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Influence of diapirs on the development of non-cylindrical arcuate
fold-and-thrust belts: Results from analogue models of
progressive arcs
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ABSTRACT

In this paper, we present analogue models built to test the diapir role on
the along-strike segmentation of fold-and-thrust belts in progressive arcs. To
model the progressive arc, we used a protruding backstop that deformed in
map view while the experiments run. This backstop indented a parallelepiped
formed by silicone at the bottom and sand, in which silicone cylinders were
added to simulate diapirs. Various types of modeis with different size and diis-
tribution of the diapirs were made in order to investigate the strain partitioning
modes around these heterogeneities. The deformation style of the models is
characterized by a highly non-cylindrical arcuate fold-and-thrust belt with blocks
bounded by normal or strike-slip faults that strongly rotated clockwise or anti-
clockwise. The diapirs are key heterogeneities for the nucleation and linking of
structures at the beginning of the experiment. When shortening proceed, their
influence on the fold-and-thrust belt geometry diminished with respect to that
of the backstop protrusion.
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RESUMEN

En este articulo, se presentan modelos analdgicos ideados para testar
el papel de diapiros sobre el patron estructural de cinturones de pliegues
y cabalgamientos en arcos progresivos. Para modelizar el arco progresivo,
se usa un backstop cuyo grado de protrusion aumenta progresivamente. £/
paralelepipedo inicial esta formado por silicona y arena, con cilindros de
silicona afadidos para simular los diapiros. Se hicieron varios modelos con
distintos tamarios y distribucion de diapiros, para indagar en el modo de
particion de Ja deformacion alrededor de estas heterogeneidades. El estilo
de deformacion de los modelos estd caracterizado por cinturones de plie-
gues y cabalgamientos no cilindricos, divididos en bloques por fallas
normales y de salto en direccion, que rotan independientemente. Al princi-
pio del experimento, se nuclean las estructuras sobre los diapiros. Cuando
aumenta el acortamiento, su influencia disminuye con respecto a fa protru-
sidn del arco.

Palabras clave: arco progresivo, cinturon de pliegues y cabalgamientos,
diapiro, modelo analdgico.
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Introduction

The efficiency of analogue modeling in
studying the progressive deformation of
fold-and-thrust belts developed over incom-
petent décollement rocks has been widely
proven (e.g. Bahroudi and Koyi, 2003; Lujan
et al., 2003; Crespo-Blanc and Galvez,
2008). Recently, Jiménez-Bonilla et al.
(2016) modeled. Modeled progressive arcs
with an indenter that increasingly protruded
in map view. This backstop indented a pa-
rallelepiped made up of silicone overlaid by

sand, both with constant thicknesses. Ne-
vertheless, in natural cases the presence of
diapirs is common, due to the buoyancy of
salt rocks. These local heterogeneities mo-
dify drastically the 3D rheology of the se-
quence and consequently the nucleation of
deformation structures (Roca et af., 2006).

In this paper, we present the preliminary
results of experiments with similar initial set
up as in Jiménez-Bonilla et a/. (2016), but
with a larger parallelepiped and a slightly
slower convergence velocity. It also includes
small cylinders of silicone to simulate pre-

deformational diapirs. Our aim is to test the
influence of diapirs on the type and geo-
metry of fold-and-thrust belt structures in
progressive arcs as well as their role on the
along-strike segmentation.

Model set up

Our experiments were carried out in the
Analogue Modeling Laboratory of the Geo-
dynamics Department —Earth Science Anda-
lusian Institute in Granada. We used quartz
sand (grain size between 0.2 and 0.3mm;
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Fig. 1.- Simplified sketch of the experimental ap-
paratus. Model set-up in oblique view and cross-
section (dotted frame: silicone below the sand).

Fig. 1.- Esquema de la mesa de experimentacion
y del paralepipedo inicial en vista oblicua y corte
(punteado: silicona debajo de la arena)

internal friction coefficient = 37.5; density =
1.77 g cm?) and silicone putty (transparent
Rhodosil Gum FB of Rhone-Poulenc; density
=0.98 g cm?; viscosity=2x10° Pa.s). Scaling
factors are the same as in Crespo-Blanc
(2008). The indenter is a plastic strip pushed-
from-behind in its apex by means of a screw
attached to a motor drive (Fig. 1), which
moved at a constant velocity (0.62 cm h~").
The total displacement of the screw was
around 40 cm. With progressive deformation,
indenter curvature ratio diminished and its
protrusion grade increased (Fig. 2; for details,
see Jimenez-Bonilla et a/., 2016). The 100 cm
X 68 cm pre-deformational package was
made up of a 0.5 cm-thick silicone layer over-
laid by a 1.5 cm-thick layer of sand. Two mo-
dels were made with different size and
number of cylinders (diapirs): three cylinders
of ca. 10 cm of diameter in Model 1, and six
cylinders with a ca. 4 cm diameter in Model
2. All were ca. 1.5 cm thick (total height) and
were built just before the sieving of the sand,
which freezes their shape before the defor-
mation. Their position before deformation is
drawn in figure 2. A 3-cm-side grid sieved on
top of the initial parallelepiped was used as
passive markers and a Mylar sheet floored the
sandbox. Sand was used to confine the late-
rals of the models. The progressive deforma-
tion of the models was recorded by time lapse
photography. In Model 2, the sand was care-
fully removed in order to observe the 3D-ge-
ometry of the silicone after the experiment
completion.

Model results

The progressive deformation in both ex-
periments is illustrated by the line drawings
of four different deformational stages with
similar apex backstop displacement (Fig. 2).
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Deformation was mainly accommodated by
thrusts and backthrusts, favoured by the
presence of a viscous substrate, coeval with
strike-slip faults that formed from the very
beginning of the experiments. Normal faults
developed subperpendicular to thrusts at
the final stages. Both models result in ar-
cuate fold-and-thrust belts although with
differences with respect to the structure dis-
tribution. Strike-slip faults acted as transfer
zones bounding undeformed blocks of sand
that rotated differentially, clockwise in the
left part of the model and anticlockwise in
the right one (in the position of Fig. 2).
These vertical-axis rotations reached 40°, as
shown by the grid of the most lateral blocks
in A4 and B4 stages of figure 2. The arc
lengthening in the deformed wedge due to
the increasing protrusion of the backstop
was achieved by conjugate strike-slip and
normal faults.

The first structures to form were discon-
tinuous foreland-verging thrusts and backth-
rusts, relayed by strike-slip faults (with a
higher density in Model 1 than in Model 2).
In Model 1, the nucleation of the frontal
thrust of the deformed wedge seems to be
associated with the diapir locations as it
links those two situated to the right part of
the model (A1, Fig. 2). By contrast, the in-
fluence of the small diapirs in Model 2 is not
so evident and only the most frontal ones in
the right part of the model are involved in
the nucleation of structures (B1, Fig. 2).

When deformation proceeded, the ge-
ometry of the arcuate fold-and-thrust belt
became progressively more complex. The re-
gime of strike-slip faults may vary throug-
hout time, as shown by the fault situated to
the right part of the Model 2 (B2), which
evolved into a transpression zone (B4) or by
those faults in the left part of Model 1 (A3),
which became transtensive. The regime va-
riations of these faults are due to the rota-
tion of both the structures and the blocks
formed in the first stage, in turn produced
by the progressive arching of the backstop.

In Model 1, silicone walls and canopies
crop out at the end of the experiment (A4;
Fig. 2), taking advantage of purely exten-
sional or transtensive structures. In Model
2, the silicone reached the surface only
along the lateral parts of the backstop. Ano-
ther difference between both models is re-
lated to the internal deformation of
individualized blocks (as shown by the grid
markers): in Model 1, blocks remain relati-
vely undeformed whereas in Model 2, inter-

nal deformation is achieved by sets of nor-
mal faults and/or thrusts, with a millimetric
spacing and very small displacement (com-
pare A4 and B4 of Fig. 2; Fig. 3A).

Figure 3B illustrates the geometry of the
silicone, once sand is removed from Model
2 (compare with its final stage, B4 of Fig.
2). It clearly shows that thrusts and backsth-
rusts are rooted within the viscous subs-
trate, and that strike-slip faults involve the
complete vertical section. Additionally, it re-
veals the existence of blind thrusts (labeled
b1 and b2 in figure 3B) previously covered
by the frontal thrust in the right part of fi-
gure 2 (stage B4). The aforementioned mi-
llimetric spacing structures within blocks did
not produce any observable deformation in
the silicone layer, and are limited to the
sand layer. Only two initial diapirs were pre-
served (circles in Fig. 3B), being the rest ei-
ther covered by thrusts or drastically
modified, becoming unrecognizable.

The different grade of shortening bet-
ween the apex zone and the lateral parts of
the progressive arc is illustrated in figures
3C and D, respectively. In the apex, a com-
plex geometry of opposite-verging thrusts
defines pop-up and pop-down structures.
The high shortening in this zone produced
the complete covering of a large pop-down
situated on a thrust footwall (Fig. 3C). In
this cross-section a vertical thickening up to
6.5 cm, that is, around 325% is observed.
In other parts of the model, this thickening
reached 9 cm (450%). In the right lateral
part, the uppermost thrust slice is detached
within the diapir (silicone underlining the
uppermost thrust, Fig. 3D).

Discussion

Our experiments show that the resulting
deformation style is similar to the experiments
of Jimenez-Bonilla et a/. (2016): a highly seg-
mented, non-cylindrical arcuate fold-and-
thrust belt. The resulting blocks strongly
rotated clockwise or anticlockwise and are
bounded by normal or strike-slip faults, which
accommodated arc parallel stretching. In the
model, the transfer faults, whose regime va-
ries during progressive deformation, genera-
ted salients and recesses of the deformation
front together with along-strike steep topo-
graphic variations (stages A4 and B4 of Fig.
2, Fig. 3A).

The diapirs are key heterogeneities for
the nucleation and linking of structures at
the beginning of the experiment. They also
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facilitated the outward propagation of the
deformation front when compared to a si-
milar experiment without diapirs (see Fig.
3A-C of Jiménez-Bonilla et al,, 2016). Then,
when shortening proceeded, the diapirs
were totally incorporated to the deformed
wedge and transported towards the fore-
land through thrusting. Consequently, at

late stages, their influence on the fold-and-
thrust belt geometry diminished.

The nucleation of structures promoted by
the presence of diapirs was also observed in
the analogue models of Roca et al. (2006)
and Rowan and Vendeville (2006). In the ex-
periments of Crespo-Blanc and Galvez
(2008), thrusts and strike-slip faults systema-
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tically linked the diapirs. In our experiments,
the large diapirs of Model 1 seem to favour
the occurrence of discrete structures with cen-
timeter-scale spacing while milimeter-scale
spacing structures are more frequent in
Model 2. As a consequence, Model 2 shows
a more segmented fold-and-thrust belt than
Model 1. This high degree of strain partitio-
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, 39.6 cm

-4 thrust = strike-slip fault “« normal fault

(" diapir

slumped sand

Fig. 2.- Line drawings of Model 1 (A) and 2 (B) at various deformation stages. The initial position of diapirs is marked.
Fig. 2.- Dibujos a partir de fotografias de los Modelos 1 (A) y 2 (B) en distintos estadios de deformacion. La posicion inicial de los diapiros esta marcada.
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Fig. 3.- Line drawings of Model 1 (A) and 2 (B) at various deformation stages. The initial position of
diapirs is marked. See color figure in the web.
Fig. 2.- Dibujos a partir de fotografias de los Modelos 1 (A) y 2 (B) en distintos estadios de deformacion.
La posicion inicial de los diapiros esta marcada, Ver figura en color en la web.

ning is the main difference with respect to the
experiments without initial diapirs, as shown
by the comparison of figure 3C of Jimenez-
Bonilla et a/. (2016) --with the same rheology,
experimental conditions and similar move-

ment of the backstop apex-- and that of sta-
ges A2 and B2 of figure 2 of the present
paper: from the beginning of Models 1 and 2
experiments, a higher number of structures
(among them, strike-slip fault systems) for-

med than in Jiménez-Bonilla et a/. (2016).
When shortening proceeds, shortening is
mostly accommodated by the tightening of
and displacement on previous structures ra-
ther than by the nucleation of new ones. It
produced the thickening of the wedge. Imple-
mented to natural cases, our results can shed
light on the influence of diapirs on the strain
partitioning of an arcuate, along-strike seg-
mented fold-and-thrust belt that developed
over a ductile substrate as a progressive arc.

Conclusions

1. Pre-deformational diapirs during the progres-
sive protrusion of a backstop which curvature
ratio diminished during the experiment produ-
ced a highly segmented and non-cylindrical ar-
cuate fold-and-thrust belt.

2. Diapirs favoured the nucleation of normal
and strike-slip faults, which accommodated
arc-parallel stretching, and generated the indi-
vidualization of blocks that rotated clockwise
or anticlockwise, that is, a higher strain parti-
tioning within the deformed wedge.

3. Large diapirs have a stronger influence on
the structure nucleation than small ones. Large
diapirs also favour the development of larger
and wider structures; by contrast, on small dia-
pirs, millimetric spaced structures with small
displacement nucleated.
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