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Abstract 21 

Superposed structural fabrics in the easternmost Fuegian Andes reveal two distinct, 22 

non-coaxial deformation phases across the transition from the orogenic core to the 23 

thrust-fold belt. Each phase is characterized by different metamorphic conditions and 24 

consistently different orientations, which allow the structural correlation between the 25 

orogenic core and the internal thrust-fold belt. The first deformation phase was coeval 26 

with regional metamorphism reaching upper greenschist facies, and featured simple 27 

shear deformation of the basement (Paleozoic and Jurassic) and cover (Cretaceous) in 28 

the top of the underthrusting South American plate. The second phase developed 29 

during collision of the orogenic wedge with the Río Chico Arch, a promontory in the 30 

underthrusting plate; this phase was characterized by thrust sheet emplacement and 31 

formation of a crustal duplex, with rock uplift and consequent low to very-low grade 32 

metamorphism. Buttressing against the Río Chico Arch is responsible for the change in 33 

shortening orientation that distinguishes both phases. 34 

 35 

1. Introduction 36 

Highly deformed and metamorphosed orogenic belts usually reveal a complex 37 

history of progressive deformation characterized by significant changes in structural 38 

style in space and time (Holdsworth, 1990). This obviously makes the correlation of 39 

different deformation phases across the orogen very difficult, since successive 40 

structures may obliterate and/or mimic the initial ones, thus hindering a proper 41 

separation of tectonic stages (Park, 1969; Williams, 1985). In addition, the transition 42 

from the central belt of an orogen to the foreland thrust-fold belt usually involves 43 
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structural changes related to deformation under different physical conditions. Thus 44 

even if structures pertain to a single deformation phase, i.e. they formed coevally in 45 

the central belt and in the foreland responding to a certain imposed deformation, they 46 

will be very different (Tobisch and Paterson, 1988; Passchier and Trouw, 2005). For 47 

example, the root of a brittle thrust in the foreland should change to a ductile shear 48 

zone in the deep hinterland; both positions in the orogen can deform simultaneously, 49 

but the structural fabrics developed in each of them will be significantly different.  50 

Our work in the easternmost Fuegian Andes reveals superposed structures that 51 

allow us to constrain the relative timing of two distinct, non-coaxial deformation 52 

phases in a transect that involves the transition from the orogenic core to the thrust-53 

fold belt. These structures, which involve structural fabrics associated to regional 54 

metamorphism during initial shortening (first phase), and further thrusting (second 55 

phase), were uplifted during the stacking of the orogenic wedge and are now exposed 56 

at the surface of the orogenic front. Each phase is related to particular metamorphic 57 

conditions, as well as to a different orientation of the main shortening direction, which 58 

makes them easily discernible from each other facilitating the study of progressive 59 

deformation.  60 

In this work we compare the structures formed during each phase in the ductile 61 

central belt and in the more brittle thrust-fold belt. This analysis contributes to the 62 

understanding of the linkage between both domains, the vertical and horizontal strain 63 

variations associated to simple shear deformation during orogenic growth, and the 64 

progression of deformation going from initial shortening during regional 65 

metamorphism to thrust sheet imbrication. Additionally, we will show that the notable 66 
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change in shortening orientation between both phases was probably caused by 67 

boundary conditions during development of the orogenic wedge. 68 

 69 

2. Geologic Setting 70 

Orogenic growth in the Fuegian Andes occurred during closure of the Lower 71 

Cretaceous Rocas Verdes back-arc basin, formed above stretched continental crust in 72 

the SW margin of Gondwana (Dalziel et al., 1987). Fragments of the Rocas Verdes basin 73 

are now exposed from the southern Patagonian Andes to the easternmost end of 74 

Tierra del Fuego (Fig. 1) (Calderón et al., 2007; Olivero and Malumián, 2008). The basin 75 

was rimmed oceanwards by an active magmatic arc built on top of continental crust. 76 

The cratonward margin of the basin was formed on Paleozoic-lower Mesozoic 77 

continental crust. This crust, together with the Jurassic volcanic-sedimentary rift fill 78 

and with portions of basic oceanic crust, formed the basement of the Early Cretaceous 79 

sedimentary rocks in the Rocas Verdes basin (Fig. 1) (Dalziel et al., 1987; Calderón et 80 

al., 2007; Olivero and Malumián, 2008). 81 

Closure of this basin during the Late Cretaceous, therefore, involved the collision 82 

of the magmatic arc and the cratonic margin, with deformation of the Paleozoic-Early 83 

Cretaceous rocks between them. In the Fuegian Andes, arc-continent collision involved 84 

cratonward obduction of the oceanic crust of the back-arc basin, and subduction 85 

(underthrusting) of the cratonic margin (Fig. 1D) (Klepeis et al., 2010). Thrusting and 86 

stacking of upper crustal rocks in the top of the lower plate formed a major antiformal 87 

stack that propagated toward the foreland into a thrust-fold belt (Fig. 1D) (Torres 88 

Carbonell and Dimieri, 2013). The latter includes the Rocas Verdes fill, as well as 89 
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synorogenic Upper Cretaceous-Neogene successions of a foreland basin system called 90 

Austral (Magallanes) basin (Olivero and Malumián, 2008; Torres Carbonell et al., 2017).  91 

Emplacement of the basement antiformal stack, or major crustal duplex (Paleozoic 92 

continental crust and Jurassic rift fill), involved exhumation of high-grade metamorphic 93 

rocks (upper-amphibolite facies) from the middle crust in the orogenic core (Cordillera 94 

Darwin) (Nelson et al., 1980; Kohn et al., 1993), which grade to greenschist or lower 95 

facies metamorphic rocks. Metamorphism accompanied the deformation associated 96 

with foreland directed simple shear during formation of the orogenic wedge on top of 97 

the underthrusting cratonic slab (Fig. 1D) (Bruhn, 1979; Tanner and Macdonald, 1982; 98 

Torres Carbonell and Dimieri, 2013).  99 

A transect across the Fuegian Andes exposes the basement thrust sheets and the 100 

thrust-fold belt formed from the Late Cretaceous to the early Neogene, making it 101 

possible to study the structural linkage between the metamorphic orogenic core and 102 

the internal thrust-fold belt (Fig. 1C). Previous research has suggested that the duplex 103 

in the structural basement has a lower detachment at the middle (?) crust, and an 104 

upper detachment at the base of Lower Cretaceous shales (Klepeis et al., 2010; Torres 105 

Carbonell and Dimieri, 2013; Torres Carbonell et al., 2017). Emplacement of basement 106 

thrust sheets in the footwall of this duplex transmitted shortening to the thrust-fold 107 

belt, accommodated above the Lower Cretaceous detachment by thrust-related folds 108 

(Torres Carbonell et al., 2017). Initial deformation of the cover rocks at the front of the 109 

crustal duplex, in the internal thrust fold belt, occurred during a Late Cretaceous 110 

sequence of layer-parallel shortening and gentle folding, with development of 111 

penetrative tectonic foliations. This was followed by Paleogene to early Neogene 112 
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emplacement of brittle thrusts, coeval with sedimentation in the foreland basin during 113 

propagation of deformation (Torres Carbonell et al., 2011, 2013, 2017). The Late 114 

Cretaceous-Paleogene shortening recorded in the thrust-fold belt is coeval with uplift 115 

and unroofing of the major duplex horses in the central belt, as suggested by published 116 

thermochronologic data (Kohn et al., 1995; Gombosi et al., 2009), and provenance 117 

data from foreland basin successions (Olivero et al., 2003; Barbeau et al., 2009). 118 

Buttressing of the thrust wedge against a major promontory in the underthrusted 119 

cratonic plate (Río Chico Arch) (Fig. 1) (Biddle et al., 1986; Yrigoyen, 1989; Galeazzi, 120 

1998) sensibly affected the development of the thrust-fold belt (Torres Carbonell et al., 121 

2016). The most notable feature reflecting this interaction is the Península Mitre 122 

Recess, a concave-to-the-north curve in eastern Tierra del Fuego (Fig. 1). Development 123 

of this curve is supposed to have started in the Latest Cretaceous, since structures 124 

formed during the layer-parallel shortening in the internal thrust-fold belt reflect the 125 

initial curvature acquired due to buttressing (Torres Carbonell et al., 2013). It is 126 

noteworthy that the present-day map-view of the Península Mitre recess is displaced 127 

by a left-lateral offset of about 50 km along the Fagnano (Magallanes) transform 128 

system, which affected the Fuegian Andes during Late Miocene to Recent strike-slip 129 

tectonics in the region (Fig. 1) (Torres Carbonell et al., 2014). 130 

Our study area is located at the easternmost termination of the Fuegian Andes in 131 

the Island of Tierra del Fuego (Península Mitre), only continued eastwards by the 132 

outcrops of Staten Island (Fig. 1). In this area, a roughly N-S transect along the coast 133 

exposes the transition from Upper Jurassic basement rocks to Upper Cretaceous cover 134 

rocks (Fig. 2), revealing the structural linkage between the central belt (basement 135 
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thrust-sheets) and the internal thrust-fold belt of the Fuegian Andes. This portion of 136 

the Fuegian Andes was not studied before, except from few reconnaissance surveys. 137 

On the contrary, more information on the structural geology exists from Staten Island 138 

(~30 km east of our study area), where folds, foliations and crenulations revealing 139 

polyphase deformation were described by Dalziel and Palmer (1979) in the Upper 140 

Jurassic basement rocks. These basement rocks are deformed in an overturned 141 

synform that represents the front of a north- to NW-vergent antiform. Lower 142 

Cretaceous (?) shales are exposed at the NW corner of the island, but their structural 143 

linkage with the syncline is unclear. This major structure forms the easternmost 144 

leading edge of the basement exposures in the Fuegian Andes (cf. Torres Carbonell and 145 

Dimieri, 2013). Dalziel and Palmer (1979) interpreted the structure in Staten Island to 146 

record progressive strains during mainly two deformation phases, the first one 147 

associated to horizontal contraction and the second one related to major folding; both 148 

phases caused significant tectonic thickening during the closure of the Rocas Verdes 149 

basin. A later, third stage of vertical shortening is also argued by these authors.  150 

 151 

3. Stratigraphy 152 

The oldest rocks in the stratigraphic framework of the study area (Fig. 1B) include 153 

the Upper Jurassic Lemaire Formation, which in Staten Island is composed of 154 

metamorphosed tuffs and acid lavas, with intercalated sediments, reaching probably 155 

several kilometers of thickness (Caminos, 1979, 1980; Dalziel and Palmer, 1979; 156 

Hanson and Wilson, 1991). In the study area, general descriptions of its composition 157 

include metamorphosed rhyodacitic-dacitic porphyric, subvolcanic rocks, with a felsitic 158 
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vitreous matrix, intercalated with greenish calcareous schists and metapelites (mainly 159 

slates) cropping out in the southern Montes Negros, between Bahía Valentín and 160 

Ensenada Patagones (Fig. 2) (Acevedo, 1988).  161 

Our field work and the study of 35 thin sections of these rocks allowed us to 162 

distinguish between two main facies that form the protolith of the metamorphic rocks 163 

in the Lemaire Formation (Fig. 3): 1) rhyolitic-dacitic pyroclastic facies (unsorted lapilli-164 

tuffs and well-bedded tuffs), with abundant devitrified vitroclasts (glass shards and 165 

bubbles), altered pumice fragments (possibly fiammes), lithoclasts, fragmented quartz 166 

and feldspars, and biotite; and 2) sedimentary facies, formed by pelite, with thin fine 167 

tuff layers; these are usually interfingered with the finer pyroclastic rocks. The 168 

stratigraphic relationships between these facies are obliterated by the deformation, 169 

except for some cases where metatuffs and slates are seen in gradational contact (see 170 

below). The Lemaire Formation forms part of the Jurassic rift deposits accumulated on 171 

the stretched margin of Gondwana during the initial extension that led to opening of 172 

the Rocas Verdes basin (Hanson and Wilson, 1991; Olivero and Malumián, 2008).  173 

The northern part of Montes Negros exposes dark slates with thin intercalations of 174 

light gray aphanitic tuffaceous (?) layers, assigned to the Beauvoir Formation. They 175 

bear inoceramids which were correlated with upper Albian index fossils from New 176 

Zealand (Olivero and Medina, 2001). The Beauvoir Formation forms part of the 177 

sedimentary fill of the Rocas Verdes basin, comprising in this case outer shelf or slope 178 

facies (Olivero and Malumián, 2008).  179 

In this work, we distinguish between slates of the Lemaire and Beauvoir Formation 180 

in the Montes Negros sector on the basis of their stratigraphic position with respect to 181 
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the thick, acidic pyroclastic facies, and their fossil content. In the Lemaire Formation 182 

the slates are either interfingered or lay gradationally above pyroclastic rocks (bedded 183 

fine tuffs) (Fig. 3B-D). The slates of the Beauvoir Formation, on the other hand, contain 184 

abundant fragments of inoceramids, similar to those index fossils described by Olivero 185 

and Medina (2001). We found deformed belemnite guards in both units, but they are 186 

more abundant in the Lemaire Formation. The contact between both Formations is 187 

covered, but nearby Ensenada Patagones field data suggest the presence of a fault 188 

separating them (described below). At Staten Island, the contact between these 189 

formations is concealed, inferred within a dark marine mudstone (slate) succession 190 

(Hanson and Wilson, 1991). 191 

At Bahía Buen Suceso, a minimum thickness of 250-300 m of dark slates, shales, 192 

marlstones, and sandy siltstones with thin tuff beds has been defined as Buen Suceso 193 

Beds, with inoceramids assigned to the Turonian-Coniacian and Santonian-Campanian 194 

(Olivero and Medina, 2001; Olivero et al., 2009). These rocks are inferred to comprise 195 

the initial sedimentary fill of the foreland basin system (Olivero and Malumián, 2008). 196 

Between Bahía Buen Suceso and Cabo San Diego, the succession is more or less 197 

homogeneously pelitic, with well stratified claystone beds and thin graded siltstone 198 

layers with erosive bases, bearing inoceramid fragments and bioturbated horizons. 199 

This succession is included in the Bahía Thetis Formation, which at its type locality (the 200 

eponymous bay) has a minimum of 250 m of conglomerates, sandstones, shales and 201 

slates, with ammonites and foraminifera from the late Campanian-?early 202 

Maastrichtian (Olivero et al., 2003). This unit represents the first addition of coarse 203 

detritus to this portion of the foreland basin system. The mapped contacts between 204 

the Cretaceous units in Fig. 2 are interpretative, since the homogeneous lithology, lack 205 
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of well-defined diagnostic fossiliferous horizons, and dense forest cover away from the 206 

coast exposures, prevent from a better cartography. In particular, the contact between 207 

the Buen Suceso Beds and Bahía Thetis Formation is arbitrary, and the structural link 208 

between both is poorly constrained in the cross section of Fig. 2. 209 

The youngest unit of our study area is the Policarpo Formation, which comprises 210 

more than 700 m of bioturbated mudstones and sandstones with ammonites, 211 

foraminifers, and dinocysts that indicate a Maastrichtian-Danian age at the type 212 

locality near our study area (Olivero et al., 2002, 2003). Elsewhere in the Fuegian 213 

Andes, detrital zircons from this formation gave depositional ages of 74.63 ±0.5 Ma 214 

(late Campanian) and 65.97 ±0.91 Ma (Maastrichtian) (Barbeau et al., 2009). This unit 215 

is in contact with the Bahía Thetis Formation at the northern shore of the eponymous 216 

bay, and towards the northwest of our study area is unconformably covered by 217 

conglomerates, sandstones and marls of the Tres Amigos (Paleocene) and Río Bueno 218 

(Eocene) Formations (Fig. 2) (Olivero et al., 2002, 2003). 219 

 220 

4. Structural geology 221 

4.1. General criteria for the distinction of deformation phases 222 

The distinction of different generations of structures, and especially their 223 

assignation to different deformation phases, requires much caution even at a local 224 

scale (Park, 1969; Williams, 1985; Tobisch and Paterson, 1988). Careful observation of 225 

structures in the field, and detailed analysis of 60 thin sections from our study area, 226 

allowed us to build enough evidence to separate structures of two different 227 
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generations (see below). Thin sections were cut perpendicular to the foliation, and 228 

both parallel to stretching lineations and perpendicular to crenulation microfolds, in 229 

order to observe the correct geometric relationships of structures in both phases. This 230 

led to the study of more than one thin section from each hand sample, aiming to a 231 

better appraisal of the three-dimensional microstructure.  232 

In addition, comparison with field structures and dozens of thin sections from our 233 

regional studies in the Fuegian Andes, permitted to identify a sequence of deformation 234 

phases that is consistent with the structural evolution of the region. The main 235 

elements that led us to define the two deformation phases at a local scale, and to 236 

establish their structural correlation in the study area, are: 1) the possibility to identify 237 

bedding (S0) on the basis of which we could establish the first phase of structural 238 

fabrics (including transposition foliation), to which the second deformation is related 239 

(Tobisch and Paterson, 1988); and 2) the kinematics pertaining to each phase (in this 240 

case associated to very different structural trends), and the metamorphic conditions 241 

associated to the development of tectonic fabrics, clearly indicate a separate origin 242 

instead of a strain partitioning during a single deformation phase (cf. Holdsworth, 243 

1990).  244 

4.2. First phase structures 245 

The structures that characterize the first deformation phase comprise folds and 246 

associated foliations, which in all localities are distinguished for the following (as 247 

described in detail below): 1) when two foliations are present, first phase foliation is 248 

the first penetrative structure that affects S0, or a transposition foliation parallel to 249 

isoclinal folds in S0, depending on strain intensity; 2) folds of this phase are the first 250 
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generation affecting S0, usually with the mentioned first phase foliation subparallel to 251 

their axial surfaces; and 3) in the more internal parts of the study area, the 252 

metamorphic grade associated to the first phase foliation is notably higher than the 253 

grade of the second phase. A secondary criterion for identifying the structures of this 254 

phase, especially in few localities where only one generation is distinguished, is based 255 

on their dominant NW-SE strike through the study area, which contrasts with the NE-256 

SW orientation of second phase structures. Even if there are arguments against the 257 

use of orientation as a criterion for structural correlation in polydeformed terrains 258 

(Park, 1969), in our study area orientation is only accessory to the main differences 259 

between deformation phases mentioned above, and it is especially useful in the less 260 

metamorphosed sector. Where second phase deformation is more intense, the 261 

orientation of first phase structures is obliterated by development of second phase 262 

structures; but in these cases the main distinguishing criteria, especially point 3 263 

mentioned above, avoid confusion. 264 

In the Montes Negros sector (Fig. 4) the first phase structure is dominated by a 265 

well-developed tectonic foliation in the Lemaire Formation. In the volcanic and 266 

pyroclastic facies, it is a continuous foliation defined under the microscope by 267 

preferred orientation of metamorphic white mica, and minor but variable proportions 268 

of biotite, chlorite, and stilpnomelane; the latter may be very abundant in some 269 

samples. This micaceous foliation is interlayered at the microscopic scale with a 270 

mylonitic matrix of comminuted, fine grained quartz and feldspars (plagioclase + K-271 

feldspar), formed from shearing and recrystallization of these minerals (Fig. 5A). This 272 

matrix is foliated, with growth of interstitial mica, and surrounds the larger crystals 273 

forming porphyroclast systems (Fig. 5A). On average, the mylonitic matrix in the 274 
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samples ranges from 4% to 57%, with more development in samples near the northern 275 

border of the Lemaire Formation outcrops (Fig. 4).  276 

Quartz porphyroclasts reveal a wide spectrum of crystal-plastic deformation types. 277 

On one end, they are euhedral and subhedral crystals with primary volcanic textures 278 

(e.g. embayments), with deformation lamellae or smooth undulose extinction, on 279 

which deformation is restricted to crystal borders or to high-strain ductile zones 280 

crossing the crystal (Fig. 5B). On the other end, porphyroclasts are very deformed, with 281 

patchy undulose extinction or complete replacement of the original crystal by smaller 282 

subgrains, and with bulging recrystallization (Fig. 5C). This kind of gradation in quartz, 283 

sometimes seen in a single thin section, is characteristic of mylonitic deformation in 284 

acid volcanic rocks (Williams and Burr, 1994). K-feldspars and plagioclase also show a 285 

variation from cataclastic deformation to bulging recrystallization, the latter mostly 286 

restricted to highly strained parts of single crystals and to the stretched wings aside 287 

porphyroclasts (Fig. 5E-G). The notorious contrasts within single samples between 288 

highly sheared and mylonitized layers, which are in sharp contact with layers that 289 

preserve part of the original volcanic-pyroclastic textures (such as devitrification 290 

structures, deformed glass shards and pumice fragments) (Fig. 5H), reflect strong 291 

gradients of strain intensity characteristic of low-grade mylonites (Trouw et al., 2010). 292 

A stretching lineation is observed in hand samples, formed by aligned 293 

porphyroclasts or porphyroclast systems, bearing a NE-SW direction (Fig. 4). Under the 294 

microscope, a top-to-NE kinematics could be determined based on bookshelf 295 

structures, and stair-stepping in mantled porphyroclasts and in the micaceous matrix 296 

(Fig. 5A, E). It is noteworthy that the stretching lineation is almost parallel to the 297 
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second phase fold and microfold (crenulation) hinges (Fig. 4). Therefore, while the first 298 

foliation is folded by the later second phase structures (see below), the stretching 299 

lineation, which is subparallel to the rotation axis, maintains its approximate original 300 

trend. This causes that in some samples the stretching lineation is at a low angle to the 301 

strike of the mylonitic foliation (locations A or D in Fig. 6), suggesting an incorrect 302 

strike-slip kinematics for the ductile shear. However, analysis of sites where the 303 

foliation strike is NW-SE, i.e. less rotated (e.g. location B in Fig. 6), reveals a high angle 304 

between the stretching lineation and the first phase foliation (e.g. near hinge of 305 

antiform south of Ensenada Patagones, Fig. 4). Thus the present-day character of this 306 

angle in different outcrops is fortuitous and depends on how much the foliation has 307 

been rotated from its original attitude during the second phase folding (Fig. 6). For the 308 

kinematic analysis we used thin sections from samples where the original transport 309 

direction was not modified by the overprint. 310 

The metamorphic grade in these metavolcanic and metapyroclastic rocks is 311 

generally constrained within the greenschist facies, with common association of 312 

chlorite, epidote (sometimes pseudomorph of prehnite-pumpellite fibrous aggregates 313 

in plagioclase crystals) and stilpnomelane, in addition to the extreme growth of white 314 

mica and some biotite (Supplementary data S1). However some samples evidence 315 

higher temperatures with the appearance of large porphyroblasts of allanite, and small 316 

ones of garnet. In these samples the allanite crystals are between 50 and 770 317 

micrometers, euhedral, and inclusion-free. Much of them show characteristic 318 

metamictic aureoles and are intergrown or surrounded by epidote and clinozoisite 319 

(Supplementary data S2A-L). The allanite porphyroblasts are columnar crystals 320 

oriented preferentially with the long dimension subparallel to the stretching lineation. 321 
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The garnets are smaller (40 to 160 micrometers), less abundant, and are also inclusion-322 

free. The foliation is apparently deflected around both these minerals, with growth of 323 

strain fringes (Supplementary data S2M-P). These characteristics suggest that they 324 

grew during a metamorphic peak at the upper greenschist facies (garnet zone), and are 325 

probably synchronic with the first phase.  326 

The first phase foliation in the slates is a continuous slaty cleavage formed by 327 

oriented white mica and biotite, with minor chlorite (Supplementary data S1F-H). In 328 

the Lemaire Formation slates, S0 is completely transposed, but in the Beauvoir 329 

Formation and Upper Cretaceous slates the transposition is limited to higher strain 330 

zones; therefore, we were able to compare the transition between totally transposed 331 

and less transposed S0 from field work, and then from the analysis of thin sections. The 332 

transposition foliation is identified as rootless isoclinal folds or discontinuous lenses 333 

reflecting the original compositional layering (Fig. 7A-D).  334 

The continuous slaty cleavage grades to a disjunctive foliation toward the north, 335 

passing from the Beauvoir Formation to Upper Cretaceous slates of the Buen Suceso 336 

Beds. The disjunctive foliation is formed by wriggly or stylolitic and anastomosed dark 337 

seams (opaque and insoluble material) formed by pressure-solution (cf. Torres 338 

Carbonell et al., 2013). This foliation is of heterogeneous development, localized in 339 

high-strain zones, with a complete gradation from well-developed smooth disjunctive 340 

foliations to rough spaced foliations forming pencil structures (Fig. 7E-F); whilst less 341 

strained zones completely lack a tectonic foliation. This is the case of backlimbs of 342 

folds, for example, at northern Bahía Buen Suceso and Cabo San Diego (Figs. 2 and 9C). 343 
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At Bahía Thetis, the transition from deeper to shallower first phase structures is 344 

exposed across a second phase thrust sheet (Bahía Thetis thrust, see below) (Fig. 8A). 345 

The deeper structures reveal more strain, and are characterized by a disjunctive, 346 

smooth tectonic foliation formed by pressure-solution seams just as described above, 347 

which are axial planar to tight and isoclinal folds with dominant WNW-ESE hinge lines 348 

and NNE vergence (Figs. 8A and 9A). This foliation and the related folds were 349 

previously described as Sc structures by Torres Carbonell et al. (2013). Associated to 350 

these folds there is a set of boudins, with neck lines plunging SSW to SSE along the fold 351 

limbs (Fig. 9B). Some boudin lines, not shown in Fig. 9, are also parallel to the folds’ 352 

hinges (cf. figures 9E-F of Torres Carbonell et al., 2013). In some exposures the 353 

foliation is extremely developed to the point of a complete solution of fine sandstone-354 

siltstone beds along closely spaced cleavage surfaces, causing transposition of S0 that 355 

remains as variably sized lenses parallel to the foliation (Fig. 9D-H). The shallower 356 

structures in the top of the Bahía Thetis thrust sheet are flexural folds, open to gentle, 357 

sometimes associated to cataclastic narrow faults (e.g. Fig. 7B of Torres Carbonell et 358 

al., 2013).  359 

The general strike of the first phase structures is consistently NW-SE to WNW-ESE 360 

(Figs. 2, 4 and 8A). However, toward the more deformed sector of Montes Negros, the 361 

first foliation is curved by later second phase macroscopic folds, which modify its 362 

strike. This is notorious just south of Bahía Buen Suceso, and south of Ensenada 363 

Patagones where the Lemaire Formation slates are curved in the lateral termination of 364 

an antiform, with an eastward plunging nose (Figs. 4 and 3D). 365 

 366 
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4.3. Second phase structures 367 

The second phase structures are characterized by a consistent NE-SW strike (Fig. 368 

2), in addition to the main features that allow distinguishing them from the previous 369 

first phase structures, as mentioned at the beginning of section 4.2. In the Montes 370 

Negros, second phase structures develop both in the Lemaire and Beauvoir 371 

Formations, especially as a crenulation cleavage and associated mesoscopic and 372 

macroscopic folds (Fig. 10). In hand samples, the crenulation cleavage intersection 373 

with the first phase foliation develops a very notorious and easily discernible 374 

crenulation lineation (Fig. 10B). This lineation is subparallel to mesoscopic fold hinges 375 

developed both in the first phase foliation, and in S0 layers when these are recognized; 376 

and is usually subparallel to the first phase stretching lineation, obscuring its 377 

recognition. 378 

Under the microscope, the crenulation cleavage is mostly asymmetric, with 379 

enrichment of insoluble material in the cleavage domains forming dark seams that 380 

mark the gradation from zonal to discrete crenulation cleavage (Fig. 10E-F). Only in a 381 

few samples from the Lemaire Formation we observed minor, localized growth of 382 

white mica along more discrete cleavage domains, indicating low-grade metamorphic 383 

conditions. 384 

The largest scale of the second phase folds is well exposed at the southern part of 385 

our study area, where a large antiform could be mapped (Figs. 4 and 11). This fold 386 

affects the first phase foliation planes in the Lemaire Formation, and has a NW 387 

vergence, with a backlimb dipping ~30° SE and a hinge well exposed at a sharp ridge 388 

where foliation passes from subhorizontal (less than 10° dips) to NW-dipping (Figs. 4 389 
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and 11B-C). The hinge of this antiform exposes the Lemaire Formation at least about 390 

100 m above sea level, whilst directly below this position Lower Cretaceous slates crop 391 

out at the coastal exposures (Fig. 11D). This suggests the occurrence of a thrust 392 

(currently covered) approximately at the position of the Ensenada Patagones beach, 393 

and continuing toward the SW along the valley that connects this beach with the NE 394 

corner of Bahía Valentín (Figs. 4 and 11B). This interpretation explains the general 395 

structure, and is especially consistent with the stronger development of second phase 396 

structures in an area nearby the suspected position of the thrust. Indeed, away from 397 

this concealed thrust the second phase structures are less developed or inexistent (Fig. 398 

4).  399 

In the Upper Cretaceous rocks of the Buen Suceso Beds, the second phase 400 

foliation grades from discrete crenulation cleavage to a disjunctive foliation formed by 401 

anastomosed and stylolitic pressure solution seams (Fig. 7F). The foliation is best 402 

developed in the frontal, overturned limb of a SE-vergent backfold (Buen Suceso 403 

backfold, Figs. 2 and 11E) (Torres Carbonell et al., 2013). Again, the higher strain zones 404 

such as this overturned forelimb are the sites where penetrative second phase 405 

structures are best developed. Higher order folds in the limbs of this major antiform 406 

maintain the NE-SW strike of the second phase structures (Fig. 11E) (Torres Carbonell 407 

et al., 2013).  408 

At Bahía Thetis, the homonymous formation is affected by second phase 409 

structures overprinting the first phase, especially along a narrow zone of NE-SW strike 410 

which marks the NW border of first phase occurrences. This zone is interpreted as a 411 

major thrust (Bahía Thetis thrust) that places deeper structural levels of Upper 412 
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Cretaceous rocks above the top of the Bahía Thetis Formation, where it is in contact 413 

with the younger Policarpo Formation (Fig. 8A). The second phase structures in this 414 

area comprise a heterogeneously developed disjunctive foliation, in some cases only a 415 

pencil structure (Fig. 7G-H). In the narrow area adjacent to the concealed Bahía Thetis 416 

thrust the second phase structure is characterized by well-developed cm- to m-scale 417 

shear zones, dipping SE, which deflect the previous first-phase transposition foliation 418 

(Fig. 9D-H). Even if the true transport direction is unrevealed (no slickenlines are 419 

exposed), differently oriented exposures of these shear zones consistently indicate a 420 

northward component of displacement of the hangingwall.  421 

In the footwall of the Bahía Thetis thrust, at the western shore of the bay, the 422 

dominant structures are second phase, and comprise a set of decametric folds on S0, 423 

and related disjunctive foliations that affect both the Bahía Thetis and Policarpo 424 

Formations (Figs. 2 and 8A). The folds have the consistent regional NE-SW strike of the 425 

second phase structures, and wavelength of tens to hundreds of meters. The 426 

kinematics of some mesoscopic faults measured in the limbs of one of these folds, as 427 

well as faults at the base of the Bahía Thetis thrust sheet, were analyzed using the 428 

software Search Grid method to obtain associated paleostress ellipsoids (Galindo-429 

Zaldívar and González-Lodeiro, 1988). The database and results of the analysis are 430 

given in supplementary files S3 and S4. As shown in Supplementary file S4, we 431 

assumed that the obtained stress ellipsoids formed according to the Anderson’s 432 

theory, with one of the main stress axes vertical. The corresponding restitution shows 433 

that there is a set of shear fractures that formed with a NS to NW-SE σ1, which is 434 

compatible with the orthogonal strike of folds and foliations of the second 435 

deformation phase (Fig. 8B-C). In the hangingwall of the Bahía Thetis thrust, fractures 436 
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were formed after first phase folding (Fig. 8C). In the footwall, fractures presumably 437 

formed while bedding was horizontal (Fig. 8B), consistently with the shallower 438 

structural level exposed there. Folding of the rocks in the footwall corresponds to the 439 

second phase, which affects both the Bahía Thetis and Policarpo Formations, therefore 440 

we interpret these fractures as early second phase structures. 441 

 442 

5. Interpreted history of progressive deformation  443 

From the previous structural description, it is clear that each of the deformation 444 

phases that took place in the studied portion of the Fuegian Andes was characterized 445 

by a different shortening orientation with respect to actual coordinates, which led to 446 

two main structural trends: NW-SE in the first phase and NE-SW in the second phase. 447 

Additionally, both phases evolved under different P-T conditions, which is evident 448 

especially from the southern part of a cross-section of our study area, cutting the 449 

regional grain for about 30 km (i.e. from Bahía Thetis to Montes Negros) (Section x-y in 450 

Fig. 2). In the foreland portion of our study area, between Bahía Thetis and Bahía Buen 451 

Suceso, both deformation phases occurred under none, or very-low grade 452 

metamorphism. Pressure-solution accommodated most of the contraction at the 453 

microscopic scale, leading to the formation of spaced cleavages, especially in zones of 454 

higher local strain (Fig. 7E-H) (cf. Torres Carbonell et al., 2013). In general, no intra-455 

crystalline deformation is observed in the Upper Cretaceous rocks exposed in this 456 

foreland area, whilst a closely spaced to continuous foliation usually forms the primary 457 

bed fissility (Torres Carbonell et al., 2013). These features characterize deformation at 458 
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depths roughly between 1.5 and less than 10 km (Engelder and Marshak, 1985; Tada 459 

and Siever, 1989).  460 

Conversely, in the southern, hinterland portion of our study area (Montes Negros), 461 

each deformation phase developed under very different metamorphic conditions. The 462 

first phase, as already discussed, is associated to metamorphism broadly within the 463 

greenschist facies, locally reaching upper greenschist facies within the garnet zone 464 

(Supplementary data S2). In addition, the bulging recrystallization of high-strain zones 465 

in feldspars, together with bent and tapered twins in plagioclase (Fig. 5F-G), suggest 466 

maximum temperature conditions roughly between 400° and 500°C (Passchier and 467 

Trouw, 2005). On the other hand, the second phase is a crenulation cleavage (Fig. 10) 468 

that only locally, and at a minor degree, is associated to the growth of new 469 

metamorphic minerals (white mica); therefore we interpret that it pertains to lower 470 

temperature conditions, probably in the verge of the very-low metamorphic grade 471 

observed in the foreland area.  472 

In the hinterland portion the first phase structures are well-developed, apparently 473 

showing a zone of more intense strain where mylonitic deformation is best developed, 474 

toward the northern border of the Lemaire Formation exposures. Conversely, in the 475 

foreland they become more localized in high-strain zones (e.g. fold forelimbs, Fig. 9C) 476 

with development of spaced cleavages. The second phase structures, on the other 477 

hand, are constrained to high-strain zones across the whole study area, such as the 478 

Montes Negros and Bahía Thetis thrusts, or the frontal overturned limb of the Buen 479 

Suceso backfold (Fig. 2). Thus, although both deformation phases are apparently 480 

related to thrusting (ductile in the first, brittle-ductile in the second), the second 481 
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deformation phase developed structures localized to more narrow strain zones, 482 

consistent to the lower temperature indicated by the metamorphic grade in this 483 

phase.  484 

Based on these observations we interpret the following history of progressive 485 

deformation: The first deformation phase was accompanied by regional 486 

metamorphism, causing the development of a tectonic foliation due to growth of 487 

metamorphic phyllosilicates with a preferred orientation. Some parts of the rock were 488 

subjected to high shear strain causing the comminution of quartz crystals and 489 

fracturing of feldspars, forming a mylonitic foliation, as seen in the volcanic and 490 

pyroclastic facies of the Lemaire Formation (Fig. 5). The finer grained protoliths 491 

evolved into slates with a strong cleavage, with transposition of S0 in the lower 492 

structural levels (Lemaire and Beauvoir Formations) (Figs. 7A-D and 10C-D); whilst a 493 

disjunctive foliation was associated to more open folding in upper structural levels 494 

(Upper Cretaceous rocks) (Fig. 7E). We interpret this style of deformation as the result 495 

of a bulk non-coaxial (simple shear) strain, accompanying a roughly northeast-vergent 496 

transport direction of the orogenic wedge, contemporaneous with regional 497 

metamorphism. Local growth of allanite and garnet porphyroblasts marks the 498 

metamorphic peak in the studied area (Supplementary data S2).  499 

This non-coaxial first deformation phase corresponds to the initial deformation of 500 

basement and cover subjected to shear above the underthrusting cratonic plate, 501 

during closure of the Rocas Verdes basin (Bruhn, 1979; Klepeis et al., 2010). It is 502 

probably correlated with the first stage of deformation interpreted for Staten Island 503 

(Dalziel and Palmer, 1979). In fact, mylonitic deformation caused by simple shear bulk 504 
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deformation has been described by many authors for the Fuegian Andes (Kranck, 1932; 505 

Bruhn, 1979; Caminos, 1979); although the distinction of true “discrete” shear zones 506 

(at the scale of the orogen width, cf. Trouw et al., 2010), still needs more detailed 507 

mapping. 508 

The shear of basement and cover due to underthrusting can be explained using an 509 

idealized geometric analog (Fig. 12A), showing the transition from basement Upper 510 

Jurassic rocks affected by intense non-coaxial strain to shallower (cover) Cretaceous 511 

rocks with folding and development of spaced foliation. An initial stratified rock prism 512 

is subjected to inhomogeneous, non-coaxial plane strain in the x-z plane (the plane of 513 

Fig. 12), with a horizontal shear plane at the base of the block (mid-crustal shear zone) 514 

and the intermediate principal stretch (s2 = 1) perpendicular to the x-z plane. The 515 

strain intensity decreases along the z and x coordinate axes. At the base of the rock 516 

prism, a tectonic foliation forms parallel to the two principal stretches s1 and s2 of the 517 

strain ellipsoid, with local formation of a stretching lineation parallel to s1 in high-518 

strain zones where the ellipsoid has s1>>s2 (Fig. 12A, position 1), and with s3 much 519 

smaller than s2. This strain geometry is correlated here with the tectonites developed 520 

in the Lemaire Formation, with evidence of mylonitic deformation at the microscopic 521 

scale, related to ductile shear zones (e.g. Fig. 5). 522 

The magnitude of s3 increases upward and forelandward (along the z and x axes, 523 

respectively), but shortening is enough to develop a transposition foliation in the 524 

Lower Cretaceous rocks (Figs. 7A-D and 12A, position 2). Farther from the hinterland, 525 

and at the shallowest depths in the diagram, the ellipsoid is less flattened, with a 526 

minor difference between s1 and s3, just above and below 1, respectively. This 527 
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characterizes deformation with development of spaced disjunctive foliations parallel to 528 

the s1-s2 plane, or subhorizontal pencil structures parallel to s2 (Figs. 7E and 12A, 529 

position 3) (Ramsay and Huber, 1983). 530 

After the first deformation phase, during which peak metamorphism is reached 531 

with localized grow of allanite and garnet porphyroblasts, the progressive deformation 532 

of the orogenic wedge is characterized by a new deformation phase (Fig. 12B). This 533 

phase is related to thrusting, and associated tectonite development, with a different 534 

orientation than in the previous deformation phase. Speculations about the causes of 535 

this change of orientation are discussed in the following section. In our idealized 536 

model, we will continue to analyze deformation in the x-z plane, however knowing that 537 

the structures seen are oblique to this plane. This is useful for simplification in an 538 

essentially geometric model. 539 

There are two major thrusts in our study area that formed during the second 540 

phase, the Ensenada Patagones thrust, which in our model branches from the basal 541 

shear plane, and the Bahía Thetis thrust. Between these structures, the Buen Suceso 542 

backfold affects the NW dipping succession of the Buen Suceso Beds (Fig. 2).  543 

The structural connection between the highly deformed Beauvoir Formation, with 544 

a SW dipping transposition foliation, and the NW dipping Buen Suceso Beds, is very 545 

complex and not clearly exposed. We infer that the Beauvoir Formation and the NW-546 

dipping Buen Suceso Beds form a normal stratigraphic succession in the frontal limb of 547 

a major antiform, in the footwall of the Ensenada Patagones thrust (cross-section x-y in 548 

Fig. 2 and Fig. 12B). The Buen Suceso Beds are internally deformed by the higher-order 549 

Buen Suceso backfold. A backthrust related to this backfold should be detached in 550 
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Cretaceous rocks, conveniently in the upper flat of the ramp that forms the major 551 

order antiform. The Bahía Thetis thrust would consistently branch from this same 552 

detachment level (Fig. 12B).  553 

Even if this geometry is highly interpretative, it is simple and geologically 554 

reasonable, and adequately explains the outcrop relationship between the different 555 

units and the available field structural data across the northern Montes Negros 556 

transect (Figs. 2 and 4). The detachment interpreted within the Lower (?) Cretaceous 557 

rocks is not only consistent with the geometry of the Buen Suceso backfold, but also 558 

with the regional geology of the Fuegian Andes, where major detachments in Lower 559 

Cretaceous beds have been widely recognized (Zanella et al., 2014; Torres Carbonell et 560 

al., 2017). Also, “parasitic” backfolds and related backthrusts accommodating 561 

deformation in the forelimbs of first order antiforms, have been described in the 562 

central belt of the Fuegian Andes (Klepeis et al., 2010), and are probably related to 563 

deformation in the limbs of the crustal duplex formed above the underthrusted 564 

cratonic margin (Torres Carbonell and Dimieri, 2013).  565 

Therefore, the second phase starts with emplacement of the Ensenada Patagones 566 

thrust, with folding of the previous first phase tectonites. It is speculated here, on the 567 

basis of the localization of mylonites with higher development near this thrust (Fig. 2), 568 

that it extended from a prior ductile shear zone in the rock (Fig. 12B). A second splay 569 

below the Ensenada Patagones thrust joins a common upper flat, which forms the 570 

detachment of the Buen Suceso backthrust and Bahía Thetis thrust (Fig. 12B). The new 571 

imposed deformation changes the shape of the strain ellipsoid in the zones affected by 572 

thrusting, which is ductile and wide at lower structural levels, and becomes narrower 573 
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and more brittle upward. Second phase foliations, therefore, will parallel the s1-s2 574 

plane of the new imposed strain ellipsoid, forming an angle with the previous 575 

foliations. This superposition results in the formation of a crenulation cleavage in the 576 

lowermost horizons (Figs. 10 and 12B, position 1), new disjunctive (pressure-solution) 577 

foliation parallel to s1-s2 (Figs. 7F and 12B, position 2), and pencil structures parallel to 578 

s2 in the uppermost Upper Cretaceous strata (Figs. 7G-H and 12B, position 3). 579 

Folding accompanies the second phase deformation, with the lowest order 580 

represented by the antiform south of Ensenada Patagones, and higher orders by the 581 

Buen Suceso backfold and several smaller folds (Figs. 2, 4, 8A and 12 B). Mesoscopic 582 

shear zones with foliation deflection evidence more brittle deformation associated to 583 

the second phase in the shallowest structural levels (Figs. 9D-H, 12B, position 3). Brittle 584 

deformation is also revealed by shear fractures formed under a SE-NW horizontal 585 

principal stress, compatible with the orientation of second phase structures (Fig. 8B-C, 586 

supplementary data S4).  587 

5.1. Timing constraints 588 

The main constraint on the time of deformation is the age of the rocks affected by 589 

each phase. The first deformation phase is recognized in the Bahía Thetis Formation 590 

(Campanian?-Maastrichtian), but not in younger rocks, therefore it must be ~70 Ma or 591 

older in our study area. Since deformation is progressive, the first phase could have 592 

started earlier in the hinterland, as suggested by the oldest conglomerates with clasts 593 

of deformed acid metavolcanic rocks (Lemaire Formation) in the Bahía Thetis 594 

Formation (Olivero et al., 2003). These evidence deformation and uplift in the orogenic 595 

core (hinterland of our study area) during or before deposition of the Bahía Thetis 596 
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Formation. In Cordillera Darwin (~ 300 km west from our study area), 597 

thermochronology results from metamorphic rocks indicate an early cooling stage 598 

between 90 and 70 Ma (Kohn et al., 1995), consistent with uplift reported from 599 

structural data and cross-cutting relationships with igneous rocks of the Beagle Suite, 600 

dated between ~86 and ~74 Ma, which post-date early deformation coeval with the 601 

metamorphic peak (Klepeis et al., 2010). Although this kind of data lacks from the 602 

hinterland of our study area, it is consistent with an age of no less than ~70 Ma for the 603 

first deformation phase. 604 

The second phase, which affects all the rocks of our study area including the 605 

Policarpo Formation (Maastrichtian-Danian), is therefore younger than the Danian 606 

(~62 Ma) in the northern part of our study area. Previous work in the Fuegian thrust-607 

fold belt defined part of the structures considered here as pertaining to a foreland 608 

contractional stage in the early evolution of the internal thrust-fold belt, called D’ 609 

(Torres Carbonell et al., 2013; including Df1 from Torres Carbonell and Dimieri, 2013). 610 

It is worth clarifying that this chronological nomenclature is only valid for the local 611 

study of the foreland contractional stages of the thrust-fold belt, where penetrative 612 

structural fabrics are less developed than in the central belt of the orogen; and where 613 

cross-cutting relationships with unconformities and stratigraphic units are clearer 614 

(Torres Carbonell et al., 2011). However, we must note here that on the basis of similar 615 

orientations alone, part of the structural fabrics of the second phase could have 616 

developed at the same time than some shallower folds of the foreland thrust-fold belt. 617 

This kind of structural correlations, of course, must be ratified by independent 618 

constraints on the timing of deformation, which are not available at this time. 619 
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 620 

6. Implications for models of orogenic curvature in the Fuegian Andes 621 

A notable change in the s1-s2 principal strain plane characterizes each of the two 622 

deformation phases described in this work: NW-SE in the first phase and NE-SW in the 623 

second phase (present-day coordinates). The origin of this change has two possible 624 

interpretations: 1) we could assume that the structures of the first phase had an 625 

original NE-SW trend, and that after a passive clockwise rotation of the rock the 626 

structures acquired their present NW-SE strike; or 2) we could interpret that the 627 

principal strain axes had different orientations during each phase, without a major rock 628 

rotation taking place.  629 

From these options, number 1 is the less consistent with the geological 630 

background of the Fuegian Andes. Only counterclockwise (CCW) rock rotations have 631 

been reported for Late Jurassic-Late Cretaceous igneous rocks, apparently occurring 632 

after ~85-72 Ma, although based on data from the central Fuegian Andes, between 633 

130 and 200 km west from our study area (Rapalini et al., 2015).  634 

Recently, some tectonic models based on the record of geologic structures in the 635 

Fuegian Andes (Torres Carbonell et al., 2014, 2016), and paleomagnetic data from the 636 

southern Fuegian Archipelago and Antarctic Peninsula (Poblete et al., 2016), have 637 

suggested that the Patagonian orogenic curve (Fig. 1A) evolved in a complex scheme 638 

during closure of the Rocas Verdes basin. Accordingly, a combined orogenic curve 639 

formed both due to CCW rotation of the Fuegian backstop (i.e. the magmatic arc 640 

colliding toward the cratonic margin), and buttressing of the orogenic wedge against 641 

the Río Chico Arch (Fig. 13) (Torres Carbonell et al., 2014, 2016). In SE Tierra del Fuego, 642 
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the buttressing is reflected in the formation of the Península Mitre recess in the thrust-643 

fold belt (Figs. 1A and 13B), whose oldest structures comprise late D’ structures 644 

formed during the latest Cretaceous (Sa structures of Torres Carbonell et al., 2013). 645 

These include the second phase structures in the Bahía Thetis Formation, as described 646 

here. 647 

The mentioned research recognized the buttressing effect only for deformation of 648 

cover rocks of the Fuegian thrust-fold belt, namely the Late Cretaceous to Neogene 649 

foreland basin fill. In this work, we recognize for the first time tectonic fabrics (second 650 

deformation phase) that could be related to the root zone of these shallower 651 

structures. This indicates that buttressing against the Río Chico Arch also influenced 652 

the deformation on the lower structural levels of the orogenic wedge, implying that 653 

the basement thrusts that formed the crustal duplex above the underthrusting plate 654 

(cf. Torres Carbonell and Dimieri, 2013) also mimicked the shape of the promontory 655 

(Fig. 13B). 656 

Accordingly, after initial deformation responding to a NE-SW local shortening 657 

direction, during the regional metamorphism of the orogenic wedge (first deformation 658 

phase) (Fig. 13A), collision with the Río Chico Arch led to thrusting toward the buttress, 659 

i.e. toward the NW. This caused uplift during the second deformation phase, 660 

associated to the crustal duplexing in the Fuegian Andes (Fig. 13B). Afterwards, 661 

essentially brittle structures formed under cooler temperatures, during continued 662 

evolution of the thrust-fold belt.  663 

 664 

7. Conclusions 665 
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Our study area in the eastern Fuegian Andes has the particularity to expose the 666 

transition between the central belt of the orogen (crustal duplex of the orogenic core) 667 

and the internal thrust-fold belt. A detailed structural study of this region allowed us to 668 

model the linkage between both domains, which involves structures formed during 669 

two distinct deformation phases that are clearly distinguished by different 670 

metamorphic conditions related to cross-cutting structural fabrics. These superposed 671 

fabrics were correlated across the study area, revealing three main differences 672 

between both deformation phases (in both phases ductility and metamorphism 673 

decrease toward the foreland and upsection): 1) the first phase fabrics evidence 674 

ductile, bulk simple shear deformation of the basement and cover; while the second 675 

phase fabrics developed preferentially within localized strain zones in the wedge, 676 

related to major thrusts and associated ductile-brittle structures; 2) the first phase 677 

deformation developed during prograde metamorphism, locally reaching upper 678 

greenschist facies; the second phase, on the other hand, is related to cooler 679 

conditions, with very limited growth of new metamorphic minerals (white mica); and 680 

3) both fabrics reveal an almost orthogonal orientation, revealing changes in the 681 

orientation of the finite strain ellipsoid between the first and second deformation 682 

phase.  683 

We interpret that the first deformation phase was coeval with regional 684 

metamorphism during closure of the Rocas Verdes back-arc basin in the Late 685 

Cretaceous, and up to ~70 Ma. This deformation occurred during local NE-directed 686 

shortening (present-day coordinates), accommodating simple shear deformation 687 

above the underthrusting cratonic margin of the back-arc basin. The second phase 688 

developed during thrusting and emplacement of basement thrust-sheets, which 689 
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formed the crustal duplex that progressively transferred shortening to the foreland 690 

thrust-fold belt (cf. Torres Carbonell and Dimieri, 2013). The second phase marks a 691 

significant change in the principal shortening direction to NW-directed, and this is 692 

probably related to the start of interaction of the orogenic wedge with a major 693 

promontory in the underthrusting cratonic slab (Río Chico Arch), which exerted a 694 

buttressing effect conditioning the shape and slip direction of the thrust-sheets. 695 
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 851 

Figure Captions 852 

Fig. 1. A. Regional geological map, compiled and modified from SERNAGEOMIN 853 

(2003); Olivero and Malumián (2008); Torres Carbonell and Dimieri (2013); Torres 854 

Carbonell et al. (2013); Zanella et al. (2014). PM: Península Mitre, SPA: Southern 855 

Patagonian Andes. B. Columnar sections show the idealized stratigraphy of portions of 856 

the Fuegian Andes (located in Fig. 1C), including the study area. C. Cross-section x-y 857 

combines a balanced interpretation of the thrust-fold belt with schematic 858 

reconstructions of the central belt (from Torres Carbonell and Dimieri, 2013; Torres 859 

Carbonell et al., 2017). D. Schematic cartoon showing closure of the back-arc basin and 860 

development of the Fuegian Andes as described in the text (modified from Torres 861 

Carbonell et al., 2014). 862 

Fig. 2. Geologic map of the study area (located in Fig. 1A) with structures studied 863 

in this paper. EPT: Ensenada Patagones thrust, BSB: Buen Suceso backfold, BTT: Bahía 864 

Thetis thrust. Equal-area projections show attitude of structural elements separated by 865 

Formation. Data for Lemaire Formation in Fig. 4. Geologic cross-section x-y shows the 866 

schematic relationship between first and second phase structures from hinterland to 867 

foreland. 868 

Fig. 3. Protolith facies of the Lemaire Formation in the study area. A. Schistose 869 

lapilli-tuffs in the hinge of the antiform south of Ensenada Patagones thrust (see Fig. 870 

4). A close up of these facies is seen in Fig. 10A. B. Transitional contact (where person 871 

is standing) between fine tuffs (left) and dark slates (right) south of Ensenada 872 
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Patagones. The tuffs are continued to the south by bedded tuffs, shown in Fig. 3C. A 873 

detail of the dark slates is shown in Fig. 3D. EPT: Ensenada Patagones thrust. 874 

Fig. 4. Geologic map of the southern portion of our study area, located in Fig. 2. 875 

Equal-area projections show attitude of structural elements from both phases. 876 

Fig. 5. Photomicrographs of microstructures associated with the first phase 877 

foliation in the pyroclastic facies of the Lemaire Formation. All cross-polarized light, 878 

with image width shown in upper right corners. A. Quartz and plagioclase 879 

porphyroclast systems surrounded by mylonitic micaceous foliation, thin section 880 

perpendicular to foliation and parallel to stretching lineation. Notice the fragmented 881 

quartz in the lower half of the photo, which develops a wing with a transition from 882 

larger slightly deformed fragments with smooth undulose extinction to smaller ones 883 

with patchy undulose extinction and subgrains, surrounded by a comminuted matrix of 884 

recrystallized quartz. A right-lateral shear sense is deduced from this sample (top-to-885 

NE). B. Example of a quartz crystal with crystalplastic deformation limited to a narrow 886 

high-strain zone with bulging-recrystallization (BLG). Away from this zone there is a 887 

grading from patchy to smooth undulose extinction, and to uniform extinction. C. 888 

Example of the more deformed quartz crystals, with about 40-50% of the crystal 889 

transformed into subgrains and with some BLG. The porphyroclast is surrounded by a 890 

fine comminuted mylonitic matrix. D. Contrast between fragile deformation in 891 

feldspars (shear microfractures) and ductile deformation in quartz. In the center, the 892 

shear fractures in feldspar grade into a narrow high-strain zone with BLG in quartz. 893 

Notice, however, that the rest of the quartz crystal is less deformed, with a primary 894 

embayment (emb) still preserved. E. Bookshelf structure in feldspar, with synthetic 895 
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right-lateral microfaults. Shear sense is also reflected by a subtle stair-stepping in the 896 

micaceous matrix, and is top-to-NE. Thin section perpendicular to foliation and parallel 897 

to stretching lineation. F. Deformed plagioclase crystals with bent and tapered twins, 898 

and high-strain zones with BLG. G. Deformed plagioclase with BLG accommodating 899 

fragmentation of the crystal along high-strain zones. H. Contrast between the original 900 

pyroclastic matrix, with devitrified vitroclasts (lower half of the photo), and the 901 

mylonitic matrix (upper half) formed by grain size reduction and recrystallization of 902 

quartz (e.g. in the center) and feldspars. 903 

Fig. 6. Relationship between orientations of first phase foliation and stretching 904 

lineation when folded around the second phase folding axis, which is subparallel to the 905 

stretching lineation. The stretching lineation remains almost unrotated, but the 906 

foliation has different orientations depending on the position in the major fold. Thus, 907 

while the relationship between mylonitic foliation and stretching lineation in position B 908 

indicates dip-slip kinematics, positions A and D indicate contrasting oblique or strike-909 

slip kinematics (dextral and sinistral, respectively). In the equal area, lower hemisphere 910 

projections, great circle is first phase foliation, black dot is the mylonitic stretching 911 

lineation with arrow indicating hangingwall movement. Red dot is the second phase 912 

folding axis. 913 

Fig. 7. First phase (A-F) and second phase (G-H) disjunctive-microdisjunctive 914 

foliations in Cretaceous rocks. A-D. Microphotographs of tight to isoclinal, and rootless 915 

folds in fine tuffaceous layers, transposed by a smooth disjunctive to continuous 916 

microdisjunctive foliation, formed by dark seams of opaque and insoluble material in 917 

the Beauvoir Formation. Plane-polarized light (PPL). Numbers in mm are image widths. 918 
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E. Microphotograph of rough to anastomosed disjunctive foliation formed by dark 919 

seams of opaque and insoluble material in very fine grained sandstone-siltstone of the 920 

Bahía Thetis Formation (cf. location in Fig. 9C). S0 horizontal. Notice the “strain 921 

shadow” (ss) at the edges of an agglutinated microfossil (flattened normal to S0), 922 

where foliation is not developed. PPL. F. Microphotograph of a slate of the Buen 923 

Suceso Beds at Montes Negros, near the inferred contact with the Beauvoir Formation 924 

(Fig. 2). The first phase foliation is continuous, formed by aligned very fine mica 925 

(inclined to the left), subparallel to transposed lenses of tuffaceous and pelitic layers. 926 

The second phase foliation is a discrete, asymmetric crenulation cleavage, formed by 927 

discontinuous seams of dark, insoluble material (inclined to the right). G. Second phase 928 

pencil structure in the Bahía Thetis Formation. H. Microphotograph of the same 929 

siltstone from Fig. 7G, showing the spaced, rough disjunctive foliation formed by 930 

discontinuous seams of dark, insoluble material (inclined steeply to the left) cutting the 931 

horizontal S0. PPL. 932 

Fig. 8. A. Geologic map of Bahía Thetis, located in Fig. 2. B-C. Equal area 933 

projections of fault-slip data and obtained principal stress axes for mesoscopic faults in 934 

the footwall and hangingwall of the Bahía Thetis thrust; sites located in map. See 935 

Supplementary files S3 and S4 for dataset, methods and assumptions concerning the 936 

analysis of these faults. 937 

Fig. 9. A. First phase boudinaged, isoclinal fold with axial plane foliation. B. 938 

Boudins in cross-section (with orientation of boudin lines in equal area projection), 939 

both A and B from the Bahía Thetis Formation. Compare with orientation of folds 940 

shown in Fig. 8A. C. Cross-section of the Bahía Thetis Formation at Cabo San Diego 941 
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(located in Fig. 2), showing first phase folds and foliation, the latter restricted to the 942 

forelimb of an overturned anticline. Equal-area plots show S0 (great circles, purple 943 

when overturned) and beta axes (red dots). D-H. Second phase shear zones in the 944 

hangingwall of the Bahía Thetis thrust. White bars indicate the deflected first phase 945 

foliation, red arrows the shear plane orientation and apparent sense of slip in the 946 

outcrop section, which is not necessarily the true slip direction. Orientations, when 947 

present, are given as: dip direction/dip. 948 

Fig. 10. A. Second phase crenulation folds in the first phase foliation of mylonitic 949 

lapilly-tuffs, Lemaire Formation. B. Detail of the crenulation lineation on the surface of 950 

first phase foliation in slates of the Beauvoir Formation. C-D. Same slates with 951 

transposition cleavage (moderately-gently dipping) subparallel to isoclinal folds or 952 

dismembered tuffaceous layers (light-colored). The transposition foliation is folded by 953 

a second phase crenulation. In C these crenulation folds have an associated, axial 954 

planar spaced crenulation foliation (steeply dipping), intruded by later quartz veins. E. 955 

Microphotograph of a mylonite from the same outcrop of Fig. 10A, with a discrete to 956 

zonal, asymmetric crenulation foliation affecting the micaceous first phase cleavage. 957 

Cross-polarized light, width of view: 1.1 mm. F. Microphotograph of the same slates 958 

from Figs. 10B-D, showing the first phase slaty cleavage (inclined to the left) affected 959 

by discrete crenulation foliation formed by discontinuous dark seams of insoluble and 960 

opaque material (inclined right). Plane-polarized light, width of view: 0.55 mm. 961 

Fig. 11. A. Panoramic view of Montes Negros, with clear distinction between the 962 

southern outcrops of the Lemaire Formation, and the dark slates and smoother 963 

topographic relief of the Beauvoir Formation. Notice the position of the second phase 964 
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antiform in the Lemaire Formation, and the thrust at Ensenada Patagones (EP), 965 

depicted in the following fotographs. BSB: Bahía Buen Suceso. B-C. Differently oriented 966 

views of the hinge and front of the second phase antiform related to the Ensenada 967 

Patagones thrust. Black bars indicate the apparent dip of first phase foliation in the 968 

Lemaire Formation. D. Cross-section with projected structural data of the area 969 

involving the Ensenada Patagones thrust (EPT) between the Lemaire and Beauvoir 970 

Formation (located in Fig. 4). E. Cross-section of the Buen Suceso backfold (BSB), 971 

modified from Torres Carbonell et al. (2013) (located in Fig. 2). The equal-area 972 

projections show the mean limb orientation (great circles) and calculated beta axes 973 

(red dots) of the higher-order second-phase folds. 974 

Fig. 12. Idealized geometric analog for the deformation of basement and cover 975 

during both phases discussed in the text. The structural fabrics of three locations (1, 2, 976 

3) distributed along the cross-section are shown for each phase, with the shape and 977 

axes of the finite strain ellipse. Gray shadings are used for bedding, black lines for 978 

foliation, dotted lines for crenulation foliation, and dashed lines for shear fractures. A. 979 

Bulk simple shear. The shear plane is ideally at the base of the rock prism, but in reality 980 

it is probably at a deeper position (within pre-Jurassic continental basement). Ju: 981 

Upper Jurassic, Kl: Lower Cretaceous, Ku: Upper Cretaceous. B. Thrusting of the rock 982 

prism. White ellipses are incremental (second phase) strain ellipses, black ones are 983 

finite strain ellipses. Strain in the hangingwall of the frontal thrust has been modelled 984 

with layer-parallel shear, in the footwall with fault-parallel shear decreasing with 985 

distance from the fault (shaded zone). EPT: Ensenada Patagones thrust, BSB: Buen 986 

Suceso backfold, BTT: Bahía Thetis thrust. 987 
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Fig. 13. Schematic model showing formation of structures during the first (A) and 988 

second (B) deformation phases. Both phases record the progressive growth of the 989 

orogenic wedge in front of the counterclockwise rotating Fuegian backstop. In the first 990 

phase the basement (Paleozoic and Jurassic) and cover (Cretaceous) rocks are 991 

subjected to simple shear deformation above a mid-crustal detachment in the top of 992 

the underthrusting South American (SAM) plate. In the second phase the wedge 993 

collides with the Río Chico Arch (promontory), with the purple dashed lines 994 

representing its subsurface extension. The second phase structures form due to 995 

duplexing of the wedge, and their orientations are controlled by the curvature attained 996 

during buttressing against the Río Chico Arch. 997 
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Two superposed deformation phases are correlated across the Fuegian Andes front  

First phase was due to simple shear deformation coeval with regional metamorphism  

Second phase was associated to thrust emplacement and formation of a crustal duplex 

Different shortening orientations in each phase due to buttressing against promontory 

 


