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Abstract 

Contraction in intraplate areas is still poorly understood relative to similar deformation at 

plate margins. In order to contribute to its comprehension, we study the Patagonian broken 

foreland (PBF) in South America whose evolution remains controversial. Time constraints of 

tectonic events and structural characterization of this belt are limited. Also, major causes of 

strain location in this orogen far from the plate margin are enigmatic. To unravel tectonic events, 

we studied the Cenozoic sedimentary record of the central sector of the Patagonian broken 

foreland (San Bernardo fold and thrust belt, 44º30’S-46ºS) and the Andes (Meseta de 

Chalia,46ºS) following an approach involving growth-strata detection, U-Pb geochronology and 

structural modeling. Additionally, we elaborate a high resolution analysis of the effective elastic 

thickness (Te) to examine the relation between intraplate contraction location and zones of low 

lithospheric strength. The occurrence of Eocene growth-strata (~44-40 Ma) suggests that 
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contraction in the Andes and the Patagonian broken foreland was linked to the Incaic phase. 

Detection of synextensional deposits suggests that the broken foreland collapsed partially during 

Oligocene to early Miocene. During middle Miocene times, the Quechua contractional phase 

produced folding of Neogene volcanic rocks and olistostrome deposition at ~17 Ma. Finally, the 

presented Te map shows that intraplate contraction related to Andean phases localized 

preferentially along weak lithospheric zones (Te<15 km). Hence, the observed strain distribution 

in the PBF appears to be controlled by lateral variations in the lithospheric strength. Variations in 

this parameter could be related to thermo-mechanical weakening produced by intraplate rifting in 

Paleozoic-Mesozoic times. 

Keywords: Intraplate contraction, Andean phases, broken foreland, growth-strata, elastic 

thickness 

1. Introduction 

The presence of intraplate contractional zones remote from plate boundaries, as uplifted 

basement blocks and inverted rift basins, has captured the attention of geoscientists worldwide 

(Duff and Langworthy, 1974; Hamilton, 1988; Ziegler et al., 1998, among others). Intraplate 

tectonic activity is mostly produced by far-field stresses linked to contemporaneous convergence 

in active margins (Ziegler et al., 1998). Most prominent examples are found up to ~1600 km 

from plate boundaries in close relation to collisional orogenic events (e.g. Cunningham, 2005; 

Yang and Liu, 2009). However, there are numerous regions of more subtle intraplate 

deformation linked to non-collisional or Cordilleran orogenic activity, that represent nevertheless 

significant tectonic events (e.g. Dickinson and Snyder, 1978; Ramos et al., 2002). Intraplate 

contraction is comparatively rare in the geological record, and consequently is poorly understood 

relative to contractional belts formed at plate margins (Raimondo et al., 2014). To become 

comparable with our knowledge of active margin orogens, a significant improvement in 

structural characterization, kinematics and time constraints of intraplate tectonic events, is 

needed (Aitken et al., 2013). In this connection, the study of modern examples is of paramount 

importance to shed light on this issue. Notably, much of the knowledge about this process arises 

from ancient examples where the absence of a preserved plate kinematic framework hampers a 

linkage of intraplate and plate margin processes (Xu et al., 2016). In this study, we focus on the 

central sector of the Patagonian broken foreland (PBF) (44º-46ºS) (Bilmes et al., 2013), a barely 
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addressed intraplate contractional zone in Central Patagonia (Figs. 1a and b), to better understand 

intraplate deformation related to Andean-type margins. This belt occupies a broad area of 

deformation characterized by a general NNW-trend and a latitudinal extent of ~750 km (Fig. 1b). 

Recent studies unraveled its earliest contractional stages in the Early Cretaceous (e.g., Giacosa et 

al., 2010; Gianni et al., 2015a; Navarrete et al., 2015; Echaurren et al., 2016), but much remains 

to be learnt about the Cenozoic evolution of the PBF. For instance, while a contractional stage 

has been acknowledged in late Cenozoic times (Homovc et al., 1995; Peroni et al., 1995; Giacosa 

et al., 2010; Bilmes et al., 2013), contrasting tectonic regimes have been proposed for the early 

Cenozoic stage ((contractional, Gianni et al., (2015a); Paredes et al.,(2006) vs extensional, Foix 

et al., (2013)). Also, along strike geochronological constraints on the most recent Neogene 

deformational event are limited to the Gastre Basin in the northern sector of the PBF (Bilmes et 

al., 2013), while similar data are lacking in the rest of this intraplate zone (Fig. 1b). More 

importantly, the reason why contraction localized in the Patagonian interior far from the plate 

margin is still enigmatic. It has been previously speculated that a weak lithosphere in Central 

Patagonia was critical for intraplate deformation (e.g. Bilmes et al., 2013; Gianni et al., 2015a; 

Echaurren et al., 2016). However, a clear spatial correlation between location of contractional 

structures and zones of weakened lithosphere has not been demonstrated yet. Hence, in this study 

we aim to recognize tectonic stages in Cenozoic times and then to discuss major controls on 

intraplate deformation location in the PBF. To unravel Cenozoic deformational stages, we 

examine the sedimentary record of the San Bernardo fold and thrust belt (FTB) and the North 

Patagonian Andes in the Meseta de Chalia (Fig. 1c), reconstructing their evolution through field 

mapping, structural analysis and U-Pb geochronology of syntectonic strata. Additionally, we 

integrate new field data with previously published data in a balanced structural cross section to 

comprehend the regional structure and quantify shortening. Finally, to understand the 

relationship between lithospheric strength and intraplate contraction in the PBF, we carried out 

an analysis of effective elastic thickness (Te), as a proxy for long-term lithospheric strength, 

following the results of Watts (1995) and Mouthereau et al. (2013). These authors showed that 

deformation localization and structural style in different orogens around the world largely 

correlate with the Te. Thus, a high-resolution map of spatial variations of Te in Central 

Patagonia was constructed from the relation between gravimetric anomalies and the topographic 

loads using spectral methods (e.g. Watts, 2001).  
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2. Geological background of the Patagonian foreland zone 

The pre-Andean evolution of Central Patagonia in Mesozoic times was linked to the 

development of several intraplate rifts produced by the break-up of Western Gondwana. During 

the Early Jurassic a regional extensional event developed a NNW-trending retroarc 

marine/continental basin in Central Patagonia (e.g. Suárez and Márquez, 2007). Heralding 

continental break-up, Middle Jurassic times were characterized by rapid rift propagation onboard 

the Patagonian region (Uliana et al., 1989), where several extensional depocenters developed 

associated with the eruption of voluminous successions of silicic volcanic rocks (Pankhurst et al., 

1998). Subsequently, during the latest stages of Western Gondwana break-up in Late Jurassic to 

Early Cretaceous times, renewed extension gave place to the development of the Río Mayo Sub-

basin at the western margin of Central Patagonia (Aguirre Urreta and Ramos, 1981; Suárez et al., 

2009) (Fig. 1c). To the east, opening of the San Jorge Gulf Basin took place in an intraplate 

setting (Figari et al., 1999) (Fig. 1c). Extension in Patagonia came to an end when the first 

oceanic floor consolidated in the South Atlantic Ocean (~130 Ma) (Fitzgerald et al., 1990). Then, 

the North Patagonian Andes began their uplift soon after ocean opening in Aptian times (Aguirre 

Urreta and Ramos, 1981; Folguera and Iannizzotto, 2004; Suárez et al., 2009; Echaurren et al., 

2017). This switch in the tectonic regime is also well recorded to the north of the study area in 

the Southern Central Andes (e.g. Fennell et al., 2015; García-Morabito et al., 2012) and to the 

south in the Austral and Fueguian Andes (e.g. Klepeis et al., 2010; Ghiglione et al., 2014). From 

late Early to Late Cretaceous, initial intraplate contraction took place in the PBF as indicated by 

surface/subsurface evidences of synorogenic growth-strata in continental beds of the Chubut 

Group (Allard et al., 2015; Gianni et al., 2015a,2015b; Navarrete et al., 2015) , as well as, 

thermochronological analyses (Savignano et al., 2016) (Fig. 2). During Cenozoic times, which 

are the focus of this study, a Danian Atlantic-derived transgression flooded the foreland area 

(Figs. 1c and 2). In late Paleocene, deposition of the Río Chico Group took place in the 

surroundings of the San Bernardo FTB and the Deseado Massif to the south (Figs. 1c and 2). 

Noteworthy, the tectonic setting of these deposits is still debated, while scarce seismic data 

suggest synorogenic deposition to the west and south of the San Bernardo FTB (Gianni et al., 

2015a; Navarrete et al., 2015), field information in the eastern San Jorge Gulf Basin points out to 

deposition during extension (Foix et al., 2013).  
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Sedimentation at this time was continental with fluctuations between fluvial and lacustrine 

conditions (Raigemborn et al., 2010; Krause et al., 2017). From base to top the Rio Chico Group 

is made up of four units: Las Violetas, Peñas Coloradas, Las Flores and Koluel-Kaike 

Formations. During the Eocene to early Miocene, deposition of pyroclastic materials reworked 

by fluvial systems (Sarmiento Group), coexisted with eruption of mafic rocks with a within-plate 

geochemical signature (Bruni et al., 2008) (Figs. 1 and 2). At the end of this stage in the early-

middle Miocene, a second Atlantic-derived transgression flooded the Patagonian region (see 

Barreda and Bellosi, 2014) (Fig. 1). Particularly, the uppermost marine deposits corresponding to 

this event are known in the study area as "Suprapatagoniense beds" (Figs. 1 and 2). 

Subsequently, this transgressive marine sequence was replaced by different estuarine to fluvial 

units that evolved up to late Miocene times in a context of renewed Andean orogenesis to the 

west (Flint et al., 1994; Lagabrielle et al., 2004; Blisniuk et al., 2005) and intraplate contraction 

to the east in the PBF (Homovc et al., 1995; Peroni et al., 1995). Middle Miocene to Pliocene 

synorogenic deposits related to the last Andean uplift phase at studied latitudes are preserved in 

the Meseta the Chalia west of the San Bernardo FTB (Dal Molin and Franchi, 1996) (Fig. 1c).  

3. Description of syntectonic sedimentation in the San Bernardo FTB and the Meseta de 

Chalía 

Growth-strata detection is helpful to determine deformational events as syntectonic 

deposition tracks the evolution of individual structures (Riba, 1976). In order to detect growth 

structures in the study area we followed a classic approach similar to Arriagada et al. (2006) and 

Horton et al. (2015) based on direct measurements of strata dip and thickness changes. To avoid 

mistaking syntectonic deposits with strata divergence and thickening caused by trishear folding, 

we only studied those regions devoid of pervasive shearing. Additionally, we identified diverse 

features commonly present on syntectonic deposits (e.g. sedimentary onlaps and angular 

unconformities).  

The San Bernardo FTB presents a western sector where Cretaceous strata and Miocene 

volcanic rocks crop out related to thick- and minor thin-skinned deformation and a less deformed 

eastern sector that preserves a complete Cenozoic sedimentary record (Fig. 2). In different 

localities of this last sector, we identified evidences of syntectonic deposition in the Eocene 

continental deposits of the upper Río Chico Group (Koluel Kaike Formation).  
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To the south of the Colhué Huapi Lake (Fig. 2) a series of west-vergent growth-folds are found 

in fluvial tuffaceous sandstones and siltstones of the Koluel Kaike Formation (Fig. 3). These, are 

characterized by fanning strata related to bed thickening and progressive dip variations (Fig. 

3a,b,c).  Particularly, the presence of a thrust-growth in that area related to a detaching sheet in 

the Koluel Kaike Formation indicates that syntectonic deposits were linked to a contractional 

regime (Fig. 3d). South of the study area, the Koluel Kaike Formation is present at both gently 

dipping flanks of a westward verging anticline (Fig. 4). This structure is part of a series of NNE-

trending folds associated with the Grande-Funes anticline, related to a thrust detached in 

Neocomian levels (Fitzgerald et al., 1990). At the backlimb of this structure, syn-tectonic 

deposition of the Koluel Kaike Formation is evidenced by growth onlap relations and an internal 

angular unconformity (Fig. 4).  

West of the PBF, over the Andean foothills, Eocene syntectonic sedimentation is also recorded in 

the Meseta de Chalía (Fig. 1). Here, a succession of continental sedimentary rocks divided into 

several formations by Dal Molin and Franchi (1996) (Pedregoso Formation, Miocene; Río Mayo 

Formation, Mio-Pliocene and Chalía Formation, Pliocene) are deformed by west-vergent folds 

interpreted as related to a backthrust system, adjacent to a gently dipping (10-5°E) sector to the 

east (Figs. 5 a and b). At the base of this sedimentary section, in the southwestern sector of the 

Meseta de Chalía, volcaniclastic rocks intercalated with tuff deposits reveal growth-strata 

geometries in both, the forelimb (Fig. 5d) and backlimb (Fig. 5f) of a west-vergent fold, 

indicating syncontractional deposition in this area. U-Pb geochronology on detrital zircons from 

these deposits yielded a late Eocene age (see following section). 

 Over the San Bernardo FTB, the late Oligocene/early Miocene within-plate mafic rocks that 

extend over the Cretaceous strata, preserve evidence of a synextensional control on their 

emplacement (Fig. 6a,b,c). In the Sierra de los Aisladores (see location in Fig. 2), a horst 

structure separates two small halfgraben depocenters filled with volcanic agglomerates and 

intercalated lava flows belonging to the late Oligocene/early Miocene Buen Pasto Formation 

(Fig. 6a). In particular, the eastern halfgraben preserves evidences of lava flows injected through 

fault planes (Fig. 6b). At the western flank of the San Bernardo FTB, a preserved extensional 

depocenter reveals a growth-wedge in volcanic agglomerates and lavas of the Buen Pasto 

Formation (Fig. 6c). Folding and thrusting of this unit are well recorded in the northwestern 

flank of the San Bernardo FTB, where several short wave-length anticlines (0.5-1.5 km) are 
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observed (Figs. 2 and 6d), and at the surroundings of the Buen Pasto locality where volcanic 

rocks dated between ~20-18 Ma (Bruni et al., 2008) are dislocated by a west verging thrust (Figs. 

2 and 6e). In the southernmost area of the San Bernardo FTB, in the foothills of the Río Senguer 

anticline, 5ºW dipping platform sandstone deposits of the Neogene Suprapatagoniense beds 

(Figs. 2 and 6f) cover a chaotic mass of blocks composed of bioclastic medium-grained 

sandstones of variable sizes (~0.2-5 m
3
) (Figs. 6g and h). The larger blocks are embedded in a 

bioclastic sandy matrix that contains poorly-sorted blocks of smaller sizes (Fig. 6h). The 

depicted features along with the appearance of some tightly folded blocks, possibly attest for 

slumping and debris-flow processes in underwater conditions (Fig. 6i). According to these 

characteristics, the studied deposits would correspond to olistostromes. Similar, deposits in 

equivalent sections have been recently reported to the west of the study area (Foix and Casal, 

2016). The fact that all blocks come from the Suprapatagoniense beds (i.e. not exotic) allows us 

to classify this deposit as an endolistostrome. Taking into account the synorogenic nature of this 

unit in the San Bernardo FBT (Paredes et al.,  2006), the proximity of studied outcrops to the 

Codo del Senguerr anticline thrust-front (Fig. 2) and the fact that this unit was deposited in a 

low-gradient platform, we favor a tectonic trigger for olistostrome deposition. Finally, 

neotectonic activity was recognized east of Buen Pasto locality (see Fig. 2), where sandstones of 

the Cretaceous Chubut Group have been thrusted over Quaternary alluvial deposits (Fig. 7). 

Additionally, the latter deposits are deformed in an east verging box-shaped fold (Fig. 7a).  This 

structure presents well preserved evidence of syn-tectonic sedimentation as depicted by hinge 

migration-related geometries that outline a growth triangle (Fig. 7a). Immediately to the north, 

we found a tectonic contact between the Chubut Group and Quaternary strata through a reverse 

fault (Fig. 7b).  

In summary, Eocene syncontractional growth-strata were found to the east and south of the 

San Bernardo FTB and further west over the Andean foothills at the Meseta de Chalía. Latest 

Oligocene to early Miocene synextensional volcano-sedimentary deposits, belonging to the Buen 

Pasto Formation, were described in different sectors over the San Bernardo FTB. In the 

southernmost area of this belt, olistostrome deposits in the synorogenic Suprapatagoniense beds 

were found next to the Río Senguer thrust. Finally, neotectonic structures have been identified 

affecting the eastern flank of the San Bernardo FTB.   
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4. U-Pb Geochronology 

Heavy mineral concentrates of the <350 µm fraction from 3 rock samples were separated 

using traditional techniques at ZirChron LLC.  Zircons from the non-magnetic fraction were 

mounted in a 1-inch diameter epoxy puck and slightly ground and polished to expose the surface 

and keep as much material as possible for laser ablation analyses. After cathode-luminescence 

(CL) imaging at University of Idaho, the LA-ICP-MS U-Pb analyses were conducted at 

Washington State University using a New Wave Nd:YAG UV 213-nm laser coupled to a 

Thermo Finnigan Element 2 single collector, double-focusing, magnetic sector ICP-MS. 

Operating procedures and parameters are similar to those of  (Chang et al., 2006). Laser spot size 

and repetition rate were 30 microns and 10 Hz, respectively. He and Ar carrier gases delivered 

the sample aerosol to the plasma. Each analysis consists of a short blank analysis followed by 

250 sweeps through masses 202, 204, 206, 207, 208, 232, 235, and 238, taking approximately 30 

seconds. Time-independent fractionation was corrected by normalizing U/Pb and Pb/Pb ratios of 

the unknowns to the zircon standards (Chang et al., 2006).  U and Th concentrations were 

monitored by comparing to NIST 610 trace element glass.  Two zircon standards were used: 

Plesovice, with an age of 338 Ma (Sláma et al., 2008) and FC-1, with an age of 1099 Ma (Paces 

and Miller, 1993).  Uranium-lead ages were calculated and plots generated using Isoplot 

(Ludwig, 2003). Frequency histograms, relative probability plots of U-Pb detrital zircon ages, 

and Tera–Wasserburg concordia diagrams of the analyzed samples can be found in Fig. 8. A 

summary of the analytical results is presented in supplementary table S1. To determine the 

maximum depositional ages we identify the youngest age group (more than three) overlapping 

within the error (Gehrels et al., 2006). Then, we calculated an age from this group using the 

Tuffzirc algorithm of Ludwing et al. (2003) and age errors were reported using the quadratic sum 

of the analytical error plus the total systematic error for the set of analyses (Gehrels et al,. 2008) 

(Fig. 8a). 

Three samples from the previously described syntectonic sequences were collected for U-Pb 

geochronology on detrital zircons. At the Grande-Funes anticline (Fig. 4a), a tuff from the 

growth-strata in the top of the Koluel Kaike Formation yielded an age of 43.9±0.5 Ma (Fig. 8), 

constraining the top of the syntectonic deposition to the middle Eocene. We carried out a similar 

analysis on a tuff sample collected from the growth-strata in the Meseta de Chalía (Fig. 5f). This 

sample yielded an age of 39.9±0.6 Ma (Fig. 8) suggesting late Eocene syntectonic deposition in 
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the Patagonian Andes. Finally, a sandstone sample from the Suprapatagoniense beds was 

collected from the outcrops near the Codo del Senguer anticline (Fig. 6f), yielding a maximum 

depositional age of 17.4±0.3 Ma (Fig. 8). Older zircon populations are centered on ~30 Ma, 

probably indicating that the source corresponds to the volcano-sedimentary Sarmiento Group (Ré 

et al., 2010) that crops out in the southern part of the San Bernardo FTB (Fig. 8a). Another older 

zircon population is centered on ~117 Ma with the Chubut Group in the study area or the 

Divisadero Group in the Andes as potential sources (Suárez et al., 2009; 2014) (Fig. 8a). This 

indicates two active source regions at ~17 Ma, one located in the main Andes to the west and the 

other in the foreland zone to the east. 

 

5. Balanced structural cross-section from the Andean foothills to the foreland zone at ~45ºS 

In order to obtain a more accurate portrait of deformation and to provide a shortening estimation 

across the Andes at the studied latitudes, we constructed a balanced cross-section from the North 

Patagonian Andes to the San Bernardo FTB using the Move® software (Midland valley 

Exploration Ltd.) (Fig. 9). The balanced cross-section for the San Bernardo FTB area was partly 

constrained using surface structural and stratigraphic data from a previous study (Gianni et al.,  

2015a). In addition new field data obtained in this work, particularly in the western flank of the 

study area, were incorporated. There, several NNW-trending short wave-length folds (0.5-1.5 

km) were recognized affecting the Oligocene/Miocene volcanic cover (Figs. 2 and 9c). Fault 

geometry at depth in this area was defined on the basis of a published seismic-reflection line 

(Gianni et al.,  2015a) located 20 km to the north of the presented cross-section. We used a 

detachment depth of 22 km, similar to the depth proposed by Echaurren et al. (2016) in a 

regional cross-section at 43ºS. Based on the construction of lithospheric strength profiles in the 

Patagonian foreland, these authors detected the presence of a mechanical contrast between the 

upper and lower crust, which they considered as advantageous for the development of a basal 

detachment in the lower crust (Fig. 9b). To reconstruct the North Patagonian Andes area, we 

used the structural cross-section of Folguera and Iannizzotto (2004) and structural and 

stratigraphic data previously published as geometrical constraints (Ploszkiewicz and Ramos, 

1977; Iannizzotto et al., 2004).   
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 To restore the cross-section, we assumed deformation of homogeneous blocks and 

competent beds with variable thickness and used the flexural-slip unfold algorithm (Griffiths et 

al., 2002), appropriate for structures related to tectonic inversion and strata with lateral thickness 

variations. Different structural styles can be recognized across the analyzed Andean and extra-

Andean domains:  

To the west, the North Patagonian Andes foothills constitute a generally east-vergent 

dominated thrust system, characterized by a western thin-skinned sector related to short wave-

length folds (2.5-1 km), detached at Early Cretaceous deposits, and an eastern thick-skinned 

sector with longer wave-length folds (5-3 km) associated with the tectonic inversion of Late 

Jurassic to Earliest Cretaceous depocenters of the Río Mayo Sub-basin (Clavijo, 1986; Folguera 

and Iannizzotto, 2004; Iannizzotto et al., 2004). To the east, the San Bernardo FTB stands as a 

doubly vergent thick-skinned belt, related to the inversion of Jurassic-Early Cretaceous half-

grabens that produced long wave-length structures (8-12 km) (Peroni et al., 1995; Homovc et al., 

1995). 

Calculated shortening magnitudes do not exceed 7 km in a 224.46 km length section, 

representing only a 3.14 % of the initial length (Fig. 9d). This value should be considered a 

minimum estimate since some sectors of the Andes that absorbed contractional deformation to 

the west were not integrated. Noteworthy, this shortening is similar to values in the northern 

sector of the PBF (10.69 km equivalent to a 3.78%) documented by Echaurren et al. (2016). Such 

low values are common in broken foreland areas where shortening does not overcome 2-3% (e.g. 

Allmendinger and Jordan, 1986). 

6. Estimation of effective elastic thickness in the PBF  

     Effective Elastic Thickness  

       To explore the spatial relation between contractional structures in the PBF and location of 

weak lithospheric zones, we elaborated a local high-resolution analysis of lithosphere rigidity 

    in Central Patagonia. For long-term geological loads, the lithosphere is considered to 

respond regionally by flexure (Watts, 2001). Thereby, the lithosphere is usually represented as an 

infinite two dimensional elastic plate overlying on a relatively fluid substrate (mantle). This 

model is used when the load is located far from the plate margin. Otherwise, a broken plate or 

semi-infinite plate is used when the load is near the plate margin (Watts, 2001; Turcotte and 
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Schubert, 2002). As our study area is located relatively far from the continental margin (550-600 

km) an infinite plate model is considered. The flexure or bending of the lithosphere      when 

applying a known load                                          (Watts, 2001; Turcotte and 

Schubert, 2002), being      the topography,               the restitutive force (  ,   ,   , 

are the densities of the topographic masses above sea level, the continental crust and the upper 

mantle, respectively) and P the horizontal stress. P is considered zero in our analysis, as has been 

shown at these latitudes by Tassara (2003). A parameter equivalent to rigidity and more 

commonly used is the effective elastic thickness     , related to D through           .    

represents the portion of the lithosphere that behaves elastically, with standard values of Young 

modulus          and the Poisson ratio        (e.g. Watts, 2001; Kirby and Swain, 2011). 

  
   

   
   

   

   
                                       

  
    

 

        
                

As the load is three dimensional, the deflection will be given by       . In addition, rigidity of 

large regions is usually variable, being this last fact represented by       . In this sense, 

           is modified according García et al. (2015), considering the horizontal stress equal to 

zero: 

               
   

   

   

   
  

   

    

   

    
 

   

   

   

   
                 

                      

Considering        as constant inside a small particular region, the last equation is modified as 

follows: 

                                          

Then, working in wavenumber domain (         ), after applying Fourier Transform, 

           can be rewritten as: 

          
  

     
                               

where bold upper-case variables   and  , are the wavenumber domain representations of the 

deflection        and the topography       , respectively.       is defined through 

           (Watts, 2001), being K the module of the vector k: 
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The effective elastic thickness was calculated using the python code of Soler (2015), following 

the ideas considered by García et al. (2016), where rift sedimentary basins are considered as a 

buried load in the infinite plate model. It requires several data inputs: the topography        

(Sandwell and Smith, 2009), the sedimentary thickness           of basin infilling (San Jorge 

Gulf Basin (SJGB)), the Bouguer anomaly and the input of values for different parameters (see 

Table 1).  

The Bouguer anomaly data were obtained from the EIGEN-6C4 model, which combines 

terrestrial and satellite data (Förste et al., 2014). Then, it was corrected by the gravimetric effect 

of the sedimentary infill (BACS) since sediment density is lower than mean crust density. The 

gravity effect was calculated through the software Oasis montaj (www.geosoft.com) in wave 

number domain implementing the Parker algorithm (Parker, 1973), using the sedimentary 

thickness of the GSJB published by Jones et al. (2004) and a density contrast          equal to 

0.37 g/cm
3
. Subsequently, this effect was subtracted from the Bouguer anomaly to obtain the 

BACS. 

The methodology consists first, in calculating the deflection           ) of the lithosphere 

through the inversion of the BACS for the whole study area, using the Parker-Oldenberg 

algorithm (Parker, 1973; Oldenburg, 1974), considering a density contrast between upper mantle 

and lower crust (        equal to 0.44 g/cm
3
. The code contains an interface that allows 

choosing windows with variable sizes and positions, being    constant inside each window. We 

used windows with sizes of 70x70km and 110x110km, which are optimum dimensions for a 

local    analysis (García et al., 2016). For any chosen window, several    values are considered 

and their respective deflections        calculated using           . Each         is calculated 

considering the topography load for the whole study area. Then, each one of these        is 

compared with the inverted gravimetric deflection           )  inside the chosen window and the 

reliable    value is that which presents the minimum rms (root mean square) between both. 

Finally, the    of a high density of windows resulted in a grid of variable    for the analyzed 

region (Fig. 10a).  

Some important insights can be drawn from the obtained map in Fig. 10a. First, Te values 

are in general, low (<35 km) for most of the Central Patagonia (Fig. 10a). Lithosphere with such 
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low    values usually deforms involving deep-seated basement faults (Watts, 1995; Mouthereau 

et al., 2013), which correlates with the thick-skinned style of deformation described for most of 

the Patagonian Andes and the Patagonian broken foreland (Orts et al., 2012; Ghiglione et al., 

2014; Bilmes et al., 2013; Echaurren et al., 2016; Giacosa et al., 2010).  

Secondly, intraplate contraction does not seem to have situated randomly, but largely 

located on areas of lowest Te (<15 km) and hence, in those places where the lithospheric strength 

was lowest (Fig. 10a). 

7. Discussion 

 

7.1. Interpretation of field and geochronology data  

Surface description of growth-strata in the upper Río Chico Group (Koluel Kaike 

Formation) and determination of an age of ~44 Ma for these deposits are indicative of the 

occurrence of Eocene intraplate tectonics in the San Bernardo FTB (Figs. 3, 4 and 8a). Notably, 

the age reported here for this unit is consistent with recent magnetostratigraphic and 

geochronological data that constrain the temporal span of the Koluel-Kaike Formation to the 

46.7–42.2 Ma interval (Lutetian) (Krause et al., 2017). Additionally, the new documentation of 

the existence of Eocene deposits in the Meseta de Chalía dated in ~40 Ma and the finding of 

growth-strata in these rocks; indicate the presence of Eocene contraction in the cordilleran area 

(Figs. 5 and 8a). Notably, description of syntectonic sedimentation limited to the upper unit of 

the Río Chico Group allows further refining previous proposals based on scarce seismic 

reflection data (e.g. Paredes et al.  2006; Navarrete et al. 2015), that suggested a syntectonic 

origin for the totality of this group, implying contraction since late Paleocene. Altogether, the 

presented data would indicate that a contractional tectonic regime took place during Eocene 

times at studied latitudes. The presence of synextensional deposits related to mafic within-plate 

magmatism in the San Bernardo FTB validates previous interpretations of Oligocene/early 

Miocene extensional tectonics based on geochemical studies  (e.g. Bruni et al., 2008) (Fig. 

6a,b,c). The observation of folds and thrusts affecting the latter volcanic unit indicates a 

contractional reactivation of the San Bernardo FTB (Fig. 6d,e). This episode was possibly linked 

to synorogenic deposition of the shallow marine deposits as indicated by growth strata 

description in seismic reflection lines (Paredes et al.,  2006). In the study area, this episode could 
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have triggered deposition of a sedimentary breccia interpreted as an olistostrome deposit in the 

Suprapatagoniense beds next to the Río Senguerr anticline (Fig. 6f). U-Pb dating on detrital 

zircons from these deposits allowed constraining this event to the early-middle Miocene (~17.4 

Ma) (Fig. 8a). Finally, thrusts and folds in Quaternary alluvial deposits attest for an ongoing 

contractional regime in the study area (Fig. 7).  

 

7.2. Cenozoic intraplate tectonic events in the PBF: Their relation to Andean phases  

During the middle to late Eocene (~44-40 Ma), a contractional tectonic event was 

identified at the studied latitudes, which was recorded from the North Patagonian Andes to the 

PBF (Fig. 11). Noteworthy,  the occurrence of uplift and exhumation during an approximately 

similar time interval (50-40 Ma) has been widely documented in the Northern (e.g. Restrepo-

Moreno et al., 2009; Parra et al., 2009), Central (e.g. Cobbold and Rossello, 2003; Arriagada et 

al., 2006; Barnes and Elhers, 2009) and Southern Andes (e.g. Ramos, 2005 and references 

therein). Particularly, in the Central Andes this event is known as the Incaic orogenic phase 

(Steinmann, 1929). According to Charrier et al. (2007), this phase was responsible for the uplift 

of the Incaic ranges, an early expression of the Andean orogen. The southernmost record of this 

phase was described north of the study area in the Neuquén Basin (Cobbold and Rossello, 2003). 

In this context, recognition of Eocene contraction in this study constitutes an unprecedented 

register of this phase in Central Patagonia. However, a similar deformation stage is not described 

immediately to the north of the study area between 39ºS and 44ºS. In that area, an absence of 

record of exhumation in Eocene times has been determined from thermochronological studies 

(Savignano et al., 2016). It is worth noting that if burial was not important after the Cretaceous 

contractional event that characterized this region (e.g. Echaurren et al., 2016; Savignano et al., 

2016), then Eocene deformation may not be registered in thermochronological data. Notably, 

Eocene contraction documented in this study, along with the record of coeval magmatic arc 

activity (Pankhurst et al., 1999) are indicative of ongoing subduction at this time, which 

contradicts previous proposals of a transform margin in Patagonia (Aragón et al., 2013).  

During the Latest Oligocene, a switch to extensional intraplate deformation is observed in the 

study area (Fig. 11). This stage could have been related to an event of regional extension at this 

time that interrupted Andean orogenesis between 39ºS to 46ºS (e.g. Muñoz et al., 2000; see 

Encinas et al., 2015,  for a synthesis). The causes of this extensional stage are under intense 
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discussion, existing a diversity of models to explain extension and intraplate magmatism (slab 

roll-back, Muñoz et al., 2000; mantle plume, Kay et al., 2006; asthenospheric upwelling, Bruni et 

al., 2008; slab window, Aragón et al., 2013; delamination, Remesal et al., 2012; changes in 

convergance rates, Jordan et al., 2001). According to Encinas et al. (2017) crustal thinning 

allowed the marine flooding of Patagonia reaching its maximum extension at ~20 Ma. It was 

followed by regional contraction that started around 19–16 Ma as indicated by fluvial 

synorogenic deposition related to the growth of the Patagonian Andes (Thomson, 2002; 

Lagabrielle et al., 2004; Orts et al., 2012). At this time, the PBF reactivated in the foreland zone 

achieving its full development (Fig. 11). Synchronic uplift along strike the PBF in middle 

Miocene is supported by our 17.4 Ma maximum age obtained for marine synorogenic deposits, 

similar to the age published by Bilmes et al. (2013) in the northern sector of the PBF (~16.1 Ma). 

Noteworthy, the obtained age for shallow marine rocks in the San Bernardo FTB has significant 

implications for the Neogene paleogeography of Patagonia, which is still debated (see Encinas et 

al., 2017 for a review). The presented ~17 Ma age for the Suprapatagoniense beds along with 

19.6 to 15.3 Ma ages (Parras et al., 2012; Suárez et al., 2015; Cuitiño et al., 2016) for an 

equivalent unit immediately to the east of the study area (Chenque formation) in the eastern San 

Jorge Gulf Basin (Fig. 1), would indicate that, contrarily to what has been described in southern 

Patagonia, 1) there is a contemporaneity between fluvial synorogenic and shallow marine 

deposition and 2) the sea retired later from the study area. Furthermore, this age contradicts 

previous suggestions about the beginning of intraplate contraction at 15-10 Ma in the San 

Bernardo FTB (e.g. Peroni et al., 1995). The occurrence of Neogene contractional deformation is 

not unique to the PBF; it is a common feature to the whole Andean orogen that is generally 

attributed to the Quechua phase (Steinmann, 1929). Neotectonic evidence described in this work 

indicates that contractional activity is an ongoing process in the San Bernardo FTB. Thus, in 

Central Patagonia the Incaic and Quechua Andean phases produced deformation at an anomalous 

distance from the trench (550-600 km) that accommodated a subtle amount of shortening 

(3.14%) in the study area.  

7.3. The role of lithospheric strength on intraplate deformation location 

It is well known that active margins impart important forces on the edges of continental 

plates, often creating an associated intraplate stress field (e.g. Heidbach et al., 2008, Raimondo et 

al., 2014). However, intraplate deformation usually takes place in specific sectors of the foreland 
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lithosphere, which reflects exceptional conditions for this process to take place. Such conditions 

depend on a variety of factors (e.g. crustal heterogeneities, thermal weakening and fluid-rock 

interaction) that aid to weaken the lithosphere, enabling it to accommodate deformation (e.g. 

White et al., 1986; Sandiford and McLaren, 2002; Clarck et al., 2006). In this sense, the 

occurrence of intraplate contraction in the PBF has been attributed to the existence of a weak 

lithosphere in Central Patagonia that concentrated deformation during tectonic events (Bilmes et 

al., 2013; Gianni et al., 2015a; Echaurren et al., 2016). The high-resolution analysis of the 

effective elastic thickness presented in this work reveals that, in general, the whole Central 

Patagonia is characterized by a low lithospheric rigidity (Te<30km) (Fig. 10a). However, 

basement intraplate contractional structures localized preferentially in those areas characterized 

by the lowest rigidity values (Te<15 km) (Fig. 10a). Notably, low Te zones are roughly 

coincident with the location of previous late Paleozoic to Mesozoic intraplate rift basins (Uliana 

et al., 1989; Peroni et al., 1995; Homovc and Constantini, 2001; Figari, 2005) (Fig. 10a). Thus, it 

is likely that intraplate zones that experienced extension have thermo-mechanically weakened 

the lithosphere (Thomson, 2002; Fosdick et al. 2014), leaving them prone to absorb deformation 

in later contractional stages (e.g. Arnais-Rodríguez and Audemard, 2014). Notably, these basins 

have played a major role in building the PBF through positive inversion of favorably oriented 

NW- and NNW-trending normal faults (Giacosa et al., 2010; Bilmes et al., 2013; Gianni et al., 

2015a; Huyghe et al., 2015). In addition, widespread Neogene contraction  in Central Patagonia 

may have also been aided, at least secondarily, by thermal softening during the Paleogene, 

associated with eruptions of within-plate magmatism over Central Patagonia (e.g. Thompson et 

al., 2001) (Fig. 1c).   

We suggest that the lack of similar intraplate deformation to the south of the study area is 

due to the presence of a different previous structural framework and of a distinct configuration of 

lithospheric strength in the southernmost Patagonian foreland. There, intraplate basins 

characterized by repeated rifting events, as documented in Central Patagonia, are absent. Instead, 

short-lived Jurassic extension focalized near the continental edge in a marginal basin, bounded 

by subsiding but almost undeformed platforms that produced a narrow plate-margin orogen 

during basin inversion (Kley et al., 1999; Ghiglione et al., 2014; 2016). 
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8. Conclusions 

A multidisciplinary approach involving description of syntectonic deposits, U/Pb 

geochronology, structural modeling and calculation of effective elastic thickness allowed to 

better constrain intraplate deformation in the central sector of the PBF. During middle to late 

Eocene, contraction took place from the North Patagonian Andes to the intraplate sector in the 

PBF. Recognition of this event constitutes an unprecedented record of the Incaic phase in Central 

Patagonia. The tectonic regime changed to extension during late Oligocene/early Miocene, as 

indicated by the description of synextensional deposits in the San Bernardo FTB. From middle 

Miocene (~17 Ma) to present the tectonic regime switched back to contraction during the 

Quechua phase, reactivating intraplate deformation in the PBF. The elaboration of a high 

resolution analysis of the effective elastic thickness in Central Patagonia shows that intraplate 

contraction localized mainly in areas of lower lithospheric strength (Te<15 km). Hence, the 

observed strain distribution in the PBF appears to be largely controlled by lateral variations in 

the lithospheric strength. Variations in this parameter could be related to the Paleozoic-Mesozoic 

history of intraplate rifting that could have caused thermo-mechanical weakening of the foreland 

lithosphere. Finally, the Cenozoic evolution of the PBF could help to better understand 

deformation and lithospheric rheological conditions in ancient intraplate belts linked to similar 

Andean-type subduction settings. 
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 Fig. 1. (a) Tectonic setting of the Andes. (b) Tectonic setting of Patagonia showing the 

Patagonian Andes, the broken foreland area and location of map c). Abbreviations are TJ: Triple 

junction, LOFZ: Liquiñe-Ofqui fault zone, DM: Deseado Massif and NPM: North Patagonian 

Massif. (c) Geological sketch map showing the main sedimentary and morphostructural units 
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from Patagonia between ~44° to 48°S. Based on Giacosa et al. (2010), Ploszkiewicz and Ramos 

(1977), Dal Molin and Franchi (1996), Barcat et al. (1984) and Bruni et al. (2008).   
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Fig. 2. Geological sketch map and stratigraphic chart of the San Bernardo FTB. Based on Sciutto 

(1981; 2008), Barcat et al. (1984), Bruni et al. (2008) and Gianni et al. (2015a). Structural 

mapping in the northwestern quadrant is from this work.  
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Fig. 3. (a) Growth fold in the upper Río Chico Group (Koluel Kaike Formation). (b)-(c) Growth-

strata in the same unit. (d) Thrust-growth related to a detaching sheet in the Koluel Kaike 

Formation.  

 

 

 
Fig. 4. (a) Map view of growth-strata in the Koluel Kaike Formation. (b) Schematic structural 

cross section at the Grande-Funes anticline from Fitzgerald et al. (1990) based on seismic 

reflection data. See section location in Fig. 2. (c) Growth-strata in the Koluel Kaike Formation at 

the Grande-Funes anticline.  
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Fig. 5. (a) Sketch map and (b) stratigraphy of the Meseta de Chalía area (based on González, 

1978; Dal Molin and Franchi, 1996 and this work). (c) Schematic structural cross-section of the 

Meseta de Chalía. (d and f) Eocene contractional growth-strata (see geochronology section 4.1) 

related to a west-vergent anticline.  
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Fig. 6. (a) Extensional structures in late Oligocene/early Miocene Buen Pasto Formation. (b) 

Close-up to the eastern halfgraben showing volcanic injection controlled by normal faulting. (c) 

Synextensional growth-strata in volcanic agglomerates and lavas from the Buen Pasto 

Formation. (d) Typical open, asymmetric folds of the northwestern flank of the San Bernardo 

FTB. (e) West-vergent thrust in the Buen Pasto Formation, accounting for early-middle Miocene 

contraction (?). (f) Suprapatagoniense outcrops in the western limb of the Codo del Senguerr 

anticline, showing gently-dipping beds of sandstones dated in ~17 Ma. (g) Olistostrome deposits 

in Suprapatagoniense beds. S0 indicates stratification plane. (h) Close-up to the sandy matrix 

with embedded smaller blocks. (i) Example of a tightly folded block inside the olistostrome. 

Yellow line indicates fold axial plane.  
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Fig. 7. Evidence of neotectonic activity in the San Bernardo FTB. See location in Fig. 2. (a) 

Reverse faulting and folding in Quaternary alluvial deposits. Inset image showing growth-strata 

geometry attesting for kink-band migration folding mechanisms. (b) Reverse fault that offsets 

Chubut Group strata overthrusting Quaternary deposits. 
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Fig. 8. Frequency histograms, relative probability plots of U-Pb detrital zircon ages (a) and  

Tera–Wasserburg concordia diagrams (b) of the PAT-02, Perales-01 and Elida-2.05 samples. 
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Fig. 9. (a) Lithospheric cross section at 45°S. Slab depth, Moho and lithosphere-asthenosphere 

Boundary (LAB) were obtained from Tassara and Echaurren (2012)’s gravity model. (b) Profile 

and strength envelopes from Echaurren et al. (2016) at 43ºS showing the rheological layering of 

the Patagonian foreland lithosphere showing inferred depth of detachment in the upper zone of 

the lower crust. (c) Location map of the cross section. See Fig. 1 for location. (d) Balanced and 

restored structural cross section from the Andes (Río Mayo Sub-basin) to the PBF (San Bernardo 

FTB) yielding a (minimum) total shortening of 7.13 km equivalent to a 3.14% of the initial 

length. 
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Fig. 10. (a) Effective elastic thickness map of Central Patagonia. Structures in (a) are from the 

compilation of Gianni et al. (2015a). Abbreviations are: PA: Patagonian Andes, CAB: Cañadón 

Asfalto Basin, SJGB: San Jorge Gulf Basin, DB: Deseado Basin. (b) Root mean square (rms) and 

grid of calculated areas. Black dots correspond to center points windows used in Te estimation 

(c) Histogram of rms. 
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Fig. 11. Cenozoic evolution of the North Patagonian Andes and the central sector of PBF at 45ºS 

(see text for further details). LOFZ: Liquiñe-Ofqui fault zone.  
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Table 1. Parameters used to estimate the effective elastic thickness in Central Patagonia. P-wave 

velocities were obtained from Chulick et al. (2013) and converted to density values through the 

equations of Brocher (2005). Topography (  ) and sediment infill (  ) densities were obtained 

from Hinze (2003) and Cornaglia et al. (2009), respectively. 
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Graphical abstract 
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Highlights: 

 Times and location of deformation in the Patagonian broken foreland remain enigmatic 

 Description of syntectonic units unravels Cenozoic intraplate tectonics in Patagonia 

 Deformation located in low elastic thickness areas far from the plate margin  

 Previous intraplate extensional events could have weakened the foreland lithosphere   
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