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This contribution addresses new structural data from Upper Cretaceous-Danian sedimentary rocks of the
Fuegian Andes orogenic front in Argentina. The structures studied, called D0 , were formed during the
early foreland deformation of the orogen, in the Late Cretaceous-Danian, in times when South America
and Antarctica were still connected. The strain analysis of these structures indicates that deformation
occurred at upper-crustal depths, and was characterized by flexural folding accompanied by formation of
pressure-solution tectonic foliations in zones of higher strain. Deformation intensities increase toward
the hinterland and with depth. The history of deformation involved progression from layer-parallel
shortening to folding above a detachment, and further formation of a forward-propagating thrust
wedge. Layer-parallel shortening and incipient folding recorded in Maastrichtian-Danian rocks indicate
the leading edge of D0 deformation. Non-coaxial finite strain orientations were involved during formation
of D0 structures along the Fuegian Andes front. These finite strain orientations cannot be explained with
the SW-NE regional contraction usually assumed to have driven Andean deformation in this region;
alternatively, we consider that N-S contraction combined with buttressing against the cratonic foreland
comprise a more suitable interpretation for D0 and younger deformation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The outer orogenic belt of the Fuegian Andes comprises a fore-
land thrust-fold belt (Fuegian thrust-fold belt -TFB-) where sedi-
mentary rocks of the Rocas Verdes back arc basin (Lower
Cretaceous) and the Austral (Magallanes) foreland basin (Upper
Cretaceous-Neogene) were subjected to thin-skinned contractional
deformation (Alvarez-Marrón et al., 1993; Klepeis, 1994a; Rojas and
Mpodozis, 2006; Torres Carbonell et al., 2011). The TFB can be
separated in an external zone, mostly composed of Cenozoic rocks
involved in thrust sheets, and an internal zone that comprises
deformed Cretaceous-lower Paleogene rocks and bears the con-
nection of the TFBwith the inner orogenic belt of the Fuegian Andes
(Fig. 1A).
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While several previous studies assessed structural issues in the
external zone (Alvarez-Marrón et al., 1993; Ghiglione and Ramos,
2005; Torres Carbonell et al., 2008a, 2011), the internal zone and
its transition to the core of the orogenic belt have been less studied,
particularly in the eastern segments of the TFB (Argentina).
Therefore, the tectonics of the internal zone of the TFB remain
poorly known to date, impeding strain estimations of the initial
phases of formation of the TFB, and undisclosing the geometric and
kinematic relationships between the inner orogenic belt and the
foreland TFB.

The purpose of this paper is to address the results of the
structural studies carried on in the last years in the internal zone of
the TFB, and report for the first time the geometry of tectonic
structures in that area. The results of this study give important
constraints on the strains andmechanisms of deformation involved
in the first stages of formation of the TFB, contributing to under-
stand the structural processes acting during the progressive
deformation of clastic successions in thrust-fold belts at moderate
to shallow crustal depths. In addition, since the studied structures
were formed before separation of the Antarctic Peninsula from
southern South America (Barker, 2001; Livermore et al., 2005), our
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Fig. 1. A. Geologic map of the Fuegian Andes at the area of interest, showing the regional stratigraphy and major tectonic features. The hinterland boundary of D00 structures
(red dashed lines) marks the transition between the external (north) and internal (south) zones of the TFB. Main data from Olivero and Malumián (2008), Klepeis et al. (2010),
authors’ data, and other references cited in the text. Red boxes indicate location of the Western, Central, and Eastern Areas of this study. LD: Lago Deseado, CF: Caleta Falsa, BBS:
Bahía Buen Suceso. Inset shows the regional situation of the study area and the 1 km structural contour of the Austral and Malvinas foreland basin system cratonic border (dashed
line). CHI: Chile, ARG: Argentina, RCA: Río Chico Arch. Digital Elevation Model from the GEBCO One Minute Grid, version 2.0 (http://www.gebco.net). B. Schematic cross-section of
the TFB, which combines several cross-sections between points A and B (in Fig. 1A) (from Torres Carbonell, 2010). P: Paleocene, E: Eocene, O: Oligocene, M: Miocene, FTS: Fagnano
Transform System. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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work constitutes an important contribution to the scarce outcrop
dataset of structures related to the tectonics of this former conti-
nental belt.

2. Methodology

2.1. Study area

The internal zone of the TFB forms a continuous domain
exposed along the mountain front of the Fuegian Andes. In this
study, we address the outcrops in the Argentine portion of the belt,
from the international boundary with Chile to the eastern coast of
Península Mitre (Fig. 1A).

The study is concentrated in three main areas along the TFB
(Fig. 1A): the Western Area includes three traverses that cut the
Sierra de Beauvoir, Sierra de Apen, and Sierra de las Pinturas; the
Central Area comprises a traverse through the Sierra de Irigoyen;
the Eastern Area includes a line along the coast of Península Mitre
between Caleta Falsa and Bahía Buen Suceso. All traverses allow the
detailed observation of the structure across the internal TFB.

2.2. Studied data sets

We mapped folds, foliations and lineations, and some related
structures. Fold shape and style descriptions are based on criteria
from Fleuty (1964) and Ramsay (1967). Fault kinematics were
determined using the orientation of slickenside lineations, whilst
fault analyses and fault solutions were developedwith the software
FaultKin (from R. Allmendinger, 2001). Foliations are described
using the morphologic classification of Twiss and Moores (2007),
based on Powell (1979). All the stereographic projections shown in
the figures are lower hemisphere and equal area. Orientation data
were plotted with the software StereoNett (from J. Duyster, 1998).

3. Geologic setting

3.1. History of orogenesis

The Fuegian Andes (Fig. 1A) were formed at the southern end of
the Andean Cordillera of South America during contraction and
inversion of a large marginal basin, called Rocas Verdes. This basin
was born after widespread Late Jurassic rifting and associated vol-
canism in the SW margin of Gondwana (South America) (Wilson,
1991; Calderón et al., 2007). During the Early Cretaceous the Rocas
Verdes basin evolved into a back arc basinfloored by ophiolitic rocks,
and was filled by a thick sedimentary pile (Wilson, 1991; Calderón
et al., 2007; Olivero and Martinioni, 2001). During this stage the
basinwas bounded to the north andNE by the continental margin of
South America, and to the south and SW by a volcanic island arc,
associated to subduction of the Aluk (Farallon) Plate (Dalziel, 1981;
Calderón et al., 2007). The complex stratigraphic and structural
history of the Rocas Verdes basin, which extended from Patagonia to
South Georgia, is further addressed in many papers, among which
the reader is referred to Olivero and Martinioni (2001), Fildani and
Hessler (2005), Calderón et al. (2007), and Klepeis et al. (2010).

Closure of the Rocas Verdes basin occurred in the Late Creta-
ceous due to a change to contractional tectonics in the region
(Dalziel, 1981). In Tierra del Fuego, this led to the formation of
a collisional orogenic belt with intensely deformed rocks at its core
that grade forelandward to slates, shales, sandstones and mud-
stones (Bruhn, 1979; Nelson et al., 1980; Klepeis, 1994a; Klepeis
et al., 2010; Torres Carbonell et al., 2011) (Fig. 1A). The latter com-
pose the TFB, which represents the thin-skinned deformation at the
leading edge of the orogenic belt (Alvarez-Marrón et al., 1993;
Torres Carbonell et al., 2011) (Fig. 1B). The orogen is intruded by
several Mesozoic igneous rocks related to arc and rear-arc mag-
matism owed to subduction of either the Pacific Ocean floor below
SW South America, or portions of the back arc basin floor during its
closure (Hervé et al., 1984, 2007; González Guillot et al., 2010;
Klepeis et al., 2010).

The TFB includes deformed Upper Cretaceous-Neogene succes-
sions of a foreland basin system developed in front of the orogen,
called Austral (or Magallanes) basin (Alvarez-Marrón et al., 1993;
Olivero and Malumián, 2008; Torres Carbonell et al., 2011). Short-
ening estimates from balanced cross-sections in the external TFB
vary between 46 � 5 km in eastern Tierra del Fuego (Torres
Carbonell, 2010) (Fig. 1B) and about 30 km in Chile (Alvarez-
Marrón et al., 1993). In eastern Tierra del Fuego, the study of syn-
tectonic successions related to the evolution of the TFB (Olivero and
Malumián, 2008; Torres Carbonell et al., 2009a) constrained the
timing of six contractional stages, characterized by forward direc-
ted thrusting, out-of-sequence thrusting, and backthrusting above
a main décollement within Paleocene rocks. The lowermost
décollement of the TFB is estimated at the base of the Cretaceous
rocks (Torres Carbonell et al., 2011) (Fig. 1B).

After the cease of contraction during the Miocene (Ghiglione,
2002; Torres Carbonell et al., 2011), a strike-slip tectonic regime
was emplaced due to the birth of the transform boundary between
the South American and Scotia Plates, which is still active (Klepeis,
1994b; Lodolo et al., 2003; Torres Carbonell et al., 2008b). Different
interpretations were proposed for the evolution of the Fuegian
Andes, which consider either a significant involvement of strike-
slip tectonics during orogenesis (Ghiglione and Ramos, 2005;
Menichetti et al., 2008) or the inception of rifting in some portions
of the TFB during the early Eocene (Ghiglione et al., 2008). These
models are strongly contrasted by significant evidence of con-
traction in the Fuegian Andes during the Paleogene to early Neo-
gene, as has been widely discussed elsewhere (Gombosi et al.,
2009; Torres Carbonell et al., 2008a, b; 2011).

This paper focuses on structures formed during the initial stages
of evolution of the TFB, which only affect the Upper Cretaceous to
Danian rocks of the Austral basin. A major unconformity separates
these rocks from younger strata that lack most of the structures
described here (Martinioni et al., 1999; Olivero et al., 2003; Torres
Carbonell et al., 2009b, 2011). As will be further addressed, these
structures are purely contractional, and are not related to the late
Neogene to Recent strike-slip tectonic regime that currently affects
the southern South American and Scotia plates (Barker et al., 1991;
Barker, 2001). In addition, they are older than the separation of the
Antarctic Peninsula from Southern South America, and the con-
sequent birth of the Scotia Plate during the Eocene (Barker, 2001;
Livermore et al., 2005). For this reason, they are important markers
of the tectonic history prior to the Cenozoic configuration of this
region.

3.2. Stratigraphy of the studied Upper Cretaceous-Danian rocks

The stratigraphic units involved in the studied deformation
form part of the early fill of the Austral foreland basin (Fig. 2). We
only address here features of these successions that are significant
to our work. These units have been subjected to many stratigraphic
and sedimentologic studies during the last years, thus further in-
formation can be found in the cited references.

3.2.1. Arroyo Castorera Formation
This unit is composed of dark slates and shales with tuff in-

tercalations. At the eponymous creek (Fig. 3), a minimum thickness
of 300 m is estimated. Their boundaries and contact with previous
strata (the Aptian-Albian Beauvoir Formation) (Olivero et al., 2009;
Martinioni et al., in press) seems to be transitional but could not be



Fig. 2. Summarized stratigraphy of the Upper Cretaceous-Danian interval studied in this paper, with age constraints. References cited in text.

Fig. 3. Geologic map of the Western Area of the TFB, showing the main features described in this paper. Foliations and lineations with different colors are references for Fig. 12.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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properly determined with the available data, therefore its distri-
bution is speculative and based on structural trends and inter-
pretation of aerial and satellite imagery. The inoceramids found in
these beds suggest a Turonian-Coniacian age (Martinioni et al., in
press).

3.2.2. Buen Suceso Beds
This unit, called “Estratos de Buen Suceso” by Olivero and

Medina (2001), includes a thick succession of dark slates, shales,
marlstones, and sandy siltstones with thin tuff beds. These beds
crop out at Bahía Buen Suceso (Fig. 4), where a minimum thickness
of 250e300 mwas estimated. At the southern shore of the bay, the
inoceramids found suggest a Turonian-Coniacian age; while
Santonian-Campanian inoceramids were collected from the beds at
the northern shore (Olivero andMedina, 2001; Olivero et al., 2009).
Fig. 4. Geologic map of the Eastern Area, with the main features described in this paper. Folia
the references to colour in this figure legend, the reader is referred to the web version of t
3.2.3. Río Rodriguez Formation
This unit is composed of gray mudstones and minor very fine

sandstones, well stratified, exposed along the eponymous creek
(Fig. 3) with a minimum estimated thickness of 300 m. Again, the
boundaries and precise distribution of these beds are poorly
known, and are interpretative in the maps. The age of this unit is
based on fragmentary inoceramids tentatively assigned to the
Coniacian-?Campanian (Martinioni et al., in press).

3.2.4. Bahía Thetis Formation
This formation comprises a minimum thickness of 250 m of

conglomerates, sandstones, mudstones, shales and slates, cropping
out between Bahía Thetis and Cabo San Diego (Fig. 4). The forma-
tion bears ammonites and foraminifera from the late Campanian-?
early Maastrichtian (Olivero et al., 2003).
tions and lineations with different colors are references for Fig. 12.(For interpretation of
his article.)
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3.2.5. Río Udaeta Beds
This informal unit groups the mudstones with minor con-

glomerate and sandstone interbeds recognized at the lower valley
of the Río Udaeta (Fig. 5). These beds are connected to strata
assigned to the Policarpo Formation at CerroMalvinera (see below),
and show some similarities to that unit. However, the structural
complexity does not allow a proper determination of their strati-
graphic relationships, and thus they are here described separately.
A minimum thickness of 250 m is estimated for these beds, where
no age-diagnostic fossils were found.

3.2.6. Policarpo Formation
This unit, widely extended along the frontal part of the studied

portion of the TFB, is mainly distinguished based on its distinct
facies (Figs. 3e5). Its base is unknown and the top is an unconfor-
mity with Paleocene or younger strata (see below). The Policarpo
Formation has its type area at the Atlantic coast of Península Mitre,
Fig. 5. Geologic map of the Central Area, showing the main features described in this pap
pretation of the references to colour in this figure legend, the reader is referred to the web
nearby Caleta Falsa (Fig. 4), were it has a minimum thickness of
350 m, and probably more than 700 m, of bioturbated, sandy
mudstones and silty sandstones with abundant fresh-pyroclastic
material (Olivero et al., 2002). At Sierra de Apen (Fig. 3), the Poli-
carpo Formation has aminimummeasured thickness of 700e800m
and reveals similar facies (Martinioni et al., 1999, in press). This
formation bears ammonites, foraminifers, and dinocysts that indi-
cate a Maastrichtian-Danian age (Martinioni et al., 1999, in press;
Olivero et al., 2002, 2003, 2009). In addition, detrital zircons from
the Sierra deApen outcrops gave depositional ages of 74.63� 0.5Ma
(late Campanian) and 65.97 � 0.91 Ma (Maastrichtian) (Barbeau
et al., 2009).

3.2.7. U1 unconformity
The Policarpo Formation is the youngest stratigraphic unitwhere

penetrative tectonic structures such as the ones described in this
paper are observed. In addition, it is separated by means of a well-
er. Foliations and lineations with different colors are references for Fig. 12. (For inter-
version of this article.)
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defined unconformity from the Paleocene Tres Amigos Formation
(¼Cerro Apen Beds) (Olivero et al., 2003; Martinioni et al., 1999)
(Fig. 2). This unconformity, called u1, is recognized in several places
along the internal TFB, being slightly angular (w10�) at some sites
(Torres Carbonell, 2010; Torres Carbonell et al., 2011). It coincides
with an increased input of coarse detritus to the foreland basin
(Martinioni et al., 1999; Olivero et al., 2003), and with an increased
supply of sediments derived from erosion of the Fuegian Andes core
(Barbeau et al., 2009). These structural and sedimentologic features
suggest an episode of contraction in the orogen during the Latest
Cretaceous-Danian, which may have produced the distinct struc-
tures in the TFB described in this paper, as established below (Torres
Carbonell et al., 2009b; Torres Carbonell, 2010).

3.3. Previous studies in the internal TFB

In Argentina, apart from brief descriptions regarding the struc-
ture of the internal TFB (Martinioni et al., 1999; Olivero et al., 2003;
Olivero and Medina, 2001; Ghiglione and Ramos, 2005), there
are not published detailed structural studies. Only recently, a pre-
liminary study allowed to differentiate two generations of struc-
tures in Campanian to Danian rocks, and give some insights on the
geometry and relative timing of related thrust sheets (Torres
Carbonell et al., 2009b; Torres Carbonell, 2010) (see Section 3.4).

More structural research, on the other hand, has been made in
Chile. In the western coast of Tierra del Fuego and near the inter-
national border,Winslow (1983) reported a dominant fold vergence
toward the north and NE, and estimated shortening percentages of
20e40%, decreasing forelandward. In addition, Winslow (1983)
suggested a deformation path in late Campanian-early Danian
rocks (cf. Sánchez et al., 2010) characterized by initial shortening
and buckling with incipient foliation development, followed by
thrust stacking and injection of clastic dikes, and further thrust-
related folding coeval with development of a second foliation. No
differential orientations are reported for the trends of the folding
axes and the two foliation sets.

More detailed mapping near the international boundary was
provided by Klepeis (1994a), who described structures in strati-
graphic units that are laterally equivalent to those in our Western
Area (Santonian-Maastrichtian andMaastrichtian-Danian strata; cf.
Hünicken et al., 1975). In a portion of the TFB of approximately
10 km across strike, located north of Lago Deseado (Fig. 1), these
structures comprise imbricated thrust sheets with NE vergence,
tight and upright folds with mean axes gently plunging NW,
wavelengths of about 1 km, and a SW-dipping axial plane foliation.
This foliation is deformed by a second generation of coaxial folds.
Klepeis (1994a) interpreted that both fold generations and the
imbricated thrust sheets, formed coevally during or since the
Maastrichtian-Danian.

3.4. Timing of structures in the internal TFB

A recent study distinguished two major generations of struc-
tures affecting the Upper Cretaceous-Danian rocks of the internal
TFB (Torres Carbonell et al., 2009b). Accordingly, the first
Fig. 6. Examples of the style of folding of the studied rocks. A. Fold train showing the domin
(red) in the Arroyo Castorera Beds nearby the Río Claro headwaters; e: envelope surface. B
projection shows the bedding (great circles) at the limb of a second order anticline, with slic
lineation, which is subparallel to the fold axis. D. Oblique view of an anticlineesyncline pai
calculated anticline’s beta axis (red dot), and mean limbs’ attitude (great circles). E. Schematic
(located in Fig. 5). The stereographic projections show mean limb attitudes (great circles, w
circles), and foliation-bedding intersection lineations (blue circles) in second order folds. F.
associated structures. G. Detail of the anticline of Fig. 6F; note the extensional fractures, some
sandstone reveals disharmonic folds. Pen for scale. (For interpretation of the references to c
generation (called D0) includes foliations as well as associated
penetrative structures, which will be integrated and completed
with further data in this paper. The D0 structures involve rocks not
younger than the Policarpo Formation, and are thus older than the
Danian u1 unconformity (see Section 3.2) (Torres Carbonell et al.,
2009b).

The second generation of structures (D00) comprises thrust
sheets and related folds emplaced after deposition of Paleocene
strata (after u1) (Figs. 3e5). Many of these thrust sheets are local-
ized along a continuous belt where the Policarpo and the Tres
Amigos Formations are stacked in an imbricate fan. This thrust belt
is called Apen-Malvinera thrust system (Torres Carbonell et al.,
2009b; Torres Carbonell, 2010) (Figs. 1 and 3 and 5). Since we
focus on the D0 structures, the Apen-Malvinera thrust system will
not be further discussed in the present contribution.

4. Structures

Several structures pertaining to the D0 generation were recog-
nized along the studied portion of the TFB (Figs. 3e5). We will first
describe these structures separately, and then integrate the data in
order to establish the main characteristics of the deformation.

4.1. Folds

Folds are present in all the studied areas affecting the Upper
Cretaceous-Danian rocks, although D0 folds are less developed in
the youngest beds (e.g. Policarpo Formation). Most folds affecting
these younger rocks are related to the D00 stage, and thus not
described here. In the Western Area, folds involve well-stratified,
tuffaceous mudstones of the Arroyo Castorera Beds nearby Río
Claro, and the Río Rodríguez Beds in the eponymous river (Fig. 3).
Nearby the Río Claro headwaters, folds are asymmetric, steeply
to moderately inclined, and subhorizontal to gently plunging
(cf. Fleuty, 1964). Most of the folds verge to the north and NNE
(Fig. 6AeC). Interlimb angles are variable within 100�e40�; hinges
are rounded, subrounded, or subangular, although few complete
fold profiles were available to quantify fold bluntness. It is also
difficult to classify the style of multilayers, but mostly class 1B
folds (Ramsay, 1967) were recognized in competent beds, while
interbedded shales and mudstones show fold styles belonging to
classes 1C and 2. Occasionally, slickensides in stratification surfaces
have striae indicating interbed slip normal to the average folding
axis in the area (e.g. Fig. 6C), suggesting a flexural folding
mechanism.

Three orders of folding were recognized (Fig. 6AeC): first order
folds have a half-wavelength of about 80m, with backlimbs of up to
135 m long. In one case where the backlimb thickness could be
estimated, it reached 160 m. The limbs of first order folds, and
especially the shorter forelimbs, are disturbed by second order folds
with half-wavelengths between 20 and 50 m and backlimbs
approximately 40e50 m long. Third order folds occur in the fore-
limbs of second order folds, and have approximate half-wavelengths
of 15e20 m and backlimbs of 15 m. The envelope of the first order
folds is moderately dipping to the south and SW (e.g. Fig. 6A).
ant style and the occurrence of second order folds (blue) at the limbs of first order folds
eC. Second (blue) and third order (yellow) folds in the same unit. The stereographic
kenlines on the bedding plane oriented subnormal to the bedding-foliation intersection
r in the Río Rodríguez Beds at the eponymous site. Stereographic projection shows the
cross-section depicting the interpreted geometry of the FA folds observed at Río Udaeta
ith n: number of measurements) and calculated beta axes of the first order folds (red
FB fold at the same location, the stereographic projection shows the orientation of the
filled with calcite, at the convex face of the sandstone bed. The mudstone bed above the
olour in this figure legend, the reader is referred to the web version of this article.)
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At Río Rodríguez, folds are asymmetric, upright to moderately
inclined, gently tomoderately plunging, and vergemostly to the NE
(Fig. 6D). At the larger exposures, minimum half-wavelengths of
30 m were measured. Interlimb angles are variable within 0� (iso-
clinal) to 70� (close). Bluntness was estimated in a few folded layers
indicating fold hinges varying between sharp and rounded. Some
1B folds were recognized in competent layers, while the less
competent mudstone successions reveal disharmonic folding. In-
dividual mudstone beds, when regularly interbedded with com-
petent (cemented mudstone) beds, show styles of classes 1C and 2.
Some folds are affected by mesoscopic thrusts, but the genetic
relationship of these faults to folding is not well revealed.

In the Central Area, in particular along the Río Udaeta valley
(Fig. 5), we recognized two fold sets with different orientations
affecting the Río Udaeta Beds, called FA and FB. Set FA is represented
by a train of folds oriented NW-SE that reveal at least two orders of
folding (Fig. 6E). First order folds only have exposed limbs, thus
their true geometry is undisclosed and is interpreted in Fig. 6E.
Wavelengths of about 600 m can be estimated based on the
inferred position of fold hinges and inflection lines. The general
vergence is towards the NE and these folds appear to be asym-
metric, with overturned forelimbs in some cases. In general, the
bed attitude measured in the limbs suggests close, open, and gentle
fold shapes. Near the hinge of one of these interpreted folds, we
distinguished well-exposed second order folds with axes plunging
gently WNW (Fig. 6E). A true wavelength of 85 m was measured,
and the folds are apparently upright and gentle. The curvature in
the hinges is qualitatively described as subrounded to subangular.

Set FB is best manifested by an anticline with NW vergence and
an axis gently plunging NE, whose profile is well exposed at Río
Udaeta (Fig. 6FeG). At the hinge, the fold shape is open, steeply
inclined and with a subrounded closure. The competent beds show
profuse slickenlines perpendicular to the fold axis on the stratifi-
cation plane in one limb, and extensional wedge shaped veins filled
with calcite parallel to the axis around the hinge, along the convex
bedding surface (Fig. 6FeG). Both features suggest orthogonal
flexure of the competent bed, and flexural slip of the multilayer.
Within the less competent interbeds, some parasitic disharmonic
folds are apparent (Fig. 6F). The striae in slickensides on bedding
surfaces are a common feature also nearby Cerro Malvinera, where
beds of the Policarpo Formation are folded; although individual
folds cannot be recognized in the isolated outcrops (cf. Torres
Carbonell et al., 2008b).

The folds recognized in the Eastern Area involve the Policarpo
and Bahía Thetis Formations, and the Buen Suceso Beds (Fig. 4). In
the latter, the strata exposed at the northern shore of Bahía Buen
Suceso form a continuous nearly homoclinal succession, which dips
moderately to gently northwestward (Fig. 7A). Some gentle warps
are frequent within this succession, normally related to faults with
decimeter scale offsets. On the other hand, the southern shore of
Bahía Buen Suceso exposes NW dipping overturned strata at its
northern end, which bear intense tectonic foliation, and pass
southward to non-overturned NW dipping beds. The latter form
a roughly homoclinal succession continuously exposed toward the
south, affected at some discrete intervals by open folds (Fig. 7A).

The southeast-vergent, overturned anticline shown in Fig. 7A
has an interpreted fault between the overturned forelimb and the
non-overturned strata toward the southeast. Although the fault
itself does not crop out, the significant increase in strain observed at
the overturned forelimb with respect to the gently dipping back-
limb (i.e. anomalous intense tectonic foliation compared with sur-
rounding limbs), suggests that folding may have been accompanied
by thrusting or development of a shear zone at the forelimb.

Northwards, the Bahía Thetis Formation reveals a variety of fold
styles. The eastern outcrops, surrounding Cabo San Diego, are
involved in folds in which the backlimbs dip moderately south-
ward, and the forelimbs are steeper and dip northward. An
approximate wavelength below 1 km can be estimated for some
folds. Laterally westward, equivalent beds are affected by folds with
similar geometries. Nearby Bahía Thetis (Fig. 4), the beds are
involved in gentle to open anticlines and synclines. Many observed
examples have kinked hinges, for example the one detailed in
Fig. 7B (location G in Fig. 8) where these kinks are affected by
fractures parallel and oblique to the axial planes, filled by calcite,
quartz, and brecciated wall-rock fragments (Fig. 7B). These features
suggest that the open folds formed by brittle flexure.

A different style of folds is observed along the coast between
Bahía Thetis and Punta Cañón (locations B-D in Fig. 8), where the
Bahía Thetis Formation is composed of interbedded shale and well-
cemented conglomerate and sandstone-siltstone, forming an
incompetent-competent multilayer. The competent beds are bou-
dinaged and folded (Fig. 7CeD and Fig. 9AeD), with folds being
open to tight, and in some cases isoclinal. The smaller interlimb
angles, however, are observed in centimeter- to decimeter-scale
folds (Fig. 9CeD); while the larger folds (wavelengths up to tens
of meters) are more open. Some mesoscopic folds have higher or-
der, parasitic folds at the limbs (Fig. 7CeD).

The folds and boudinage in this area of Bahía Thetis occur in an
overall southward-dipping succession. The orientation of the
boudin lines reveals some scatter, but one main cluster can be
identified plunging approximately southward (higher density at
180�/48�) while minor clusters are oriented at 277�/13� and 203�/
18� (Fig. 9E). The folds’ axes display less random orientations with
a maximum density at 105�/18� and a minor cluster at 280�/18�

(Fig. 9F). The remarkable subperpendicular orientation of the folds’
axes and boudin lines indicates extension parallel to the mean
folding axis. Although the geometry of the boudins on the bedding
surface is unrevealed in 2D cross-sections, a poorly developed
tablet-like pattern in bedding plane is suggested by the few boudin
necks that are subparallel to the folds’ axes. This combination of
boudinage and folding in the Bahía Thetis Formation appears to be
restricted to an E-W belt between the eastern mouth of the
eponymous bay and Punta Cañón, and to few badly exposed out-
crops at the inner bay (e.g. location E in Fig. 8).

At the western mouth of the bay (location A in Fig. 8) a meso-
scopic overturned anticline involves the Bahía Thetis and Policarpo
Formations, with an axis plunging gently SW (Fig. 8). The fold hinge
is well exposed, rounded, and open to gentle. Although a NE-
vergent thrust was interpreted in previous work (Olivero et al.,
2003; Ghiglione and Ramos, 2005), the only suggestion of a shear
zone comes from mesoscopic fault planes with thrust fault solu-
tions that indicate slip slightly oblique to the fold axis (Fig. 8).

It is important to remark that, in addition to the described fold
styles along the internal zone of the TFB, the occurrence of non-
coaxial fold sets (e.g. FA and FB in the central area and the different
orientations found in the Bahía Thetis Formation) indicates a pos-
sibly diachronic folding history, as will be further discussed below.

4.2. Foliations and penetrative lineations

The rocks studied, especially the older ones (Turonian to Cam-
panian), bear two different foliations: a primary foliation formed
during diagenesis or possibly very low-grade burial metamorphism
(Maltman, 1981; Árkai et al., 2007), and a tectonic (secondary)
foliation owed to contractional processes arisen during the TFB
evolution. One of the most distinctive features of the Upper
Cretaceous-Danian rocks of the TFB is that they comprise the
youngest sedimentary units in the Fuegian Andes where pene-
trative tectonic foliations and lineations are developed. The degree
of development is variable, and it mostly depends on the structural



Fig. 7. A. Schematic cross-section showing the interpreted structural geometry at Bahía Buen Suceso (located in Fig. 4). The stereographic projections show the mean limb ori-
entation (great circles) and calculated beta axes (black dots) of the folds. The asterisks indicate fossil-bearing localities with guide inoceramids (from Olivero and Medina, 2001). B.
Kinked hinges affected by brittle fracturing (dashed red lines) and fluid injection in the Bahía Thetis Formation, nearby the eponymous bay (circled compass for scale). The ste-
reographic projections with black great circles represent mean bedding (dip direction/dip angle) of each rock portion divided by the sketched fractures, revealing the flexure. Inset
shows the orientation of the calculated folding axis (white dot), and of fractures a, b and c (red great circles). Note that fractures b and c diverge towards the convex face of the
flexure. C. Syncline formed in a heterolithic succession. Disharmonic parasitic folds are observed in the more competent sandstone bed (clearer color), as well as thickness changes
in the incompetent mudstone (darker). D. Detail of the parasitic folds in the center of Fig. 7C. Note how the incompetent mudstone flowed to accommodate the brittle deformation
(faulting) of the competent sandstone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 8. Structural map of Bahía Thetis (located in Fig. 4). A to H indicate specific locations with folds whose orientations are detailed in the stereographic projections: great circles
indicate bedding, white dots are for calculated beta axes or individual fold axes (dip direction/dip angle). In fault solution diagrams bold lines represent the fault plane and black
dots slickenlines with sense of hangingwall movement; white and gray correspond to P and T quadrants, respectively.
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position of the rocks within the larger structures, as discussed
below. Despite this, a consistent gradation toward less developed
tectonic foliations in the youngest rocks (Policarpo Formation) is
clearly observed.

In the three studied areas of the TFB the tectonic foliation is
always disjunctive. The less developed foliations vary from
anastomosed with spacing of less than 3 cm to a weak planar
foliation with spacing of up to 5 cm (Fig. 10A). The weakest foli-
ations are usually associated to pencil structures (cf. Ferrill, 1989)
(Fig. 10B), and are more common, for example, in the Policarpo
Formation. The better-developed foliations, on the contrary, are
only observed in the rest of the Upper Cretaceous units, being
smooth and spaced 0.05 mm or less (Fig. 10CeD). In general the
foliations are more spaced and almost absent in competent
sandstones, and best developed in the less competent fine-
grained rocks.

In 2D exposures, the tectonic foliation is apparently parallel to
the axial planes of folds occurring at the same site (axial-plane



Fig. 9. AeD. Details of folds and boudins at the eastern mouth of Bahía Thetis (location B in Fig. 8). A. Tapered boudin with boudinaged necks. B. Parallelogram-shaped boudins, see
relative location in Fig. 9D. C. Isoclinal fold in a taper-boudinaged bed. D. Disharmonic isoclinal fold in a competent layer within the boudinaged succession. The stereographic
projection shows local boudin lines (white dots), the fold axis (red dot), and the mean bedding orientation (S0). EeF. Orientation data (density plots) of the mean bedding (red great
circle), boudin lineation (E), and folds (F) between Bahía Thetis and Punta Cañón (locations BeD in Fig. 8). The orientation of the maximum for each orientation cluster is indicated.
G. Flattened Stelloglyphus tubes from the eastern mouth of Bahía Thetis. The picture is perpendicular to the tubes, the mean stratification (white dashed line), the mean foliation
(red dashed line), and mean folding axis. R is the mean ellipticity of the strain ellipse, as explained in text. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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foliation), as well as pencil structures are apparently subparallel to
folds’ axes (Figs. 3e5). However, with poor 3D exposures it is not
possible to ascertain if some fold transection exists (Borradaile,
1978).

Under the microscope, the cleavage domains of the disjunctive
foliation are formed by discrete seams of insoluble opaquematerial,
usually wriggly or stylolytic (cf. Passchier and Trouw, 2005),
forming a rough to moderately rough foliation (Fig. 11A). The
microlithons generally show a random to very weak fabric. The
seams of insoluble residue are usually concentrated at the edges of
larger clasts (e.g. quartz, plagioclase, lithic fragments, and aggluti-
nated microfossils), where dissolution of the clast is evident, and
produces sharp surfaces (Fig. 11B). This feature is also observed
where the seams intersect tuffaceous layers in the bedding, and
visual inspection reveals that significant amounts of material have
been lost by dissolution (Fig. 11A). This evidence of dissolution and
concentration of insoluble residue at the cleavage domains in-
dicates that pressure-solution is the dominant process forming
these disjunctive foliations (Gray, 1978; Engelder and Marshak,
1985; Marshak and Engelder, 1985).

The pencil structures reveal a microscopic fabric when studied
perpendicular to the incipient foliation. This fabric is formed by
discontinuous, irregular lenses of rock, less than 1 mm thick, inside
which a disjunctive foliation is developed (Fig. 11CeD). This folia-
tion has similar characteristics than these described before, with
abundant insoluble material concentrated at seams forming an
anastomosed or moderately rough pattern. In addition, some
phyllosilicates and elongated minerals are weakly aligned within



Fig. 10. Outcrop examples of disjunctive foliations and pencil structures. A. Relationship between stratification (S0) and a spaced foliation (S1) in the Policarpo Formation at Cerro
Malvinera. B. Pencil structure (parallel to arrow) in the same unit. C. Relationship between the disjunctive foliation (steeply dipping, S1) and the stratification (gently dipping toward
right, S0) at the Arroyo Castorera Beds, Río Claro headwaters. Note the intersection lineation on the bedding plane. D. Detail of the foliation-bedding intersection lineation on
a stratification surface, same unit.
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the lenses (Fig. 11C). Some discrete, wriggly pressure-solution
seams interconnect these lenses, revealing that the pencil struc-
tures comprise an incipient state of disjunctive foliation (Fig. 11D).

In many of the thin sections we observed a notorious contrast
between the tectonic and the primary foliation. The latter is even
more prominent than the former in many of the samples observed.
For example, in rocks of the Bahía Thetis Formation nearby Cabo
San Diego, the Buen Suceso Beds at the eponymous bay and the
Arroyo Castorera Beds nearby the Río Claro headwaters, the pri-
mary foliation is a smooth to continuous foliation formed not only
by the preferred alignment of very fine phyllosilicates, but also by
pressure-solution seams parallel to the bedding (cf. Heald, 1959;
Tada and Siever, 1989) (Fig. 11EeF). The latter is manifested by
a neat fissility in the rock. Contrastingly, the tectonic foliation is less
developed, and sometimes absent (Fig. 11EeF).

The variable development of tectonic foliations seems to be
controlled by the structural position of the rocks; stronger folia-
tions are observed in zones where strains due to folding have been
higher. This indicates a strain control on the development of the
disjunctive foliations (cf. Engelder and Marshak, 1985). For
instance, between Bahía Thetis and Punta Cañón (locations BeD in
Fig. 8), where boudinaged and folded heterolithic beds were
observed (Section 4.1) and tectonic foliations are very well devel-
oped, there is evidence that indicates a direct relationship between
degree of foliation and flattening strains. This evidence includes
few specimens of Stelloglyphus isp., an ichnofossil formed by radial
tubes that are parallel to the bedding; when undeformed, these
tubes have a circular or slightly elliptical cross-section, with the
long axis of the ellipse parallel to bedding (Vialov, 1968; Le Roux
et al., 2008). The specimens found at eastern Bahía Thetis show,
in a plane perpendicular to the local tectonic foliation, elliptical
cross-sections with a mean ellipticity (R) of w1.8. The long axes of
the ellipses are at an angle of less than 20� to themean foliation and
subperpendicular to bedding (Fig. 9G). Although not enough
specimens are available for a quantitative strain analysis, these
deformed tubes indicate flattening subnormal to the foliation with
a significant change in their original shape.

Additional examples of the coincidence between high strains
and well-developed tectonic foliations include the forelimbs of
anticlines, at several scales, especially when these forelimbs are
steep or overturned. For instance, at the forelimb of the anticline at
Bahía Buen Suceso (southern shore of the bay) (Fig. 7A), we
observed a well-developed tectonic foliation (Fig. 11A). On the
contrary, the gently dipping backlimb (northern shore) reveals no
tectonic foliation, neither at hand specimen nor in thin section, and
has only a well developed bedding plane fissility associated to
bedding-parallel stylolytes (Fig. 11EeF).

A notable feature of the studied rocks is the occurrence of (at
least) two sets of foliations (and associated lineations) with dif-
ferent orientations in each of the three areas studied along the TFB.
Generally, each set is subparallel to the axial plane of any of the fold
sets already described (Section 4.1). The description of these non-
coaxial sets is addressed below.

4.3. Analysis of orientation of structures

As mentioned above, we recognized two main orientations of D0

structures in each studied area (Figs. 3e5). These sets can be grossly
distinguished as a NW-SE set and a NE-SW set. However, this first
grouping does not allow relating these sets with other features



Fig. 11. Microphotographs of tectonic and primary foliations and lineations. Except when noted, all sections are perpendicular to the foliation and sub-perpendicular or at a high
angle to fold axes; all pictures are with non-polarized light. A. Tectonic foliation formed by pressure-solution seams (subvertical) affecting mudstone with an interbedded tuffaceous
layer, southern Buen Suceso Beds. Note the opaque insoluble residue denoting the seams, and their wriggly geometry. The seams show refraction across the tuffaceous layer, as
exemplified by the white lines at the left of the picture. B. Detail of a Schaubcylindrychnus tube in a slate of the Arroyo Castorera Beds, Río Claro headwaters. Note the locus of
dissolution at the edges of the agglutinated tube, which attain a sharp wriggly surface. Also note that the tube is flattened parallel to bedding (S0), but not parallel to the disjunctive
tectonic foliation (vertical). CeD. Pencil structure in the Policarpo Formation nearby Cerro Malvinera; sections are parallel to the pencil lineation and perpendicular to local incipient
tectonic foliations. Pressure-solution occurs in lenses (horizontal) distributed in the rock mass, which are few millimeters long and less than 1 mm thick (C). Inside these lenses,
pressure-solution seams are accompanied by aligned detrital platy minerals such as biotite (Bt) or white mica. In addition, some isolated stylolytic and wriggly pressure-solution
seams, 2 or 3 mm long, are observed merging with the lenses (e.g. arrows in D). EeF. Bed-parallel pressure-solution seams forming the primary foliation in the northern Buen
Suceso Beds. Note well-developed seams with wriggly and stylolytic geometries parallel to the lithologic layering (horizontal). Picture E shows the relationship of the bed-parallel
pressure-solution seams with Schaubcylindrychnus tubes flattened during rock compaction. Compare this picture with Fig. 11B. Picture F shows a detail of the stylolytic seams in
sandstone, with evidence of dissolution at clasts’ edges. Note the absence of an oblique tectonic (secondary) foliation.
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of the TFB, namely the manifest morphologic lineaments that
indeed vary in orientation along the frontal Fuegian Andes. These
lineaments form a map-view curve that, at Península Mitre, con-
stitutes a recess with a western limb oriented NW-SE and an
eastern limb oriented NE-SW (Torres Carbonell, 2011) (Fig. 12).
Therefore, each of the structural sets roughly distinguished above
will have different connotations when compared with the Pen-
ínsula Mitre recess.



Fig. 12. A. Map with distribution of the three structure sets (SaeSc) described in this paper. Compare with detailed maps of Figs. 3e5. Points x and x0 mark locations that where
adjacent prior to development of the Neogene Fagnano Transform System (cf. Torres Carbonell et al., 2008b). B. Comparison of the differential development of the three sets in the
stratigraphic units of the TFB.
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Conversely, we can attempt a distinction based on the paral-
lelism of some of these structures with the thrust sheet orienta-
tions along the curved trace of the TFB, including the younger D00

thrusts in Paleogene rocks. Thus, all the structures described in this
paper that are subparallel to the TFB trends in each location, are
distinguished as Sa structures (Fig. 12). The Sa structures may be
considered relatively younger than the rest of the D0 structures
since their general trends were maintained during development of
the younger TFB. Two sets remain after this filter, a NE-SW set in
the Western and Central Areas of the TFB, and a NW-SE set in the
Eastern Area. We name the former Sb and the latter Sc (Fig. 12).

The Sb structures in the Western Area comprise foliations
affecting the Cerro Castorera Beds that strike ENE-WSW, differing
for about 35� with Sa structures in the same area (NW-SE) (Fig. 12).
In the Central Area, Sb structures comprise Fb folds, foliations, and
pencil structures striking NE-SW, differing between 80� and 20�

from local Sa structures (NW-SE) (Fig. 12).
The Sc structures, restricted to the Eastern Area, comprise

mostly well-developed foliations, pencil structures, and fold axes in
the Bahía Thetis Formation. The Sc structures strike NW-SE and
WNW-ESE, differing between 40� and 90� from the local Sa struc-
tures (NE-SW) (Fig. 12).

5. Discussion

5.1. Strains and mechanisms of deformation

The analysis of penetrative structures in most of the studied
cases suggests that at the micro- to mesoscopic scale, orogenic
contraction was accommodated almost exclusively by pressure-
solution processes that led to formation of more or less spaced
foliations. Flattening at that scale is not observed except for only
one case (between Bahía Thetis and Punta Cañón) (Figs. 8 and 9). A
strong evidence for this assertion is given by the lack of distortion
of the original primary fabric attained during burial, for example,
the Schaubcylindrichnus tubes flattened parallel to bedding
(Fig. 11B). The lateral stress was able to produce pressure-solution
of these agglutinate tubes, but not strong enough to overprint
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Fig. 13. Schematic (not to scale) cross-section across the internal TFB depicting the
evolutive model developed in this work for the D0 structures. Black ellipses indicate the
relative strain gradient across the section, increasing toward the hinterland and with
depth. The white circle marks the leading edge of deformation at each stage. LPS: layer-
parallel shortening.
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their original orientation. Consistently, dissolved edges are
observed in mineral crystals without intracrystalline deformation.

Furthermore, our data indicates that the tectonic foliation is
restricted to zones of higher strains within the folded belt, for
example, the frontal limbs of asymmetric anticlines (Section 4.2).
The less deformed zones, such as anticline backlimbs, may reveal
a notable primary foliation but not tectonic foliation (Fig. 11EeF).
This is consistent with the response to burial-induced pressure-
temperature conditions in front and below of emplacing thrust
sheets (e.g. Mitra and Yonkee, 1985). The structural localization of
the tectonic foliations, and the dominance of pressure-solution
processes, suggest deformation conditions at shallow (upper
crust) depths, e.g. above 6e15 km (Engelder and Marshak, 1985).
The strong primary foliation described in the older rocks, on the
other hand, constrains burial to more than 1e1.5 km prior to
contractional deformation (Tada and Siever, 1989). These depths
are consistent, indeed, with the thickness estimations of the stud-
ied sedimentary rocks, which comprise an overall pile of probably
more than 2 km (Martinioni et al., in press).

The general style of folding also suggests deformation condi-
tions at shallow crustal depths. Some characteristics common to
the folds described include the evidence of interbed shear, and the
multilayers formed by class 1B buckles in competent beds (fine
sandstone-siltstone) alternating with class 1C or 2 folds in less
competent (mudstone) interbeds (Fig. 6). These features reveal
deformation dominated by flexure and brittle fracturing of the
competent beds (e.g. orthogonal flexure), and ductile flow of the
incompetent rocks (Fig. 6FeG and Fig. 7BeD), giving way to the
flexural folding of the multilayer. The amount of volume-loss due to
pressure-solution is subordinated and restricted to some portions
of the folds, and flattening involved in the formation of classes 1C
and 2 folds was not large at the micro- to mesoscopic scale, as
already discussed.

At all scales of observation (from decimetric to kilometric folds),
anticlines are mostly asymmetric, with a moderately to gently
dipping long backlimb and a steeper and shorter forelimb (e.g.
Fig. 6A), both usually affected by parasitic folds. The studied ex-
amples indicate a hierarchy of at least two or three orders of folding
(Section 4.1). Although poor exposures difficult the identification of
thrust faults and their relationships to the observed folds, the
upper-crustal deformation conditions considered suggest that the
major anticlines are related to the emplacement of thrust sheets
(e.g. Fig. 7A), with contraction being accommodated within them
by several orders of folding.

The degree of penetrative deformation clearly decreases in the
younger Policarpo Formation, with lack of D0 folds and poor
development of penetrative structures (Section 4.2). The bedding in
this unit shows only slight angular relationships with Paleocene
strata (maximum 10�), separated by the u1 unconformity (Torres
Carbonell, 2010). These features support the interpretation of
layer-parallel shortening and possibly minor warping of the strata
attained under low strains during D0 deformation, probably in front
of areas where most of the contraction was being accommodated
by folding (e.g. Figs. 6, 7 and 9) (Torres Carbonell et al., 2009b;
Torres Carbonell, 2010). Consequently, the D0 structures in the
Policarpo Formation represent the foreland boundary of deforma-
tion during the D0 stage, i.e. the leading edge of the TFB during the
Maastrichtian-Danian (Fig. 13).

We propose the followingmodel for the development of the first
thrust wedge during Late Cretaceous times in the foreland suc-
cessions of the Austral Basin. The model considers a sedimentary
pile more than 3 km thick, composed of Turonian to Danian strata
(cf. Fig. 2), accumulated ahead of the initial orogenic wedge, in the
early foreland basin (see Martinioni et al., in press). These sedi-
ments overly the Lower Cretaceous-?Cenomanian sedimentary fill
of the prior back arc basin (Olivero et al., 2009). Upon inception of
contraction, the pile starts to deform above a detachment located
near the base of the Lower Cretaceous rocks (Klepeis, 1994a)
(Fig. 13). The rocks of this study, which form the middle to upper
part of that pile, accommodate most deformation through flexural
folding of the multilayer. Thrust nucleation may be coeval with
folding. Pressure-solution accommodates compression at micro- to
mesoscopic scale, forming an axial-plane foliation in zones of
localized, higher strain, within the folded multilayer. Strains also
grade negatively towards the front and top of the deforming pile,
accompanying the tectonic stress gradient and decreasing depth,
respectively. In this manner, pressure-solution also accommodates
contraction toward the front of the deforming wedge, together
with layer-parallel shortening and incipient folding (Fig. 13A).
Further contraction induces thrust faulting of the most deformed
hinterland portion of the sedimentary pile, which continues
forming a forward propagating thrust wedge (Fig. 13BeC).

Themodel implies the sequential progression from layer-parallel
shortening to folding above a detachment, and afterwards to thrust
imbrication. The imbricates incorporated the previously folded
succession to their hangingwalls. This progression, however, could
have been transitional, with faults nucleating during the folding
stage (Fig. 13). This model finds resemblance with the hybrid thrust
sheets that, with different combinations of the acting processes,
have been described in the central Apennines, theNewYork Plateau,
and the southern Canadian Cordillera by Geiser (1988).

The north and NE verging thrust imbricates are a plausible
explanation for the actual younging direction across the internal
zone of the TFB (e.g. Fig. 3), and are consistent with the observed
south or SW dipping envelope of major fold trains (e.g. Fig. 6A).
Some backthrusting, however, may also have occurred, as exem-
plified by the fold at Bahía Buen Suceso (Fig. 7A), as well as similar
structures described elsewhere (Klepeis, 1994a).

Formation of the initial TFB according to the described model
finalized in Danian times, when the thrust wedge front consisted of
slightly deformed rocks. After the Danian, D00 structures evolved
differently as a consequence of a more brittle style of deformation



Fig. 14. Sketch depicting the proposed formation of the different structural sets (SaeSc), as explained in the text. The actual coastline of Tierra del Fuego (gray line) and the SaeSc
structures are restored to their estimated relative positions before the w50 km Neogene left-lateral strike-slip along the Fagnano Transform System (see xex0 in Fig. 12).
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of the foreland successions above a shallow detachment in Paleo-
cene rocks (Torres Carbonell et al., 2011). Therefore, the internal
zone of the TFB contains rocks deformed at intermediate structural
levels of the Fuegian Andes.

5.2. Paleotectonic implications

The orientation data addressed in Section 4.3 make evident that
more than one contractional episode was involved during D0, as
suggested by previous work (Torres Carbonell et al., 2009b), and
also indicate that the principal directions of finite strain in each
episode had different orientations. Accordingly, the superposed
pressure-solution foliations affecting the Upper Cretaceous-Danian
rocks in different places along the Fuegian Andes (Fig. 12), are
discrete, compression-normal planes that indicate that the rock
was subjected to different finite strain intervals, each with a par-
ticularly oriented finite strain ellipse (Powell, 1974). This means
that either the rocks or the orientation of the stress field rotated
during the complete history of deformation.

Possible explanations for the development of the three struc-
tural sets distinguished (SaeSc) (Fig. 12), considering Sa as the
youngest, include (a) the counterclockwise rotation of the eastern
termination of the mountain belt under a constant NE-SW max-
imum compressive direction (s1), and (b) different configurations
of a non-coaxial stress field through time. These models find major
flaws, for example in (a) there are no elements to explain the
rotation constrained to the eastern thrust belt, and the absence of
Sc structures in strata younger than the Bahía Thetis Formation
(Fig. 12B); and a constant NE-SW s1 is not consistent with the
orientation of the Sb set of the Central and Western Areas. Model
(b) finds difficulties to explain either a SbeSceSa or SceSbeSa
sequence, without forcing a geologically non-reasonable history
of stress-field rotations.

We conceive a third, more suitable model, which considers
a constant s1 in a N-S direction (Fig. 14). At a first stage, this caused
the simultaneous development of Sb and Sc structures along
a slightly curved deformation front. The s1 vector may be locally
decomposed to form structures with orientations reasonably
deviated from the normal to s1, but always highly oblique to the
regional compression (e.g. NE-SW Sb foliation at Río Udaeta that
never exceeds 30� from the normal to s1) (Fig. 14A). During late D0

and through D00 deformation, the TFB front advanced with the
constraint exerted by the irregular cratonic margin of the foreland
basin, whose salient at the Río Chico Arch (Fig. 1) acted as a buttress
hindering thrust-wedge propagation (Fig. 14B) and causing the
change in orientation of the local strain ellipses along the TFB
(Torres Carbonell, 2011). This buttressing acted during develop-
ment of the Sa structures (late D0), and continued during the
emplacement of Paleocene toMiocene thrust sheets of the TFB (D00),
giving birth to the Península Mitre recess (Fig. 12). This inter-
pretation is similar to models reported elsewhere for the curvature
of thrust-fold belts that form during closure of basins against their
parental cratonic margins (Thomas, 1977; Marshak and Flöttmann,
1996).

The constant N-S directed s1 implies an orientation of stresses
during formation of the TFB that was not considered in previous
tectonic models, which usually assume an average SW-NE con-
traction owed to the convergence of the Aluk (Farallon) Plate with
SW South America (Diraison et al., 2000; Ghiglione and Ramos,
2005; Ghiglione and Cristallini, 2007). However, it should be
noted that the evidence of SW-NE directed contraction in the TFB is
restricted to the western limb of the Península Mitre recess
(Diraison et al., 2000). On the other hand, the fewer strain data from
the apex of this curve indicate a N-S directed contraction (Diraison
et al., 2000; Ghiglione, 2002) normal to the E-W TFB structures in
that area (Torres Carbonell et al., 2008a). In addition, our new data,
showing structures oriented SW-NE (Sb and eastern Sa sets), is
unlikely to be explained by a constant SW-NE s1. Therefore, pre-
vious tectonic models are not fully suitable for this region. Con-
versely, our proposal for a N-S regional contraction accounts for the
orientation of both D0 and D00 structures of the TFB, and explains the
orientation of finite strains along the complete front of the Fuegian
Andes.

6. Conclusions

The analysis of D0 structures in Upper Cretaceous-Danian rocks
of the internal TFB gives important insights on the strains and
mechanisms of deformation endured during the early tectonic
history of the Fuegian Andes, in times when southern South
America and the Antarctic Peninsula were still connected. Con-
tractional deformation of these rocks occurred at upper-crustal
depths, at more than 1e2 km according to the characteristics of
the primary (burial) and tectonic foliations, and consistently
with estimated sedimentary thicknesses. Folding was mostly
achieved by flexural folding of competent-incompetent multi-
layers. Pressure-solution was the dominant process accommoda-
ting strains at micro- to mesoscopic scale. Contraction at that
scale, however, was limited to zones of higher strains within the
folded belt and did not significantly overprint the primary folia-
tion acquired during burial. The degree of deformation decreases
towards the foreland, with the Policarpo Formation being only
affected by weak pressure-solution fabrics and incipient folds,
principally owed to layer-parallel shortening.

We propose a model where deformation in the internal TFB
evolved sequentially from layer-parallel shortening to folding
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above a detachment. Afterwards, thrust imbricates incorporated
the previously folded succession to their hangingwalls forming
a forward propagating thrust wedge. The layer-parallel shortening
structures of the Maastrichtian-Danian Policarpo Formation, at the
front of the internal TFB, comprise the youngest D0 structures and
define the deformation front during these times. The described
tectonic style is unique to the internal TFB, and represents defor-
mation at intermediate levels of the Fuegian Andes.

Differently oriented structural sets along the TFB, named Sa, Sb
and Sc, suggest non-coaxial finite strain orientations during for-
mation of the D0 structures. The orientation of these sets cannot be
explained with the SW-NE regional contraction usually assumed to
have driven the Fuegian Andes formation. Conversely, we consider
that a N-S regional contraction combined with buttressing against
the cratonic margin accounts for the orientation of D0 and younger
structures, and explains the orientation of finite strains and their
local changes along the complete front of the Fuegian Andes.
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