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Abstract The thick-skinned fold-and-thrust belt on the eastern flank of the Andean Plateau in
northwestern Argentina (NWA) is a zone of active contractional deformation characterized by
fault-bounded mountain ranges with no systematic spatiotemporal pattern of tectonic activity. In contrast,
the thin-skinned Subandean fold-and-thrust belt of northern Argentina and southern Bolivia is
characterized primarily by in-sequence (i.e., west to east) fault progression, with a narrow zone of
Quaternary deformation focused at the front of the orogenic wedge. To better understand how recent
deformation is accommodated across these mountain ranges and the Argentinian portion of the orogen in
particular, estimating and comparing deformation rates and patterns across different timescales is essential.
We present Late Pleistocene shortening rates for the central Calchaqui intermontane valley in NWA
associated with at least three episodes of deformation. Global Positioning System data for the same region
reveal a gradual decrease in horizontal surface velocities from the Eastern Cordillera toward the foreland,
which contrasts with the rapid velocity gradient associated with a locked décollement in the Subandean
Ranges of southern Bolivia. Our new results represent a small view of regional deformation that, when
considered in combination with the shallow crustal seismicity and decadal-scale surface velocities, support
the notion that strain release in NWA is associated with numerous slowly deforming structures that are
distributed throughout the orogen.

1. Introduction

Studies of orogenic wedges and adjacent foreland basins often focus on thin-skinned fold-and-thrust belts,
where accommodation space is created by the flexural response of the crust to the topographic load of the
advancing mountain belt and orogenic wedge (e.g., DeCelles & Giles, 1996; Jordan, 1981). In these systems,
deformation generally progresses toward the foreland with a well-defined deformation front, incorporating
progressively younger sediments. Strain in these structural settings is thought to accumulate along deep por-
tions of a gently dipping basal décollement; close to the surface, however, the décollement commonly
remains locked until the accumulated strain is released in earthquakes that propagate toward the tip of
the orogenic wedge (e.g., Avouac, 2008; Brooks et al., 2011; Hubbard et al., 2015; Weiss et al., 2015). In con-
trast, in thick-skinned fold-and-thrust belts and broken forelands with spatially isolated fault-bounded
ranges, active shortening is often associated with the reactivation of high-angle basement structures
(DeCelles & Giles, 1996; Jordan & Allmendinger, 1986; Marshak et al., 2000), which results in widely distrib-
uted and often disconnected fault-bounded basins and associated ranges with a poorly defined or absent
deformation front (e.g., Hilley et al., 2005; Strecker et al., 2012). These two contrasting, end-member tectonic
settings exist in the adjacent thin-skinned Subandean fold-and-thrust belt of southern Bolivia and the thick-
skinned fold-and-thrust belt of northwestern Argentina (NWA) (Figure 1). The close proximity of these mor-
photectonic provinces to each other provides an excellent opportunity to compare tectonic deformation rates
and styles within the same regional geodynamic framework over different timescales.

The thick-skinned fold-and-thrust belt of NWA comprises the basement-cored uplifts of the Eastern
Cordillera (EC) and the Santa Barbara System (SBS) (Figure 1) that form unconnected topographic
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Figure 1. Topography and GPS-derived surface velocities for the Central Andean region. Blue circles indicate GPS sites
in Bolivia from Weiss et al. (2016) with CGPS horizontal velocity vectors and 2-sigma error ellipses. Red circles are
NWA CGPS site locations from McFarland et al. (2017) with revised horizontal velocities from this study. Yellow CGPS
velocities are newly added. Also shown are focal mechanisms for recent earthquakes that affect the GPS time series.
Note the contrasting topography associated with the thin- and thick-skinned fold-and-thrust belts of southern Bolivia
and NWA. Inset shows the Central Andean principal morphotectonic provinces discussed in the text after Eude et

al. (2015), Strecker et al. (2007), and Jordan et al. (1983) and dashed 100-km-interval Nazca plate contours from Slab2
(Hayes et al., 2018) with flat-slab and normal-dip segments indicated to the right. EC = Eastern Cordillera;

SA = Subandes, AP = Altiplano-Puna Plateau; SBS = Santa Barbara System; SP = Sierras Pampeanas.

barriers and intervening intermontane basins (Gonzilez Bonorino, 1950a; Kley et al., 2005; Mon &
Salfity, 1995). The barriers control unsystematic fluvial and sediment-routing systems characteristic of
broken forelands (Grier et al., 1991; Hain et al., 2011) and are located to the east of the high, internally
drained Andean Plateau, which is also known as the Puna Plateau in Argentina. The generally
north-south oriented ranges of the EC and SBS are often associated with reactivated basement structures
inherited from Cretaceous extensional processes in the Salta Rift (Carrera et al., 2006; Iaffa et al., 2011;
Kley et al., 2005; Kley & Monaldi, 2002). The ranges are bounded by either westward or eastward verging
thrust and reverse faults (Mon & Salfity, 1995) (Figures 1 and 2). The imprint of the pre-Andean
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Figure 2. Shaded relief map of the study area with Quaternary faults and structures after Casa et al. (2014). Locations
described in the text are labeled.

paleogeography on the accommodation of Cenozoic shortening is reflected by a broad zone of deformation
with widely distributed Quaternary faults and folds. In addition, the mountain ranges in this region record
unsystematic lateral growth through time and a well-defined, active orogenic front does not exist (Garcia
et al., 2019; Hain et al., 2011; Mortimer et al., 2007; Ramos et al., 2006; Reynolds et al., 2000; Strecker
et al.,, 2012). This sharply contrasts with the style of deformation in the adjacent Subandean fold-and-
thrust belt to the north, which is generally characterized by the eastward younging of geological
structures and intermontane sedimentary basins that have formed in the hanging walls of individual
thrust sheets (e.g., Dunn et al., 1995; Echavarria et al., 2003; Mugnier et al., 2006; Uba et al., 2009).

The contrast in structural styles between the two fold-and-thrust belts was originally ascribed to along-strike
variations in the subduction angle of the Nazca plate beneath the western margin of South America (Jordan
et al., 1983) (Figure 1). Subduction is steep (~30°) in southern Bolivia, but a gradual decrease in slab dip
occurs moving southward, and a well-defined, nearly horizontal, flat-slab segment exists beneath the
reverse-fault bounded Sierras Pampeanas of central Argentina between about 27°S and 33°S (Jordan
et al., 1983). However, the structural styles in the foreland areas are transitional between differently dipping
sectors of the subducting Nazca plate, and a correlation between upper-plate deformation and subduction
angle is poor (Kley et al., 1999).

The difference in structural style between the thick- and thin-skinned fold-and-thrust belts is evident in
instrumentally recorded seismicity. Shallow (<40 km) earthquakes in NWA ranging in magnitude from
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M,, 2-7 are numerous and widely distributed, whereas in Bolivia there have been only a few crustal earth-
quakes, primarily located at the deformation front (see section 5) (Storchak et al., 2013).

Despite the fully studied structural characteristics of the thick-skinned fold-and-thrust belt and broken fore-
land in NWA, details of the overall seismotectonic behavior are scarce and remain poorly understood. Using
regional structural mapping and geochronology, Pearson et al. (2013) calculated shortening rates of
1.9 mm/yr from 40 to 12 Ma, 6.5 mm/yr from 12 to 4 Ma, and 5.3 mm/yr from 4 Ma to recent, resulting in
a time-averaged, long-term shortening rate of 3.6 mm/yr for the last 40 Myr between the latitudes of
25-26°S. Garcia et al. (2013) determined Holocene shortening rates of ~2 mm/yr in the Lerma Valley, and
Ramos et al. (2006) calculated a Holocene shortening rate of 2.34 mm/yr farther east in the Lomas de
Olmedo (Figure 2). This contrasts with the thin-skinned fold-and-thrust belt to the north, where
McQuarrie et al. (2008) determined long-term shortening rates of 4-8 mm/yr, and Echavarria et al. (2003)
calculated Quaternary shortening rates of 8-11 mm/yr. In light of these studies and observations suggesting
that deformation in the SBS and EC is widely distributed in space and time (Garcia et al., 2019; Hain
et al., 2011; Reynolds et al., 2000), it appears that the Quaternary tectonic shortening rates in the thick-
skinned fold-and-thrust belt differ from the long-term rates, whereas comparable long- and short-term
deformation rates characterize the thin-skinned sector of the orogen.

Active deformation across the Central Andes has been measured at the decadal scale using the Global
Positioning System (GPS) (Brooks et al., 2011; McFarland et al.,, 2017; Norabuena et al., 1998;
Villegas-Lanza et al., 2016; Weiss et al., 2016). Three recent studies have focused specifically on the
Central Andean backarc: Brooks et al. (2011) and Weiss et al. (2016) analyzed data from Bolivia spanning
the Andean Plateau (Altiplano), EC, and Subandean fold-and-thrust belt, whereas McFarland et al. (2017)
focused on a transect from the Chilean Precordillera to the SBS. Despite the structural differences
between the two locations, at first glance the overall shapes of GPS-derived, horizontal surface-velocity
profiles reveal a similar rapid decrease from ~6-12 mm/yr in the west to ~0 mm/yr in the east over
distances ranging from ~35-100 km, suggesting comparable crustal shortening kinematics (Figures 1 and 3).

In light of the observed differences in styles and rates of deformation, the goals of this study are to better illu-
minate how deformation is accommodated across these regions and to determine whether the deformation
has been consistent through time. To achieve these goals, we calculate Middle-Late Pleistocene shortening
rates for the central intermontane Calchaqui Valley in the thick-skinned sector of the Andean orogen in
NWA (Figures 1, 2, and 4), relate these observations to revised geodetically determined surface-velocity esti-
mates and upper crustal seismicity, and compare our results with those from the adjacent thin-skinned
Subandean fold-and-thrust belt to the north and thick-skinned Sierras Pampeanas to the south.

2. Geological Setting

The fault-bounded intermontane central Calchaqui Valley is located at the confluence of the Calchaqui and
Santa Maria rivers in the vicinity of the town of Cafayate, in the southeastern sector of the EC of NWA
(Figure 4). The region lies to the east of the Puna plateau, at the intersection of the EC, Sierras
Pampeanas, and SBS (Grier et al., 1991; Ramos, 2017) (Figure 1). A common feature of these morphotectonic
provinces is the influence of inherited structures on the evolution of foreland deformation, which
has resulted in primarily thick-skinned deformation, widely distributed Quaternary deformation, and recent
seismicity (Alvarado & Ramos, 2011; Carrera & Muifioz, 2013; Costa et al., 2018; Gonzalez Bonorino, 1950b;
Hongn et al., 2010; Strecker et al., 2012).

Recent deformation in the central Calchaqui Valley is mainly controlled by the reactivation of inherited
lower Paleozoic and Cretaceous basement structures (Grier et al., 1991; Hongn et al., 2010). For example,
the orientation of exhumed Cretaceous normal faults is closely aligned with Paleozoic basement heterogene-
ities (Hongn et al., 2010) and Cenozoic mountain building reactivated or inverted the Cretaceous extensional
structures, leading to basement-cored mountain ranges with partially connected depocenters (Carrera
et al., 2006; del Papa et al., 2013; Mon & Salfity, 1995). This reactivation contributes to the predominantly
west vergent orientation of structures in the Calchaqui Valley (Carrera & Muiioz, 2008; Grier et al., 1991;
Hongn et al., 2010; Mon & Salfity, 1995).
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Figure 3. Structure-perpendicular elevation and velocity profiles for (a and b) the Subandes from Weiss et al. (2016) and
for (c) NWA. Filled circles and 2-sigma error bars are projected horizontal velocities. Note that in many cases the
error bars for CGPS sites are smaller than the circles. In profile (c) error bars are plotted in front of the circles. Gray
dashed lines are hand-drawn fits to the data intended to emphasize features in the velocity field that we refer to in the
text. Two velocities for UNSA are shown in (c) with the smaller value (UNSA¥) corresponding to the interseismic
velocity estimate from McFarland et al. (2017) and the revised, larger value from this study. Note the rapid decrease in
velocity between GOLG and UNSA does not exist if our revised estimate is considered. See main text for additional
details.

Here we focus on the eastern fluvial outlet of the central Calchaqui Valley (Figures 1 and 3), where the
inverted El Zorrito and Los Castillos en echelon border faults have uplifted and deformed Cretaceous synrift
units (Pirgua Subgroup-Salta Group) that constitute the Leén Muerto range (Carrera & Muifioz, 2013;
Marquillas et al., 2005). To the west, the studied sector of the basin is bordered by Neoproterozoic-Lower
Paleozoic igneous-metamorphic basement rocks of the Quilmes Range (Biittner et al., 2005). East of the
basin, Late Cretaceous-Paleogene post-rift sediments of the Salta Group and foreland-basin deposits of the
Paleogene to Neogene Payogastilla Group are exposed (Carrera et al., 2006; Carrera & Muifioz, 2013).
These deformed and incised units are unconformably covered by Quaternary fluvial, alluvial, and lacustrine
deposits (Gallardo, 1988; Hermanns & Strecker, 1999) that are well exposed in the piedmont of the Le6n
Muerto range (Figure 4) and on the flanks of the basement-cored El Mollar anticline (Figure 4).
Gallardo (1988) defined four Quaternary lithostratigraphic units in this region, but here we adopt
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Figure 4. Geologic map and structural cross sections of the study area in the Central Calchaqui Valley; see Figure 3
for location. (a) Geological map with major, valley-border faults and the location of Las Conchas and Los Loros
landslides that impounded the Las Conchas river valley and caused the lacustrine deposits of the El Paso Formation
(Gallardo, 1988; Hermanns & Niedermann, 2011). Black boxes indicate the location of the piedmont of the Leén Muerto
range and the El Mollar area shown in Figure 6. (b and c¢) Schematic model of the footwall-shortcut faults from the
Los Castillos fault from Profile A-A’ showing the relationship between the Quaternary structures and the inverted
valley-border faults.
informal units that are tied to sedimentary strata that we dated (see below). Many of these units are folded
and faulted. Additional work is required to better document Quaternary stratigraphic relationships and to
propose a formal stratigraphy.
Central to our study are deformed lacustrine deposits (intercalated with or overlain by conglomeratic gravel
units) that result from the impoundment of the Rio de Las Conchas drainage system by voluminous rock-
avalanche deposits (Hermanns & Strecker, 1999; Torres, 1985) (Figure 4). Both the landslide and paleolake
deposits are dated to 13,550 + 870 and 15,250 + 1960 yr BP, respectively, although they may have been
FIGUEROA ET AL. 6 of 20
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Figure 5. Stratigraphy of (a) the piedmont of the Leén Muerto range from the eastern, northern, central, and southern profiles and (b) the El Mollar area. The
ages from the Leon Muerto range piedmont are from this study, whereas those from the El Mollar area are from Reger (2018). See the SI for additional OSL

dating details.

deposited simultaneously at about 13,830 + 790 yr BP (Hermanns et al., 2004). During a >9,000-year-long
period of the lake's existence, lacustrine strata were deposited, some with horizons of convoluted
bedding and soft-sediment deformation interpreted as seismites (Hermanns et al., 2004; Hermanns &
Niedermann, 2011).

3. Methodology

We first analyzed Landsat Enhanced Thematic Mapper imagery and a 12-m-resolution TanDEM-X digital
elevation model to guide fieldwork and site selection for structural and stratigraphic mapping of exposed
Quaternary deposits. We identified target areas that displayed unambiguous evidence of neotectonic activity
in the form of deformed lacustrine marker beds and associated alluvial-fan deposits; we mapped these out-
crops and developed a consistent stratigraphy for the piedmont of the Leén Muerto range and the El Mollar
area. We collected three sand samples in the area of the Leén Muerto range piedmont (16SC-L3, 16SC-L5,
and 16SC-L7) for optically stimulated luminescence (OSL) dating (see the supporting information, SI).
In addition to our new OSL results (Figure 5 and Table 1), we also rely on OSL data from Reger (2018)
(see SI for additional details).

We next determined shortening rates using our new stratigraphic scheme, structural data collected in the
field, and geological profile balancing based on the Busk fold-construction method (Busk, 1929), which per-

Table 1
Shortening Rates for Study Areas in the Central Calchaqui Valley, NWA (mm/yr)

Leén Muerto range piedmont El Mollar area

Profile Busk method  2-D kinematic model Profile Busk method  2-D kinematic model
Northern N-N’ 1.03-2.80 1.05-2.90 Eastern A-A’ 0.19-0.24 0.52-0.64
Central C-C’ 0.95-2.63 1.64-4.47 ‘Western B-B’ 0.21-0.26 0.31-0.38
Southern S-S’ 0.42-1.17 1.55-4.20
Eastern E-E’ 0.64-1.47

FIGUEROA ET AL. 7 of 20
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mits the creation of cylindrical folds that best fit our field observations, as well as line-length balancing
methods for the restoration (e.g., Dahlstrom, 1969). The profiles based on the Busk method only consider
the field observations at the surface and therefore represent minimum deformation estimates. To address
the possibility of blind structures underlying some of the folds, we also conducted 2-D kinematic modeling
using the MOVE software package to generate area-balanced structural models. Due to a lack of subsurface
data and the presence of numerous unconformities, we treat the Quaternary sediments as a single package;
we mapped and inferred field geometries and fault parameters, including morphology, assumed kinematics,
slip, and the angle of trishear in order to derive basic models that best fit our structural data (Figure S2). In
contrast to the Busk models, we consider these 2-D kinematic models to represent a maximum amount of
shortening. Shortening rates were calculated using shortening-magnitude estimates obtained from the
Busk reconstructions, by unfolding the strata because fault slip was unknown, and using the kinematic
model-derived fault-slip estimates, in combination with the time interval corresponding to the deposition
of the units (Table 1).

To supplement our Quaternary shortening-rate estimates, we derived surface-displacement time series and
interseismic surface velocities using a regional network of continuously recording GPS (CGPS) sites follow-
ing the methods described in Weiss et al. (2016) (Figure 1) while paying close attention to perturbations from
long-term “interseismic” displacement trajectories and rates due to subduction zone as well as local
earthquake coseismic and postseismic affects. We constructed velocity profiles along a WNW-ESE transect,
perpendicular to the strike of the majority of the recently active structures at this latitude (Figure 1). The
GPS-derived surface velocities contribute to our understanding of the kinematics of decadal-scale deforma-
tion across the thick-skinned sector of the orogen and facilitate a comparison with the longer-term shorten-
ing rates during the Quaternary that are based on fieldwork and published tectonic shortening rates.

4. Results
4.1. Stratigraphy

In the piedmont of the Le6én Muerto range, we identified nine Quaternary units (Units 1 to 9; Figure 5). For
simplicity, we only show the most prominent, widely distributed units that can be distinguished on satellite
images (Figure 6a) and we present stratigraphic sections for four associated profiles (Figure 5). The units
consist of intercalated alluvial-fan conglomerates, fluvial sands, and lacustrine clayey silts that are exposed
with mappable lateral extent. We attribute significant lateral changes in unit thickness to a combination of
a highly dynamic, variable depositional environment in transitional sectors of the piedmont between flu-
vial, alluvial-fan, and lacustrine settings. Complex facies relationships, lateral pinch-outs, and superposi-
tion of strata in this environment also result from both the flow direction of the Calchaqui river and the
effects of focused deformation, uplift, and concomitant fluvial erosion. In the El Mollar area we mapped
seven units (Units A to G, Figure 5). Detailed descriptions of the mapped units and regionally important
units that are only exposed in vertical erosional cuts, as well as information on sampling locations, can also
be found in the SL

4.2. Chronostratigraphy

The ages of three samples from the Ledn Muerto range piedmont area were determined using OSL dating
(Figure 5 and Table 1), which yielded ages of 147.9 + 10 ka (16SC-L3, Unit 7), 212.4 + 20.1 ka (16SC-L5,
Unit 3), and 199.4 + 20.4 ka (16SC-L7, Unit 3). Both 16SC-L5 and 16SC-L7 correspond to Unit 3.

4.3. Quaternary Deformation

Quaternary deformation in the central Calchaqui Valley is associated with the formation of new structures
within the valley and the reactivation of the basin-bounding El Zorrito-Los Castillos fault system (Figures 4
and 6a). Numerous north striking, primarily east dipping faults are located in the piedmont of the Leon
Muerto range. In contrast, most of the structures in the El Mollar area strike NE-SW and dip to the southeast
(Figures 4 and 6b).

4.3.1. Piedmont Sectors of the Le6n Muerto Range

We analyzed four structural profiles in the piedmont of the Le6n Muerto range (Figure 6a). The Busk recon-
structions result in three asymmetric anticlines in the northern profile that disappear to the south (Figure 7).
The central and southern profiles are characterized by five and three folds, respectively. In both profiles, the
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western anticline is formed by Unit 5 (Figure 7d). Toward the east of the central profile, a syncline-anticline
pair is observed in Units 1 and 2. These structures also disappear southward, but the central anticline formed
by Unit 4 is a fold associated with the outcropping fault in the southern profile (Figure 7f). The easternmost
fold in the central and southern profiles is an east dipping monocline formed by Unit 7, which lies
unconformably above Unit 4 (Figure 7e). The eastern profile has not been reconstructed using the Busk
method because it crosses the Los Castillos fault scarp and the observed changes in dip associated with
the offset and deformed strata are more suitable for 2-D kinematic modeling.

The model reconstructions (Figure S2) suggest that the anticlines are probably generated by
fault-propagation folding suitable for modeling using the trishear approach. The structures in the southern
and central profiles were modeled as west verging with the exception of the easternmost fault and associated
monocline, which we modeled as a high-angle, east verging fault. To the north, the anticlines were modeled
as east verging, blind fault-propagation folds with trishear tips that may be back thrusts associated with a
deeper, west verging, low-angle fault. The eastern profile was modeled considering the surface fault links
directly with the Los Castillos fault at depth (Figures 2 and 6a); it is responsible for the deformation of
Units 2 and 3 in a west dipping monocline. Due to the observed pronounced surface deformation and
numerous unconformities between the units (Figures 5, 7, and S2), a greater amount of shortening is
required in the central profile compared to adjacent regions.

We consider deformation to have occurred between 147.9 + 10 and 212.4 + 20.1 ka based on our age deter-
mination for Units 3 and 7, resulting in a timespan ranging from 34.4 to 94.6 kyr, which we use for calculat-
ing minimum and maximum shortening rates for the north, central, and southern profiles (Table 1). For the
eastern profile, considering the lack of age constraints above Unit 3, we use a timespan of 212.2 + 20.1 kyr,
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Figure 7. Structural profiles and field photos of the piedmont of the Ledn Muerto range. (a) Structural profiles of the piedmont of the Sierra Le6n Muerto based on
the Busk method. The missing Units 8 and 9 are not represented in the profile because of the scale. (b—f) View of some of the regional structures exposed
along streams. (b) West dipping strata of Unit 3 on the Quaternary scarp of the Los Castillos fault. White circle denotes a rock hammer for scale. Photo location is
shown in Figure 6a. (c) Eastern anticline from the northern profile affecting Unit 3. (d) Western anticline on the central profile deforming Unit 5. (e) Angular
unconformity between lacustrine Units 7 and 4. (f) Unit 4 thrusted over Unit 5 from the southern profile. Unit 8 covers Unit 5.
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Figure 8. (a) Structural profiles from the El Mollar area using the Busk method. (b and c) Field exposures of (b) an
anticline from Profile B deforming Unit F and (c) an anticline from profile folding Unit F.

which represents the age of Unit 3 to the present. From the Busk-method reconstructions, we obtained rates
of 1.03-2.80 mm/yr for the northern profile, 0.95-2.63 mm/yr for the central profile, and 0.42-1.17 mm/yr
for the southern profile. The 2-D kinematic model reconstructions yielded rates of 1.05-2.90, 1.64-4.47,
1.55-4.20, and 0.64-1.47 mm/yr for the northern, central, southern, and eastern profiles, respectively. The
large differences between the minimum and maximum shortening rates are related to the age uncertainty.
4.3.2. El Mollar Area

In the El Mollar area, we constructed two parallel, NW-SE oriented profiles (Figure 6b). The Busk recon-
structions reveal the general south-dipping trend of the strata and associated with small, local anticlines.
(Figures 6b and 8). The kinematic models for both profiles involve two fault-bend folds (Figure S2) with
small changes in fault dip responsible for the anticlines observed at the surface. The kinematic models place
a detachment horizon at a depth of 400 m below the surface, which may correspond to strata associated with
the Paleogene post-rift stratigraphy that are exposed in the vicinity (Carrera et al., 2006).

The deformation affecting Unit F occurred after the deposition of Units A-D, and since no time constraints
exist to further refine the deformational timing, we used the age of Unit D (147.3 + 14.9 kyr) to calculate
shortening rates taking into account the uncertainty of the OSL age. Consequently, the associated shorten-
ing rates are minimum estimates. The values obtained from the Busk method for the eastern profile are
0.19-0.24 and 0.21-0.26 mm/yr for the western profile. The kinematic model reconstructions result in short-
ening rates of 0.52-0.64 mm/yr for the eastern profile and 0.31-0.38 mm/yr for the western profile.
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where more subtle changes emerge.

4.4. Geodetic Observations of Active Shortening

GPS-derived horizontal surface velocities projected onto a structure-perpendicular profile in NWA gradually
decrease from west to east (Figure 1). A similar velocity profile presented in McFarland et al. (2017) located
slightly to the north of our new profile exhibits an abrupt velocity decrease between the CGPS site near the
Golgota fault (GOLG) (Strecker & Marrett, 1999) and the Universidad de Salta site (UNSA) (Figure 1) super-
posed on the overall pattern of a gradual eastward velocity reduction. As we discuss below, the abrupt
change is used by McFarland et al. (2017) to argue for the presence of a locked décollement underlying
the ranges of the EC, similar to what has been observed in the fold-and-thrust belt of southern Bolivia
(Brooks et al., 2011; Weiss et al., 2016). The rapid decrease in structure-perpendicular velocities from
~10 mm/yr at GOLG to ~4 mm/yr at UNSA presented in (McFarland et al., 2017) occurs over a distance
of ~20 km and is largely defined by the velocity at UNSA (Figure 1), where the eastward component of
the displacement time series is heavily affected by megathrust and backarc earthquakes including the
Tocopilla, Maule, Pisagua, and El Galpon events (Figure 9). McFarland et al. (2017) used UNSA
surface-displacement data from a 4-year time interval between the 2010 M,, 8.8 Maule and the 2014 M,,
8.1 Pisagua earthquakes to define the interseismic velocity shown in their profile. We caution that the
displacements from this time interval may not be representative of the interseismic rate and result in a
mischaracterization of the regional kinematics.

Our analysis of the CGPS daily displacement time series for UNSA reveals multiple changes in trajectory
(i-e., velocity) that appear to be associated with major earthquakes (Figures 9 and S1). For example, for
the time interval between early 2000 and the 2007 M,, 7.7 Tocopilla earthquake (Delouis et al., 2009), the
station moved steadily eastward at a rate of ~7.3 mm/yr. The eastward velocity decreased abruptly to
~0.3 mm/yr following the Tocopilla event until the 2010 M,, 8.8 Maule and M, 6.3 Salta earthquakes
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(Scott et al., 2014). After the 2010 events, the velocity increased to ~3.9 mm/yr (Figure 9) until just prior to
the 2015 M,, 8.3 Illapel, Chile (Grandin et al., 2016), and M,, 5.7 El Galpén, Argentina, earthquakes. Time
series perturbations associated with these events make estimating a constant velocity for UNSA difficult dur-
ing 2015, but the station appears to have resumed steady eastward motion at a rate of ~6.4 mm/yr starting in
early 2016, which is close to the pre-Tocopilla interseismic velocity. For comparison, the eastward compo-
nent of the daily time series for the CGPS site in Tucumdan, Argentina (TUCU), at a similar longitude in
the thick-skinned broken foreland of the northern Sierras Pampeanas, shows no Tocopilla-related decrease
in velocity and is only slightly affected by the 2010 Maule (Weiss et al., 2019) and 2015 earthquakes. The
interseismic (i.e., pre-Tocopilla) eastward velocity at TUCU is ~4.7 mm/yr.

Due to the complications in the UNSA time series, we suggest that the site be either excluded from regional
analyses, that the earthquake-related time series and velocity perturbations be investigated independently,
or that the pre-Tocopilla constant-velocity time interval be used to estimate the interseismic velocity and
for comparisons with shortening rates made over longer timescales. Here we take this last approach and gen-
erate a new NWA interseismic surface-velocity field and structure-perpendicular velocity profile (Figures 1
and 9) that also includes velocities for four additional CGPS stations JBAL, TUC1, TERO, and CATA) that
are close to our study area and were not analyzed by McFarland et al. (2017) (Figure 1). Our new analysis
confirms that horizontal surface velocities decrease gradually toward the foreland and most importantly that
there is no definitive rapid decrease in velocity approaching the foreland indicative of a locked décollement
beneath the NWA thick-skinned system.

5. Discussion

5.1. Late Pleistocene Deformation in the Central Calchaqui Valley

Our analysis of structural and stratigraphic data in the central Calchaqui Valley reveals that multiple Late
Pleistocene deformation episodes are related to the generation of mesoscale structures in the basin. At least
three distinct episodes are recorded in the piedmont of the Leén Muerto range based on angular unconfor-
mities in the Quaternary sediments. The first episode was responsible for the deformation of Units 1-3 as
shown in the central and northern profiles; the second episode resulted in the deformation of Unit 4 across
the central and southern profiles; and a third episode was responsible for the deformation of Unit 7 across
the central and southern profiles (Figure 7). Our kinematic reconstructions suggest that the Quaternary
faults in the piedmont of the Le6n Muerto range are high-angle and primarily west verging structures, with
the exception of the fault responsible for the deformation of Unit 7 and the fault in the northern profile
(Figure S3). We suggest that the Los Castillos fault was reactivated during the Late Pleistocene with slip
accommodated by an imbricate fan of “break-back” footwall-shortcut faults (Buchanan & McClay, 1991)
(Figure 4b) and that the footwall of the Los Castillos fault would have been weakened due to earlier
extension-related deformation associated with overlapping normal faults (Peacock, 2002), thus making this
area more susceptible to localized Quaternary shortening.

Footwall shortcuts associated with inverted extensional faults are common features observed in analog
deformation models and field settings (Buchanan & McClay, 1991; McClay & Buchanan, 1992). For example,
shortcut thrusts have been documented in the footwall of inverted extensional faults in the EC of Argentina
(e.g., Carrera & Mufoz, 2008) and they have been described in a similar, inverted structural setting in the EC
of Colombia (Mora et al., 2006). The Leén Muerto shortcut thrusts may be reactivated minor structures of a
wide damage zone of a fault or within a transfer zone comprising the El Zorrito-Los Castillos fault system
(e.g., Childsetal., 1995; Kley et al., 2005; Peacock, 2002). We suggest that the Quaternary footwall faults affect-
ing strata in the Calchaqui Valley are directly related to inherited and reactivated basement heterogeneities.

Relating the recent, shallow deformation history of the El Mollar area to basement structures is more diffi-
cult than to the north. However, the northwest verging Quaternary structures appear to be associated with
the NE-SW trending Tertiary syncline in the piedmont of the Cerro Amarillo (Figure 4).

5.2. Shortening Rates

Using the Busk fold reconstruction method, we obtained shortening rates ranging from 0.42-2.80 and
0.19-0.26 mm/yr for the Ledén Muerto range piedmont and El Mollar area, respectively (Table 1). We attri-
bute the larger shortening rates in the Le6n Muerto range piedmont as compared to the El Mollar area to
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Figure 10. Comparison of earthquakes, GPS velocities, and subsurface structures for the eastern margin of the Andean Plateau in southern Bolivia and NWA.
(a) Regional seismicity from the International Seismological Center (ISC) for 1987 to 2017. (b and c) The two southern GPS profiles from Figure 1 with
projected seismicity from the swaths shown in (a), Moho depth (Laske et al., 2013; Mooney et al., 1998), and subsurface structures modified after Cristallini

et al. (2004), Iaffa et al. (2013), Anderson et al. (2017), Ibarra et al. (2019), Liu (2019), and Zeckra (2020). The orange-shaded region in (b) indicates the
shallow, inferred locked portion of the décollement (Weiss et al., 2016). (d) Seismicity along the Santa Barbara System and the Eastern Cordillera. Red crosses
indicate the location of events recorded from 1988 to 1989 by the PANDA seismic network (Cahill et al., 1992) and black dots are from the ISC.

the favorable orientation of the structures (N-S in Leén Muerto range piedmont and NE-SW in El Mollar
area) relative to the overall NE-SW regional shortening direction (Cahill et al., 1992) (Figures 1 and 2 and
Table 1). In general, our estimates are comparable to the regional shortening rates obtained by Garcia
et al. (2013), Garcia et al. (2019), and Ramos et al. (2006), which were calculated without a constrained
time period using the time after deposition of the deformed unit, whereas, at least in the Leén Muerto
piedmont, we are able to identify the time interval during which the structures were active.

5.3. GPS-Derived Surface Velocities and Distributed Deformation: Thick-Skinned Foreland
Versus Thin-Skinned Fold-and-Thrust Belt

In the thin-skinned Subandean fold-and-thrust belt of southern Bolivia, millennial shortening rates appear
to be of the same order of magnitude as those determined geodetically (Brooks et al., 2011; Echavarria
et al., 2003; Mugnier et al., 2006; Weiss et al., 2016), and Quaternary deformation has mostly been accommo-
dated across a 20- to 40-km-wide wedge-front fault zone (Weiss et al., 2015). Small deviations between rates
obtained across different timescales can be attributed to the notion that GPS velocities reflect “instanta-
neous” deformation of the orogen, which includes both inelastic (i.e., permanent) and elastic deformation,
while the geological shortening rates record only permanent deformation (Liu et al., 2000; Shi et al., 2020).

GPS-derived interseismic horizontal surface velocities for the Subandean ranges exhibit a rapid decrease
over a short distance (Figure 3). This steep velocity gradient has been interpreted to represent the signal asso-
ciated with locking on the basal detachment fault (Brooks et al., 2011; Weiss et al., 2016) (Figure 10) and the
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accumulation of elastic strain, which will eventually be released during a slip event (i.e., earthquake) and
rupture of structures located between the bottom of the locked zone and the wedge-front fault system
(Brooks et al., 2011; Weiss et al., 2015, 2016). Approaching the Argentinean border in southern Bolivia,
the surface velocities are lower and the rapid gradient is not as steep as toward the north (Figure 3b).
Weiss et al. (2016) suggest that this north to south difference might be connected to the recent activity of
faults other than those at the wedge front, although it is unclear how these structures behave (i.e., seismic
rupture or continuous, aseismic deformation) and might also be related to complications introduced by
the presence of multiple active décollements.

Our new GPS results for the thick-skinned deformation belt of NWA, where Quaternary activity is ubiqui-
tous and broadly distributed in time and space (e.g., Casa et al., 2014; Garcia et al., 2013, 2019; Strecker
et al., 2012), reveal a gradual decrease in horizontal surface velocities from west to east toward the foreland
without the superposed, well-defined, rapid velocity gradient that characterizes the thin-skinned system to
the north (Figures 1, 3, and 10). We suggest that this is a reflection of distributed, internal deformation asso-
ciated with reactivated faults that penetrate the entire brittle crust, comparable to what has been proposed
for the fold-and-thrust belts of southern Pert, northern Bolivia, and the thick-skinned Sierras Pampeanas,
based on similar GPS surface-velocity patterns (Brooks et al., 2003; Costa et al., 2019; Horton, 1999).

Another noteworthy observation stemming from our geodetic data analysis is that the >100-km-wide velo-
city plateau observed in Bolivia across the EC and west of the aforementioned rapid gradients (Figure 1),
interpreted to represent the loading rate at the back of the thin-skinned wedge associated with the freely slip-
ping, downdip portion of the locked, shallow décollement (Weiss et al., 2016), does not characterize the
NWA velocity profile. This is important, because the gradual decrease in velocity from the trench to the fore-
land and the lack of both a velocity plateau and a rapid velocity gradient across our study area point toward
different kinematics and imply the lack of an active, shallow décollement.

For the thick-skinned sector of the mountain belt in NWA, the nature, behavior, position, and even presence
of a basal décollement is a matter of ongoing debate. Cahill et al. (1992) and Kley and Monaldi (2002) used
structural and seismological data to infer the presence of a décollement at a depth of 20-25 km at 24°S
(Figure 10). More recently, Ibarra et al. (2019) used a geodynamical model based on geological and geophy-
sical information to show that strain in the EC is concentrated between depths of 30 and 40 km at the transi-
tion from the middle to lower crust (Figure 10). South of our study area, in the Sierras Pampeanas,
seismological results suggest the presence of a detachment level for the high-angle, basement-involved struc-
tures at a depth of ~25 km overlying a more ductile deformation zone (Alvarado & Ramos, 2011; Alvarado
et al., 2005; Perarnau et al.,, 2012; Richardson et al., 2012). This differs from the situation in the
thin-skinned system, where both balanced cross sections and inversion of the GPS data indicate the presence
of a much shallower, gently dipping décollement in the Paleozoic sediments at 5- to 10-km depth that is
thought to control both long- and short-term deformation (Figure 10) (Anderson et al., 2017; Brooks
et al., 2011; Dunn et al., 1995; Echavarria et al., 2003; Uba et al., 2009; Weiss et al., 2016).

Geodynamical numerical models focused on the central Andean backarc show that a main factor controlling
the difference in structural styles is the pronounced disparity in upper-lithospheric strength between the
Bolivian sector of the Andean Plateau (Altiplano) and the foreland when compared to the Puna Plateau
and the adjacent broken foreland of the SBS in NWA (e.g., Liu, 2019; Sobolev & Babeyko, 2005). This differ-
ence in strength is controlled by the thick sedimentary cover in the Bolivian foreland (Paleozoic to Cenozoic
rocks), which thins southward into Argentina (Allmendinger et al., 1983; Horton, 2018; Pearson et al., 2013).
As a consequence, simple-shear deformation and the development of a thin-skinned fold and thrust belt
above shallow décollement levels within the sedimentary section characterizes southern Bolivia, whereas
pure-shear deformation and the absence of suitable detachment levels create a thick-skinned orogenic
wedge above a deep-seated décollement in NWA, as had been proposed by Grier et al. (1991).

We suggest that the gentle decrease in horizontal surface velocities across NWA reflects the presence of a 20-
to 30-km-deep detachment level in the SBS that deepens to 30-40 km in the EC (Figure 10). Interestingly,
this depth range also corresponds with the lower limit of concentrated deep crustal earthquakes
(Zeckra, 2020) (Figure 10). It is thus feasible that the thick-skinned structures detach at these depths, result-
ing in sustained, spatiotemporally unsystematic tectonic activity across the NWA backarc. In such a sce-
nario, the widespread distribution of Quaternary structures and associated tectonic landforms would be
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the near-surface manifestation of this style of deformation (Arnous et al., 2020; Ramos et al., 2006). In this
context, the north to south changes in the decadal-scale surface-velocity patterns in southern Bolivia and
NWA reflect the transition from a well-defined, locked décollement that controls a more systematic, gener-
ally in-sequence evolution of surface deformation (e.g., Uba et al., 2009) to a thick-skinned system with no
locked décollement and where deformation is broadly distributed across the orogen (e.g., Hilley et al., 2005).
In the latter structural setting (i.e., the SBS), contemporaneous crustal deformation and strain release occur
across active structures in a highly disorganized manner and at different spatial scales, some of which may
occur at different crust levels (Abascal, 2005).

The surface expression of this deformation is related to widely distributed but localized (i.e., short in map
view compared to the Subandes) structures, and therefore, the shortening rates observed across the
thick-skinned system will be highly variable and might never equate to the GPS-derived shortening. Thus,
a direct comparison of the millennial shortening rates associated with individual structures and the overall
surface velocities in NWA is not as straightforward as in the Subandean fold-and-thrust belt. Only after
obtaining detailed information on the shortening rates associated with all of the active structures for com-
parable time intervals would it be possible to calculate cumulative geologic shortening rates that are compar-
able to the geodetic estimates. For example, Pearson et al. (2013) presented a comprehensive cross section
through the thick-skinned fold-and-thrust belt of NWA and obtained shortening rates of 1.9 mm/yr from
40 to 12 Myr and 6.5 mm/yr from 12 to 4 Myr in the EC and 5.3 mm/yr in the SBS from 4 to 0 Myr. These
rates are similar to those obtained from the GPS data but at least twice as large as our measurements across
structures in the central Calchaqui Valley. The structures and deformation features in the alluvial-fan sur-
faces of the central Calchaqui Valley thus correspond to a limited sector of tectonic activity in the overall
deformation space in the transition between the EC and the SBS. Importantly, neighboring mountain fronts
are inactive on timescales similar to those in our analysis, while other areas in this region may be tectonically
active, but a more voracious erosional regime (e.g., Arnous et al., 2020) does not allow for the preservation of
tectonic landforms and structures.

The differences in the accommodation of deformation between the thin- and thick-skinned fold-and-thrust
belts of the southern Central Andes also impact regional seismicity and hazard. In the Bolivian Subandean
ranges, recent work suggests the possibility of infrequent great earthquakes (>M,, 8.0) that may rupture the
entire locked portion of the décollement, similar to what occurs along the Himalayan mountain
front (Bilham, 2019; Kumar et al., 2010; Wesnousky, 2020). This assessment for the Bolivian Subandes has
been made in the absence of both paleoseismological investigations and historical records of large,
ground-rupturing earthquakes. Rather, the suggestion of infrequent large earthquakes rupturing the
Subandean mountain front is based on inferences related to the rapid surface-velocity gradient, the perplex-
ing lack of recent seismicity (i.e., accumulating strain is not being released by lower magnitude earthquakes;
Figure 10), and the along-strike continuity and morphology of tectonic structures that include the
frontal-thrust fault system (Brooks et al., 2011; Shi et al., 2020; Weiss et al., 2016). In contrast, widely distrib-
uted and frequent small- to intermediate-magnitude (M,, 2.0-7.0), and sometimes destructive, earthquakes
characterize NWA (Figures 1 and 9). This widespread crustal seismicity, in combination with the shorter
along-strike extent of tectonic structures (Figures 1 and 2), the numerous, relatively slowly deforming
Quaternary structures throughout the region, and the lack of a definitive, well-defined geodetic velocity gra-
dient, suggests that great earthquakes are less likely to occur on the inverted structures in the thick-skinned
SBS and are perhaps mechanically implausible (i.e., no shallow décollement).

6. Conclusions

New Quaternary shortening rates for thrust fault-related structures in the central Calchaqui Valley, NWA,
combined with revised GPS-derived surface velocities and compared to the distribution of crustal seismicity
(Figure 10), support the notion that deformation across the thick-skinned southern Central Andes is widely
distributed. This style of deformation has characterized the region for millions of years, making direct com-
parisons of field-based Quaternary shortening rates and those determined geodetically difficult. Ongoing
deformation is primarily concentrated in the intermontane valleys and, judging by the currently available
temporal resolution of Quaternary regional deformation episodes, it can be inferred that many structures
have been simultaneously active on millennial to centennial timescales, which is compatible with the
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widely distributed present-day and historical NWA seismicity. In the central Calchaqui Valley, Quaternary
deformation is accommodated by high-angle faults and associated folds that were active during at least three
separate deformation episodes and are associated with the valley border faults. According to our reconstruc-
tion of the deformation history of these shallow structures, the driver for this style of neotectonic activity is
the compressional reactivation of deep-seated, extensional faults inherited from Cretaceous rifting. The style
of deformation in the SBS and EC of NWA is characterized by a combination of widely distributed, thick-
and thin-skinned deformation processes that are compatible with the gradual eastward decrease in
GPS-derived horizontal surface velocities and the present-day seismicity. This behavior is fundamentally dif-
ferent from that of the thin-skinned Subandean fold-and-thrust belt of southern Bolivia and northern
Argentina where geodesy, limited crustal seismicity, and the distribution of Quaternary deformation struc-
tures point toward elevated seismic hazard and the possibility of large earthquakes with unknown recur-
rence intervals.

Data Availability Statement

New OSL age data and GPS velocities presented in the figures and tables of the main text and supporting
information and can be found online (at https://osf.io/2vztw). Additional GPS velocities and associated data
used to create Figures 1 and 10 can be found in Weiss et al. (2016) and McFarland et al. (2017). OSL ages for
the El Mollar Area come from Reger (2018).
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