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ABSTRACT

The Chacopampean Plain of the Andean foreland of northern Argentina hosts an important sedimentary record
that spans from the Paleozoic era to the present day. This study focuses on the analysis of the structural and
sedimentary evolution of three distinct phases of basin history: i) the development of the Paleozoic intracratonic
Chacoparanaense Basin; ii) the formation of the Cretaceous Salta Rift Basin; and iii) the Cenozoic formation of
the Andean Foreland Basin. A comprehensive analysis of 3655 km of recently released industry seismic-reflection
lines and stratigraphic information retrieved from 18 exploratory wells was conducted, enabling an unprece-
dented view of the complex tectonic and depositional history of the Chacoparanaense Basin. This history is
closely associated with variable geodynamic boundary conditions that influenced this region until today. The
Paleozoic and Mesozoic stages of basin evolution were finally superseded by deposition of an eastward-thinning
sediment wedge of Andean Foreland Basin strata related to Cenozoic Andean mountain building, which began
during the Paleogene.

The application of three-dimensional reconstruction techniques to the analysis of basin configurations through
time has elucidated the significance of two prominent morphological structures in the subsurface, the Quir-
quincho and Pampeano-Chaqueno highs. These topographic highs exerted a long-lasting influence on sediment
dispersal and deposition. Both basement highs were subsequently uplifted and partially eroded during the late
Paleozoic and early Mesozoic, but progressively buried by sediments. The two elevated regions are interpreted as
part of a Paleozoic forebulge that was formed by long-wavelength flexural uplift during the Gondwanan orogeny.
The modification of these structures and the overlying sedimentary cover occurred during Cretaceous regional
extension, a regional tectono-magmatic event that led to the formation of the Salta Rift Basin. The fact that
Cenozoic foreland-basin deposits cover the paleo-topography of the Quirquincho and Pampeano-Chaqueno highs
without notable interruption clearly shows that these sectors of the present-day foreland remained tectonically
dormant during Cenozoic Andean shortening. This contrasts with adjacent areas of the foreland farther west that
record structural overprinting during contractional inversion of Cretaceous extensional structures. The presented
results highlight the intricate and non-linear impact of crustal memory on the evolution of foreland basins.

1. Introduction

and tectonic analyses at regional scales (DeCelles, 2011). More specif-
ically, foreland basins contain valuable stratigraphic and lithologic in-

The understanding of foreland basins straddling evolving mountain formation on the dynamic interplay between tectonic and climatic
ranges is crucial in the context of paleo-environmental, paleo-climatic, processes in the adjacent mountain ranges that may help to assess the
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effects of changing orogenic topography and relief on sediment pro-
duction through time. In addition, these sediments may also provide
insights regarding the history of tectonically-forced climate and surface-
process conditions in the neighboring mountain ranges (Molnar et al.,
1993; Grujic et al., 2006; Bookhagen and Strecker, 2008). Over time,
foreland basins subside due to tectono-sedimentary loading, creating
large accommodation space for sediments (DeCelles, 2011). Foreland
basins are of direct economic relevance as they represent important
hydrocarbon provinces (in South America, e.g., the Llanos Basin: Cam-
pos and Mann, 2015, Garcia Bautista et al., 2015; the Maracaibo Basin:
Stauffer and Croft, 1995, Escalona and Mann, 2006, Mann et al., 2006;
the Magdalena Valley Basin: Sarmiento and Rangel, 2004, Spickert,
2014; the Neuquén Basin: Howell et al., 2005, Veiga et al., 2020).
Foreland basins may also contain geothermal energy plays, with the
North Alpine Foreland Basin of Europe being a prime example of an
economically important hydrothermal reservoir system (e.g., Obermeier
et al., 2025).

Many studies of foreland basins have documented a direct linkage
between orogenic loading and a flexural response, with a large negative
flexure close to the load (foredeep), a central positive flexure (fore-
bulge), and a small secondary negative flexure (backbulge) in distal
regions (summarized in DeCelles, 2011). Yet, the flexural profile of a
foreland basin depends on whether the orogenic load is supported by a
continuous, elastic plate (Flemings and Jordan, 1989; Turcotte and
Schubert, 2014); or a plate characterized by lithospheric heterogeneity
(e.g., Sinclair et al., 1991; Blisniuk et al., 1998; Cloetingh et al., 2004).
For example, pre-existing, inherited basement structures can be reac-
tivated during crustal flexure (e.g., Crampton and Allen, 1995; Gupta
and Allen, 2000), potentially influencing drainage development and,
consequently, foreland-basin depositional patterns and stratigraphy
(Horton and DeCelles, 1997; Hilley et al., 2005; Strecker et al., 2011).

This study focuses on the geological analysis of seismic-reflection
and borehole data of the Chacopampean Plain of the Andean retroarc-
foreland basin of northern Argentina (Figs. 1 and 2). Key study targets
are two deeply buried, SW-NE-oriented basement ridges at the base of
the modern foreland basin, the Quirquincho and Pampeano-Chaqueno
highs (Fig. 3; Russo et al., 1979). The Quirquincho High is >400 km long
and >100 km wide; the Pampeano-Chaqueno High is >150 km long and
around 50 km wide (Fig. 3). Despite their large areal extent and prom-
inent subsurface position, there are open questions regarding the origin
of the basement structures, their evolution, and their potential influence
on the development of the modern Andean foreland. Information on
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Fig. 1. Location of the study area and regional setting. Shaded relief map and
principal morphotectonic provinces of the southern Central Andes (after Jordan
et al., 1983). Nazca plate, NP; Chacopampean Plain, CPP; Santa Barbara System,
SBS; Andean Plateau, AP; Sierras Pampeanas, SP; Eastern Cordillera, EC; Sub-
andean foreland fold-and-thrust, SFTB; Principal Cordillera, PC. The study area
is outlined by the blue polygon.
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these topics is relevant for research on foreland-basin evolution in other
regions, because the regional subsurface analyses presented here are
among very few studies that document the role of subsurface topography
and inherited structures in the subsurface of young foreland basins (e.g.,
Billi and Salvini, 2003; Roddaz et al., 2005; Reis et al., 2017);

2. Geological setting
2.1. Chacopampean Plain

The Chacopampean Plain in the Andean foreland of northern
Argentina is a lowland close to sea level in the east and reaches up to
500 m elevation near the Andes in the west. It is covered by a thin (~50
m in places, Torre et al., 2025), continuous Quaternary deposit of loess,
fluvial, and lacustrine strata (Fig. 2; Russo et al., 1979). The Chaco-
pampean Plain has received sediments from the uplifting Andes since
the middle Eocene (Carrapa et al., 2012; del Papa et al., 2013). At pre-
sent, the region is characterized by either transient sediment storage or
the transfer of sediments from the Andean orogen to the Atlantic Ocean,
with limited subsidence and a low sedimentation rate (Russo et al.,
1979; Chebli et al., 1999; Repasch et al., 2021, 2023). Beneath the
Quaternary foreland-basin deposits lie older sediments (Fig. 4) that are
associated with several depocenters of different locations and geological
age that are separated by two structures: the Quirquincho and Pam-
peano-Chaqueno highs (Fig. 2; Russo et al., 1979; Chebli et al., 1999;
Cortassa et al., 2022). Chronologically, the oldest part of the Chaco-
pampean subsurface constitutes the Chacoparanaense Basin of Paleozoic
sediments, succeeded by the strata of the extensional Salta Basin, and
finally the deposits of the Andean Foreland Basin.

2.2. Chacoparanaense Basin

The Chacoparanaense Basin is a >1,000,000 km? (Chebli et al.,
1999) NNE-trending Paleozoic basin that extends from northern
Argentina northward into Paraguay and Brazil (Fig. 2). It likely origi-
nated from Proterozoic rifting and developed throughout the Paleozoic
and Mesozoic by thermal subsidence at the southwestern margin of
Gondwana (Russo et al., 1979; Chebli et al., 1999; Reinante et al., 2014).
The basin is characterized by a faulted basement with several depo-
centers bordered by highs, interpreted as having formed either during
the Paleozoic Pampean and Gondwanic orogenies, potentially in the
context of Mesozoic rift-shoulder uplift (e.g., Fernandez Garrasino et al.,
2005) or during Cenozoic basin inversion driven by Andean shortening
(e.g., Chebli et al., 1999; Ramos et al., 2006).

Four boreholes penetrate the Precambrian crystalline (diorite 2162
+ 6 Ma; and granite, 2088 + 6 Ma) and metasedimentary (amphibolitic
schist, 2189 + 14 Ma) basement of the Chacoparanaense Basin (Rapela
et al., 2007; Favetto et al., 2015), which is unconformably overlain by
Paleozoic and younger strata (Fig. 4; Russo et al., 1979; Chebli et al.,
1999; Fernandez Garrasino et al., 2005). The Paleozoic strata comprise
three dominantly marine sedimentary intervals of Cambrian-
Ordovician, Silurian-Devonian, and Carboniferous-Permian ages, all
separated by distinct angular unconformities (Fig. 4; Russo et al., 1979).
The Cambrian-Ordovician clastic basin fill was deposited in a marine
shelf environment (Russo et al., 1979; Chebli et al., 1999; Fernandez
Garrasino et al., 2005). Silurian-Devonian sediments include the Zapla
Formation diamictite, which gradually transitions into dark grey, py-
ritic, laminated shale likely deposited in a calm, relatively deep marine
environment (Fig. 4; Russo et al., 1979). This unit is overlain by fine,
whitish grey quartzitic sandstone and black shale. The Carboniferous-
Permian sedimentary record comprises sandstones overlain by black
shale (Russo et al., 1979), probably deposited in a glacio-lacustrine
environment (Fernandez Garrasino et al., 2005).

The Mesozoic units of the Chacoparanaense Basin (Fig. 4) are mostly
clastic sediments of continental origin (Fernandez Garrasino et al.,
2005). The sediments in the Argentine part of the basin (Fig. 3) are
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Fig. 2. Geological map of the study area (Modified from IGN Argentina - www.ign.gob.ar).

predominantly of Cretaceous age, although Triassic or Jurassic sedi-
ments might occur. Age control is poor due to the scarcity of fossils in
drill cuttings (Chebli et al., 1999). Overlying Cenozoic strata are
terrestrial clastic rocks (Fig. 4) except for a series of shale and sandstones
that record a major transgression in the middle Miocene (Russo et al.,
1979). The Miocene Paranaense Sea covered almost the entire basin and
reached the location of the present-day eastern Andean Cordillera
(Fig. 1; Russo et al., 1979; Ramos and Alonso, 1995; Chebli et al., 1999).

2.3. Salta Rift Basin

The Salta Rift evolved on heterogeneous basement rocks that span
from the Precambrian to the Jurassic, including various sedimentary
units belonging to the Tarija Basin in Bolivia (Fig. 3; e.g., Cediel et al.,
2003). The Salta Rift Basin was magmatically active in the Cretaceous,
during the opening of the Atlantic Ocean (Starck, 2011). The basin has
three subbasins or main depocenters, including the Tres Cruces depo-
center in the NW, the Metan-Alemania depocenter in the S, and the
Lomas de Olmedo depocenter in the E (Fig. 3). This study covers the
Lomas de Olmedo and eastern Metan-Alemania depocenters, in which
the Cretaceous-Paleogene Salta Group (Turner, 1959) was deposited.

The Salta Group can be divided into three subgroups: the Pirgua Sub-
group (Reyes and Salfity, 1973), which comprises clastics and volcanic
rocks formed during the syn-rift stage; and the late Cretaceous Balbuena
and Santa Barbara subgroups that contain both clastic sediments and
carbonates (Moreno, 1973) deposited during thermal subsidence stage
(Fig. 4). The Salta Group rocks are exposed in the Subandean thin-
skinned fold-and-thrust belt to the northwest, the Eastern Cordillera,
the northern Sierras Pampeanas, and the Andean Puna Plateau (Fig. 1)
(Salfity and Marquillas, 1994).

Salta Rift Basin extension was from 82 to 75 Ma (Gallinski & Vir-
amonte, 1988; Starck, 2011) followed by thermal subsidence (e.g.,
Marquillas et al., 2005; Ruiz-Monroy, 2021; Mutti et al., 2023; Vallati
et al., 2023). Subsequent Andean shortening (Cobbold et al., 2007;
Starck, 2011) inverted parts of the Salta Rift (Jordan et al., 1983; Cou-
tand et al., 2001; Kley and Monaldi, 2002; Oncken et al., 2006; Carrera
and Munoz, 2008; Hain et al., 2011; Arnous, 2021; Arnous et al., 2024)
by contractionally reactivating former extensional structures (Grier
etal., 1991; Allmendinger et al., 1997; Kley and Monaldi, 2002; Carrapa
et al., 2005; Carrera et al., 2006; Kley et al., 2005; Iaffa et al., 2011;
Arnous et al., 2024).
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Fig. 3. Provincal and political boundaries in the Chacopampean Plain with outlined underlying basin systems and depocenters. Tres Cruces depocenter, TC; Lomas
de Olmedo depocenter, LdO; Metan-Alemania depocenter, M-A; Las Brenas depocenter, LB; Quinquincho High, QH; Pampeano-Chaqueno High, PCH.

3. Data and methods

We analyzed 95 2D seismic profiles with a total length of 3650 km,
and information from 18 petroleum exploration wells (Fig. 5, Cortassa
et al., 2025). Access to subsurface data (2D seismic lines and well logs)
as paper copy and/or scanned image was kindly provided by BHP Pe-
troleum Argentina (S.A.). The 2D seismic-reflection data in the study
area were acquired by different companies between 1943 and 1990.
Seismic sources were either dynamite or vibroseis. In most cases the
receiver spacing was 50 m, in a few surveys 25 m or 100 m. Typical
recording frequencies were between 12 and 15 and 60 Hz, and the
respective recording lengths were 4, 5 or 6 s. The seismic-reflection lines
are of variable quality, ranging from poor to medium in terms of iden-
tifiable reflectors and reflection patterns.

In order to allow digital seismic interpretation in three dimensions,
we converted scans of the seismic data into SEG-Y format using the free
software Kogeo Seismic Toolkit. We then georeferenced all seismic
profiles (including mis-tie management and topographic balancing), and
interpreted them using Kingdom Suite 2016 and Petrel softwares.

The borehole information for this study (in total 18 wells) includes
coordinates, well tops, lithology, and sonic surveys from borehole re-
ports from Pirané (Rolleri, 1965) and Chirete (Pluspetrol, 1990) along
for the Northern Transect (Figs. 5, 6); and Las Brenas 1 (Bottcher, 1974),
Las Brenas 2 (Rolleri, 1967), Las Brenas Oriental (Rolleri, 1966),
Coronel Rico (Di Persia, 1969), El Caburé (Bottcher, 1965), Los Hor-
cones 1 (Di Persia, 1970), Los Horcones 2 (Moreno, 1973), and Cerro
Colorado (Pluspetrol, 1990), for the Southern Transect (Figs. 5, 7).

3.1. Seismic interpretation and horizon flattening

We used well data to tie the seismic interpretations to the units
described in the wells and to identify the reflectors corresponding to unit
tops. We tracked marker horizons across the study area and marked
unconformities indicated by onlaps and reflection truncations.

By combining several seismic profiles and their interpreted horizons,
we constructed the Northern Transect (NT) with a length of 750 km and
the Southern Transect (ST) with a length of 500 km (Figs. 6, 7). Both
transects are approximately NW-SE-oriented. The Northern Transect
(Fig. 6) has better lateral continuity and is composed of nine individual
2D seismic reflection surveys. The Southern Transect (Fig. 7) comprises
four 2D seismic surveys plus a portion of one N-S-oriented survey. The
Southern Transect has less lateral continuity, which we compensated for
by extrapolation of interpreted seismic segments, well information, and
horizon interpolation. We divided the sedimentary fill of the Chaco-
paranaense Basin, the Cretaceous Salta Rift, and the Cenozoic Andean
Foreland Basin into five marker horizons and five principal seismic
reflection units. From base to top (old to young), the marker horizons are
H1 (Top Precambrian), H2 (Top Paleozoic), H3 (Top Cretaceous), H4
(Top Paleogene), and H5 (Top Neogene). The present-day topography is
the upper boundary of the interpreted sedimentary succession. Above
the acoustic basement, the horizons bound the seismic reflection units
labeled U1 to U5 (from old to young). Formation tops determined in
boreholes defined horizons and unit ages, while all horizons follow
(relatively) continuous seismic reflectors. To better understand the
stratal terminations and the relationship between succeeding geological
units, we used horizon flattening (Fig. 8).
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3.2. Velocity models for time-depth conversion

To correlate well-formation tops with seismic horizons, we produced
velocity models. We analyzed and compiled data from the headers of 19
seismic profiles of the Salta Rift Basin and nine seismic profiles of the
Chacoparanaense Basin. This data was the equivalence between two-
way travel time (TWT) in milliseconds and depth (Z) in meters, and it
was plotted in X-Y charts with each point corresponding to a one-point
value of the check shot. With this point cloud, we calculated trend lines
of time-depth conversion rates (Fig. 9).

3.3. Depth and thickness maps

We imported all of the interpreted seismic lines and their depth-
converted horizons into Petrel 2015 E&P Software (Schlumberger),
interpolating between them to create depth and thickness maps. We
constructed four depth maps (Fig. 10) for the top of the Precambrian
basement (H1), the top of the Paleozoic sediments (H2), the top of the
Cretaceous sediments (H3), and the top of the Paleogene sediments
(H4). Subsequently, we calculated isopach maps (Fig. 11) for the
Paleozoic Unit U1, the Cretaceous Unit U2, the Paleogene Unit U3, and
the Neogene Unit U4.

4. Results
4.1. Seismic Interpretation

4.1.1. Horizon Interpretation

Seismic horizon H1 is the deepest horizon identified; it can be
recognized in numerous sectors of the study area. H1 defines the
boundary between chaotic, disrupted low-to-medium amplitude re-
flections and the overlying semi-continuous to continuous reflections
with subparallel, parallel, and in places divergent reflection patterns. H1
follows a high-amplitude positive reflection and is observed at different
depths, being much deeper in the west. H1 is intersected by a normal
fault in the area of the Pampeano-Chaqueno High in the Northern
Transect (Fig. 6) and by a normal fault bounding the Las Brenas half-
graben in the Southern Transect (Fig. 7). In the Southern Transect
(Fig. 7), a local HO horizon (inferred) is included, separating acoustic
units in the basement of the Las Brenas half-graben of sedimentary
Precambrian rocks at the top, from the underlying crystalline units
(Chebli et al., 1999).

We mapped seismic horizon H2 on a high-amplitude reflector of
variable continuity. H2 is much deeper in the west than in the east. Its
morphology is irregular with a wavy to distorted character in the east
and the center of the Southern Transect (Fig. 7), and generally west-
dipping. Several faults cut H2 in the western part of the study area,
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with the most prominent normal faults defining a graben (Figs. 6, 7). To
the east, in the Southern Transect (Fig. 7), H2 is displaced by a west-
dipping normal fault near the Coronel Rico (CR) well and by a series
of normal faults at the eastern end of the transect near the Las Brenas 2
(LB2) well.

Seismic horizon H3 is a reflector with high amplitude, flanked by two
parallel, low-amplitude reflections. In the west of the study area (Fig. 6),
H3 dips to the west and is cut by two faults delimiting a graben structure,
about 100 km in width and 1000 ms (TWT) in depth. A normal fault is
observed in the Southern Transect (Fig. 7), forming a depocenter with
dimensions of approximately 50 km in width and 800 ms (TWT) in
depth. H3 onlaps onto H2 at the Quirquincho High (Fig. 6) and is not
present in the central part of the high. We interpret a similar onlap and
distribution of the disappearance of H3 in the Southern Transect (Fig. 7).
East of the Southern Transect, two paired normal faults cut H3 close to
the Las Brenas 2 well.

The H4 seismic horizon is a laterally continuous reflector with high
positive amplitude that varies greatly in depth. H4 onlaps the Pam-
peano-Chaqueno High and a large portion of the Quirquincho High
(Northern Transect — Fig. 6). Seismic horizon H5 is a laterally continuous
reflector with high amplitude, and which varies much less in depth than
the position of older horizons. It is absent in most of the Southern
Transect (Fig. 7).

4.1.2. Unit Interpretation

In the deepest (TWT) parts of profiles, the acoustic basement is
characterized by chaotic, disrupted low-to-medium amplitude re-
flections. Seismostratigraphic unit UO (correlative to late Precambrian
metasediments; Fig. 7) is located at the eastern end of the Southern
Transect between HO at the base and H1 at the top. UO has low-
amplitude, low-frequency, and low-continuity reflections. This unit
has a wedge shape bounded by a normal fault in the thickest area (west),
whereas it thins and pinches out to the east.

Seismostratigraphic unit Ul (correlative to Paleozoic; Figs. 6, 7) is
bounded by horizons H1 (base) and H2 (top). It has reflections of vari-
able amplitude, medium frequency, and medium to low continuity. Ul

shows an irregular sheet-like shape with some thicker areas. An example
is the area beneath the Quirquincho High (Fig. 6), with a thickness of
about 1100 ms (TWT) in the Northern Transect and 1600 ms (TWT) in
the Southern Transect. Toward the west of the Quirquincho High, Ul
attains a minimum thickness of ~300 ms (TWT) (Northern Transect,
Fig. 6). Ul is laterally discontinuous due to two normal faults forming a
graben corresponding to the Metan-Alemania depocenter (Fig. 5) in the
Southern Transect (Fig. 7).

Seismostratigraphic unit U2 (correlative to Cretaceous; Figs. 6, 7) is
bounded by horizons H2 (base) and H3 (top). U2 has high-amplitude
reflectors in the eastern and central parts of the study area that
decrease in amplitude strength toward the Salta Rift Basin to the west
(Figs. 6, 7). The reflections have medium frequency and medium lateral
continuity. U2 displays a lens shape in its lower part between the
Quirquincho and Pampeano-Chaqueno highs. It disappears in the cen-
tral part of Quiquincho High while attaining a subtle wedge geometry in
the west of this high, thickening toward the west. In the Salta province
(Northern Transect, Fig. 6), U2 fills the graben (thickness ~ 1000 ms
TWT) bounded by two normal faults (Lomas de Olmedo depocenter).
Within this graben, the internal reflections of U2 are subparallel and
locally folded.

Seismostratigraphic unit U3 (Figs. 6, 7) is bounded by horizons H3
(base) and H4 (top). It has medium to low-amplitude reflectors with
medium to low frequency and medium lateral continuity. Its reflections
are parallel in the east, subparallel in the central-western area, and
locally folded within the graben structure (Fig. 6). As in the underlying
unit U2, the Quirquincho and Pampeano-Chaqueno highs intersect U3.
In the western and central parts of the study area, the unit has the shape
of a large westward-thickening wedge with an irregular lower boundary
due to the presence of faults. In the Metan-Alemania graben, U3 reaches
a maximum thickness of ~1700 ms (TWT). U3 significantly thins toward
the Quirquincho and Pampeano-Chaqueno highs, and onlaps both
structures (Northern Transect, Fig. 6). To the east of the Pampeano-
Chaqueno High, U3 maintains a constant thickness of ~100 ms. At the
eastern end of the Southern Transect (Fig. 7), normal faults cut U3 in its
lower section at the location of the Las Brenas 2 (LB2) well. Between the



V. Cortassa et al.

NW

Global and Planetary Change 259 (2026) 105351

SE

Chirete
Well .

Pirané

E _ Fig. 13 location

Fig. 12 location 3

2 F2
3 4 E3
4 4 F4
5 ] F5
sTWT ~ Topography ' Top Paleogene ~ Top Paleozoic ™ Truncation sTWT
Top Neogene ' Top Cretaceous ' Top Basement _— Onlap
~ Unconformity
NW SE
] SALTA RIFT BASIN 1 —— CHACOPARANAENSE BASIN ~ — =
] Lomas de Olmedo depocenter Quirquincho High Pampeano-Chaquefio High 3
04 = H Fo
E U4 i
— E1
14 U1 3
; U3 U2 | Pirané
24 Well | F2
E [ ] Quaternary 3
34 [ ] Neogene E3
] [] Paleogene / Faults 3
4] - Cretaceous ~ Unconformity F4
; [  Paleozoic ~— Reflectors C 3
5
5 4
sTWT sTWT

Fig. 6. NW-SE-oriented Northern transect (NT) (see Fig. 5 for location). A- Uninterpreted seismic lines. B- Seismic profiles with interpreted color-coded horizons (H1:
Top Precambrian basement, H2: Top Paleozoic, H3: Top Cretaceous, H4: Top Paleogene, H5: Top Neogene). C- Interpreted geological profile with seismic units Ul:

Paleozoic, U2: Cretaceous, U3: Paleogene, U4: Neogene, U5: Quaternary.

El Caburé and Coronel Rico wells, U3 is located close to the surface.

Seismostratigraphic unit U4 (Figs. 6, 7) has high-amplitude re-
flectors, showing some stronger amplitude reflectors in the middle and
lower sections of the unit with medium frequency, and strong lateral
continuity. U4 contains parallel reflectors that are slightly curved up-
wards on top of the Pampeano-Chaqueno High. U4 has a general wedge-
shaped geometry in the Northern Transect (Fig. 6), with much greater
thickness in the west (~2000 ms TWT) than in the east (~300 ms TWT).
In the Southern Transect (Fig. 7), U4 has an irregular and interrupted
wedge shape, with a maximum thickness of 400 ms (TWT), locally
decreasing or absent, as seen between the Quirquincho High and the
Metan-Alemania graben. The unit onlaps and covers the Quirquincho
and Pampeano-Chaqueno highs.

Seismostratigraphic unit U5 (Figs. 6, 7) has medium to high-
amplitude reflectors with high frequency and low continuity due to
their near-surface location. Reflections within this unit are horizontal.
The unit is generally tabular with a slight thickness increase to the west
in the Northern Transect (Fig. 6); it has a gentle wedge shape in the
Southern Transect (Fig. 7) with maximum thickness to the west and
thins toward the east, where it eventually disappears.

4.1.3. Chronostratigraphy and Lithology

Based on biostratigraphic data recorded in the well reports (Pirané,
Rolleri, 1965; Chirete, Pluspetrol, 1990; Las Brenas 1, Bottcher, 1974;
Las Brenas 2, Rolleri, 1967; Las Brenas Oriental, Rolleri, 1966; Coronel
Rico, Di Persia, 1969; El Caburé, Bottcher, 1965; Los Horcones 1, Di
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Persia, 1970; Los Horcones 2, Moreno, 1973; Cerro Colorado, Pluspetrol,
1990) seismic units U1 to U5 correspond to Paleozoic (U1), Mesozoic —
mainly Cretaceous— (U2), Paleogene (U3), Neogene (U4) and Quater-
nary (U5) sedimentary units.

Horizon H1 at the top of the acoustic basement corresponds to the
top of Precambrian crystalline basement; except in the eastern sectors of
the Southern Transect (Fig. 7), where Precambrian metasediments are
represented by unit UO. Horizon H2 corresponds to the top of various
Paleozoic units (Fig. 4) of the Chacoparanaense Basin and the adjacent
Paleozoic Tarija Basin of southern Bolivia in the vicinity of the Salta Rift
Basin area. The top of the Paleozoic unit (Ul) contains marine clastic
sedimentary rocks intercalated with diamictite beds.

Horizon H3 was penetrated by all wells and corresponds to the top of
the Mesozoic (U2). The Mesozoic strata are mainly of Cretaceous age,

whereas Triassic and Jurassic strata are absent in most of the basins
(U2). According to the well reports, U2 in the Chacoparanaense Basin
includes conglomerates, sandstones, and shale with limestone compo-
nents, while in the Salta Rift Basin, U2 includes sandstones cemented by
calcite and limestones.

Horizon H4 is the top of the Paleogene unit (U3); it comprises con-
tinental sandstones in the Chacoparanaense Basin, as well as fluvial and
lacustrine sandstones and shale in the Salta Rift Basin. Horizon H5 top-
bounds the Neogene units (U4); this unit contains shale and sandstones
in the Chacoparanaense Basin; and sandstones, siltstones, and con-
glomerates in the Salta Rift Basin. The Quaternary sediments (U5) at the
top of the stratigraphic succession mostly consist of unconsolidated
fluvial clastic rocks (conglomerates, sandstones, siltstones, claystones).
The coarsest strata are part of alluvial-fan deposits that cover the
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sediments of the Salta Rift Basin. Finer-grained sandstone-to-clay units
mark the distal areas of the Chacoparanaense Basin.

4.2. Flattening of horizons

Flattening of H2 — Paleozoic Top — (Fig. 8A) shows how the horizon
below (H1) is approximately horizontal, exhibiting a slight depression in
the area of the metasediments of the Quirquincho High. The horizons
above H3 and H4 record onlap terminations toward H2 in the region of
the Pampeano-Chaqueno and Quirquincho highs. Flattening of H3 —~Top
Cretaceous — (Fig. 8B) emphasizes the onlap on H2 in the area of both
highs and illustrates how H4 -Top Paleogene- terminates in an onlap
contact with respect to H2 and H3. Flattening of H4 — Top Paleogene —
(Fig. 8C) displays onlap terminations on H2 and H3 in the region of the
Pampeano-Chaqueno and Quirquincho highs. To the west, H3 exhibits a
depocenter with a graben, whose bounding faults also affect the top of
H2; this area corresponds to the Lomas de Olmedo depocenter of the
Salta Rift Basin. Flattening of H5 — Top Neogene — (Fig. 8D) resembles
the original Northern Transect (Fig. 6). The most notable feature is the
westward-thickening wedge shape of the Neogene sedimentary units.

4.3. Thematic maps

4.3.1. Depth maps

The depth of the Precambrian Top (Fig. 10A) varies from 1650 m
below sea level (b.s.l.) to ~9150 m b.s.l. The deepest sector is located
northwest of the study area within the Lomas de Olmedo depocenter of
the Salta Rift. In the Metan-Alemania subbasin on its western margin,
the depth reaches 6300 m b.s.l. The depth of the horizon decreases to-
ward the southeast, showing two elevated areas with approximately NE-
SW-orientation. The first of these is located around the north-central
part of the study area and coincides with the position of the Quirquin-
cho High. The second, located close to the eastern boundary of the study
area, is clearly associated with the location of the Pampeano-Chaqueno
High.

The Paleozoic Top (Fig. 10B) ranges from 250 m above sea level (a.s.
1.) to 7550 m b.s.1., with its maximum depth northwest of the study area,
where the Paleozoic rocks underlie the Lomas de Olmedo depocenter of
the Salta Rift (Fig. 3). The depth of this horizon decreases toward an
elevated area in the center of the map; this area is approximately 150 km
wide and oriented NE-SW. To the east, parts of the main elevated area
are still visible at the Paleozoic Top, coinciding with the location of the
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Pampeano-Chaqueno High; however, not as prominently as in the ho-
rizon below.

The Cretaceous Top (Fig. 10C) lies at a depth, ranging from 45 m a.s.
L. to 6230 m b.s.l. The area with the greatest depth is located in the
northwest, from which it progressively rises toward its highest eleva-
tions in the southern region of the study area.

The depth of the Top Paleogene (Fig. 10D) ranges from 630 m a.s.l. to
3260 m b.s.1. The deepest area is located to the northwest, and the depth
decreases gradually toward the southeast, except for a few sectors with
minor elevations in the southwest, where Cenozoic mountain ranges
exist and are associated with folding and inversion of structures.

4.3.2. Isopach maps

The thickness distribution of the Paleozoic unit (U1) ranges from 0 m
to 4360 m (Fig. 11A). Ul is thinnest or undetectable in the northwest,
located approximately beneath the Lomas de Olmedo depocenter of the
Salta Rift Basin, because the Precambrian basement is too deep in this
area for a reliable identification in seismic profiles. In addition, in some
regions, it is not possible to distinguish between the Paleozoic rocks and
the Precambrian basement in the seismic interpretations because H1 is
too deep. The three areas with the greatest sediment thickness are
located in the southwest, to the east, and in the Las Brenas half-graben.
The first, larger area has an irregular thickness distribution, whereas the
second area corresponds to the normal-fault offset of the basement
surface near the Pampa Bandera well. (Las Brenas half-graben). To the
west of this area lies an elongated region of reduced sediment thickness
with NE-SW-orientation. This area corresponds to the position of the
Pampeano-Chaqueno High. The third region is a small sector in the
north, but this could be the result of an artifact, as the H1 Basement top
could not be interpreted using seismic data. This region is characterized
by medium-thickness sediments (Fig. 11A).

The thickness of the Cretaceous unit (U2) (Fig. 11B) ranges from 0 m
to 2300 my; its thickest sector is located to the northwest, coinciding with
the Salta Rift Basin. The thinnest area is elongated and located in the
center of the analyzed area; It corresponds to the Quirquincho High.

The thickness of the Paleogene unit (U3) (Fig. 11C) spans 0 m to
3000 m. The thickest region is to the northwest, with decreasing
thickness toward the southeast, reaching almost zero thickness in nearly
half of the study area. There are some irregular distributions of sedi-
mentary units in the southwest, in the area of the Cenozoic La Candelaria
Range (Santa Barbara System, Fig. 1) (Arnous, 2021; Arnous et al.,
2024). This sedimentary unit generally has the shape of a wedge, being
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Fig. 10. Depth map depicting the present-day subsurface position and morphology of the top of each stratigraphic unit of horizons 1 to 4: A) H1- Precambrian Top,
B) H2- Paleozoic Top, C) H3- Cretaceous Top, D) H4- Paleogene Top. Seismi- line locations are shown as black lines.

thicker to the northwest and pinching out toward the southeast.

The thickness of the Neogene unit (U4) (Fig. 11D) ranges from 0 m to
4200 m, with greater values in the northwest and a gradual decrease
toward the southeast. Similar irregularities in thickness distribution
were observed with regard to the Paleogene units in the southwest. The
Neogene exhibits comparable features, but a generally gentler wedge
shape than what could be inferred from the Paleogene isopach map.

5. Geological interpretation

The stratal terminations and thickness variations in the seismic
transects across the basement highs constrain the timing of the devel-
opment of the Quirquincho and Pampeano-Chaqueno highs. In the
Northern Transect, H1 (Precambrian Top) and H2 (Paleozoic Top) form
an antiformal structure at the Quirquincho High (Fig. 6). The Ul
(Paleozoic) is truncated at the top by an unconformity (Fig. 12). The
Cretaceous (U2) and Paleogene (U3) units onlap the flanks of the
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Quirquincho High and thin progressively toward the center of the
structure until they disappear at the crest (Fig. 12).

Flattening of the Top Cretaceous horizon H3 (Fig. 8B) shows that the
Paleozoic unit (U1) formed a paleo-high during Cretaceous deposition,
with sedimentary onlap on both flanks. Flattening of the Top Paleogene
horizon (Fig. 8C) reveals that the Quirquincho High continued to stand
out as a positive feature during the Paleogene, with sediment again
onlapping its flanks. On the Cretaceous isopach map (Fig. 11B), sedi-
ment thickness diminishes to <200 m or disappears altogether above the
high. The Top Paleozoic depth map (Fig. 10B) also exhibits positive
relief relative to adjacent areas.

The combination of i) stratigraphic and structural seismic interpre-
tation, ii) horizon flattening, and iii) depth and thickness re-
constructions document that the Quirquincho High was part of the
depositional area during most of the Paleozoic, but evolved into a pos-
itive topographic feature during the late Paleozoic, Mesozoic and early
Paleogene. Truncation of Paleozoic reflectors (Figs. 6, 12) indicates
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erosional exhumation, whereas Cretaceous and Paleogene reflectors
onlap against the high. Thickness variations suggest that basement uplift
diminished gradually and ceased during the latter part of Paleogene;
subsequently, Neogene and Quaternary units were deposited without
interruption, ultimately burying the structure. These observations
establish the relative timing of uplift; the possible tectonic mechanisms
responsible are discussed below.

At the eastern end of the Northern Transect (Fig. 6), H1 (Precam-
brian Top) and H2 (Paleozoic Top) are elevated beneath the
Pampeano-Chaqueno High. Paleozoic unit (Ul) exhibits reflector
folding, and an east-dipping normal fault cuts both Precambrian and
Paleozoic levels. The overlying Mesozoic strata (U2) are thin and display
folded and truncated reflectors that may indicate growth strata (Fig. 12).
Near the top of the high, Paleogene strata (U3) onlap both flanks, with
truncation and onlap marking the unconformity. The Top Precambrian
depth map (Fig. 10A) depicts the Pampeano-Chaqueno High as an
irregular, NE-SW-oriented area of uplift. It is smaller in extent and
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elevation than the Quirquincho High. The Paleozoic isopach map
(Fig. 10A) reveals thinning above the structure, indicating the influence
of positive relief during Paleozoic sedimentation. The Cretaceous and
Paleogene isopach maps (Fig. 11B-C) also reveal thinning of strata near
the high, consistent with onlap geometries. Above this succession,
Neogene and Quaternary units form tabular reflectors that fully bury the
structure. These relationships establish that the Pampeano-Chaqueno
High influenced deposition from the late Paleozoic through the Paleo-
gene, but had no effect on Neogene and Quaternary sedimentation
patterns.

In the Southern Transect (Fig. 7), we interpreted the Quirquincho
High to have a morphology similar to that observed in the Northern
Transect. However, Cretaceous sediments do not extend west of the high
into the southwestern Salta Rift Basin. There, the Cretaceous unit is
bounded by two N-S-striking normal faults (Cristallini et al., 1997; Iaffa
et al., 2013) that form the Metan-Alemania depocenter (Fig. 7). These
faults affect the basement and all overlying units, with thickened
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Cretaceous and Paleogene sections within the graben. However, faults
start to invert during the late Paleogene; Neogene strata record no
growth geometries in the graben, but are folded along with the under-
lying units, indicating reactivation and contractional inversion of the
faults during Andean compression. Quaternary strata cover the former
rift-shoulder areas. To the north, the Lomas de Olmedo depocenter
differs in structural style and is bounded by E-W-striking faults, which
controlled inversion during Cenozoic shortening (Kley et al., 2005; Iaffa
et al., 2011), with evidence faulting during the Holocene (Ramos et al.,
2006).

Flattening of the Top Neogene horizon H5 (Fig. 8D) reveals a major
westward-thickening wedge geometry typical for a foreland basin,
reflecting flexural subsidence driven by Andean loading (Horton and
Folguera, 2019). Quaternary sediments display a similar wedge geom-
etry, beginning farther east in the Southern Transect. In the western
Metan-Alemania depocenter, Neogene sediments are folded and
exposed at the surface, whereas Quaternary deposits are less deformed
and crop out farther east, reflecting continued shortening in the Eastern
Cordillera (e.g., Garcia et al., 2019; Figueroa et al., 2021; Elias, 2025).

6. Discussion
6.1. Conceptual models regarding the evolution of the basement highs

Our  analysis  indicates that the  Quirquincho and
Pampeano-Chaqueno highs were positive features from the late Paleo-
zoic onward, influencing sedimentation patterns in the Mesozoic and the
Paleogene. There are currently several hypotheses for the origin of these
two prominent subsurface features, which we will discuss below.

Basement highs in distal foreland regions may occur in a range of
tectonic settings and may therefore be caused by a range of geological
processes (Peacock and Banks, 2020). At first sight, one feasible possi-
bility is that the Quirquincho and Pampeano-Chaqueno highs represent
forebulges in the Cenozoic Andean flexural foreland system (DeCelles
and Giles, 1996). In such a scenario the Quirquincho High could have
formed during Andean tectonic loading starting in the Paleogene
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(Horton, 2018; Coutand et al., 2001). Similarly, in this context the
Pampeano-Chaqueno High might represent a younger Neogene fore-
bulge, implying eastward migration of flexural subsidence. However,
our seismic data reveal a lack of contractional deformation in the
Cenozoic cover units. The timing of uplift inferred from unconformities
predates the Paleogene and is therefore not compatible with the influ-
ence of Cenozoic Andean tectonism. A Cenozoic forebulge, however,
exists in the Andean Foreland Basin approximately west of 60° W (e.g.,
McGlue et al., 2016) and influences hydrological, geomorphic, and
sedimentary processes (Repasch et al., 2021, 2023).

The second hypothesis for the origin of the Quirquincho and
Pampeano-Chaqueno highs is their evolution as rift shoulders during
Mesozoic extension associated with the formation of the Salta Rift
(Salfity and Marquillas, 1994; Starck, 2011). Comparable rift-shoulder
uplift of large regional extent is known from the Atlantic margin of
North America (Anell et al., 2009), the Rona Ridge in the UK (Trice,
2014), and the Kenya and Ethiopian rifts (Foster and Gleadow, 1996;
Torres Acosta et al., 2015; Boone et al., 2019). Unlike those cases,
however, our data show no syn-rift thickening or bounding normal faults
at the highs. Furthermore, given the typical spatial relationships be-
tween graben formation and rift-shoulder uplift (e.g., Allen and Allen,
2013) the Pampeano-Chaqueno high is far too distant from the Salta Rift
to be caused by it. This temporal, spatial, and structural mismatch in-
dicates that a simple rift-shoulder model is not applicable here.

The third explanation for the formation of the highs is the activity of
blind thrusts or reverse faults, associated with a major, westward-
dipping crustal detachment which might have been active during the
early stages of development of the Chacoparanaense Basin. However,
although such structures are common in the adjacent broken foreland
(Kley et al., 2005; Iaffa et al., 2011, 2013; Arnous et al., 2024), we were
unable to observe any evidence for such large-scale tectonic structures in
our study area to support this alternative interpretation.

Importantly, the analysis of the unconformities and lateral pinchouts
and terminations, as well as the general morphology of the Quirquincho
and Pampeano-Chaqueno basement highs, suggests that both structures
were formed during the late Paleozoic and are thus paleo-tectonic relic
features that continued to exert influence on subsequent sedimentary
processes. The data analyzed confirm that the Chacoparanaense Basin
was a subsiding area with epicontinental marine sedimentation during
the late Precambrian and early Paleozoic (Russo et al., 1979; Chebli
et al., 1999). In this context, another alternative for the formation of the
Quirquincho and Pampeano-Chaqueno basement highs is that their
uplift was caused by flexural loading induced by the growth of the
ancient Andes (sensu Limarino et al., 2023) during the Gondwanan
orogeny along the western margin of Gondwana. This orogeny lasted
from the Carboniferous to the Permian, and perhaps continued during
the early Triassic (Ramos, 1999; Heredia et al., 2016, 2018; Limarino
et al., 2023). In such a geodynamic setting the Quirquincho and Pam-
peano-Chaqueno highs might represent remnants of ancient Paleozoic
forebulges that developed during the eastward migration of the Gond-
wanan deformation front (Fig. 14). Chronologically, this event is indi-
cated by the truncation of the Paleozoic strata below the Top Paleozoic
unconformity, and by the onlap terminations of Mesozoic and Paleogene
seismic units against the underlying Paleozoic units (Figs. 6, 7, 8, 12,
13).

In the Paleozoic forebulge scenario, tectonic processes in the Gond-
wanan orogen could have caused the deformation of the continental
lithosphere involving the successive development of two forebulges
during the migration of the crustal flexural response due to tectonic
loading (Fig. 14). The first, older and larger forebulge was the Quir-
quincho High, whereas the second, younger and smaller forebulge, was
the Pampeano-Chaqueno High. The Pampeano-Chaqueno High might
have formed by eastward flexural migration in combination with the
presence of a mechanically weaker, lower crustal density zone (e.g.,
MeeBen et al., 2018) that was conducive to deformation far away from
the Gondwanan deformation front.
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6.2. Influence of the basement highs and comparison with the Cenozoic
Andean foreland

The identification of possible Paleozoic forebulge relics in the Cha-
coparanaense basin documents the influence of inherited, deep-seated
crustal structures on modern basin evolution. During the Gondwanan
orogeny, the South American plate underwent thin-skinned flexural
deformation (Heredia et al., 2016, 2018; Limarino et al., 2023) that
produced a classical foreland system (e.g., DeCelles and Giles, 1996).
This system included a wedge-top (preserved in the modern Frontal
Cordillera; Limarino et al., 2023), a foredeep (e.g., Paganzo, Tarija, and
San Rafael basins, Limarino et al., 2023), a forebulge (represented by the
Quirquincho and Pampeano-Chaqueno highs), and a backbulge zone
(represented by the Chacoparanaense Basin).

In contrast, the Cenozoic Andean foreland above this old tectonic
system is a broken foreland, lacking a continuous depozone architecture
and dominated by thick-skinned deformation (Ramos et al., 2006; laffa
et al., 2011; Strecker et al., 2011; Del Papa et al., 2013; Zapata et al.,
2020). Unlike the relic structural highs, which show stratigraphic thin-
ning and onlap, the Cenozoic structural archives record inversion of
inherited rift faults and basement uplifts. This is in stark contrast to the
buried Paleozoic foreland-basin system, emphasizing, how crustal in-
heritance - particularly with respect to structures developed during the
Mesozoic Salta Rift phase - transformed and pre-conditioned a formerly
contiguous Paleozoic lowland region into a compartmentalized Ceno-
zoic foreland.

Recent global syntheses document that continuous and broken
forelands form depending on lithospheric strength and inherited struc-
tures (e.g., Lacombe and Bellahsen, 2016; Watts, 2001). The contrast
between the Paleozoic, flexurally driven continuous foreland and the
Cenozoic broken foreland in northwestern Argentina, as interpreted in
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this study, illustrates this principle. The Quirquincho and
Pampeano-Chaqueno highs originated as flexural forebulges during the
Paleozoic, building the structural foundation of the Chacoparanaense
Basin (Figs. 3, 6, 7). Mesozoic extension farther west did not affect these
deep-seated structures. Cenozoic Andean tectonics resulted in thick-
skinned inversion of rift faults in the proximal (Salta) part of the mod-
ern Andean foreland. These processes had a far-field influence on the
study area as the Quirquincho and Pampeano-Chaqueno highs were
peripherally affected by a general westward basin tilt due to tectonic
loading by the Cenozoic Andes.

There are several analogs from other regions that highlight how
forebulges can be preserved in the stratigraphic record. For example, the
Iquitos Arch in the Amazonian foreland (Roddaz et al., 2005) resembles
the Quirquincho High in acting as an inherited flexural high that sub-
sequently influenced sediment dispersal. In contrast, the Apulian fore-
bulge of the Adriatic Sea underwent syn-contractional deformation (Billi
and Salvini, 2003), which is absent in our case. Paleozoic and Mesozoic
examples, such as the Alleghanian forebulge (Lash and Engelder, 2007)
and the Laramide forebulge (White et al., 2002), typically display un-
conformities and stratal thinning comparable to those documented
around the Quirquincho and Pampeano-Chaqueno highs. In another
example, the Ediacaran forebulge grabens of the Sao Francisco Basin
(Reis et al., 2017) provide an even older analog of inherited structural
influence on foreland sedimentation, supporting the notion that flexural
uplifts may persist as geomorphic entities across multiple tectonic
phases. These comparisons reinforce that the truncation, onlap, and
thinning we observed correspond to the diagnostic features of forebulge
unconformities as described in foreland-basin and sequence-
stratigraphic syntheses (e.g., DeCelles and Giles, 1996; Crampton and
Allen, 1995; Catuneanu, 2004).
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Fig. 14. Conceptual model of the evolution of the Quirquincho and Pampeano-Chaqueno highs. A) Late Paleozoic: development of the Quirquincho High. B) Early
Mesozoic: development of the Pampeano-Chaqueno High and erosion on the Quirquincho High. C) Cretaceous-Paleogene: Development of the Salta Rift Basin and
onlapping strata on high topography. D) Neogene: Setting of the Andean Foreland Basin, progressive inversion of inherited normal faults, and complete covering of

the inherited topographic highs by Neogene and Quaternary sediments.
7. Conclusions

The subsurface conditions of the Chacopampean Plain and long-term
sediment deposition in the area of the present-day foreland of the Andes
are strongly influenced by the topography of inherited Paleozoic base-
ment highs. The Quirquincho High records uplift and stratal termina-
tions consistent with a forebulge formed during late Paleozoic
Gondwanan orogenesis. The Pampeano—Chaqueno High farther east
represents a second, areally more limited Paleozoic forebulge that likely
developed subsequently in a region of inherited crustal weakness. Both
features remained positive topographic elements throughout the Meso-
zoic, guiding sediment distribution and the formation of onlaps as the
region became part of the greater Salta Rift province. Both structures
were ultimately buried beneath the Cenozoic Andean foreland deposits,
when renewed tectonism related to the subduction of the Nazca plate
beneath South America affected the foreland. During this episode of
basin evolution contractional deformation in the foreland inverted parts
of the Salta Rift Basin, while the Quirquincho and Pampeano-Chaqueno
highs were progressively buried and slightly tilted to the west, which
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caused the wedge-shaped accumulation of sediments during the
Cenozoic.

This study highlights the long-term influence of inherited Paleozoic
forebulges on the tectono-sedimentary evolution of the Andean foreland
in northern Argentina, demonstrating how basement features can persist
through multiple tectonic episodes, exerting a far-reaching influence on
the structural and stratigraphic architecture of foreland basins.
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