetics) and downward flexing of the Euro-
pean Plate. This entailed the formation of the
North Alpine Foreland Basin and the subsequent
deposition of two regressive cycles of marine and
fresh water sediments [e.g., Pfiffner, 1986; Sin-
clair and Allen, 1992; Schlunegger et al., 1997;
Sinclair, 1997; Kempf et al., 1999; Berger et al.,
2005; Willett and Schlunegger, 2010]. The south-
ern part of the foreland basin was folded and
thrusted shortly after deposition, and today forms
the Subalpine Molasse [Homewood et al., 1986].
After �10 Ma, folding of the Jura Mountains
started due to detachment of foreland sediments
along Triassic evaporites [Buxtorf, 1907, 1916;
Laubscher, 1961, 1977; Bollinger et al., 1993].
The Jura Mountains form now, together with the
North Alpine Foreland Basin, the external part of
the Alpine chain [e.g., Burkhard, 1990; Burkhard
and Sommaruga, 1998]. Shortening within the
Subalpine Molasse and Jura Mountains is trans-
ferred southward to below the External Massifs
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[Boyer and Elliott, 1982; Laubscher, 1986;
Burkhard, 1990; Escher and Beaumont, 1997;
Pfiffner et al., 1997a]. The latter consist of
accreted European basement now overlying the
recent Alpine basal detachment, and today form
the northern drainage divide of the Central Alps
(Figure 1). Several studies have pointed out the
linkage of exhumation of the Aar and Gotthard
Massifs with folding and thrusting within the Sub-
alpine Molasse and the Jura Mountains, which
allows considering the entire suite of tectonic units
from the External Massifs through the Subalpine
Molasse and Jura Mountains as part of a single
orogenic wedge [Boyer and Elliott, 1982;
Burkhard, 1990; Pfiffner et al., 1990; Pfiffner
et al., 1997b; Burkhard and Sommaruga, 1998;

F€ugenschuh and Schmid, 2003; von Hagke et al.,
2012], (Figure 1b).

[6] The critical taper theory, derived from force
balance considerations, predicts that a wedge will
evolve toward failure equilibrium (the critical
state) characterized by being at the verge of brittle
failure internally and at its base. Force balance
means that the detachment parallel component of
gravitational body force and the resulting overbur-
den pressure, together with basal shear traction
equal compressive push [Davis et al., 1983].
Hence, a central requirement for applying wedge
theory to deduce mechanical properties is that the
system is near failure equilibrium at the minimum
or maximum critical condition, which we will

Figure 1. a. Tectonic map of the Northern Central Alps and the adjacent foreland based on Spicher [1980]
and Schmid et al. [2004]. a—autochthonous Jura, f—folded Jura, traces of analyzed profiles indicated by
black lines (1–5). Note the crystalline bodies within the Alps, the External Massifs (including the Aar Massif).
Figure 1b is a cross section through the Central Alps, highlighting the major tectonic units and the basal
detachment (modified after Burkhard and Sommaruga [1998]). Tectonic units discussed in the text are col-
ored. Limit of seismicity (coinciding with the 300–350�C isotherm) based on Okaya et al. [1996].
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address below. Equilibrium, accordingly, should
be reflected by a self-similarly growing wedge
with a stable surface taper (a) and detachment dip
(b) over time (critical wedge theory is time inde-
pendent, see equation (1)) [Davis et al., 1983;
Dahlen, 1984; Dahlen et al., 1984]. Such a critical
wedge should react instantaneously to changes in
stress regime. For instance, the Taiwan fold and
thrust belt, a classic example of critical wedge, has
been shown to react with internal deformation
only because of air pressure lowering due to sea-
sonal typhoons [Liu et al., 2009]. Extending this
conventional application of wedge theory, Simp-
son [2011] has shown in a more detailed numerical
study that substantial parts of a thrust wedge—i.e.,
major parts of thrust sheets or imbricates separated
by the thrusts—may be in a different stress state
well below failure. Over time, such wedges tend to
evolve toward a taper near the minimum critical
condition that is predicted by wedge theory,

although wedge theory does not explicitly include
the role of weak faults and strain localization.

[7] The Alps provide an exceptional data set to
observe whether, and at which scale, they are at the
verge of failure: in addition to natural phenomena,
human impact and resulting disturbances of the
stress field is abundant and distributed across the
entire mountain range (Figure 2). In many regions
of the Alps, water reservoir impoundment induced
seismic activity. Famous examples in the Central
and Western Alps are Monteynard, France, where
an earthquake of magnitude ML 4.9 was triggered
shortly after filling a reservoir [Roth�e, 1970; Gupta
et al., 1972], the Lake of Salanfe, Switzerland,
where abnormally high seismicity after reservoir
filling triggered thermal springs at a distance of
�15 km [Bianchetti et al., 1992], and the Verzasca
Dam, Switzerland, where several hundred local
earthquakes occurred after filling [S€usstrunk, 1968;

Figure 2. Seismic activity in the Central Alps shows some clustering, but is generally distributed all over
the orogen (note for instance the seismic cluster of the glacially oversteepened Rhone Valley). For optical
clarity, we chose the arbitrary interval from 2004 to 2009 from the SED catalogue [F€ah et al., 2011]. Blue
dots represent the respective epicenters, not magnitude. Seismic events triggered by rainfall, drilling of the
Gotthard Tunnel, and geothermal deep drillings are indicated as circles that scale with magnitude. Water res-
ervoirs that triggered earthquake swarms are represented by blue triangles. Stress indicators are taken from
the World Stress Map [Heidbach et al., 2008].
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Gupta et al., 1972]. A few events have been attrib-
uted to the Swiss dams of Linth-Limmern and Lac
Hongrin [F€ah et al., 2011]. Drilling of the Gotthard
Base Tunnel in the Central Alps triggered a series
of 112 earthquakes with a maximum magnitude of
ML 2.4 [Husen et al., 2012]. Fluid injection in a
geothermal drilling in Basel stimulated several
thousand earthquakes in 2006 and 2007 with a
maximum magnitude of ML 3.4 [H€aring et al.,
2008; Deichmann and Ernst, 2009; Ripperger
et al., 2009; Bachmann et al., 2011]. On 20 July
2013, the Swiss Seismological Service registered a
ML 3.6 earthquake, related to stimulation activities
in the St. Gallen geothermal borehole (www.seismo.
ethz.ch/index_EN), which likewise was accompa-
nied by more than 500 smaller quakes (as of 23
July 2013). (For location of the Basel and St
Gallen deep drillings see Figure 2.) In addition,
rainfall and resulting variations in water table
caused seismic activity in the Central Alps. Dei-
chmann et al. [2006] and Husen et al. [2007] show
that a heavy rainfall event in 2005 caused abnor-
mally high seismicity and Roth et al. [1992] sees
correlation between intense precipitation coupled
with seasonal snow melt and shallow seismicity in
the eastern Swiss Alps. Besides these transient
effects, seismicity in the Central Alps and their
north-western foreland is extensive and also found
in regions between major active structures (Figure
2). Moreover, the fan shape of the maximum hori-
zontal stresses transverse to the Alpine arc exhibits
an identical, strike-slip dominated, kinematic pat-
tern within the orogen as well as in its foreland
within the area of interest [Sue et al., 2007; Heid-
bach et al., 2008]. Both latter observations indicate
active deformation beyond the above-described
local response to perturbations. In sum, this sug-
gests that a very substantial portion of the Central
Alpine wedge is close to failure equilibrium and
that it has largely evolved toward the minimum
critical condition during ongoing deformation.

[8] To apply the critical taper theory, i.e., to
accommodate the assumption of failure equilib-
rium, the basal detachment must also be at
the verge of failure. This appears probable, as the
foreland is seismically active above and below the
detachment horizon [F€ah et al., 2011]. In addition,
the mean of the measured maximum horizontal
stress orientations (SH) above and below the
detachment is identical within statistical error
[Deichmann and Marschall, 2002; Kastrup et al.,
2004; Valley and Evans, 2009; Deichmann, 2010;
Heidbach and Reinecker, 2012]. In the eastern
Central Alps, neo-tectonic activity shows that the

basal detachment is still active [Persaud and Pfiff-
ner, 2004; F€ah et al., 2012]. In the western Alps,
Mosar [1999] has argued for a newly developing
midcrustal detachment underneath the Molasse
Basin [see also Lacombe and Mouthereau, 2002]
and a change from thin to thick-skinned tectonics
in the Jura Mountains [Giamboni et al., 2004;
Madritsch et al., 2008]. However, this midcrustal
detachment is only incipient and has probably not
yet developed into a through-going tabular fault
able to modify and control surface taper [Mosar,
1999]. We, therefore, do not consider it to be rele-
vant for present-day wedge dynamics. In any case,
development of such a new detachment requires
active shortening, which is corroborated by active
convergence in the Jura Mountains [Madritsch
et al., 2010]. Hence, the basal detachment is likely
creeping or close to the verge of failure too.

3. Critical Taper Analysis

[9] In a mechanically homogeneous wedge, the
critical taper equation using the small angle
approximation of Dahlen [1990] is

ða1bÞ �
ð12qf =qÞb1lbð12kbÞ1Sb=qgH

ð12qf =qÞ12ð12kÞ sin/
12sin/

� �
1C=qgH

(1)

where qf is the density of the fluid above the wedge
(water or air), q is the mean density of rock, lb is
the basal friction coefficient, kb is the basal pore
fluid to lithostatic pressure ratio, Sb is basal cohe-
sion, C is compressive wedge strength, / is the
angle of internal friction, and H is wedge thickness.
In simple terms, the critical taper angle (a 1 b) is
dependent on the ratio of basal fault strength and
wedge internal strength. Suppe [2007] collects all
wedge-strength terms into one value (W) and all
fault strength terms into one value (F) and reorgan-
izes the critical taper equation to

F5að12qf =qÞ1ða1bÞW (2)

[10] As the Central Alps are a subaerial wedge, qf/q
(air density over rock density) will be negligible and
it is possible to substitute (12qf/q) ffi 1 [Suppe,
2007] and write for the Central Alps

F5a1ða1bÞW (3)

[11] W is a dimensionless parameter, assessing
wedge-strength independent of the amount of
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overburden. It is a (dimensionless) measure of hor-
izontal to vertical stress at failure. F is analogously
to W dimensionless, and a function of lb. F is the
normalized basal shear traction at failure of the
detachment [Dahlen, 1990; Suppe, 2007]. This
means that F is equivalent to the sum of the effec-
tive coefficient of friction lbeff 5 lb

�(12kb),

where kb is the basal pore fluid pressure ratio, and
normalized basal cohesion Sb=qgH . For very small
F-values, basal cohesion may become an impor-
tant component of the total basal shear strength.
Accordingly, it is impossible to quantify the coef-
ficient of basal friction for the wedge—F is always
an upper bound for the effective basal friction—
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Figure 3. Construction of the basal Alpine detachment for (a) the Molasse and (b) the Jura Mountains.
Detachment maps are based on available cross sections that are either balanced or interpreted from seismic
lines. See insets Figures 3a and 3b for distribution of available profiles and 3-D-view of the detachment for
the respective surfaces. Below the Plateau Molasse, the Jura detachment is gently dipping. Note that no F-
values are calculated for the parts of the profiles south of the constructed detachment.
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but it is possible to assess detachment and wedge
strength. For details on critical taper theory, the
reader is referred to Dahlen [1990], for the reor-
ganization of the equation to Suppe [2007].

[12] Equation (3) yields all possible pairs of F and
W that satisfy the critical taper theory. This allows
calculating the basal detachment strength only
from determination of a and b, under the assump-
tion of the finite wedge-strength parameter W
[Suppe, 2007].

4. The Central Alpine Critical Wedge

[13] For this analysis of the Central Alps, we use a
variable, systematically determined topographic
slope a and corresponding variable detachment dip

b. We determined a and b along five profiles,
reaching from the undeformed foreland basin to
beyond the drainage divide within the orogen, thus
covering the prowedge of the Central Alps (Figure
1). It is noteworthy that the results of this analysis
are only valid for this part of the orogen (i.e.,
between the five profiles), where failure equilib-
rium is required. Criticality of the prowedge is
independent of criticality of the retro-wedge [e.g.,
Simpson, 2011; Graveleau et al., 2012]. Note that
the analysis is also only valid for the present-day
wedge geometry.

4.1. Construction of the Basal Detachment

[14] The basal detachment of the Alpine foreland
is the Molasse detachment in the east, whereas it is

Figure 4. Swath profiles of the five cross sections. See Figure 1 for location. Colors represent different geo-
logical units of the single profiles within the swath. Origin of x axis is located at the surface break of the most
external thrust of the Subalpine Molasse. Black lines show the binning results, which we used for a determina-
tion. Note the good fit, which is only slightly perturbed by major glacial valleys.
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the Jura detachment in the west (Figure 3). For
constructing the detachment map, we interpolated
between balanced cross sections, either based on
maps and reflection seismic data [M€uller, 1984;
Menkveld, 1995; Burkhard and Sommaruga,
1998; H€anni and Pfiffner, 2001; Kempf and Pfiff-
ner, 2004; Pfiffner, 2010] or based on reflection
seismic data only [Schmid in Funk et al., 1983;
Schmid et al., 1996; Pfiffner et al., 1997b; Pfiffner
and Hitz, 1997; Pfiffner et al., 1997c; Pfiffner,
2010]. For 3-D construction of the detachment, we
used the GoCad software, which uses the discrete
smooth interpolation algorithm [Mallet, 1997].
The Jura detachment below the Plateau Molasse is
not shown on most available cross sections, but is
gently dipping and running in the well mapped
Triassic salt deposits [Spicher, 1980; Philippe
et al., 1996; Sommaruga, 1999]. For F-
calculations, we connected the northernmost point
of the Jura-detachment surface we could recon-
struct from available profiles with the surface rup-
ture of the northernmost Jura fault. This yields an
upper boundary for the detachment dip and thus
maximum F-values underneath the Plateau
Molasse. We constructed the basal detachment to
depths of maximal 10 km, which is within the seis-
mically active zone, and thus deforming brittle
(Figure 1b).

4.2. Measurement of Surface Slope

[15] We measured the corresponding a from topo-
graphic swath profiles based on the SRTM 3-arc
second digital elevation model. Each swath has a
width of �15 km. We defined one representative a
for segments of 7.5 km length along the profiles.
We determined this value empirically. It is the
best fit that represents variations in a, but
smoothes out topographic effects caused by recent
glacial erosion (Figure 4). To account for effects
of peak uplift in response to glacial relief produc-
tion [e.g., Molnar and England, 1990; Montgom-
ery, 1994], we used the 95th percentile of the
topographic data. Additionally, this value is still
big enough so that local particularities will aver-
age out. We assume mechanical homogeneity for
each segment.

[16] Figure 4 shows the results of the topographic
analysis for the five profiles. The origin of the hor-
izontal axis in all plots is located at the surface
expression of the most external thrust within the
Subalpine Molasse. Note the deeply incised Rhone
Valley in Profile 1. Profiles 1 and 2 reach from the
Jura Mountains in the north to the External Mas-
sifs in the south. South of the topographic step at

the southern fringe of the Jura Mountains, the
topography rises quite steadily from the Molasse
to the south of the Helvetic units (colored in green)
and remains constant thereafter in the basement
units. Note that Profile 3 still reaches the Jura
Mountains in the north but the thick salt deposits
in which the Jura detachment roots are not present
anymore [Philippe et al., 1996]. Also, the Jura
detachment is absent on the adjacent cross sec-
tions. We, therefore, use the Molasse detachment
for calculations. In the south of Profiles 4 and 5,
Helvetic and Austroalpine nappes cover the crys-
talline basement. These profiles are to the east of
the Jura Mountains. A similar pattern as observed
in Profiles 1–3 emerges. Plotting a versus b
reveals that the values do not plot on (or parallel
to) any of the calculated stability fields, i.e., lines
of minimum critical condition, indicating variable
detachment and/or wedge strength (Figure 5).

4.3. Calculation of Strength Parameters
and Assessment of Uncertainties

[17] To calculate the normalized shear strength F
of the detachment with the retrieved a and their
corresponding b-values according to equation (3),
we use a W value of 1.0 6 0.2, which Suppe
[2007] determined for the European basement.
Changing W within the error range affects the cor-
responding F-values only in the second digit and is
therefore insignificant.

[18] F-values were calculated along the five inves-
tigated profiles (Figure 6). The origin of the x axis
is (in analogy to Figure 4) located at the most
external thrust of the Subalpine Molasse. The
striking result is that a significant increase in F
from north to south is required along all profiles.

Figure 5. Alpha-beta plots for the five profiles. Diagonal
lines are calculated stability field outlines for varying angles
of basal friction /b (as given on the diagonal lines) (ranging
from 2 to 18; tan/b 5 lb), an angle of internal friction /i 30�,
and hydrostatic conditions (k 5 0.4).
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In the frontal part of the wedge, F is less than 0.2.
Negative F-values in Profile 1 reflect negative
a-values at the southern fringe of the Jura Moun-
tains. An increase in detachment strength occurs in
all profiles south of the Subalpine Molasse, and
maximum values of 0.6–0.7 are obtained to the

south of the updip end of the detachment ramp
underlying the Aar Massif.

[19] The uncertainty of the F-values depends on
the accuracy of the profiles. Whereas the topogra-
phy is easily accessible through the SRTM data,

Figure 6. F-W plots of all five profiles. Origin of the x axis is the surface break of the most external thrust
within the Subalpine Molasse. High F-values at the wedge tip (i.e., where the thrust ramps up to surface)
should be read with caution, as this part is potentially not at critical state. F-values are very low in the frontal
part of the wedge and increase toward the External Massifs in the south. Errors of F-values are dependent on
errors within profile construction. We use a flat detachment below the Plateau Molasse for F-calculations for
the Jura detachment.
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the error of the detachment shape is difficult to
quantify and generally not given in the original
publications. To assess this error, we allow the
detachment to vary 50 m vertically for any two
points of the constructed detachment surface. The
construction points on the detachment surface are
irregularly spaced (due to the interpolation
between the profiles) but never farther apart than 1
km, in most cases far less. In regions of high dip
variations, they are only 10–50 m apart. Accord-
ingly, 50 m of vertical variation allows b to vary
at least 2.9 degrees in flat regions and more than
45 degrees elsewhere. Such variations would be
visible on seismic profiles, and are accordingly
overestimating the error. Consequently, uncer-
tainty in F derived from the detachment results
mostly from too high resolution in horizontal steps
within the detachment, i.e., an overinterpretation
of the constructed detachment surface. We, there-
fore, opted for a horizontal sampling distance of 2
km for the detachment that smoothes local error
but still preserves the general shape of the
detachment.

[20] Additional uncertainty in F is due to the scal-
ing of lateral strength variations within the wedge.
This results from spacing of weaker faults that
may unload the intervening thrust sheets to below
failure equilibrium [e.g., Simpson, 2011]. Since
surface taper variations within a coherent thrust
sheet may be meaningless in such a case, we chose
to adopt a spatial sampling width wider than the
spacing of weak faults linking surface and detach-
ment, thereby controlling local wedge strength. A
step width of 7.5 km is wider than the spacing of
thrusts within the prowedge shown in maps and
sections [e.g., M€uller, 1984; Burkhard and Som-
maruga, 1998]. The summed effect on error esti-
mates of F of both sources of uncertainty are
estimated at circa 60.1 (Figure 6), and still show
that the result of increasing detachment strength
toward the internal parts of the orogen is robust.

[21] Variations in W may occur due to lithological
differences, different degrees of compaction, lithi-
fication or metamorphic overprint or different
porosities, and fluid pressures. Generally, W is
predicted to increase toward hinterlands through
an increase in cohesion [Fletcher, 1989; Dahlen,
1990; Suppe, 2007; Buiter, 2012] and decreases at
the change from brittle to ductile conditions [Wil-
liams et al., 1994]. In the Alps, we infer this transi-
tion on the footwall ramp approximately at a depth
of 15 km (Figure 1b), based on the present-day
cutoff of crustal seismicity [Okaya et al., 1996]

and on the depth range of the 300–350�C isotherm.
We calculate strength values only for areas where
the detachment is brittle. In the Central Alps, it is
reasonable to assume a lower W for the more
external parts composed of sedimentary rocks only
(as opposed to the more internal crystalline mas-
sifs). The sedimentary western Taiwan wedge has
a value of W 5 0.6 [Suppe, 2007]—a value also
found in wells drilling sedimentary sequences
[Zoback and Townend, 2001]. Recalculating F
with W 5 0.6, leads to a general reduction in
detachment strength (and an even more pro-
nounced difference of F-values from north to
south) (Figure 6). Hence, the values in Figure 6
are maximum estimates. However, the difference
between the calculations for the part of the wedge
that consists of sediments is negligible.

5. Correlation of Wedge Mechanics
And Observed Geology

[22] Inferred F-values correlate with the lithology
of the detachment, as can be observed on a detach-
ment strength map (Figure 7). As expected from
previous studies [e.g., Philippe, 1994; Letouzey
et al., 1995; Sommaruga, 1999], the friction values
are lowest (<0.05) below the Jura Mountains and
the western Plateau Molasse, where the detachment
is running in Triassic evaporites. These salt depos-
its pinch out toward east and south [Philippe,
1994; Sommaruga, 1999], and are lacking in the
central part of the study area (Figure 7). Intercala-
tions of anhydrite and shales are reported from the
Entlebuch deep drilling at the detachment depth
[Vollmayr and Wendt, 1987]. These shale-sulfate
multilayers may also become very weak [Jordan
and N€uesch, 1989]. The southward continuation of
this interlayering is not fully known, but the Trias-
sic sequence in the hangingwall cover of the Aar
Massif does not show evaporite remnants apart
from some cargneule with a thickness of less than 2
m [Krayenbuhl and Steck, 2009]. This suggests a
south to south-eastward disappearance of evapor-
ites and a predominance of shales, marls, and lime-
stones at the detachment level. The Triassic
sequences further to the southwest (external Mas-
sifs in the French Alps) contain more abundant
remnants of cargneule and evaporites. Note that F-
values calculated for evaporites may not be inter-
preted as lb in a mechanical sense, as at the detach-
ment depth halite and anhydrite already show
ductile behavior. The value is hence an apparent
friction, equivalent to the shear resistance of the
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Figure 7. Detachment strength (F-value) map and its correlation with geology. Red line denotes the hang-
ingwall cutoff of crystalline basement overthrust on sediments, black line denotes footwall cutoff of basement
from where on the detachment runs through crystalline rocks only. Where the detachment is running through
the salt deposits, the strength is lowest (<0.1), as is known from previous studies. The rapid increase in
detachment strength (F-values respectively) coincides with this change in detachment lithology. E, S, and H
are the Entlebuch, Sulzberg, and Hindelang deep drillings; a denotes autochthonous Jura, f denotes folded
Jura. Note the rapid increase in F-values at the front of the External Crystalline Massifs. Limit of the detach-
ment taken from Spicher [1980] and Schmid et al. [2004]. The transition of the detachment limit between the
Jura Mountains and the eastern Subalpine Molasse is only poorly constrained and possibly a complex zone
(dotted line). Salt distribution is taken from Philippe et al. [1996]. North of boundary 1, the detachment runs
in sedimentary rocks and the overlying wedge consists of sedimentary rocks, between boundary 1 and bound-
ary 2, crystalline rocks are thrust over sedimentary rocks, south of boundary 2 the detachment runs in crystal-
line rocks. Constraint points are from profiles used for detachment construction.
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evaporites. From Dahlen’s [1990] assessment of
these equations to evaporites, this remaining
strength may be largely equivalent to the normal-
ized cohesion of viscous rocks (see above).

[23] In the eastern part of the study area, where the
basal detachment is localized stratigraphically
between Upper Cretaceous/Tertiary pelites in the
footwall and Triassic marls in the hangingwall
[e.g., Bachmann and M€uller, 1981; Auer and Eis-
bacher, 2003; Berge and Veal, 2005], the values
are comparably low (� 0.1). Very low F-values
are also reported from the Makran and the Nankai
wedge [Schott and Koyi, 2001] and from Taiwan
[Suppe, 2007]. They are much lower than effective
friction coefficients measured on shales in labora-
tories [e.g., Byerlee, 1978; Kopf and Brown,
2003; den Hartog et al., 2012; Saffer et al., 2012].
This is generally attributed to high pore fluid pres-
sures. Suppe [2007] notes that no excess pore pres-
sure was found in a well drilling the Taiwan
detachment. In the eastern part of the Central
Alps, slightly elevated pore fluid pressures are
reported from the deep drillings Sulzberg-1 and
Hindelang-1 [M€uller et al., 1988]. The Sulzberg-1
drilling reaches the basement and penetrates the
basal detachment at a depth of 4280 m, after dril-
ling through Molasse sediments [Herrmann et al.,
1985]. At detachment depth, the pore fluid pres-
sure is �57 MPa [M€uller et al., 1988] rising from
a near hydrostatic pressure gradient in the hang-
ingwall to an elevated gradient of 0.2–0.4 MPa/10
m approaching the detachment. Using typical val-
ues for the density of the Molasse sediments of 2.5
g/cm3 [e.g., Sch€arli, 1989], the corresponding
lithostatic pressure is 107 MPa. This results in a k-
value of 0.53, which is only slightly higher than
hydrostatic (�0.4), and less than lithostatic. The
drilling Hindelang-1 does not reach the basement
or the basal detachment but includes the Helvetic
detachment—the detachment formed prior to the
current Alpine detachment. The pore fluid pressure
rises toward this level and reaches �74 MPa
[M€uller et al., 1988]. Using typical density values
for limestone of 2.7 g/cm3 dominating the hang-
ingwall, the corresponding lithostatic pressure is
137.5 MPa, and k is 0.53. However, it has also
been noted that precise determination of pore pres-
sure in shales with well-logging tools may be
affected by extremely low permeability—typically
leading to an underestimate of true pressures [e.g.,
Chang et al., 2006]. Hence, elevated pore pres-
sures in shale-dominated lithologies presumably
are below the true values. They may contribute but
may also be insufficient to explain the very low

values of detachment strength. Using a basal fric-
tion coefficient lb of 0.7 for shale-dominated shear
zones [den Hartog et al., 2012], a lbeff of 0.2
requires a kb of 0.7 (from lbeff 5 lb

�(12kb), see
above). For strength values of 0.05 in shales, kb

should be 0.93 which is almost lithostatic pore
fluid pressure. Therefore, either excess pore pres-
sures is a transient feature during seismic rupture
or a rapid creep event or other ill-defined aspects
related to weakening in shales play a key role.

6. Implications for Alpine Evolution
and Comparison to Other Orogens

[24] The weak shale detachment of the Subalpine
Molasse is interesting in the light of the Neogene
shortening history of the Alps. Shortening in the
Jura Mountains commenced at �10 Ma [Bollinger
et al., 1993]. Generally, this is considered to coin-
cide with the termination of thrusting within the
Subalpine Molasse. Recently, however, it was dis-
covered that approximately two thirds of total
shortening within the Subalpine Molasse occurred
while the Jura Mountains formed [von Hagke
et al., 2012]. The minor difference in detachment
strength between the salt and shale detachments
may help to explain why shortening did not
entirely shift into the Jura Mountains but also con-
tinued in the Subalpine Molasse despite the evap-
orites entering the wedge. Thus, the role of salt as
the major detaching horizon for the Neogene
shortening history of the Alps may be overrated,
most probably because of the prominent external
position and geomorphic expression of the Jura
fold and thrust belt. Finally, initiation of the
Molasse detachment is reported to be at around
24–20 Ma [Schlunegger et al., 1997; Kempf et al.,
1999], based on magnetostratigraphic constraints.
After this period, internal shortening within the
Alpine wedge rapidly terminated and deformation
was shifted to the orogenic front in the north [see
compilation by Schmid et al., 1996], as well as
into the Orobic Alps in the Alpine retro-wedge to
the south. We, therefore, speculate that initiation
of this shale-dominated detachment, and its matu-
ration into a very weak fault has led to focusing
subsequent shortening on the northern flank of the
Alps into the Subalpine Molasse.

[25] Handy et al. [2010] calculate a convergence
rate of �2 mm/a since 19 Ma [Capitanio and
Goes, 2006]. Recent re-evaluation of the shorten-
ing rate of the Central Alpine prowedge above the
Molasse detachment based on reconstruction of its
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exhumation history in thrust hangingwalls [von
Hagke et al., 2012] yields �1.2 mm/a since 10
Ma, indicating that since at least that time some
60% of the above convergence is localized in the
Subalpine Molasse (the remaining 40% are
focused in coeval deformation of the Southern
Alps and the Jura Mountains [e.g., Schönborn,
1992; Burkhard and Sommaruga, 1998]). Hence,
activation of the Molasse detachment appears to
have been instrumental for the partitioning of Cen-
tral Alpine deformation in the terminal stage of
their evolution.

[26] The importance of transient weakening of
shale detachments underlying thin-skinned fold
and thrust belts and the fundamental role for oro-
genic evolution is becoming increasingly recog-
nized. In addition to Taiwan [Suppe, 2007],
equally low transient friction values have been
reported from the Himalayas [e.g., Avouac, 2008;
Herman et al., 2010], and the Andean foreland
belt [Oncken et al., 2012]. In addition to perma-
nent fluid overpressures at the detachment, fric-
tional melting, hydrodynamic lubrication, or
thermal fluid pressurization may be held responsi-
ble for weakening the shale detachments during
rupture and slip [Kanamori and Brodsky, 2004],
supporting progressive localization of orogenic
deformation into such systems.

7. Summary and Conclusions

[27] This study extends the wedge mechanical
approach of Suppe [2007] and revealed variations
in strength of the Central Alpine basal detachment.
We propose a way to obtain representative
surface-slope values for critical wedge analysis,
for which so far no standardized method is used.
This theoretical approach is applicable in the Cen-
tral Alps. The results show that the effective basal
friction coefficient in the frontal part of the wedge
is extremely low (<0.2 in shale-dominated sedi-
ment, and <0.1 within evaporites). Fluids appear
to be only mildly overpressured in well logs, insuf-
ficient to explain the very low strength values.
In contrast, a comparatively high detachment
strength between 0.4 and 0.7 was obtained for the
crystalline hinterland, suggesting no relevant fluid
overpressuring in basement rocks. These changes
in detachment strength coincide with changes of
detachment lithology in the hangingwall and foot-
wall, respectively, emphasizing the dominant role
of weak shales. Finally, evolution of a weak shale-
dominated detachment may have been responsible

for localizing late deformation of the prowedge of
the Central Alps into the Subalpine Molasse.
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