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Abstract

Several analogue modeling studies have been cadldatring the past fifteen years with the
aim to discuss the effects of sedimentation angie@noon Foreland Fold and Thrust Belt,
among which a few have analyzed these procesdatomtetric scale (Nalpas et al., 1999;

Barrier et al., 2002; Pichot and Nalpas, 2009). Tih8luence of syn-deformation

sedimentation and erosion on the structural evaiudf FFTB has been clearly demonstrated.
Here, we propose to go further in this approackhleystudy of a more complex system with a
double decollement level. The natural study cagbasBolivian sub-Andean thrust and fold
belt, which present all the required criteria, sashthe double decolliment level. A set of
analogue models performed under a CT-scan have usszhto test the influence of several
parameters on a fold an thrust belt system, amohnighw (i) the spatial variation of the

sediment input, (ii) the spatial variation of th@son rate, (iii) the relative distribution of
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sedimentation between foreland and hinterland. @hegeriments led to the following
observations:

1. The upper decollement level acts as a decouplivgl lén case of increased
sedimentation rate: it results in the verticaliaatiof the shallower part (above the
upper decollement level), while the deeper pagshat impacted,;

2. Similarly, the increase of the erosion rate inveltiee uplift of the deeper part (below
the upper decollement level), whereas the shallpags are not impacted;

3. A high sedimentation rate in the foreland involes inversion of the vergence
followed by a back-thrusting of the shallower part.

4. A high sedimentation rate in the hinterland favthreust development toward the

foreland in the shallower parts.

1. Introduction

Several studies have shown the influence of sunfmoeesses on the structural evolution of
fold an thrust belt systems, both at the scalétluddphere and of thrust belt system, based on
analogue modelling (Cobbold et al., 1993; Malaleedt al., 1993; Baby et al., 1995; Storti et
McClay, 1995; Tondji Biyo, 1995; Mugnier et al., 989 Chemenda et al., 2000; Diraison et
al., 2000; Koyi et al., 2000; Leturmy et al., 2000euwland et al., 2000; Storti et al., 2000;
Bonini, 2001, Smit et al., 2003). Among them, salatudies already tried to analyze the
relative importance of controlling parameters sasherosion, sedimentation, decollement
coupling efficiency and dip, and ratio between decnd brittle layer at the scale of unitary
compressive structures (Tondji Biyo, 1995; Nalptalg 1999; Casas et al., 2001; Barrier et
al., 2002; Nalpas et al., 2003; Gestain et al. 42@09chot and Nalpas., 2009; Vidal-Royo et
al., 2011; Barrier et al., 2013; Driehaus et a814). In particular, these studies demonstrated

the fundamental role played both by syn-kinematdimentation and erosion on the
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evolution of geological structures during compressiHowever, single decollement system,
if already quite well understood, are quite rarastnof the time, the presence of several
decollement levels within the stratigraphic pilads to isolate several systems that can or not
be decoupled from each other, depending of vapauameters among which external factors
like sedimentation and/or erosion, deformation ,raestrong rheological contrast (e.qg.
Couzens-Schultz et al., 2002). Only a few studiesised on the impact of these parameters if
the mechanical pile includes several prekinemagcodement level, namely two (e.qg.
Couzens-Schultz et al., 2003; Pichot et al., 200%ree (e.g. Driehaus et al., 2014), which is
nevertheless a quite common natural case, obsaentkd Zagros fold-and-thrust belt (Verges
et al., 2011), the bolivian subandean belt (Babgl.et1999; Labaume and Moretti, 2001), or
else the Rocky Mountains (e.g. Lebel et al. 1986)ristances.

They showed that deformation is strongly dependensedimentation rate: (i) the structures
propagate forward with an overall asymmetric shifipee sedimentation is slower than the
uplift velocity, (ii) the structures grow verticgliand can present vergence inversion at the
surface if the sedimentation rate is similar to wipéft velocity, and (iii) the structures grow
vertically with a double vergence at the surface aindepth if the sedimentation rate is higher
than the uplift velocity (Barrier et al.,, 2013; Bhiaus et al., 2014); eventually, if the
sedimentation rate is much higher than the tectamplft rate, a symmetrical pop-up,
independent from the internal mechanical stratifoceg forms. These experiments showed
that the kinematic scenario of the fold developnagyears to be the first order element that
discriminate the various interferences betweemsediation and fold growth.

Following Driehaus et al. (2014), the present stadys at the characterization of the fold
kinematic scenario analysis, in order to propedgstrain the relative importance of internal
factors such as rheological stratigraphy and kirienfundaries, upon external forcing such

as sedimentation and erosion. To fulfill that gosg propose a set of analogue models
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imaged with an X-ray CT scanner (Colletta et 891), which allows for a non destructive
3D, time repeated acquisition of the internal mogebmetry. It thus offers access to the
kinematic evolution of the geometries. These expenits aim at completing the previous
studies set in 2D, and to characterize both in 8D through time the influence of external
factors (sedimentation and erosion) on a decougystem known in the literature: the sub
Andean compressive system. This geological casalds a strategic petroleum basin
representing crucial economic issues that depehdseogeological knowledge of the area.
The understanding of the 3D structural evolutiothiss crucial for this area. However, due to
the geometric complexity of such geological systesessmic imagery can't mostly provide
well-defined images of the deeper part of suchddldystems (Figure 1). It is thus crucial to
understand the evolution of the superimposed strestof these areas to provide pertinent
interpretation and assessments of eventual HC mesewuln a first approximation, analogue

modelling can bring elements to better understardd complex structural domains and some

relationships between shallow and deep-seatedistesc

Figure 1. Example of seismic profile in sub-Andean zone. §eemetrical complexity doesn't allow a well-
defined seismic imagery.

2. Geological and geographical settings
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The southern Sub-Andean Zone (SAZ), of Boliviaa iNeogene foreland fold and thrust belt.,

which constitutes the Eastern border of Andes (€@a).
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Figure 2: a. Localisation of the study area. The rectangle iaigis the modelled arda.Lithostratigraphic scale
of the modelled area. c. Geological cross sectidheomodelled area (Driehaus et al., 2014.

2.1 Sedimentary sequence and mechanical stratigraphy
The SAZ stratigraphy is formed by a thick, mainlficelastic, Paleozoic to Quaternary
succession developed above the Precambrian baséB8empere, 1995; Uba et al., 2005;
2006; Figure 2b). The lower part of the Paleozaeiccession is marine, with about 4 km of

Silurian to Devonian levels including a consideeattlickness of marine shales forming the



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

major decoupling levels (hamely the Kirusillas,al@nd Los Monos formations) alternating
with sandstones levels (Tarabuco, Santa Rosa, Hoparapa and Iquiri formations; Moretti
et al., 2002). The Subandean Carboniferous-Earlynide cycle is characterized by the
deposition of marine to glacial sands and diangstiindicating a periglacial environment.
The carboniferous deposits (Machareti and Mandigrdups) have a total thickness of about
2 km, composed mainly of sandstones (Tupambi, ©heomd Escarpment Fms).

The overlying sediments are mainly continentalhvigw hundred meters of Lower Permian
fluvial-eolian sandstones (Cangapi Formation), & fens of meters of evaporitic Upper
Permian carbonates (Vitiacua Formations), Loweadgic anhydrite/gypsum and about 1 km
of upper Triassic to Cretaceous fluvial and eolsandstones (Tacuru Gr.). The Yecua
Formation presents lacustrine facies with locallgrime influences (Marshall et al., 1993).
Above these units, the foreland sequences of LandrUpper Chaco are composed of distal
clastic facies of fluvial plains (with anastomogkdvial channels) evolving to more proximal

facies characterized by conglomeratic beds (Moegti., 2002).

2.2 Structural setting
The SAZ is a Neogene, east-verging, thrust systeah ¢onstitutes the Eastern border of
Andes with a width of about 150 km. The main thsusive an average spacing of 15 km with
a displacement of several km (Figure 2c). Thisghaystem involves the Upper Silurian to
Quaternary succession, which is about 10 km thidle main basal decollement level has
been defined as located in the Silurian shalesyBatal., 1993; Colletta et al., 1999), while
secondary decollements are located in the MiddloBi@an (Icla and Los Monos Formations)
and locally in the Carboniferous diamictites (Mdiret al., 2002). Note that Devonian shaly
formations are also the source-rocks of the patroleystems, the maturation of which could

have influenced the decollement localization amdrtg of activity (e.g. Cobbold et al. 2009).
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Folds and thrusts geometries are mainly contratigdithology and by these decollement
levels. Among the sub-andean structure, the Inchuend has the particularity to be west
verging, and offset by at least 1 km to the Easiefiaus et al., 2014). The shallow part of the
fold has a west vergence, while the other folds @arented toward the East (Figure 2c).
Driehaus et al. (2014) explained this differencer@igence by the effect of the sediment rate
variation.

The development of the structural system startethguhe Late Oligocene (27 Ma ago) and
implies a general eastward propagation of the treystem (Baby et al., 1993; Gubbels et al.,
1993; Moretti et al., 1996), although deformationthe Eastern Cordillera may have started
earlier (Buttler et al., 1995).

Shortening in the sub-Andean zone is relativelyemécand occurred mainly between the
Upper Miocene (6 Ma from apatite fission track auoffl intercalations; Moretti et al., 1996)
and present (Gubbels et al., 1993; Labaume €2@01), resulting in the uplift and erosion of

the anticlines.

3. Experimental procedure

3.1. Experimental set-up:
Analogue models were built in a 70 x 40 cm woododefation box (Figure 3). The box
presents two free sides and two walls: the firg isnfixed and the second one is mobile and
linked to a stepper motor allowing shortening. fos set of experiments, we choose to focus
on the modeling of one typical fold structure resar&ing the evolution of the Incahuasi fold.
For this reason, a moving carpet is attached to nmiwbile wall generating a velocity
discontinuity in the middle of the box (Figure @fich localizes the initiation of the structure
on the velocity discontinuity location that repnetseeither a deep-seated fault or else the tip

line of the basal decollement level. In additiohjstdiscontinuity allows studying the
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evolution of a single fold avoiding the parasitiflience of neighboring structures. All the
experiments have been performed under an X-ray goapber for a 3D imagery. The use of
this technology allows a non-destructive 3D-imagguasition at regular stages of evolution
of the model, with the possibility to reconstru€t §eometries at different deformation stages

(Colletta et al., 1991).

70 cm

/ < : Analogue multilayer cake

/ j "\.

/ \ \
/ I / \‘\—\ Curpel (involving velocity discontiinuity)

44){* Mabile piston

Figure 3: lllustration of the deformation box used for analegnodel. The mobile wall is animated by a stepper
motor, which is set up to generate a constant shimg. A velocity discontinuity is generated by therpet,
which is linked to the mobile wall.

The models were scaled for length, viscosity amdetfi following the basic principles,
discussed by Hubbert (1937) and Ramberg (1981). |&hgth ratio between models and
natural examples is P01 cm in the model represents 1 km in the natdreg. viscosity ratio

is of the order of 2.1 considering a 1§ Pa.s as a mean viscosity for mobile shales. The
time ratio equals thus to 1.1® This analogue modeling protocol does not alloking into
account some geological parameters such tempegtagent or rheological changes, among

others.

3.2. Analogue material:

Three types of analogue material were used to st@udlifferent rheological behaviors:
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- dry granular materials to simulate brittle sedinaeptrocks, which obey to a Mohr-
Coulomb failure criterion;

- viscous Newtonian material to simulate ductile sckuch as shales, acting as
decollement levels;

- a mixture of viscous material (silicone putty) wghanular material (sand) in order to
increase the viscosity of this layer and allowingreater coupling between ductile and
brittle layer (see Callot et al., 2012 for the miaiescaling).

Sedimentary brittle rocks were simulated using saydex and microbeads with a grain size
of 100um. Sand has a negligible cohesion, an angle ofnatdriction of 30° and a density
close to 1600 kg/th(depending on sieving procedures). Pyrex has appetely the same
brittle behavior than sand but a contrasted radiol density, which differentiates them on
tomographic images. Microbeads have a similar leéritehavior but an angle of internal
friction of 20° (Schreurs et al., 2006), which prates low angle thrusting behavior in the
model. Layers of silicon putty (SGM36) simulate tHactile behavior of weak layers,
corresponding to the decollement levels in the Anbean case. Silicone behaves as a
Newtonian fluid, with a density close to 1 g:émand a viscosity of 2.5.40Pa.s at room

temperature and strain rates below 340

3.3. Experimental design
Each model is based on a single rheological ardigtaphic pile, defined by Driehaus et al.
(2014) (Figure 4): A 6 mm thick silicone layer mtgléhe main basal Silurian decollement
level. The Late Silurian to Devonian units (Tarab@ormation to Huamampampa formation)
are modelled by a 10mm-thick alternance of 3mm s&kd and microbeads. The decollement
of the Middle Devonian (Los Monos Formation) is negented by a 5-7 mm thick silicone

layer inside this unit. The top of the sequenceeasponding to Carboniferous to Cretaceous
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series is modeled by two couples of sand and paes (respectively 10 and 12 mm thick)

separated by a 3 mm thick mixture of sand/silic¢6@%/50% weight proportion). A thin

layer, less than 1 mm thick, of pumice powder mdhes boundary between pre-kinematic
sedimentation and syn-kinematic sedimentation. értehing rate between 1,5 and 1,7 cm/h
is applied. During the experiment, syn-kinematidisentation is performed by sprinkling

sand ontop of the model. Syn-kinematic sedimermntasocomposed of alternating sand and

pyrex layers. Amount of sedimentation and erosion determined by ratios allowing the

characterization of each model, as explained ielizus et al. (2014):

- The “R” ratio represents the amount of sedimentatiwith R =

sedimentation / Velocity of uplift.

Velocity of

- The “E” ratio represents the amount of erosion Wth Velocity of erosion / Velocity

of uplift.

The X-ray tomographer allows the observation ofékperiment state in real time, which is

helpful for the estimation of the amounts of seditsghat have to be added or removed.
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Figure 4: Analogue rheology used for experiments. The strapigic column is from Moretti et al.(1996).
3.4. Reproducibility of the results.
Numerous experiments have been performed sindeittad presentation of the use of X-Ray
tomography technology for a sandbox model (Collettaal., 1991). Their reproducibility
depends on the building precision of the layereguence. The influence of subtle, wavy
undulations (relief less than 0.5 mm) that may oacuhe silicone layer is always controlled
with the scanner imagery to be sure that the msdebmogenous. If the cylindricity of the
structures is preserved above non-cylindrical utegties, their effect is negligible and the
result considered reliable. This test is easilyfggared as (1) the deformation box is longer
along the strike direction than along the shortgrdirection, and (2) as the X-Ray scanner

gives a continuous 3D view with a spatial resolutietter than 0.3 mm.

4.  Analogue modd results

4.1 Preliminary calibration experiment

A set of analogue experiments has been performedhfs study to observe the spatial
influences (in 3D) of (i) sedimentation, (ii) erosj (iii) localized sedimentation and (iv)

rheology, on syn-kinematic evolution of a Sub-And@aono-structure type. Before realizing

this set of experiments, a preliminary test wasnbeerformed to scale and calibrate
experimental parameters with respect to alreadyighddl analogue models (Driehaus et al.,
2014, Figure 5).

The lower structure behaves as a duplex for sixeagist percent of shortening and wraps on
itself at higher shortening amount (24%). This getmnfit with the exploration data available

for the analogue natural case (e.g. Driehaus,e2@l4).

11



243

244

245

246

247

248

249

250
251
252
253

255
256

257

258

259

The upper structure behaves as an asymmetric idleth as a fish-tail structure, the lower
thrust grading upward as a flat in the upper deoodint level, triggering a second, anthitetic
thrust ramp in the upper pre-tectonic and syn-tecteequences. (Figure 5, compression of
6% and 8%). For higher shortening amount (24%), fild vergence changes again,
developing a thrust, synthetic to the lowermost, arel rooted along the fold limb in the
upper decollement level. This thrust decapitatestight fold’s head. These results are in

close agreement with the experiments of Driehaas @014) and their 2D analyses.

Compression: 0%

Compression: 24
Pressior 22

—— (¢

Sand / Microbeads Silicone Mixture Sand / Silicone

Figure 5: Results of the first experiment realized to test thechanical behaviour of the model with scaled
parameter (rate of compression is 1,7 cm/h; chofcenaterial and thickness of layerSigure 4). For this
experiment, syn-kinematics sedimentation and enokave been established following the results abthiby
Pichot et Nalpas, 2009: For sedimentation, R=162.gfosion, E=1/4 (see section 3.3 for more detdiR and

E ratios).

4.2. Influence of sedimentation
The aim of this experiment was to test the infleenn 3D of sedimentation on the

development of a folded structure.

12
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4.2.1. Experimental set up
This experiment was set up using the rheology &sheul previously (Figure 4) and the same
deformation rate. No erosion was performed for #xdperiment. Differential sedimentation

was applied during shortening along the deformaliox in order to obtain a R ratio ranging

from %2 to 1 along strike of the growing structure.

| h Compression

- Fraggele fper (Seeneld Pyees
- Mextrire sideeaniz Sl (50 S0)
l:l Deaetile e (pare sficene)
’—| Syikanemnerbie: vedien ntutem

Figure 6: 3D sketch of the model performed to study the syekatic impact of sedimentation in 3D. The
sedimentation rate vary along the deformation g R=1 to R=%. No erosion has been performed and
compression rate of 1,7 cm/h was applied. Redsssblow faults generate during the deformation.

4.2.2. Impact of the sedimentation rate distrdyut
The topography is directly impacted by the increasesedimentation rate during the
compression (Figure 7 and Figure 8): Raise up eftdipography follows high sedimentation
rate (R=1, Figure 8). In this case, the syn-kineensg¢dimentation progressively pinches the
folded structure, which rises vertically in respens shortening, and is less faulted than in the
lower sedimentation case (compare figures 7C andThjs modification of topography

involves also a variation of the vergence for sivalktructures (Figure 7C and Figure 9). In

13
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case of high sedimentation compared to tectonidtugie shallow structure is much more
symmetric and evolves form the fish-tail backthiiesa large scale pop-up.

The depth structures appear not to be impactetdgyn-deformation sedimentation (Figure
7C and D). Their geometries stand relatively flditadong the deformation box without

vergence variation nor topographical modification.

Shallow structure Depth structure

¥

Figure 7: A. 3D bloc showing two inline sections bordering éhevation map of the shallow structure’s top. It
shows the uplift of the shallow structure for athigedimentation rate (R=1B. 3D bloc showing two inline
sections bordering the elevation map of the deftittire’s top. It shows the cylindricity of thepdk structure,
which is not impacted by the variation of the seeliation rateC and D. are Inlines corresponding to the high
sedimentation rate (R=1) and low sedimentation (&eY2), respectivelyE. Superposition of the shallows
(dashed lines) and depth horizons for a high sedliatien rate (in green) and a low sedimentatioe (&t
yellow); right part is the legend. It shows thetddietween the elevation of the shallow structstdgected to a
high sedimentation rate and the shallow structulgested to a low sedimentation rate. In contrémgtre is no
delta for the depth structures.

14
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10 cm %‘\ =i

295

296  Figure 8 Map of the shallow structure (top of the modelyistrating the impact of the sedimentation on the
297 model's topography with the increase of compressRercentage in white corresponds to the amount of
298  shortening. R ratio end members are located at &otls of the maps. The colour scale (from blue (Oofim
299 elevation) and red (75 mm of elevation)) represesitive topography: It represents a differenvat®n of 9
300 mm between R=1 side and R=%: side.

301
302

203 == S—— —
304  Figure 9: 3D view of the model showing the modification ofalbw structure vergences: The background

305 shallow structures (R=1) are verticals with a l@ft kergence, while foreground shallow structues%) have
306 aright vergence.

307
308
309 These observations, which are in agreement withrékelts of Driehaus et al (2014) show

310 that the system is highly decoupled because dhé@)ductile inter-bedded layer but also (ii)
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by the syn-kinematic sedimentation. This 3D analyBrings new elements about the
geometrical variation in space induced by syn-casgion sedimentation. This decoupling is
able to involve a vertical misfit between apexessbéllow and deep structures, despite a
general cylindrical aspect of the map view. Seditagon impacts the shallow structure

evolution and constraints the deeper structure Idpaeent, which appears more confined at
depth in the case of high sedimentation: high sedtation forces the upright development of
the fold, and limits the elevation of the kink feldesponsible for the fold development at
depth. The lower structure is thus pushed downw@rdthe contrary, for low sedimentation

rate, the propagation of the fish tail, and themfation of the second, synthetic, thrust
affecting the backlimb of the shallow fold, allofes a vertical growth of the deeper structure

below the upper ramp (figures 7C and 7D).

4.3. Erosion
The aim of this experiment was to test the inflieent the 3D distribution of erosion on the
development of the folded structure.
4.3.1 Experimental setup
This experiment was set up using the rheology &stedal previously (Figure 4) and the same
deformation rate (1,7 cm/h). We apply a constadinsentation rate to reach R = % over the
entire deformed model. Differential syn-compresstoosion along strike of the deformation

box was applied to obtain a E ratio varying lingdirbm 0 to %2 (Figure 10).
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Figure 10: 3D sketch of the model performed to study the syetkatic impact of erosion in 3D. The
sedimentation rate is constant along all along rttedel (R=Y2), while the erosion vary linearly alotige
deformation box, from E=%2 to E=0. A compressioe 1af 1,7 cm/h was applied (thick arrow). Red stiskow
faults generate during the deformation.

4.3.2 Observations of differences between lowlagh erosion rate
Several elements can be observed on Figure 11.:
- Geometries of shallow structures are poorly ingacby erosion; these structures are
principally controlled by compression and sedimiotarate as shown in previous sections.
Neither vergences nor topography appear impactdtdoyariation of erosion rate on shallow
structures, apart from the direct effect of erosidevertheless, the steep fold limb appears
steeper and more folded if associated to erosion.
- Geometries of deep structures are strongly ingaaby erosion. Topography of the apex of
depth fold rise when erosion is high (E=%2) (Figli€ and Figure 12) and stands relatively
flat when erosion is null (Figure 11D and E, angure 12).
The most impressive modification of the model bétaw related to the increase of erosion

with respect to tectonic topography, is the str@amgl localized uplift of the lowermost
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352 structure. Contrarily to the previous model (fig@ein which the upper fold kinks were fixed
353 in space, enhanced unloading due to erosion alfowa vertical migration of the upper fold

354 kinks, and thus for the space creation and thdtugflthe lower structure.

E  Amount of erosion

+
T Shallow structure Depth structure
v v

4

356 Figure 11: A. 3D bloc showing two inline sections bordering #evation map of the shallow structure’s top.
357  The shallow structure is not affected by syn-defatiom erosion and is cylindrical all along the defation box.
358 B. 3D bloc showing two inline sections bordering éevation map of the depth structure’s top. The stapvs
359 an uplift of the depth structure in the high eraspart.C and D. Inlines corresponding to the high erosion rate
360 (E=%) and no erosion (E=0), respectivéfy Superposition of the shallows (dashed lines) amtidhorizons for
361 a high erosion rate (in green) and a low erosite (ia yellow). It show the delta between the et@mraof the
362  depth structures subjected to a high erosion nadetlae depth structures not affected by erosioiis @blta is
363 also present for the shallow structures and repteshe amount of erosion of the surface

365 On one hand, the interbedded layer of silicone gges a decoupling between
366 shallow and deep structures. On the other handgla syn-kinematic erosion rate
367 leads to a different behaviour between deep antloshatructures. The decoupling
368 between deep and shallow structures is thus magnlhy syn-kinematic erosion,
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369 which involves a lateral misfit between apexest&liew and deep structures (Figure
370 13). This misfit could have crucial implicationssarface locations and trajectories of

371 exploration and production wells in such area..

Eroded par:

372

373  Figure12: 3D view of the model performed to study the syrekiratic impact of erosion. Sedimentation rate is
374  constant along the box (R = %; blue aorrow) andierovary linearly along the deformation box from(Eto
375 E=%. Black arrows show the thin pumice powder léndblue (less than 1mm), which marks the beginmihg
376  syn-kinematic sedimentation.

377
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Figure 13: Maps of the two main superimposed folded structimeD. Erosion rate increases from background
to foreground. Vertical lines (in red) representtual vertical well from the apex of topography deep
structuresHigh erosion rate leads to a lateral misfit betwskallow and deep structures.

4.4 | ocalized sedimentation
Two experiments with sedimentation localized eitinethe hinterland (figure 14A), or in the
foreland (figure 14B) respectively, have been penfed. The aim is to observe the evolution
of two superimposed structures with an interbeddedollement layer separating two

domains (hinterland and foreland) with differerdisgentation rate for each one.

4.4.1 Experimental setup
We used the rheology established previously (Figyrand the same deformation rate. In the
first experiment, sedimentation ratio R was eqadtin the hinterland and ¥ in the foreland,
while R was equal to ¥ in the hinterland and Yhaforeland for the second experiment. For

each experiment, erosion "E" varied from 0 to ¥nglthe deformation box.
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Figure 14: 3D views of two models with different sedimentati@te for hinterland and foreland domains. A.
Sedimentation is more important in the hinterlaRd=(Y2 in hinterland vs R = % in foreland). B. Seélirtation

is more important in the foreland (R = ¥ in hirwed vs R = % in forland). For each experiment, iero8e"
varies linearly from O to ¥4 along the deformatiaxb

4.4.2 Results of localized sedimentation expenime
Figure 14 shows two models of two superimposedcsiras in a system subject to
shortening. Some differences can be noticed ihdnder :

- The deep structures of the two models are quitédasinThe thrust, verging toward the
foreland is relatively flat in both models. A smaplift of the structure is observable
when erosion E is equal to %. No significant ddfezes can be attributed to
sedimentation distribution for the deep structwel@ion.

- The shallows structures of the two models are vbffierent. Figure 14A shows a
relatively flat folded structure developped ontdpadhrust ramp breaching the early
forelimb, and flattening while propagating upwaveyging toward the foreland. On
the contrary, Figure 14B displays a tight foldedusture, similar to the previous
experiments, verging toward the hinterland.

In both cases, there is no significant longitudieiations along the box.
These observations are concordant with previouselsodwo superimposed structures in a
compressional system with two decollement leves sirongly controlled by the external

sedimentation and erosion factors. Depth structaresimpacted by syn-kinematic erosion,
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while shallow structures are strongly influencedslgp-kinematic sedimentation. The classic
foreland ward propagation of fold and thrust iseapected strongly modified when the

sedimentation along its front is consequent, wieseaimentation at the rear only promotes a
long-lived activity of the thrust. The absence ofeland sedimentation is the key factor to

avoid the change of structure and tightening ofujyeer fold.

5. Discussion

New elements have been brought by the set of erpeats performed for this study. We have
been able to (i) observe in 3D the impact of symekiatic erosion and sedimentation on a
decoupled sub Andean system analogue and, in yarticii) to identify which part of the

system is affected by sedimentation or erosion.

5.1. Role of external syn-kinematic factor s (er osion/sedimentation)

We have seen that syn-kinematic sedimentation h&tsoag impact on the development of
shallow structures, which rise when sedimentatiocrdases, but doesn't influence depth
structures significantly, especially the wavelengthdeformation of deep systems are not
influenced by the sedimentation.

As previously stated (Driehaus et al., 2015) thiialn mechanical stratigraphy is the
fundamental controlling factor. Fish tail like sttures cannot develop without an interbedded
decollement level, within the pretectonic pile. Ftprerequisite is modulated first by the
sedimentation. In the absence of synkinematic sextiany loading, the fish tail only develops
for small shortening rates, as it results in a el@se of the ductile layer viscous resistance and
thus in an increase of the decoupling efficiencgyZens-Schultz et al., 2003). Intermediate
sedimentation rate (E roughly of the order of %21joallows for the development of the

upright, tightened fold comparable to the Incahdasyet geometry. In such case, vergence
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changes occur related to the fishtail propagatimhralated to asymmetric decoupling (figure
7). For high sedimentation rate, the influenceh& tdeep decoupling levels is hidden, and a
more general symmetrical structure is developed¢ealing the deep complexity.

Considering the impact of an uneven sedimentatlfmmodels show that a contrast between
hinterland and foreland has strong consequencedotikland sedimentation is necessary to
initiate the fold tightening, by preventing thesda foreland ward propagation of the frontal
ramp. On the contrary, the hinterland sedimentasiomply helps to propagate the foreland
ward main thrust, by increasing the overall resistaof the moving sedimentary pile at the
rear.

However, these considerations are derived fromc3indrical models. Here the experiments
were performed in 3D and point out to a potentiaboiation of these conclusions due to the
lateral, along strike modifications of the sedinadioin and erosion rates. The figure 15
illustrates the link between the elevation of th@mdeep structure (figure 15B) and the basal
ductile layer thickness (figure 15C): the Northside of the lower structure is more elevated
than its counterpart to the south of the model. B&al layer thickness is also more important
in the northern part of the model at the end ofghertening phase. This contrast between
northern and southern part increases with shoesna results from the sedimentation ratio
contrast, which vary from R=% to R=1 (respectivelyn northern to southern part). The
difference in sediment’s weigh is responsible fopaatial expulsion of the basal ductile
material from the southern domain (high sedimeiidiog) to the northern domain (low
sediment loading). It thus helps amplifying the algding between the deep structure along
the decollement surface. However, although therhdsgticture wavelengths are not impacted
by this flowage of silicon due to variation of se@intation rate, it appears that it helps
building more symmetrical box folds, as shown by ithcrease in both width of the folds, and

flow of silicon in the fold core.
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As shown, the sedimentation (i) directly impactallsw structures in the multi-decollement
configuration, involving a vergence variation andiightened structures, and (ii) indirectly
impacts depth structures if decollement levelsaaréuctile as salt or shale. But it seems that
the structural style at depth is not compactedhgy dedimentation rate and distribution. In
contrast, we have shown that syn-kinematic erosiae a small impact on the upper
structures, apart from their disappearance, bgelgrmodifies the deeper fishtail structures:
increased erosion favours an enlargement of therapgst fold, with a progressive upward
migration of the kink fold limiting the anticlinénhbs at depth, and thus promoting the rise of
the deep fishtail. Contrarily to the case of simpedimentation, when considering both
erosion of the upper structure and sedimentation both sides, the higher is the
sedimentation, the less is developed the fistaailits development is precluded by its ascent

in the core of the fold.
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Figure 15: A. Result of the analogue model experiment testhey influence of the sedimentation. Main
horizons are highlighted and correlated to theigtaphy usedB. Maps of the “Huamampampa” equivalent top
linked with the shortening rate. R ratio vary frdnin the South side to % in the North side. Hobr®lshow
high elevations, while cold colors show low elewas. C. Isopach maps of the “Icla” equivalentlinkeith the
shortening rate. R ratio vary from 1 in the Souttedo % in the North side. Hot colors show thibickness,
while cold colors show thin thickness.

5.2. Implication for petroleum exploration
Seismic imaging in foreland fold and thrust belneens nowadays a challenge, and often

only the syncline geometry are properly characteriBut structural complexity in the fold
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core is generally high, particularly if consideripgetectonic sedimentary piles implying
successive decollement level such as in Boliviaislttherefore crucial for petroleum
exploration to know and understand the mechanisbhs @ trigger the decoupling, and
particularly to better constrain the deeper padngetry and the associated kinematic. This
study highlights that external factors (sedimentaind erosion) have an important impact on
the decoupling of superimposed structures implywayiable offset of the structural
culminations, both in cross section and along stok the structure. The analogue models
offer therefore useful guides for structural intetation but we have shown that it is crucial
to constrain the natural sediment/erosion ratesiatvans in 3D Surface data of
erosion/sedimentation may then provide a qualgaguide for a better assessment of deep

seated structure. and through time.

6. Conclusions

A set of experiments have been performed to stud@D, the effects of external factors
(sedimentation and erosion) on a folded multi-decoént levels model, analogue to the fold
developed in the Subandean belt of Bolivia. Fos ttase, two superimposed structures are
created by compression and separated by ductilelldewnt layers. Two structures partly
decoupled are formed: a deep fishtail like striegusituated below a more classic fold built
on a flat-ramp geometry. The role of the exteroatihg factors are the following:

() Sedimentation directly impacts the geometrical ettoh of the shallow structures:
their elevation is increased and the vergencemardified when the sedimentation
rate is intermediate. Low sedimentation rates dbimpact the foreland ward
propagation of the folded structure, and high sedi@tion rates favour the

development of symmetrical pop-up.
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(i) Erosion directly impacts the evolution of deepgenctures. High erosion rate, relative
to the rate of the tectonic relief creation, favibrs rise of these objects in the core
of the upper folded structure..

The observation of these phenomenons in 3D briegs @lements for the understanding of
rheologically layered folded sequence. We show despite the rough cylindrical aspect of
the map view, external factors can generate mibftsveen the deep and shallow structural
culminations. In petroleum exploration of such ar@aolivia, Zagros,...) it is thus crucial to

assess as precisely as possible syn-kinematic eatiitron and erosion rate to interpret
seismic profiles and/or to built geological sectidhat will integrate uncertainties on the
possible position of deep seated objectives. Tthdf a multidisciplinary study involving (i)

classical structural and sedimentological studiesubnderstand the geodynamic of the
considered system, and (ii) a dating campaign énaim to know as much as possible the

timing of syn-kinematic sedimentation and erosind the associated ratesis mandatory.
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