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Tectonic thickening of hanging-wall units over a ramp
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Abstract

In this article, we use results of analogue models and published numerical models to study the elements that influence the amount of thick-
ening of hanging-wall units during their transport over a ramp. The models, consisting of granular layers, were shortened over a single-pass, rigid
ramp dipping at 15, 30 or 45� and friction coefficient (m) that was large (0.67), intermediate (0.42) or null. Model results show that the amount of
thickening depends on the ramp angle and its friction. Thickening increases dramatically with increasing ramp friction and dip. The maximum
amount of thickening (80%) is observed over steepest ramps (45�) with largest ramp friction (m ¼ 0.67), whereas the minimum amount of thick-
ening (2.5%) occurs over frictionless ramps dipping 15�. For the same friction coefficient along the ramp, steeper ramps cause larger amounts of
thickening. The tectonic thickening demonstrated by our models was compared with thickening of hanging-wall units of natural examples, and
other experimental and model studies. This comparison shows that thickening occurs whether the material considered is brittle, viscous, or plas-
tic. It also confirms the importance to thickening of ramp angle and fault friction. Finally, it reveals also that ramp shape (round or sharp bend),
its changes due to footwall deformations, and the topographic relief, are additional boundary conditions for thickening. More generally, our
model results and other published model results demonstrate that retardation during the transport of hanging-wall units over a ramp results
in hanging-wall thickening.
� 2007 Elsevier Ltd. All rights reserved.
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1. Background to the problem

Kinematic models, which do not incorporate force or rheol-
ogy, create area-balanced sections by prescribing geometric
relationships. The ‘‘fault-bend fold’’ is an early example
(Rich, 1934; Willis and Willis, 1934; Dahlstrom, 1969), which
refers to layered rocks that fold in response to translation over
a ramp. More detailed geometric and kinematic models were
developed later for fault-bend folds (Suppe, 1983; Jamison,
1987; Mitra, 1992), fault-propagation folds (Suppe, 1985;
Jamison, 1987; Chester and Chester, 1990; Mitra, 1990; Suppe
and Medwedeff, 1990; McNaught and Mitra, 1993; Mercier
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et al., 1997), fault-displacement-gradient folds (Wickham,
1995), detachment folds (Jamison, 1987; Mitra, 1992; Poblet
and McClay, 1996), and break-thrusts (Fischer et al., 1992).

Kinematic models are beneficial for the geometric interpre-
tation of faulted and folded terranes and a variety of geometric
rules can be applied to constrain the kinematics of fault-cored
folds (for details see Suppe, 1983; Dahlstrom, 1990; Withjack
and Peterson, 1993). Ramsay (1992), however, addressed
some geometric problems of ramp-flat thrust models and em-
phasized the need for modification of the models to fit the geo-
logical data. Likewise, Kattenhorn (1994) argued for
developing new models since kinematic models fail to account
for features identified in outcrop-scale structures. He argued
that the assumption of conservation of layer-thickness breaks
down for ramp angles exceeding 30�, and at progressively
smaller angles in the case of imbricate stacks.
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Our present contribution is motivated by the fact that
all models of fault-bend, and fault-propagation folds (except
Cristallini and Allmendinger, 2002) assume conservation of
bed thickness at the lower flat-ramp transition. In an earlier ar-
ticle (Maillot and Koyi, 2006), we used a theoretical approach
(Maillot and Leroy, 2003), backed by results of sand models,
to quantify the refraction of back-thrust dips in hanging-wall
units as they were transported above a ramp. Maillot and
Koyi’s results (Maillot and Koyi, 2006) were not in agreement
with predictions from kinematic models where the dip of
back-thrusts is unrealistically steep. In this contribution, we
use the results of sand models to quantify the effect of ramp
dip and friction on the thickness change of hanging-wall units
transported above a single-pass rigid footwall ramp. We also
use natural examples and results of previously published
models to argue for hanging-wall thickening not considered
in some commonly used kinematic models. The thickening
of hanging-wall units during their transport over a ramp is re-
ferred to as ‘‘tectonic thickening’’ throughout this article. We
focus only on the deformation of the hanging-wall layers and
do not include deformation of the footwall in our modeling.

2. Description of sand models

The measurement of friction and mechanical properties of
the granular materials, the details of the experimental proce-
dures, and the experiments at 30� and 45� are all described
in Maillot and Koyi (2006). Here, we have added three exper-
iments for 15� ramp to complete the study of the thickening
effect. For coherence, we kept the two-layer structure that
was originally designed to study thrust refraction. In total, a
series of nine experiments were made with a simple set-up
(Figs. 1 and 2). A model made of two layers of Nemours
sand separated by a thin layer of micro glass beads, with re-
spective thicknesses of 10, 1, and 9 mm, was placed in
a 200 � 200 � 100 mm Plexiglas box in which a rigid Plexi-
glas ramp was installed before hand. To shorten the models,
a rigid ramp, simulating footwall units, was pushed into the
granular layers at a constant velocity. Any topography that
formed during shortening was eroded at every 10 mm of short-
ening. Thus the boundary conditions remained constant
throughout the experiment, and the passage of sand into the
hanging wall quickly reached a steady-state behavior. In all
experiments we have tried to be consistent during the pre-
paration of the layers; pouring sand in small amounts on the
surface of the model and scraping the sand pile to a horizontal
layer, not more than 3 mm thick at a time. Colored marker
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granular material

erosion surface
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2
 
c
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Fig. 1. Line drawing of the 2-dimensional model setup.
horizons (each about 0.1e0.3 mm thick) were sprinkled on
the surface after each scraping step, to act as strain markers.
This somewhat laborious procedure has the central advantage
of providing reasonably reproducible samples. The models,
which were 20 mm thick, were shortened in a 200 �
200 mm box. Boundary effect was visible within a 1.5e2 cm
wide zone along the boundary of the box. However, our mea-
surements were made along cross sections, which were cut in
the middle of the models away from the boundary effect.
These models are a follow-up of a previous study where sim-
ilar models were used to validate the mean dissipation theory
and verify the mechanism for thrust refraction (Maillot and
Koyi, 2006).

In experiments with large friction, a P150 sandpaper (parti-
cles of 97 mm in average) was glued on the ramp, providing
a larger friction (m ¼ 0.67) than the internal sand friction
(0.61). In experiments with intermediate friction (m ¼ 0.45),
a fiberglass sheet was glued on the ramp. In experiment with
no friction, the ramp was slid under a fiberglass sheet above
which the model was placed, thus providing a zero friction
surface since there was no relative displacement between the
sand and the fiberglass sheet during the transport of the sand
layers over the ramp. Alternatively, the ramp can be lubricated
as in Merle and Abidi (1995), allowing for base parallel
contraction of the hanging wall, but at the cost of making
a rounded ramp. Both methods yield very low thickening
figures.

Every model was then shortened by pushing the rigid ramp
into the model at a constant velocity of 22 cm/h. We chose to

Fig. 2. Sections of models with 30� ramp at final stage of deformation (from

Maillot and Koyi, 2006).
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push the ramp into the sand layer rather than the sand layer
towards the ramp because in the latter case, the sand would
deform at the contact with the piston instead of along the im-
posed ramp. The consequences of this choice on thickening
will be discussed in the final section. The total applied short-
ening was in all cases sufficient to reach a steady state in the
model. Once the maximum shortening allowed by the geome-
try of the box was reached, the model was wetted and sections
cut parallel to the shortening direction (i.e. perpendicular to
the ramp), were photographed.

The Nemours sand used in the models was provided by the
Division Géologie, Géochimie of the Institut Francais du
Pétrole. It is a natural sand sieved between 80 and 120 mm
with a sharp peak at 100 mm. Its density is 1.53 � 0.02 g/cm3

as measured by slowly pouring the sand in the container. The in-
ternal friction of the Nemours sand was computed from a linear
regression of the measured data with error bars. The friction an-
gle is 30.3e32.9 and the cohesion is 80 � 22 Pa. The friction of
the Nemours sand against the P150 sandpaper and the fiberglass
sheet was determined by similar measurements for the internal
friction of the sand. The results and the linear regression show
that friction angle is 34.5e34.9 for the sandpaper and 22.8e
23.4 for the fiberglass sheet, with respective cohesions of
�20 � 6 Pa and 51 � 11 Pa.

In choosing the ramp parameters, we have tried to cover the
realistic values of dip and friction, and at the same time provide
a systematic approach by choosing other values, which may dif-
fer from what has been suggested for natural values. In the first
three experiments, the ramp dip was 15�, in the second three ex-
periments, it was 30� and in the third group it was 45�. For each
ramp dip, friction varied from large (static friction coef-
ficient ¼ 0.67), intermediate (static friction coefficient ¼ 0.45)
to null (static friction coefficient ¼ 0). Although the large and
the intermediate friction coefficient values may be large com-
pared to in natural cases, these values were chosen merely to
illustrate the systematic effect of friction on hanging-wall
thickening. Smaller values would have not given as clear a dif-
ference as these larger values do. These values, which are the
coefficients of static friction, are likely to be less than the coef-
ficient of sliding friction; i.e. during the transport of the sand
layers along the ramp. In addition, in laboratory experiments,
large coefficients of friction along rock surfaces are docu-
mented (Marone et al., 1999; Di Toro et al., 2004). Di Toro
et al. (2004) used an apparatus that applied rotary shear at am-
bient temperature and humidity to rock samples (Novaculite;
a meta sedimentary rock composed mostly of microcrystalline
quartz and is a recrystallized variety of chert) to study the
strength of frictional contact between rock surfaces. They found
that the coefficient of friction, which was 0.6e0.7 at low sliding
velocities (up to 1 mm/s), decreased dramatically to values as
small as 0.2 at larger shearing velocity (>1 to 10 mm/s).
They also showed that this effect was transient; the coefficient
of friction returns to large values on returning to lower shear ve-
locity. Laboratory data also show that mineralogy of the gouge
materials influence the coefficient of friction along the fault sur-
face. Marone et al. (1999) conducted laboratory tests to study
the role of clays in determining the mode of slip (seismic versus
aseismic) within subduction zone megathrusts. They reported
that, in contrast to what was widely expected, illite shale ex-
hibited velocity-strengthening behavior and possessed a coeffi-
cient of friction ranging from 0.42 to 0.68 over a range of
normal stresses from 5 to 150 MPa and sliding velocities
from 0.1 to 200 mm/s. In contrast, smectite sheared under iden-
tical conditions exhibits small friction (m ¼ 0.15e0.32) and
a transition from velocity weakening at low normal stress to ve-
locity strengthening at higher normal stress (>40 MPa).

3. Hanging-wall deformation

Several modeling studies have shown that during their
transport over a ramp, hanging-wall units deform (Wiltschko,
1979; Berger and Johnson, 1980; Kilsdonk and Fletcher, 1989;
Erickson and Jamison, 1995; Strayer and Hudleston, 1997).
Berger and Johnson (1980) and Kilsdonk and Fletcher
(1989) were amongst the first who used analytical approaches
to study the mechanics of folding in viscous hanging-walls
over a rigid or deformable footwall ramp, respectively. Apperson
and Goff (1991) used a finite-element modeling approach to
conclude that foreland-ward ramp translation and accompany-
ing deformation depend on the mechanical properties of the
deformed units and ramp dip. Chester et al. (1991) demon-
strated hanging-wall deformation in experiments with layers
of sandstone and mica or lead deformed in a triaxial rig. Later
numerical models used viscous-plastic (Erickson and Jamison,
1995), elastic-plastic (Strayer and Hudleston, 1997), and elastic-
plastic and cohesion-softening materials (Erickson et al., 2001)
to investigate the deformation associated with hanging-wall
transport over a ramp. Koyi (1995), Koyi and Vendeville
(2004) and Koyi et al. (2004) quantified tectonic compaction
in sand models to argue that tectonic thickening accommo-
dated part of the shortening as layers in front of a wedge
were incorporated into new thrust imbricates. The cases
show that tectonic thickening may occur in brittle materials
by faulting and in ductile materials by continuous flow. There-
fore the rheological nature of the material does not favor or
inhibit thickening.

4. Tectonic thickening

Three ramp dips were chosen in this study; 15�, 30� and
45�, and we did not see the need to do the same analysis for
ramp dips lower than 15� or higher than 45�. Below 15�, the
hanging-wall deformation becomes difficult to identify. Above
45� on the other hand, an imposed ramp is usually shortcut by
a less steep spontaneous ramp in the loose sand (Maillot et al.,
2007), unless the ramp possesses a very small friction or the
topographic build up is eroded as soon as it forms. Hence,
the systematic study of thickening effect cannot be applied
to very steep ramps.

We define the thickening as (eo � ei)/ei, where the unde-
formed thickness ei of the layers above the flat is measured
directly from the cross sections, and the deformed thickness,
eo, of the hanging wall is also measured directly from the
cross sections. Results of our models show not only that the
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hanging-wall units thicken, but also that the amount of thick-
ening depends on both the dip of the ramp and friction along
the ramp (Fig. 3). The models show that least thickening
(2.5% of initial thickness) takes place where friction along
the gently dipping ramp (15�) is zero (Fig. 3A). The effect
of ramp dip on deformation is obvious in the model with fric-
tionless steep ramp (45�), where the hanging-wall units were
thickened by 15% (Fig. 3B). However, the maximum amount
of thickening (80% of the initial thickness) is observed over
a high-friction ramp that dips 45� (Fig. 3B). This can be con-
trasted with the case (high ramp friction, but gentle ramp
dip ¼ 15�), where the hanging-wall units were thickened
only by 20% (Fig. 3B).

Several studies have focused on the effect of friction along
the decollement on the evolution of a thrust belt (Davis and
Engelder, 1985; Letouzey et al., 1995; Cotton and Koyi,
2000; Smart and Couzens-Schultz, 2001; Bahroudi and
Koyi, 2003; Koyi and Cotton, 2004). However, in this study
we focus only on the influence of ramp friction on the defor-
mation of the hanging-wall units. The effect of ramp friction is
demonstrated by models that had similar ramp dip, but differ-
ent ramp friction (Fig. 3A). A frictionless ramp (dipping 15�)
caused 2.5% thickening, whereas a high-friction ramp with the
same dip (15�) caused almost one magnitude larger (20%)
thickening. The effect of ramp friction is enhanced in steeper
ramps (Fig. 3A,B). Model measurements show that hanging-
wall thickening is governed by both the friction along and
the dip of the ramp, which they are transported over
(Fig. 3). The effect of relief build-up is illustrated in Fig. 3C
and will be commented on in the next section.
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In our own models, we have not studied the effect of inter-
nal friction of the deformed layers on the amount of thicken-
ing. However, judging from results of earlier models (e.g. Koyi
et al., 2004), where granular layers with smaller coefficient of
internal friction underwent less compaction, we assume that
tectonic thickening increases with increasing the coefficient
of internal friction of the deformed layers. The dissipation
theory of Maillot and Leroy (2003, Fig. 3B) also predicts
the same trend, equivalent in magnitude to the effect of
ramp dip, and less than the effect of ramp friction.

5. Natural and experimental examples

To support the interpretation of our model results, below we
present thickening measurements from several natural, exper-
imental and numerical examples. For the first natural example,
we measured thickening of carbonate layers that are shortened
above a ramp in the Rockies (Fig. 4A). The layers are de-
formed above an out-of-sequence ramp (dips 35�) that lies
in a steep limb of a fold. Thickness was measured in two
ways; one perpendicular to the ramp and the other perpendic-
ular to the bedding. Both measurements show 15% to 12%
thickening, respectively. Since the mechanical properties at
the time of deformation are not known, it is difficult to esti-
mate the friction coefficient along the ramp.

In our second natural example, we measured hanging-wall
thickening above a salt detachment from a seismic line pub-
lished by Cook and MacLean (1999) (Fig. 4B). Our measure-
ments give a very low value of thickening (4.5% to 8%), which
could be attributed to either hanging-wall units above the flat
are already thickened by an out-of-sequence thrust and/or
small friction along the ramp due to the presence of a salt de-
tachment. In this example, both the ramp dip and friction
change; the ramp steepens upward; and its friction is likely
to increase as it cuts from the salt layer into clastic units up-
wards. In this example, the measured thicknesses are in time
rather in distance. However, we assume that the depth-
converted version of this example would not result in much
difference in the thickening since there are no major lateral
changes in lithology or their dips.

In the third example (Fig. 4C), which is from Stellarton
(Nova Scotia), both the footwall and hanging-wall units
were deformed. In this example, a siderite band embedded
within a layer of shale (Pennsylvanian Stellarton Formation)
shows thrust duplication where both footwall and hanging-
wall have undergone 9% and 11% thickening, respectively
(Fig. 4C) above a ramp which dips ca. 18�. This example illus-
trates that even when the footwall is involved in the deforma-
tion, the units above the ramp show considerable thickening.

These three natural examples show the existence of a thick-
ened hanging wall above a ramp. Magnitude of ramp friction
and other material properties are not known, but they do show
the existence of the modeled phenomenon.

Turning to experimental and numerical studies where
material properties are known, we used Chester et al.’s models
(Chester et al., 1991), which were deformed in a triaxial rock-
deformation apparatus at room temperature and at 50-MPa
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confining pressure. The models consisted of a single layer of
sandstone containing a saw-cut ramp that is inclined 20� to
the layering, and an overlying, intact, thinly layered unit that
is composed of limestone inter-layered with lead or mica. Sim-
ilar to our sand models and the natural examples, the layered
pack in Chester et al.’s experiments, which were unscaled, thick-
ened during its transport over the ramp by 18e27% above the
ramp area (Chester et al., 1991, Fig. 5A).

Considering other sandbox experiments (Bonini, 2001;
Persson, 2001), tectonic thickening was also observed. For
an eroded model similar to our experiments (Persson, 2001),
tectonic thickening of ca. 32% remained constant regardless
of the amount of bulk shortening. However, for non-eroded
models, tectonic thickening increased with bulk shortening
and ramp angle (Bonini, 2001; Persson, 2001), which is con-
sistent with overcoming a larger vertical load to translate the
hanging wall rocks forward.

The tectonic thickening observed in sand models is also
observed in numerical model results. Strayer and Hudleston
(1997) used the finite-difference program FLAC (Fast
Lagrangian Analysis of Continua) to study the initiation of
folding and plastic deformation associated with a ramp (dip-
ping 30�) in a pre-existing thrust fault (Fig. 5B).
Measurements of the hanging-wall units in their models shows
that, in addition to thickening of the hanging-wall units over
a frictionless ramp, increasing ramp friction results in an in-
crease of the amount of hanging-wall thickening (Fig. 3A).
Similarly, thickening measurements in Erickson and Jamison’s
numerical models (Erickson and Jamison, 1995) show that
hanging-wall units thicken twice as much (34%) over a fric-
tional ramp (m ¼ 0.3) compared to (17%) over a frictionless
ramp (m ¼ 0.01) (Fig. 3A). In both cases, the ramp dip was
26.5�. Thickening was also observed for all simulated rheol-
ogies: viscous (7.5%), viscoelastic (12%), and plastic
(27.5%) with the additional effect that thickening was greater
when the footwall behaved rigidly.

Erickson et al. (2001), who used the same numerical code
(FLAC) as Strayer and Hudleston (1997), investigated the
effects of fault geometry, fault friction, material properties
and anisotropy on whether hanging-wall units deform by bed-
ding parallel slip or back-thrusting during their transport above
a ramp. In their models, the ramp friction was m ¼ 0.36
(Fig. 5C), or m ¼ 0 (Fig. 5D). In each case, the bend (hinge)
separating the basal flat from the ramp was either sharp or
rounded. Measuring thicknesses in the hanging wall units of
these simulations, shows that thickening over a frictionless
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Erickson et al. (2001), showing thickening of hanging-wall units during their transport over a ramp. Friction along the ramp in B is 0.1, in C is 0, and in D is 0.36.

Undeformed thickness was measured above the flat and deformed thickness was measured perpendicular to the ramp (thick black lines).
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sharp-bend ramp is two and one-half times (17.5%) the thick-
ening (7%) above the frictionless round-bend ramp (Fig. 5D).
Increasing the ramp friction (m ¼ 0.36), increases the thicken-
ing to 41% and 31% over a sharp- and round-bend ramp,
respectively, but preserves the effect of greater thickening
at sharper ramps (Fig. 5C).

Measurements of the Erickson and Jamison (1995) finite-
element models, where different mechanical properties were
used, show that hanging-wall units thicken by 7.5% in uniform
viscous models, 12% in uniform viscous-elastic models, and
27.5% in uniform plastic models when both hanging-wall
and footwall units were deformable. However, in a viscous-
plastic model, the hanging-wall units thickened by 22.5%
when the footwall was rigid compared to 12% when the foot-
wall was deformable.

6. Discussion and concluding remarks

Thickening of hanging-wall units above a ramp is clearly
shown in laboratory experiments using sand, limestone and
mica, as well as in numerical experiments for plastic, or vis-
cous rheologies. It can also be predicted theoretically on the
basis of minimum dissipation (Maillot and Leroy, 2003;
Maillot and Koyi, 2006). Neglecting any diffuse deformation
outside a single frictional back thrust and any dilatancy/
compaction inside it, the theory predicts even greater thicken-
ing. The observation in analogue and numerical experiments,
of more than half of the theoretical thickening, suggests that
thickening is a robust feature of frictional (sand), cohesive
(metal), or viscous ramp hanging-walls. In this respect, ramp
friction and ramp dip both strongly promote thickening.

The examples presented here follow the usual geologic
kinematics whereby the ramp is fixed with respect to the lower
flat thrust above which the upper plate slides towards the ramp.
In our box, as in many other studies, it is the ramp that is slid-
ing on the basal plate. This experimental configuration guaran-
tees that the thrusting of the sand occurs on the ramp surface.
Alternatively, the sand layer can be pushed slowly above a vis-
cous basal layer (e.g. Merle and Abidi, 1995), but smearing
along the ramp precludes the steady-state that we were seeking
in our experiments. We believe that these different basal shear
conditions modify only marginally the amount of thickening
in the ramp hanging wall, as suggested by the comparison of
experiments RE6 and RE18 of Merle and Abidi (1995). Using
a minimum dissipation criterion Maillot and Leroy (2003)
showed theoretically that basal friction influences the thicken-
ing very little.

Our own models were restricted to the study of emerging
ramps without relief build up, in contrast with most of the
other studies discussed here. This simplification allowed us
to study the hanging-wall thickening in the simplest conditions
possible, as a steady-state process, independent of the total
amount of bulk shortening, and thus to focus on effects of
ramp dip and friction (Fig. 3A,B). The comparison with other
models without erosion shows that the relief build-up modifies
the absolute value of thickening but does not modify its depen-
dency on the dip and friction values (Fig. 3).
The natural examples also show thickening (6.5% to 15%),
but less than the laboratory and numerical experiments. Still,
kinematic models that assume no hanging-wall thickening
are used to interpret deformation along natural flat-ramp
trajectories. Hence, a couple of clear questions emerge here:
Do kinematic models correctly predict hanging-wall thicken-
ing in natural cases? Do hanging-wall units in natural cases
thicken at all? If yes, why do then natural examples exhibit
less thickening than in analogue and numerical experiments?
Before discussing these questions, it is important to state
that only models with relatively large ramp friction (0.7) and
high ramp angle (45�), developed large amounts of hanging-
wall thickening (80%). Obviously, friction along natural ramps
at the time of deformation is not easy to determine, especially,
when different lithologies are involved. However, our model
results suggest that the small amount of thickening measured
in the natural cases (6.5% to 15%) indicate a small magnitude
of ramp friction along the gently dipping ramps. The relatively
low figures of thickening measured from the natural cases
could also be attributed to the rheology of the footwall units
and their deformability. Unlike in the current models where
the footwall is rigid (i.e. undeformable), in natural examples,
the footwall is likely to deform and reduce the total strain
in the hanging-wall units. This is supported by the results of
Erickson et al. (2001), where in models with non-deformable
footwall, hanging-wall units thicken almost twice (22.5%) as
much as in models with deformable footwall (12%). In addi-
tion, in the Stellarton (Nova Scotia) example (Waldron,
2004), footwall and hanging-wall thickening individually
(14% and 7%, respectively) was less than the total thickening
(21%). In this example, the hanging-wall is thickened much
less than the deformable footwall.

The deformation mechanism in models is unlikely to mimic
that of the natural cases in all aspects. During deformation of
the sand layer over the ramp, repacking of the sand grains
results in a bulk volume loss, while dilatancy increases volume
along the thrusts. However, it should be clear that hanging-
wall thickening is not due to this, but is merely a consequence
of the fact that the thrusts forming from the base of the ramp to
the surface have a dip less than the bisecting angle between the
lower flat and the ramp. Should the thrusts bisect the angle be-
tween lower flat and ramp, as assumed in the fault-bend fold
kinematic model for example, there would be no thickening.
The same holds for the natural examples (and the numerical
ones), although more complex deformations mechanisms alter
this simple picture, depending on the scale and conditions of
each example: diffuse volumetric deformation, layer parallel
shortening/compaction, folding, etc. In the particular case of
flexural slip, the back thrust is replaced by a hinge zone where
layers rotate continuously to become parallel to the ramp. Al-
though these natural deformation mechanisms differ radically
from those of the sand, the overall tectonic thickening is still
controlled by the dip of the hinge in the same way as back
thrusts in sand. Maillot and Leroy (2003) showed theoretically
that a ductile hinge with flexural slip also leads to thickening
because its optimal dip with respect to dissipation does not
bisect the angle between lower flat and ramp.
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We finally discuss how a theoretical approach could be
developed to account for all these observations of thickening.
The commonly used constant-thickness kinematic models do
not account for hanging-wall thickening. The question of know-
ing when to amend a kinematic model to account for this thick-
ening is not an easy one. In the light of the present study, it is
clear that a prediction of hanging-wall thickening will necessar-
ily make use of mechanical concepts such as force balance and
rheology, and cannot be restricted only to geometrical consider-
ations. In an earlier work (Maillot and Leroy, 2003), we used
global force balance and the principle of minimum dissipation
to show analytically that the classic fault-bend fold kinematic
model leads to an important excess of energy dissipation with re-
spect to an amended kinematic model accounting for hanging-
wall thickening. This result was demonstrated for both brittle
and ductile materials (with flexural slip) and in simple steady-
state conditions, i.e. without relief build up. These predictions
were then validated experimentally with sand box models by
Maillot and Koyi (2006), again with full erosion of any topo-
graphic relief. Although our new experiments are also in
steady-state conditions, we acknowledge the importance of
the evolution of structures due to the relief build up, as shown
by the numerous examples presented here, whether analogue,
numerical, or natural. However, it is also clear that relief build
up is not a necessary, nor a sufficient condition for thickening.
It certainly modifies its magnitude but does not trigger or pre-
clude it. Our previous theoretical work can be improved in
two ways: first, the principle of minimum dissipation (which
is not a law of physics) can be replaced by the maximum strength
theorem well known in soil mechanics (Salençon, 1974), and
second, the evolution of a structure can be described by applying
this theorem at every step. These techniques have been applied
to the onset and growth of a kink fold (Maillot and Leroy, 2006)
and should give a useful theoretical framework to study the tran-
sitory response due to relief build up, or also strain softening,
and therefore should help in predicting better hanging-wall
thickening.

In conclusion, hanging-wall units can thicken when passing
from a lower flat to a ramp, unlike in the kinematic models
typically used to describe structural geometries above footwall
ramps. Analysis of our models, of other published analogue
and numerical models, and of our theoretical predictions
show that this thickening is largely controlled by the ramp
dip, friction, and shape. In nature, this thickening may be man-
ifested in folding, imbrication and penetrative strain, which
results in a bulk tectonic thickening of the hanging-wall units
during their transport from the flat to the ramp.
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mécanique des sols. Editions Eyrolles, Paris. English translation: Appli-

cations of the Theory of Plasticity in Soil Mechanics. Wiley, New

York, 1977.

Smart, K.J., Couzens-Schultz, B.A., 2001. Mechanics of blind thrusting: Com-

parison of numerical and physical modeling. The Journal of Geology 109,

771e779.

Strayer, L.M., Hudleston, P.J., 1997. Numerical modeling of fold initiation at

thrust ramps. Journal of Structural Geology 19, 551e566.

Suppe, J., 1983. Geometry and kinematics of fault-bend folding. American

Journal of Science 283, 684e721.

Suppe, J., 1985. Principles of Structural Geology. Prentice-Hall, Englewood

Cliffs, NJ, 537 pp.

Suppe, J., Medwedeff, D.A., 1990. Geometry and kinematics of fault-

propagation folding. Eclogae Geologicae Helvetiae 83, 409e454.

Waldron, J.W.F., 2004. Anatomy and evolution of a pull-apart basin,

Stellarton, Nova Scotia. Geological Society of America Bulletin 116,

109e127.

Wickham, 1995. Fault displacement-gradient folds and the structure at Lost

Hills, California (USA). Journal of Structural Geology 17, 1293e1302.

Willis, B., Willis, R., 1934. Geologic structures. McGraw Hill, New York, 544 pp.

Wiltschko, D.V., 1979. A mechanical model for thrust sheet deformation at

a ramp. Journal of Geophysical Research 84, 1091e1104.

Withjack, M.O., Peterson, E.T., 1993. Prediction of normal-fault geometriesd

a sensitivity analysis. American Association of Petroleum Geologists

Bulletin 77 (11), 1860e1873.


	Tectonic thickening of hanging-wall units over a ramp
	Background to the problem
	Description of sand models
	Hanging-wall deformation
	Tectonic thickening
	Natural and experimental examples
	Discussion and concluding remarks
	Acknowledgments
	References


