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ABSTRACT

The Gulf of Mexico and the offshore Campos and &abasins of Brazil provide
good examples of sub-salt detachments, by sheirithg presence of overpressure.

We have developed new physical models of suchteng including layers of ductile
silicone putty, which simulated an evaporite, doglfoverpressure in porous brittle layers.
We studied two configurations, in which the maxiroeérpressure was either beneath a
single ductile layer of silicone (simulating sati),between two such layers of silicone
(simulating an evaporite sequence).

The results of our analogue modelling showed tetdahment faults appeared and
persisted at the bases of the ductile layers, thargh some ductile deformation occurred
simultaneously within these layers. For models wimeaximal overpressure was between two
ductile layers, detachment occurred mainly at #eelof the upper silicone layer.

On comparing our models with structures in the @tl¥lexico or offshore Brazil, we
find strong similarities, which lead us to suspéett detachment is indeed possible at the base
of an evaporite sequence in nature. This conclusasnstrong implications, not only for the
understanding of petroleum systems, but also fiebmanagement of petroleum
productionin sedimentary basins.
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1. Introduction

Salt basins worldwide have provided some of thetmpasspective hydrocarbon
reserves. The best known so far are probably timodee Gulf of Mexico, where recent
activity has led to a large number of discovera®] the South Atlantibasins of offshore
Brazil. However, others exist in West Africa, therth Sea, the Gulf of Suez, the Red Sea,
the Persian Gulf, the Zagros Mountains of Iran lad and the north Caspian area. Many
such basins display overpressure at depth, inbgaduse of the low permeability of the salt

and in part because of compaction or generatidrydfocarbons.

Salt tectonics have become increasingly importanpétroleum exploration, because
of their role in hydrocarbon generation and accath. Therefore many studies have
focussed on salt tectonics and especially on thpeshresulting from salt mobility (e.g.
Chapple, 1978; Davis and Engelder, 1985; Butled.efl987; Treloar et al., 1992; Dixon and
Liu, 1992; Weimer and Buffler, 1992; Cobbold et 4B95; Letouzey et al., 1995; Sans and
Vergés, 1995; McGuinness and Hossack, 1993; Ak&flit]la). However, these studies have
assumed that deformation was facilitated by theildusehaviour of salt layers.

In contrast, more recent work on the Gulf of Mexfeay. Harrison and Patton, 1995;
Hudec and Jackson, 2009) has indicated that saltddnave slid over other sedimentary
strata, by detaching close to their bases. Furtbexnthis area has become of importance for
hydrocarbon exploration. Seismic profiles and alle/have provided good evidence for
detachments, at the bases of salt layers or jlsivideem, in response to stress of
gravitational or tectonic origin. Furthermore thes@vidence for fluid overpressure beneath
the salt, suggesting a possible link between detaah and overpressure.

So far, physical modelling of salt tectonics haslaed silicone putty as a ductile
layer (for example, Cobbold et al., 1989; Cobbald &zatmari, 1991; Vendeville and
Jackson, 1992; Koyi, 1997; Ge et al., 1997; Mc@agl., 1998; Gaullier et al., 2000; Brun
and Fort, 2004; Fort et al., 2004; Gaullier and d&anlle, 2005; Vendeville, 2005).
Independently of that, new techniques involvingepitwids in porous brittle sands have been
developed at Géosciences-Rennes (Cobbold and Ca3889; Cobbold et al., 2001;
Mourgues and Cobbold, 2003; 2006a; 2006b; Zanetk& ,2014). One of the objectives has
been to study the role of overpressure in createtgchment levels (e.g. Cobbold et al.,
2004).



In this paper, we describe some new modelling efetfiects of fluid pressure on
detachment, especially beneath ductile layers (4tki2011b). Thus we have studied 4
configurations, in which detachment occurred, eithi¢hin ductile silicone, or as a result of
overpressure within sand (Fig. 1). In the presearictlicone layers, maximal overpressure

was initially beneath a single one of them or betvivo such layers (Fig. 2).

The objectives and the results are somewhat cormlgati@those in a recent
publication on numerical (finite element) modelliofgsub-salt detachments, resulting from
overpressure (Luo et al., 2015). However, our ptajsnodels are more variable and more

three-dimensional.

2. Natural examples of salt detachments
2.1. Gulf of Mexico (Figures 3, 4, 5)

The Gulf of Mexico (Fig. 3) is a wide area of reggd salt tectonics and also one of
the most prolific hydrocarbon provinces. Gravitatibgliding has been responsible for up-dip
extension and down-dip shortening (Fig. 4). Thetrposminent normal faults are of Jurassic
to Early Cretaceous age and detach in the JursaiicThe petroleum industry has been
aware of the mobility of the salt since 1970 (Sthvdla and Jackson, 1993).

There is a variety of models for the emplacememloththonous salt in the Gulf of
Mexico. All involve detailed structural analysestioé geometry, evolution and fault patterns.
There are several deep-water contractional folts lzslsociated with salts tectonics, such as
the Mississippi Fold Belt (Wu et al. 1990; Weimadauffler 1992), Atwater thrust belt
(Peel et al., 1995) and Perdido Fold Belt.

Wu et al. (1990) and Weimer and Buffler (1992)gested that a fold belt may have
formed at the basin-ward edge of a regional detachmn the Jurassic salt. Huber (1989)
considered well-documented thrust faults, occurandghe upper continental slope, which are
related to allochthonous salt sheets, include thim@ Bank thrust. Glacier Models of
allochthonous salt-sheet emplacement have thrulis favhich accommodate contraction that
is a response to updip extension and occurs ab#seof salt sheets (Diegel et al. 1995;
McGuinness and Hossack, 1993).

Jackson and Vendeville (1993) used physical madedsiggest that thrust faults form
at the toes of actively extruding salt sheets.
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Harrison (1993), using three dimensional seisntierpretation and well data,
suggested that oblique-slip faults along the lat@axgins of salt sheets indicate that
detachment coincides with the base of the satierMississippi Canyon area (Fig. 5). This
led Harrison and Patton (1995) to advocate a moidalib-salt detachment for other fields in
the Gulf of Mexico.

Very high overpressures have appeared in many ywefistrating the base of
allochthonous salt (O’Brien et al., 1993a, b; Le®lal994; O’'Brien and Lerche, 1994;
Harrison and Patton, 1995; House and Pritchett5;1B&ud and Haglund, 1996; Niemann,
1997; Whitson and McFadyen, 2001; Rohleder e2@D3; Wilson et al., 2003; Ebrom et al.,
2006; Harrison et al., 2010). The overpressure raeaylt in part from compaction of water-
rich, shallow sediments, which were rapidly ovetad by a thick, dense, impermeable salt
sheet (Luo et al., 2015). Alternatively, the ovegaure may be due in part to hydrocarbon
generation within source rocks, as a result ofdasing temperature. This appears to have
occurred, for example, in the Haynesville Shalegé&fplurassic) of inland Louisiana (Nunn,
2012). Whatever its cause, overpressure beneatapgaars to facilitate basal slip.

2.2. Santos Basin, offshore Brazil (Figures 6, 7)

The Santos Basin, offshore Brazil, has emergechaobthe most exciting
exploration prospects in recent years. The disgookthe Tupi field in November 2007
confirmed the potential of a pre-salt play. Sirtoent, new pre-salt discoveries have followed
in quick succession (Fig. 6): Sugarloaf in Decen#t@#)7, Jupiter and lara in 2008, and
Azulao and Iracema in 2009 (Haquet, 2012). As e@Glulf of Mexico, so in the Santos Basin,
detachment of an evaporitic sequence has resulteear-shore extensional structures and
distant compressional structures (Jackson et@l52 The evaporite sequence consists of

several layers of different composition, includingt only halite, but also anhydrite (Fig. 7).

3. Physical models

Our sandbox modelling was done in the Laboratog)qferimental Tectonics at
Géosciences-Rennes (Rennes University, Francehan follows, we shall describe the
experimental procedure and materials, followednyresults of the modelling.

3.1. Model materials



As in previous experimental work at GéosciencesrAgsrfFaugére and Brun, 1984;
Davy and Cobbold, 1988; Krantz, 1991; Tron and Bag91, Mourgues and Cobbold, 2003;
Rodrigues et al, 2009), we used (1) sand, congistinvell-rounded quartz grains, to simulate
brittle sedimentary rocks and (2) silicone puttysimulate ductile salt. Sand has long been
recognized as an appropriate analogue materiaifaulating the Mohr-Coulomb behaviour
of natural rock multilayers, undergoing brittle dehation at shallow crustal levels (Davy and
Cobbold, 1991).

For our modelling, we used Fontainebleau sand, whas negligible cohesion, an
angle of internal friction of about 30° and a densf approximately 1400 kg th In one such
sand (Sand 1), the grains were relatively coarsgr{n), whereas in the other (Sand 3) they
were finer (0.4 mm). Ductile layers were of a quasivtonian silicone putty (GS1R gum of

Rhoéne-Poulenc), having a viscosity of Ha s at 20°C and a density of about 1270 Rg m

3.2. Apparatus (Figure 8)

Pore fluids may modify the effective stresses solkd framework. Hubbert
introduced the concept of fluid overpressure iettdnics, so as to explain large overthrusts
(Hubbert and Rubey, 1959). However, there is norcethat he ever used pore fluids in
sandbox models. Possibly the first to do so werebGlul and Castro (1999), Cobbold et al.
(2001) and Mourgues and Cobbold (2003).

For studies of deformation with fluid pressure, Myues (2003) built a simple
rectangular box, 20 cm wide, 30 cm long and 10 @gh.hThe source of overpressure was
beneath the model, not within it. As a result,dkerpressure increased linearly with depth
and Darcy flow occurred within the model.

For our experiments, we used a wider rectangular(big. 8), 1 m x 1 m wide
(Rodrigues et al., 2009). An electric stepper ma@ble to push a mobile sidewall at a
constant velocity, via screw jacks. The model icd8thick, at most. Thus the box is
sufficiently wide to ensure that a large part &f thodel escapes any boundary effects
(friction or rigidity). The sidewalls of the app#ua are of transparent Plexiglas. Underlying
the box is a flow diffuser, consisting of 400 cguius and vertical aluminium tubes, 30 cm
long and 5 cm square (Fig. 9). A highly permeabé&tattic mesh separates the tubes from an
underlying reservoir, which provides fluid at unifo pressure. Sand in the tubes acts as a
buffer, regulating fluid flow between reservoir amddel. The metallic mesh prevents the

sand from falling into the reservoir. The tubesrute the flow vertically and the columns of



sand render the flow rate more uniform. The boxte&e either compressed air or water as a
pore fluid.

To make pressure measurements inside the modeis&eenarrow probes, which were
round tubes of aluminium, 40 cm long and 2 mm anakter. The probes protruded
horizontally through the sidewalls of the box. Traiter ends connected to U-tubes,
containing water. Rather than risk deforming thedelpwe chose to put the probes in place
first, and then to build the model around thempfevent sand in the model from blocking
the probes, we covered their inner ends with pietése metallic mesh. A flow regulator
and a pressure gauge served to control the flosomwipressed air from an external source into

the reservoir.

4. Model construction (Figures 9, 10, 11)

We built the models in several successive layars @. To deposit any one sand
layer, we first sprinkled a fixed amount of sanohfra beaker. Then we rendered its thickness
uniform, by scraping the top surface flat. The peravas a thin vertical plastic sheet. The
purpose of the basal layer (Sand 3, 1 cm thick) twansure good upwards percolation of air.

The piston velocity was 1 cm/h in all models. Ttasised progressive deformation of
the analogue material, forming thrust wedges. Tamdaany loss of fluid pressure, we
constantly refilled with sand the space that apgebaehind the piston. The basal layer of
Sand 1 remained beneath the advancing piston aiscutiderwent little or no deformation.

4.1. Model 1 (no fluid pressure)

This was a classical model (sand and silicone)awitlfluid pressure. The bottom
layer was uniformly 1 cm thick and consisted okfsand (Sand 3). The next layer, 3 mm
thick, was of silicone putty. The third layer wdscoarse sand (Sand 1), uniformly 1 cm thick

(Fig. 9).

4.2. Models 2 and 3 (with fluid pressure beneatttitkilayers)
4.2.1. Model 2

Model 2 consisted of 1 cm of Sand 3, 3 mm of silee@and another 1 cm of Sand 1
(Fig. 10). The total thickness was the same aMifudel 1.



Once the model was in place, we increased thaedspre steadily, until it
approached the weight of overburden. Thus the fluedsure at the base of the silicone layer
was equivalent to 1.3 cm of water (Fig. 10). Atttimoment, the motor started to push the
piston at a speed of 1 cm/h.

To follow the pattern of sliding, we deposited passnarkers, consisting of straight
lines of black sand, on the surface of the bagalrlaf white sand (Sand 3). Initially the
marker lines were continuous along each layer addahspacing of 20 cm. Above them, the
silicone layer consisted of strips, 20 cm widealdérnating colours (red or transparent). Their

boundaries coincided with the lines of black sand.

4.2.2. Model 3
Model 3 consisted of one layer of silicone (6 mimckhand one layer of overlying
sand (2 mm thick).

4.3. Model 4 (with fluid pressure between two dedayers)

Model 4 consisted of two layers of silicone and oriervening layer of sand (Sand 1,
Fig. 11). The method for constructing the layers wWe same as in previous models, but
procedures were different for obtaining overpressaithe intervening layer (Sand 1).

First, the meshes at the tops of the tubes weggelh except for those at the side of
the box, away from the piston. This allowed airise locally from the pressure chamber.
Second, a strong metal bar (1 cm square) prevémeeolverpressured air from entering the
basal layer (Sand 3). Instead, it could enternkervening layer (Sand 1). Finally, we drilled
a hole downwards, from the centre of the free serfaf the model, as far as the intervening
layer (Sand 1). We then used thin horizontal prpbesnected to U-tubes, to monitor the

pressure in the basal reservoir and in the saraiday

5. Basic experimental results

5.1. Model 1 (Figures 12 and 13)

Model 1 consisted of ductile and brittle layers ara$ not under fluid pressure. It
was initially 91 cm long and 1.3 cm thick and wiaeart subject to 20 cm of piston
displacement. The object was to compare it witesstaal models of thrust propagation above



ductile detachments (e.g. Davis and Engelder, 1888)our subsequent models, which were
subject to fluid pressure.

The rate of piston displacement was slow (1Lcm/hdrvlptographs of the upper
surface show folds, between conjugate reversesfélig. 12). These amplified progressively,
while new ones propagated sequentially away fragrpibton. After 20 cm of piston
displacement, the compressional structures occumedore than 10 % of the free upper
surface and the rest of it showed no distortioneAical longitudinal section (Fig. 13)
showed compressional structures in the upper samd, lin the form of pop-ups with surface
slopes of as much as 36°, and ductile detachmatiigthe silicone layer. The structures

had become asymmetric close to the piston, but syrenetric away from it.

5.2. Models 2 and 3 (Figures 14, 15 and 16)

These models were subject to fluid pressure bertratdtile layers (silicone). The fluid
pressure was lithostatic, equivalent to 1.3 cm atiev By comparison with Model 1, the
deformation fronts propagated very fast, so thgty @o more than 4 cm of piston
displacement, more than 4 anticlinal structuresdectloped (Figs. 14 and 15).

For Model 2, after 10 cm of piston displacementrertban 80 % of the model had
deformed. Away from the piston, the wedge had pgaped over a distance of about 22 cm.
At its frontal part, the free surface sloped awayrf the piston, at a regular angle of about
12°. More generally the structures were widesperatibetween them was a plateau of very
little deformation (Fig. 14). Such a style of def@tion clearly resulted from efficient
basal detachment. Indeed, after 20 cm of pistguiatisment, the efficiency of the
detachment was clearly visible in three dimensiéing. 16).

5.3. Model 4 (Figure 17)

For Model 4, the initial length was 95 cm and takatkness was 7 cm. The fluid
pressure, equivalent to a depth of 7 cm of wataes within a sand layer, which lay between 2
layers of silicone. Basal overpressure was equivateabout 99 % of overburden stress.

The structures at the surface were basically sirvlghose in the previous
experiments (Models 2 and 3), which also had fhuekssure. After 20 cm of piston
displacement, 3 pop-up structures had developed 1/7).

6. Amount of dip within the silicone layers



6.1. Models 2 and 3 (Figures 18, 19, 20)

After removing the uppermost layer (Sand 1) andigetutting the silicone, we noted
the positions of the black sand lines and of thenblaries between strips of silicone. Next, by
comparing the initial and final positions of thdawred strips, we were able to prove that the
base of the silicone had slipped over the sand (Y

For Model 2 (Fig. 19), the first boundary betwegips of silicone (T1) is visible in
cross-section 1, at a distance of 13 cm from thal fdge of the piston and therefore at 23 cm
from the original edge of the piston, which hasatbed by 10 cm. However, the initial
position (before deformation) of this first bounglaras at 19 cm from the edge of the piston
(Fig. 19, top left). Therefore we deduce that tlieane slipped through a distance of 4 cm at
its base.

By comparison, in cross-section 2 the second tliangiT2) is visible at 33 cm from
the final position of the edge of the piston aneréfiore at 43 cm from its initial position.
However, the initial position (before deformatiaf)this first boundary was at 39 cm from
the edge of the piston (Fig. 19, top left). Therefawe deduce, once again, that the silicone
slipped through a distance of 4 cm at its base.

Similarly, for Model 3 (Fig. 20), the sections shtvat the boundaries between strips
of silicone had slipped through distances of 2.8.%ocm for T1 and 0.5 to 2.5 cm for T2.

6.2. Model 4 (Figures 21, 22)

In Model 4 the maximal overpressure was initiakveeen the two ductile layers.
Each of these was in strips of alternating colotirais we were able to study the patterns of
slip and of internal deformation for each layerame cross-section (Figs. 21, 22).

The upper layer of silicone, which was above therpressured layer of sand, suffered
the greatest amounts of basal slip (9.2 cm closleet@iston, 2.6 cm furthest away, Fig. 22).
This gradient in slip was responsible for horizbsteortening within the layer.

To our initial surprise, the lower layer of siliamalso suffered some slip (6.1 cm close
to the piston, 2.0 cm furthest away), even thougprinciple there was no underlying
overpressure. An explanation for this may have ctrora what happened to the intermediate
layer of overpressured sand. In response to tharmitvg piston, this sand layer shortened,
producing synclines and anticlines, as well as smwerse faults. Whereas the anticlines
were able to lift the overburden, as well as tlee surface of the model, the synclines pushed

aside the underlying ductile substrate, until tteayched the more resistant sand at the base of
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the model. At this moment, the overpressure woaklkhpropagated into the substrate and

facilitated slip at the base of the lower silicdager.

7. Discussion

7.1. Deformation style

The most striking result of our experimental worksaow differently the deformation
propagated in the first two models (Fig. 23). Irdldbe deformation front propagated much
faster and further in Model 2 (which had overpresguhan it did in Model 1 (which had no
overpressure). In Model 1, after 20 cm of pist@pliicement, the compressional deformation
had affected no more than 10% of the model lerdgthontrast, for Model 1, after no more
than 10 cm of piston displacement, the compreskasfarmation had affected more than
80% of the length.

The styles of compressional deformation in Modahdl Model 2 showed some
similarities and some differences. The similaritiese in the pop-up styles of anticlines,
between thrusts of opposite vergences. Howevestthetures were much more symmetric in

Model 2 (as a result of efficient basal slip) tihay were in Model 1.

7.2. Base-salt detachments

For Model 2 and Model 3, by comparing the initintldinal states of coloured
markers, we were able to prove that the base ddilisene had slipped over the sand, as a
result of overpressur&imilarly, in Model 4 the upper silicone layer slipped readwer the
underling sand, which was subject to overprestbough the lower silicone layer was not
subject to overpressure from the start, it toopglgpover the underlying sand. However, we
attribute this to the leakage of overpressure, vdyelines in the upper sand layer touched
the lower sand layer, by squeezing out the dusilieone. Thus, in all of the models, the
silicone layers slipped at their bases, as a refaverpressure.

By comparison with our models, it would seem tladt layers in the Gulf of Mexico
may have slipped at their bases, rather than detably ductile shear (Harrison and Patton,
1995). Indeed, overpressure exists there, benkeatsalit (Harrison et al., 2010). In contrast,
for the Santos Basin of Brazil, there may be |legdemce for strong overpressure. However,

the seismic and well data would seem to indicaaé tthe evaporites have detached strongly at
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the base (Jackson et al., 2015). Thus we suggadiutither work in the Santos Basin might

provide a better understanding of what has happened
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FIGURE CAPTIONS

Figure 1. Four kinds of physical modelling of detachmentsD&tachments involving ductile
layers (silicone). B. Fluid overpressure in puretiftie sediment (sand). C1. Maximal
overpressure beneath a single ductile layer. CXita overpressure between two ductile

layers.
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Figure 2. Initial pressure profiles (right) for four kinds physical models (Models 1 to 4,
left).

Figure 3. Regional map of the north-western Gulf of Mexicm(ified from Diegel et al.,

1995) with location of a cross section (Fig. 3).
Figure 4. Regional profile across the north-western GulMaixico (Diegel et al., 1995).

Figure5. Interpretation of seismic line in the Gulf of Meai¢Harrison and Patton, 1995),
showing a basal zone of detachment (shear zonepbethe salt.

Figures 6. Regional map of the southeast Brazilian marginyshg the pre-salt area.

Figure 7. Interpreted seismic reflection profiles in thent®s Basin, offshore Brazil. A.

Seismic section showing basal detachment of s&GlOf$ Global P&C - Technical Newsletter

— 2, Mai 2013)B. Time-migrated enlargement of a section (Jacksah e2015), illustrating
changes in thickness and detachments within mystitsd evaporites (layers Al to A4). The
overall sense of shear is top-to-SE. A serieswtdar thin shear zones disappears at the base

of the evaporites (layer Al), indicating overaltatghment.

Figure 8. Apparatus (after Rodrigues et al., 2009). Longitatisection (A) and three-
dimensional view (B) show plexiglass box for hogsimodels (1), flow diffuser containing
sand (2), metallic mesh (3), reservoir for compedsar (4), pressure regulator (5) and tilting
table (6). Pressure probes (narrow aluminium tupestyude horizontally through sidewalls

of box (7). Their outer ends connect to U-tubesitaiming water (8).

Figure 9. A. Configuration of sand box. B. Longitudinal veal section through Model 1,
before deformation. Model consists of two layersarid and one intervening layer of

silicone.

Figure 10. Model 2. Layering (top) and pressure profile {bot). Maximal overpressure was

beneath a single ductile layer.

Figure 11. Model 4. Profiles showing layers (top) and presgbottom). Overpressure
transmitted, from pressure chamber at base, tonmeidiate layer of sand (between layers of

silicone), via a gap next to the endwall (right).
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Figure 12. Model 1. Photographs (oblique views of upper Bedace) for 6 stages of
deformation (a to f). Piston (left) advanced tovgarnght, producing folds and thrusts.

Figure 13. Model 1.Final stage, according to oblique photograph (tmmonstructed section
(middle) and reconstructed block diagrams (bottdd@formation has propagated about half

way along the model, forming high-amplitude folasl dhrusts (pop-ups).

Figure 14. Model 2. Oblique photographs of upper free surfafcgand, showing 6 stages (a
to f) of compressional deformation, due to progkesadvance of a piston (transparent
plastic). Overpressure beneath a single basal tfyduictile silicone (not visible) facilitated

detachment, so that compressional deformation gadpd far from the piston (f).

Figure 15. Model 2.Final stage, according to oblique photograph (0@ 3D reconstruction
(bottom). Compressional structures have propagatezh further from the piston than in
Model 1 (Fig. 12). Between the frontal box-foldgfrt) and the rear fold-and-thrust belt (left)
is a non-deformed plateau, which has slipped ab#ise. The rear fold-and-thrust belt
includes bands of silicone putty, which have slgpptong thrust faults and facilitated basal
detachment.

Figure 16. Model 3. Oblique photographs of free upper s@wfatiowing 4 stages of
progressive deformation, resulting from displacengiencm, D) of transparent plastic piston

(rear). Fluid overpressure was beneath single lyidgrayer of ductile silicone (not visible).

Figure 17. Model 4. Oblique photographs of free upper surfabewing 6 stages of
progressive deformation, resulting from displacengiencm, D) of transparent plastic piston

(left). Fluid overpressure was between two undegyayers of ductile silicone (not visible).

Figure 18. Model 2. Initial position (top) and final positighottom) of silicone layer.
Obliqgue photographs of upper surface of silicoeét)show bands of two different colours.
Plan view reconstructions (right) show positiond ahapes of coloured bands, indicating
their initial widths (top), or final deformed pasits, shapes and boundary displacements
(bottom).

Figure 19. Model 2.Vertical sections cut through basal layers andljghta shortening
direction. Diagrams (left) show 5 strips of alteing colours within silicone layer and their
boundaries (T1 to T4), either before deformatiap)tor after deformation (bottom). Arrows

(bottom left) indicate displacements of piston b doundaries. Oblique photograph (top
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right) show positions of sections 1 and 2, aftetgn displacement of D = 10 cm.
Photographs of two structural profiles (T1 and B@&tom right) show internal structures, as
well as final positions of boundaries (T1 or T2)sdicone strips, at distances of 13 or 33 cm

from piston.

Figure 20. Model 3.Vertical sections cut through basal layers andljghta shortening
direction. Diagram (top left) shows initial posttis of 4 boundaries (T1 to T4) between 5
strips of alternating colours in basal siliconediayOblique photograph of free surface
(bottom left) shows final compressional structyfe&ls and thrusts), as well as lines of
section (1 to 5), parallel to displacement diretid piston (left). Sections (1 to 5) through
basal layer of silicone (bottom right) illustrateustural styles and values indicate amounts of
basal slip (2.5 to 4.5 cm for boundary T1; 21 tac@8for boundary T2).

Figure 21. Model 4.Photographs (top) and line drawing (bottom) shasingle section

through 3 basal layers and parallel to shortenirgction. Basal layers include lowermost one
of silicone, intermediate one of sand and uppermnstof silicone (with some sand sticking
to its upper surface). Both silicone layers arstiips of alternating colours (red or
transparent), which have visible boundaries (TT4dor lower layer, T'1 to T'4 for upper
layer). Line drawing of section (bottom) shows fipasitions of all these boundaries.
Enlargement of photograph (B) shows details of a@sgional structures (folds and faults)

within intermediate layer of sand. Final displacein#& piston (right) was 24.5 cm.

Figure 22. Model 4.Comparison between initial positions (top) andlfimasitions (bottom)

of boundaries between strips of alternating colautewer silicone layer (Layer 1, left) or
upper silicone layer (Layer 2, right). Arrows indie values of basal detachment. Lower layer
(left) has slipped less (6.1 cm close to pistoag2away from the piston for lower layer),
whereas upper layer (right) has slipped more (iZlose to piston, 2.6 cm away from
piston). This difference results from the relataraounts of underlying overpressure (initially

strong beneath upper layer).

Figure 23. Models 1 and 2Comparison of structural profiles before deformattop) or
after deformation (bottom), faviodel 1 (no fluid pressure, left) and Model 2 (Gitatic fluid
pressure, right). Both models had the same inaaring (two sand layers and one silicone

layer).This illustrates the strong effect of underlyingegwessure.
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* The following figure(s)/table(s) is/are missing: 1.we have received citation for table
6 in manuscript but corresponding table is missing. kindly check and advise.
2.[figure caption missing] we have received figure 21a,c but the corresponding
caption is not supplied. kindly check and advise.

1. we have received citation for table 6 in manuscript but corresponding
table is missing. kindly check and advise.

Figure 8. Apparatus (after Rodrigues et al., 2009). Longitatisection (A) and three-
dimensional view (B) show plexiglass box for hogsimodels (1), flow diffuser containing
sand (2), metallic mesh (3), reservoir for compedsar (4), pressure regulator (5) and tilting
table beneath model (6). Pressure probes (narnawiium tubes) protrude horizontally
through sidewalls of box (7). Their outer ends awirio U-tubes, containing water (8).

The tilting table (6) is not a reference to a Talfleata. Instead, in Figure 8 (B, right), it
refers to a three-dimensional view, where thegepsysically tilting table, beneath the model.

2. [figure caption missing] we have received figure 21a,c but the
corresponding caption is not supplied. kindly check and advise.

Figure 21. Model 4.Photographs (top) and line drawing (bottom) shasingle section

through 3 basal layers and parallel to shortenirgction. Basal layers include lowermost one
of silicone, intermediate one of sand and upperranstof silicone (with some sand sticking
to its upper surface). Both silicone layers arstrips of alternating colours (red or
transparent), which have visible boundaries (TT4dor lower layer, T'1 to T'4 for upper
layer). Line drawing of section (bottom) shows fipasitions of all these boundaries.
Enlargement of photograph (B) shows details of a@sgional structures (folds and faults)

within intermediate layer of sand. Final displaceina piston (right) was 24.5 cm.

Figure 21. Model 4.Photographs (A, top) and line drawing (C, bottohmw a single section
through 3 basal layers and parallel to shortenirgction. Complete photograph (A) shows
that basal layers include lowermost one of siliconiermediate one of sand and uppermost
one of silicone (with some sand sticking to its @epgurface). Enlargement (B) of central part
of photograph shows details of compressional atrest(folds and faults) within intermediate
layer of sand. Line drawing of section (C) showslfipositions of all these boundaries. Final
displacement of piston (24.5 cm) is also visibler{g@ht). Both silicone layers are in strips of
alternating colours (red or transparent), whichehagible boundaries (T1 to T4 for lower

layer, T'1 to T'4 for upper layer).





