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[1] The relations between detachment folding, fold
amplification, and salt diapirism in contractional
settings have been investigated by means of scaled
analogue models. The viscosity of the silicone layer
simulating salt in nature and the shortening rates were
combined in order to reproduce weak (type 1 models)
and strong (type 2 models) décollements. Deformation
patterns in the roof sequence exhibited two contrasting
styles, (1) outward propagation of detachment folding
along the décollement (OFP mode) and (2) passive
roof duplex (PRD mode). In type 2 models,
detachment folding propagated away from the most
external thrust in the floor sequence, while in type 1
models, long-lived detachment folds almost invariably
localized amplified above a floor thrust tip as a result
of strain localization. A silicone wall intruded
occasionally into the crestal graben of detachment
folds in type 1 and OFP models. Best fitting of
transition models data points indicates nonlinear
relations with regression curves close to the
equilateral hyperbola equation for both OFP-PRD
and amplified detachment folds-box folds transitions.
A quantitative comparison of model results with
nature has been attempted by plotting salt-based
fold-and-thrust belts data points on the scaled
transition curves obtained from the modeling. Such a
comparison relates shear stress products and ratios
to the conditions favoring the amplification of
detachment folds and the potential emplacement of
ductile diapirs in their core. By reducing the roof
sequence strength, pore fluid pressure X\, is inferred to
shift the equilibrium of fold-and-thrust belts toward
the field of OFP and diapirism.  INDEX TERMS: 8102
Tectonophysics: Continental contractional orogenic belts; 8005
Structural Geology: Folds and folding; 8010 Structural Geology:
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1. Introduction and Aims of the Work

[2] Anticlines developing in detachment (décollement)
folding [Blay et al., 1977; Jamison, 1987] require the pres-
ence of a basal décollement, where viscous material collect
and infill the space generated in the core of the fold. In
particular, detachment folding develops in the brittle hanging
wall to accommodate the displacement of a bedding-parallel
blind thrust along a lower ductile unit composed of salt or
other evaporites (or overpressured shale). Accumulation of
ductile material in the fold core may evolve to diapirism that
therefore may accompany the fold development. The close
coincidence of diapiric structures with anticlinal cores has
been indeed recognized for a long time (see for instance the
so-called “injection folds” of Beloussov [1959]).

[3] Recently, kinematic modeling of detachment folding
has received great attention [e.g., Homza and Wallace, 1995;
Poblet and McClay, 1996] and advanced models incorpo-
rating the geometries of syntectonic sediments in relation to
fold growth have also been formulated [e.g., Poblet and
Hardy, 1995; Vergés et al., 1996; Poblet et al., 1997].
However, the relations between detachment folding and
diapirism have not received comparable consideration so far.

[4] In general terms, a diapir is when a viscous material
pierces an overlying brittle overburden with discordant con-
tacts. This contrasts with salt pillow and salt-cored anticlines
that display concordant contacts between salt and overlying
brittle strata. Brittle overburdens exceeding a critical thick-
ness can be sufficiently strong to be impenetrable to salt
diapirs [Vendeville and Jackson, 1992a]. However, faulting
and erosion of the brittle overburdens are efficient mecha-
nisms that locally reduce the overburden thickness, thus
promoting diapirism and piercing. As a result, Jackson and
Vendeville [1994] proposed that regional thin-skinned exten-
sion (or “reactive” diapirism) was the chief initiator of salt
diapirism. Nevertheless, examples of salt diapirs developed
in response to lateral shortening have also been reported [e.g.,
O’Brien, 1957; Schwerdtner, 1986; Koyi, 1988; Talbot et al.,
1988; Velaj et al., 1999]. The present paper aims to investi-
gate the conditions favoring the amplification of detachment
folds and the development of diapiric structures under the
influence of horizontal compression. To this purpose, a set of
small-scale physical models was performed at the “Tectonic
Modelling Laboratory” of the CNR-IGG, settled at the Earth
Science Department of Firenze.

2. Analogue Modeling

[s] The mechanical behavior and evolution of fold-and-
thrust belts have been extensively and profitably investigated
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Table 1. Scaling Parameters®
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Parameter Model (Det.Fd.78; type 1) Nature Model/Nature Ratio
BL volumetric mass py,, kg m > 1350 2400° 0.56
VL volumetric mass pg, kg m > 1060 2200° 0.48
VL viscosity m, Pa s 7 x 10 33 x 107 2.1 x 107"
BL internal friction coefficient ~0.6 0.6—-0.85"
BL cohesion c, Pa 80 40 x 10 2x107°
BL/VL thickness ratio § 0.5-5 0.3-30
Length /, m 0.01 3000 33 % 10°°
Gravity acceleration g, m s 2 9.81 9.81 1
Stress o, Pa 53 2.9 x 10° 1.9 x 10°°
Strain rate €, s~ 107 1.1 x 107" ef = o¥/m* =9 x 108
Time ¢, s 3600 3.6 x 10'? (=~0.11 Ma) F=@*"'=10"
Rate of displacement v, m s~ 47 x 1077 12 x 107" (=38 mm yr ") vE = PEree =33 x 10°
Rate of sedimentation s, m s~ 23 x 1077 7 x 107" (=22 mm yr ") §* = =33 x 10°

“The model to nature dimensionless ratios are indicated with an asterisk. BL, brittle layer (sand); VL, viscous layer (silicone).

®Parameters indicating average values.

by means of various analogue modeling techniques [e.g.,
Davis et al., 1983; Malavieille, 1984; Mulugeta and Koyi,
1987; Mulugeta, 1988; Colletta et al., 1991; Davy and
Cobbold, 1991; Liu et al., 1992; Cobbold et al., 1993,
2001; Burg et al., 1994; Martinod and Davy, 1994; Gutscher
et al., 1998; Koyi et al., 2000; Storti et al., 2000]. Salt
diapirism has been explored employing layered brittle-duc-
tile systems where the viscous layer is commonly simulated
by silicone putty representing the source layer feeding the
diapir. On the basis of model results, regional extension
is thought to be the most efficient mechanism triggering
diapirism [Vendeville and Jackson, 1992b; Jackson and
Vendeville, 1994], while regional compression is generally
found to oppose diapirism [e.g., Vendeville, 1991]. Diapirism
may indeed develop only in particular contractional set-
tings, such as when lateral compression follows an earliest
stage of lateral extension [Nilsen et al., 1995], in the case
when there are lateral strength variation between the salt
and its brittle overburden [Cotton and Koyi, 2000], tear
faults cutting anticlines [Vially et al, 1994], hinterland
pinch out of décollement [Costa and Vendeville, 2001]
and postshortening erosion of salt-cored anticlines [Sans
and Koyi, 2001]. However, salt viscosity () should also
represent an important parameter influencing salt diapirism.
Although various viscosity contrasts between salt and its
overburden have been taken into account in numerical
model of diapirs [Poliakov et al., 1996], as far as I know
no analogue models have explored the influence of salt
viscosity on detachment folding and diapirism developing
in contractional settings. This paper intends therefore to
explore this aspect, particularly the conditions that may lead
to the emplacement of synshortening salt diapirs in the core
of detachment folds.

2.1. Modeling Strategy and Scaling

[6] Analogue models were designed to simulate the
vertical rheological layering associated with presence of a
viscous salt layer within or beneath a brittle sedimentary
cover overlying a crystalline basement. To represent a
realistic small-scale replica of the prototype or natural
process under investigation, the analogue models were

scaled to nature following the principles of similitude
[Hubbert, 1937; Ramberg, 1981; Weijermars and Schmeling,
1986] (Table 1). Models were designed assuming that 1 cm in
the model represents 3 km in nature, implying the model to
nature ratio of length /* is 3.3 10~° (Table 1). Dynamic
similarity between model and natural prototype can be
evaluated considering the Ramberg number that represents
the ratio of gravitational force to viscous force acting on the
viscous layer [Ramberg, 1981; Weijermars and Schmeling,
1986]. The Ramberg number is given as:

H, H?
Rm:pdg. d:pdg d’ (1)
ne nv

where g is the gravitational acceleration, € the strain rate, v
the horizontal shortening velocity and pg, m, Hy are volumet-
ric mass, viscosity and thickness of the viscous layer.

[7] By reference to salt diapirism, natural fold-and-thrust
belts underlain by salt exhibit two contrasting styles of
deformation: 1) belts without significant diapirism and
2) belts with salt diapirism. In the first group, the salt
décollement is inferred to be rather strong (similar to anhy-
drite) and diapirism is not developed, such as in Parry Island
[Harrison, 1995a, 1995b] (Figure 1a). Fold-and-thrust belts
of the other group instead exhibit significant diapirism and
the salt is rather weak, as in the Zagros [7albot et al., 2000]
and possibly in the Rif mountains [see Yovanovitch, 1922]
(Figure 1b). Indeed, salt viscosity can vary over a wide range
of values, from 10'® to 10** Pa s [Jackson and Talbot, 1986;
Van Keken et al., 1993]. The importance of salt viscosity can
be taken into account by considering the Ramberg number,
Rm: the dynamic similarity of the model to nature can be
evaluated assuming that both model and natural prototype
share the same Rm, then, the bulk viscosity 1, of the natural
décollement layer can be estimated using the experimental
Ramberg number, Rm.,, [Sokoutis et al., 2000]:

_ gl 2)

n .
Vo RMexp

The current modeling aimed to investigate the influence on
deformation by décollement viscosity, therefore new models
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FOLD-AND-THRUST BELT WITHOUT SALT DIAPIRISM
(Parry Islands, Arctic Canada) NE

(NO VERTICAL EXAGGERATION)

(after Harrison, 1995a)

FOLD-AND-THRUST BELT WITH SALT DIAPIRISM
(Moroccan Rif

(VERTICAL EXAGGERATION 10x)

Figure 1.

11 km I
(after Yovanovitch, 1922)

Transversal profiles exemplifying salt-based fold-and-thrust belts (a) without and (b) with salt

diapirism. The salt layer is indicated in black. Figure la shows the Parry Islands, Arctic Canada (after
Harrison [1995a], AAPG(© 1995, reprinted by permission of the AAPG whose permission is required for
further use); Figure 1b shows the Moroccan Rif (after Yovanovitch [1922], reprinted by kind permission

of the Société Géologique de France).

with a low-viscosity décollement (type 1 models) are
compared with the results of previous models (mostly
reported by Bonini [2001]) with a more viscous décollement
(type 2 models) made of SGM 36 (PDMS) silicone poly-
mer. For the chosen length ratio (/* = 3.3 10°°), from
equation (2) the type 2 model viscosity of 5 10 Pa s
[Weijermars, 1986] scales to a natural bulk viscosity of the
order of 10'°—10?° Pa s, which falls in the upper part of the
viscosity field of salt. The weak type 1 décollement layer
had instead a dynamic shear viscosity of about 7 10* Pa s
(see following section 2.2 for details), i.e., nearly two orders
of magnitude lower than PDMS. From equation (1) (with
parameters pg = 1060 kg m >, g=9.81 ms 2, Hy= 0.4 cm,
na 7 10% shortening rate v=1.5cmh ' and=0.15cmh ™"
and corresg)onding strain rate ¢ varying from 1077 s~!
to 107 s7'; see section 2.2 and Table 2), type 1 models
yielded values of Rmc,, = 59.4 and 594.2, respectively. Then,
applying equation (2), and assuming p, = 2200 kg m°
(for salt), H; = 1200 m (obtained from /* = 3.3 10~°),
2 =9.81 m s * and an average velocity of shortening v =
5 mm yr ', the type 1 model décollement scales to a
natural bulk viscosity of n, =3.3 10" Pas (for Rmyp, = 59.4)
and n, = 3.3 10" Pa s (for Rmey, = 594.2). Considering
the velocity of shortening of 10—12 mm yr~' over the
Hormuz salt [Hessami, 2002] and the Holocene shortening
of 26 mm yr ' reported for the Zagros fold-and-thrust belt
by Vita-Finzi [1986], the type 1 model décollement scales to
a viscosity m, of the order of 10'°~10'® Pa s, which is in
good agreement with computation of salt viscosity obtained
by Talbot et al. [2000] from extrusion rates of salt fountains
in Iran. Therefore the chosen model setup allows a test of the

role of décollement viscosity on deformation patterns of roof
sequences deformed by detachment folding.

2.2. Model Deformation and Analogue Materials

[8] Previous analogue studies have demonstrated that the
brittle and viscous behaviors of rocks can be successfully
modeled using sand to represent the brittle layers and
silicone putty to simulate the viscous layers (see Brun
[1999] for a review). We then investigated the deformation
under horizontal compression of a brittle-ductile system
consisting of a viscous décollement layer (silicone putty)
embedded between two frictional layers (sand), with the
upper brittle layer representing a roof sequence (or the
whole sedimentary cover) and the lower a floor sequence
(or crystalline basement) (Figure 2).

[9] Models were built in a Plexiglas squeeze box (internal
dimensions 24 cm x 10 cm x 10 c¢cm) and had a length of
18 cm, width 10 cm and total thickness varying from 1.6 cm
to 2.4 cm depending on the experiment (details of experi-
ments are given in Table 2). Models were shortened by
driving a rigid vertical wall into the sand-silicone pack at
two distinct constant rates of convergence of 0.15 and
1.5 em h™', respectively (Figure 2). For comparison all
models were shortened up to 18—19% bulk shortening,
though in specific models the bulk shortening value was
eventually increased or reduced (Table 2). Lateral and top
view photographs of the models were taken at constant time
intervals during deformation. After deformation, models
were covered with dry white sand to protect the final
topography, and then soaked in water and frozen to allow
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Table 2. Analogue Models Parameters®
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Model H,, cm Hy, cm v,em h™! Tp, Pa T4, Pa Vd» s7! Hy/Hy Figure Reference
Type I, Décollement Viscosity v = 7 x 10°Pa s
Det.Fd.60 0.2 0.4 0.15 96 0.07 10°* 0.5 Figures 3a, 13a
Det.Fd.79 0.4 0.4 0.15 112 0.07 107* 1 Figures 3b, 5, 6a
Det.Fd.66" 0.4 0.4 0.15 112 0.07 10~ 1 Figures 8i—80
Det.Fd.78° 0.4 0.4 0.15 112 0.07 10°* 1 Figures 8a—8g, 12d
Det.Fd.80° 0.4 0.4 0.15 112 0.07 107* 1
Det.Fd.74 0.6 0.4 0.15 128 0.07 1074 1.5 Figures 3c, 6c, 13a
Det.Fd.77¢ 0.5-0.8 0.4 0.15 112 0.07 107* 1 Figure 11
Det.Fd.76 1 0.4 0.15 160 0.07 107 2.5 Figure 3d
Det.Fd.62 0.2 0.4 1.5 96 0.73 1073 0.5
Det.Fd.61 0.4 0.4 1.5 112 0.73 1073 1
Det.Fd.69 0.6 0.4 1.5 128 0.73 1073 1.5 Figure 13a
Det.Fd.75 1 0.4 1.5 160 0.73 1073 2.5
Type 2, Décollement Viscosity v= 5 x10°Pa s
Det.Fd.43 0.2 0.4 0.3 96 10 21 x10°* 0.5 Figures 3e, 13a
Det.Fd.45 0.4 0.4 0.3 112 10 21 x107* 1 Figures 3f, 4a
Det.Fd.47 0.6 0.4 0.3 128 10 21 x107* 1.5 Figure 3g
Det.Fd.50 1 0.4 0.3 160 10 21 x10°* 2.5 Figure 3h
Det.Fd.35 0.2 0.4 1.5 96 52 1073 0.5
Det.Fd.67¢ 0.2 0.4 1.5 96 52 1073 0.5 Figure Alb
Det.Fd.17 0.4 0.4 1.5 112 52 1073 1 Figure 4b
Det.Fd.40 0.6 0.4 1.5 128 52 1073 1.5
Det.Fd.33 1 0.4 1.5 160 52 1073 2.5
Det.Fd.81°¢ 1 0.4 1.5 160 52 1073 2.5 Figure Ala

“Type 2 models (except models Det.Fd.67 and 81) are from Bonini [2001]. Models deformed to 18—19% bulk shortening (BS).

"Models deformed with synshortening sedimentation.
“Models deformed up to 28% BS.

9Models deformed with lateral variation in thickness Hy,.
“Models deformed to 5% BS.

cutting of longitudinal sections without disturbing the
model.

[10] The brittle layers were simulated using dry quartz
sand, a Mohr-Coulomb material with a volumetric mass of
pp = 1350 kg m >, angle of internal friction ¢ ~ 31° (1 ~
0.6), and cohesion ¢ ~ 80 Pa. The thickness H, of the upper
brittle layer varied from 0.2 cm to 1 cm depending on the
experiment, while the thickness of the lower brittle layer
was | cm in all experiments.

[11] The thickness Hy of the viscous layer was 0.4 cm, so
that the Hy,/Hy ratio ranged from 0.5 to 5 (Table 2). The low-
viscosity décollement layer (type 1 models) was simulated by
silicone putty obtained by mixing to homogeneity ‘“Mastic
Silicone Rebondissant 29" (provided by CRC Industries,
France) and Oleic acid in the proportion of 4:1 (by weight).
Laboratory tests on this material indicate a Newtonian
behavior with a dynamic shear viscosity 1 ~ 7 10? Pa s (at
26+ 2°C) and volumetric mass pg = 1060 kg m =, implying a

a) b)
~~ 1000 500 0
< . Plexiglas
N
. . ~ squeeze-box walls
differential stress AN q
(04 - Gy)
Pa _ 1990 Sy { CompesSion
s K
Hy S S |
I—XI e 06 = 1 .
d \\: 77777 S L - 7\ \%\Q\\
\ =g \
g TN =S decﬂgg?fg;(s”'cone) =00 V=R ADA B exain
H ‘Tﬁﬁ il = = roof sequence (sand)
Type 17|} H,=0.2-1cm
. mw |2 floor sequence (sand) H=1 cm b
C\n(l < AR >

Figure 2. Simplified sketch showing (a) the model strength profile and (b) the model setup. The
strength profile is referred to models Det.Fd.69 (type 1) and Det.Fd.40 (type 2).
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density contrast (py/pgq) ~ 1.27. To visualize strain, the type 1
décollement layer was made up of alternated rectangles of
silicone with different color. The stronger silicone PDMS
(type 2 models) was deformed in such a way that even the
faster strain rate was sufficiently low to fall in the field of
Newtonian behavior [Weijermars, 1986], emphasizing its
viscous component with respect to the elastic component
[Ten Grotenhuis et al., 2002].

[12] The shear stress in the viscous layers is estimated
assuming that deformation in the model décollement layer is
near simple shear (Couette flow) at the onset of shortening.
Newton’s equation stating that the shear stress is directly
proportional to the strain rate (under streamlined conditions)
is then applicable [e.g., Collyer, 1973; Weijermars, 1997]:

T4 ="MYg = n(HLd) (3)

where T4 is the shear stress acting on the viscous layer, 1) the
dynamic viscosity and 4 the engineering shear strain rate,
which is given by the ratio between the velocity v applied to
the upper plate and the thickness of the viscous layer Hy. The
engineering shear strain rate 4 is generally used as an
approximation for experiments in which deformation in
viscous layers is near simple shear (V4 =~ €n) [e.g., Brun,
1999], both in compressional and extensional settings [e.g.,
Nalpas and Brun, 1993; Faccenna et al., 1999]. This
approximation is in agreement with structural analyses
carried out along salt décollements in which deformation is
mostly simple shear (e.g., Pyrenees [Sans et al., 1996]).
Although model deformation appears to be more complex,
this approach for calculating model strain rates has also been
used in this paper (Appendix A and Table 2) approximating
v to the velocity of horizontal compression and taking Hy as
the initial viscous layer thickness, since simple shear is
mostly accommodated by strain and flow over the entire
thickness of the viscous layer (section 3 and Appendix A).

2.3. Limitations of Modeling

[13] The floor sequence was laid directly above the rigid
base of the Plexiglas squeezebox, thus no sort of isostatic
compensation was possible in the modeling. This configu-
ration resulted in an inflexible floor sequence instead of a
flexible one, and also in an exaggerated topographic relief.
This adopted model configuration is certainly more appro-
priated to the cases where the floor sequence is assumed to
represent a rigid basement (see section 2.1). Erosion and
synshortening sedimentation were not normally included in
the modeling procedure, even though numerical [Poliakov
et al, 1993, 1996] and analogue [Sans and Koyi, 2001]
models demonstrate they play a fundamental role in salt
diapirism. However, a few models investigated the role of
sedimentation and the eventual spontaneous collapse of fold
crests that reduced the local roof thickness. Furthermore, no
effects related to dissolution or hydratation of salt have been
considered.

[14] Another potential source of limitations is represented
by the small dimensions of the squeeze box that may raise
the possibility that sidewall friction may affect model
results. Perhaps, the lateral friction may have caused the
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wedge to be shorter than it would be in case of no lateral
friction. However, this paper was mainly concerned on the
differences in the deformation styles of thrust wedges
depending on the shear stresses in roof sequence—décolle-
ment systems. The good correspondence and systematic
distribution of the structural styles exhibited by the models
in relation to the shears stresses (see below sections 3 and 4)
indicates that the results of this experimental study are
reliable.

3. Patterns of Model Deformation

[15] Previous analogue work on thrust wedges explored
the geometry of deformation of a system composed of a
viscous décollement embedded between an upper brittle
roof sequence and a lower brittle floor sequence [Bonini,
2001]. Depending on both the brittle strength of the roof
sequence and the viscous strength of the underlying décolle-
ment, deformation of the roof sequence resulted into two
distinct styles: outward folding propagation (OFP, dominated
by detachment folding) and a passive roof duplex (PRD
[Banks and Warburton, 1986]). Generally, the OFP style
developed for H,/Hy < 2 and PRD style when Hy/Hy > 2.5;
PRD and OFP were separated by a transition field.

[16] Figure 3 illustrates two representative series of cross
sections (with each series composed of four models)
corresponding to models simulating weak (type 1;
Figures 3a—3d) and strong (type 2; Figures 3e—3h) salt
décollement. In each series, the thickness of the roof
sequence H, was varied while keeping the strain rate
constant (Y4 ~ 107% 57! for type 1 and y4 =~ 2.1 1074 s~
for type 2); consequently, the décollement strength T, of
models shown in Figure 3 was of the order of 0.07 Pa and
10 Pa in type 1 and 2, respectively (Table 2).

[17] Deformation style of both type 1 and 2 models
exhibit typical features, such as imbricate foreland-verging
thrust faults (linked by a basal floor thrust) in the floor
sequence close to the moving wall and various patterns of
folding and deformation in the roof sequence that are
accompanied by horizontal and vertical displacements in
the silicone. The geometry of the thrusts sheet array in the
floor sequence is referred to as a “floor duplex” when they
are bounded by both a basal floor thrust and by a passive
roof thrust. A floor duplex therefore differ from a “floor
imbricate fan” where the thrust sheets are bounded only by
a floor thrust (see Figures 2 and 3 for terminology of
structures) [e.g., McClay, 1992, and references therein].
Thrust faults in the floor sequence regularly turned into
shear zones and flattened as they propagated into the
décollement, giving rise to various deformation styles
depending on the strength of both the roof sequence and
the décollement layer.

3.1. Deformation Patterns in the Roof Sequence

[18] Analysis of model cross sections allows the distinc-
tion of two main features in the deformation patterns of roof
sequences: (1) the roof sequence is predominantly affected
by mostly symmetric detachment folds nucleated in the
décollement layer and (2) the roof sequence is decoupled
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(M~7 x 102 Pa s)
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Type 2 - High viscosity Décollement
(m=5x10% Pa s)

tips of blind thrusts in =
detachment folds cores

e)

tip line of blind
roof thrust

=0.2 cm

Hy

"z’ a) detachment folds

=2

80 debris

% J

0g -(Lﬁ
<5 ~

E E floor imbricate fan

O  DetFd.60 d=0

d=0

TRANSITION FIELD

c)

PASSIVE ROOF DUPLEX

Det.Fd.76

Det.Fd.43

=0.4 cm

Hy

floor imbricate fan

«—— d=4.6cm —l

=0.6cm
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]
floor duplex -7
«—d=3.3cm—]|
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Figure 3. Line drawings of models with (left) low-viscosity (type 1) and (rlght) hlgh VISCOSIty (type 2)

sﬂlcone that scale to weak and strong natural salt décollement of the order of 10'°

~10"® Pasand 10"

10%° Pa s, respectively. In each series, (a, e, and f) outward folding propagation, (b and g) transition ﬁeld,
and (c, d, and h) passive roof duplex, models were deformed with constant y4 and varying H,. Dashed
lines indicate the hypothesized shear zones in the décollement layer.

hinterlandward (along the décollement) above the floor
duplex (Figure 3). This latter deformation style is generally
associated with a foreland-dipping monocline and is con-
sistent with the passive roof duplex (PRD) geometry [Banks
and Warburton, 1986], which is substantially equivalent to
the concept of “triangle zone” of Gordy et al. [1977] and
Price [1981].

[19] The number, geometry and distribution of detach-
ment folds in the roof sequence vary depending upon H,,
Hy and 74 (Figure 3). Generally, the number of detachment
folds is inversely proportional to the roof sequence thick-
ness, i.c., the number of folds increases with decreasing H,,

(Figure 3). This observation agrees with the analytical
solution and analogue studies of periodic instabilities
developing in a brittle-ductile system under compression
[Martinod and Davy, 1994].

[20] The geometries of detachment folds clearly relate
to both H}, and 74. In type 2 models, an increase in Hy, (with
Hy, > 0.4 cm) and T4 favor the box fold geometry.
Conversely, for thin roof sequences (H, = 0.2—-0.4 cm),
detachment folds generally amplify by folding mechanisms
involving limb lengthening and/or limb rotation (see
sections 3.2 and 3.3). Analysis of models indicates that
amplification of fold is favored by low T4. This dependence
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H, =H4=0.4cm 714=10Pa
a) =

i ™ Ny
TR TSN\ |
|| L | | |I | | | N
Det.Fd.45

Hy =Hq=0.4cm Tq=52Pa _

b)

e il
T ETErTTTIT I [T
Det.Fd.17 5cm

I N
H=V

Figure 4. Effect of brittle-ductile coupling on geometry of
detachment folds. Models (a) Det.Fd.45 and (b) Det.Fd.17
(from Bonini [2001]) were built with the same initial
geometry but were deformed under different rates (Table 2).
This resulted in an amplified and tightened detachment fold
for the weaker décollement (Figure 4a) and characteristic
box folding for the stronger one (Figure 4b).

is exemplified by comparison between model Det.Fd.45
and model Det.Fd.17 (Figure 4). Both models belong to the
type 2 series and were built with H, = Hq = 0.4 cm, but 74 =
10 Pa in model Det.Fd.45 and T4 = 52 Pa in model Det.Fd.17
(Table 2). This variation in the décollement strength resulted
in a tightened detachment fold in model Det.Fd.45
(Figure 4a), whereas model Det.Fd.17 exhibited character-
istic box folding (Figure 4b). The importance of 74 on the
mode of detachment folding is emphasized by type 1 models
which exhibit amplified detachment folds up to relatively
high Hy, values (i.e., H, < 0.6 cm). Notably, a characteristic
feature of detachment folds developed in type 1 models
is the surfacing of silicone in the fold core (Figures 3a—3c¢)
displaying in some cases the characteristics of diapiric
structures (see section 3.2). By contrast, the silicone PDMS
is not normally exposed in folds cores in type 2 models, nor
does it display clear features indicative of diapirism.

[21] Detachment folds differ significantly in their distri-
bution in type 1 and type 2 models. In type 2 models,
successive detachment folds develop and propagate increas-
ing distance away from the floor imbricate fan (or floor
duplex) whereas in type 1 they develop above or behind it
(Figure 3). This is illustrated by the distance d between the
most external detachment fold in the roof sequence and
the corresponding thrust in the floor sequence. Whereas the
value of d increases considerably with decreasing H,, in
type 2 experiments (Figures 3e—3g), d is practically nil in
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type 1 models where the detachment fold develops directly
above the tip of the floor thrust (Figures 3a and 3b). This
suggests that, in some cases, a strong décollement layer may
decouple structures in the roof sequence from those in floor
sequence more efficiently than a weak décollement layer.
Type 2 models can therefore be referred to a typical outward
folding propagation style (OFP). Type 1 models exhibiting
detachment folding as the chief deformation mechanism
(Figure 3a) can be still included in the OFP field, though
they are less efficient than type 2 models in transferring
deformation outward along the décollement. The coexis-
tence of a passive roof thrust with the development of a
detachment fold at the front of the floor duplex has been
treated as transition field (TR; Figures 3b and 3g).

[22] Following the approach adopted by Nalpas and Brun
[1993] and Brun and Nalpas [1996] for extension, and
Bonini [2001] for compression, model results are analyzed
assuming that their deformation is controlled by mainly a
combination of Ty, the shear stress at the base of the roof
sequence, and T4, the shear stress in the viscous layer
(assuming simple shear deformation). Such shear stresses
Tp and T4 have been estimated by using the Mohr-Coulomb
equation (equation Bl in Appendix B) and equation (3),
respectively. The shear stress T, has been calculated along
the potential horizontal surface of detachment given by the
interface between the brittle roof sequence and the viscous
layer, where o is the vertical normal stress (pgh) counter-
balancing the potential sliding along this surface (Table 2).
Models reported in Bonini [2001] showed that a decrease in
T4 (thus a decrease in the brittle-ductile coupling for a fixed
Tp) resulted in an increase of distance d. However, the
current type 1 models indicate that below a critical viscous
strength the horizontal propagation of shear stress is
inhibited and the distance d is zero. The importance of bulk
shortening on horizontal propagation of deformation along
the décollement has also been tested by increasing the
amount of finite shortening (see Table 2). However,
increasing bulk shortening did not increase the distance d.

3.2. Detachment Folds Amplification

[23] The results of analogue modeling have shown that
thin roof sequences favor the amplification of detachment
folds up to an extraordinary extent. The mechanism of
folding can be inferred by analyzing sequential top view
photos taken during the evolution of a typical detachment
fold in models of the type 1 series. Model Det.Fd.79
(Figure 5) exemplifies the amplification of a slightly asym-
metric long-lived foreland-verging detachment fold, which
is flanked on both sides by open synclines. The anticline
crest is broken by a graben that became more pronounced as
the fold grew vertically. In accord with the experimental
work by Blay et al. [1977], asymmetry developed late in the
fold amplification process. A cross section (Figure 5e)
shows the hinge of the external syncline to be rather sharp,
while the hinge of the internal syncline is well rounded. The
anticline forelimb (on the left) in Figure 5 is steep and
slightly overturned; through time, the external syncline
hinge approximately underlay the crest of the anticline
forelimb (Figures 3b and 5). On this basis, as well as on
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b)

13%BS

MOVING WALL

Figure 5. Sequential top view photographs of a growing detachment fold with development of
the crestal graben in model Det.Fd.79. Distance of the external detachment fold forelimb to the end
wall (distance x) nearly equals the forward displacement of the moving wall in the same time interval
(Figures 5b—5d). This indicates the existence of a strong localization of deformation at the long-lasting
fold structure. The higher uplift rate of the forelimb is denoted by the instability and large collapse of
material. Overturning of the fold in Figure 5e is inferred to have occurred in late stages of fold
development favored by the collapse of its ductile core. Estimate of the forelimb overturning is shown

in Figure 5f.

the observation of cross sections cut at earlier stages of fold
growth, the distance between the fixed end wall and the top
of the anticline forelimb is taken as a measure of the rate of
lateral hinge migration. This distance progressively
decreased with shortening by about the same amount as
the moving wall advanced (Figure 5), suggesting that the
detachment-folding mechanism involves strain localization
in the fold structure and also forelandward migration of the
hinge of the outer syncline. Such a mechanism implies the
presence of active axial surfaces during the progressive
lengthening of both anticline limbs to amplify the folds
[Suppe et al., 1992]. The overturned forelimb (dipping
~67°) may apparently contrast with this interpretation of
outward migration of the fold, which could instead be
merely due to rotation and overturning of the forelimb
about a stationary hinge. However, the lateral migration,

during advanced stages of growth of the fold, can be
estimated to exceed 1.1 cm (Figures 5b—5d) whereas the
overturning can be estimated to have produced about 0.4 cm
of outward migration (Figure 5f). In addition, the same fold
development (with distance of hinge migration close to the
amount of bulk shortening produced in the same time
interval) is frequently observed in upright folds (see for
instance the external fold in model Det.Fd.60; Figure 3a).
However, it is likely that also limb rotation may have
contributed to the fold growth, especially in the early stages,
though lateral hinge migration and limb lengthening would
have been the dominant processes of fold amplification.
Such a deformation style was favored by the strong decou-
pling along type 1 décollement, which had the effect of
transferring portions of relatively undisturbed roof sequence
into the forelimb of the anticline, in a similar fashion to
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Figure 6. Close-up of detachment fold cores exemplifying
the two main deformation patterns identified in type 1
models. (a) Photograph and (b) interpretative line drawing
of a ductile wall exhibiting concordant contacts with both
fold limbs. Note the sense of asymmetry of the top silicone
free surface at the fold core pointing to a faster growth rate
of the forelimb. (c) Photograph and (d) interpretative line
drawing of a ductile wall exhibiting a disconformable
contact with the broken fold hinge. B, backlimb; F,
forelimb; S, silicone. The thin white lines indicate the
boundary of the silicone. See color version of this figure at
back of this issue.

thrust-related folds [e.g., Tavarnelli, 1993]. However, to
better discriminate the mechanisms of fold amplification,
particularly the contribution of limb rotation, some models
were performed to incorporate the effect of syntectonic
sedimentation that develops a record of the kinematics of
fold limbs (see section 3.3).

[24] Limb lengthening and lateral hinge migration was
accompanied by silicone rising in the anticline core, result-
ing in largely conformable structures similar to salt (ductile)
walls (or ridges with cuspate crests) [Jackson and Talbot,
1994]. In type 1 models, the silicone was invariably
exposed over the hinge of the folds crests (excepts for very
thick cover; Det.Fd.76; Figure 3d) and in some case it even
rose above the local topographic surface, suggesting a link
with the mechanism of folding. Whereas in many cases the
model “salt wall” was concordant with the anticline limbs
and the anticline crest was completely missing (Figures 6a
and 6b), in some others the ductile wall (together with the
forelimb) rose out the anticline crest and was clearly
discordant with the brittle cover in the fold hinge region
(a feature that would be diagnostic of salt diapirism;
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Figures 6¢ and 6d). Notably, the rise of the forelimb and
silicone illustrated in Figures 6¢ and 6d (see also sections 3.3
and 3.4) is consistent with the hypothesized predominant
limb lengthening model.

[25] On the above evidence, detachment fold growth is
here illustrated in terms of relative rates of activity by limb
lengthening of axial surfaces. In the early stages of fold
amplification, rates of limb lengthening and lateral hinge
migration are similar for both limbs (Figure 7a). With

upper axial
surface

a) lower axial
surface

brittle layer

ductile layer

concordant A
contacts /

 both limbs active but
) forelimb grows faster
than backlimb

Figure 7. Schematic cartoon showing the inferred evolu-
tion of detachment folds. Concordant or discordant contacts
between the ductile (silicone) wall and the fold limb(s) are
interpreted in terms of competing rates of limb growth by
lengthening. Solid and dashed lines indicate active and
inactive axial surfaces, respectively. The roof block is
missing in Figures 7c and 7d owing to slumping of the crest
and straightening out the former crest of the anticline along
the upper active hinge(s). Circles indicate the positions of
particles passing through the axial surface (black and white
circles represent the current and past positions of axial
surfaces, respectively).
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increased shortening, a graben forms over the anticline
crest (Figure 7b). The development of such a “crestal
graben” could be due to various mechanisms that may act
together, such as (1) rising of silicone in the anticline core,
(2) gravitational collapse of the fold crest above its ductile
core, (3) outer arc extension (above the neutral surface)
during anticlinal bending. Horizontal stretching is indeed
observed above salt-cored anticlines [e.g., Turner and
Hancock, 1990], as well as at the crest of natural and analog
diapirs [e.g., Dixon, 1975; Davison et al., 1993]. This step in
the history of detachment folds has also been observed in
type 2 models, but, with increasing deformation, types 1 and
2 models exhibit contrasting evolutionary paths. In type 2
models the detachment fold stop growing and deformation
in the viscous layer is accommodated by the development of
a new fold. In type 1 models, owing to the strong brittle-
ductile decoupling, the deformation is instead localized
much longer in the same fold. In addition, in type 1 models
the graben formed over the fold crest since the early stages
of growth of the fold, then, as the fold amplified, it evolved
to a structure similar to a dilatational fissure. This may
suggest that the gravity collapse would not play a major role
in the early stages of fold growth, so that rise of silicone or
outer arc extension would have initiated the crestal graben.
Detachment folds in type 1 models may evolve in two
different ways (Figures 7¢ and 7d):

[26] 1) When both anticline limbs are growing at similar
rates the silicone wall displays conformable contacts to both
fold limbs (Figure 7c). The roof block is normally missing
so that the silicone is exposed at surface. The free surface of
the silicone typically shows an asymmetric hinterlandward-
dipping profile that indicates the forelimb grew faster than
the backlimb (Figures 6a, 6b, and 7c). This may indicate
that both lower and upper axial surfaces are active before,
during, and after the crestal graben development. The
absence of disconformable contacts and the observation
that the silicone did not rise over the anticlines crest
apparently exclude the contribution of diapirism to this
process of fold amplification.

[27] 2) When lengthening of the anticline backlimb
stops or decreases drastically (i.e., both upper and lower
axial surfaces of the detachment fold backlimb are inactive)
and the forelimb continue to lengthen, the ductile (silicone)
wall invades the crestal graben (generally along its outer
margin) and rises out of the fold crest exhibiting a sharp
discordance with the backlimb (Figures 6¢, 6d, and 7d). By
contrast to the previous deformation style, this mode should
involve the contribution of a sort of diapirism.

3.3. Models With Synshortening Sedimentation

[28] Previous analogue models have shown that thrust
evolution can be significantly affected by syntectonic
sedimentation [Storti and McClay, 1995; Bonini, 2001].
Removal by erosion of a large thickness of sediments from
the zone of active uplift and their resedimentation in
adjacent sedimentary basins represent an efficient mecha-
nism that is able to redistribute an enormous volumes of
deposits. This process can lead to significantly variations in
the lithostatic stress within a fold-and-thrust belt. Major
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sediment accumulations in foreland basins suggest that the
lithostatic loads generated by such syntectonic clastic
wedges may effectively interfere with the propagation of
active thrust fronts.

[20] In this work, a number of models with syntectonic
sedimentation were performed to visualize the evolution of
the fold geometry through time in order to discriminate
between the potential mechanisms responsible for detach-
ment folding. Following a well-tested technique, syntec-
tonic sedimentation was simulated by sieving thin sand
layers at regular time intervals into basins developing in a
fold-and-thrust belt shortening at a steady rate. The effect of
synshortening sedimentation on fold evolution is exempli-
fied by models Det.Fd.66 and Det.Fd.78 (Figure 8), where
local sedimentation started at 18% and 22% bulk shortening
(BS), respectively, and localized to the sides of the most
external growing detachment fold named hereafter the
“emergent anticline”. Sediments were deposited at about
45 min intervals (=0.6% BS), but the bulk rate of accumu-
lation may vary slightly from model to model because of the
intrinsic difficulty in introducing an exact quantity of sand
during each sedimentation event.

[30] The sedimentation rate in the model (s,,) can be
scaled down to nature (s,) by dividing the scaled thickness
of the sedimentary wedge in the model (/, = [,/[*) by the
scaled time span of sedimentation (, = £,/t*):

I t*
S = “)

In model Det.Fd.78 (left-hand side of Figure 8), the maxi-
mum thickness of syntectonic sediments (time of sedimen-
tation t,, = 585 min) is /,, = 8.5 mm (which scales down to
a thickness in nature of /, = 2575 m), while in model
Det.Fd.66 (time of sedimentation ¢, = 405 min) /[, =
6.6 mm (and /, = 2000 m). From equation (4), sedimentation
rates scale to s, = 2.6 mm yr ' and s, = 2.3 mm yr ' in
models Det.Fd.66 and 78, respectively (see Tables 1 and 2
for modeling parameters), values representing fast sedimen-
tation rates [e.g., Suppe et al., 1992].

[31] Relations between growth strata geometry and fold
kinematics have previously been related to two contrasting
models: progressive limb rotation [Riba, 1976; DeCelles et
al., 1991; Ford et al., 1997] versus kink band migration
with instantaneous limb rotation [Suppe et al., 1992, 1997].
These two mechanisms may act separately, even if both
growth geometries have been documented as developing
during the same time interval [Zapata and Allmendinger,
1996]. The kinematic history of detachment folds is dis-
cussed below on the basis of the growth strata architecture
in terms of limb rotation, limb lengthening and fixed or
active axial surfaces inferred from the longitudinal cross
sections of models Detd.Fd.66 and 78 [e.g., Poblet et al.,
1997].

[32] The models can be easily compared to the setting
of the external Pyrenees where, since the pioneering work
of Riba [1976], the development histories of detachment
folds bounding the foreland Ebro Basin are determined in
the architecture of growth sediments. The diagrams in
Figures 8h and 8p portray the length and dip of the forelimb
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Figure 8. Models performed with synshortening sedimentation. Top view photographs illustrate the
main experimental phases: (a, i) initial, (b, j) prior to sedimentation, (c, k) after the first sedimentation
event, and (d, 1) final topography. (e, m) Transversal sections and (g, o) corresponding line drawings
show detachment folds located typically above floor thrusts tips. The black box in Figures 8¢ and 8m
indicates the close-up of amplified detachment folds in Figures 8f and 8n. The dashed box in Figures 8g
and 8o at the frontal part of the emergent anticline indicates were dip and length of syntectonic strata have
been measured and reported in the diagrams of Figures 8h and 8p. Numbers in Figures 8h and 8p denote
the growth strata from the lower to the upper. Black triangles indicate the position of the main blind floor
thrusts tip. The thin white lines indicates the boundary of the silicone. See color version of this figure at
back of this issue.
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of the emergent anticline as recorded by the syntectonic
cumulative wedge sedimented in front. In model Det.Fd.78,
the growth strata recors a progressive decrease in the dip of
the fold limb upsection and a rather constant limb length
(Figure 8h), suggesting that this detachment fold evolved
primarily by progressive rotation of the fore limb. In accord
with the model proposed by Meigs [1997], the formation of
a thrust fault displaced both prekinematic and synkinematic
strata over the fold core after a substantial amount of
rotating limb detachment folding (Figures 8¢ and 8g).

[33] In model Det.Fd.66 (right-hand side of Figure 8),
the architecture of the growth strata instead displays
progressive limb lengthening and rather constant limb
dip, suggesting that the detachment fold evolved mainly
by axial (kink band) migration (Figure 8p). In this mech-
anism, the syncline hinge migrated laterally forward for a
distance approximately corresponding to the length of the
lowermost folded syntectonic strata (strata 1 in Figures 8m
and 8p). This length (=8 mm) represents a large propor-
tion of the horizontal bulk shortening (distance x =
10.8 mm in Figure 8), suggesting that the growth of the
emergent anticline accommodated most of the bulk short-
ening occurring in that time interval (i.e., between steps k
and I in Figure 8).

[34] The preliminary results obtained from the above
models indicate that both progressive and instantaneous
limb rotation are plausible mechanisms that may operate
in models and in nature. Apparently, both the rate of
sedimentation and cross-sectional area and tapering of the
syntectonic sedimentary wedge may represent parameters
controlling these two different fold growth mechanisms
(compare Figure 8¢ with Figure 8m). As a first approxima-
tion, a predominant kink band migration model would be
favored by a thinner clastic wedge with marked tapering, a
fact which may accord with the hinge migration limb
lengthening mechanism of fold amplification inferred for
type 1 models with thin roof sequences (see section 3.2).

3.4. Strain Localization and Salt Diapirism

[35] Strain localization at detachment folds in type 1
models is induced by the low décollement viscosity and it
is thought to markedly amplify the detachment folds.
During fold amplification, in some cases the ductile wall
may break and intrude the anticline hinge along a formed
margin of the crestal graben (Figures 6¢, 6d, and 8n). This
suggests that the rise of the ductile wall in the core of the
fold exerts an active push below the fold crest, in a similar
fashion to an “‘active diapir”, which is defined as a ductile
diapir able to lift, deform and intrude the brittle overburden
under the effect of buoyancy forces alone. However, the
application of the force analysis of Schultz-Ela et al. [1993]
to this context reveals the lack of any significant active
component in the diapirism. This implies that other mech-
anisms of diapirism are necessarily acting in the system,
most likely those associated with the above mentioned
strain localization.

[36] An approach to estimate the minimum pressure
generated by the rise of the ductile core is to consider
the pressure necessary for a viscous fluid to intrude a
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Figure 9. Schematic cartoon indicating the parameters
used to estimate the minimum diapiric pressure generated at
the detachment folds crest, below the crestal graben.

preexisting fault or fracture, like those bounding the crestal
graben (see evolution illustrated in Figure 7). The procedure
used for this computation [e.g., Acocella et al., 1999] equals
the behavior of the weak salt analogous to that of other
viscous fluids, such as magma (neglecting the effect of
temperature). Considering uniaxial lithostatic conditions,
the pressure P necessary to intrude a preexisting fracture
is given as [Jaeger and Cook, 1979; Delaney et al., 1986;
Acocella et al., 1999]:

(ov + on)

(ov — o)
2 )v H

P= —¢c0s2(90° — 6 3 , (5)

being oy = ppgh, the vertical lithostatic stress, oy = oy v/
(1 — v) the horizontal lithostatic stress and v the Poisson
modulus (for sand, average value v = 0.25 in the work of
Storti et al. [1997]). Considering average values observed in
models with synshortening sedimentation (such as, 6 & 75°,
h, =~ 0.004 m) it gives P =20 Pa (see Figure 9 for symbols).

[37] The setting of many detachment folds of type 1
models (exemplified by Figures 6a and 6b) with conform-
able contacts and absence of extrusion does not allow to
identify unambiguously the contribution of diapirism related
to the active rise of the ductile core. However, the recog-
nition of such a rise of the ductile core owing to the
occasional inactivity of the backlimb (by promoting
disconformable contacts), raises the possibility that a
similar mechanism be active also when both limbs are
growing at similar rates. This process may also explain
the straight (and lengthy) fold limbs and the frequent
disappearance of the roof block at the crest of type 1
models detachment folds (Figures 3a, 3b, 6a, and 6b).
The active rise of the ductile core may have indeed
straighten out the former crest of the anticline along a
strain active hinge at the upper end of the limbs (upper axial
surfaces; see evolution in Figures 7a—7c), thus also favor-
ing the slumping off the topographic highs (fold limbs, roof
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block and crest). In addition, this progression may have also
favored the evolution of the crestal graben to a structure
more similar to a dilatational fissure (Figures 6a and 6b).

[38] The current models highlight the importance of
décollement viscosity and brittle-ductile coupling in con-
trolling strain distribution. Strong décollements (type 2)
favor the horizontal propagation of detachment folding,
while weak décollements (type 1) favor the development
of long-lived detachment folds showing marked vertical
amplification and strain localization. Strain localization is
presumably associated with lateral hinge migration and limb
lengthening, during which the silicone is “pumped” into the
fold core and intruded vertically above the tips of nominal
blind ductile thrusts in the anticlinal cores, further favoring
the fold amplification [e.g., Turner and Hancock, 1990].
This would promote stretching of fold crests and may
possibly lead to the piercing and rising of the ductile wall
out the broken fold hinge if the backlimb inactivates. In this
case, the active forelimb may be viewed as a sort of passive
roof thrust rising, together with the silicone wall, above the
deactivated backlimb (Figures 3c, 6¢, and 6d). The forelimb
and ductile wall may lengthen and rise actively at an
extraordinary extent above the broken fold hinge (see
Figures 8j—8I and 8n) and become eventually unstable and
collapse over the surface as exemplified in Figures 8g—8f.

[39] Although buoyancy forces may contribute to drive
the silicone toward the anticlinal core, which represents the
lowest pressure zone in the experimental system, the present
work suggests that the main driving forces are provided by
the tectonic “pumping”. Following the term proposed by
Beloussov [1959] for the laterally squeezed viscous mass
opening the crests of anticlines, a suitable term describing
these special cases of surface breaking structures or diapirs
might be “injection walls” or, alternatively, “diapiric de-
tachment folds”’.

4. Application of Model Results to Nature

4.1. Qualitative Comparison of Model Results With
Natural Fold-and-Thrust Belts

[40] The results of modeling display most of the charac-
teristics described for natural detachment folds and the
architecture of their growth strata. If similarity conditions
are satisfied, this good correspondence indicates a similarity
in dynamic processes meaning that models can be used to
understand better the mechanics of the geological processes
considered. From a geometrical point of view, the silicone-
cored detachment folds that amplified, tightened and in case
pierced the crest of model folds (Figures 3—8) can be
qualitatively compared with patterns known from field
examples of detachment folds and salt diapirs. Any similar
natural structure might also have developed as detachment
folds growing from shallow to moderate detachments.
Experimental results suggest that salt diapirism associated
with detachment folding is unlikely to occur where the
thickness of the model sedimentary cover exceeds 4—6 mm.
However, natural salt diapirism is a complex process
depending upon many factors, such as shear stress (1y,, Tq4),
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erosion-sedimentation patterns, and pore fluid pressure
conditions (\) (see section 4.2 and Appendix B). Examples
of amplified detachment folds and diapirism briefly
discussed below include the External Hellenic Arc, the
Pyrenees and the Zagros.

[41] The modeling results discussed above also offer the
possibility of comparing the propagation of basement
thrusts into the overlying sedimentary cover to the role
played by the intervening viscous décollement. Models
indicate that, for a roof sequence sufficiently thin to allow
detachment folding, these relations are strongly dependent
upon décollement strength. In the case of a relatively strong
décollement, such as viscous salt or anhydrites (type 2
models), deformation should propagate outward, away from
where the hangingwall of a thrust in the basement protrudes
into the overlying viscous layer. Conversely, in the case of a
weak décollement (type 1 models) detachment folds should
approximately overlie the tips of basement thrust faults.
4.1.1. Detachment Folding in the External Hellenic
Arc and the Pyrenees

[42] The northern Hellenic Arc, off the shore of Western
Greece, is characterized by Triassic evaporites surfacing
along the leading edges of thrust sheets. This evaporite unit
acted as décollement and represents the source layer of
Pliocene- Pliocene-Quaternary diapirs, that can be described
in terms of vertical salt walls [Underhill, 1988]. The evap-
orites appears to initially risen through the shortened cover
along thrust ramps and then risen vertically through the syn-
shortening Pliocene-Quaternary deposits. Diapiric rise has
been related to initial thrust sheet loading and subsequent
diapiric growth accentuated by Pliocene-Quaternary subsi-
dence and sedimentation [Underhill, 1988]. A close associ-
ation between some of these diapirs with thrust faults
is imaged in some seismic sections across this margin
[Monopolis and Bruneton, 1982; Auroux et al., 1984; Brooks
and Ferentinos, 1984] (Figure 10). Both the structural
position of these diapirs above a viscous décollement layer
and their large vertical growth associated with relatively thin
pre-kinematic strata raise the possibility that they evolved in a
similar fashion to the detachment folds that formed in models
with thin roof sequences (see Figures 3a—3b and 8). The
patterns of extension suborthogonal to the diapiric margins
described by Underhill [1988] are also comparable with the
patterns observed in the models, where horizontal stretching
affects the crest of the ductile core to the detachment fold.

[43] Typical salt-cored detachment folds are also well
exposed in the Prepyrenean External Sierras bounding the
foreland Ebro Basin [Millan et al., 1994, 1995]. These folds
exhibit many features diagnostic of detachment folding,
particularly the marked fold amplification associated with
collapsed hinge antiforms [Milldan et al., 1995; Arenas et al.,
2001]. Serial geological cross sections illustrate marked
along-strike variations in style of detachment folds in the
External Sierras [Millan et al., 1995; Arenas et al., 2001].
These characteristics are also well documented in the
models; for instance, transverse sections across model
Det.Fd.77 portray several of the structural details described
in this field example, most notably, the lateral transition
from large-scale hinge collapse to back-thrusting accommo-
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Figure 10. Seismic sections from the External Hellenides showing the association of reverse faulting

with diapirism at detachment fold structures. Compare the vertical diapiric growth of the

salt walls”

with the amplified detachment folds of models illustrated in Figures 3—8; D, salt diapir. Reprinted from
Brooks and Ferentinos [1984] and Monopolis and Bruneton [1982], with permission from Elsevier.

dating deformation in the anticline crest region (Figure 11).
On the basis of model deformation, hinge collapse in nature
may be related to the continual vertical growth of the
limb(s), so that, as the anticline amplifies, it becomes
unstable and collapses under its own weight (Figure 11).
4.1.2. Salt Diapirism in the Zagros Fold-and-Thrust
Belt

[44] The Zagros fold-and-thrust belt represents a classical
area where both basement thrusts and salt diapirs occur
together [e.g., Farhoudi, 1978; Berberian, 1995; Edgell,
1996]. The occurrence of two major décollement layers at
different levels in different parts of the Zagros stratigraphy
allows focus on the relations between diapirism and the
strength of the roof sequence. The décollement layers,
mainly composed of salt and anhydrites, correspond to the
basal 1—1.5 km-thick Cambrian Hormuz salt [Kent, 1970]
and to the upper Miocene Fars Group, with an original

thickness estimated at 1.2-1.8 km [O’Brien, 1957]. These
thicknesses indicate that the model silicone layer 4 mm
thick simulates these décollement. Both salt layers gave rise
to spectacular diapiris [O Brien, 1957; Ala, 1974], but the
styles of modes of rise from each layer appear to be
conceptually very different. The Hormuz salt was overlain
by a 6- to 7-km-thick roof sequence (the Competent group
of Colman-Sadd [1978]), which, according to model results,
would have been impenetrable to salt diapirs. As a matter of
fact, the vigorous diapiric activity of Hormuz salt has been
attributed to either thin or thick-skinned extension long
before the Zagros orogeny [Jackson and Vendeville,
1994], and/or the rise of salt up pull-apart-like basins
developed along oblique footwall ramps reactivating during
the Zagros orogeny above older transfer zones and associ-
ated salt pillows [Talbot and Alavi, 1996]. Conversely,
shortening of the Fars salt and anhydrites (Lower Fars in



BONINI: DETACHMENT FOLDING IN THRUST WEDGE EXPERIMENTS

4-15

MODEL (Det.Fd.77)
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(after Arenas et al. 2001)

Comparison between characteristics of natural detachment folds in the External Sierras (a, b;

simplified from the original work by Millan et al. [1995] in Arenas et al. [2001], reprinted by permission
of the Sociedad Geoldgica de Espafia) and transversal sections in model Det.Fd.77, where lengthening
and uplift of the forelimb was accompanied by relevant collapse. Note the good correspondence of
structural details between models profiles and the natural examples. The thin white lines indicates the

boundary of the silicone.

O’Brien [1957]) started with an overlying sedimentary
cover (Middle Fars plus Upper Fars) only about 900 m
thick [O’Brien, 1957]. This deformation resulted in the
development of salt pillows which evolved to salt-cored
anticlines which tightened as deformation progressed.
Sedimentation of synshortening Pliocene marls and
sandstones (Bakhtiari Group) reached thicknesses of about
3 km in the adjacent synclines [O 'Brien, 1957] (Figures 12a
and 12b). By the end of deformation, the salt typically
pierced the fold cores and was exposed at the surface
(Figure 12c¢) resulting in deformation profiles similar to those
inferred from models built with a comparable initial geom-
etry. The deformation pattern in Figure 12¢ has been drawn
on the basis of the model results, with nominal ductile thrusts
in the salt layer emanated from thrusts affecting the under-
lying floor sequence (compare Figure 12c with Figure 12d as
well as with models in Figures 3a—3b, 6, and 8m—80).

[45] In summary, salt diapirism in the Zagros illustrates
how the thickness of the roof sequence above the ductile
layer exerts a primary control on salt piercement and
upwelling in a fold-and-thrust belt. Whereas the thick and
strong roof sequence impeded the rise of the Hormuz salt
and mechanisms other than pure compression have been
advocated for diapirism (i.e., extension or pull-apart-like
openings), a thinner (and therefore weaker) roof sequence
was easily pierced by salt diapirs along the cores of
detachment folds in Late Miocene-Pliocene times. These
observations agree with the current and previous [e.g.,
Jackson and Vendeville, 1994] modeling results which
highlight the major role played by the strengths of roof

sequence and the décollement in controlling deformation
patterns and salt diapirism. Nevertheless, an apparent
discrepancy between model results and nature is that the
Zagros is commonly described as typical fold-and-thrust
belt with OFP style, while modeling suggests that the great
thickness of the sedimentary sequence above the Hormuz
salt should instead favor the development of passive roof
duplexes. Either such passive roof duplexes exist and
have not yet been recognized, or their absence should be
reexamined critically.

4.2. Quantitative Comparison of Model Results
With Natural Fold-and-Thrust Belts

[46] The dynamic scaling of the models described here is
generally sufficiently realistic for the model results to allow
near-quantitative comparison with nature [Ramberg, 1981;
Weijermars and Schmeling, 1986]. Analysis of modeling
results and structural characteristics of fold-and-thrust belts
suggests that both in nature and experiments the overall
deformation style depends upon the rheology of the roof
sequence-décollement system. The behavior of this brittle-
ductile system can be described in terms of shear stress
product (T,74) and shear stress ratio (T,/74), where T, and T4
are the shear stress, calculated at the onset of deformation, at
the base of the variably thick roof sequence and in the
viscous layer, respectively.

[47] In a previous attempt, Bonini [2001] correlated
products and ratios of the shear stresses in the models to
natural fold belts and found a good correspondence between
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d) - model Det.Fd.78

BARG AR Limestone conglomerates
GROUP Marls and sandstones

I:] Marls and sandstones
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Anhydrites, marls
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FARS _- Salt
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Direction of salt flow
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Figure 12. Cartoon showing the evolutionary path of detachment folds as inferred from deformation of
the Fars salt in the Zagros fold-and-thrust belt (reprinted from O’Brien [1957, Figure 6], © Copyright
1957, with kind permission of Kluwer Academic Publishers). (a) Salt pillow stage, (b) detachment fold
stage, (c¢) amplified, potentially diapiric, detachment fold stage (close of Upper Bakhtiari deposition).
This evolution can be assumed as exemplifying that of detachment folds observed in the models, both
with discordant (DC) and concordant (CC) contacts between the silicone and the overlying roof sequence
(see Figure 7). Compare the patterns of detachment folds in Figure 12¢ with model Det.Fd.78 illustrated
in Figure 12d. Notice the disharmony between the structures in the roof sequence and those in the floor
sequence. The dashed line indicates the hypothetical position of thrust faults.

PRD or OFP deformation styles predicted by the modeling
and those observed in the natural cases. Following this
procedure, the experimental curve separating PRD and OFP
domains in the models has been drawn by curvilinear
(power law) regression using transition-style experimental
data points (Figure 13a). The new experiments allow
recalibration and better constraint of the previous empirical
OFP-PRD transition curve reported in Bonini [2001]
because of the addition of the weak décollement (type 1
models) includes much higher 1,/74 ratios and lower 7,714
products than considered in the previous attempt. The
numbers close to the regression curve in Figure 13a denote

the models of series Det.Fd used to constrain the power law
best fit, which gives:

y = 17652x~ 1012, (6)

This curve is even closer to the Cartesian equation of
equilateral hyperbola (xy = a = const) than the previous
one, and the value R ~ 1 (see Figure 13a) indicates that this
approximation is reliable. Modeling results have been
compared, interpreted and extrapolated to natural conditions
by plotting on a logarithmic diagram (Figure 13b) the
experimental regression curve, scaled to natural conditions
by transforming the shear stresses in the transition models
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b) SCALING TO NATURAL CONDITIONS
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Figure 13. Best fit curves of amplified detachment folds and OFP-PRD transitions in (a) models and
(b) scaled to nature. The curves are plotted on a logarithmic diagram with x = 1,74 and y = T/74 and are
constrained by using transitional data points. On the basis of models results, the characteristics of the
main deformation styles are schematically exemplified by insets in Figure 13a. The hypothesized area of
potential salt diapirism is darkly shaded. OFP, outward fold propagation field; PRD, passive roof duplex
field. See Table 2 and Bonini [2001] for model parameters. The thin white lines indicates the boundary of
the silicone viscous layer; dashed lines indicate the inferred position of thrusts.

by the stress ratio o* = 0,,/5,, = 1.9 107° (Table 1), which is

given as:

y=6.81 x 105x71012, (7)

Using the same procedure, from the experimental data
points at the transition from amplified detachment folding
to box folding and thrusting (see the exemplificative insets
in Figure 13a) a power law best fit (with still R ~ 1;
Figure 13a) gives:

y = 18812x 1076 (8)

while the corresponding curve scaled to nature (Figure 13b)
is given as:

¥ =3.99 x 1010x~ 1077 9)

which still indicates a nonlinear process with an equation
close to the equilateral hyperbola. On the basis of the model
results, the dark greg sector (enclosed between T,/74 > 100
and T4 < 100 Pa® in model, and TyTg < 3 10" Pa? in
nature) approximately indicates the field characterized by
long-lived amplified detachment folds where the viscous
material may potentially rise actively in the fold core
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Table 3. Evaporite-Based Fold-and-Thrust Belts Parameters®

Deformation
Style and
Occurrence Reference
Prevalent Average Rate of Diapiric ~ Number in
Estimated Décollement  of Shortening,  Estimated Detachment  Figures 14
Fold-and-Thrust Belt Hy, m Tp, Pa Hy, m Lithology mm yr7l T4, Pa Hy/Hy Folds® and Bl
Appalachian Plateau (1) ~2000 4 x 107 ~100 salt 5.0° 1.6 x 10° 20 OFP, S (24) 1
Parry Islands (2) 5000 108 ~500 salt 10.0 (2) 6.3 x 10* 10 TR, N (2) 2
Eastern McKenzie (3) ~1800 3.6 x 10’ 200 salt 5.0 7.9 x 10* 9 OFP, U 3
Mississippi Fan (4) ~3300 6.6 x 107 500(?) salt 5.0° 32 x 10" 6.6 OFP, Y (4) 4
Eastern Cordillera (5) ~2800 5.6 x 107 ~180 salt ~6.0 (19) 1.1 x10° 155  OFP, S (5) 5
Santos Basin (6) ~250 5% 10° 2000(?) salt 5.0 79 x 10> 012  OFP, Y (6) 6
SE Pyrenees
Serres Marginales (7) ~800 1.6 x 107 250 salt 4.6 (20) 58 x 100 32 OFP, Y(25) 7
Axial Zone (8) ~6000 1.2 x 108 ~250 salt 4.6 (20) 58 x 10 24 PRD, N (8) 8
Jura (9) 1700 3.4 x 10’ 700  salt + anhyd. 2.5 (21) 1.1 x 10 24 OFP, N (9) 9
External N. Apennines (10)  ~2400 4.8 x 107 1000 anhydrite 11.5 (10) 3.6 x 10 5 OFP, O (26) 10
Albanides (11) ~3000 6 x 107 ~2000 salt 5.0° 7.9 x 10° 2 OFP, S (11) 11
W. Hellenic Arc (12) 1500 (?) 3 x 107 ~1500 salt 5.0 10* 1 OFP, Y (27) 12
Mediterranean Ridge (13) ~350 7 x10°  ~1000 salt 40.0 (13) 13 x 10° 035  OFP, N (28) 13
Eastern Rif (14) ~2500 5 x 107 ~500 salt ~2.0 (22) 1.3 x 10* 5 OFP, Y (14) 14
Zagros
Fars Salt (15) 900 1.8 x 107  ~1500 salt 26 (23) 55%x 100 06  OFP, Y (15) 15
Hormuz Salt (15) 6500 1.3 x 10°  ~1200 salt 26 (23) 6.8 x 10* 54  OFP, O (15) 16
Salt Range (16) ~4000 8 x 107 ~500 salt 11.5 (16) 7.3 x 10* 8 TR, O (29) 17
W-Ural foredeep (17) ~2000 4 x 107 ~800 salt ~10.0 (17) 39x 100 25  OFP, Y (17) 18
Amadeus Basin (18) ~5000 108 ~800  salt + anhyd. 5.0° 2 x 10 625 TR, Y (I8) 19

“Thickness of roof sequences and décollement at the onset of deformation, as well as shortening rates and deformation characteristics are based on the
following authors (numbers given in parentheses in columns 1, 6 and 9): 1, Davis and Engelder [1985]; 2, Harrison [1995a, 1995b]; 3, Aitken and Long
[1978], Davis and Engelder [1985] and Vann et al. [1986]; 4, Weimer and Buffler [1992] and Rowan [1997]; 5, McLaughlin [1972]; 6, Demercian et al.
[1993] and Cobbold et al. [1995]; 7, Sans and Vergés [1995]; 8, Puigdefabregas et al. [1992]; 9, Sommaruga [1997]; 10, Calamita [1990] and Calamita et
al. [1994]; 11, Velaj et al. [1999]; 12, Underhill [1988]; 13, Ryan et al. [1982] and Chaumillon et al. [1996]; 14, Yovanovitch [1922], Burger et al. [1962]
and Suter [1980]; 15, O’Brien [1957] and Colman-Sadd [1978]; 16, Baker et al. [1988] and Pennock et al. [1989]; 17, Artyushkov et al. [2000]; 18, Teyssier
[1985] and Lindsay [1987]; 19, Jordan et al. [1983]; 20, Vergés et al. [1996]; 21, Pfiffner [1986]; 22, Morley [1992]; 23, Vita-Finzi [1986]; 24, Frey [1973];
25, Sans and Koyi [2001]; 26, Andreozzi et al. 1987; 27, Brooks and Ferentinos [1984], Auroux et al. [1984] and Monopolis and Bruneton [1982]; 28,
Costa and Vendeville [2001]; 29, Butler et al. [1987]. The shear stress T, at the base of natural roof sequences is referred to the onset of shortening and has
been calculated using the Byerlee [1968, 1978] criterion T, = oy, (I — N\p), with constants jy, = 0.85 and ¢ = 0 MPa for depths lower than 10 km (or
<200 MPa) [Brace and Kohlstedt, 1980; Weijermars, 1997, Weijermars et al., 1993]. Values of T, are referred to dry conditions (\, = 0), while T4 has been
calculated using the Newton criterion (equation (3)) and it is referred to a mean salt viscosity = 10'" Pa s. In accord with experimental data by Carter and
Hansen [1983], the estimated strength of salt is less than 1 MPa. An average volumetric mass py, = 2400 kg m > has been assumed for sedimentary rocks of
the roof sequence.

°A rate of 5 mm yr~ ! has been assumed as mean rate of shortening for the computation of T4 when natural rates were not available.

“OFP, outward fold propagation; PRD passive roof duplex; TR, transition style (both OFP and PRD). Occurrence of salt diapirism at detachment folds;
Y, yes; N, no; S, suspect; U, unknown; O, other mechanisms of salt diapirism.

resulting in a ductile wall that may (or may not) exhibit
disconformable contacts to the fold crest (see Figure 7) and
rise out of the broken hinge (see insets in Figure 13a and
Figure 8n).

[48] Plotting the shear stress ratios and products estimated
(at the onset of deformation) for salt-based natural fold-and-
thrust belts (Table 3) on a logarithmic diagram containing the
scaled experimental regression curves, offers a practical
method for comparing modeling results to natural conditions
[Bonini, 2001]. Salt viscosity for specific décollement layers
is rarely available, so that data points for particular fold belts
have been plotted varying the salt viscosity from 10'° Pa s
(Figure 14a) to 10" Pa s (Figure 14b). The stress values
computed for natural fold-and-thrust belts (for X\, = 0)
together with the correspondent deformation style (OFP,
PRD or transition style, occurrence or absence of salt
diapirism; Table 3) fit rather well the deformation fields
predicted by the modeling (Figure 14), indicating a satisfac-
tory correlation between the experimental results and the

real natural cases. However, this comparison involves some
limitations that need to be pointed out. The determination of
Hy, and Hj at the onset of shortening may represent a source
of potential error in the shear stress estimates. The roof
sequence thickness Hy, can be influenced by uncertainties
related to 1) the timing of onset of shortening, and to
2) the amount of erosion, while restoration of the initial
décollement thickness Hj is affected by the flow of salt. In
addition, diapirism may take place during late phases of
shortening, when the geometry of tectonic thickening and
syntectonic sediments may be very complex and highly
variable across the thrust belt, thus complicating even more
the determination of /. Another limitation concerns the fact
that strain rates in nature have been simplistically determined
at the onset of deformation assuming simple shear (see
section 2.2 and Appendix A). As a final point, the transition
curve has been built for amplified detachment folds that
may possibly evolve to diapirs, while diapirism in fold-and-
thrust belts may also develop according to other mechanisms
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Figure 14. Shear stress products and ratios inferred for salt-based fold-and-thrust belts (Table 3) plotted
on the scaled OFP-PRD and amplified detachment folds transition curves (\, = 0) considering (a) natural
salt décollements with viscosity 1= 10'"°~10"" Pa s and (b) salt décollements with 1= 10'°~10"° Pas.
Thrust belts with basal décollement composed of anhydrites (such as no. 10, External Northern
Apennines) are plotted in Figure 14b only. Hatched area in Figure 14a indicates the sector in the OFP
field, comprised between the two transition curves (equation (B12)), characterized by prevailing box

folding without diapirism.

[e.g., Cotton and Koyi, 2000; Vially et al., 1994; Costa and
Vendeville, 2001], so that the comparison with nature might
be not always straightforward.

[49] Analysis of Figure 14 suggests that for low salt
viscosity (n = 10'°~10'7 Pa s) fold-and-thrust belts
falling in the OFP field should nearly all be characterized
by conditions favorable to development of diapirism
(Figure 14a). Conversely, increasing salt viscosity (1 =
10'8-10" Pa s) implies that almost all the OFP-style
fold-and-thrust belts move outside the dark grey area
(Figure 14b). This behavior may also suggest that natural
detachment folds affecting thin roof sequences without
salt piercement and salt at the surface might indicate the
presence of a high-viscosity salt décollement.

[50] The experiments were performed in dry conditions
(N = 0), and the consideration of the more general case
with finite pore fluid pressure is illustrated in detail in
Appendix B, which shows the strong dependence of defor-
mation styles transitions upon pore fluid pressure in the roof
sequence (\p). Particularly, increasing the N, value reduces
the brittle shear stress T, and the transition curves moves
into the PRD field, giving increasing relevance to the OFP
style. This behavior involves that chains exhibiting PRD
style for A\, = 0 may move into the OFP field, possibly also
developing the conditions favourable to salt diapirism. In
this view, alternate drops or increases in the fluid pressure
may result in alternate phases dominated by PRD or OFP

styles. This eventuality should be rather common and may
explain why fold-and-thrust belts with relatively thick roof
sequences (H, = 4000—6500 m) are stable in the PRD
field for Ay, = 0 and deform according to the OFP style, such
as fold-and-thrust belts (indicated with TR in Table 3) 2
(Parry Island), 17 (Salt Range), and 19 (Amadeus Basin)
(Figure 14 and Appendix B). Raised pore fluid pressure in
the roof sequence could explain the dominant OFP style
exhibited by the Zagros fold-and-thrust belt (data point 16)
despite its great H,, thickness (see section 4.1.2).

[51] It is worth stressing here that OFP and PRD styles
also depend upon increase in the roof sequence thickness Hj,
by synshortening sedimentation. This in turn implies that
various structural styles may occur in different sectors and
in different times during the evolution of a given thrust belt
depending on the local H, changes. Both end members
(OFP and PRD) could coexist due to lateral variation in
thickness that is typical of the syntectonic sedimentary
wedges developing at the front of a growing fold-and-thrust
belt, a setting favoring the development of OFP style in the
foreland and PRD style in the hinterland. Taking the
Northern Apennines as an example representative of many
others, this fold-and-thrust belt (data point no. 10) began to
deform with typical OFP style [e.g., Calamita, 1990;
Calamita et al., 1994]. Then, foredeep sedimentation,
supplied from the Alps, doubled the roof sequence thickness
(from 2400 up to more than 5000 m) so that PRD-like
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structures developed in the hinterland while OFP deforma-
tion persisted in the most external sectors.

[52] As well as affecting the OFP-PRD transition,
changes in pore fluid pressure in the roof sequence should
also affect salt diapirism. An increase in pore fluid pressure
weakens the roof sequence and widens the area of diapirism
(Appendix B), and is expected to increase the critical
thickness Hy.;; which can be potentially pierced by salt
diapirs developing under conditions similar to the models.
This supposition accords with the fact that modeling
predicts (for A\, = 0) a maximum Hy; of the order of
1200—1800 m (i.e., 4—6 mm in the model), but salt diapirs
piercing detachment folds with roof sequences as thick as
3000 m have documented in nature (fold-and-thrust belts
no. 4, 5, 11, and possibly 19; Table 3). Nevertheless, in
nature, the roof sequence might be thinned by erosion at the
anticline crest and favor diapirism, so that the actual Hyp
might be significantly lower than the thickness of the roof
sequence away from folds.

[53] In conclusion, the results discussed above highlight
once more the importance of pore fluid pressure (\p)
upon the development of fold-and-thrust belts [e.g.,
Gretener, 1981; Cello and Nur, 1988]. However, the
tectonic scenarios in which synshortening salt diapirs
may develop is rather complex and depend on a number
of parameters that should be determined at the onset of
(and possibly during) deformation. These include salt
viscosity (m), roof sequence and salt décollement thick-
ness (including synshortening sedimentation) (H,, Hy),
and pore fluid pressure (,), though most of them are
often poorly known. Despite these uncertainties, the
relations between shear stresses and pore fluid pressure
presented in this work may offer a tool for estimating
quantitatively the tendency of a given fold-and-thrust belt
to promote fold amplification and salt diapirism in
detachment folds.

5. Concluding Remarks

[54] The above results illustrate the mechanical consis-
tency of analogue models to be an effective tool for
improving our understanding about the dynamics of tectonic
processes. The main conclusions derived from this experi-
mental work can be summarized as follows:

[s5s] 1. Analogue models confirm that, mostly depending
upon the roof sequence strength, a shortened brittle-ductile
system deforms according to two main geometric styles,
outward fold propagation (OFP) and passive roof duplex
(PRD), with shallow depth of burial favoring detachment
folding (low Hy) and thick (or strong) roof sequences
(high H,) promoting PRD style.

[s6] 2. Modeling results emphasize the importance of
PRD structures in the deformation of thrust belts. Passive
roof thrusts easily give rise to younger-over-older relations
in contractional settings. This mechanism has apparently not
received a sufficient attention so far although it is easy to
confuse with low-angle normal faulting.

[57] 3. The viscosity of the décollement layer controls
the horizontal propagation of detachment folding. which is
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higher for high-viscosity décollements (type 2 models) and
practically nil for low-viscosity décollements (type 1 mod-
els). This may suggest that strong décollement layers may
decouple structures in the roof sequence from those in floor
sequence more effectively than a weak décollement layer.

[s8] 4. The models show that the viscous layer flows
from beneath the synclines and their flanks into the cores of
anticlines in the roof sequence. In type 1 models, owing to
the low 74, the deformation concentrates in a single long-
lived detachment fold that amplifies significantly and
typically exposes the ductile core at its crest. The rise of
the viscous layer is intimately associated with strain local-
ization above the tips of nominal ductile blind thrusts, and is
accompanied by the development of a crestal graben which,
depending on the relative activity of the fold limbs, may
evolve to a dilatational fissure or be intruded by a ductile
wall. In this latter case, the silicone intrudes the faults
bounding the graben, rises above the broken fold hinge
and may collapse over the surface.

[59] 5. Deformation patterns observed in the models can
be qualitatively compared to those described for some
natural examples of detachment folding compared with
salt exposed locally along their cores, as in the northern
Hellenic Arc and the Zagros.

[60] 6. Best fitting of experimental data points at the
transition from (1) OFP to PRD and (2) from amplified
detachment fold to box fold and thrusting indicates
a nonlinear process with regression curves near to the
equation for a Cartesian equilateral hyperbola (y = ax™").
Comparison of the scaled transition curves with nature
reveals a satisfactory correspondence between the deforma-
tion styles (OFP, PRD, TR, presence or absence of salt
diapirism) predicted by the modeling and those reported in
the literature for salt-based fold-and-thrust belts.

[61] 7. Scaling of models suggests that, in dry roof
sequences, diapiric detachment folds in the OFP field may
be quantitatively estimated to potentially occur in nature for
T/Tq4 > 100 and TyT4 < 3 10'3 Pa?. Variations of pore fluid
pressure in the roof sequence (X\,) can shift the equilibrium
field from PRD to OFP and vice versa during the lifetimes
of particular fold-and-thrust belts. Increasing X\, decreases
the strength of a roof sequence that in turn should favor
detachment folds to became active diapirs.

Appendix A: Deformation Patterns in
Viscous Layers

[62] The final shapes of initially vertical strain markers
vary through the silicone layer of type 1 models and
demonstrates that the strain was heterogencous [Ramsay
and Huber, 1983]. For H, > 0.4 cm (models Det.Fd.79, 74
and 76), the initially vertical passive markers in the silicone
layer exhibit a markedly asymmetric distribution above the
floor duplex. This distribution is consistent with a hinter-
landward displacement of the roof sequence (PRD or
transition styles; Figures 3b—3d). This effect is not observed
in models with A, = 0.2 cm (model Det.Fd.60) where most
of the silicone was extruded vertically toward the core of
small anticlines (OFP style; Figure 3a). Markers in the
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silicone layer in front of the most external thrust fault in the
floor sequence indicate ecither outward or inward flow
(Figures 3a—3d). Here the silicone does not exhibit signif-
icant thickening, indicating that simple shear deformation
represents a reasonable approximation for evaluating a
strain rate in the model, which for simplicity has been
calculated at the onset of shortening by equation (3) taking
the initial Hy (see section 2.2).

[63] In a décollement layer composed of PDMS (type 2
models; see Bonini [2001]), the deformation pattern in front
of the thrust fault in the floor sequence (T) still varies
depending upon the deformation style of the roof sequence.
In the PRD style, the initial circles and vertical markers in
the viscous layer are still deformed roughly consistently
with a simple shear deformation (Figure Ala; model
Det.Fd.81 at 5% BS and H, = 1 cm). The distortions of
circles and vertical markers in OFP mode (Figure Alb)
instead indicate a more complex deformation history, which
combines pure and simple shear. In model Det.Fd.67 (5%
BS and H, = 0.2 cm;) the silicone exhibits a marked
thickening, with strain markers outward (i.e., to the right)
of fold 3 (but also inward of fold 1) indicating shortening by
nearly pure shear (Figure Alb). A minor component of
simple shear along the lower silicone boundary is suspected
to occur inward of fold 3. Below folds 1-3 in the roof
sequence, the upper boundary of the silicone PDMS is
instead affected by mainly simple shear as a result of
the relative outward displacement of the roof sequence
in response to folding. This pattern might suggest that this
simple shear deformation was superimposed onto the
formerly pure shear-dominated deformation as folding
progressed outward.

[64] Although strain in type 2 models with OFP style
was heterogeneous, the strain rate might be still roughly
approximated using equation (3). This because, for moder-
ate percentages of bulk shortening, the horizontal and
vertical velocities are similar. Considering the strain rate
along the direction of the vertical axis u, it is given by the
general equation for strain rate € = [(/; — [,)/l,] ", where /,
and /, are the final and initial length and 7 is the time of
deformation. Strain rate along the vertical axis (#) can be
written as:

. du Yy
g, = = —
“dtu,  uo

(A1)

where (calculating the strain rate at the onset of deforma-
tion) uy(= I,) = Hyq. Assuming plain strain and area conser-
vation, initial pure shear deformation (as exemplified by the
ellipses to the right of fold 3 in Figure A1b), the initial strain
marker circle deforms into an ellipse of equal area [e.g.,
Price and Cosgrove, 1990]:

(circle area)w? = abm(ellipse area),

where, 7 is the radius of the initial circle, ¢ and b are the
minor and maximum semi axes of the ellipse, respectively
(Figure Alc). During pure shear deformation, the semi axis
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Figure Al. Deformation patterns in PDMS décollement

(type 2) deduced by the distortion of initial circles placed
vertically along a longitudinal section in the middle part
of the viscous layer. Line drawings are of (a) model
Det.Fd.81 (with PRD style) and (b) model Det.Fd.67 (with
OFP style). In model Det.Fd.81, in front of the floor
sequence thrust (T), the viscous layer reveals nearly simple
shear deformation, which is given by the moving roof
sequence detached above the décollement (along the passive
roof thrust) with respect to the “stationary” floor sequence.
In model Det.Fd.77, distortion of the strain markers circles
suggests a more complex deformation pattern, with nearly
simple shear superimposed onto early layer-parallel short-
ening (pure shear) deformation, which is suggested by
the ellipses below the roof sequence unaffected by folding.
(c) Parameters of pure shear deformation of an initial circle
to an equal area ellipse for modest strain (approximately
<10% bulk shortening).
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a shortens by d/ and, in the same time interval, the semi
axis b lengthens by du (Figure Alc), so that:

a=r—dh,

b =r+du.

Since > = ab, then +* = (r — dh)(r + du), and resolving du in
terms of dz we obtain:

rdh

=T A2
=" (42)
which, for an initial radius of unity becomes:
dh
du = A3
YT dn (A3)

From equation (A3), for modest strain (i.e., <10% bulk
shortening) the contraction along axis / is very close to the
lengthening along axis u, such that d4 ~ du is a reasonable
approximation. This suggests that velocity components
along axes h and u of the ellipses are similar and can be
approximated as:

_Jan
T lde

, and |vy| & v,

dh
ds

Thus from equation (Al) it can be approximated (for low
bulk shortening) that:

éu:éh%’y:};_};7 (A4)
which is the engineering strain rate given in equation (3). In
the comparison of model results to nature, consideration of
the engineering strain rate at the initial stages of shortening
may be more practical than the geological horizontal strain
rate because the viscous layer thickness may be estimated
rather easily (e.g., from drills or stratigraphic sections),
while estimation of the initial width requires the availability
of more data sets (i.e., seismic sections as well as section
restoration and balancing).

Appendix B: Deformation Styles, Salt
Diapirism, and Pore Fluid Pressure (\)

[6s] The experiments were performed in dry conditions,
thus with X = 0. The analysis of the general case with
finite pore fluid pressure in the roof sequence was consid-
ered in Bonini [2001]. That procedure is modified below by
introducing the new power low best fit curves (equations 7
and 9 in section 4.2), the parameter cohesion, and correcting
some inexactness contained in the previous equations.
Starting from the Mohr-Coulomb equation for brittle failure:

T=op(l =\) +e¢, (B1)
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where T and o are the shear and normal stresses acting on
the fault plane, p = tan ¢ is the friction coefficient, ¢ is the
angle of internal friction, X is the Hubbert-Rubey coefficient
of fluid pressure, and c is the cohesion, the coordinates of a
generic point (x, y) in the diagrams of Figure 13 can be
written as:

x = TpTd = [obhp (1 — No) + cv][0apa(1 — Na) + cdl,

_ o [obiy (1= No) + ]
Ta [oang(1 —Na) +ca]’

where subscripts b and d refer to the roof sequence and the

décollement layer composed of shale, respectively. Values

of 0 and p can be considered constant, with £ = oppy, and

K = o4pq, so that:

x =K' [(1 =) + (eo/B)][(1 = Na) + (ca/k)],

K1 =) + (en/k)]
T TR = N) + (ca/k)]

k
and, considering ¥ = o and X = k¥, this reduces to:
x=X[(1 =) + (eo/B)][(1 = Na) + (ca/k)],

[ =N) + (e /K)]
Y=Y 10N + (o)

(B2)

Substituting equations (B2) in equation (7) it gives:

Y = [(1 =) + (eo/k)] > [(1 = Na) + (ca/B)] 02 ax 1012,
(B3)

where 4 = 6.81 x 10'5 Pa*%%* Considering the Byerlee
[1968, 1978] criterion for depths <10 km (or <200 MPa),
which is appropriate for roof sequences, i, = 0.85 and ¢, =0
[Brace and Kohlstedt, 1980; Weijermars, 1997]. In the case
of a shale décollement pg = 0.25 above 5.5 km depth, py =
0.55 between 5.5 and 11 km and pg = 0.7 below 11 km; ¢4 =
0 above 11 km and ¢q = 25 MPa below [Weijermars et al.,
1993]. Therefore in the range of the sedimentary cover
(depths <10 km) cohesion can be considered as negligible
(cp, = 0 and ¢4 = 0), so that:

Y = (1 = %) 202(1 = 2ng) 0021012, (B4)
Nevertheless, this paper focuses on salt décollement where
T4 = 7€, so that equation (B4) reduces to:

Yians = (1= ) 024X 102, (B3)
where subscript trans refers to OFP-PRD transition in salt-
based fold-and-thrust belts. Notably, equations (B4) and (B5)
correct the corresponding equations in Bonini [2001] where
the sign of the exponents was incorrectly reported as
positive. This mistake involved some erroneous conclusions
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concerning the shifting of the OFP-PRD transition because of
its dependence upon pore fluid pressure. Therefore the
procedure for evaluating a priori the tendency of a given
roof sequence-décollement system to develop OFR or PRD
styles described in Bonini [2001] is still valid but it should
be partly modified taking into account these new equations.

[66] Applying to the transition form amplified detachment
folds to box folds and thrusting in nature the procedure
outlined above, from equation (9) this boundary can be
expressed as:

Y = [(1 =)+ (eo/R)] > [(1=Na) + (ca/k) "7 BT,
(B6)

where B =3.99 x 10'° Pa>!**, Then, for salt décollements,
equation (B6) reduces to:

Yampr = (1 = o) 27" BX 1077, (B7)
where subscript ampl refers to the transition to amplified
detachment folds developing in salt-based fold-and-thrust
belts. The dependence of deformation styles transition
curves (equations B5 and B7) on pore fluid pressure is
plotted on Figure Bla for A\, = 0, N\, = 0.4, X\, = 0.7 and
Xp = 0.9, showing the progressive shifting of the transition
curves into the PRD field.

[67] The relations between the various structural styles
exhibited by fold-and-trust belts can be also evaluated
considering both the intersection and the area between the
experimental curves at OFP-PRD and amplified detachment
folds transitions. The intersection point can be computed
solving the system composed of equations (B3) and (B6):

Y = D_O‘OIZE_Z'OIZAX_I'OIZ
{ (B8)

Y = D_0‘077E_2'077BX_1'077 ,

where D = (1 — >\d) + (Cd/k/), E = (1 — >\b) + (Cb/k)
Substituting the Y value of the lower equation into the upper
equation of the system yields:

X0.065 —_ BA_ID_0'065E_0'065.

After rearranging the equations, the coordinates of the
generic intersection point can be expressed as:

{ X = (B4 pp)~! (B9)

y — 4(1.077/0.065) p~(1.012/0.065) -1 (B10)

The position of the intersection point (x;., yint) between the
two transition curves (see for instance those in Figures 14a
and Bla calculated by equations B9 and B10) implies that
there is a region in the OFP field characterized by prevailing
box folding without diapirism and another smaller region
in the PRD field where diapirism might be potentially
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Figure B1. (a) Diagram showing the dependence of OFP-

PRD and amplified detachment folding—box folding
transitions upon pore fluid pressure in the roof sequence
Np. The OFP-PRD transition curves correct those in Bonini
[2001]. The box folding area in the OFP field comprised
between the transition curve pair increases with X.
(b) Shifting of fold-and-thrust belts data points calculated
for various salt viscosities and in case of A\, = 0.4. Note that
all data points move into the OFP area. The white arrows
indicate the shifting of data points 8 and 14 (chosen as
representative) from A\, = 0 to N, = 0.4.
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promoted. Salt diapirism at the front of the Peruvian Andes
described by Vann et al. [1986], as well as the deformation
of the Gardiner Range Thrust at the margin of the Amadeus
Basin reported in Lindsay [1987], might perhaps be
examples of diapirism at detachment folds associated with
PRD style (compare with model Det.Fd.74 in Figure 3¢ and
model Det.Fd.66 in Figures 8m and 8n).

[68] The area included between the two transition curves
in the OFP field with prevailing box folding without
diapirism (hatched area in Figure 14a) is also depending
on X\,. Such an area can be obtained analytically by
integrating the difference between equations (B3) and (B6):

b
Area = /[(D70‘012E72'012AX71'012) _ (D70'077E72'077BX71‘077)] dx

a

(B11)

which, for facilitating the computation, can be simplified
by introducing Kost; = D 0012E=2.0124 and Kost, =
D "E=2077R thus becoming:

b
Area = / [(Kost1X7<1012/1000)> — (Kost2X7(1077/1000)>]dx.

a

Solving the integral, the generic equation for the area
between the two transition curves can be expressed as:

Area = Kost, E (afo.mz - b70'012) + Kost, g (b70.077 - a’0'077)
12 77 )
(B12)

where a and b are the integration boundaries. From
Figure Bla, it appears that the intersection point (Xing, Vint)
is clearly dependent upon X,. Taking boundary a as the
intersection point x;,, (determined from equation B9 for the
various values of \,) and boundary b conveniently fixed at
10" Pa?, implies that the box folding area in the OFF field
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Figure 6. Close-up of detachment fold cores exemplifying the two main deformation patterns identified
in type 1 models. (a) Photograph and (b) interpretative line drawing of a ductile wall exhibiting
concordant contacts with both fold limbs. Note the sense of asymmetry of the top silicone free surface at
the fold core pointing to a faster growth rate of the forelimb. (c) Photograph and (d) interpretative line
drawing of a ductile wall exhibiting a disconformable contact with the broken fold hinge. B, backlimb; F,
forelimb; S, silicone.
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Figure 8. Models performed with synshortening sedimentation. Top view photographs illustrate the
main experimental phases: (a, 1) initial, (b, j) prior to sedimentation, (c, k) after the first sedimentation
event, and (d, 1) final topography. (e, m) Transversal sections and (g, o) corresponding line drawings
show detachment folds located typically above floor thrusts tips. The black box in Figures 8¢ and 8m
indicates the close-up of amplified detachment folds in Figures 8f and 8n. The dashed box in Figures 8g
and 8o at the frontal part of the emergent anticline indicates were dip and length of syntectonic strata have
been measured and reported in the diagrams of Figures 8h and 8p. Numbers in Figures 8h and 8p denote
the growth strata from the lower to the upper. Black triangles indicate the position of the main blind floor
thrusts tip.
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