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ABSTRACT
The strength, shape, and ultimately seismic behavior of many thin-skinned fold and thrust 

belts, including marine accretionary wedges, are strongly controlled by large-scale faults that 
develop from weak, clay-rich sedimentary horizons (décollements). The increase of tempera-
ture with depth along clay-rich faults promotes the so-called smectite-illite transition, which 
may influence the fault strength, fluid distribution, and possibly the onset of seismicity. Here we 
report on the frictional properties of intact fault rocks retrieved from two large décollements, 
which were exhumed from depths above and below the smectite-illite transition. We find that 
all tested rocks are characterized by very low friction (m = 0.17–0.26), velocity-strengthening 
behavior, and low rates of frictional healing, suggesting long-term fault weakness. Combining 
our experimental results with the critical taper theory, we computed the effective friction, F, of 
megathrusts beneath several accretionary wedges around the world; the result was extremely 
low (0.03 < F < 0.14), and in agreement with other independent estimates. Our analysis indi-
cates a long-term weakness that can explain the shape of several tectonic wedges worldwide 
without invoking diffuse near-lithostatic fluid overpressures.

INTRODUCTION
Thin-skinned fold and thrust belts are char-

acterized by the imbrication of thrust sheets that 
form wedge-shaped bodies above a sole thrust 
(décollement), leaving the underlying crystal-
line basement relatively undeformed (e.g., Bally 
et al., 1966; Fig. 1A). These faults localize in 
weak sedimentary horizons, usually within clay-
rich sediments or salt (e.g., Morley and Guerin, 
1996). The knowledge of the structure and me-
chanical properties of décollements is critical to 
the assessment of the shape and the strength of 
mountain belts and major crustal faults (Dahlen, 
1990) and to understanding the seismicity of 
convergent tectonic settings.

Clay transformation from smectite to illite 
and cementation have been invoked to promote 
fault strengthening and to explain the onset of 
seismicity along megathrusts (Byrne et al., 1988; 
Vroljic, 1990; Moore and Saffer, 2001). How-
ever, experimental work on the sliding stability 
of illite powders demonstrated that progressive il-
litization may not be responsible for the aseismic-
seismic transition (Saffer and Marone, 2003).

The strength of plate-boundary faults be-
neath fold and thrust belts inferred from the crit-
ical taper model or other energy balance models 
(e.g., Suppe, 2007) is approximately one order 
of magnitude lower than estimates obtained in 
the laboratory, i.e., friction, m = 0.6–0.85 (Byer-
lee, 1978). Splay thrusts and basal décollements 
localized along weak sedimentary horizons 
show low friction (e.g., Ikari and Saffer, 2011; 
Remitti et al., 2015); however, most experi-
ments have been performed on gouges retrieved 
from boreholes that can access only the shallow-
est part of the accretionary wedges, and there-

fore cannot shed light on the frictional strength 
of the deeper portions of these structures.

Here we show the results of friction experi-
ments carried out on intact fault rocks collected 
from two large clay-rich faults exhumed from 
depths above and, for the first time, below the 
smectite-illite transition (Fig. 1). Furthermore, 
we incorporated our experimental results in the 
framework of the critical taper theory (Dahlen, 
1990), proposing that nearly lithostatic fluid 
pressure is not needed to explain the shape of 
several accretionary prisms worldwide.

FAULT ZONE STRUCTURE
Clay-rich faults and tectonic mélanges are 

the best candidates to represent ancient décolle-
ments exposed at Earth’s surface (e.g., Kimura 
et al., 2012). These structures are zones of highly 
sheared sediments with block-in-matrix struc-
ture in which the clay-rich matrix undergoes per-
vasive deformation and develops a typical scaly 
fabric (Moore et al., 1986; Festa et al., 2010).

In this study, the Monte Coscerno thrust 
(MCT) in the northern Apennines of Italy is 
taken as the analogue of the shallow portion of 
a décollement (depth < 5 km, temperature, T < 
100 °C estimated reconstructing the stratigraphy 
overlying the fault; Tesei et al., 2014). Along the 
MCT, marls and marly limestones are incorpo-
rated into the fault zone, forming thick (20–200 
m) shear zones characterized by disruption of 
the bedding and tectonic mixing of the forma-
tions. In these zones, distributed deformation in 
foliated rocks occurs synchronously with anas-
tomosing localization features, suggesting in-
herent weakness of the shear zones (see details 
in the GSA Data Repository1). These rocks are 
characterized by pervasive S-CC’ foliation, in 
which the shear surfaces are coated by smectite 
and envelop enclaves of poorly deformed marly 
protolith and boudinaged competent calcaren-
ites (Fig. 1B).

In the Monte Perdido thrust (MPT), which 
crops out in the southern Pyrenees (Spain; La-
croix et al., 2011), a similar fault zone archi-
tecture develops from the tectonic disruption of 

1 GSA Data Repository item 2015309, details on 
location and structural characteristics of fault zones,  
mineralogical characterization of fault rocks, experi-
mental details, and microstructures, is available online 
at www.geosociety.org/pubs/ft2015.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. A: Schematic diagram of an accre-
tionary wedge. Imbricated thrusts emanating 
from a sole décollement are localized in weak 
clay-rich lithologies (T—temperature). B: De-
tail of the block-in-matrix structure associ-
ated with the shallow Monte Coscerno thrust 
and the scaly fabric of the tectonic matrix. 
Inset shows location in Italy. C: Shear zone 
associated with the Monte Perdido thrust 
exhumed from depths below the smectite-
illite (Sm-ill) transition. Note the resemblance 
of the two fault zones. Inset shows location 
in Spain (see the Data Repository [see foot-
note 1]).  Lens cap is ~54 mm.
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clay-rich turbidites, in which S-CC’ tectonites 
constitute the flowing matrix of relatively more 
competent sandstone boudins and shear veins 
(Fig. 1C). The clay mineralogy along the shear 
surfaces is represented by illite and syntectonic 
chlorite that precipitated at T ~240 °C and depth 
> 5 km (from compositional thermometry; La-
croix et al., 2011); therefore, the MPT can rep-
resent a décollement exhumed from below the 
smectite-illite transition.

In both cases, clays outlining the scaly fab-
ric occur along smooth and continuous seams 
that are mostly decorated by slickenlines and 
slickenfibers, evidencing frictional sliding along 
the foliation. In addition, the presence of veins 
and newly formed minerals indicates multiple 
cycles of fluid pressure fluctuations and cemen-
tation along the studied fault zones.

EXPERIMENTAL RESULTS
We performed 13 friction experiments on 

rectangular wafers of intact fault rocks from 
the MCT and MPT (26 samples, 50 × 50 mm, 
~12 mm thick), reshearing the natural scaly 
fabric (e.g., Collettini et al., 2009). MCT fault 
rocks contain ~35% smectite, whereas in MPT 
chlorite and illite form ~50% of the rock vol-
ume (for details, see the Data Repository). We 
also performed nine experiments on powders 
(8 mm thick) derived from the same samples to 
show the difference in friction induced by the 
disruption of the natural fabric. Experiments 
were performed in a biaxial apparatus (Collet-

tini et al., 2014) in a double-direct shear con-
figuration (Fig. 2A, inset), in which two sam-
ples are simultaneously sheared. Each test was 
carried out at a shearing velocity of 10 mm/s at 
normal stresses from 6 to 100 MPa. We also 
conducted velocity stepping and slide-hold-
slide sequences to study the frictional response 
to fault acceleration and frictional healing after 
simulated interseismic periods. Experiments 
were performed under water submersion (com-
plete saturation) and room-temperature condi-
tions (for further details, see the Data Reposi-
tory). We measured the shear stress (t) during 
steady-state sliding of the rocks, which varies 
linearly with the applied normal stress (sn), 
consistently with a Coulomb-type brittle fail-
ure envelope (Fig. 2A):

 Cnτ = µσ + , (1)

where C is the cohesion of the rocks, and was 
negligible.

All wafers are frictionally weaker than typi-
cal crustal fault rocks, i.e., m << 0.6 (Byerlee, 
1978), and the average friction of illite-chlorite–
rich wafers (m = 0.17) is even lower than the 
friction of smectite-rich wafers (m = 0.26). Even 
though fault rock wafers show abundant vein-
ing due to syntectonic precipitation of strong 
mineral phases such as calcite (e.g., Figs. 2D 
and 2E), their friction is lower than powdered 
standards or illite-rich sediments (Morrow et al., 
1992; Saffer et al., 2012).

Microstructural studies of preexperimental 
and postexperimental faults (Figs. 2D and 2E; 
see the Data Repository) document that the 
sliding was accommodated along the intercon-
nected phyllosilicate horizons with limited de-
formation of the intervening material, resulting 
in a significant frictional weakness (e.g., Hold-
sworth, 2004). The MPT illite-chlorite–rich 
rocks (Fig. 2D) are more clay rich and exhibit 
a more pervasive foliation with respect to the 
MCT rocks (Fig. 2E), resulting in lower fric-
tion. Low friction, maintained in the presence 
of fault-parallel veins, indicates that in thick 
phyllosilicate-rich fault zones the volumetric in-
crease of strong minerals (calcite and quartz) or 
cementation processes might not be an efficient 
mechanism for fault strengthening. Our data 
suggest that the smectite-illite transition and 
cementation processes are not responsible for 
a possible increase in fault strength with depth, 
but the sample strength is mostly ruled by the 
intensity and connectivity of the foliation.

In addition, both MCT and MPT rocks dis-
play a velocity-strengthening friction during 
velocity stepping tests with (a-b) values rang-
ing from 0.003 to 0.011 and constant b values 
close to zero (Fig. 2B). Such (a-b) values are 
substantially insensible to difference in normal 
stress or phyllosilicate mineralogy and suggest 
unfavorable conditions for earthquake nucle-
ation during the shearing of clay-rich matrixes 
of décollements. Furthermore, these rocks lack 
frictional healing, i.e., peak frictional strength 
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Figure 2. A: Steady-state shear stress (t) versus normal stress (sn) for smectite-rich (Sm) and illite-chlorite–rich (Ill/Chl) fault 
rocks. Foliated fault rocks from the Monte Coscerno thrust (MCT; northern Apennines, Italy) display average friction m = 0.26, 
whereas Monte Perdido thrust (MPT; southern Pyrenees, Spain) rocks show m = 0.17. Friction of powders of the same fault 
rocks and Byerlee friction are shown for comparison. Inset: Double direct shear configuration. B: Velocity dependence of 
friction of foliated rocks under different applied normal stresses. C: Frictional healing of décollement fault rocks compared 
to quartz (Marone, 1998) and calcite (Tesei et al., 2014) powders. D: Postexperimental microstructure of MPT samples. The 
survival of intact sigmoidal lithons and syntectonic veins indicates that shear is accommodated along the S-CC’ fabric (see 
text). E: Postexperimental microstructure of MCT samples.
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upon reshearing after experimental periods of 
no slip (Fig. 2C).

All the above properties of intact foliated 
rocks across the smectite-illite transition de-
pict a fault material characterized by inherently 
stable friction, with limited effects of cementa-
tion, low frictional healing, and thus long-term 
weakness. As a consequence, other processes 
have to be invoked to explain the onset of seis-
micity observed at the depth of the smectite-
illite transition. For example, the disruption of 
the foliation and gouge production caused by 
prolonged shear and extensive veining, or the 
presence of lithological heterogeneities, might 
cause an increase in the ratio of competent ver-
sus incompetent materials in the fault zone and 
an increase in rock friction (e.g., from wafers 
to powders friction; Fig. 2A). These processes 
might result in higher strain rates in the weak 
matrix (Fagereng and Sibson, 2010) and/or brit-
tle localization in strong materials characterized 
by velocity-weakening behavior (e.g., Blanpied 
et al., 1998), promoting earthquake nucleation.

FRICTIONAL STRENGTH VERSUS 
CRITICAL TAPER MECHANICS

The experimental data can be incorporated 
into the framework of the critical taper theory 
(Davis et al., 1983; Dahlen, 1990) to constrain 
the strength of thin-skinned fold and thrust belts 
and their décollements from the wedge geome-
try. The assumption of the theory is that the taper 
angle of an accretionary wedge is the result of 
the long-term mechanical equilibrium between 
internal deformation of the wedge, which is ev-
erywhere on the verge of failure, and the sliding 
along the weak basal décollement. Following 
Dahlen (1990) and Suppe (2007), the critical ta-
per of a cohesionless wedge can be expressed as:

F W1– 1–f s f s( ) ( )α + β = β ρ ρ +  ρ ρ + , (2)

where a is the slope of the top of the wedge, b 
is the dip of the décollement (Fig. 3), and rf/rs is 
the ratio between density of the fluid overlying 
the wedge (water or air) and the mean wedge 
rock density. F and W are the décollement and 
wedge strength terms, respectively, where F = 
mb(1 – lb) is the décollement effective friction, 
and W = 2(1 – lw)(sinj/1 – sinj) is the normal-
ized differential stress at failure; j is the internal 
friction angle of the wedge material, and tanj = 
mw(1 – lw), where mw is the friction coefficient 
of the wedge rocks. lw and lb are the depth-nor-
malized fluid pressures in the wedge and décol-
lement, respectively.

From Equation 2, given the average a and b 
angles, the set of all possible F and W strengths 
are along a single line with slope (a + b); to con-
strain F, W has to be determined, and vice versa 
(e.g., Suppe, 2007). Commonly, F and W have 
been calculated by assuming the fluid pressure 
lw or lb from well data or seismological inver-

sions, and using standard values of rock friction, 
m ≈ 0.6–1 (e.g., Davis et al., 1983).

In the following we estimate via Equation 
2 the décollement strength F and fluid pressure 
ratio lb in several wedges throughout the world 
by using rock friction values (determined in the 
previous section; Figs. 2 and 3).

To compute the buoyancy terms in Equation 
2, we adopted an average sediment density, rs 
= 2300 kg/m3, and fluid density, rw = 1000 kg/
m3 (water), whereas a and b are average values 
reported in the literature for several accretion-
ary wedges having décollements likely hosted 
in clay-rich sediments (for references, see the 
Data Repository). To constrain W, we propose 
that the internal deformation of wedges is not 
homogeneous, but mostly dominated by sliding 
along mature faults that are significantly weaker 
than the bulk wedge material. Such long-lived 
structures develop scaly fabrics similar to those 
of the MCT and MPT faults, as documented by 
scientific drillings (e.g., Moore et al., 1986) and 
exhumed analogues (e.g., Festa et al., 2010). 
In addition, friction experiments performed on 
unlithified fault materials from shallow levels 
of accretionary wedges show low friction, m ≤ 
0.3 (Ikari and Saffer, 2011). Assuming weak 
wedge faults with friction constrained by our 
lab experiments, i.e., m = 0.17–0.26, the corre-
sponding wedge internal friction angles are j 
= 9.6°–14.6°, that result in W = 0.23–0.38 for 
simple hydrostatic fluid pressure in the wedge 
(lw = 0.43). Under these assumptions, we com-
pute the décollement strength F of all wedges 
in the range 0.03 < F < 0.14 (Fig. 3). All these 
décollements are extremely weak, but nonethe-
less are widely consistent with estimations of 
plate boundary fault strengths independently 
derived from stress orientations (e.g., Mount 
and Suppe, 1987), force balancing (e.g., Wang 
and He, 1999; Lamb, 2006), heat flow modeling 

(Gao and Wang, 2014), and analysis of wedge 
tapers (Suppe, 2007).

The F values highlight two groups of wedges: 
one with 0.06 < F < 0.14 that includes mod-
erately tapered wedges with a + b ≥ 8° (see 
Fig. 3), and one with 0.03 < F < 0.06 corre-
sponding to low-tapered wedges with a + b ≤ 7° 
(Fig. 3). If we assume that the friction of décol-
lement rocks is also similar to the one we mea-
sured in laboratory experiments, mb = 0.17–0.26, 
we compute a décollement fluid pressure ratio 
lb < 0.6 for moderately tapered wedges and lb ≤ 
0.8 for low-tapered wedges (Fig. 3).

Our analysis shows that widespread nearly 
lithostatic fluid pressure is not needed to explain 
the shape of several active prisms worldwide as 
long as low friction of foliated fault rocks is taken 
into account both in the basal décollement and 
in the wedge. Significant fluid overpressure is 
required only within the décollement of low ta-
pered wedges with values not exceeding lb ~ 0.8.

In many previous applications of the critical 
taper theory, friction has been assumed equal in 
both wedge and décollement (mw = mb), within 
the experimental range of 0.6–1 (e.g., Davis et 
al., 1983; Suppe, 2007) or slightly reduced in 
the décollement, such as mb < m (e.g., Fagereng, 
2011). Under these assumptions of high friction 
in the wedge and in the décollement, the critical 
taper theory predicts that large overpressures are 
required to model the shape of many accretion-
ary wedges, i.e., lw and lb in excess of 0.7, and 
in some cases l > 0.9 near the lithostatic limit 
(e.g., Davis et al., 1983). Such high overpres-
sures are usually explained by disequilibrium 
compaction of sediments, during which pore 
fluids are trapped in low-permeability rocks that 
undergo rapid increase of overburden and tec-
tonic load (Tobin and Saffer, 2009).

However, in pervasively deforming regions 
like fold and thrust belts, it is likely that high fluid 
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overpressure might be relaxed by faulting over 
long geological times (Townend and Zoback, 
2000). Therefore, it is reasonable to consider the 
wedges close to hydrostatic conditions in the long 
term, whereas continuous décollements may act 
as physical barriers to fluid migration, maintain-
ing a pressure discontinuity (lb > lw).

In some well-studied convergent settings, 
such as the Nankai prism and the Taiwan oro-
gen, fluid overpressures have been constrained 
by inversion of seismological data (Tobin and 
Saffer, 2009) and by extrapolation of well fluid 
pressures, assuming disequilibrium compaction 
(Yue and Suppe, 2014). Note that these estima-
tions suggest fluid overpressure in the range of 
75%–80% of the lithostatic load at the level of 
the main tectonic décollements, in good agree-
ment with our estimations of 0.7 < lb ≤ 0.8.

We also note that the critical taper theory 
models the long-term deformation, thus averag-
ing short-term deformations like earthquakes. 
Very low F values might be due to earthquake dy-
namic weakening (Rice 2006) rather than long-
lived high fluid pressures (Wang and Hu, 2006).

In conclusion, the frictional properties of 
clay-rich faults, commonly occurring in thin-
skinned fold and thrust belts, are likely to be 
scarcely affected by mineralogical transforma-
tions of clays and cementation with increasing 
depth. Conversely, their weakness helps to ex-
plain the shape and strength of several tectonic 
wedges worldwide without invoking long-term 
and diffuse near-lithostatic fluid overpressures.
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