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[1] We propose a conceptual model of frontal accretion within bivergent wedges,
which is based on two-dimensional sandbox simulations and the analysis of particle
displacement fields. Each frontal accretion cycle consists of a thrust initiation, an
underthrusting phase, and a reactivation phase. The location and magnitude of
deformation within a bivergent wedge and its associated surface uplift vary systematically
with the phase of the frontal accretion cycle and are thus predictable. Therefore the frontal
accretion cycle can be considered as an internal clock for wedge-scaled deformation
and surface uplift. We further demonstrate that the geometry of the deformation front and
the spatial distribution of surface uplift can be used to infer the currently active phase
within a frontal accretion cycle. Surface uplift of the axial zone and the retrowedge may
reach up to half of the thickness of the incoming sedimentary layer during a frontal
accretion cycle. We estimate cycle duration to range between 104 and 105 years, which is
thus similar to the time frame of climatic cycles. The proposed conceptual model
provides an explanation for the commonly observed transience of deformation and surface
uplift and for the discrepancy between geodetic, paleoseismologic, and geologic estimates
of fault slip.

Citation: Hoth, S., A. Hoffmann-Rothe, and N. Kukowski (2007), Frontal accretion: An internal clock for bivergent wedge
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1. Introduction

[2] Bivergent wedges operate at several spatial scales,
i.e., at the scale of entire orogenic belts such as the
European Alps [Pfiffner et al., 2000] and the Pyrenees
[Choukroune, 1989]; at the scale of fold and thrust belts
like the Sierras Pampeanas [Cristallini et al., 2004]; and at
the scale of accretionary prisms, such as the Sunda Arc
[Silver and Reed, 1988], theMediterranean Ridge [Le Pichon
et al., 2002], Barbados [Speed, 1990], and the Nankai
accretionary prism [Taira et al., 1991].
[3] The kinematic evolution of bivergent wedges results

from the (partial) subduction of continental or oceanic
lithosphere and accretion of crustal material. According to
Willett et al. [1993], a velocity discontinuity (singularity)
separates the downgoing plate from the overriding plate,
thus marking the lower limit of accretion (Figure 1a). The
asymmetry of the convergence geometry causes a polarity
in the crustal mass transfer; that is, all crustal mass delivered
into a bivergent wedge is derived from the downgoing plate.
Thereby two crustal subwedges form. The prowedge, located
upstream of the singularity, grows by frontal and basal
accretion of lower plate material. In contrast, the retro-
wedge, located downstream of the singularity, develops by

translation of prowedge material above the retroshear zone
and by frontal accretion of upper plate material during later
stages of convergence [Willett et al., 1993; Beaumont et al.,
1996]. The axial zone is defined as the topographic culmi-
nation of a bivergent wedge.
[4] The subduction-accretion process described above

leads to the formation of a bivergent wedge with a geometry
controlled by the basal and internal mechanical properties
[Platt, 1986; Willett et al., 1993; Beaumont et al., 1994;
Willett et al., 2001]. A Coulomb-type rheology, which is
pressure-dependent and strain rate-independent, appears to
satisfactorily describe the mechanical behavior of brittle,
upper crustal rocks. The key physical assumption implicit in
the critical Coulomb wedge (CCW) concept is that the
wedge is at failure everywhere and thus in a critical
mechanical state. A critically tapered wedge slides stably
over its base without internal deformation and grows self
similarly [Davis et al., 1983; Dahlen, 1990].
[5] Previous research on bivergent wedge evolution has

focused on the link between the shape of, and the mechanics
within, bivergent wedges in terms of surface processes, the
mechanical stratification of the incoming layer and the
sequence of thrusting, i.e., forward breaking, break-back
or synchronous thrusting [Malavieille, 1984; Beaumont et
al., 1996; Willett, 1999; Storti et al., 2000; Naylor et al.,
2005; Hoth et al., 2006]. Although the CCW concept and
the concept of thrust sequences [Boyer and Elliott, 1982;
Butler, 1987;Morley, 1988; Boyer, 1992; Butler, 2004] have
significantly improved our understanding of mountain
building, both concepts are limited with respect to their
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ability (1) to link the long-term evolution of bivergent
wedges with the short-term variability of slip accumulation
and (2) to predict the spatiotemporal distribution of defor-
mation within and the surface uplift of a bivergent wedge.
Thus a better understanding of bivergent wedge evolution
would not only guide our perspective of the geological
record, but would also help to constrain seismic and
landslide hazard assessment studies within actively deform-
ing regions. Recently, Gutscher et al. [1998] and Hoffmann-
Rothe et al. [2004] demonstrated that frontal accretion
consists of two principle phases, that may control the
spatiotemporal distribution of deformation and surface up-
lift: (1) a short thrust initiation phase, marked by the
formation of a thrust imbricate within the prolayer and
(2) an underthrusting phase, during which the material is
underthrust beneath the wedge.
[6] On the basis of these results we aim to elucidate the

spatiotemporal evolution of strain partitioning within, and
the associated surface uplift of, bivergent wedges by
employing two-dimensional (2-D) sandbox simulations.
Thereby, special emphasis is devoted to the identification
of process chains. Finally, we propose a conceptual model
for frontal accretion cycles within bivergent wedges. We
demonstrate that this conceptual model (1) provides the
ability to predict the timing, magnitude and location of
deformation and surface uplift within bivergent wedges,
(2) explains the occurrence of forward breaking, synchro-
nous- and out-of-sequence thrusting, and (3) thus links the
long-term evolution of bivergent wedges with the short-term
variability of slip accumulation.

2. Methodological Approach

[7] Scaled 2-D sandbox simulations in conjunction with
particle image velocimetry (PIV, section 2.2) are used to
identify spatial and temporal patterns of deformation within,
and surface uplift of, bivergent wedges. Granular flow of
sieved, dry quartz sand is characterized by a strain-dependent
deformation behavior with prefailure strain hardening and
postfailure strain softening, similar to the nonlinear defor-
mation behavior of crustal rocks in the brittle field [Mandl
et al., 1977; Lohrmann et al., 2003]. The observed similar-
ity between the mechanical properties of sand (Table 1) and

Figure 1. (a) Schematic bivergent wedge. (b) Sketch of
the experimental device with internal dimensions (length,
width, height) of 340 � 21 � 60 cm. For details and
discussion on the influence of the setup on model evolution,
please see Hoth et al. [2006] and Schreurs et al. [2006].
(c) Mechanical stratigraphy of reference experiment 1.
(d–g) Calculated strength profiles for the mechanic
stratigraphies used in the experiments. Strength profile in
Figure 1g was calculated for mortar. (h–k) Position and
distribution of glass bead layer and mortar for different
experiments. Basal friction was the same in all experiments.
GBL is glass bead layer. Basal accretion by duplex
formation occurs beneath, frontal accretion by thrust
imbrication occurs above the lowest GBL. For further
details on the experimental setup and its influence on model
evolution, please see the auxiliary material.
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crustal rocks in the brittle regime, and the scale invariance
of brittle behavior justifies the application of laboratory
sand wedges to investigate the kinematics and dynamics of
accretionary wedges, fold-and-thrust belts, and bivergent
orogens. It further supports the application of the CCW
concept, which assumes a Mohr-Coulomb type rheology, to
laboratory sand wedges [Davis et al., 1983; Malavieille,
1984; Wang and Davis, 1996; Gutscher et al., 1998; Storti
et al., 2000]. Following Hubbert [1937], a geometric
scaling factor of 105 was calculated; that is, 1 cm in the
model corresponds to �1 km in nature. This scaling
approach is commonly used for sandbox simulations [e.g.,
Storti et al., 2000; Kukowski et al., 2002; Hampel et al.,
2004] and requires that all experiments are conducted under
normal gravity conditions.

2.1. Experimental Setup

[8] The sandbox simulations were performed in a glass-
sided deformation apparatus, which was introduced by Hoth
et al. [2006]. It consists of upper and lower elastic wooden
plates, which overlap in the center, and are only fixed at
their respective outward sides to allow for load driven
flexure. The lower plate is supported by a spring to adjust
its stiffness. The corresponding dip angle b changes from
about 5� to about 7� during experimental runs. In order to
minimize the influence of the rigid back wall on model
evolution, the singularity is located at a sufficient distance
(Figure 1b).
[9] A key model assumption is that the mechanical

energy delivered into a bivergent wedge is derived from
the basal pull or drag of the subducting plate [Silver and
Reed, 1988]. Accordingly, lower plate subduction and basal
shear is simulated by a conveyor belt, which covers only the
lower plate and is drawn by a motor (9 cm/min) beneath
the tip of the upper plate. A sand paper with a grain size
<0.4 cm was chosen for the conveyor belt, to ensure a
strong mechanical coupling between the conveyor belt and
the sand layer. The respective basal friction was measured
using a ring shear device (Table 1). It is in the same range as
published values for similar experimental devices [Wang
and Davis, 1996; Kukowski et al., 2002]. A lower basal
friction would have resulted in lower and wider bivergent
sand wedges.
[10] The most general and simplest scenario was used as

reference experiment, i.e., collision of material with the
same thickness (6 cm) and with the same mechanical
properties on both sides of the singularity (Figures 1c, 1d,
and 1h). Neither the wedge shape of foreland deposits [e.g.,
DeCelles and Giles, 1996] nor inherited zones of weakness
commonly found in orogenic forelands were taken into
account. Variation of these initial conditions would only
modify the spacing of thrusts [Bombolakis, 1986; Boyer,
1995; Hardy et al., 1998; Marshak, 2004].
[11] Subsequently, results from the reference experiment

were compared with the results from three additional experi-
ments with different mechanic stratigraphies. In two experi-
ments dry glass beads, with significantly lower frictional
properties (Table 1) were used to simulate weak layers and
thus possible internal detachments (Figures 1c, 1f, 1i, and
1j). Introduction of weak layers promotes the coeval occur-
rence of frontal and basal accretion, as observed in several
bivergent wedges, e.g., the Pyrenees and the European AlpsT
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[Choukroune, 1989; Pfiffner et al., 2000]. According to
Kukowski et al. [2002] an internal glass bead layer serves
only as a detachment if its internal strength is lower than the
strength along the basal detachment. This imposed a further
constraint to choose a high basal friction, as mentioned
above. In an additional experiment, a strength contrast
between the upper (mortar) and the lower plate (sand) was
simulated (Figures 1g and 1k).
[12] Convergence in all four experiments was on the

order of 150 cm (�150 km in nature). To promote frontal
accretion within the retrowedge, the upper plate base was
covered with a glass bead layer, in all experiments (see also

Pfiffner et al. [2000] and Hoth et al. [2006] for further
discussion on this issue). Finally, the initial model set up
resembles the conditions used in other numerical and
physical simulations [e.g., Willett, 1999; Storti et al.,
2000] and mimics the geometry of published sections
through the Pyrenees, the European Alps and the German
Variscides [Choukroune, 1989; Pfiffner et al., 2000; Schäfer
et al., 2000].

2.2. Data Acquisition With PIV

[13] All experiments were monitored in cross section with
two high-speed, high-resolution digital cameras to image
the particle flow in the sand wedge [Hampel et al., 2004;
Adam et al., 2005; Hoth et al., 2006]. Images were taken
every 1 s, except in experiment 2, where a sampling rate of
2 s was used. On the basis of an adaptive cross correlation
algorithm, successive images were compared and the incre-
mental particle displacement field as well as its derivation,
the incremental horizontal shear strain exy was calculated.
Visualization of the latter allows the detection of strain
accumulation patterns in time and space. The accuracy of
the displacement measurement is �0.5 mm, which is similar
to the size of the sand grains used. Furthermore, digital PIV
images provide an excellent opportunity to extract time
series for geometric features such as the propagation of
deformation, the height above the singularity, the spatial
distribution of surface uplift, and the displacement of
thrusts. These data were derived from every fifth image,
which corresponds to a convergence interval of 0.75 cm
(experiment 2 1.5 cm). All geometric data derived from PIV
analysis were normalized with respect to H0, the height of
the undeformed multilayer, to account for minor variations
in its thickness.
[14] Edge effects are minimized through application of a

low friction polymer coating the glass panes. After comple-
tion of an experiment, the sand wedge can be moistened and
sectioned to examine the internal structure and control the
degree of edge effects, which were found to be negligible in
the experiments presented here. Reproducibility was con-
firmed by comparison of different data sets, i.e., propagation
of deformation, surface uplift, strain accumulation of indi-
vidual structures, with the ones derived from similar exper-
imental series or repeated experiments. Finally, two
conventions are made: The term proshear is used for all
shear zones dipping toward the upper plate, whereas shear
zones with retroshear dip toward the lower plate. The term
retroshear zone is used only for the shear zone bounding the
retroside of the initial pop up.

3. Experimental Results

[15] Section 3.1. provides an account of the kinematic
evolution of the reference experiment. A description of the
three additional experiments, with different mechanical
stratigraphies is available in the auxiliary material.1

3.1. Kinematic Evolution of a Bivergent Sand Wedge

[16] On the basis of visual inspection of the reference
experiment, the kinematic evolution of a bivergent sand

Figure 2. Line drawings of sequential evolutionary stages
of the reference experiment 1. Numbers on the right are
centimeters of convergence. Frontal accretion within the
retrowedge occurs after�100 cm of convergence (stage IV).
Labels a to d denote thrusts; ‘‘no v.e.’’ is no vertical
exaggeration.

1Auxiliary materials are available in the HTML. doi:10.1029/
2006JB004357.
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wedge can be divided into four stages. In stage I, initial
layer parallel shortening leads to the formation of two
conjugate shear zones, which nucleate at the singularity
and define a symmetric pop-up (Figure 2a). Further con-
vergence leads to rapid surface uplift associated with
progressive back tilting of this pop-up toward the upper
plate.
[17] During stage II, three narrowly spaced thrust faults

form successively within the prolayer (Figure 2b). They
nucleate at the singularity and are passively carried back-
ward and upward in the hanging wall of the retroshear zone
throughout the remaining experiment. Hence this stage
marks the transition from a symmetric to an asymmetric
topographic and kinematic state. Surface uplift rates of the
axial zone and the retrowedge are still high but start to
decrease (Figure 3), while rates of thrusting along the
retroshear zone remain constant.
[18] After �30 cm of convergence (Figure 2c), the axial

zone and the retrowedge provide sufficient load to initiate a
basal detachment, which ramps up through the prolayer to
finally form a flat-topped box anticline (stage III). Lateral
growth of the prowedge is now attained by a forward
breaking sequence of flat-topped box anticlines, which is
hereafter referred to as frontal accretion. The basal detach-
ment is located within the lowermost part of the prolayer, a
few millimeters above the conveyor belt. During stage III,
rates of the lateral growth of the prowedge, as well as
surface uplift rates of the axial zone and the retrowedge
decrease further (Figure 3). The latter is additionally dis-
turbed by discrete, short-lived accelerations, which predate
the formation of a new thrust within the prolayer.
[19] After �100 cm of convergence, frontal accretion

within the retrowedge takes place and hence marks the
onset of stage IV. Continued convergence is now taken up
by two frontal accretion systems (Figures 2f and 2g),

indicating that the wedge starts to regain its initial symmet-
ric conditions. This results in a further slowdown of the
lateral growth rate of the prowedge (Figure 3).
[20] It is finally noted that the propagation of deformation

within the prowedge is attained by cyclic frontal accretion.
The resulting lateral growth of the prowedge (Figure 3) is
proportional to the convergence (t) by t0.48 (R2 = 0.88),
which is close to the theoretically predicted value of t0.5

[Dahlen, 1990].

3.2. Topographic Evolution

[21] Given an Eulerian reference frame, two domains of
the spatiotemporal distribution of incremental surface uplift
(ISU) are distinguished within the bivergent sand wedge.
The first comprises the prowedge and the second includes
the axial zone and the retrowedge. ISU in the prowedge is
highly variable and shows discrete accelerations, whereas
the retrowedge is characterized by an almost concentric
growth (Figure 4a).
[22] A more detailed insight into the topographic evolu-

tion can be derived from ISU maps: Time lines show the
high spatial variability, location lines the high temporal
variability of ISU for a given time interval or position in
an Eulerian reference frame (Figure 4b). The initiation of
individual flat-topped box anticlines is associated with a
maximum ISU right above the respective ramp segment.
Thus propagation of these ISU maxima through time and
space reflects the propagation of deformation within the
prowedge. While convergence proceeds, new thrust faults
are formed and older ones are abandoned. This is coeval
with a decay of ISU for a given ramp segment. However,
almost all ramp segments identified in Figures 4b and 4c
show a renewed increase in ISU, which can gain an order of
magnitude, suggesting thus the reactivation of these ramp
segments.

Figure 3. Evolution of geometric parameters taken from the PIV images at every 0.75 cm of
convergence. All lengths are horizontal distances measured from the singularity (S). H0 is thickness of
incoming layer. Arrows point to times of accelerated vertical growth, which predate the formation of a
new thrust within the prolayer. Inset shows magnification of this curve (height above the singularity) to
highlight the above changes. Dashed line is the best fit curve for the propagation of deformation of frontal
accretion within the prowedge: y = 0.79 t0.48 with R2 = 0.88; y is the normalized distance between the
deformation front of frontal accretion within the prowedge and the singularity and t is convergence [cm].
Roman letters and vertical dotted lines indicate duration of the four stages of bivergent wedge evolution.
Graphic definition of spacing: the horizontal distance between the previous and the newly formed
deformation front. Graphic definition of wavelength: the time in cm convergence between two successive
thrust initiations. Note that the aspect ratio of the thrust imbricates is �3:1.
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[23] Furthermore, the initiation of each thrust within the
prolayer is associated with the highest ISU magnitudes right
above the ramp segment and low ISU magnitudes within the
axial zone and the retrowedge. With convergence, this
maximum migrates as a decaying wave through the entire
wedge until it has reached the tip of the retrowedge
deformation front (Figure 4c). At this stage a new thrust
in the prolayer is formed and a similar surface uplift pattern
as the one above, initiates. This spatiotemporal pattern of
surface uplift is referred to as a surface uplift wave and
reflects the migration in activity on thrusts and is thus
intimately linked with the frontal accretion cycle. Discrete
accelerations of the height above the singularity (Figure 3)

prior to the formation of a new thrust within the prolayer
support the notion of surface uplift waves.
[24] Finally, the spatiotemporal distribution of ISU mir-

rors the four stages of bivergent wedge evolution. During
stage I ISU is symmetrically distributed above the singu-
larity, while during stage II the location of maximum ISU
shifts toward the lower plate, resulting in a topographic
asymmetry. This asymmetry is further magnified during
stage III, since maximum ISU is associated with the
initiation and formation of thrust imbricates within the
prowedge. The onset of frontal accretion within the retro-
wedge (stage IV) marks the transition to a more symmetric
wedge topography.

Figure 4. (a) Topographic evolution of reference experiment. Outlines were taken at every 10 cm. of
convergence. The blue and red outlines denote 10 and 150 cm of convergence indicating the magnitude
of flexure. Two topographic domains mirroring two different growth modes can be distinguished:
(1) Cyclic accretion within the prowedge results in distinct topographic steps, (2) whereas continuous
addition of prowedge derived material to the axial zone and the retrowedge leads to nearly concentric
growth. (b) Incremental surface uplift of reference experiment, raw data. Note that incremental surface
uplift is derived from 10 cm convergence intervals. (c) Dashed lines (black) follow surface uplift traces of
ramp segments of fore thrusts. Reactivation of thrusts can result in an increase of ISU by one order of
magnitude. For location of thrusts a to d see Figure 2g. Bold lines (purple) follow surface uplift waves,
which are tightly linked with the accretion cycle. Roman letters denote four stages in bivergent wedge
evolution (see Figures 2 and 3).
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3.3. Strain Accumulation and Propagation

[25] On the basis of the finite strain image and the
evolution of deformation map (EDM), the main structural
elements such as the initial pop-up, the retroshear zone,
individual thrust imbricates within the prowedge and the

retrowedge as well as subtle features like back thrusts,
footwall shortcuts and out-of-sequence reactivation of thrust
imbricates, can be identified (Figures 5a and 5b). The four
stages in bivergent wedge evolution proposed above, are
also evident from Figure 5b. Stage II is distinguishable from

Figure 5
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stage I, since the life span of the three narrowly spaced
thrusts is significantly longer than the life span of the fore
thrust bounding the initial pop-up. In turn, the flat-topped
box anticlines of stage III show an even longer life span
than the three fore thrusts of stage II, thus allowing for
differentiation between these stages. During stage III incre-
mental strain along the retroshear zone decreases markedly,
but shows pulses, which predate the formation of a new
thrust within the prolayer. These strain pulses are consistent
with the surface uplift waves (Figure 4c) and the discrete
accelerations of the height above the singularity prior to the
formation of a new thrust imbricate within the prolayer
(Figure 3) as described above. The onset of stage IV is
marked by the emergence of frontal accretion within the
retrowedge. During stage IV reactivated thrusts accumulate
more and the retroshear zone less, incremental strain, while
the latter still shows incremental strain pulses.

3.4. Frontal Accretion Cycle

[26] Further analysis of the EDM in conjunction with the
spatiotemporal evolution of the vertical (vy) and the hori-
zontal (vx) components of the velocity field (Figure 6)
revealed a regular, incremental exy pattern, which is referred
to as the frontal accretion cycle (Figure 6). We propose that
each cycle consists of a thrust initiation phase, which in turn
is divided into three subphases; an underthrusting phase and
a reactivation phase. The latter is coeval with the thrust
initiation phase of the following frontal accretion cycle. The
nomenclature of the first two phases follows Hoffmann-
Rothe et al. [2004], whereas the term reactivation phase is
introduced in this study.
[27] During the first subphase of the thrust initiation

phase, deformation propagates outward along the basal
detachment and finally steps up to form a symmetric pop-
up. This pop-up evokes a significant decrease of vx within
the prolayer (Figure 6b).
[28] During the second subphase the basal detachment

and the fore thrust of the pop-up form a continuous shear
zone with a ramp flat geometry. At the same time, the back
thrust associated with the pop-up and the previous defor-
mation front cease in activity (Figure 6c).
[29] In the third subphase of the thrust initiation phase,

the initial pop-up evolves into a flat-topped box anticline,
which is associated with the reactivation of the respective
back thrust. Convergence is now taken up by the newly
formed fore thrust, its back thrust, the previous fore thrust
and the retroshear zone (Figure 6d). In contrast to the first

subphase, no significant change in the velocity field occurs
during the latter two subphases.
[30] In the following underthrusting phase, both the back

thrust and the previous deformation front are abandoned,
and the prolayer is considerably overthrust by the pro-
wedge. Convergence is thus taken up by two conjugate
shear zones, defining a wedge-scale, symmetric pop-up
(Figure 6e). Thus the frontally accreted material is contin-
uously transferred toward the axial zone, rotated back and
finally passively uplifted in the hanging wall of the retro-
shear zone. The associated vertical component of the
velocity field is at its maximum within the axial zone
and decreases toward the prowedge and the retrowedge
(Figures 6a and 6e). Hence the location of maximum vy has
moved from the flat-topped box anticline at the toe of the
prowedge toward the axial zone. This observation is in
concert with the ISU wave documented earlier (Figure 4).
[31] The underthrusting phase is terminated by thrust

initiation phase for the next frontal accretion cycle. During
the second subphase of this thrust initiation phase, incre-
mental exy ceases to accumulate along the previous defor-
mation front, but is reactivated during the respective third
subphase (Figure 6f). The previous deformation front
remains active until the next underthrusting phase commen-
ces. Finally, note that the spatiotemporal distribution of vy,
not vx, is indicative of the currently active phase within a
frontal accretion cycle.
[32] The evolution of incremental exy at points located

within individual ramp segments of the fore thrusts shows
one absolute and two local maxima, which are linked with
the three phases of the frontal accretion cycle identified
above (Figure 5c). The two local maxima correspond to the
thrust initiation phase and the reactivation phase respectively,
with the former attaining higher magnitudes than the latter.
The absolute maximum of exy is linked with the under-
thrusting phase. Together, these observations suggest that
each phase within a frontal accretion cycle is associated
with different magnitudes and rates of strain accumulation.
This can be also recognized in Figure 7, which shows the
evolution of the cumulative displacement for each thrust
imbricate.
[33] The strain history of the retroshear zone follows an

oscillating pattern, whereby exy maxima predate the forma-
tion of a new thrust imbricate within the prolayer (Figure 5c).
This is consistent with the information deduced from the
EDM (Figure 5b). The decreasing amplitude of these
maxima with ongoing convergence indicates that the ability

Figure 5. (a) Distribution of finite exy, i.e., after 140 cm of convergence for the reference experiment. Labels a to d denote
thrusts within the prowedge. White arrows point to main out-of-sequence thrust, a hanging wall shortcut, the retroshear
zone, and the frontal accretion within the retrowedge. (b) Evolution of deformation map (EDM) for the reference
experiment. Letters in circles refer to fore thrusts within the prowedge (see Figure 2g). Roman i denotes proshear of initial
pop-up, ii denotes the respective retroshear, and iii denotes frontal accretion within the retrowedge. Four stages of bivergent
wedge evolution as well as phases of accretion cycle are explained graphically. Note the pulsating exy accumulation of the
retroshear zone ii. (c) Incremental exy accumulation of fore thrusts (a to d) and the retroshear zone ii through time. The three
phases of the frontal accretion cycle are color coded to visualize strain transfer. We highlight that each phase shows
different incremental exy magnitudes. On the basis of the reference and the other three experiments (Figure S5), we found
that the underthrusting phase takes up �50% of the duration of a frontal accretion cycle. Both the thrust initiation and the
reactivation phase take up �25% equally. See the auxiliary material for derivation of both figures.
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to transfer strain between the fore thrusts and the retroshear
zone decreases with increasing distance between them.

4. Toward the Concept of a Frontal Accretion
Cycle

[34] Confidence about the appropriateness of the selected
setup is derived from the observation that all conducted
experiments followed a similar evolutionary pathway, as
proposed by other sandbox and numerical simulations
[Malavieille, 1984; Brown et al., 1993; Willett et al.,
1993; Beaumont et al., 1996; Wang and Davis, 1996;
Beaumont et al., 2000; Storti et al., 2000; Del Castello et
al., 2004; McClay and Whitehouse, 2004; Naylor et al.,
2005; Hoth et al., 2006]. This suggests also reproducibility
despite different setups and methodological approaches.
The proposed model evolution is also consistent with results
from balanced cross sections from the European Alps
[Pfiffner et al., 2000], the Pyrenees [Beaumont et al.,
2000] and the German Variscides [Schäfer et al., 2000],
and has been more thoroughly discussed by Hoth et al.
[2006].

4.1. Conceptual Model

[35] Although we found that bivergent wedge evolution is
very similar despite different mechanical stratigraphies, a
high degree of similarity with respect to the spatiotemporal
distribution of strain was not expected, but was observed.
Indeed our experimental results indicate that the frontal
accretion cycle with its three phases is very robust with
respect to the parameters tested (Figure S5 in the auxiliary
material). We therefore propose the conceptual model of a

frontal accretion cycle (Figure 8a), which can be viewed as
an extension of the one postulated by Gutscher et al. [1998]
and used by Hoffmann-Rothe et al. [2004]. Accordingly, a
frontal accretion cycle in its simplest form might evolve as
follows:
[36] During the first phase, i.e., the thrust initiation phase,

convergence is taken up by four thrust faults: the fore thrust,
which defines the deformation front; the associated back
thrust; an internal thrust, i.e., the previous deformation
front, and the retroshear zone. The resultant incremental
surface uplift is highest above the ramp segment of the fore
thrust and lowest above the retroshear zone.
[37] In the underthrusting phase that follows the fore

thrust evolves from a ramp flat, via a ramp toward a flat
ramp geometry. The latter geometry is therefore similar to
the one of the retroshear zone (Figure 6). Hence the
asymmetry associated with the thrust initiation phase is
abandoned in favor of a more symmetric geometry during
the late stages of the underthrusting phase, with the result
that the entire sand wedge shortens horizontally and grows
vertically. At the same time, a surface uplift wave, which
mirrors locations of high exy accumulation, migrates through
the entire wedge until it reaches the retroshear zone.
[38] During the third phase, i.e., the reactivation phase,

deformation propagates outward into the prolayer to form a
new flat-topped box anticline and a new frontal accretion
cycle commences. The fore thrust under consideration is
now located in the hanging wall of the newly formed fore
thrust. This implies that the third phase of a frontal accretion
cycle is coeval with the first phase of the following cycle.
Therefore strain transfer between two successive fore
thrusts cannot be considered as abrupt; that is, one thrust
is ‘‘switched’’ off, while the other is switched on. Instead,
strain is transferred gradually; that is, the decay in activity
of a fore thrust is simultaneous with the increasing activity
of the newly formed one (Figures 5c and S5). It follows that
incremental exy is not only partitioned in space but also in
time. The magnitude of exy taken up by each thrust depends
on its relative strength, which changes predictably through
time, as outlined below (Figure 8b).
[39] Results from ring shear measurements and triaxial

compression tests indicate that the initiation of a thrust is
associated with the successive formation and growth of
isolated precursor structures, i.e., small-scaled shear zones
[Mandl et al., 1977; Mandl, 1988; Okubo and Schultz,
2005]. At the same time individual grains are pressed more
firmly together, which increases the frictional resistance of
the sand to the imposed shear stress: strain hardening
[Mandl, 1988]. The resultant strain accumulation is low.
As shearing continuous beyond this state the shear stress
has to rise and may finally reach the yield criterion, leading
to the coalescence of these small-scaled shear zones [Mandl
et al., 1977; Mandl, 1988; Marone, 1998]. Further shear
induces a rearrangement of grains, which are now more

Figure 6. Sequential development of an accretion cycle. Left to right show incremental exy and the respective horizontal
and vertical component of the velocity field. The term incremental describes the time between two successive PIV images.
Numbers on the right indicate cm of convergence. Interpretation of the exy pattern in terms of the accretion cycle is given as
well. Note that the location of maximum vy during subsequent underthrusting phases is systematically shifted from the axial
zone during early frontal accretion cycles toward the center of the prowedge during later frontal accretion cycles.

Figure 7. Cumulative thrust displacements for each thrust
within the prowedge of the reference experiment 1. Data
were taken at every 0.75 cm of convergence. Alternation of
black and grey curves is to aid visualization. Displacement
accumulation gradient varies through time and can be
correlated with the three phases of the frontal accretion
cycle.
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preferentially orientated with respect to the shear direction:
strain softening [Mandl, 1988]. The resultant strain accu-
mulation is high.
[40] On the basis of the evolution of strain accumulation

for each thrust as derived from PIV analysis (Figure 5c), we
infer that the three phases of a frontal accretion cycle are
controlled by the strain hardening and softening processes
associated with the evolution of these shear zones as out-
lined above. Accordingly, the thrust initiation phase would
correspond to the strain hardening, the underthrusting phase
to the strain-softening part of the stress-strain evolution.
Continuous transfer of the thrust under consideration toward
the singularity, in conjunction with an increasing load upon
this thrust, leads to its final locking during the reactivation
phase. The respective incremental exy magnitudes are low.
Given that incremental exy accumulation along the retro-
shear zone mirrors this evolution (Figure 5c), we postulate
that the entire bivergent wedge is subjected to a strain-
hardening/strain-softening cycle. Thus, during the thrust
initiation phase the wedge is strain softest but with contin-
ued convergence successively strengthened. At the very
final stage of the underthrusting phase, the wedge is
assumed to be ‘‘strain hardest.’’ Although brittle failure
by itself is strain rate-independent [Byerlee, 1978], the
ability of sand to exhibit strain hardening and softening
introduces a temporal dependence on the magnitude of
strain, accumulated on each individual thrust during a
certain time interval. The frontal accretion cycle is therefore
considered as an internal clock of wedge-scaled deformation
and surface uplift. Differences between experiments in the
duration and magnitude of individual phases relate either to
the depth to the detachment or to the strength of the
prowedge (see section 4.3).
[41] The cumulative displacement evolution of thrusts

reflects the three phases of the frontal accretion cycle.
Therefore the former can be used to constrain the latter, if
strain monitoring techniques, such as PIV, are not available
(Figure 7). Thus the conceptual model of a frontal accretion
cycle is able to integrate and to explain previously unrelated
observations such as (1) the periodicity of thrusting [Cadell,
1888; Mulugeta and Koyi, 1992; Gutscher et al., 1998],
(2) the topographic evolution of sand wedges, especially the
significant increase of the vertical growth rate at the rear of
a wedge prior to the formation of a new thrust within the
prolayer [Koyi, 1995; Gutscher et al., 1998; Storti et al.,
2000; Naylor et al., 2005], (3) the cumulative displacement
evolution of thrusts [Koyi, 1995; Storti et al., 2000; Del
Castello et al., 2004; McClay and Whitehouse, 2004] and
(4) the occurrence of different thrust sequences, i.e. forward
breaking, synchronous and out-of-sequence thrusting [Storti
et al., 2000]. The latter would only be transient phenomena
within the evolution of an accretion cycle. ‘‘Local’’ factors
such as crustal inheritance, surface processes or changes of
the mechanical stratigraphy need not to be invoked to
explain changes in thrust activation. Previous experiments
incorporating erosion [Hoth, 2006, available at http://
www.gfz-potsdam.de/bib/pub/str0606/0606.htm] support
this assertion.

4.2. Evidence From Field Studies

[42] On the basis of structural work along the Chelungpu
thrust (Taiwan) and analytical considerations, Heermance

Figure 8. (a) Conceptual model of a frontal accretion
cycle with its three phases, i.e., thrust initiation, under-
thrusting, and reactivation phases. Locations of maximum
incremental surface uplift are indicated with an arrow. The
accretion cycle is associated with a strain and a surface
uplift wave. Both are initiated at the toe of the prowedge
and migrate through the entire bivergent wedge until the
retroshear zone is reached. The phase within an accretion
cycle controls thus the timing, location, and magnitude of
deformation (exy) and surface uplift. (b) Incremental exy
(slip) accumulation for all thrust, which are active
during two accretion cycles. Magnitudes were taken from
experiment 1. Phase within accretion cycle determines
thus the location and magnitude of strain and slip
accumulation. Therefore strain and slip are partitioned in
time and space.
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and Evans [2006] demonstrated that the geometry of the
hanging wall block controls the magnitude of the force
resisting slip. The latter is lower for hanging wall blocks
with a wedge geometry than for those with a ramp flat
geometry. This is consistent with the observation that during
the underthrusting phase with its wedge-shaped hanging
wall block, exy magnitudes are highest (Figure 5c). Micro-
structural work in the Appalachian fold and thrust belt led
Wojtal and Mitra [1986] to conclude that the emplacement
of a thrust sheet takes place at least in two stages: The first

is associated with strain hardening; the second is associated
with strain softening. Similarly, Travé et al. [2000] reported
two microfracture stages in the El Guix anticline (Pyrenees).
During the first stage, a network of discontinuous micro-
fractures developed, which allowed only local meteoric
fluids to circulate. In the second stage, a continuous thrust
fault formed, providing a regional fluid conduit [Travé et
al., 2000]. Using the terminology of this study, the first and
the second stage of Wojtal and Mitra [1986] and Travé et al.
[2000] can be linked to the thrust initiation and to the
underthrusting phase, respectively. Meigs et al. [1996]
reconstructed the displacement evolution of the South
Pyrenean Sierras Marginales thrust, which is very similar
to the displacement histories observed during own experi-
ments (Figure 9). They further proposed that the displace-
ment transfer from more internal to more external thrusts is
a continuous process, rather than a stepwise sequence of
formation, displacement, and deactivation of thrusts. This
conclusion agrees well with the results of the experiments
presented here. A similar observation was made by Butler
and Bowler [1995] in the Chartreuse district of the French
Subalpine thrust belt. They concluded that thrusts evolve
through a displacement rate cycle, which is concordant with
the accretion cycle we observe. Jones et al. [2004] inves-
tigated the evolution of the Catalan fold and thrust belt. On
the basis of balanced cross sections they proposed a thrust
sequence, similar to the one observed in this study.
[43] A similar nonlinear topographic growth above a

ramp segment as recognized during the experiments, has
been reported from a late Quaternary anticline in New
Zealand [Jackson et al., 2002] and in numerical simulations
[Bernal et al., 2004]. Additionally, Masaferro et al. [2002]
concluded that the Neogene-Quaternary growth of the
Santaren anticline (Cuban fold and thrust belt) was charac-
terized by several tectonic uplift pulses of different duration

Figure 9. Generalized cumulative displacement evolution
as derived from experiential results. Please see the auxiliary
material for details. Displacement evolution (a) without and
(b) with temporal offset between the underthrusting and the
reactivation phase (gray area). During this time period more
external thrusts, i.e., thrusts located within the very frontal
part of the prowedge, show high slip rates or a new thrust is
formed within the incoming layer. Dashed lines in Figures 9a
and 9b mark phase boundaries. (c) Cumulative displace-
ment of the Sierras Marginales Thrust, southern Pyrenees,
which detaches within Triassic Keuper evaporites. Solid
squares indicate data points (modified after Meigs et al.
[1996]). Tentative interpretation in terms of the conceptual
model of cyclic frontal accretion is provided. Grey area
(36.5–32 Ma) corresponds to increase of slip rates along the
base (evaporites) of the foreland basin succession, which
was associated with the formation of the Sanaüja and the
Barbastro anticlines [Meigs et al., 1996]. Both anticlines are
located in the footwall of the Sierras Marginales Thrust.
These observations are thus similar to the ones derived from
experiments with an internal glass bead layer, indicating as
well the consistency between model prediction and
observations derived from field studies.
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and intensity, interrupted by periods of variable duration in
which no fold growth occurred.

4.3. Timing of Thrust Initiation

[44] In section 4.2 the frontal accretion cycle was con-
sidered as an internal clock, which controls the activation,
reactivation and deactivation of thrusts. The sample stan-
dard deviation of the wavelength of frontal accretion sfw
provides a measure of the temporal regularity of the
initiation of fore thrusts within the prolayer (Table 2).
[45] A constant timing, i.e., a low sfw value indicates that

the wedge response to accretion by internal deformation is
the same for every frontal accretion cycle. High sfw values
suggest that this response varies with each frontal accretion
cycle and that the timing between two thrust initiation
events varies as well. In terms of the minimum work theory
this means that internal deformation is favored until the
initiation of a new thrust within the prolayer would require
less work [e.g., Gutscher et al., 1998]. Both the introduction
of weak layers (this study) and the simulation of prowedge
erosion [Hoth et al., 2006] reduce the strength of the
prowedge with respect to the retrowedge, leading to pro-
longed internal deformation in favor of the propagation of
deformation into the foreland, and thus to higher sfw values.
This is also evident from the EDM (Figure S5). It follows
that high magnitudes of internal deformation evoke longer
durations of the frontal accretion cycle.
[46] These observations indicate that for a given conver-

gence velocity, the minimum time required for a frontal
accretion cycle is proportional to the length of the frontally
accreted imbricate. Also, the aspect ratio (length:depth-
to-detachment) of the experimentally generated thrust
imbricates (Figure 3), which mimics the ratio between basal
and internal friction, is �3 to 1 [Platt, 1988; Gutscher et al.,
1996; Oncken et al., 2000]. This is the same ratio as the one
found in fold and thrust belts [Oncken et al., 2000], lending
additional support for the correct scaling of the mechanics
of sand wedges. Combining the above observations, we
propose that the minimum duration of a thrust initiation and
its associated underthrusting phase can be calculated as
follows:

t ¼ 3D=v; ð1Þ

where t is the duration (years), D is the depth to the
detachment (m) and v is the convergence velocity (m/yr).
Since the reactivation phase takes up �25% of the entire
duration of a frontal accretion cycle (Figures 5 and S5),
equation (1) changes to tc = 4D/v, where tc is the complete
duration of a frontal accretion cycle. Equation (1) was tested
with respect to the Alaskan accretionary wedge (EDGE
Profile [Moore et al., 1991]). Using biostratigraphic and
geometric constraints, von Huene et al. [1998] calculated
the time span of deformation within segment II [von Huene
et al., 1998, Figure 4] to be 0.22–0.24 Ma, which agrees
well with an estimation of 0.22Ma derived from equation (1).
[47] On the basis of equation (1), we found that the

duration of frontal accretion cycles in the majority of active
accretionary wedges is on the order of 104–105 years
(Figure 10), a similar time span as climatic cycles [Zachos
et al., 2001]. In order to unequivocally determine whether
an observation such as surface uplift, exhumation, erosion
or sedimentation results from tectonic or climatic cyclicity,
regional studies that cover at least the prowedge and the
axial zone are needed. Given the proposed time span of
frontal accretion cycles with their three phases, high reso-
lution time series are required. We suggest that the temporal
resolution of theses time series should be on the order of
1/4 of the expected duration of a frontal accretion cycle.
Given that the transition between two successive phases
within experimental frontal accretion cycles is abrupt, we
speculate that such a transition may occur at a timescale of
�102 to 103 years.

4.4. Implications for Natural Bivergent Wedges

[48] Given the good agreement with previous work
[Gutscher et al., 1998; Storti et al., 2000; Del Castello et
al., 2004; Hoffmann-Rothe et al., 2004; Hoth et al., 2006]
and the scale invariance of brittle behavior, we propose that
our results are applicable to bivergent orogens, to fold and
thrust belts and to accretionary prisms. Accordingly, the
implications derived from the experiments are confined to
no specific spatial and temporal scale and may be tested in
all three settings. However, some caution must be taken
when applying our results to bivergent orogens, since we
focus only on lower temperature orogens, where brittle
behavior prevails. High exhumation rates in natural orogens
may lead to the removal of the highest strength part of the
continental crust, which significantly reduces its integral
strength. At this stage ductile, temperature- and time-
dependent processes might dominate [Zeitler et al., 2001;
Koons et al., 2002]. We also restrict our implications to
those settings with one major detachment. If several detach-
ments operate at the same time, the expected signal either in
deformation or surface uplift may be difficult to detect.
Nevertheless, the proposed conceptual model of a frontal
accretion cycle bears some important implications.
[49] 1. The transience of deformation is the rule and not

the exception. This would be one explanation for the
commonly observed discrepancy between geodetic, paleo-
seismologic and geologic estimates of fault slip [Coutand et
al., 2002; Hubert-Ferrari et al., 2005]. Thus interpolation
of slip rates from different temporal scales and resultant
predictions of recurrence intervals of earthquakes within
bivergent wedges can only be successful if the phase within

Table 2. Summary of Experimentally Derived Results

Observations

Experiment

1 2 3 4

Number of weak layers 0 1 2 0
Frontal accretion in retrowedge yes yes no yes
Number of thrust imbricates in
prowedge after 140 cm
of convergence

5 8 8 5

Sample standard deviation of
wavelength of frontal accretiona sfw

0.13 0.30 0.15 0.19

Sample standard deviation of spacing
of frontal accretiona sfs

0.15 0.09 0.07 0.15

Sample standard deviation
of wavelength
of basal accretion sbw

0.47 0.90

Out-of-sequence
displacement index (OOSD)

0.62 8.1 3.73 3.95

aWithout footwall shortcuts.
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the frontal accretion cycle is identified. Also, in-sequence,
synchronous and out-of-sequence thrusting are considered
as kinematic stages within a frontal accretion cycle.
[50] 2. Along-strike variations of thrust seismicity result

from a thrust that is not in the same phase of the accretion
cycle along strike. Such along-strike changes should be
taken into account when seismic hazard potential is
evaluated. Changes in the plate kinematics, the climate/
erosion scheme or of other local factors need not be
invoked to explain the spatiotemporal variability of strain
accumulation.
[51] 3. The geometry of the deformation front may be

used to infer the seismic and/or landslide hazard potential,
since the geometry is indicative of the active phase within
the frontal accretion cycle.
[52] 4. Spatial and temporal offset of cause and response.

The initiation of a new thrust within the prolayer (cause) is
temporally offset from the resulting ‘‘strain pulse’’ at the
retroshear zone (response). However, the magnitude of
strain transfer between the prowedge and the retrowedge

decreases, while the prowedge grows laterally. During
subsequent stages of bivergent wedge evolution this strain
transfer may not be detectable.
[53] 5. Time dependence of incremental slip along

thrusts implies that the source and availability of fluids/
hydrocarbons may vary during a frontal accretion cycle.
The migration of fluids is probably highest during the
underthrusting phase.
[54] 6. A surface uplift wave reflects migrating activity on

thrusts and hence mirrors an accretion cycle. In contrast, the
horizontal component of the velocity field is not indicative
of the active phase within a frontal accretion cycle. During
such a cycle, surface uplift decreases with increasing
distance from the deformation front, but may reach up to
1/2 of the thickness of the incoming layer at the axial zone.
Successive relief rejuvenation of more internal parts of a
bivergent wedge may lead to the successive unroofing and
erosion of hinterland lithologies and finally to provenance
cycles in synkinematic basins (Figure 8a). Since basal
accretion episodes have not evoked a detectable trace within

Figure 10. Minimum duration of the first two phases within a frontal accretion cycle. Diagram is
calculated from equation (1). Data from natural examples are based on GPS velocities and seismic
sections or balanced profiles. Variabilities with respect to along- and across-strike changes of d and v are
not taken into account. Three domains can be distinguished: (1) thick-skinned thrust belts, (2) bivergent
wedges with high sediment influx, and (3) accretionary wedges. Note that most of the frontal accretion
cycles within accretionary wedges have a duration of �105 years. Data are taken from Alaska [Fruehn et
al., 1999]; Apennines [Oldow et al., 2002; Tozer et al., 2002]; Barbados [DiLeonardo et al., 2002];
Cascadia [Khazaradze et al., 1999; Adam et al., 2004]; Chile, ENAP line 732, 39� S [Dı́az-Naveas,
1999; Norabuena et al., 1999]; Himalayan Foothills (MFT) [Bilham et al., 1997; Lavé and Avouac,
2000]; Makran [DeMets et al., 1990; Kopp et al., 2000]; Nankai [Seno et al., 1993; Moore et al., 2001];
Sicily [Adam, 1996]; Subandes (NWArgentina) [Echavarria et al., 2003]; Sunda Arc [Prawirodirdjo et
al., 2000; Kopp and Kukowski, 2003]; Taiwan, Chelungpu Thrust [Yu et al., 1997; Yue et al., 2005];
Zagros, Mountain Front Fault [Vernant et al., 2004; Molinaro et al., 2005].
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the ISU during experiments, we speculate that this might be
similar in nature, if the bivergent wedge grows dominantly
by frontal accretion.
[55] 7. A self-similar growth assumption for thrust in-

duced topography should be invoked with care.

5. Conclusions

[56] Bivergent wedges are found to operate at several
spatial scales, ranging from accretionary prisms to entire
orogens. On the basis of 2-D scaled sandbox simulations we
have developed a conceptual model of cyclic frontal accre-
tion within bivergent wedges. Each cycle consists of a thrust
initiation, an underthrusting and a reactivation phase, which
control the location and magnitude of deformation within
and surface uplift of a bivergent wedge. Consequently, the
frontal accretion cycle is considered as an internal clock of
bivergent wedge deformation and surface uplift. Thus the
former can be used to constrain the latter or vice versa.
[57] The proposed conceptual model provides an expla-

nation for the commonly observed transient behavior of
deformation and surface uplift and links the long-term
evolution of bivergent wedges with the short-term variabil-
ity of slip accumulation. This variability can be explained
without the need to invoke changes in the far-field plate
kinematics or in the climate/erosion regime.
[58] Strain transfer between thrusts within the prowedge

is a gradual process. Incremental strain accumulation at the
retroshear follows an oscillating pattern, which mirrors the
phases within the frontal accretion cycle.
[59] Finally, we propose that the geometry of the defor-

mation front can be used to constrain the phase within a
frontal accretion cycle, which in turn has implications for
seismic and landslide hazard assessment studies.
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