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Abstract Compared to the thin-skinned Subandean foreland fold-and-thrust belt of northern Argentina and
Bolivia, the tectonically active morphotectonic province of the Santa Barbara System in the Andean broken
foreland of northwestern Argentina is characterized by a temporally and spatially disparate deformation style.
Although there is no well-defined orogenic deformation front associated with the uplift of these basement-
cored, reverse-fault bounded mountain ranges, there has been an overall eastward trend in Andean
compressional deformation since the Miocene. While reactivation of basement anisotropies, such as early
Paleozoic metamorphic fabrics and Cretaceous normal faults, has been proposed to have profoundly affected
deformation processes in the Santa Barbara System, other mechanisms involving Mesozoic and Cenozoic cover
rocks may also have played an important role in orogenic deformation in this sector of the Andean foreland. We
present structural field observations, interpretations of seismic reflection profiles, and kinematic modeling from
the basins bordering the Candelaria Range in the southern sector of the Santa Barbara System at 26°S. Our
analysis features a 110-km-long structural cross section that images and links deep-seated structures with
shallow neotectonic faults. We find that regional shortening has been facilitated by several faults associated with
aregional detachment at a depth of 23 km, resulting in total horizontal shortening of about 17% (18.4 km). While
the deep-seated first-order structures seem closely linked to seismogenic processes in the Andean foreland,
shallow second-order structures within the sedimentary cover modify the intermontane landscapes and appear to
be associated with aseismic creep.

1. Introduction

Foreland basins constitute valuable sedimentary geological archives that help explain the complex relationships
between tectonic processes and the build-up of topography within mountain belts as well as the role of climate-
driven variations in the surface-process regime (e.g., DeCelles, 2012). They also play a crucial role in deciphering
the formation of georesources, the characteristics of regional fluid flow, the compressional reactivation of crustal
zones of weakness far from plate boundaries (DeCelles, 2012; Giambiagi et al., 2022; Hilley et al., 2005; Kley &
Voigt, 2008; Madritsch et al., 2008; Marshak et al., 2000; Oliver, 1986; Pfiffner, 2017), and spatially disparate
seismic hazards (Costa et al., 1999, 2018). Moreover, at the scale of mountain building at convergent margins, the
tectono-sedimentary evolution of forelands can provide important insights into the subduction regime and
regional plate-tectonic boundary conditions, particularly with respect to plate interaction and the angle of the
subduction zone (e.g., DeCelles, 2012; Horton et al., 2022; Jordan et al., 1983; Pons et al., 2023; Ramos
et al., 2002; Rodriguez Piceda et al., 2023).

In the foreland of the Central Andes, two end-member styles of deformation exist in close spatial proximity to
each other, involving either thin- or thick-skinned deformation and accommodating eastward shortening and
orogenic growth (reviewed in Strecker et al. (2012)): (a) a wedge-shaped, thin-skinned fold-and-thrust belt with
gently dipping décollements in the Subandean belt of Bolivia and northwestern Argentina (e.g., Dunn et al., 1995;
Echavarria et al., 2003; McQuarrie et al., 2005); and (b) thick-skinned structures with localized uplifts bounded by
high-angle reverse faults that often involve the reactivation of crustal-scale heterogeneities (e.g., Jordan
et al., 1983). The latter characterize the Sierras Pampeanas of central-western Argentina and the Santa Barbara
System of northwestern Argentina (Figure 1) (e.g., Cristallini et al., 2004; Jordan et al., 1983; Kley & Mon-
aldi, 2002). In contrast to the thin-skinned Andean fold-and-thrust belts, which feature a well-developed orogenic
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Figure 1. (a) Shaded relief map showing the location of study area (red box) in the context of Andean morphotectonic provinces (white lines). PC: Chilean Precordillera,
AP: Altiplano-Puna Plateau, EC: Eastern Cordillera, SFTB: Subandean fold-and-thrust belt, SBS: Santa Barbara System, SP: Sierras Pampeanas. (b) Topography of the
Santa Barbara System and adjacent provinces showing major reverse faults, seismic lines, epicenters of selected major earthquakes in the upper crust (INPRES, 2022),
and the location of the reconstructed structural section (A—A’) presented in Figure 7.

front and a pronounced along-strike extent of high-frequency, low-amplitude folds, the thick-skinned broken
foreland sectors exhibit spatially isolated range uplifts and lack an active deformation front marking the boundary
between the orogen and the undeformed foreland (Figure 1; e.g., Allmendinger et al., 1983; Jordan et al., 1983).

Since early attempts to classify different foreland deformation styles in the context of geodynamic forcing
mechanisms, numerous structural studies of broken forelands have revealed a high degree of structural
complexity involving hybrid thick- and thin-skinned deformation within the same area (reviewed in Lacombe and
Bellahsen (2016)). The two styles of deformation are thus not mutually exclusive and may evolve either syn-
chronously or diachronously, yet the particular structural characteristics and systematics of this type of defor-
mation in most broken-foreland areas remain enigmatic.

The most prominent unifying characteristics of active broken-foreland provinces are the wide distribution of
seismicity and evidence of neotectonic deformation, often associated with reactivated basement anisotropies
inherited from earlier extensional and/or contractional deformation (e.g., Figueroa et al., 2021; Grier et al., 1991;
Jordan & Allmendinger, 1986; Mon & Salfity, 1995; Ramos et al., 2002). Compared to extensive fault arrays,
which may trigger strong earthquakes along the frontal structures of thin-skinned fold-and-thrust belts (e.g.,
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Brooks et al., 2011; Mugnier et al., 2013), reactivated pre-existing faults with shorter segments in broken fore-
lands are generally characterized by low to medium earthquake magnitudes (e.g., Garcia et al., 2013, 2019).
However, during the post-seismic relaxation phase, such events can redistribute, modifying the state of stress of
inactive, neighboring faults and triggering clusters of large earthquakes with pronounced deformation phenomena
(Arrowsmith et al., 2017).

In light of these differences, deciphering the deformation history on a variety of timescales from hundreds and
thousands of years to long, geological timescales constitutes an important challenge, especially with respect to an
evaluation of seismic hazards. This is due to the combination of the complex geologic framework of such regions
and the long periods of seismic quiescence separating single or temporally clustered earthquakes (e.g., Alvarado
& Ramos, 2011; Costa et al., 2018; Landgraf et al., 2017; Patyniak et al., 2017). With respect to the longer,
geological timescales, three fundamental aspects emerge that need to be addressed for a better understanding of
the tectonic activity of broken forelands, which is the objective of this study: (a) the manner in which deformation
propagates in space and time; (b) the role of inherited crustal heterogeneities as potential nucleation zones for
spatially and temporally disparate reverse faulting; and (c) the relationships between basement structures, tectonic
transport, and localized thin-skinned deformation. Understanding these aspects is also crucial for assessing the
seismic hazards of broken forelands and determining measures to mitigate vulnerability.

In this study, we examine the structural evolution of the central sector of the Santa Barbara System in north-
western Argentina. This area is covered by a network of commercial seismic reflection profiles and borehole
information that allow a critical evaluation of the different deformation styles associated with deep-seated
structures. Our focus is on an east-west oriented regional swath profile through the Santa Barbara System that
encompasses the basement uplift of the Candelaria Range and the adjacent Choromoro and Metédn intermontane
basins (Figure 1). Previous studies in this region suggest that these spatially isolated compressional basins and
ranges document the transition from a formerly contiguous foreland basin to a broken foreland, which is closely
linked with the reactivation of pre-existing extensional structures of the Cretaceous Salta rift basin (e.g., Cris-
tallini et al., 1997; Kley & Monaldi, 2002; Mon & Salfity, 1995). We are specifically concerned with three types
of Cenozoic faults that drive deformation in this part of the broken foreland: (a) inverted Cretaceous normal faults;
(b) flexural-slip faults related to thin-skinned deformation in the sedimentary cover units; but we additionally
consider (c) thrusts that nucleated in Paleozoic foliation fabrics inherited from previous orogenic processes (Mon
& Hongn, 1991). In addition to previous findings, we use observations from surface geology, seismic reflection
and well data, results from our own near-surface geophysical surveys (Arnous et al., 2020), and 2-D kinematic
forward modeling to constrain the structural style of this region and shed light on the factors controlling its
tectonic evolution.

2. Geological Setting

The Santa Barbara System is located between 23° and 27°S. It is bounded by the Subandean fold-and-thrust belt to
the north, the reverse-fault bounded Sierras Pampeanas to the south, and the thick-skinned Eastern Cordillera and
the orogenic Altiplano-Puna Plateau to the west (Figure 1a; Allmendinger et al., 1983). The Santa Barbara System
comprises several isolated reverse-fault bounded and basement-cored mountain ranges as well as intermontane
basins with variable degrees of neotectonic deformation and fluvial connectivity (Figure 1b; Arnous et al., 2020;
Barcelona et al., 2014; Iaffa et al., 2013; Kley & Monaldi, 2002; Strecker et al., 2012). Together with the Medina,
Nogalito, and Campos ranges, the basement-cored Candelaria Anticline (i.e., Candelaria Range, 2,400 m a.s.1.) is
part of an elevated region surrounded by extensive sedimentary basins; these low-elevation sectors at an
approximate elevation of 900 m comprise the Choromoro Basin to the west, the Metan Basin to the north, the
Tucumén Basin to the south, and the largely undeformed, low-relief Chaco-Paran4 foreland to the east (Figures 1
and 2). Other topographic features relevant to this study are the Metén (2,800 m a.s.l.) and Brete (2,400 m a.s.L.)
ranges situated along the western transition to the Eastern Cordillera (Figure 1).

The regional basement comprises strongly deformed upper Neoproterozoic to lower Cambrian phyllites of the
Puncoviscana and Medina formations, exposed mainly at the core of the Candelaria Range (Figure 2; Bossi, 1969;
Turner, 1960). Along the western flank of the Candelaria Range, these rocks are unconformably overlain by
discontinuous shallow-marine quartzites of the Cambro-Ordovician Candelaria Formation (Ricci & Villa-
nueva, 1969) (Figure 3). Furthermore, Devonian shallow-marine to continental deposits of the Rincén Formation
(Padula et al., 1967) crop out at Cerro Negro and in the core of Cerro Cantero (Figure 2) and have been

ARNOUS ET AL.

3 0of 19

85U80|7 SUOWILLIOD @A 181D 3|ded!|dde 8y Aq pausenob afe sejone VO ‘88N Jo Sa|ni oy Akeiq1T8uluO A8]IM UO (SUORIPUOD-pUR-SLLBIALIO" A3 1M ARIq | Ul UO//SdNY) SUORIPUOD PUe SWis | 38U 88S *[7202/90/0T] Uo A%eiqiauluo /8 |im BunusbiverIyooD Aq S6T8000.1£202/620T OT/I0p/wod A8 M Areiq ) puluo'sgndnfe;/sdny woy pepeolumoqd ‘9 ‘¥20Z ‘v6T616T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics

10.1029/2023TC008195

176 / /

w4 25{

La Candelaria \@

|

%028 40 /
28{8{9{ 'I {

5
4

e 361007 I

15 1415

[0 Alto de las Salinas Complex
[ Pirgua Subgroup

[ Devonian sedimentary rocks
[ Candelaria Formation

W Basement (Precambrian)

[ 1 Quaternary deposits

== Jujuy Subgroup/Antillas Complex
"1 Metan Subgroup

[ Santa Barbara Subgroup

[ Balbuena Subgroup

X‘, ?4 Syn- and anticline . 4'0" Inferred fault
* %, Concealed folds . seismic line
_—~— Reverse fault 10, Bedding
_.~~ Blind fault

_—~— Quaternary fault

Figure 2. (a) Geological map of the Candelaria Range showing locations of mapped faults and seismic lines (modified after;
Barcelona et al., 2014; Iaffa et al., 2011; Invernizzi et al., 2014; Maffucci et al., 2015; Salfity & Monaldi, 2006). (b and c)
Zoom-in maps from west and east of the Candelaria Range showing structural measurements (this study). Line A-A’ denotes
the location of the cross section shown in Figure 7. Labeled faults are: 1-Las Animas; 2-Iglesia; 3—El Brete; 4-El Arenal; 5—
El Algarrobal; 6-Los Sauces; 7-San Esteban; 8—Barba Yaco; 9-Arias; 10-El Quemado; 11-Copo Quile; 12—San Pedro; 13—
Eastern Cantero; 14—Central Cantero; and 15—Western Cantero faults.

encountered in petroleum exploration wells in the Chaco Plain to the east (Figure 3; Iaffa et al., 2011; Mon &
Gutiérrez, 2007). Separated by a major unconformity, Cretaceous-Paleogene syn- and post-rift strata of the Salta
Group overlie these units, which consist of syn-rift alluvial strata and fluvial redbeds of the Pirgua Subgroup
overlain by continental clastic sediments and shallow marine to lacustrine limestones of the post-rift Balbuena
and Santa Barbara subgroups (e.g., Salfity & Marquillas, 1994; Figures 2 and 3). Finally, syn-orogenic Cenozoic
sediments of the Andean foreland, represented by continental strata of the Mio—Pleistocene Oran Group, un-
conformably overlie the Salta Group and older units (Gebhard et al., 1974; Hain et al., 2011; Reynolds et al., 1994,
2000; Russo & Serraiotto, 1978). The Oran Group has been subdivided into the Metan (ca. 15-10 Ma) and Jujuy
(ca. 10-1 Ma) subgroups, which are well exposed in the Andean broken foreland (Figure 2) and contain several
unconformities that reflect their syntectonic character (e.g., Cristallini et al., 1997; Hain et al., 2011; Iaffa
et al., 2011).

3. Methods

We analyzed five seismic reflection lines (obtained from Secretarfa de Mineria y Energia de Salta), four in the
northern sector of the Choromoro Basin (lines 44084, 44083, 45113, and 45116) and one east of the Candelaria
Range (line 36100A). All seismic lines provided records that surpassed 4.8 s two-way travel time, and the
basement was typically imaged within 3.3 s. The Choromoro lines are between 18 and 23 km long and about
2.5 km apart. Furthermore, we obtained four industry reports (Figure 4) that record the stratigraphy of wells
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Invernizzi et al., 2014; Maffucci et al., 2015; Marquillas et al., 2005).

4.

4.1. Well-Log Stratigraphy

Results

located to the northwest of the Candelaria Range (YPF.St.Ar.x-1 operated by
YPF in 1973 and Ap.St.Alg.x-1001 operated by Shell Capsa in 1989) and the
Los Horcones wells (LH x-1 and LH x-2), located in the Chaco Plain both
operated by YPF between 1971 and 1973. The well reports contain a
description of the lithology and the depth of tops of the principal stratigraphic
units that were used to tie the wells to the seismic profiles. Based on the
stratigraphic characteristics identified in the well reports and the corre-
sponding changes in reflectors, we identified different seismic stratigraphic
packages and grouped them into four principal sequences; from bottom to top
(sequences 1-4) these are represented by the syn-rift, post-rift, and two syn-
orogenic foreland sequences. Depth conversion of the seismic reflection data
was performed using interval velocities calculated from a velocity table
derived from the well data and seismic-line preprocessing data (for details see
Text S1 and Table S1 in Supporting Information S1).

In addition, structural field data was incorporated in a new geological-
structural map, from which the thicknesses of the sedimentary sequences
were estimated. Combined information from well logs and mapped litho-
logical contacts at the surface aided in the interpretation of the seismic pro-
files. Nevertheless, due to significant noise in the seismic lines (Figure 5),
particularly evident in seismic line 36101 in Figure Se, the interpretation was
primarily based on kinematic forward modeling. Each fault was analyzed
using a trial-and-error procedure involving various geometries to replicate the
folding pattern seen in the easternmost region, to generate uplift, and to
achieve the optimal manner to reproduce the geometries observed in outcrops.
To simulate fault evolution and associated folding of the sedimentary cover
rocks we also applied the Trishear deformation method proposed by
Erslev (1991) and the principles of fault-bend folding outlined in Medwe-
deff (1989). The identified faults were modeled using the MOVE software
(version 2017) structural geology software (Petroleum Experts) to account for
variations in inclination and ramp geometry, providing input for the subse-
quent construction of the structural cross-section model within the same
software package. The 110-km-long regional cross-section, approximately
perpendicular to the main structures of the study area, was constructed by
integrating the geological-structural map, the estimated sequence thicknesses,
well data, and the interpretation of the seismic profiles, using MOVE. The
cross section encompasses the region with the highest density of available
field data and captures the most representative structures (section A-A’,
Figure 2). The model was divided into two scales: (a) a large scale, focusing
on deep-seated detachment faults, and (b) a smaller scale, targeting neo-
tectonic near-surface structures (for details see Texts S2, S3, and Table S2 in
Supporting Information S1).

Two wells located to the northwest of the Candelaria Range (YPF.St.Ar.x-1 and Ap.St.Alg.x-1001) have similar
penetration depths to ca. 3.5 km below the surface and good coverage of sedimentary sequences in the foreland,
including the Jujuy (0.8-1.3 km), Metan (1.3—1.5 km), Santa Bérbara (0.4-0.8 km), and Balbuena (0.3-0.4 km)
subgroups (Figure 4). Moreover, Ap.St.Alg.x-1001 reached the Pirgua Subgroup (syn-rift), penetrating it for

about 600 m. In contrast, the Los Horcones wells (LH x-1 and LH x-2), located in the Chaco Plain, reveal a

significantly thinner syn-orogenic sequence that directly overlies Paleozoic sedimentary rocks, and contains no

record of the Salta Group (Figure 4).
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F 4.2. Interpretation of Seismic Reflection Lines
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— Seismic reflection lines from the Choromoro Basin image well-defined,

continuous reflectors of the uppermost sedimentary units, followed by short
and discontinuous high acoustic impedance reflectors corresponding to the
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seismic basement (Figures Sa—5e). Using the borehole data, we correlated the
main lithological units with the seismic sequences. The upper part of the
imaged foreland sequence was assigned to the Jujuy Subgroup, which is
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characterized by poor to medium reflectivity with low frequency and poor
lateral continuity. This sequence records intraformational growth-strata pat-

Rincon
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terns (i.e., onlapping strata in Figures 5c and 5e). Below these units appear the

reflectors of the Metan Subgroup, which are characterized by high frequency
— - and good lateral continuity, in addition to well-developed reflectivity.

Mio-Pliocene sediments . . . .
Metan Subgroup (M) Separated by a gentle unconformity, this Miocene sedimentary package

Santa Barbara Subgroup (SB) covers the post-rift sequence, whose reflectors can be identified by very
Balbuena Subgroup (B) .. S . .

Pirgua Subgroup (P) strong reflectivity and pronounced continuity; this specifically applies to the
Carboniferous sediments Balbuena Subgroup, which is a regional marker horizon well suited for

Devonian sedimentary rocks . L. . .
seismic interpretation and structural reconstructions (e.g., Kley et al., 2005).

The final group of reflectors is characterized by strong and continuous
reflectivity. These strata can be assigned to the syn-rift Pirgua Subgroup,
which lies unconformably on seismic basement. In addition, we identified
three new faults, namely the El Algarrobal (5), Los Sauces (6), and San Esteban (7) faults, and confirmed the
location of the El Arenal Fault (4) discussed in Seggiaro et al. (2015). In the eastern part of lines 44084, 44083,
45113 (Figures 5a-5c), reflectors dip ~30-35° to the west, representing the western back limb of the basement-
cored Candelaria range. Here, noisy reflectors at depths between 1,000 and 3,000 m indicate the presence of
metamorphic basement. Above the basement, a low-angle unconformity is observed, which is characterized by
strong reflections and high acoustic impedance, typical of the Pirgua Subgroup (Iaffa et al., 2011) (Figure 5).

4.2.1. El Arenal Anticline

Lines 44084, 45113, and 45116 (Figure 5), in the Choromoro basin provide a clear image of the El Arenal Fold
(Seggiaro et al., 2015). It is an asymmetrical, east-verging anticline with a wavelength of 5 km. Importantly, this
structure affected the entire sedimentary sequence, including the strata of the Jujuy Subgroup, although to varying
degrees. While lines 44084 and 45113 exhibit marked onlapping in the Jujuy Subgroup, indicating the syn-
depositional growth of the El Arenal Anticline, no such growth strata are observed on line 45116 (Figure 5d)
in the southern sector of the structure. Based on our interpretation and kinematic analysis, we infer that this
structure is related to the El Arenal Fault (4), an east-verging blind thrust, which emerges at ca. 20-30° from a
shallow detachment level at ca. 4 km depth.

As seen in lines 45113 and 45116, the fault propagated along a 19°W-dipping ramp with a slip of ca. 5 km, while
line 44084 shows a ramp angle of 30°W and slip of about 3.5 km, resulting in 2.4 and 1.5 km of horizontal
shortening, respectively.

4.2.2. Los Sauces Anticline and San Esteban Fault

In the central part of line 44084 (Figure 5a), a symmetrical anticline is imaged, that is interpreted to be related to
motion along two high-angle reverse faults rooted at shallow depth within the basement. These structures are: (a)
the Los Sauces Fault (6), which dips 57° to the west with a slip of approximately 500 m; and (b) the El Algarrobal
Fault (5), which dips 58° to the east, with a slip of 700 m. The displacement along these faults generated a pop-up-
style anticline with negligible surface expression, since it grew synchronously with the sedimentation of the Jujuy
Subgroup, followed by Quaternary sediments that covered the structure (Figure 5a). The shortening associated
with this structure is 260 m. On seismic line 44083 (Figure 5b), the observed displacement along the Los Sauces
Fault, which dips ~75° to the west in this section, is between 360 and 400 m. Progressive unconformities within
the Jujuy Subgroup, specifically in the Guanaco and Piquete formations, indicate syntectonic sedimentation
during the Mio—Pliocene. In the upper part of seismic line 45113 (Figure 5c), onlap geometries were also
recognized in the strata corresponding to the Jujuy Subgroup and interpreted accordingly as growth strata.
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Figure 5. 2-D seismic lines with structural and stratigraphic interpretation. For location see Figures 1 and 2. Labeled faults are: 4-El Arenal; 5-El Algarrobal; 6-Los
Sauces; 7-San Esteban; 12—San Pedro; 13—Eastern Cantero; 14—Central Cantero; and 15-Western Cantero faults. An uninterpreted version of the seismic lines can be
found in Figure S3 of the Supporting Information S1.
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The San Esteban Fault (7, Barcelona et al., 2014), uplifted conglomeratic alluvial fan deposits of the Jujuy
Subgroup and is observed in lines 44084, 44083, and 45113 (Figures 5a—5c). These seismic lines reveal that the
reflectors associated with this structure are mostly continuous. However, since a topographical expression of
~40 m forms a fault scarp at the surface, we propose the existence of a bedding-parallel, flexural-slip fault within
the Jujuy Subgroup.

4.2.3. Line 36100A and Deformation at Cerro Cantero

East of the Candelaria Range, seismic line 36100A (Figure Se) runs for about 40 km in WNW-ESE direction,
crossing the Cerro Cantero (Figures 1 and 2). Stratigraphic information for the seismic interpretation is provided
by wells LH x-1 and LH x-2 (Figure 4), located about 40 km southeast of Cerro Cantero. As stated in Section 4.1,
these wells document a significantly reduced thickness of the foreland sequence that immediately overlies
Devonian sedimentary rocks, with no depositional record of the Salta Group (Figure 5)—a stratigraphic setting
confirmed by surface geology at Cerro Cantero (Figure 2). The resolution of line 36100A is not high enough to
unambiguously identify the contact between Devonian strata and the underlying basement rocks; therefore, our
interpretation of the location of the contact in Figure 5 should be taken with caution. In the central sector of line
36100A, west of Cerro Cantero, the stratigraphy is not very clear as there is no additional subsurface information
to help with the seismic interpretation. However, outcrop information from nearby Cerro Negro (Figure 2)
suggests that the Pirgua Subgroup unconformably overlies the Devonian strata. Similarly, surface geology
confirms the presence of the entire section of the Metan Subgroup (ca. 1,000 m), whose thickness we consider to
be mostly constant in the profile and which is overlain by the Jujuy Subgroup. Since the Pirgua Subgroup is not
present at Cerro Cantero and farther east, we propose an eastward lateral pinch-out of this unit.

In seismic line 36100A, we identified four main structures: a high dipping reverse fault to the west (12, Figure Se)
and three reverse faults underneath Cerro Cantero (13-15, Figure Se). The subvertical structure in the western
sector correlates with the San Pedro Fault (12) at surface, juxtaposing Devonian strata over the Pirgua Subgroup.
Here, thickness variations in the Pirgua Subgroup and folded Cenozoic foreland strata suggest that this structure is
a steeply dipping reverse fault. The three 30-45°W-dipping reverse faults, in the eastern sector, are associated
with fault-propagation folding and uplift of the Cerro Cantero. Growth strata in the Jujuy Subgroup document
syn-tectonic sedimentation on both sides of Cerro Cantero and thus a late Miocene onset for the contractional
deformation associated with this structure. As the seismic line is characterized by noise interference, the inter-
pretation of faults 13, 14, and 15 necessitated a Trishear modeling approach (Erslev, 1991) to accurately
determine their position and geometry. Our objective was to replicate the three folds on the eastern side of the
Cerro Cantero, ensuring consistency with the measured bedding on both flanks of the Cerro Cantero fold on the
surface. The optimal approach involved positioning the fault tips at the frontal syncline and linking them at a
depth of 6 km (Figure Se).

5. Balanced Cross Section

Our balanced cross-section analysis reveals that, during the late Cenozoic, the southern Santa Barbara System and
segments of the Eastern Cordillera underwent a cumulative horizontal crustal shortening of 18.4 km over a lateral
distance of 110 km, representing 16.7% of the total shortening (Figure 6). This compressional deformation was
facilitated by a variety of faults, categorized into first-, second-, and third-order structures based on their estimated
offsets. More details about these structures are provided below (for details see Texts S2-S4, Table S2, and Figure
S2 in Supporting Information S1).

5.1. First-Order Structures

Shortening across the investigated section is primarily accommodated by partially inverted Cretaceous normal
faults, namely the Las Animas (1), Iglesia (2), and El Brete (3) faults in the Eastern Cordillera to the west, as well
as the San Pedro Fault (12) situated at the center of our reconstructed section (Figures 2 and 6). The geometry of
the Candelaria Fault is interpreted as listric to (a) account for the asymmetric folding observed in the Mesozoic to
Cenozoic sedimentary cover strata along the western and eastern flanks of the Candelaria Range (Figure 6); and
(b) the gradual decrease in stratal dips observed in seismic reflection data from the Choromoro Basin (Figures Sa—
5c). Furthermore, foreland-ward propagation of Cenozoic contraction has produced three parallel reverse faults
on the eastern flank of Cerro Cantero, here referred to as the eastern (13), central (14), and western (15) Cerro
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Figure 6. (a) Undeformed initial model (prior to 10 Ma), (b and c¢) intermediate models between 10-6 Ma and 6-3 Ma, and
(d) final forward-modeled kinematic reconstruction of our structural cross section. (e and f) Detailed view of areas bordering
the Candelaria Range. Circles show My, > 5 earthquake hypocenters recorded in 2021 and 2022 (INPRES, 2021, 2022).
Labeled faults are: 1-Las Animas; 2-Iglesia; 3—El Brete; and 4-El Arenal faults. Faults shown in black represent active faults
in the corresponding time period.
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Cantero faults (Figures Se and 6). According to our model, we suggest that all these first-order faults originate
from a basal detachment at approximately 23 km depth (Figure 6), resulting in a camulative shortening of 16.1 km
along these structures. In our model, the Las Animas (1), Iglesia (2), and El Brete (3) faults were active at
approximately 10 Ma, playing a crucial role in generating uplift and loading, thereby inducing flexure in the area
where the Choromoro basin currently resides (Figures 6a and 6b). Subsequently, the activity of the Candelaria
Fault began around 9 Ma, with all the aforementioned faults remaining active concurrently. Later, at around 4 Ma,
faults 15, 14, and 13 were generated in sequential order and have remained active since then, continuing to exert
influence until the present day (Figures 6¢ and 6d).

ARNOUS ET AL.

9 of 19

85UBD|7 SUOWWOD BANERID (eo!(dde 8y Aq peusenob aJe sejole O ‘88N JO sejnJ 10) Areid1T8UIUQ /811 UO (SUOTHPUOD-PUE-SWISIW0D A 1M Ale.d]BUIIUO//SANY) SUONIPUOD PUe SWie 1 81 88S *[Z02/90/0T] o ARiqiTauliuo A8|iM eunuebiyeueiyooD A 5618000 LEZ02/620T OT/10p/wod faim AreldputjuosqndnBe//sdiy wouy pspeojumod ‘9 ‘20z ‘v6TevyeT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC008195

5.2. Second-Order Structures

The blind El Arenal Fault (4) within the Choromoro Basin generated a second-order fault-propagation fold in the
overlying sedimentary strata of the Jujuy Subgroup. According to our model, a detachment fault initiated during
the middle to late Miocene (Figures Sc and 6) at the basement-Pirgua Subgroup interface at 4 km depth and then
propagated eastward and upward along a fault ramp dipping between 19° and 30°W. The estimated shortening
along this structure is 2.1 km. Notably, growth strata in the Jujuy Subgroup are observed on both limbs of the
anticline, constraining the initiation of folding to the late Miocene. Moreover, seismic line 44084 (Figure 5a)
revealed the presence of the Los Sauces (5) and El Algarrobal (6) blind reverse faults, which are inferred to be
responsible for the pop-up geometry of the Los Sauces Anticline (see Section 4.2.2). Similar to the El Arenal
Anticline, seismic lines 44084 and 44083 (Figures 5a and 5b) reveal intraformational onlaps within the Jujuy
Subgroup in the hanging wall of the Los Sauces Fault (6), implying late Miocene—Pliocene structural growth.
Shortening across this structure is estimated to be 200 m.

5.3. Third-Order Structures

Third-order faults identified in this study accommodate contractional deformation in the western and eastern
piedmont regions of the Candelaria Range (Figures 6d—6f). As these faults exclusively affect the Miocene to
Pleistocene sedimentary cover, including Quaternary alluvial fans (see Section 4.2.2), the study area can clearly
be classified as a neotectonically active region.

More specifically, the western foothills of the Candelaria Range exhibit two bedding-parallel (dipping 30°W)
flexural-slip faults (8 and 9 in Figure 6e, see also Figure Sla in Supporting Information S1) that nucleate at the
base of incompetent layers within the Metdn and Jujuy subgroups. These faults display 10-km-long, straight
surface expressions and feature 5- to 30-m-high counter-slope scarps that developed in Quaternary alluvial-fan
deposits. Although we cannot determine the exact timing of the activity of these faults, the regional distribu-
tion of various generations of alluvial-fan surfaces at different elevations in the piedmont suggests a Pleisto-
cene age.

In the eastern piedmont of the Candelaria Range, the Copo Quile Fault (11) has generated an 8-km-long, N-S-
striking scarp that offsets Quaternary alluvial-fan deposits (Figure 6f; Arnous et al., 2020). Structural
modeling allowed us to interpret this fault as a west-dipping structure associated with a deep ramp dipping 22°W
and a shallow ramp dipping 37°W. This change in the inclination of the ramps is consistent with the generation of
the structure observed in the hanging wall of the fault (Figure 6d). The optimal modeling result reflecting the field
relationships was achieved by starting the modeling with 2°W stratal dips, which can be attributed to prior activity
of the San Pedro Fault (12) toward the east, suggesting that a displacement of 80—-90 m would be required to
produce a structure similar to the observed tilt of the alluvial fan. The El Quemado Fault (10) is related to flexural
slip and is rooted in the contact between the strata of the Santa Barbara and Metan subgroups on the eastern flank
of the Candelaria Range, which dips 60°E according to the proposed kinematic model (Figure 6f). Fault slip was
estimated to be 30-35 m in total (see Figures S1b and Slc in Supporting Information S1).

6. Discussion

The kinematic model presented in our study is a viable solution to explain deformation processes in the broken
Andean foreland of northwestern Argentina. The model is compatible with a generally thick-skinned tectonic
deformation east of the Eastern Cordillera, which additionally incorporates thin-skinned compressional features
associated with flexural-slip faulting of Mio—Pliocene foreland strata in the intermontane basins between isolated
basement-cored uplifts. Our analysis and prior studies (e.g., Barcelona et al., 2014; Iaffa et al., 2011) suggest that
the localized uplifts in the Santa Barbara broken foreland tend to occur along re-activated, high-angle structures.
In this environment, the complex spatiotemporal patterns of earthquakes (Cahill & Isacks, 1992; Sanchez
et al., 2013; Scott et al., 2014; Zeckra, 2020), widely distributed, highly diachronous Quaternary tectonic land-
forms (Arnous et al., 2020; Barcelona et al., 2014; Costa et al., 2020), and evidence of tectonic forcing of fluvial
networks (Seagren et al., 2022) pose a major additional challenge to unraveling the spatiotemporal evolution of
deformation and evaluating potential surface-rupture sites and extents during individual earthquakes. A further
complication in the interpretation and assessment of seismic hazard is the seemingly long periods of quiescence
between earthquakes in this environment (Costa et al., 2020; Ortiz et al., 2022; Zossi, 1979). To a certain extent,
these characteristics are comparable to enigmatic intraplate earthquakes and deformation (e.g., Stein &
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Mazzotti, 2007), emphasizing that instrumental records are strongly biased measures of future earthquake hazards
in these structural settings. In this context, a rigorous inventory of faults and paleoseismological data is therefore
necessary. Below, we discuss our fault inventory of the southern-central sector of the broken foreland of the Santa
Barbara System and evaluate it with respect to fault evolution and fault activity. This is a first fundamental step in
analyzing the structural characteristics of a seismogenic province in the context of future paleoseismological work
and hazard assessments.

6.1. Spatiotemporal Characteristics and Style of Deformation

Our 2-D kinematic model across the southern Santa Barbara System exhibits a strong correlation with defor-
mation features observed in the field and aligns well with interpretations drawn from seismic reflection data.
Moreover, our model suggests that deformation in the southern Santa Barbara System (26°S) is the result of
crustal shortening transferred via a gently west-dipping detachment level that connects first-order structures such
as the El Brete, Candelaria, and Cerro Cantero faults at depths ranging from 23 to 25 km. This estimate is
consistent with previous seismic interpretations and structural models for the Santa Barbara System that propose a
detachment level around 20 km depth (e.g., Cristallini et al., 1997); this is supported by the depth distribution of
earthquake clusters in our study area (Figures 7a and 7c; Zeckra, 2020) and thermomechanical models at 24°S that
suggest a low-strength zone at the brittle-ductile transition at depths between 20 and 25 km (Giambiagi
et al., 2022; Ibarra et al., 2021).

Onset of deformation and uplift of the Candelaria Range is well constrained by growth strata in the lower Jujuy
Subgroup (~9 Ma) flanking this range (Figure 5); this suggests a nearly simultaneous propagation of deformation
at this latitude of the El Brete Range, which we infer to have started at ~10 Ma, similar to the Metan Range (Hain
et al., 2011). This appears to be a regional phenomenon, as mountain ranges in the northern Sierras Pampeanas
and the southern Eastern Cordillera exhibit a similar timing of late Cenozoic uplift and deformation (Figures 6b,
7a, and 7b; Carrapa et al., 2011; Deeken et al., 2006; del Papa et al., 2021; Garcia et al., 2013; Hain et al., 2011;
Lobens et al., 2013a; Mortimer et al., 2007; Payrola et al., 2020; Pearson et al., 2013; Pingel, Deeken, et al., 2023;
Sobel & Strecker, 2003; Zapata et al., 2020). Subsequently, activity continued with slip along the Las Animas (1)
and Las Iglesia (2) faults, followed by a major pulse of uplift associated with the El Brete Fault (3) (Figure 6b).
This uplift of the El Brete Range (and the adjacent Metan Range to the north) was crucial for the exhumation of
Cretaceous sedimentary rocks and the coeval flexural subsidence to the east. Subsequently, tectonic activity along
the Cerro Cantero fault system to the east may have commenced during the Pliocene as documented by growth
strata within the upper Jujuy Subgroup (ca. 4 + 1 Ma; Figures 5e and 6¢). The last deformation stage was focused
on faults with small displacements, such as the San Pedro Fault (12). Similarly, our analysis suggests that the
deformation recorded near the El Quemado (10) and Copo Quile (11) faults is the result of Quaternary reactivation
that accommodates thin-skinned shortening in the near-surface sectors of the eastern side of the Candelaria Fault.

In contrast to the Subandean fold-and-thrust belt farther north, our results support the notion of a foreland
deformation style without a systematically eastward-migrating, well-defined thrust front (e.g., Garcia et al., 2019;
Hain et al., 2011; Strecker et al., 2012). Instead, several spatially distributed structures were active simulta-
neously, with an onset of deformation at about 10-9 Ma (Figures 7a and 7b), while other structures may have
started later and continued their activity into the Quaternary. For example, the latter scenario is supported by
decreasing horizontal GPS-velocities from ca. 15 to 5 mm/yr across the eastern Andean flanks, between 22° and
29°S (Figure 7d), which indicate active shortening in the Eastern Cordillera and Santa Barbara System (Figueroa
et al., 2021; McFarland et al., 2017).

Despite the suggested presence of a deep-seated detachment, indicating thick-skinned tectonics in the Santa
Béarbara System, the kinematics of shallow-dipping faults in this context—such as the El Arenal Fault—are better
explained by movement along detachment levels located at a depth of 4 km. These shallow-dipping faults branch
out from the inferred main detachment at the interface between the basement and the sedimentary cover rocks and
thus represent transitional structures between pure thick- and thin-skinned deformation styles.

Although our derived amounts of shortening are slightly higher than those presented in earlier studies (Kley
etal., 1999), the degree of shortening in the Santa Barbara morphotectonic is significantly lower compared to the
thin-skinned Subandean region (Baby et al., 1997; Echavarria et al., 2003; McQuarrie et al., 2005) and thus
supports these previous analyses. There, Cenozoic Andean compression has been accommodated by the for-
mation of décollement levels located in mechanically weak strata in a deep Paleozoic sedimentary basin; these
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Figure 7. (a) Shaded relief map showing major mountain ranges across the northwest Argentine Andes and local seismicity (Zeckra, 2020; Zeckra & Kriiger, 2023; Table
S4 in Supporting Information S1) between 25.5 and 26.5°S (gray and white circles). White circles represent a subset of the seismicity data from the vicinity of the
structural profile (25.9-26.25°S). Ranges: Cal-Calalaste; LB—Laguna Blanca; Lur—Luracatao; RD-Runno/Durazno; CR—Chango Real; Q—Quilmes; Col-Colorados;
AC-Aguas de Castilla; LM—Leon Muerto; CC—Calchaqui; Br-El Brete; Met-Metan; Med-Medina; Cnd—Candelaria; Can—Cerro Cantero. (b) Spatio-temporal
distribution of Cenozoic deformation onset estimates (gray: Eocene; red: 30-20 Ma; orange: 15-5 Ma, Pingel, Deeken, et al., 2023). The asterisk indicates estimates
from this study. For more information see Table S1 in Supporting Information S1. (c) Regional cross section at 26°S showing our structural interpretation (red colored
structures) of the southern Santa Barbara System (from Figure 6) and crustal earthquake hypocenter locations between 25.9 and 26.25°S (see panel a). Note that the
black and gray bars show the potential depth uncertainties (in km) of the entire seismic record: 5 and 10 km, respectively (Zeckra, 2020). The histograms on the bottom
and right side of the diagram show the longitudinal and depth distribution of the earthquake hypocenters. 'Moho and lithosphere-asthenosphere boundary (LAB) are
from Ibarra et al. (2019); 2Top of the Nazca Plate is from Hayes et al. (2018). (d) GPS-derived horizontal (eastward) surface velocities for the southern Central Andes
(Figueroa et al., 2021; McFarland et al., 2017; Table S5 in Supporting Information S1).

deposits pinch out southward within the transition to the Santa Barbara System (Allmendinger et al., 1983;
Pearson et al., 2013).

On a broader regional scale involving the Andean interior, it is noteworthy that the late Cenozoic (ca. 15-10 Ma)
onset of deformation and range uplift in the northern Sierras Pampeanas, the southern Eastern Cordillera, and the
Santa Barbara System (Figures 7a and 7b) discussed above coincides with an estimated surface uplift of up to
2 km in the central Puna Plateau (24°-25°S), as determined by stable-isotope paleoaltimetry (Pingel, Alonso,
etal., 2023). Regardless of the possible mechanisms of such uplift, this implies a potential connection between the
creation of high topography during plateau uplift and the tectonic fragmentation and isolated uplifts of the
adjacent foreland (e.g., the northern Sierras Pampeanas, the southern Eastern Cordillera, and the present-day
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Santa Barbara System) through the eastward transmission of compressive stresses and, as proposed in this study,
faulting along deep-seated detachment faults.

6.2. Reactivation of Inherited Zones of Crustal Weakness

According to previous studies and our observations, deformation in the Santa Barbara System is closely related to
the contractional inversion of the Cretaceous extensional faults (e.g., Grier et al., 1991; Kley & Monaldi, 2002;
Iaffa et al., 2013; Pearson et al., 2013). In contrast, the potential influence of older basement heterogeneities that
may have initially guided extensional deformation during Cretaceous rifting (e.g., Hongn & Riller, 2007; Hongn
et al., 2010) and subsequent Cenozoic contractional reactivation remains poorly understood due to the lack of
direct and validated evidence for inversion. For example, the geometries of the El Algarrobal (5) and Los Sauces
(6) faults provide no conclusive evidence that Cretaceous normal faulting and later contractional reactivation
occurred; this would certainly have been reflected by variations in the thickness of the syn-rift sediments of the
Pirgua Subgroup. In addition, the existence of the Candelaria Fault is difficult to reconcile with contractional
reactivation of inherited extensional structures, because no extension-related thickness variations of the Pirgua
Subgroup can be discerned. This suggests either that Cenozoic faulting was independent of pre-existing structures
or that faulting was facilitated by basement heterogeneities inherited from Paleozoic orogenic processes that
affected this region, but that were not imaged in the available seismic reflection data (Hongn et al., 2010; Iaffa
et al., 2011). In this context, for example, a direct link between Paleozoic basement heterogeneities, such as
foliations and steeply dipping shear zones, and their reactivation in the Eastern Cordillera and the Santa Barbara
System has been proposed (e.g., Hongn & Riller, 2007; Hongn et al., 2010). While the exact nature of fault
nucleation and rupture for these structures cannot be further clarified with the available data, there is a viable
possibility that, as in other broken-foreland settings (e.g., Marshak et al., 2000) or regions with pronounced
inherited crustal structures (Mora et al., 2006; Teixell et al., 2003). According to new modeling studies the
disparate nature of faulting in the foreland might even have been facilitated by more extensive, lithospheric-scale
zones of weakness in the South American continental plate as proposed by Ibarra et al. (2021) and Liu
et al. (2022).

The San Pedro Fault (12) on seismic line 36100A lacks clarity concerning variations in the thickness of the Pirgua
Subgroup (Figure 5e). However, although the Pirgua Subgroup is evident at Cerro Negro (Figures 1 and 2), there
is no indication of its deposition east of the fault, as discussed in Section 4.2.3. This observation supports the
notion that this fault is a reactivated Cretaceous normal fault.

6.3. Seismogenic Potential of Faults in the Santa Barbara System

In general, our perception and knowledge of the location and magnitudes of earthquakes, the extent of co-seismic
ruptures, and even the recurrence of earthquakes has been largely influenced by large-magnitude events that have
occurred along plate boundaries (Scholz, 2002). Although there is increasing evidence of ground-rupturing
earthquakes in continental interiors and regions with low deformation rates that are far from plate boundaries
indicating that, these regions are indeed subject to considerable seismic hazard (England & Jackson, 2011;
Stein, 2010), they are rarely highlighted on seismic hazard maps. Not only do these earthquakes in the broken
foreland of the Andes recur less frequently than those originating along plate boundaries, their locations and
surface ruptures are also far less predictable, and therefore pose a largely undescribed, poorly understood and
unmonitored hazard (Costa et al., 2018, 2020).

The character of foreland deformation and seismicity in the Santa Barbara System differs substantially from the
seismogenic regime of the Subandean fold-and-thrust belt of northernmost Argentina and Bolivia (e.g., Figueroa
et al., 2021). Although no seismogenic surface ruptures have been instrumentally recorded there, recent geodetic
measurements suggest that strain accumulates along a partially locked sector of a gently dipping master basal
décollement, where slip occurs continuously at down-dip positions (Weiss et al., 2015, 2016). At up-dip positions,
however, the décollement remains locked until the accumulating slip is released in a rupture event (most likely an
earthquake) that propagates toward the tip of the Andean orogenic wedge, which coincides with in-sequence
deformation and a well-defined deformation front (e.g., Weiss et al., 2015, 2016). Given that earthquake
magnitude is proportional to fault rupture area (e.g., Wells & Coppersmith, 1994), fold-and-thrust belts with
wider locked zones have a greater potential for large earthquakes, leading Brooks et al. (2011) to suggest that the
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easternmost, approximately 400-km-long Subandean fault scarps may be the site of megathrust earthquakes,
similar to conditions inferred for the Himalayan front (e.g., Mugnier et al., 2013).

In contrast, thick-skinned broken forelands, such as the Santa Barbara System in Argentina, form where retroarc
convergence is accommodated along high-angle faults that are often associated with shorter reactivated structures
(e.g., Horton et al., 2022; Jordan et al., 1983). Instead of a broad region of consistently sloping structural
topography, as in orogenic wedges associated with thin-skinned fold-and-thrust belts, rock uplift along these
structures tends to be disparate in space and time, leading to the formation of fault scarps and discrete ranges of
limited along-strike extent (Figueroa et al., 2021; Hilley et al., 2005; Ramos et al., 2006; Strecker et al., 2012),
whose bounding faults generate earthquakes of small to medium magnitude (Alvarado & Ramos, 2011; Campbell
et al., 2019; Costa et al., 2020).

In the Santa Barbara System, many small- to medium-magnitude earthquakes were recorded in previous decades
(e.g., INPRES, 2021). A prominent recent example is the 2015 El Galpén earthquake in the northern sector of the
Metan Basin (Figure 1), with a moment magnitude of Mw 5.8 and an estimated hypocenter depth of 17 km. In
addition, two earthquakes of magnitude Mw 5.6 and Mw 5.0 occurred at a depth of approximately 10 km along the
Iglesia (2) and San Pedro (12) faults in December 2021 and January 2022, respectively. Historical seismicity
records date back to 1692, when an earthquake in the Metan Basin with an estimated Mw 7 devastated the Spanish
colonial settlement of El Esteco (INPRES, 2012, 2015, 2019; USGS, 2015; Zossi, 1979). Other historical
earthquakes near the Candelaria Range occurred in 1826 (Trancas, Mw 6.5), 1927 (Rosario de la Frontera, Mw
6.1), 1931 (El Naranjo, Mw 6.3), and 1948 (Anta, Mw 6.9) (Ortiz et al., 2022; Zossi, 1979).

Considering the seismic activity in the Santa Barbara System, the existence of Quaternary faults and folds and
ubiquitous geomorphological indicators of Quaternary tectonic activity, it can be inferred that ground-rupturing
earthquakes contributed to the formation of the observed fault scarps and deformed alluvial-fan terraces (Arnous
et al., 2020). However, it cannot be ruled out that some of these structures experienced continuous aseismic creep
or frequent, small-magnitude ruptures that accumulated slip over time. These uncertainties may be particularly
relevant for those fault scarps that were generated by flexural slip in the sedimentary cover rocks. Despite their
pronounced scarp morphology, there is currently no reliable information available to confirm whether or not these
faults may have caused significant earthquakes. Although there is uncertainty in many flexural-slip fault settings
regarding seismogenic faulting along bedding planes, there are nevertheless examples of flexural-slip faults and
folds that are associated with seismogenic slip. For example, the Seattle Fault in the western U.S. is a flexural-slip
fault that has triggered Mw 5-6 earthquakes at depths between 5 and 8 km (e.g., Kelsey et al., 2008). The setting
of the Seattle Fault resembles that of the eastern part of the Candelaria Range, where the El Quemado (10) and
Copo Quile (11) faults ruptured the surface in the past (Figure 7), although further paleoseismological studies are
needed to unambiguously confirm such a scenario.

Although Yeats et al. (1981) suggested that faults parallel to bedding may generate earthquakes without an
external trigger mechanism from adjacent, deeper faults (review in Kelsey et al. (2008)), geological evidence
from other tectonically active regions suggests that flexural-slip faults may be activated co-seismically during
rupture of linked, deeper-seated crustal structures (e.g., Hull, 1990; Treiman, 1995; Yeats, 2000). For example,
the 1981 Mw 2.5 Lompac earthquake of California, U.S. (Yerkes et al., 1983), the 1980 Mw 7.3 El Asnam
earthquake in Algeria (Philip & Meghraoui, 1983), the Mw 6.6 2008 Nura earthquake in Kyrgyzstan (Paty-
niak, 2022; Patyniak et al., 2021), and the Mw 7.0 1944 San Juan earthquake in Argentina (Rockwell et al., 2014)
may belong to this group of seismogenic faults. In all of these cases, it has been suggested that rupture on a reverse
fault at middle to upper crustal levels may have triggered movement on shallow-seated, bedding-parallel flexural-
slip faults. In addition, InSAR data presented by Kaneko et al. (2015) indicate that motion on flexural-slip faults
can be triggered by the passage of seismic waves resulting from nearby large earthquakes, and thus slip along
these structures could indeed occur co-seismically and cause surface rupture. In the context of these other ex-
amples where surface rupture occurred during flexural-slip deformation, the Arias (9), Barba Yaco (8), and San
Esteban (7) faults are interpreted as flexural-slip faults that are rooted in incompetent strata of the Metan and Jujuy
subgroups. These structures have the potential to be activated during medium- and large-magnitude earthquakes
associated with deeper-seated, kinematically linked neighboring faults. Both, first-order faults (Candelaria and El
Brete faults) and second-order faults (e.g., the blind fault underlying the El Arenal Anticline) represent potential
seismogenic structures that can trigger ground-rupturing earthquakes.
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7. Conclusions

The broken-foreland province of the Santa Barbara System in northwestern Argentina exhibits a complex,
spatially and temporally disparate structural framework of faults that are rooted at different depths of crustal
detachments. While earlier studies had identified detachments at depths ranging from 10 km in the northern Santa
Béarbara System to 25-40 km in the southern sectors, our structural model based on the integration of seismic
reflection data, field observations, and kinematic modeling determines a first-order detachment level at
approximately 23 km depth. This interpretation is supported by thermomechanical models and the distribution of
earthquake hypocenters. Second-order faults have developed in response to contractional deformation within
basins adjacent to reverse-fault bounded uplifts, with a detachment level located in the contact zone between
sedimentary cover strata and metamorphic basement at a depth of 3—4 km.

Deformation in the Santa Barbara System is strongly linked to the inversion of Cretaceous extensional faults. Total
horizontal shortening in the central Santa Barbara System is approximately 18.4 km and distributed among several
structures, some of which have are still active today. However, analogous to the deformation observed in the
adjacent Eastern Cordillera, some structures may have formed through reactivation of inherited basement het-
erogeneities. However, the exact role of inherited basement structures in guiding Cenozoic contractional reac-
tivation remains the subject of ongoing research. A third group of neotectonic faults is associated with contractional
thin-skinned deformation during flexural-slip faulting in the piedmonts of the broken-foreland ranges, which is
well expressed geomorphically by linear fault scarps and pronounced drainage anomalies. Although these bedding-
parallel structures have no link to deep-seated structures in the basement, they may be subjected to creep in response
to medium- and large-magnitude earthquakes that rupture deeper structures in the basement.

Data Availability Statement

All the data and software used in this study are fully accessible through the text, figures, and Supporting In-
formation S1. Specifically, the earthquake data (Zeckra, 2020; Zeckra & Kriiger, 2023) featured in Figure 7 is
retrievable from the ISC Seismological Data set Repository at https://doi.org/10.31905/YTIR1IED. The GPS-
velocity data shown in Figure 7 originates from the works of McFarland et al. (2017) and Figueroa
et al. (2021). Please note that access to the reprocessed seismic data and well-log information is restricted and can
only be granted upon submitting a formal request to the Secretaria de Mineria y Energia of the Province of Salta.
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