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Tectonic models for the evolution of the Patagonian orogenic curve were evaluated using analog experiments
that considered either a rotational or a non-rotational orogenic backstop, combinedwith a basement promontory
on the foreland cratonic margin. Five different kinematic configurations were used, aiming to evaluate the
influence of the Río ChicoArc as a rigid obstacle on the evolution of the Fuegian thrust–fold belt. Rotations, strains
and displacement fields obtained from each analog experiment were compared with the structural geology
known from the Fuegian thrust–fold belt, in order to appraise the tectonic models that are more consistent
with the natural structure. The push of a counterclockwise rotational backstop, combined with the buttressing
effect of a foreland promontory, seem of major importance in controlling the final structure and map-view
shape of the thrust wedge.
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1. Introduction

The Fuegian thrust–fold belt constitutes the orogenic front of the
southernmost Andes in Tierra del Fuego, where they form the eastern
part of an orogenic curve changing strike from N–S to E–W in an arc-
distance of almost 500 km (Fig. 1). The origin of this curve, named
Patagonian Orocline by Carey (1958) (we use here the term Patagonian
curve), has been considerably disputed. While initial studies revealed
that part of the orogen has been apparently bent in a counterclockwise
(CCW)motion of about 90° (Burns et al., 1980; Cunninghamet al., 1991;
Dalziel et al., 1973), recent ones argued that bending, if occurred, did not
affect foreland strata younger than 50Ma (Maffione et al., 2010), or only
affected discrete portions of the Patagonian curve due to non-coaxial
deformation (Poblete et al., 2014). These recent paleomagnetic studies
appear to support a primary curve origin (cf. Marshak, 2004) for the
thrust–fold belt, which contains curved thrusts as young as early
Miocene in Tierra del Fuego. On the other hand, taking into account
CCW rotations for the outer arc of the Patagonian curve (cf. Poblete
et al., 2013), a model can be put forward where a rotating backstop of
older rocks in the core of the orogen bulldoze the foreland basin
r (P.J. Torres Carbonell),
ail.com (D. Yagupsky),
sediments (Ghiglione and Cristallini, 2007; Torres Carbonell et al.,
2014). Different patterns of rotations could result from such a scenario.

An additional aspect considering this latter framework is that during
orogenesis the thrust–fold belt collided with the rigid foreland,
especially in the Fuegian limb of the orogenic curve. It has recently
been proposed that the foreland cratonic margin, with an irregular
shape, may have exerted a buttressing effect on the thrust–fold belt,
thus conditioning its curved configuration and its tectonic evolution
(Torres Carbonell et al., 2013a). This aspect becomes even more impor-
tant taking into account the Late Cretaceous toMiocene underthrusting
of the cratonic slab as a fundamental part of the Fuegian Andes develop-
ment (Klepeis et al., 2010; Torres Carbonell and Dimieri, 2013). This
idea is also supported by seismic evidence showing the control of the
foreland basement topography on the location of frontal structures of
the thrust–fold belt (Torres Carbonell et al., 2013a).

The effects of a rotational vs. an originally curved backstop have
been already tested with analog models, finding that both configura-
tions can cause an arcuate sand wedge similar to the Patagonian
curve. The models performed reveal diverse displacement fields,
variable shortenings along the arc, and changing amounts of thrusting
vs. strike-slip faulting (Ghiglione and Cristallini, 2007). However, recent
work in the Tierra del Fuego has shown features of the thrust–fold belt
that were not accounted for in those previous models, particularly
the concave-to-the-north recess along the Fuegian thrust–fold belt
(Península Mitre Recess), whose eastern termination reveals a turn
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Fig. 1. Geologic map of the Patagonian curve, compiled from Olivero and Malumián (2008), Panza et al. (2002), SERNAGEOMIN (2003), and Klepeis et al. (2010). Green bars indicate
location of shortening estimations for the foreland thrust–fold belt (Cretaceous–Cenozoic cover), from Fosdick et al. (2011) in the South Patagonian Andes, Alvarez-Marrón et al.
(1993) in the Chilean part of Tierra del Fuego, and Torres Carbonell and Dimieri (2013) in the Península Mitre Recess. Shortening percentages for the frontal portion of the Fuegian
thrust–fold belt are indicated inmagenta, from Torres Carbonell et al. (2013a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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towards SW–NE structural trends (Fig. 1) (Torres Carbonell et al.,
2013a). The shortening directions change along the recess, keeping per-
pendicularity with local structures, and are therefore NW–SE oriented
at the eastern limb of the recess (Torres Carbonell et al., 2013a,b).
There is also a lateral variation in shortening magnitudes obtained
from structural cross-sections, which indicate significantly higher
percentages of shortening in the axis of the recess (Fig. 1) (Torres
Carbonell et al., 2013a).

In this work we used analogue modeling to test different structural
configurations resembling alternative hypotheses for the evolution
of the Patagonian curve, either with a rotational or a non-rotational
orogenic backstop, considering the fundamental role of the foreland
cratonic margin geometry in the evolution of the Fuegian thrust–fold
belt. The results of the analog experiments contribute to the appraisal
of different tectonic models for this portion of the Andes, by means of
evaluating the consistence of these results with the structural data
from the Fuegian thrust–fold belt.

2. Geologic background of the Fuegian Andes

The FuegianAndes extendwith aWNW–ESE regional trend from the
Magellan Strait to Staten Island, forming the eastern limb (or Fuegian
limb) of the Patagonian curve (Fig. 1). Since the Oligocene they consti-
tute part of the NW Scotia Arc, and are connected to the east with the
North Scotia Ridge. For our purposes, we will describe the prior history
of the Fuegian Andes starting from the Late Jurassic continental
stretching in SW Gondwana (South America) that led to a volcano-
tectonic rift, which was associated with deposition of volcanic and
volcaniclastic rocks on Paleozoic continental crust (Calderón et al.,
2007; Wilson, 1991). Stretching continued until the Early Cretaceous,
causing the local creation of oceanic floor in a back arc basin called
Rocas Verdes Basin (Calderón et al., 2007; Mukasa and Dalziel, 1996).
Marginal marine to arc-derived sediments filled this basin until the
Albian (Fildani and Hessler, 2005; Olivero and Martinioni, 2001).

The Rocas Verdes Basin rimmed SW Gondwana for more than
1500 km, and was connected southeastward with the Weddell Sea
(Dalziel et al., 2013a). The west-SW border of the Rocas Verdes Basin
was a volcanic arc rooted on ensialic crust (Dalziel, 1986), probably
connected to the south with the Antarctic Peninsula (Barker, 2001;
Dalziel et al., 2013a).

As revealed by structural maps (Biddle et al., 1986; Yrigoyen, 1989),
the cratonic margin of the Rocas Verdes Basin has a general SSE trend in
the NW part of the basin, but toward the east this margin projects
southwards for about 300 km forming the Río Chico (or Dungeness)
Arch (Fig. 1). The promontory's southern tip is best defined below its
1.5 km depth structural contour. The Río Chico Arch plunges toward
the south,with a topography controlled by Late Jurassic-Early Cretaceous
normal faults that bound grabens and hemigrabens created during the
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Jurassic continental stretching, and reactivated during Cretaceous–
Paleogene subsidence (Galeazzi, 1998; Ghiglione et al., 2010; Robbiano
et al., 1996).

The Rocas Verdes Basin closed in the Late Cretaceous due to
increased westward movement of the South America plate (Dalziel,
1986). In Tierra del Fuego, the history of closure involved obduction of
the oceanic floor and underthrusting of the South American cratonic
margin, and further collision of themagmatic arc with the cratonicmar-
gin (Klepeis et al., 2010; Nelson et al., 1980). High-grade metamorphic
conditions (upper-amphibolite facies) in themiddle crustwere reached
during basin closure and initial buildup of the Fuegian Andes (Kohn
et al., 1993; Nelson et al., 1980). The back arc continental basement, as
well as Jurassic granites, Upper Jurassic volcanics, and the oceanic floor
and sedimentary fill of the Rocas Verdes Basin were all affected by N-
andNE-vergent (present day orientation) folds and ductile thrusts asso-
ciatedwith basin closure (Klepeis et al., 2010; Nelson et al., 1980). Away
from the higher-metamorphic grade zone of Cordillera Darwin (Fig. 1),
greenschist or lower facies regional metamorphism accompanied the
deformation associated with foreland directed simple shear (Bruhn,
1979; Tanner andMacdonald, 1982; Torres Carbonell andDimieri, 2013).

Further contraction from the Late Cretaceous to the early Neogene
produced large scale thrusting of the continentalmargin, with deforma-
tion transferred to shallower levels in the crust affecting a coeval
foreland basin (Austral or Magallanes Basin) (Torres Carbonell and
Dimieri, 2013). This gave birth to the Fuegian thrust–fold belt, with
major detachments at Lower Cretaceous and Paleocene horizons
(Zanella et al., 2014; Torres Carbonell et al., 2011).
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The initial thrust wedge affected Cretaceous sedimentary rocks
under low to very-low grade metamorphic conditions, associated with
development of tectonic disjunctive foliations formed by pressure-
solution. The regional trends of these foliations reveal the early formation
of a concave-to-the-northmap-view curve, called PenínsulaMitre Recess
(Fig. 1) (Torres Carbonell et al., 2013b). The recess continued to grow as
younger thrusts where emplaced in the thrust–fold belt until the Early
Miocene, as recorded by the youngest syntectonic angular and progres-
sive unconformities in lower Miocene beds (Ghiglione et al., 2010;
Ponce et al., 2008; Torres Carbonell et al., 2013a).

Measurements from balanced cross-sections and from the analysis
of depth-converted seismic sections in the frontal thrust–fold belt
indicate that shortening increased toward the apex of the Península
Mitre Recess (Fig. 1). Accordingly, structural geometries at this site are
more complex, with closer folds than at the western limb of the recess
(Torres Carbonell et al., 2013a). This is revealed not only at the thrust
front, but also at inner sectors of the recess, where a cross-section
of the apex reveals a very complex structural style in the Upper
Cretaceous–Cenozoic deformed strata, including north- and south-
vergent structures, and out-of-sequence thrusts, formed during several
structural stages andwith an overall shortening of at least 46 km(Fig. 1)
(Torres Carbonell and Dimieri, 2013; Torres Carbonell et al., 2011). At
the region of maximum curvature in map-view, the thrust–fold belt is
overprinted by gentle N–S oriented folds (Fig. 2A) (Torres Carbonell
et al., 2011), consistent with some recently obtained post-middle
Eocene paleostress tensors from fault slip data in the same region,
which indicate compression parallel to the structural trends (Maestro
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et al., 2015). In comparison, the structural style at the western limb of
the recess (the only one exposed onshore), shows northeast-vergent
thrust-sheets and related folds, continuous along strike for many
kilometers, which at the frontal 50 km of the belt are open to gentle,
large-wavelength folds (Alvarez-Marrón et al., 1993; Zanella et al.,
2014). Calculated shortenings for that part of the thrust–fold belt
range between 30 and 35 km (Fig. 1) (Alvarez-Marrón et al., 1993;
Kley et al., 1999; see Torres Carbonell and Dimieri, 2013 for an analysis
of reported shortenings).

After contraction ceased, a strike-slip faulting regime, associated
with the development of the seismogenic Fagnano (Magallanes) trans-
form system (Fig. 1) (Lodolo et al., 2003), controlled the tectonic history
of Tierra del Fuego since the Late Miocene (Torres Carbonell et al.,
2008a). Birth of the Fagnano transform system is probably related to
the onset of the northern transform boundary of the Scotia Plate,
which runs along the North Scotia Ridge since the Late Miocene
(~11 Ma) (Barker, 2001; Dalziel et al., 2013b). The main effect of this
strike-slip deformation in the Fuegian Andes is the ~50 km left-lateral
offset of the previous contractional structures along a ~10 km wide,
roughly E-W striking deformation zone (Torres Carbonell et al.,
2008a). The effect of this fault zone on rocks older than the Quaternary
is rarely exposed. However, everywhere they post-date the Late
Cretaceous–early Neogene thrust–fold belt structures (Klepeis, 1994;
Torres Carbonell et al., 2008a, 2011).

2.1. Tectonic models for the orogenic curve

The original interpretation of the Patagonian curve as an orocline
(Carey, 1958) has been in part supported by paleomagnetic data from
the southernmost Andean belt (Burns et al., 1980; Cunningham et al.,
1991; Dalziel et al., 1973; Poblete et al., 2013; Rapalini, 2007). Some of
the paleomagnetic data, however, are not constrained by present-day
standards and thus the rotational origin of the Patagonian curve
remains uncertain (Rapalini, 2007). Nevertheless, based on the appar-
ently consistent distribution of paleomagnetic declinations that reveal
variable amounts of CCW rotations, many proposed models for the
origin of the curve involve bending.

Burns et al. (1980) first explained the closure of the Rocas Verdes
basin by CCW rotation of the pacific-side magmatic arc during the Late
80-60 Ma
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Cretaceous. A similar model was later developed by Kraemer (2003),
who proposed that rotation continued through the Cenozoic until the
Miocene, stopping when thrust–fold belt tectonics ceased. Cunningham
(1993) explained the evolution of the Patagonian curve within a context
of regional E–W left-lateral strike-slip tectonics since 120 Ma to the late
Neogene, which caused the Southernmost Andes–Antarctic Peninsula
continental belt to be dissected by numerous left-lateral strike-slip faults,
ultimately causing continental separation and creation of Drake Passage.
The Fuegian Andes, according to this interpretation, were affected by
transpression and pure strike-slip faulting. The orogen was separated
into blocks bounded by strike-slip faults, each rotated in a CCW sense.
Even if attractive, this model is not consistent with structural data from
the Fuegian Andes obtained after Cunningham's model. These data
include: evidence of major thrust-related contraction both in the inter-
nal orogenic wedge (Klepeis et al., 2010; Torres Carbonell and Dimieri,
2013; Cao et al., 2015) and in the thrust–fold belt (Torres Carbonell
et al., 2011; Zanella et al., 2014); and conspicuous evidence indicating
that the major strike-slip faults are younger than the contractional
structures (Torres Carbonell et al., 2008a,b, 2011; Klepeis et al., 2010),
and most probably related to the initiation of the transform boundary
between the South American and Scotia plates during the Miocene
(Fig. 3) (Barker, 2001; Dalziel et al., 2013a,b).

A similar tectonicmodel involving transpressionwas put forward by
Diraison et al. (2000). This model also assumed that strike-slip tectonics
dominated the deformation style of the Fuegian Andes and Patagonian
curve since its Late Cretaceous origin, in coincidence with the model
presented by Cunningham (1993). The structural data presented by
Diraison et al. (2000) consists on fault slip data analyzed for bulk strain
estimations. However, no data on the relative age of faulting is presented
in that work, and all faults are assumed to pertain to a single phase of
Late Cretaceous–Cenozoic age. This span is clearly large enough to
consider more than one faulting phase (Maestro et al., 2015). Thus,
analogous to Cunningham's proposal, the model from Diraison et al.
(2000) is weakened by the same younger structural dataset obtained
in the region, mentioned above, which indicates contraction followed
by strike-slip faulting.

Diraison et al. (2000) also presented a lithospheric-scale analog
model involving an oceanic plate subducted beneath a continental
corner, which acted as an area of transition from frontal subduction,
40-20 Ma
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to left-lateral strike-slip. However, the model concentrated on the
Neogene deformation of southernmost South America, when the Pata-
gonian curve already existed, therefore it doesn't address the main
topic of our discussion (i.e. the tectonicmodels for the Patagonia curve).

On the other hand, a model for a primary curve was presented by
Ghiglione and Cristallini (2007), who used analog models to test the
resulting effects of a concave backstop pushing the sedimentary cover
toward the foreland. The curved indenter was forced into the sand fill
resembling the push of a curved orogen (of Late Cretaceous age) toward
the Cenozoic foreland basin; experiments involved both a fixed and a
CCW rotational backstop. The models successfully reproduced the
Patagonian curve, and the authors considered that the best model was
one where indentation occurred in two phases: the first one highly
oblique to the Fuegian segment of the orogen (NE directed motion),
and the second one highly oblique to the Patagonian segment and
parallel to the Fuegian limb (ESE directed motion). This experiment
resulted in ESE structural trends in the Fuegian segment, i.e. mostly
parallel to the backstop.

Recent paleomagnetic results from foreland basin sedimentary rocks
reveal that no vertical axis rotations took place in the eastern Fuegian
thrust–fold belt after ~50 Ma (Maffione et al., 2010), while contrasting
magnitudes and signs of post-60 Ma rotation (from 26° CCW to 26°
clockwise −CW−) had been obtained from western Tierra del Fuego
and Brunswick Peninsula, at the zone were structural trends change
from NNW–SSE to NW–SE (Fig. 1). At least for the eastern thrust–fold
belt, therefore, oroclinal bending (if occurred) should be older than
the Paleogene.

Accordingly, in a recent tectonic model that integrates onshore geo-
logical studies with geophysical magnetic anomaly studies from the
Scotia Arc, Torres Carbonell et al. (2014) support the interpretation of
CCW rotation of the western margin of the Rocas Verdes Basin (Burns
et al., 1980; Kraemer, 2003), simultaneously with its Late Cretaceous
closure. This may have led to the creation of an incipient orogenic
wedge that continued to rotate, acting as the Fuegian backstop that
indented the foreland basin strata, in a similar manner than one of the
analog models of Ghiglione and Cristallini (2007) has shown. However,
the new model considers steady rotation from the Late Cretaceous to
the early Paleogene (60 Ma) with the addition of the buttressing effect
of the Río Chico Arch at the foreland side, which controlled the
curvature of the advancing thrust front. After the initial rotation, the
backstop moved northwards from 60 Ma to the early Neogene, further
compressing the foreland basin against the Río Chico Arch and enhancing
the curvature of the thrust–fold belt (Fig. 3).

This newmodel explains thepattern of thrust-frontmigration, and is
consistent with the lack of significant rotations in post-50 Ma rocks at
the apex of the curve in the Fuegian thrust–fold belt (Maffione et al.,
2010; Poblete et al., 2014). According to this model the Fuegian limb
of the Patagonian curve may consist of an outer (southern) orocline
belt that rotated CCW, and an inner (northern) curved thrust belt
whose curvature is attained due to interaction with an obstacle or
promontory (the Río Chico Arch) (Fig. 3). The interpretation of the
buttressing effect exerted by the cratonmargin promontory is supported
by: a) the significant shortening increase in the frontal part of the curve
from western Tierra del Fuego toward the apex of the Península Mitre
Recess (Fig. 1); b) the coincidence of this apex with the southernmost
edge of the Río Chico Arch (Fig. 1); c) the localization of frontal thrusts
above steps in the Río Chico Arch topography (Fig. 2B-C) (Torres
Carbonell et al., 2013a); and d) the convergence of shortening directions
toward the promontory (Fig. 1).

2.2. Paleostress and shortening orientations in the Fuegian limb

Fault slip analyses from the western part of the Península Mitre
Recess indicate a SW–NE maximum horizontal shortening direction
for that portion of the thrust–fold belt, with a rotation to N–S directions
in the easternmost measurements sites, at the apex of the recess
(Diraison et al., 2000), where structural trends are E–W (Fig. 1)
(Torres Carbonell et al., 2008b). A major problem with these data is
that all faults measured are assumed to correspond to a single deforma-
tion phase, which is not consistent with the tectonic history of the
Fuegian Andes (addressed above). Despite this problem, the data con-
sistently indicate a shortening direction which is near-perpendicular
to the structural trends for each site. At a more regional scale, Diraison
et al. (2000) calculated a regional shortening axis oriented between
N52° and N43° (i.e. SW–NE) for the Fuegian Andes.

On the other hand, the youngest tectonic disjunctive foliations in the
internal thrust–fold belt (Late Cretaceous–Paleocene), which were
formed by pressure-solution, progressively change orientation along a
concave-to-the-north curve, matching the shape of the incipient
Península Mitre Recess. This feature indicates a changing shortening
direction along the curve, trending NE at the west and NW at the east
(Fig. 1), interpreted as the result of a N–S oriented regional compression
coupled with buttressing against the Río Chico Arch (Torres Carbonell
et al., 2013b). In a similar manner, the Paleogene–early Neogene evolu-
tion of the thrust–fold belt and further development of the Península
Mitre Recess do not fit a SW–NE regional shortening, neither a coaxial
principal compression, which are not compatible with the formation
of SW–NE trending folds and thrusts in the eastern flank of the recess.
A N–S oriented regional compression combined with increasing
buttressing against the Río Chico Arch better explain the pattern of
thrust-front migration with convergence of the horizontal shortening
trajectories toward the promontory (Torres Carbonell et al., 2013b,
2014).

3. Analogue modeling

Analoguemodeling is a simplification of Nature; using this method-
ology, structures formed due to the deformation of rocks, whose in situ
properties may be poorly known, can be modeled and investigated. The
analogmodels addressed here are intended to qualitatively evaluate the
structural evolution of the Fuegian thrust–fold belt according to: 1) the
hypothesis of CCW rotation of the backstop simultaneous with the Late
Cretaceous–early Neogene thrust–fold belt evolution (cf. Kraemer,
2003), and the hypothesis of Late Cretaceous–Paleocene rotation of
the backstop followed by its northward movement proposed by
Torres Carbonell et al. (2014) (Fig. 3); 2) the possibility of a prior curved
backstop with different directions of indentation (e.g. northeastward
according to Ghiglione and Cristallini, 2007; or northward); and 3) the
possibility of a rectilinear backstop moving northeastward without
rotation. All these hypotheses are evaluated with the additional influ-
ence of the Río Chico Arc as a rigid obstacle in front of the advancing
thrust wedge.

Our main scope is not to obtain an exact reproduction of the
orogenic curve, but to gain first-order insights into the influence
of backstop rotations and a rigid foreland obstacle on its structural
evolution. For this purpose, we performed five sandbox analogue exper-
iments (Fig. 4). The geometry of the final sandwedge, the rotations and
strains involved in its evolution, and the type of structures resulting
fromeach simulationwere then contrastedwith the observed structural
geometries and shortening magnitudes and directions in the Fuegian
thrust–fold belt.

3.1. Experimental method

The model material was well-sorted and well-rounded dry quartz
sand grains smaller than 600 μm. To a first approximation, such
materials fail according to a linear Mohr envelope (Krantz, 1991).
Their mechanical properties were measured with a modified Hubbert-
type shear apparatus (Hubbert, 1951),which enables the determination
of the ratio of normal-to-shear stress at failure. The coefficient of friction
and the cohesionwere then determined, indicating that the quartz sand
has a friction angle of ~32.7°, similar to the values obtained
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experimentally for competent upper crustal rocks (Byerlee, 1978). Al-
though the determination of cohesion is not very accurate with this
method, this parameter was very low (b100 Pa) when compared with
normal stress acting in the sandbox experiments (N1000 Pa). The
basal friction (μb) between the quartz sand and the plastic sheet of
the basal interface is low (μb = 0.16 ± 0.02), in agreement with an ef-
fective décollement in the upper crust, which in our simplified scenario
represents the main detachment of the Fuegian thrust–fold belt (stair-
stepping from Lower Cretaceous to Paleocene horizons, cf. Torres
Carbonell et al., 2011; Zanella et al., 2014). This modeling strategy has
been widely used by different authors (e.g., Davis et al., 1983;
Konstantinovskaya and Malavieille, 2011). Thus these materials are
good analogues for simulating brittle deformation in the uppermost
crust (Hubbert, 1937, 1951; Sanford, 1959) assuming time independent
rheological behavior, being suitable with ourmain objective of studying
upper-crust deformation in the Fuegian thrust–fold belt.

Themodels described in this paper are roughly scaled such that 1 cm
in the model simulates approximately 10 km in nature, and the vertical
scale was exaggerated in order to better observe the generated struc-
tures in cross section. This strategy is suitable for the pursued objective
of gaining first-order insights on the structural evolution of the Fuegian
thrust–fold belt (see section 3.2). All the five models carried out
contained alternating layers of sieved light and dark quartz sand,
between 0.3–0.9 cm thick. The undeformed multilayers had an area of
~4550 cm2 and a thickness of 3.5 cm.

In different experiments, the advancing wall (backstop) configura-
tion was varied by changing its geometry, using articulated or fixed
segments depending on the model purpose (Fig. 4). The moveable wall
was connected to two computer-controlled step motors that pushed
thewall segments in the desired direction. The rate of the displacements
varied between experiments depending on the position of the motors
and the chosen movements, as shown in Table 1 and Fig. 4. The arm
pressed the sand against a rigid obstacle which simulated the basement
promontory of the Río ChicoArch. This obstaclewas constructedwith an
easily-molded rigid phenolic resin, in which the shape of the basement
was copied at scale, based on the structural contours published by
Biddle et al. (1986) and Yrigoyen (1989).

In all the experiments a total of ~12 cm of displacementwas applied
to the part of the arm that represents the western backstop of the
curve, or to the whole arm when it acted as a non-articulated backstop
(experiments 3 to 5). In experimentswhere the armwas articulated, the
maximum displacements reached 35 cm (Table 1). In our simplified
scheme, these magnitudes were selected to obtain a conveniently
sized sand wedge that allows focusing on the effects of backstop
movement and rigid obstacle geometry, and they are reasonable in
the context of the highly variable shortening estimations along the
Patagonian curve (Fig. 1) (Fosdick et al., 2011; Ghiglione et al., 2009;
Torres Carbonell and Dimieri, 2013).

Except for the fifth experiment, the final position reached by the
backstop was referenced to the early Neogene location of the backbone
of the Fuegian Andes with respect to the fixed foreland basement prior
to 50 km left-lateral offset along the Fagnano transform system (Fig. 4)
(Torres Carbonell et al., 2008a). The top surfaces of each experiment
Table 1
Velocity (V) and displacement (S) of motors used in the experiments. See position of
motors for each experiment in Fig. 4.

Motor 1 Motor 2

V (cm/h) S (cm) V (cm/h) S (cm)

Experiment 1 13.8 11.8 41.1 35
Experiment 2

Phase 1 13.8 12.5 38.9 35
Phase 2 12.6 4 12.6 4

Experiment 3 13.8 12.5 13.8 12.5
Experiment 4 13.8 12.5 13.8 12.5
Experiment 5 13.8 12.5 13.8 12.5
were recorded every minute using zenithal digital photography, and
scannedwith a laser at regular time intervals to obtain their topography.
The deformed models were solidified using gelatin, serially sectioned
roughly perpendicular to the mobile wall, and photographed. The sur-
face DEM obtained from the laser scanner and the serial cross-section
photographs were integrated in a 3D view in Move software (version
2014.2, Midland Valley) in order to determine the 3D structure of
the sand wedge. This was performed by mapping faults and horizons
in each cross-section, and further construction of fault and horizon
surfaces in 3D.

The digital photographs taken every minute were processed using
optical image correlation techniques (PIV: particle imaging velocimetry).
We used theMatPIV v. 1.6.1 software (Sveen, 2004) that allows quanti-
fying high-resolution displacement fields between two successive
images within the grain-size range, without the restriction of limited
marker points (Adam et al., 2005; White et al., 2001; Wolf et al., 2003).

PIV results were reprocessed with the GEODEF 1.1 software
(Yagupsky, 2010), obtaining the incremental and accumulative surface
strain patterns. This process considers the directional derivatives for
each incremental vector between two pictures (1 min span), thus
allowing the calculation of the incremental strain matrix for each
point of the model. The spatial and temporal pattern of strain accumu-
lationwere thus obtained (cf. Adamet al., 2005), providing a quantifica-
tion of all deformation components in the experiments.

3.2. Experimental simplifications and limitations

The geometries and rheologies of analogue experiments necessarily
simplify the complexity of the natural prototype. There are two main
simplifications in the setup of our models, which result from the use
of analog experiments aiming to achieve a qualitative evaluation of
the Fuegian thrust–fold belt structural evolution. At first, the length
scale ratio was selected in such a way that 1 cm represents a length of
about 10 km in nature, but with considerable vertical exaggeration in
order to gain a better resolution of fault patterns in cross-section. This
prevents a quantitative comparison between experiments and natural
structures, but without hampering our main objective of analyzing
fault shapes and kinematics, and comparing shortening variations
along strike, instead of their absolute magnitudes.

Secondly, the strength of the rigid phenolic resin used to mimic the
Río Chico Arch is some orders of magnitude higher than sand, so this
material behaved as a rigid, undeformable basement block. This approx-
imation has been widely used in analogue modeling (e.g. Bonini et al.,
1999, 2000; Koyi and Maillot, 2007), and also applied, as we did, to
describe the effect of foreland obstacles on the development of curved
orogens (Macedo and Marshak, 1999; Lickorish et al., 2002; Gomes
et al., 2003). Furthermore, we consider it as a valid analog for the frontal
part of the Fuegian thrust–fold belt, where the contractional structures
affecting the sedimentary cover do not affect the Río Chico Arch
basement, and in some cases the frontal faults even ramp-upwards in
front of pronounced basement scarps (Fig. 2B-C) (Torres Carbonell
et al., 2013a). This style of deformation was successfully reproduced in
our experiments (section 4).

Finally, the experimental setup in our models does not account for
plate flexure and isostatic compensation beneath the growing wedges,
for the role of pore fluid pressure and for temperature variations.
These limitations are very common in sandbox experiments and have
been shown not to significantly affect the first-order model results
(e.g. Malavieille, 1984; Liu et al., 1992; Koyi, 1995; Gutscher et al.,
1996; Storti et al., 2000).

3.3. Models' deformation

3.3.1. Experiment 1
Experiment 1 was intended to test the behavior of the sand wedge

under compression by a rotating, articulated indenter (Fig. 4). The
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model resembles the theoretical behavior of the Fuegian thrust–fold
belt being compressed by rotation of the Fuegian backstop during its
whole contractional history (Late Cretaceous–early Neogene). The
backstop was segmented in three parts (A, B and C) and started with a
curved shape, with segment A striking N162° (as seen in Fig. 4, in all
the experiments the direction of North is calibrated by the present-
day position of the undeformable parts of the model), and segments B
and C both parallel with a strike of N135° (Fig. 4). During the first
42 min segments B and C were fixed to each other and rotated 25°
CCW with respect to segment A, which was simultaneously pushed
towards the NE (N72°) 11.8 cm. The next 9 min segments A and B
were attached in order to form a fixed curve where A strikes N162°
and B N110°, and both move toward N72°. Segment C was unfixed
from B; this resulted in the further CCW rotation of additional 20° of
the C segment, which attained a final N90° strike.

3.3.2. Experiment 2
In this experiment, we tested the theoretical behavior of the Fuegian

thrust–fold belt being compressed by rotation of the Fuegian backstop
only during the first part of its evolution, and with a northward push
of the non-rotating backstop during the final stage of its contractional
history (Fig. 4). The backstop evolution was thus modeled in two
phases. Thefirst phase is similar to experiment 1: the segmented curved
backstop rotates to attain a shape with the same orientation than the
previous experiment (segment A: N162, B: N110°, C: N90°). The path
of segment rotations and movements during this phase is the same as
in experiment 1. The difference stands in the final position of the curved
backstop, which in this case is 4 cm south of that acquired in the first
experiment. The second phase of experiment 2, then, involves 4 cm of
northward movement of the curved backstop, without rotations, until
the final position is attained (Fig. 4).

3.3.3. Experiment 3
In the third experiment, we modeled the behavior of the Fuegian

thrust–fold belt subjected to a straight northward push from an
originally curved backstop, without rotation. The backstop starts with
the same final shape than the previous experiments (segment A: N162,
B: N110°, C: N90°) and is pushed 12.5 cm northward (Fig. 4).

3.3.4. Experiment 4
In experiment 4 we tested the behavior of the Fuegian thrust–fold

belt when the curved backstop pushed toward N20°, i.e. resembling a
SSW–NNE compression. The experiment was similar to experiment 3,
but differed in the direction of backstop movement (Fig. 4).

3.3.5. Experiment 5
In experiment 5 we tested the behavior of the Fuegian thrust–fold

belt subjected to the push of a straight backstop oriented N133°, and
pushing toward N43°, in accordancewith the shortening axis calculated
by Diraison et al. (2000). The backstop would be analogous to the initial
Fuegian Andes orogenic wedge moving northeastward without rota-
tion, pushed by subduction at its Pacific side. The distance pushed in
this case was also of 12.5 cm (Fig. 4).

4. Results

4.1. Experiments 1 and 2

The first two experiments reveal very similar results, thus are here
analyzed together. The curved geometry of the sand wedge was
attained from the beginning of deformation due to the synchronous
formation of a curved backstop (Figs. 5A and 6A). On the other hand,
the rigid obstacle exerted a buttressing effect, since it restrained the
advance of the thrust front enhancing the recess in the sand wedge
(Figs. 5B and 6B).
The middle and eastern segments of the sand wedge clearly rotated
CCW accompanying the rotation of the backstop. Rotations in the
western limb, on the other hand, are of significantly less magnitude
and CW. Indeed, they are constrained to the active fault traces (few
millimeters wide) (Figs. 5C and 6C), and are related to non-coaxial
strain in the fault zones. In the second stage of experiment 2, this CW
rotation in fault traces of the western limb was slightly enhanced.

At the end of the experiments, the branch line of the frontal thrust
was located at the edge of the rigid obstacle, and the frontal thrust sur-
face molded the obstacle's form, evidencing buttressing (Figs. 5B, D–G
and 6B, D–G). The dilatation obtained from the incremental strain
analysis shows this very clearly, revealing that the frontal faults were
nucleated tracing the structural contours of the rigid obstacle (Fig. 7A–
B). This buttressing also caused a difference between the initial and final
curve's shapes. The former was almost parallel to the backstop, while
the latter mimicked the rigid obstacle shape (Figs. 5A–B and 6A–B).

Quantitative shortenings along the curved sand wedges are difficult
tomeasure accurately. Shortening estimations frommap-view or cross-
sections are problematic to assess since, except for the segments of the
curve whichmoved in a direction orthogonal to the backstop andwith-
out rotation, no plane-strain can be assumed for any other cross-section
plane. However, it is possible to qualitatively compare shortenings from
the map-view when we take into consideration the strain ellipses and
dilatation obtained from the PIV reprocessing (see Section 3.1).

This analysis reveals that in experiments 1 and 2 the larger trajecto-
ry of the southern segment of the rotating backstop, which moved
faster, increased the contraction at the eastern segment of the curve.
The buttressing effect of the rigid element also enhanced the contrac-
tion at the apex of the curve. However, when the easternmost segment
of the backstop rotated freely, no significant contraction occurred at the
apex, while the limbs shortened further. In experiment 2, however, the
apex accumulated more contraction than the limbs during the second
phase (N-directed push),mainly in the frontal fault normal to the trans-
port direction. The buttressing effect is clearly observed in cross-
sections, as illustrated by the development of more complex structures
at the apex because of the higher shortening (Figs. 5E–G and 6E–G).

Slip vectors in experiments 1 and 2 were perpendicular or highly
oblique to the active faults, and tended to converge towards the rigid
obstacle (Figs. 5C and 6C). Deformation ellipses also showed contraction
normal to the structural trends, and extension parallel to them.However,
during the last stages of the experiments, in the zone where the curva-
ture of the sand wedge was higher, deformation ellipses were rotated
and they showed contraction parallel to the orogenic front (Figs. 5A–B
and 6A–B). The same effect was observed in ellipses related to out-of-
sequence thrusts perpendicular to the backstop near the hinge zones
(Fig. 5B).

In the final part of experiment 2, which involved a northward push
of the backstop, the slip vectors continued to be perpendicular or highly
oblique to faults in the axis of the curve and eastern limb. On the other
hand, in the western margin of the curve the vectors were less oblique,
and a right-lateral component of fault slip was manifest (Fig. 6C).
However, at the end of the experiment slip vectors tended to attain
more perpendicular orientations with the frontal fault, especially after
interaction with the rigid obstacle became more intense.

4.2. Experiment 3

The curvature of the sand wedge was attained from the beginning
of experiment 3, reflecting the influence of the prior curved backstop
on its formation. With continued advance of the backstop and sand
wedge, the buttressing against the rigid obstacle enhanced the recess
(Fig. 8A–B).

CW rotation was observed in the western limb constrained to the
traces of right-lateral oblique faults (see below), due to rotation within
the narrow fault zones. Conversely, in the eastern limbminor CCWrota-
tions were observed only when the frontal fault reached the position of
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the rigid obstacle. This fault traced the shape of the rigid obstacle, thus
some left-lateral oblique-slip caused the observed rotation in the fault
zone (Fig. 8C). The final curvature of the frontal fault molded the rigid
obstacle form, and had a different shape than the one attained at the
beginning of the experiment, which was parallel to the backstop
(Figs. 8A, B and D).
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The PIV reprocessing shows that any fault whichwas not perpendic-
ular to the movement direction of the backstop (northward) has
accommodated oblique slips, therefore it is not convenient to compare
shortenings in cross-section for the reason discussed above. However
the contractional component of strain was clearly higher at the apex
of the curve (Fig. 8B), especially when the sandwedge started to collide
with the rigid obstacle, and was even higher in the faults that were
orthogonal to the slip vectors. Cross-sections also reveal the buttressing
effect on the development of structures, which are more complex at the
apex of the curve (Fig. 8E–G).

The slip vectors during experiment 3 were perpendicular or highly
oblique to faults in the axis of the curve and eastern limb, but less
oblique in the western limb, which revealed right-lateral oblique
faulting (Fig. 8C). However, as deformation continued many out-of-
sequence thrusts formed perpendicular to N–S slip vectors relieving
part of that limb's oblique-slip faulting (Fig. 8B).

Strain ellipses also showed contractional deformation in the eastern
limb and axis of the curve, with long axes parallel to the structural
trends; whereas the long axes were oblique to the faults in the western
limb (Fig. 8A–B). Long axes perpendicular to the structural trend were
also observed in the most curved part of the sand wedge.

4.3. Experiment 4

During the beginning of experiment 4 the sand wedge attained
an initial curvature, parallel to the backstop shape. This curve was after-
wards enhanced during increased interaction between the sand wedge
and the rigid obstacle (Fig. 9A–B).

CW rotations in the western limb of the curve and CCW in the
eastern limb were observed constrained to the mm-wide fault zones,
which showed a right-lateral or left-lateral component of oblique-slip,
respectively (see below). In the eastern limb, however, this fault zone
rotation was not observed until the frontal fault started to interact
with the rigid obstacle. At the end of the experiment, a well-defined
NE–SW axis of symmetry separated fault traces from both limbs, with
opposite rotation signs. A lack of rotation in the apex was also very
evident (Fig. 9C).

The dilatation obtained from the incremental strain analysis reveals
that the frontal faults nucleated along the structural contours of the
rigid obstacle and the deformation was progressively transferred from
the fault that was being abandoned to the newly formed (Fig. 7C-F).
The final shape of the frontal fault, therefore, was similar to the shape
of the rigid obstacle (Fig. 9D).

The PIV reprocessing shows a higher contraction at the apex of the
curve after collision between the sand wedge and the rigid obstacle,
especially in the western part of the apex where slip was normal to
fault traces. Displacement trajectories show that faults normal to
the backstop's movement direction (northeastward), especially those
located in the axis of the curve, were mostly thrusts. Right-lateral
oblique-slip was apparent in the western limb, although late out-of-
sequence faults and backthrusts normal to the backstop movement
direction accommodated the deformation in that portion of the curve
during the final part of the experiment. In the eastern limb some
minor left-lateral oblique faults were formed (Fig. 9C). Long axes of
strain ellipses were mostly parallel or slightly oblique to the deforma-
tion front (Fig. 9A-B), although shortening parallel to the frontal fault
trace was observed in the most curved portion of the sand wedge. In
cross-section, the deformation is more complex around the apex of
the curve, were opposition to fault propagation was more intense
(Fig. 9E–G).

4.4. Experiment 5

In experiment 5, the curvature was not acquired until the sand
wedge started to interact with the rigid obstacle, which restrained the
thrust front advance creating the recess (Fig. 10A-B). Likewise, rotations
in themm-wide fault zones were observed since themomentwhen the
sand wedge collided with the rigid obstacle. A central region of slow
propagation and without rotation divided the NW limb, with slight
fault zone CW rotations, from the SE segment with faults showing
minor CCW rotations. Only in the last stage where an oblique left-
lateral fault forms in the SE segment, a stronger CCW rotation is
observed in the fault zone (Fig. 10C). The 3D reconstruction and the
dilatation from PIV reprocessing show that the fault front location was
conditioned by the shape of the rigid obstacle (Figs. 7G–J and 10D).

The net amount of shortening in any cross-section normal to the
backstop was the same (12.5 cm) (Table 1), but the percentage of
shortening increased towards the western part of the curve, where
the width of the sand wedge was shorter (Fig. 10E–H). Accordingly,
strain ellipses reveal higher contraction in the western part, where
buttressing against the obstacle occurred, while it decreased toward
the south and SE, beyond the southern border of the obstacle where
no buttressing occurred (Fig. 10A–B). The buttressing effect caused
the higher complexity of structures in cross-sections in the part of the
sand wedge with more interaction with the rigid obstacle, around the
curve's apex (Fig. 10E–H).

Both slip vectors and strain ellipses in this experiment indicated
mostly pure thrust motion perpendicular to the backstop movement
direction (northeastward) (Fig. 10C). Only during the last stage of
deformation, when a curved ramp developed in the southern part of
the sand wedge, vectors revealed a component of left-lateral oblique-
slip in that region.

4.5. Summary of results

It is clear from the results of experiments 1 to 4 that the prior exis-
tence or synchronous formation of a curved backstop determined the
initial curved shape of thedeformedwedge, a result previously obtained
in similar experiments (Ghiglione and Cristallini, 2007). In experiment
5, in which the backstop is rectilinear, the curve forms only after the
sand wedge and the rigid obstacle collide (Fig. 10A–B). In the rest of
the experiments the initial curve is enhanced during collision, with a
final shape conditioned by the rigid obstacle's geometry (Figs. 5–9).
This geometry clearly defines the location of the frontal faults, which
nucleate along the obstacle's structural contours (Fig. 7), and respond,
as mentioned in section 3.2, to the imposed strength contrast between
sand and the rigid obstacle's material.

In experiments 1 and 2, with a rotational backstop, the middle and
eastern segments of the sand wedge clearly accompanied the CCW
backstop rotation. The western limb, however, did not rotate as a
whole. CW rotations were limited to the mm-wide fault zones and
depended on the obliquity of the fault slip vector, and were more
notable when the sand wedge interacted the most with the rigid
obstacle. The same fault zone rotations are observed in the rest of
the experiments, where none of the wedge segments rotated as a
whole. Both the sign and magnitude of rotations were dependent on
the orientation of the faults with respect to the slip vectors. Thus,
right-lateral oblique faults in the western limb of the wedge rotated
CW, and left-lateral oblique faults in the eastern limb rotated CCW.
No significant rotations were accumulated in the apex (Figs. 8C
and 9C). The fact that fault zone rotations were enhanced since the
moment of collision with the rigid obstacle highlights the role of
buttressing as a cause of contrasting rotations in both limbs of the
curve. This behavior is even more notorious in experiment 5, in which
fault-zone rotations only started when the sand wedge collided with
the rigid obstacle.

The buttressing against the rigid obstacle clearly influenced the
zones where the contraction was higher, especially at the apex of the
curve, as revealed by the PIV reprocessing and in the cross-sections
from all the experiments. This buttressing also strongly defines the
deformation style: where the impediment to fault propagation was
higher, more backthrusts and out-of-sequence thrusts developed.
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Mainly thrust faulting was observed in experiments 1 and 2, where
slip trajectories converged toward the rigid obstacle and strain ellipses
revealed contraction normal to the structural trends. It is notable,
however, that some amount of orthogonal flexure in the rotating
wedge appears to have caused contraction parallel to the orogenic
front in the frontal part of the apex (Figs. 5B and 6B). This latter effect
was also observed in experiments 3 and 4 (Figs. 8B and 9B).

In the final stage of experiment 2 and in experiment 3, which
involved a northward push of the backstop, and in experiment 4 with
a northeastward push, a right-lateral component of fault slip was man-
ifest in the western limb. In that portion, faults behaved as sidewall or
oblique ramps of the frontal thrust. However, in experiment 3, new
out-of-sequence thrusts formed perpendicular to N–S slip vectors
relieving the movement on the sidewall ramps (Fig. 8A-C). Similarly,
in experiment 4, the initial right-lateral oblique faults in the western
limb were in part relieved by some backthrusts and out-of-sequence
thrusts as deformation continued (Fig. 9A-B).

5. Comparison with the Fuegian thrust–fold belt

5.1. Rotations

Recent results from paleomagnetic studies in Tierra del Fuego
indicate that no significant rotations occurred since ~50 Ma in the
Fuegian thrust–fold belt at the apex of the Península Mitre Recess
(Maffione et al., 2010). Away from the Península Mitre Recess, in the
area where the Patagonian curve develops a strike-change from
NNW–SSE to NW–SE (Brunswick Peninsula and western shore of Tierra
del Fuego), characteristic remanent magnetizations reveal either 26°
CCW and 26° CW post-60 Ma rotations (Poblete et al., 2014). These
authors are more confident on the 26° CCW rotation indicated by their
data, and consider it is related to non-coaxial deformation during the
Paleogene, or to a gradient of shortening magnitudes that increase
toward the east.

In ourmodels, experiments 1 and2 are the only ones that showCCW
rotations accompanying the backstop rotation, even in the middle part
of the curve, although with little magnitude at the wedge front
(Fig. 11). Least intense rotations are observed at the front in experiment
2, which involved a second phase of convergence without backstop
rotation (Figs. 4 and 6C). This is consistent with the CCW rotations
observed at Brunswick Peninsula (Poblete et al., 2014), which would
be geographically equivalent to the backstop hinge between the
western and middle segments (segments A and B in Fig. 4). It is also
consistent with the lack of rotations reported by Maffione et al. (2010)
at the frontal structures in the apex of the Península Mitre Recess.

Experiments 3 to 5, on the other hand, show no rotations of the sand
wedge as a whole. The only rotations are constrained to the narrow
(mm-wide) fault zones, and are a result of non-coaxial deformation
within these zones (Fig. 11). Each new fault was born with a curved
trace that molded the rigid obstacle geometry, thus configuring a
primary arc (Marshak, 2004). This lack of rotations seems also coherent
with thepaleomagnetic results from the frontal structures of the thrust–
fold belt obtained by Maffione et al. (2010) and Poblete et al. (2014).

5.2. Strains

Regarding strains, experiments 1 and 2 both show more complex
structures and higher contraction at the apex of the curve (Fig. 11),
which is a situation comparable with that described in nature. Accord-
ingly, an increase in shortening from less than 5% to more than 20%
has been reported toward the apex of the Península Mitre Recess in
the thrust–fold belt front, as well as a more complex structural style
compared to the style in the western limb of the recess (Fig. 11)
(Alvarez-Marrón et al., 1993; Torres Carbonell et al., 2011, 2013a).

An important aspect of experiments 1 and 2 is that the long axes of
strain ellipses changed from orogen-parallel during early stages to
orthogonal during the last stages, at places where rotation of the curve
was higher (Figs. 5B and 6B). This is in coincidence with examples of
field structures, such as N–S trending folds, and some paleostress ten-
sors from fault slip inversion, which indicate a late orogen-parallel con-
traction due to bending in the apex of the Península Mitre Recess
(Fig. 2A) (Torres Carbonell et al., 2011; Maestro et al., 2015).

In addition, experiments 1 and 2 are the only ones that effectively
show a convergence of slip vectors toward the obstacle along the
complete thrust front (for experiment 2 more notably before the last
phase of northward push) (Figs. 5C, 6C, and 11). This is consistent
with NNW–SSE short axes of accumulated strain ellipses in the eastern
limb (Figs. 5B, 6B, and 11), coinciding with the natural structures in the
eastern limb of the Península Mitre Recess (Figs. 1 and 11). These struc-
tures include Late Cretaceous–Danian disjunctive foliations formed by
pressure-solution and Late Cretaceous–Paleogene thrusts sheets and
related folds, all oriented ENE–WSW (Torres Carbonell et al., 2011,
2013b).

Experiments 3 and 4 also show an increase in contractional strain
toward the apex, and experiment 3 in particular reveals NNW–SSE
shortening directions in the eastern limb. However, both experiments
imply the development of oblique-slip faults with right-lateral compo-
nent in the western limb, which in the experiment 4 develops simulta-
neously with a left-lateral oblique-slip system in the eastern limb
(Fig. 11). In both experiments, and more notably in experiment 3,
there is also development of backthrusts and out-of-sequence thrusts
oriented E–W (perpendicular to slip vectors) in the western limb
(Figs. 8 and 11). This kind of structures and fault styles are not consistent
with the conspicuous N–S striking structures described for the western
limbof the Patagonian curve (Fosdick et al., 2011; Ghiglione et al., 2009).

Experiment 5 is the one that differsmost from the natural prototype.
It shows an almost homogeneous NE–SWoriented shortening along the
sand wedge, with development of NW–SE thrusts along the complete
wedge, except locally at the front of the younger fault that mimics the
southern border of the obstacle at the end of the experiment (Figs. 10
and 11). Also, shortening is higher at the western limb, where thrust
advancewas strongly restricted by the obstacle (Fig. 11). Thus, shorten-
ing magnitudes and directions, as well as orientation of structures in
experiment 5 differ from those recognized in the apex and eastern
part of the Península Mitre Recess.

5.3. Summary

The experiments in thiswork show that the use of a curved backstop
that interacts with a rigid obstacle at the foreland results in structural
features in the sand wedge that are similar to the ones observed in
the curved Fuegian thrust–fold belt. The buttressing against the
undeformable rigid obstacle was notably developed in all the experi-
ments, and successfully reproduced the structural style of the frontal
thrust–fold belt as reported by subsurface data (e.g. Fig. 2B-C) (Torres
Carbonell et al., 2013a). However, only with a rotating backstop the
slip vectors and the shortening directions are highly oblique to the
fault trends along the complete curve, since curved backstops moving
in a fixed direction produce regions of the curve with dominant
oblique-slip or strike-slip faulting. Thus, experiments 1 and 2 with a
rotational backstop better resemble the natural prototype (Fig. 11).
These experiments imply a backstop rotation comparable to the
inferred rotation of the southwestern margin of the Rocas Verdes
Basin during its closure (e.g. Kraemer, 2003), and a deformed sand
wedge comparable to the Upper Cretaceous–Cenozoic sedimentary
cover of the Fuegian thrust–fold belt that was compressed against the
Río Chico Arch during the backstop rotation (e.g. Torres Carbonell
et al., 2013a, 2014).

Experiment 2 is attractive since it involves a final N-directed
movement of the whole orogenic system (without further rotation),
which enhances the shortening against the obstacle, and is comparable
with tectonic reconstructions from magnetic anomalies in the Scotia
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Arc, which indicate an approximately north-moving Fuegian Backstop
during the Paleogene–Miocene (cf. Torres Carbonell et al., 2014). An
end member for this situation would be represented by experiment 3,
in which the northward push was more important and rotation would
be limited to a prior stage (e.g. Late Cretaceous). However, the
N-directed movement involves an amount of right-lateral oblique-slip
in the western limb which has no analog in the natural prototype.

6. Conclusions

Using analog modeling, we appraised different tectonic models of
the Patagonian curve, considering the role of the rigid basement subsur-
face geometry in the foreland deformation.We focused our attention on
the structural evolution of the curve segment representing the Fuegian
thrust–fold belt in the experiments, and compared the experimental
results with the structural geology of this portion of the southernmost
Andes.

All our experiments conspicuously reproduce the buttressing effect
of the Río Chico Arch promontory on the location and geometry of the
thrust front, aswas proposed in previouswork as a fundamental control
on the development of the orogenic curve. In the performedmodels this
effect seems to be independent of the initial form and further kinematic
evolution of the backstop.

Our experiments also show that a rectilinear backstop pushing in
a northeastward direction is not capable of reproducing the type of
shortening gradients, shortening directions and fault types recognized
along the curved Fuegian thrust–fold belt. On the other hand, an origi-
nally curved backstop adequately reproduces the higher deformation
in the apex of the curve, such as the higher shortenings registered in
the apex of the Península Mitre Recess in Tierra del Fuego. However,
only with simultaneous rotation during push it is possible to obtain
movement of thrust sheets toward the rigid foreland obstacle, i.e. with
a convergent motion. This kind of motion allows the shortening direc-
tions to be highly oblique to the thrust front along the complete sand
wedge, including in particular NNW–SSE shortenings in the eastern
part of the wedge. On the contrary, a fixed curved backstop moving in
a single direction (i.e. north or NE) inevitably causes segments of the
wedge to be affected by dominant strike-slip or oblique faulting.
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Even though the available data on characteristic remanent magneti-
zations is not abundant, our experiments give some constraints on the
predicted rotational behavior of an orogenic curve being progressively
formed by collision against a basement promontory. Rotation of the
backstop seems to control the extent of CCW rotations along the sand
wedge, which were observed in the whole wedge segments in front of
the rotational parts of the backstop. For the models without backstop
rotation, the initial shape of the backstop and the presence of the rigid
obstacle controlled the shape of the fault surfaces, which were born
curved. Fault curvature caused an obliquity of fault slips and consequent
rotation limited to the oblique fault zones. The sand wedge, however,
did not rotate as a whole in these experiments.

In summary our results highlight the significance of the interaction
with the backstop and promontory for the final configuration of the
thrust wedge. These two factors should therefore be considered in any
complete tectonic model of the Patagonian curve.
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