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Abstract
The Southern Andes are often viewed as a classic example for kinematic partitioning of oblique plate convergence into com-
ponents of continental margin-parallel strike-slip and transverse shortening. In this regard, the Liquiñe-Ofqui Fault Zone, 
one of Earth’s most prominent intra-arc deformation zones, is believed to be the most important crustal discontinuity in the 
Southern Andes taking up margin-parallel dextral strike-slip. Recent structural studies, however, are at odds with this simple 
concept of kinematic partitioning, due to the presence of margin-oblique and a number of other margin-parallel intra-arc 
deformation zones. However, knowledge on the extent of such zones in the Southern Andes is still limited. Here, we document 
traces of prominent structural discontinuities (lineaments) from the Southern Andes between 39° S and 46° S. In combina-
tion with compiled low-temperature thermochronology data and interpolation of respective exhumation rates, we revisit the 
issue of kinematic partitioning in the Southern Andes. Exhumation rates are maximal in the central parts of the orogen and 
discontinuity traces, trending predominantly N–S, WNW–ESE and NE–SW, are distributed across the entire width of the 
orogen. Notably, discontinuities coincide spatially with large gradients in Neogene exhumation rates and separate crustal 
domains characterized by uniform exhumation. Collectively, these relationships point to significant components of vertical 
displacement on these discontinuities, in addition to horizontal displacements known from published structural studies. Our 
results agree with previously documented Neogene shortening in the Southern Andes and indicate orogen-scale transpres-
sion with maximal vertical extrusion of rocks in the center of the transpression zone. The lineament and thermochronology 
data call into question the traditional view of kinematic partitioning in the Southern Andes, in which deformation is focused 
on the Liquiñe-Ofqui Fault Zone.
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Introduction

Kinematic partitioning of deformation at obliquely conver-
gent plate margins into margin-orthogonal shortening and 
margin-parallel strike-slip components in the upper plate 
is a well-accepted tectonic model for many subduction and 
collisional orogens (e.g., Fitch 1972; Beck 1983; Kimura 
1986; McCaffrey 1992). In these models, margin-parallel 
slip is thought to be resolved either on distributed strike-slip 
faults or on a limited number of prominent wrench faults, 

often localized within magmatic arcs and leading to the hori-
zontal detachment and margin-parallel displacement of one 
or more elongate crustal slivers in the forearc (Jarrard 1986; 
Beck 1991; Tikoff and Teyssier 1994; Chemenda et al. 2000; 
Hoffmann-Rothe 2006).

In the Central and Southern Andes, prominent margin-par-
allel fault zones have been attributed to kinematic partition-
ing (Dewey and Lamb 1992; Scheuber and González 1999; 
Reutter et al. 1996; Cembrano et al. 2000, 2002; Hoffmann-
Rothe et al. 2006) caused by oblique subduction of the Far-
allon and Nazca plates below the South American plate at 
angles between 10° and 30° (Pardo-Casas and Molnar 1987; 
Somoza 1998; Chen et al. 2019). Among those fault zones, 
the 1200 km long Liquiñe-Ofqui Fault Zone (LOFZ) in the 
Southern Andes is commonly viewed as the prime example of 
a highly localized intra-arc fault zone accommodating margin-
parallel slip between 39° S and 47° S (Fig. 1; Hervé 1976; 
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Cembrano et al. 1996). Located within the Southern Andean 
Volcanic Zone (SVZ), the LOFZ separates the Chiloé area, 
commonly regarded as a forearc sliver, from the rest of the 
Andean orogen to the east of this fault zone (Fig. 1; Hervé 
1976; Cembrano et al. 1996, 2000; Lavenu and Cembrano 
1999). Due to the apparent northward displacement of crust 
underlying this area with regard to rocks east of the LOFZ 
(Wang et al. 2007), a major component of dextral strike-slip 
is attributed to the LOFZ (Cembrano et al. 1996, 2000; Wang 
et al. 2007). This slip component agrees with the obliquity 
in plate convergence (Pardo-Casas and Molnar 1987; Anger-
mann et al. 1999; Wang et al. 2007), the GPS velocity field 
(Klotz et al. 2001; Moreno et al. 2011), earthquake focal 
mechanisms (Lange et al. 2008; Sielfeld et al. 2019a) and 
principal directions of paleostress inferred from fault-slip 
analysis (Cembrano et al. 1996; Lavenu and Cembrano 1999; 
Potent 2003; Rosenau et al. 2006). In the context of this tec-
tonic framework, the LOFZ is commonly regarded as a sub-
vertically dipping, narrow fault zone consisting of two NNE-
trending lineaments that are connected through a number of 
step-over faults south of 43° S (Fig. 1; Lavenu and Cembrano 
1999; Cembrano et al. 2000, 2002; Catalán et al. 2017).

Traditionally, kinematic models of intra-arc deformation 
in the Southern Andes strongly focus on the strike-slip kin-
ematics of the LOFZ as the main, or even the only, fault zone 
accommodating margin-parallel slip in this region (Cembrano 
et al. 1996, 2000; Lavenu and Cembrano 1999). Recent pale-
omagnetic and kinematic studies, however, are at variance 
with the hypothesis of a single fault taking up most of the 
margin-parallel slip component (Rosenau et al. 2006; Her-
nandez-Moreno et al. 2014; Stanton-Yonge et al. 2016). Test-
ing models of kinematic partitioning in the Southern Andes, 
notably within the SVZ, is hampered by a lack of compre-
hensive structural data, especially from the southern portion 
of the LOFZ, as this area is most difficult to access. Here, we 
address intra-arc deformation in the southern portion of the 
SVZ by integrating new data on traces of prominent structural 
discontinuities (lineaments) inferred from remote sensing with 
exhumation rates compiled from published low-temperature 
thermochronology studies. We find that kinematic partitioning 
in the Southern Andes is more complex than accounted for 
by the traditional partitioning hypothesis and is in agreement 
with orogen-scale transpression. This tectonic scenario sheds 
new light on the role of the LOFZ in the SVZ.

Previous structural studies of the SVZ

The Liquiñe‑Ofqui fault zone and forearc

Initially, the LOFZ was viewed as two co-linear, continental 
margin-parallel morphologic lineaments representing promi-
nent faults, connected through NE-striking step-over faults 
south of 43° S (Fig. 1; Hervé 1976). Cembrano and Hervé 
(1993) interpreted the en-échelon geometry of the step-over 
faults as a crustal-scale duplex. Micro-fabric analysis of 
rocks from three transects across the main LOFZ-lineaments 
revealed (1) mylonites indicating sinistral oblique-reverse 
step-over faults at 39° S, (2) brittle faults formed by short-
ening and dextral strike-slip faults at 41° S–42° S, and (3) 
a dextral mylonite zone at 42° S–43° S (Cembrano et al. 
2000). Similarly, Cembrano et al. (2002) provided micro-
structural evidence from the western master lineament and 
duplex shear zones for dextral displacement, but pointed 
out that displacement on these ductile deformation zones 
is also characterized by dip-slip, collectively amounting 
to dextral transpression south of 43° S. Furthermore, geo-
chronological and fault-slip studies provide evidence for 
Neogene dextral displacement on the LOFZ (Hervé et al. 
1993; Cembrano et al. 2000, 2002; Lagabrielle et al. 2004). 
Thermochronological studies, in particular, point to the pres-
ence of thrust faults that are kinematically associated with 
Miocene transpression at the southernmost LOFZ (Thomson 
2002; Georgieva et al. 2016). Finally, Arancibia et al. (1999) 
and Lara et al. (2008) attributed significant shortening and 

Fig. 1  Tectonic setting of the Southern Andes between 40° S and 48° 
S. Black arrows indicate plate motions of the Nazca and Antarctic 
plates relative to South America. LOFZ Liquiñe- Ofqui Fault Zone, 
MVFZ Mocha Villarica Fault Zone, GFS Gaste Fault System
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dextral strike-slip to transpression, based on geomorpho-
logic and kinematic studies.

Paleomagnetic studies apparently indicate mainly counter-
clockwise vertical-axis rotations of up to 170° west of the 
LOFZ and predominantly clockwise rotation up to 150°–170° 
east of the LOFZ during the Cenozoic (Beck 1991; Cem-
brano et al. 1992; Rojas et al. 1994; Beck et al. 1998, 2000; 
Garcia et al. 2011; Hernandez-Moreno et al. 2014). Regional 
fault-kinematic studies by Potent (2003), Potent and Reuther 
(2001), Rosenau (2004) and Rosenau et al. (2006) revealed 
a number of first-order faults with variable kinematics, col-
lectively pointing to complex intra-arc deformation in the 
northern SVZ. Following the tectonic concept of Riller and 
Oncken (2003) for the Central Andes, Rosenau et al. (2006) 
proposed a kinematic model explaining up to 120 km of 
margin-parallel displacement through segmentation of upper 
crust into rhomb-shaped domains defined by margin-parallel 
dextral and WNW-striking sinistral faults. Recent identifica-
tion of morphological lineaments and paleomagnetic studies 
by Hernandez-Moreno et al. (2014) corroborate the large het-
erogeneity of deformation in the SVZ. These authors attribute 
differential counter-clockwise vertical-axis rotations of fault-
bound domains to distributed deformation in the Chiloé area.

The Southern Andean retroarc

The retroarc zone of the Southern Andes comprises the east-
ern slopes of the main cordillera. Between 41° S and 44° 
S, deformation in this zone formed the North Patagonian 
fold-and-thrust belt (Fig. 1), characterized by N- and NW-
striking faults (e.g., Diraison et al. 1998; Giacosa and Here-
dia 2004; Orts et al. 2012; Echaurren et al. 2016). At 41° 
S, fault-slip analyses indicate reverse displacement on NW-
striking faults and right-lateral displacement on N-striking 
faults (Diraison et al. 1998). Similarly, the retroarc south of 
44° S is segmented by Cretaceous to Cenozoic NW-strik-
ing sinistral strike-slip and reverse faults, and N-striking 
dextral strike-slip faults (Diraison et al. 2000; Lagabrielle 
et al. 2004). Based on microtectonic analyses, Lagabrielle 
et al. (2004) infer a Miocene phase of horizontal shorten-
ing accomplished on NW-striking thrust faults. In summary, 
the formation of the North Patagonian fold-and-thrust belt 
is attribute to two contractional phases, one spanning from 
the late Cretaceous to early Paleocene and the other in the 
Miocene (Orts et al. 2012, 2015; Echaurren et al. 2016).

Methods

Lineament extraction

Morphological traces of planar structural discontinuities, 
i.e., lineaments, in the Southern Andes between 39° S and 

46° S were extracted from high-resolution ASTER GDEM 
2 digital elevation models (DEMs) with 30 m horizontal 
resolution, provided as 1 degree squares. To process this 
data, we developed a workflow tailored for data prepara-
tion and lineament extraction (Fig. 2). Individual DEMs 
were first merged to a single continuous DEM covering the 
entire study area. To precisely identify lineaments from the 
elevation models, three derivative datasets, each of which 
highlighting different attributes of the DEM, were calculated 
from the merged elevation model using the Spatial Analyst 
toolbox in ArcGIS (Esri). A hillshade model was calculated 
to enhance the contrast of elevation changes utilizing the 
tool Hillshade. Next, an aspect map, illuminating the direc-
tions facing individual slopes, was calculated using the tool 
Aspect and served to identify lineaments defined by uni-
form slope orientations. As erosion enhances the morphol-
ogy of lithological and structural elements, a drainage map 
was included in the workflow. The drainage network was 
derived from the DEM using a combination of the tools Fill 
and Flow accumulation. Lineaments were then extracted 
from shaded relief models, drainage and aspect maps. Line-
ament extraction from high-resolution base maps as used 
in this study may easily result in oversampling of an enor-
mous number of small-scale lineaments, which are difficult 
to interpret in terms of orogen-scale deformation. Linea-
ment extraction was thus restricted to lineaments defined by 
major changes in the morphology within the main cordillera, 
such as steep valleys and prominent ridge lines with a length 
exceeding few tens of kilometers. In many cases, multiple 
datasets returned identical lineaments, which enhanced the 
confidence in the extraction procedure. As rivers and gla-
ciers in the Southern Andes drain predominantly to the West 
and to the East, E-trending escarpments are morphologically 
exaggerated. Therefore, we chose to exclude these escarp-
ments from our lineament analysis. 

Exhumation rates in the SVZ

To better understand the variation in extrusion of rocks and 
the possible presence of vertical displacements of structural 
discontinuities inferred from remote sensing in the South-
ern Andes, we compiled published fission track (AFT) and 
(U–Th)/He apatite ages from Thomson et al. (2010), Geor-
gieva et al. (2016) and Christeleit et al. (2017). Ages were 
converted to rock exhumation rates, which we regard as proxy 
to rock extrusion, applying the eroding half-space model by 
Willet and Brandon (2013). This model accounts for the cool-
ing rate-dependence of closure temperatures, the advection 
of heat during exhumation of rocks and the transient increase 
of the geothermal gradient with erosion. To convert thermo-
chronology data to exhumation rates, knowledge of the sur-
face temperature, geothermal gradient, mean elevation of the 
area of interest, and the elevation, at which the sample was 
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obtained, was required. Furthermore, the age of onset of ero-
sion needed to be specified. In our case, the onset of erosion 
was set to 130 Ma, to include all measured AFT and (U–Th)/
He ages and a mean surface temperature of 7 °C (Fick and 
Hijmans 2017) was used for our calculation of exhumation 
rates. Following Thomson (2002), the geothermal gradient 
was estimated at 23–45 °C/km, based on an average surface 
heat flow of 80–112 mW/m2 and the thermal conductivity of 
granite. The latter surface heat flow approximates well felsic 
intrusive rocks of the Patagonian Batholith. A mean geother-
mal gradient of 34 °C/km was, therefore, applied to the model. 
The deviation of modelled exhumation rates within the range 
of estimated geothermal gradients is given in Supplementary 
Fig. 1. To obtain representative mean elevation values, the 
study area was divided into six sectors (Fig. 3). Mean eleva-
tions were calculated for each from DEMs. In the cases, in 

which multiple apatite grains were used to obtain (U–Th)/He 
ages, the unweighted mean age was used for conversion to 
exhumation rates. Calculated exhumation rates were subse-
quently interpolated by means of inverse-distance weighting 
(Watson and Philip 1985) using the respective errors in the 
underlying age as weighting factor. To highlight the varia-
tion in exhumation rates across prominent lineaments, swath 
profiles in E–W- and N–S-directions with a width of 10 km, 
each consisting of 50 individual, evenly spaced profile lines, 
were generated (Fig. 7).

Model limitations

We note that the calculation of exhumation rates from a large 
dataset, as presented in this study, requires some assumptions 
regarding the exhumation and the geothermal gradient that 

Fig. 2  Diagram illustrating the applied workflow for lineament extraction and interpolation of exhumation rates from apatite fission track and 
(U–Th)/He ages. For explanation see text



2389International Journal of Earth Sciences (2021) 110:2385–2398 

1 3

may affect the magnitude of calculated exhumation rates. The 
eroding half space model applied in this study implies a con-
stant erosion rate from the time of closure of the respective 
thermochronometric system. Based on age-elevation profiles, 
Thomson et al. (2010) and Christeleit et al. (2017) inferred 
a period of enhanced exhumation at 1–7 Ma and 5–10 Ma, 
respectively, for the Southern Andes which is attributed to 
Miocene and Pliocene enhanced glaciation. We note that 
our orogen-scale exhumation model does not account for 

the observation of local increased rock exhumation during 
the late Miocene and Pliocene. Age-elevation relationships 
of all available data do not show any meaningful trend of 
measured AFT and (U–Th)/He ages with elevation for the 
entire study area, thus, preventing a comprehensive cor-
rection for enhanced exhumation during the Miocene and 
Pliocene resulting from enhanced glaciation (Supplementary 
Fig. 2). Notably, Paleozoic and Mesozoic ages obtained at 
low elevations do not permit the calculation of exhumation 

Fig. 3  Map of the Southern 
Andean Volcanic Zone investi-
gated showing lineaments iden-
tified in this study and stations 
of low-T thermochronology 
data compiled from Thomson 
et al. (2010), Geogieva et al. 
(2016) and Christeleit et al. 
(2017). Lineaments coincid-
ing with mapped faults are 
compiled from Diraison et al. 
(1998); Sernageomin (2003); 
Lagabrielle et al. (2004); Orts 
et al. (2012) and Echaurren 
et al. (2016). Master lineaments 
of the LOFZ are from Thomson 
(2002). White dashed lines 
indicate sector boundaries used 
for mean elevation calculation. 
Respective mean elevation 
values are given for each sector. 
Greatest Patagonian glacia-
tion and Patagonian ice sheet 
at 35 ka are from Hein et al. 
(2011) and Davies et al. (2020), 
respectively
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rates corrected for accelerated exhumation in the Pliocene 
under a realistic geothermal gradient, as proposed by Willet 
and Brandon (2013). Consequently, exhumation rates cal-
culated from samples characterized by AFT and (U–Th)/He 
ages older than 10 Ma may yield lower exhumation rates 
than comparable exhumation rates calculated with correction 
for locally increased exhumation due to enhanced glaciation 
(Thomson et al. 2010). As we assume uniform erosion rates 
since the closure of the AFT and the (U–Th)/He systems, 
calculated exhumation rates do not account for changes in 
exhumation related to changes in the style of deformation, 
proposed for the Southern Andes (see the previous section).

As demonstrated by Willet and Brandon (2013), the con-
version of AFT and (U–Th)/He ages to exhumation rates 
is sensitive to the selected mean elevation and geothermal 
gradient. Sensitivity tests based on the selection of different 
geothermal gradients (Supplementary Fig. 1) underscores 
a strong dependence of the output exhumation rate on the 
geothermal gradients. A spatial change of the geothermal 
gradient may, thus, have a strong influence on calculated 
exhumation rates. Sensitivity tests also show that all samples 
within the range of measured ages undergo the same change 
in exhumation rate with changing geothermal gradient (Sup-
plementary Fig. 1). Tests exploring the influence of errors 
in AFT and (U–Th)/He ages on the resulting exhumation 
rates show a linear correlation between increasing error and 
resulting changes in the exhumation rate (Supplementary 
Fig. 3). An error of 10% in the measured age roughly results 
in a 10% variation of the calculated exhumation rate.

Results

Lineament characteristics

A total of 198 prominent lineaments, most of which trend 
WNW, N, and NE and enclose rectangular to rhomb-shaped, 

upper-crustal domains, were identified between 40° S and 
47° S (Figs. 3 and 4). The N-trending lineaments, notably 
the two known master lineaments and their NE-trending 
connecting step-over lineaments of the LOFZ, collectively 
evident by major glacial valleys and fjords, are the long-
est and morphologically most prominent ones (Figs. 3 and 
5). Interestingly, all other lineaments terminate abruptly at 
the N-trending ones. WNW-trending lineaments are most 
abundant and transect the entire width of the orogen (Figs. 3 
and 4).

In many places, WNW-trending lineaments are curved 
and truncated as well as displaced by N- and NE-trending 
lineaments (Figs. 3 and 5). These characteristics point to, 
respectively, distinct kinematics of upper-crustal deforma-
tion, even though some of the truncations may result from 
the difficulty in tracing lineaments. Truncated lineaments 
are particularly common in the southern part of the study 
area (Fig. 5). Strike-separations of displaced WNW-trending 
lineaments show both, right- and left-lateral apparent dis-
placement components (Fig. 5), with sinistral displacements 
being less prominent than dextral ones.

Exhumation patterns

Compiled exhumation rates vary mostly between 0.1 and 
2.0 mm/yr (Fig. 6). Although the variation in these rates 
across the LOFZ is regarded as minor by Thomson et al. 
(2010), their spatial distribution points to differential exhu-
mation in the Southern Andes. Exhumation rates of up to 
4.91 mm/yr are concentrated in the central portions of the 
orogen (Fig. 6). To the East and West, exhumation rates 
decrease to as low as 0.01 mm/yr. To explore to what extent 
exhumation is influenced by large-scale (crustal) deforma-
tion, the locations of lineament traces are indicated in two 
E–W and two N–S swath profiles (Fig. 7). The profiles show 
that gradients in exhumation rates seem to spatially coincide 
with the location of mapped lineaments, whereby areas that 

Fig. 4  Rose diagrams displaying 
the azimuths of extracted linea-
ments in 10°-bins with respect 
to a the frequency of orienta-
tions and b the summed lengths 
of lineaments. Red, blue and 
grey dashed lines indicate NE-, 
NW- and NNE-trending clusters 
of lineament orientations
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are bordered by lineaments are characterized by uniform 
exhumation rates (Figs. 6 and 7). Notably, gradients in exhu-
mation are more pronounced at N-trending (orgen-parallel) 
lineaments than across WNW-trending lineaments.

Discussion

Due to the remoteness and inaccessibility of large parts of 
the Southern Andes, which render comprehensive, regional 
structural analyses most challenging (Cembrano et al. 1996, 
2000, 2002; Lara et al. 2008), we attempt to constrain the 
mode of kinematic partitioning in this area through remotely 
sensed lineaments and published exhumation rates. We will 

discuss the pattern of mapped lineaments, the kinematics 
of fault zones, portrayed by the lineaments, and the rela-
tionship between compiled exhumation rates and inferred 
faults. Based on this data and published fault-kinematic and 
paleomagnetic studies, we propose a viable alternative to 
the traditional hypothesis of kinematic partitioning for the 
Southern Andes.

Lineament pattern

A straightforward result of the lineament extraction from 
high-resolution DEMs is the fact that prominent lineaments 
are diverse in trend and distributed over the entire width 
of the Southern Andes (Fig. 3). Although the individual 

Fig. 5  Lineaments, lineament 
abutments (red circles) and 
Horizontal slip components 
(half arrows) inferred from 
apparent displacements of 
lineaments, abutments of line-
aments at mutual intersections 
(red circles) superimposed on 
topography from the southern 
portion of the Southern Andean 
Volcanic Zone. For location of 
area see Fig. 3
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segments of the LOFZ are part of this lineament pattern, 
the LOFZ may not have been always as structurally impor-
tant as conveyed in previous studies. Rather, the network of 
NE- and WNW-trending lineaments is a ubiquitous struc-
tural characteristic of the Southern Andes (Figs. 3 and 4). A 
fundamental issue regarding the interpretation of these line-
aments in terms of deformation is the extent to which they 
correspond indeed to structural discontinuities, i.e. faults. 
We, therefore, compared the positions of extracted linea-
ments to known fault traces at the same locations (Fig. 3). 
Obviously, the master and associated step-over lineaments 
of the southern LOFZ have been recognized as faults for a 
long time (Hervé 1976; Cembrano and Hervé 1993; Cem-
brano et al. 2000, 2002). Similarly, most prominent WNW-
trending lineaments, such as the Gastre and the Mocha 
Villarica Fault Zone (Fig. 1; Rapela and Pankhurst 1992; 
Melnick and Echtler 2006), known as Andean transverse 

faults (Pérez-Flores et al. 2016; Sielfeld 2019b), have been 
diagnosed as pre-Andean structural discontinuities that were 
reactivated during Andean deformation (Yañez and Cem-
brano 2004; Glodny et al. 2008; Melnick et al. 2009). More 
importantly, about half of the mapped lineaments do, in fact, 
correspond to faults (Fig. 3; Diraison et al. 1998; Sernage-
omin 2003; Lagabrielle et al. 2004; Rosenau et al. 2006; 
Orts et al. 2012; Echaurren et al. 2016). As these lineaments 
share the same remote sensing characteristics as the rest of 
the lineaments, which lack direct fault evidence, we are con-
fident that the latter do portray actual faults as well.

Based on the inversion of fault-slip data, Rosenau et al. 
(2006) proposed a kinematic hypothesis for the presence of 
margin-parallel dextral and WNW-striking sinistral faults 
for the northern portion of the SAVZ (see also Hernan-
dez-Moreno et al. 2014). Numerical models corroborate 
this hypothesis and highlight the kinematic significance 

Fig. 6  Interpolated exhumation rates superimposed on DEM from a the southern SVZ and b the central SVZ. White patches correspond to the 
extent of Pliocene to recent volcanism simplified from Sernageomin (2003) and Segemar (2017). Black lines indicate the locations of swath pro-
files in Fig. 7
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of WNW-striking structural discontinuities in this regard 
(Stanton-Yonge et al. 2016). Although less prominent in the 
northern SVZ, NE-trending lineaments, many of which are 
confirmed faults and connected to the LOFZ master faults, 
are present in the SVZ (Fig. 3). Their kinematic disposition 
with regard to the LOFZ master faults, reminiscent of syn-
thetic Riedel shears, and shortening directions gleaned from 
fault-slip analysis (Potent and Reuther 2001; Potent 2003; 

Rosenau 2004; Rosenau et al. 2006) point to significant 
dextral slip components on these faults. These faults and 
the pattern of mapped lineaments, adhering to faults, fit the 
kinematic partitioning hypothesis proposed by Rosenau et al. 
(2006). In summary, oblique plate convergence is not only 
taken up by dextral strike-slip on the LOFZ. Rather, upper-
plate kinematic partitioning of deformation in the Southern 
Andes has affected the entire orogen and is, to a large extent, 

Fig. 7  Swath profiles (width: 
10 km) showing interpolated 
exhumation rates and mean 
elevation. a Profile 1, b Profile 
2, c Profile 3, d Profile 4. For 
location of profiles see Fig. 6. 
Numbers indicate the ages in 
Ma. Error bars include errors in 
the underlying age and ± 3 °C/
km deviation from the mean 
geothermal gradient. Red, blue 
and grey dashed lines indicate 
NE-, NW- and N–S-trending 
lineaments, respectively
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accomplished on WNW-striking structural discontinuities 
with sinistral slip components and NE-striking discontinui-
ties characterized by dextral slip components.

Lineament abutments

Displaced and truncated lineaments in the SVZ (Figs. 3 
and 5) offer important insight into the kinematics and the 
evolution of prominent structural discontinuities. Focussing 
specifically on lineament abutments between 42° S and 44° 
S, we note that E- to WNW-trending lineaments are sys-
tematically truncated or displaced by northerly and north-
easterly trending ones (Fig. 3). Based on the inspection of 
strike separations of the displaced lineaments, the majority 
of the slip components on N- and NE-trending lineaments 
amounts to dextral displacements, in agreement with fault-
slip data and models of kinematic partitioning (Cembrano 
et al. 1996; Rosenau et al. 2006). Dextral displacement of 
major NW-trending lineaments across the main trace of the 
LOFZ is observed on multiple occasions (Figs. 3 and 5), in 
agreement with kinematic data. However, in some places 
apparent opposite horizontal slip components on the same 
lineament are recognized, corroborating observations by 
Cembrano et al. (2000) specifically for the LOFZ. Such 
cases occur notably where two or more sub-parallel linea-
ments are apparently displaced in opposite directions on N- 
and NE-trending lineaments. This lineament configuration 
can be explained by vertical displacement of oppositely dip-
ping faults abutting on thrust- or reverse faults (Fig. 8) and 
indicates that the mapped lineaments are indeed the morpho-
logic expressions of surface fault traces. Vertical displace-
ments on faults associated with the LOFZ have been noted 
by Cembrano et al. (2002); Thomson (2002) and Lara et al. 
(2008). In fact, abutments of NW-trending lineaments in the 
southeast portion of the study area (Fig. 4) occur on NE-
trending lineaments, which Thomson (2002) interpreted as 
reverse faults. Judging by the number of identified lineament 

abutments (Figs. 3 and 5), vertical displacement on major 
NW-, NE- and N-striking faults may have been underesti-
mated previously in tectonic models of kinematic partition-
ing in the Southern Andes. Recognizing field studies such 
as the ones by Cembrano et al. (2002), Lara et al. (2008), 
and Arancibia et al. (1999), we conclude that the LOFZ is 
not characterized by dextral strike-slip only, and that any 
hypothesis on kinematic partitioning in the Southern Andes 
needs to honour significant vertical displacement compo-
nents on margin-parallel structural discontinuities. 

A second important aspect of documented lineament 
abutments concerns the evolution of the lineament (fault) 
sets. Based on our observations, WNW-trending linea-
ments are truncated by N-trending lineaments, including 
step-over lineaments, of the LOFZ which may point to the 
former arc-oblique lineaments predating the LOFZ. This 
may indicate that orogen-scale, upper-crustal faulting in 
the Southern Andes has adhered to the classical model of 
brittle fault development in a fault zone, i.e., initial distrib-
uted faulting decreases progressively and culminates in the 
localisation of a few master faults (Stanchits et al. 2011). 
By analogy, distributed faulting affecting the entire width 
of the Andean orogen may be followed by localization of 
deformation on a few master faults in the orogen center. In 
fact, WNW- and NE-striking faults were active in Neogene 
times (Rosenau et al. 2006) and, thus, started to be active 
before the LOFZ master faults at about 4 Ma (Cembrano 
et al. 2002) and many of the modern volcanic centers in 
the SVZ. We speculate that arc magmatism through thermal 
softening of crust rendered localization of deformation to 
the center of the SVZ and culminated in the formation of the 
LOFZ (Fig. 1). Progressive localization of deformation on 
the LOFZ (Astudillo-Sotomayor et al. 2021) may have been 
also prompted by a change in the tectonic style of deforma-
tion during the Neogene. Structural studies of the eastern 
sector of the Southern Andes indicate a Cretaceous and a 
late Miocene phase of enhanced shortening, which lead to 

Fig. 8  Schematic diagram 
illustrating sense of vertical 
slip components inferred from 
horizontal strike separations 
of (oppositely) dipping planar 
structures displaced on a reverse 
fault
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the formation of thrust and reverse faults in the retroarc (Orts 
et al. 2012, 2015; Echaurren et al. 2016). The subsequent 
cessation of shortening in the retroarc, may well have aided 
in the observed present-day localization of deformation on 
the master faults of the LOFZ. Alternatively, enhanced gla-
ciation during the Pliocene may have promoted an orogen-
wide retreat of deformation to its core which facilitates the 
LOFZ (Thomson et al. 2010). However, recent crustal earth-
quakes obtained through temporary seismic networks in the 
arc-region of the Southern Andes demonstrate the present 
activity of major margin-oblique faults aside from the main 
LOFZ (Lange et al. 2008) indicating that distributed defor-
mation to some degree has continued to this day (Sielfeld 
et al. 2019a).

Exhumation pattern

Interpolated rock exhumation rates highlight respective 
variations in the Southern Andes (Fig. 6). High exhumation 
rates of up to 4.91 mm/yr are evident in the central, topo-
graphically most elevated portions of the orogen. These rates 
are, on the one hand, attributed to denudation by enhanced 
glacial activity during the Pliocene and Pleistocene (Thom-
son et al. 2010; Christeleit et al. 2017). On the other hand, 
exhumation is maximal to the west of the highest elevations, 
likely due to orographic precipitation (Fig. 7a, b). Anoma-
lously young AFT ages are reported from the vicinity of the 
LOFZ and were attributed to the influence of an enhanced 
upper-crustal heat flow caused by magmatism and associated 
advection of hot fluids along fracture zones (Thomson 2002). 
Thus, high exhumation rates calculated from young AFT 
and (U–Th)/He ages close to the LOFZ and the present-day 
volcanic arc (Fig. 6) may have resulted from a higher geo-
thermal gradient than used for our calculation. As samples of 
various ages experience the same change in exhumation rate 
with changing geothermal gradient (Supplementary Fig. 1), 
a change in the geothermal gradient results in an overall 
increase or decrease of all exhumation rates. Similarly, an 
enhanced erosion at 44° S due to an increase in precipita-
tion, as proposed by Herman and Brandon (2015), would be 
expected to produce a widespread increase in recorded rock 
exhumation at the respective area. Consequently, consider-
able latitudinal and longitudinal variations in exhumation 
rates over few tens of kilometers (Fig. 7) may indicate that 
exhumation rates are overestimated, but processes such as 
local differential surface uplift and erosion also govern intra-
arc variations in rock exhumation.

The spatial correspondence of mapped lineaments with 
gradients in the interpolated surface of modelled exhuma-
tion rates indicates a considerable influence of large-scale 
(crustal) deformation on rock exhumation (Fig. 7) in addi-
tion to an influence of late Miocene and Pliocene enhanced 
glaciation on exhumation rates (Thomson et  al. 2010; 

Christeleit et al. 2017). More specifically, differential rock 
uplift, i.e. vertical extrusion of rock, appears to be associ-
ated with reverse and thrust faults marked by the respective 
lineaments, notably N-trending ones (Fig. 7a, b). Moreover, 
orogen-parallel exhumation trends display plateaus of high 
exhumation rates and narrow depressions of low exhuma-
tion rates, both bordered by lineaments (Fig. 7c, d). These 
observations agree with differential rock uplift of lineament-
bound, upper-crustal domains. The pattern of compiled 
exhumation rates in combination with new lineament (fault) 
data provide evidence for widespread reverse faulting nota-
bly on N-trending faults, possibly enhanced through isostatic 
uplift due to glacial retreat in the Southern Andes. As the 
variations in exhumation rates across the Southern Andes 
are almost exclusively constrained by Miocene to Pliocene 
AFT and (U–Th)/He ages, reverse faulting occurred likely 
during the late Miocene and Pliocene. These observations 
agree with widespread Miocene reverse faulting along the 
LOFZ (Arancibia et al. 1999; Thomson 2002; Cembrano 
et al. 2000; 2002) and the eastern slope of the Southern 
Andes (Diraison et al. 1998; Orts et al. 2015; Echaurren 
et al. 2016). Horizontal shortening as reported for the North 
Patagonian fold-and-thrust belt (Orts et al. 2012; Echaurren 
et al. 2016) may have affected the entire Southern Andes 
and, based on AFT and (U–Th)/He ages, may have continued 
into the Pliocene.

Revised mode of kinematic partitioning 
in the Southern Andes

Recent kinematic, geochronologic and paleomagnetic stud-
ies question the traditional concept of kinematic partition-
ing in the Southern Andes, in which the LOFZ is viewed 
as the dominant fault zone accomplishing predominately 
horizontal shearing (Thomson 2002; Rosenau et al. 2006; 
Hernandez-Moreno et al. 2014; Georgieva et al. 2016). In 
contrast to the traditional concept of deformation parti-
tioning, our structural analysis is consistent with previous 
structural studies (Diraison et al. 1998; Rosenau et al. 2006; 
Hernandez-Moreno et al. 2014). Notably, our analysis calls 
for Miocene distributed deformation on margin-parallel, 
NE-striking and WNW-striking faults, which continued 
to be active in Pliocene times. Collectively, horizontal 
and vertical shear components on these faults affected the 
entire southern Andean orogen (Fig. 9). Rock uplift and 
differential vertical displacements on the LOFZ and other 
margin-parallel faults are maximal in the central portions 
of the orogen. The results indicate that the Southern Andes 
took up oblique plate convergence by horizontal shortening, 
crustal thickening and mostly dextral strike-slip during the 
Miocene and Pliocene, which fit the tectonic model of dex-
tral transpression (Harland 1971; Sanderson and Marchini 
1984; Robin and Cruden 1994; Dewey et al. 1998) on the 
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orogen scale (Fig. 9). As mentioned above, the observed 
present-day concentration of strike-slip on the LOFZ may 
have resulted from decreased shortening rates since the 
Pliocene. In this context, transpression may well have been 
superseded mostly by dextral displacement on arc-parallel 
master faults of the LOFZ (Lange et al. 2008). As oblique 
slip and reverse displacement still occur today (e. g. Lara 
et al. 2008; Sielfeld et al. 2019a), we regard the southern 
Andean orogen as a crustal-scale transpression zone with 
ill-defined zone boundaries.

Conclusions

Identification of distinct lineament sets, portraying traces 
of upper-crustal faults or fault zones, and reassessment of 
low-T thermochronology data requires reconsideration of 
kinematic partitioning in the Southern Andes. We find that 
oblique plate convergence in the Miocene to Pliocene has 
been accommodated by (1) distributed deformation affecting 
the entire orogen, (2) three lineament (fault) sets accom-
plishing chiefly margin-parallel dextral displacement and 
horizontal shortening and (3) rock uplift that is maximal in 
the orogen center. These characteristics amount to dextral 
transpression on the orogen scale and indicate that previ-
ously the component of horizontal shortening was under-
estimated, whereas the kinematic role of the Liquiñe-Ofqui 
Fault Zone as the sole strike-slip fault was overestimated. 
Pliocene transpressive deformation in the Southern Andes, 

inferred from AFT and (U–Th)/He ages indicates that the 
currently observed strike-slip deformation within the South-
ern Andes may only have begun during the late Pliocene.
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