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Abstract: Thickness variation of sedimentary sequences is largely viewed as a controlling factor on the
evolution of orogenic wedges; among the different structural and stratigraphic features generating
thickness variation, we focused our analysis on the onlapping geometries, using laboratory sandbox
experiments. The aim was trying to describe how a common sedimentary configuration could influ-
ence thrusts geometry and mode of accretion. Model results showed that onlapping geometries in pre-
tectonic sediments cause a great complexity, dominated by curvilinear thrusts, back thrust and out-of-
sequence thrusts. They also influence mode of accretion, generating diachronous thrusting along strike,
reactivation and under-thrusting alternating to simple piggy-back sequence. Our modeling results are
compared with natural examples from the Apennines, the southern Pyrenees, the Pindos (Greece) and
the West Spitsbergen (Greenland) fold and thrust belts, among many others, where strain localization
and diachronic thrusting affecting thrust propagation in correspondence to complex geometries both
in the pre-orogenic stratigraphy and in the upper crust. 
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Thickness variation in pre-orogenic sedimentary suc-
cessions is a common feature in convergent margins.
It can be due to depositional features (Speed et al.,
1984), to differential compaction depending on dif-
ferent palaeogeographic settings (Carminati and
Santantonio, 2005), to the occurrence of basement
highs in the foreland (Thomas, 1990; Doglioni et al.,
1994) and to structural control, as for example, the
activity of normal faults during the evolution of the
previous passive margin stage (Gilcrist et al., 1987;

Butler, 1989). Among all of them, we performed
sandbox analogue models to investigate the influence
of along-strike onlapping geometries on the three-
dimensional architecture of a fold-and-thrust-belt. 

Analogue modelling is a valuable tool for studying
the evolution of orogenic wedge accreting from
constant thickness sand pack both in two and in
three dimensions (Malavieille, 1984; McClay,
1990; Storti et al., 2000). Sand box models using
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Figure 1. (a) Experimental apparatus used for double-verging sand wedge models, (b) simplified sketch illustrating the basic configu-
ration of the models (in gray, the depositional slope), (c) map view of the model showing the measured parameters along sections a, b,
c: Lp and S. Lines O and D indicate the end of the onlap onto the depositional slope and the end of the depositional slope onto the
film draft, respectively.
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Figure 2. (a) Initial geometry of model E1 with sections a, b, c, O (end of the onlapping sequence) and D (end of the depositional
slope) (view in the direction of shortening), (b) line drawings (from map view photographs) of sequential evolutionary stages every 10%
of shortening, (c) prowedge length (Lp) vs. shortening diagram, illustrating the progressive evolution of the deformation fronts. The
length is measured along the three sections a, b and c located in figure 2a. Note as the central zone of the model always retreated with
respect to the other two and that nucleation of thrust happened alternatively on the left and on the right side, (d) thrust spacing vs.
shortening along cross sections a, b and c. Note as in the central zone (section c) all the thrust planes are active together. 
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simple along-strike tapering geometries have
already highlighted that thrust wedges accreting
from pre-orogenic tapering sedimentary series
evolve in a non-cylindrical fashion, and that thick-
ness variation plays a first order role in determin-
ing the three-dimensional architecture of the
resulting orogenic belt (Mulugeta, 1988; Marshak
and Wilkerson, 1992; Boyer, 1995; Storti et al.,
2001; Soto et al., 2003).

In our models, we add to the simple tapering geome-
try an onlapping sedimentary sequence that reduces
its thickness in the opposite direction with respect to
the depositional slope, striking parallel to the direc-
tion of subduction (Fig. 1). This configuration simu-
lates the along strike thickness variation commonly
described, for example, in the foredeep systems,
where turbiditic siliciclastic sequences progressively
onlap along the main axes of the basin. In the
Apennines foredeep system, for example, the Lower
Pliocene sequence varies its thickness from north to
south several times along the main direction of the
basin (Ori et al., 1991; Bigi et al., 1992; Bigi et al.,
1997 and references therein). 

Methods and materials

The used apparatus is a 2.58 m long deformation rig
with two glass walls of the same length separated by a
60 cm width (Fig. 1). All experiments were performed
under normal gravity conditions. Dry, non-cohesive
quartz sand with 190 µm grain size (coefficient of
friction µ=0.55) (McClay, 1990; Liu et al., 1992) and
an average density of 1.58±0.1 g cm-3 was used to
simulate brittle deformation (Storti, 1997).
Aluminium microspheres were used to simulate a
mechanical behaviour of weaker layers within the sed-
imentary successions in experiment E2 and E3 (Rossi
and Storti, 2003). The drafting film used to simulate
the basal detachment was characterized by a high
coefficient of friction (µb=0.55) equal to the coeffi-
cient of friction of quartz sand. Using a scaling factor
of 10-5, 1 cm in the models represents ~1 km in
upper-crustal rocks (Liu et al., 1992). 

We designed the configuration of pre-contractional
sediment package in order to simulate a depositional
slope covered by an onlapping sedimentary sequence.
The slope was oriented parallel to the direction of
subduction and dips 5°; its thickness varies from 4 cm
on the right side of the apparatus (RSA) to zero at
about 10 cm from the other side (Fig. 1). The sedi-
mentary sequence onlaps onto the slope and covers it
quite completely, as illustrated in figure 1b, where the

line O indicates the end of the onlap onto the depo-
sitional slope; its thickness varies from 3.4 cm from
the left side (LSA) to zero on the slope. We used only
dry sand in E1 experiment and reconstructed the
same geometry in the other two experiments intro-
ducing a weaker layer onto the slope in the E2 model,
and inside the onlapping succession in E3 experi-
ment. The configuration of each experiment is illus-
trated in figures 2, 3 and 4.

Deformation was induced by pulling the basal detach-
ment sheet by a motor drive (6.67 cm h-1) down into
a thin subduction slot located 100 cm from the front
end of the sand layers apparatus (Figs. 1a and 1b). The
bottom of the deformation rig, from the subduction
slot to the back end of the apparatus (at a distance of
21 cm) was floored with the same drafting film in
order to ensure the same basal frictional characteristics
over the whole model. According to Storti et al.
(2000), we define the prowedge as the region in front
of the subduction slot, where material moves toward it
and the dominant transport direction is opposite to
the motion of the detachment sheet. The retrowedge is
the region behind the subduction slot, where there is
no relative motion between the rigid base plate and the
overlying material, and the drifting film is fixed. The
axial zone is the flat region between the previous two. 

In order to describe the growing thrust wedge we use
the following parameters: i) Lp is the distance of the
deformation front from the subduction slot in the
prowedge, and ii) Sn is the distance between a defor-
mation front (n) and the previous one. These two val-
ues were plotted against shortening ratio, expressed in
terms of Sh=L1/L0×100, where L0 is the initial sand
pack length and L1 is the progressive shortening
applied to the sand pack. We measured these dis-
tances every 10% of shortening from map views along
three sections: a) and b), each of them at 5 cm from
the two glasses (and at a distance of 50 cm each
other), and c) at the centre on the model (Fig. 1c). 

Results

The used experimental apparatus, generates a double-
verging accretionary wedge showing two stages of
evolution, according to all the other models well doc-
umented in literature both for constant and tapering
sand packs (Malavieille, 1984; Liu et al., 1992; Storti
et al, 2000, among many others). Therefore, the first
part of all the experiments was characterised by rapid
uplift of the axial zone and by rapid back thrusting
along a retro-verging thrust ramp together with the
development of closely spaced pro-verging kink bands
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Figure 3. (a) Initial geometry of model E2 with sections a, b, c, O (end of the onlapping sequence) and D (end of the depositional
slope), (b) line drawings (from map view photographs) of sequential evolutionary stages every 10% of shortening, (c) prowedge length
(Lp) vs. shortening, illustrating the progressive evolution of the prowedge deformation fronts. The length is measured along the three
sections a, b and c located in figure 3a. Note as the central zone Lp (c) always retreated with respect to the other two and that nucle-
ation of thrust happened alternatively from the left and from the right side, (d) thrust spacing vs. shortening along cross sections a, b
and c. Note as in the central part most of shortening is localized on T4/5 thrust. 
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Figure 4. (a) Initial geometry of model E3 with sections a, b, c, O (end of the onlapping sequence) and D (end of the depositional
slope), (b) line drawings (from map view photographs) of sequential evolutionary stages every 10% of shortening, (c) prowedge length
(Lp) vs. shortening diagram, illustrating the progressive evolution of the deformation fronts. The length is measured along the three sec-
tions a, b and c located in figure 4a, (d) thrust spacing vs. shortening along cross sections a, b and c.
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at the subduction slot. The second stage of evolution,
consisting of the accretion of the prowedge, is charac-
terised by the nucleation of a thrust front far from the
subduction slot at 21% of shortening in E1 experi-
ment, at 15% in E2 and at 21% in E3 model.
Moreover, during the first stage of evolution, the high
frequency of kink bands shows variation along strike;
in all the experiments we observed the occurrence of
lateral ramps and anastomosing structures developed
in correspondence of the end both of the onlapping
sequence and of the depositional slope (along sections
O and D; figures 2, 3 and 4).  

Basic model E1

In E1 model we used only dry sand to build up the
experiment; differences in the sand could be due to
different compaction obtained by different ways to
set the sand itself (bed by bed in the onlapping
sequence and all at the same time in the deposi-
tional slope) (Fig. 2a). After 22% of shortening the
first thrust, T1, was nucleated far from the subduc-
tion slot and progressively incorporated into the
axial zone, which increased its height. T1 started in
the sedimentary succession on the left side of the
apparatus (LSA) and propagated laterally towards
the right side (RSA) that reached at 24% of short-
ening. The T1 geometry shows a curvature along
strike with the more advanced zone developed
along the right and the left sides. The second
thrust, T2, nucleated at 33% at the LSA, propagat-
ed laterally at 34% to RSA, whereas the third
thrust front T3 started contemporaneously at 48%.
The experiment ended at 68% of shortening. The
variation of Lp during the deformation and also
the final geometry, clearly illustrates the influence
of the two tapering structures, showing a central
zone, corresponding to the tapering of the slope
and of the onlapping multilayer (lines D and O),
systematically retreated with respect to the lateral
sides, where both of them have the maximum
thickness (Fig. 2c). Nucleation of thrusts T1 and
T2 is diachronic of about 2% of shortening; thrust-
ing started on the LSA of the model and reached
the other side propagating laterally. The distribu-
tion of displacement on each thrust shows a differ-
ent organization along the three sections during
thrusting (Fig. 2b). On the left and right sides (sec-
tion a and b), a piggy-back sequence can be
observed, with a reduced component of synchro-
nous thrusting; along section c, instead, synchro-
nous thrusting follows an “in sequence” generation
of the thrust fronts, to balance the retreating posi-
tion of thrust fronts (Fig. 2d). 

Model E2

In E2 model, a weaker layer, made of alluminium
microsphere, 2 mm thick, was located on the deposi-
tional slope under the multilayer onlapping succession;
the obtained configuration is illustrated in figure 3a.
After 15% of shortening, the prowedge started to prop-
agate and the first thrust front nucleated on LSA. T1
propagated laterally until the central part of the appara-
tus. Immediately after, between 15% and 20%, three
thrust fronts, closely spatiated, started on RSA, in the
footwall of T1 (T1 α, β, γ, figure 3b). Deformation pro-
ceeded with the nucleation of T2 thrust at 24%, show-
ing a linear geometry in map view. This can due to a
smaller shortening accommodated by the previous
thrusts in the central part of the model. The next three
thrust fronts propagated from one side of the apparatus
to the centre of the model, without reaching the other
side. The T3 thrust started from LSA at 35%, the T4
started from RSA at 39% and T5 from LSA at 40%.
From 40% to 50% of shortening, in the transfer zone
between T4 and T5 thrust fronts, tear faults developed,
becoming a single, rectilinear thrust front. Until 59%,
other three thrust fronts generated as the previous ones,
T6 and T7, respectively at 50% and at 52% of shorten-
ing evolved in one thrust front at 55% of shortening,
while at 59%, T8 propagated from LSA to the centre of
the model. The experiments ended at 64% of shorten-
ing (Figs. 3c and 3d).

Model E3

In E3 model, in order to vary the mechanical behav-
iour of the onlapping succession, the bottom of the
multilayer succession consists of a layer of micros-
phere, 1.2 cm thick, placed onto a 0.7 cm thick layer
of white sand (Fig. 4a). After 20% of shortening, the
prowedge started to accrete with a thrust front (T1)
highly curved, generated on RSA and propagated just
until the O line (Fig. 4b). It remained active until
23%, when on the LSA another thrust front propa-
gated laterally until RSA linking to T1; after that
moment they remain active as a single thrust front
(T1 in figure 4). The anticlines associated with T1
thrust showed a box fold shape and evolved in a back
thrust on the back limb during deformation. This
back-thrust can be followed laterally in the multilayer
on lapping sequence until 20 cm from the RSA. At
35-36%, T2 quickly propagated laterally from LSA;
even this thrust front and an associated back-thrust
occurred just in the onlapping sequence, until 35 cm
from the RSA. At 53%, the last thrust front, T3, gen-
erated synchronously; following its structural style lat-
erally, this front shows, as the previous ones, an asso-
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ciated back-thrust developed in the multilayer
sequence, that occurs until 25 cm from the RSA. The
experiments ended at 62% of shortening.  

Discussion 

In all our experiments, we simulated thickness varia-
tions in three different configurations. In E1 model,
we use just dry sand, and mechanical variations were
due to differential compaction generated by the onset
of the model itself. In E2 model, a weaker layer, locat-
ed on the top of the depositional slope, decouples the
two tapering structures. In E3 model, we differentiat-
ed the mechanical behaviour of the onlapping
sequence constructing a more efficient layer close to
its bottom (Figs. 2a, 2b, 3a, 3b, 4a and 4b).  

In all the experiments, we observed the wedge accre-
tion according to a general piggy-back nucleation and
propagation of thrusts. At the same time, the kine-
matic scenario interchanged between diachronous
and synchronous activity of the major thrust fronts
(Figs. 2c, 2d, 3c, 3d, 4c and 4d). 

Two main factors control thrusts development: i)
the occurrence of the two sedimentary tapers that
vary their thickness and their mechanical behaviour
normal to the direction of shortening, and ii) the
occurrence of a total sand pack having a quite con-
stant thickness (Fig. 1). The main result that we
observed is that thickness variation triggers the non-
cylindrical growth of thrust wedges, as already
described in other sand box models, but, at the
same time, diachronous propagation occurs in the
opposite direction with respect to the single taper-
ing models (Storti et al., 2001; Soto et al., 2003).
Thrusts emerge systematically first in the thicker
part of the sand pack and propagate laterally, reduc-
ing progressively their offset following the thickness
reduction of the onlapping multilayer or of the
depositional slope. In some cases, thrusts do not
reach the other side of the apparatus (Figs. 2c, 3c
and 4c). This first propagation often evolves in a
linkage between the two diachronous thrust fronts;
a single structure develops and remains active dur-
ing the nucleation of a new asymmetric thrust front
in its footwall (e.g. T4 and T5 in E2 experiment,
figures 3c and 3d). When this happens, the curva-
ture of the thrust traces generated on the two sides
of the apparatus tends to be rectified in the central
part of the model. Despite of this, the final geome-
try still shows a curved thrust front, where the cen-
tral part is always retreated with respect to the later-
al ones. This is well illustrated in the variation of Lp

during deformation: along the three sections for
each experiments, Lp (c) reaches always the minor
length, whereas Lp (a) and Lp (b) alternate their
length as a function of diachronic nucleation of
thrusts (Figs. 2c, 3c and 4c).

According to the relationship proposed by Boyer
(1995), the total thickness of each model (about 4
cm) and the high frictional values of basal detach-
ment, the wedge accretes developing a small num-
ber of thrusts (only 3 in E1 and E3 models, 8 in
E2). The internal variation of mechanical behav-
iour imposed to the models, on the other side, con-
trols their structural style. In fact, we observe both
a variation of the number of thrust and of the
structural style moving from one side to the other
of each model. In E2 model, in the multilayer eight
thrusts front develop that progressively reduce to
three on the depositional slope side. In this case,
the accommodation of the along strike structural
shortening occurs through the development of
transfer zones, oblique ramps, and out of sequence
thrusts.

In model E3, the occurrence of a weaker layer into the
onlapping multilayer sequence triggers the develop-
ment of back-thrust structures that varies laterally fol-
lowing the stratigraphic configuration.  

In our experiments, the expected fast nucleation of
new thrusts in the thinner part of the two overlying
sand packs is completely deactivated, and their occur-
rence is highlighted in the difference of structural
style and in a localization of strain. In fact, the central
part of the model always retreats with respect to the
other two sides, being a place of strong shortening
and long life thrusts (e.g. T4/5 in E2 model, figure
3d).

The two thicker parts of the section controls mode
of accretion and thrusts development, but this
seems to occur independently from one side to the
other of the models. Therefore, we assist to two
sand packs, more or less coupled one to the other
that developed together, but following different
times. They are forced to proceed together in the
second stage of individual thrust propagation,
when the process of linkage occurred in the central
part of the model. Here, in place of the hypothe-
sized higher frequency of thrusting that should due
to the occurrence of the two thinner zones, we
observed a linkage process and synchronous thrust-
ing, as required to account for the ongoing con-
traction (Figs. 2c, 2d, 3c, 3d, 4c and 4d).
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Conclusion

Complex geometries both in the pre-orogenic stratig-
raphy and in the upper crust are largely viewed as a
control factor on the geometric organization of oro-
genic wedges. The occurrence of salients and regres-
sions in thrust belt, as well as the number of thrust are
generally linked to thickness variations of sedimenta-
ry sequences in most of the fold-and thrust belt all
over the world (Boyer, 1995; Marshak and Wilkerson,
1992, Soto et al., 2003, among many others). 

We focused our analysis on the onlapping geometries,
using laboratory sandbox experiments. Our attention
was focalized on how this common sedimentary con-
figuration could influence thrusts geometry and
mode of accretion. In a simply geometrical analysis,
our results show that onlapping geometries can cause
asymmetric thrusts. The central part of our models
(corresponding to the overlapping of the two thinner
sequences) works as a transfer zone where deforma-
tion is more localized; here the thrust front is always
retreated and out-of-sequence and long life thrusts

occur. Because of these geometrical differences, the
kinematics of a growing orogenic wedge is deeply
influenced. We observe, in fact, diachronous thrust-
ing along strike, reactivation and under-thrusting
alternating with simple piggy-back sequence. Our
modeling results can be compared with natural exam-
ples from the Apennines, the southern Pyrenees, the
Pindos (Greece) and the West Spitsbergen
(Greenland) fold and thrust belts, among many oth-
ers, where strain localization and diachronic thrusting
affect thrust propagation in correspondence to com-
plex stratigraphy (Speed et al., 1984; Saalman and
Thiedig, 2001; Storti et al., 2001; Mazzoli et al.,
2002; Soto et al., 2003; Skourlis and Doutsos, 2003). 
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