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A B S T R A C T   

The Bermejo retroarc foreland basin system formed in flexural response to Cenozoic crustal thickening in the 
Andean orogenic system, specifically, the eastward propagation of the Precordillera fold-thrust belt and the 
basement-involved uplift of the Sierras Pampeanas. Previous work in the region has mainly focused on the 
mechanisms and expression of flat slab subduction and the structural geometry of the basement-involved Sierras 
Pampeanas and east-directed Precordillera fold-thrust belt at depth, advancing our understanding of the Bermejo 
basin history north of 31◦S. However, the along strike evolution of the basin system to the south remains un
resolved and contrasting tectonic models have proposed the Bermejo basin evolved synchronously versus 
asynchronously through time. Our study seeks to constrain the along-strike Neogene tectonics of the Bermejo 
basin via well-exposed Miocene fluvial stratigraphic intervals along the Eastern Precordillera, integrated with 
detrital zircon U–Pb geochronology provenance and detrital apatite (U–Th)/He thermochronology datasets. New 
data from two Neogene stratigraphic sections in the southern Bermejo basin constrain deposition between 13 and 
6 Ma. Dominant fluvial-lacustrine mudstones, siltstones, and sandstones transition into fluvial-megafan deposits 
capped by alluvial fan conglomerate facies, tracking the eastward migration of Precordillera deformation. The 
cessation of sedimentation, and thermal history models of apatite (U–Th-Sm)/He thermochronology ages, in
dicates basin incorporation into the orogenic wedge by 6 Ma. When we compare our southern datasets with 
previous constraints from the northern Bermejo basin, we observe, from north to south: (1) a time-transgressive 
trend in basin initiation, (2) a ~3 km decrease in stratigraphic thicknesses, and (3) older exhumation along the 
thrust front. These trends highlight the asynchronous nature of the Bermejo foreland basin system and along- 
strike variability of Precordillera thrust-front evolution.   

1. Introduction 

The southern central Andean orogenic system is located within the 
Pampean flat slab region where the Nazca plate is subducted sub- 
horizontally below the South American plate (Fig. 1; Barazangi and 
Isacks, 1976,1979; Ramos et al., 2002). This region of flat-slab sub
duction is recognized by a spatial gap of active arc magmatism that has 
been suggested to be driven largely by subduction of the Juan Fernandez 
ridge island chain associated with a mantle plume hot spot off the coast 
of Chile (Fig. 1; Barazangi and Isacks, 1976; Jordan et al., 1983; Ramos 
et al., 2002; Alvarado et al., 2009; Ramos and Folguera, 2009). 
Geophysical modeling of the Juan Fernandez ridge suggests that the 

asperity migrated south along the South American margin for the past 
25 Myr, arriving at its current position (32◦S) by 12 Ma (Yáñez et al., 
2001; Kay and Coira, 2009). Andean deformation propagated eastward 
during the past ~35 Myr and was co-located with migration of mag
matism towards the craton as the Nazca slab shallowed and induced 
thermal weaknesses in the overriding continental lithosphere (Jordan 
et al., 1983; Kay and Abbruzzi, 1996; Cristallini and Ramos, 2000; Kay 
and Mpodozis, 2001; Ramos et al., 2002; Ramos and Folguera, 2009; 
Allmendinger and Judge, 2014; Fosdick et al., 2015, 2017; Capaldi et al., 
2021; Mackaman-Lofland et al., 2020, 2022). The late Miocene to recent 
shortening within the Sierras Pampeanas basement-involved ranges 
partitioned the once continuous foreland basin forming the modern 
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Fig. 1. Tectonic setting of the southern Central Andes. (A) Geologic map of major tectonic provinces in the Pampean flat-slab segment of western Argentina and 
northern Chile, contoured Benioff zone depths (in km) to the subducted Nazca plate (dashed contour lines), and cross- section X -X′ location (Ramos et al., 2002; 
Servicio Geológico Minero, 1999, 2012; Servicio Nacional de Geología, 2003). ICU: Iglesia-Calingasta-Uspallata basin; SC: Sierra Cordoba; SPdP: Sierra Pie de Palo; 
SVF: Sierra Valle Fertíl (B) East-west crustal and lithospheric cross section of the South American and Nazca plates (after Bellahsen et al., 2016). 
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broken foreland basin configuration (Fig. 1; Jordan and Allmendinger, 
1986; Malizia et al., 1995; Jordan, 1995; Horton et al., 2022a). Research 
in the Pampean flat-slab region has advanced our understanding of the 
drivers and consequences of flat slab subduction at convergent plate 
boundaries, the development and evolution of broken-foreland basin 
systems, and the utility of well-preserved basin stratigraphy in under
standing Andean tectonics. Nevertheless, the along strike trends in 
Bermejo foreland basin development and subsequent thrust front 
propagation remain unresolved. 

The Cenozoic basin stratigraphy of the northern Bermejo basin 
(30–31◦S) is a well-documented record of deformation in the Andean 
hinterland and Precordillera fold-thrust belt since 20 Ma (Johnson et al., 
1986; Beer and Jordan, 1989; Jordan et al., 1993, 1997, 2001; Fer
nandez and Jordan, 1996; Milana et al., 2003; Capaldi et al., 2020; 
Stevens-Goddard et al., 2020; Mackaman-Lofland et al., 2022). Un
certainties remain with regards to the spatial and temporal along-strike 
evolution of deformation and associated foreland basin development. 
Andean mountain building has been proposed to be asynchronous from 

Fig. 2. Geologic map of the Bermejo broken foreland study area (modified from Ramos et al., 2000; Furque et al., 2003). Stratigraphic sections shown in colored 
rectangles. Published and new low-temperature apatite (U–Th-Sm)/He cooling ages shown in colored diamonds with new samples labeled (Löbens et al., 2013; 
Levina et al., 2014; Fosdick et al., 2015; Ortiz et al., 2015, 2021). 
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north to south, indicating deformation and foreland basin development 
tracks spatially and temporally with the subduction of the Juan Fer
nandez ridge and associated flat slab geometry (Beer and Jordan, 1989; 
Jordan et al., 1993, 2001; Ramos and Folguera, 2009; Vergés et al., 
2001). However, low-temperature thermochronology results along the 
Precordillera fold-thrust belt suggest a synchronous exhumation history 
over an along-strike distance >100 km (Levina et al., 2014; Suriano 
et al., 2017; Buelow et al., 2018). 

The Precordillera is subdivided into three zones. The Western and 
Central Precordillera comprise an east-directed, thin-skinned fold-thrust 
belt, while the Eastern Precordillera consists of a west-directed frontal 
thrust system (Fig. 2; Von Gosen, 1992). Reconstructions of the tectonic 
history of the Eastern Precordillera show large uncertainties in the 
initiation of deformation along strike, and the kinematic relationships 
between the Central Precordillera ramp-flat thrust system and the east 
flanking Sierras Pampeanas basement-involved uplifts. Integrated 
analysis of the depositional and deformational history between 30 and 
32◦S is crucial to understanding the variability that exists in the evolu
tion of the Andean orogenic system and the development of the asso
ciated foreland basins. 

Our study seeks to constrain the along-strike Neogene tectonics of 
the Bermejo basin and Eastern Precordillera through new stratigraphy, 
detrital zircon U–Pb geochronology, and detrital apatite (U–Th-Sm)/He 
thermochronology datasets from the southern Bermejo basin (Fig. 2). 
Temporal constraints in the northern Bermejo basin suggest deposition 
initiated around 24-18 Ma (Johnson et al., 1986; Milana et al., 2003) 
and between 20 and 7 Ma the basin strata thickened progressively to
wards the west in a simple foreland wedge (Jordan et al., 2001). By 6 
Ma, the basin geometry had become more symmetrical, with the greatest 
thickness in the center of the Bermejo Valley. By 2 Ma, exhumation of 
the basin deposits occurred during incorporation into the orogenic 
wedge above the Eastern Precordillera (Fosdick et al., 2015; Mack
aman-Lofland et al., 2022). We integrate new datasets from the southern 
Bermejo basin with previous constraints from northern Bermejo basin 
localities to assess whether: (1) the Bermejo basin developed as a 
continuous flexural basin or was spatially discontinuous along strike, 
and (2) shortening-induced exhumation of basin deposits was coeval or 
diachronous along strike. We strive to establish regional continuity of 
these trends where they have only previously been explored in the 
northern Bermejo basin to track the along-strike variations and com
plexities in thrust-front evolution and foreland basin development. 

2. Geologic Background 

The Andean foreland of west-central Argentina is located within the 
Pampean flat slab segment of the Nazca-South American plate bound
ary, where the thin-skinned Precordillera and thick-skinned (basement- 
involved) Sierras Pampeanas structural provinces spatially overlap 
(Fig. 1; Jordan and Allmendinger, 1986; Horton et al., 2022a). Many 
fold-thrust belts exhibit a continuum of thin- and thick-skinned struc
tural styles (e.g., Pfiffner, 2017; Butler et al., 2018; Parker and Pearson, 
2021). Thin-skinned thrust belts exhibit ramp-flat geometries that are 
rooted within a décollement in sedimentary cover strata, and are typi
cally detached from the underlying crystalline basement (Boyer, 1995). 
Thick-skinned tectonics are defined by the involvement of basement in 
deformation, commonly along high-angle ramps that may reach 
mid-crustal levels (Erslev, 1993; Lacombe and Bellahsen, 2016). 

The south-central Andes (30–32◦S) is divided into five distinct tec
tonic provinces (Figs. 1 and 2) from west to east: (1) the Andean arc and 
hinterland, (2) Western and Central Precordillera, (3) Eastern Pre
cordillera, (4) Sierras Pampeanas, and (5) Bermejo foreland basin. The 
Andean arc and hinterland region along the Chile-Argentina border is 
composed of Triassic-Miocene volcanic, volcaniclastic, and sedimentary 
rocks. These rocks are deformed within the thin-skinned Principal 
Cordillera fold-thrust belt and depositionally overlie the Frontal 
Cordillera domain (Fig. 1; Cristallini and Ramos, 2000; 

Mackaman-Lofland et al., 2019). The Frontal Cordillera is characterized 
by a series of high-angle thrust faults that exhumed a >3 km thick 
assemblage of largely Carboniferous-Triassic igneous rocks that define 
the regional mechanical basement (Heredia et al., 2002; Lossada et al., 
2017; Mackaman-Lofland et al., 2022; Bertoa del Llano et al., in review). 
Igneous rocks of the Frontal Cordillera include the Elqui-Limarí and 
Chollay batholiths, Choiyoi Group granodiorites, andesitic/rhyolitic 
lavas, and pyroclastic rocks (Mpodozis and Kay, 1992; Sato et al., 2015). 
The Manantiales and Iglesia-Calingasta-Uspallata hinterland basins 
within and along the Frontal Cordillera record deposition from ~22 to 
14 Ma (Pinto et al., 2018; Capaldi et al., 2020; Mackaman-Lofland et al., 
2020). 

The Precordillera is separated from the Andean hinterland by the 
north-trending Iglesia-Calingasta-Uspallata basin (Beer et al., 1990; 
Podesta et al., 2022). The Western and Central Precordillera thrust belt 
accommodated the majority of the Andean retroarc shortening (up to 
100 km E-W) via imbricate thrusting above a ~4–12 km deep 
décollement within Ordovician-Lower Devonian strata (Von Gosen, 
1992; Allmendinger and Judge, 2014). To the north, Central Pre
cordillera structures involve six east-verging faults and associated 
fault-propagation folds that deform Paleozoic and overlying Cenozoic 
foreland basin cover strata (Allmendinger et al., 1990; Jordan et al., 
1993). Stratigraphy in the Central Precordillera consists of 
Cambrian-Ordovician carbonates, siliciclastic, and sedimentary 
mélange deposits that are unconformably covered by Silurian-Devonian 
marine rocks (Von Gosen, 1992; Keller, 1999; Mardonez et al., 2020). 
Structural and sedimentologic analyses of basin deposits found within 
the Central Precordillera as well as Bermejo foreland basin deposits 
indicate deformation and erosion initiated around 18-16 Ma, with a 
major phase of shortening-induced exhumation at 12-9 Ma (Beer and 
Jordan, 1989; Jordan et al., 1990, 1993; Allmendinger and Judge, 2014; 
Levina et al., 2014; Fosdick et al., 2015; Suriano et al., 2017; Mack
aman-Lofland et al., 2022). 

The Eastern Precordillera is a nearly 400 km long thrust front along 
the western Bermejo foreland basin. Cambrian-Ordovician carbonate 
rocks exposed in the Eastern Precordillera comprise the sedimentary 
cover overlying Cuyania basement. Previous work in the northern 
Eastern Precordillera (~30◦S) identified the controlling structure as a 
hybrid thin- and thick-skinned triangle zone, where the Central Pre
cordillera represents an east-verging, thin-skinned thrust system and the 
Eastern Precordillera represents a west-verging basement-involved 
thrust kinematically linked to the Sierras Pampeanas (Zapata and All
mendinger, 1996; Mardonez et al., 2020). The west-verging thrusts of 
the southern Eastern Precordillera (at the latitudes of the Rio San Juan 
~31.5⁰S) have been interpreted as a back-thrust zone to the Argentine 
Precordillera, possibly in response to the reactivation of older reverse 
faults (Von Gosen, 1992; Meigs et al., 2006). 

The Bermejo foreland basin is structurally partitioned by the Sierras 
Pampeanas, which define predominately variably-orientated ranges 
uplifted along moderately to steeply dipping basement-involved thrusts 
(González Bonorino, 1950; Ramos et al., 2002). The western Sierras 
Pampeanas include the Sierra Valle de Fértil and Sierra Pie de Palo, 
which thrust Precambrian-Ordovician igneous and metamorphic rocks 
over Neogene foreland basin deposits (Fig. 2; Ortiz et al., 2015, 2021). 
The Mesoproterozoic basement assemblages exposed throughout the 
Sierras Pampeanas record polyphase deformation attributed to Pampean 
(555-515 Ma) and Famatinian (495-460 Ma) orogenesis during accre
tion of Laurentian terranes to the Gondwanan margin (Casquet et al., 
2001; Ramos, 2004; Mulcahy et al., 2011, 2014; Tholt et al., 2021). Low 
temperature thermochronology and stratigraphic constraints from the 
western Sierras Pampeanas ranges record Andean deformation around 5 
Ma (Ortiz et al., 2015, 2021; Capaldi et al., 2020). The presence of older, 
Permian-Cretaceous cooling ages has been attributed to protracted 
cooling over the past 20 Myr, or the existence of topographic relief prior 
to reverse faulting during the Andean Orogeny (Ortiz et al., 2015, 2021; 
Stevens-Goddard et al., 2018). The Eastern Precordillera and Sierras 
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Pampeanas domains remain active today, as evident from high seismic 
activity in the surrounding regions that has resulted in the most devas
tating earthquakes in Argentine history (Siame et al., 2002; Alvarado 
and Beck, 2006; Meigs et al., 2006; Vergés et al., 2007; Rimando and 
Schoenbohm, 2020; Venerdini et al., 2020). 

The Bermejo foreland basin lies between the Precordillera fold-thrust 
belt and Sierras Pampeanas and can be divided into the northern Ber
mejo basin, which lies north of 31◦S and includes the previously studied 
Huaco (Johnson et al., 1986; Jordan et al., 2001; Fosdick et al., 2015) 
and Mogna (Milana et al., 2003; Capaldi et al., 2020) localities, and the 
southern Bermejo basin within the Tulum Valley is situated south of 
31◦S and includes the Ullum (Bercowski et al., 1987; Contreras et al., 
2019) and Villicum localities, which are the focus of this work (Fig. 2). 
Between the northern and southern Bermejo basin localities lies the 
east-west trending North Pie de Palo fault, which delineates the northern 
tip point of lower Paleozoic strata of Sierra Villicum and the contact 
between metamorphic rocks of Sierra Pie de Palo and Neogene and 
Quaternary deposits (Fig. 2; Zapata, 1998; Siame et al., 2015). Based on 
cross-cutting relationships and geochronologic data from Sierra Pie de 

Palo, the North Pie de Palo fault most likely developed during the 
Ordovician-Silurian Famatinian orogeny during the accretion of the 
Cuyania terrane, which includes the Eastern Precordillera and Sierra Pie 
de Palo, with the Gondwanan margin (Vujovich et al., 2004; Mulcahy 
et al., 2011). This lineament coincides with northward deepening of the 
depth to basement, from ~2 km in the south to >7 km in the north 
(Jordan and Allmendinger, 1986), as well as a northward decrease in 
seismicity (Smalley et al., 1993; Venerdini et al., 2020). Preexisting 
structural and stratigraphic anisotropies have been shown to affect 
foreland subsidence patterns, basin geometry, and stratigraphic stacking 
patterns in Andean retroarc basin settings (Kley et al., 1999; Fosdick 
et al., 2014; McGroder et al., 2015; Horton et al., 2022b). 

3. Sedimentology 

This study focuses on two new stratigraphic sections in the southern 
Bermejo basin at the Villicum and Ullum localities, with an emphasis on 
correlation with northern Bermejo sections (Fig. 3). The Villicum section 
was measured utilizing three-to 5-m-high outcrops exposed within 

Fig. 3. Schematic Miocene to Pliocene stratigraphic sections with associated maximum depositional ages, and correlated timelines across the Argentina retroarc 
broken foreland basin system. The Huaco and Mogna sections were redrafted from Johnson et al. (1986) and Milana et al. (2003), respectively. Sample location of 
detrital zircon U–Pb geochronology (squares) and apatite (U–Th-Sm)/He thermochronology (diamonds). 
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small, incised stream channels east of the Eastern Precordillera (Fig. 2). 
The Ullum section was measured along well-exposed outcrops along the 
Río San Juan northeast of the city of San Juan (Fig. 2). Exposure and 
land accessibility became difficult near the top of the measured sections, 
and therefore the stratigraphic thicknesses presented do not represent 
the full thickness of basin deposits. The estimated total thickness of each 
stratigraphic section is ~1800 m. 

New sedimentological constraints from the Villicum and Ullum lo
calities are expected to reveal changes in foreland depositional envi
ronments, sediment provenance, and accumulation rates as the retroarc 
region was structurally partitioned by Andean ranges. Southern Bermejo 
stratigraphic sections consist of the Miocene Lomas de las Tapias For
mation comprised of the Limolita la Colmena and Arenisca Albardón 
Members, the Mogna Formation, and the El Corral Formation (Fig. 3; 
Bercowski et al., 1987; Contreras et al., 2019). The Limolita la Colmena 
Member correlates with the upper Quebrada del Jarillal Formation, and 
the Arenisca Albardón Member correlates with the Huachipampa, 
Quebrada del Cura, and Rio Jachal Formations of the northern Bermejo 
basin (Fig. 3; after Johnson et al., 1986; Milana et al., 2003). 

To assess depositional processes and environments, lithological de
scriptions, bed thicknesses, facies, and sedimentary structures were 
described at the decimeter scale in the field. Lithofacies are modified 
after Miall (1977) and are presented in Table 1 along with depositional 
environment interpretations. Paleoflow directions were determined 
from imbricated conglomerate clasts (n = 15) from localities within the 
Ullum and Villicum sections (Supplemental File 1). Imbricated 
conglomerate clast measurements were then corrected for bedding dip 
using the Stereonet 11 program (Allmendinger et al., 2012). Mean 
azimuthal vectors were calculated using the GeoRose software and 
plotted as paleoflow direction at corresponding stratigraphic heights. 

Pebble to boulder sized conglomerate clast compositional data were 
collected from eight locations within the Villicum section and nine lo
cations within the Ullum section (Fig. 4; Tables 2 and 3; Supplemental 
File 2). At each clast count site, 100+ clasts were identified within a 1 m2 

area according to procedures outlined by Howard (1993). Clasts were 
divided into seven categories: (1) intermediate to felsic volcanic rocks 
consisting of maroon, brown, and red andesite, dacite, and rhyolite 
volcanic rocks and gray volcaniclastics; (2) felsic intrusive rocks con
sisting of granitic to granodiorite compositions; (3) mafic to interme
diate volcanics consisting of green to gray andesites and black 
phenocrystic basalts; (4) meta-sedimentary rocks consisting of green to 
tan metamorphosed sandstone and siltstone; (5) brown, gray, and red 
silt- and sandstones; (6) metamorphic lithologies including amphibolite 
gneiss, schist, marble, and vein quartz; and (7) black chert, blue-gray 
limestone, and dolostone. 

3.1. Miocene Lomas de las Tapias Formation: Limolita la Colmena 
Member 

The approximately 325-m-thick Limolita la Colmena Member of the 
Lomas de las Tapias Formation overlies an angular unconformity with 
the underlying Cambrian La Lajas Formation at Ullum and the Silurian 
Rinconada Formation at Villicum (Fig. 2). The Limolita la Colmena 
member largely consists of <5–~20 m of thickly-bedded mud-to silt
stones (Fr; Facies 1) and thin <1 m to up to ~5 m thick interbedded very 
fine to medium grained sandstones (Fl; Facies 2) that are more 
commonly found near the top of the member. There are several occur
rences of ~1-m-thick granule-pebble conglomerate units within the 
member which provide the opportunity for paleoflow measurements 
and conglomerate clast counting. The Limolita la Colmena Member is 
generally an upward-coarsening sequence with facies both coarsening 
and thickening up-section. Within the Limolita la Colmena Member, 
abundant gypsum and carbonate nodules (<5 cm in diameter; P), are 
observed within the mudstone-siltstone units. At the Villicum section, 
gypsum is also present in vast vein networks (~1–5 cm) spanning entire 
mudstone beds of ~3–5 m in thickness (Fig. 5a). The member is heavily 

mottled, displaying irregular coloration with frequent occurrences of 
bioturbation and root structures throughout, and minor occurrences of 
desiccation structures (Fr, Fm; Fig. 5b and c). In Villicum, the Limolita la 
Colmena member also displays mud rip-up clasts, which was not noted 

Table 1 
Facies association and interpretations for southern Bermejo basin deposits.  

Facies 
association 

Lithofacies Description Occurrence Interpretation 

1 Fr, P Massive reddish 
mud-siltstones. 
Mottled, 
bioturbated, 
common 
carbonate and 
gypsum modules/ 
veining 

Limolita la 
Colmena 
Mbr. 

Playa lake, 
paleosol 

2 Fl, Fr, Fm, 
Fsm 

Massive red-tan 
mud-siltstones 
grade into very 
fine to medium 
grained 
sandstones that 
are laterally 
continuous. 
Bioturbation and 
desiccation crack 
features common. 

Limolita la 
Colmena 
Mbr.; 
Arenisca 
Albardón 
Mbr.; Mogna 
Fm. 

Floodplain 

3 Sr, Sl, St, 
Sh, Fm 

Very-fine to fine 
grained 
sandstones 
interbedded with 
mudstones. 
Tabular sheet like 
bodies. Upward 
thickening and 
coarsening 
packages. 
Desiccation 
cracks and 
mudstone 
intraclast in 
sandstone base. 

Arenisca 
Albardón 
Mbr.; Mogna 
Fm. 

Crevasse splays 

4 Sl, St, Sp, 
Gp, Gh, Gt 

Amalgamated 
medium to very 
coarse cross- 
bedded and 
laminated 
sandstones. 
Upward fining 
Laterally 
continuous with 
flat channel 
bottoms. 
Interbedded 
cross-bedded and 
imbricated 
granule-pebble 
conglomerates. 

Arenisca 
Albardón 
Mbr.; Mogna 
Fm. 

Low-sinuosity 
braided sand 
and gravel 
fluvial 
channels 

5 Gh, Gp, Sr, 
Ss, Sl 

Moderately sorted 
granule-cobble 
clast supported 
conglomerates. 
Finning upward 
sequences to silt- 
sandstones. 
Tabular 
amalgamated 
channel bodies. 

Mogna Fm. Large braided 
gravel fluvial 
channels 

6 Gmm, 
Gmg, Gcm, 
Sm 

Brown matrix to 
clast supported, 
poorly sorted, 
cobble to boulder 
conglomerate. 
Interbedded 
lenticular 
sandstones. 

El Corral Fm. Debris flow 
deposits on 
alluvial fan  

Z.C. Plonka et al.                                                                                                                                                                                                                               



Journal of South American Earth Sciences 129 (2023) 104521

7

at Ullum. Sandstones within the member are laterally continuous and 
display minor ripple structures and fine (cm-scale) planar lamination 
(Sl). 

Paleocurrent data collected on imbricated clasts in the Limolita la 
Colmena Member show a south-southeast trend from measurements 

collected in Ullum and a southeast trend from Villicum (Fig. 4). 
Conglomerate clast composition of the Limolita la Colmena Member in 
the Ullum section is dominated by felsic volcanic rocks (47%), meta
sedimentary rocks (27%), and mafic volcanics (19%). The remaining 9% 
of clasts consist of minor portions of felsic intrusive rocks and crystalline 

Fig. 4. A) Stratigraphic section from the Ullum locality in the southern Bermejo basin. Section shows locations of rock samples and associated depositional age, 
paleocurrent measurements (arrows), clast count compositions (ring diagrams), and observed sedimentary structures. 
Fig. 4 (continued). B) Stratigraphic section from Villicum locality in the southern Bermejo basin. Sections show location of rock samples and associated depositional 
age, paleocurrent measurements (arrows), clast count compositions (ring diagrams), and observed sedimentary structures. 
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basement rock lithologies. In the Villicum section, the base of the 
Limolita la Colmena member shows input of Paleozoic carbonate li
thologies, representing 81% of clast composition. The remaining 19% 
consists of metasedimentary clasts. In the upper part of the member, the 
Villicum section displays similar trends to Ullum with the dominating 
lithologies being: felsic volcanics (50%), mafic volcanics (~30%), and 
metasedimentary rocks (~15%). 

The Limolita la Colmena Member has previously been interpreted to 
represent a playa lake depositional environment (Bercowski et al., 1987; 
Contreras et al., 2019). The observed upward coarsening sequence, with 
massive reddish muds that grade into thicker sand channels could 
further indicate a flood-plain environment (Limarino et al., 2001). 
Additionally, there are distinct fluvial signals within the Limolita la 
Colmena Member, represented by the upward thickening packages of 

laterally continuous sandstones which may indicate unconfined flow in 
a floodplain, e.g., crevasse splay facies (Horton and DeCelles, 2001). The 
observed stratigraphic trend of playa lake/paleosol mud-siltstones 
overlain by fluvial sandstone channels may suggest avulsion of chan
nels within this distal floodplain environment (DeCelles et al., 1998; 
Horton and DeCelles, 2001). The presence of playa lake-floodplain facies 
with a distinct fluvial signature may be indicative of a developing fluvial 
megafan sequence in which the Limolita la Colmena member represents 
the furthest reaches of an eastward migrating system (e.g., Horton and 
DeCelles, 2001; Lawton et al., 2014). 

3.2. Miocene Lomas de las Tapias Formation: Arenisca Albardón Member 

Arenisca Albardón, the uppermost member of the Lomas las Tapias 

Fig. 4. (continued). 
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Formation, conformably overlies the Limolita la Colmena Member, and 
is ~775 and ~1050 m thick at Ullum and Villicum, respectively. Are
nisca Albardón contains packages of bioturbated and occasionally 
desiccated mudstones and siltstones (Fr, Fm; Fig. 5c) overlain by lami
nated and diffusely rippled fine to coarse grained sandstones (Sl, Sr). The 
mudstones and siltstones rarely contain gypsum/carbonate nodules. 
Recurring mudstone-sandstone sequences range from 0.25 to 5 m thick 
(facies 3). Also significant in the Arenisca Albardón Member are 
frequent very fine to very coarse sand bodies which display trough and 
planar cross bedding (St, Sp; Fig. 5g) and planar laminae (Fl) (facies 4). 
These sand bodies typically outcrop as multi-story sandstone beds and 
display flat channel bottoms that are laterally continuous. Granule to 
pebble clasts are locally present within sandstone beds as floating clasts 
and occasionally define cross stratification (Fig. 5g). Within this 
sequence there are significant amount of granule-pebble conglomerate 
beds which display planar-trough cross stratification and imbricated 
clasts (Gp, Gt, Gh). Conglomerate beds are typically interbedded within 
the sandstone bodies of facies 4 or within upward fining sequences 
where thin conglomerate beds are overlain by the sandstone and silt
stone units of facies 3 (<5-m packages). The Arenisca Albardón Member 
is composed of repeated fining upward sequences of mudstone, siltstone, 
and sandstone packages (facies 3) and laterally continuous cross-bedded 
sand bodies with interbedded conglomerate beds (facies 4) on scales 
ranging from 5 up to 50 m thick (Fig. 5d and h). 

Paleocurrent measurements from imbricated conglomerate clasts in 

the Arenisca Albardón Member record south-southeast paleoflow from 
Ullum sites and eastward paleoflow from Villicum sites (Fig. 4). 
Conglomerate clast compositions in the Ullum section record a notable 
decrease in the input of felsic volcanic rocks, from 45% at the base to 
36% at the top of the member. The percent composition of metasedi
mentary clasts increases up-section, reaching a maximum of 53% at 525 
m and then steadily declining to 32% at the top of the Arenisca Albardón 
Member. Mafic volcanic clasts drop to a minimum of 8% at 525 m 
(synchronous with maximum metasedimentary input) then stabilize to 
around 16% near the top of the member. Within the Villicum section, 
felsic volcanic clasts initially increase from 52% to 63% near the lower 
to middle member and then decrease to 48% at the top. At this location, 
metasedimentary clasts steadily increase to 46%, becoming more 
dominant than mafic volcanics, which decrease to <5% at the top of 
Arenisca Albardón deposition. Both section locations display low 
abundances (<10%) of felsic intrusive, brown-red-tan silt-sandstones, 
and basement rock clasts. 

Relative to the Limolita La Colmena Member, the Arenisca Albardón 
Member represents an increasingly more fluvial environment where the 
dominant thick, cross-bedded sandstones signify deposition in broad 
braided river channels and the bioturbated, mottled mud-silt-sandstones 
represent overbank deposition of finer grained sediment (Miall, 1977; 
Ciccioli et al., 2018). The laterally continuous flat channel bottoms 
noted consistently in the multi-story sandstone beds (facies 4) imply no 
significant incision into adjacent floodplain deposits, indicative of 

Fig. 5. Field photographs of sedimentary deposits of the Villicum and Ullum sections. (A) Gypsum veins (P) in the Limolita la Colmena Member at Villicum. (B) 
Limolita la Colmena paleosol facies at Ullum (P); mottled mudstone-siltstone displaying discoloration and bioturbation. (C) Desiccation structures preserved in mud- 
siltstone (Fm) with roots and bioturbation (Fr) in Limolita la Colmena at Ullum. (D) Large-scale packages of laterally continuous, flat bottomed sandstone beds (Sm) 
diagnostic of the Arenisca Albardon Member at Ullum (30-50-m packages). (E) Poorly sorted, structureless cobble-dominated conglomerate (Gcm) of the El Corral 
Formation at Ullum. (F) Imbricated and weakly cross-bedded pebble conglomerates (Gp, Gh) of the Mogna Formation at Ullum. (G) Cross-bedded sandstone (St, Sl) of 
the Arenisca Albardon Member at Ullum incorporating coarser-grained sediment, at Ullum. (H) Crevasse splay facies of the Arenisca Albardon Member at Ullum (~5- 
10-m packages). Jacob staff for scale in white outline. (I) Interbedded pebble-cobble conglomerates (Gh) and silt-sandstone (Fl) of the Mogna Formation at Ullum. 
Person for scale in white outline. 
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channel avulsion rather than migration (Horton and DeCelles, 2001). 
Further, the preservation of thick sandy (flat-bottomed) channels 
interbedded with overbank facies consistently repeated throughout the 
Arenisca Albardón Member suggests a lack of channel stability over time 
and is typical of ancient fluvial megafan sequences (Horton and 
DeCelles, 2001). 

3.3. Pliocene Mogna Formation 

The Pliocene Mogna Formation conformably overlies the Lomas de 
las Tapias Formation and is ~300–325 m thick in southern Bermejo 
basin. The Mogna Formation largely consists of pebble to cobble con
glomerates (facies 5) that are moderately-sorted, contain rounded to 
well-rounded clasts and are typically clast-supported (Gh). Conglom
erate beds also contain imbricated clasts and planar cross-stratified beds 
(Gp, Gh; Fig. 5f). Thin beds of siltstone to very coarse sandstones typi
cally overly the more abundant conglomerate facies and define upward 
fining sequences ranging from 2 to 20 m thick (Fig. 5i). Siltstones display 
minor bioturbation (Fr) and sandstone beds show minor trough-cross to 
inclined bedding and occasionally preserve meter scale scour and fill 
structures infilled by conglomerates (Ss, Sl). Sandstone-pebble 
conglomerate channel bodies most commonly preserve planar bases. 

Paleoflow data from the Mogna Formation collected on imbricated 
conglomerate clasts from southern Bermejo basin records south- 
southeast to southeast sediment dispersal. Within the Mogna Forma
tion at Ullum, felsic volcanic rocks remain a steady contributor of 
conglomerate clasts at ~35% and mafic volcanic clasts reach a 
maximum in the upper Mogna Formation at 22%. Metasedimentary clast 
input increases slightly relative to the underlying member to 37%, while 
brown-red-gray silt-sandstones decrease from their maximum at the top 
of Arenisca Albardón deposition to 4%. In the Villicum section, felsic 
and mafic volcanics increase slightly, to 53% and 10% respectively. 
Metasedimentary contribution decreases to 30% and the remaining 
categories (felsic intrusive and basement lithologies) remain at <10% 
composition. 

The Mogna Formation is interpreted to represent a gravel-dominated 
braided fluvial environment based on observations of internally upward 
fining cycles of conglomerate and coarse sandstone capped by silty 
mudstones (Miall, 1977, 1985; Ciccioli et al., 2018; Capaldi et al., 2020). 
This broad braided river is interpreted to represent the main channel of 
the fluvial megafan system that was continuing to migrate eastward at 
this time due to deformation in the hinterland, based on observations of 
planar channel bases and continued preservation of overbank facies 
(Horton and DeCelles, 2001). Upward coarsening successions, as seen in 
both Villicum and Ullum, where ephemeral lake systems grade into 
sandy to coarse conglomerate avulsing channel deposits with inter
bedded overbank/crevasse splay facies, record progradation of a fluvial 
megafan (Horton and DeCelles, 2001; Lawton et al., 2014). 

3.4. Pliocene El Corral Formation 

The Pliocene El Corral Formation rests conformably on the Mogna 
Formation and was locally measured to 60 and 125 m thick at Villicum 
and Ullum, respectively. Estimates of total thickness made from the 
measured dip of stratigraphy and distance to the top of section deter
mined via satellite imagery indicates that the El Corral Formation de
posits may be up to 300 m thick. The El Corral Formation is dominated 
by pebble to cobble conglomerate lithofacies with occasional floating 
boulder-sized clasts, and is matrix to clast supported, poorly sorted, and 
structureless (Gcm; Fig. 5e). The conglomerate units are interbedded 
with thin (0.5 to <5 m) beds of medium to coarse grained sandstone near 
the base and grade into siltstone up-section (Fl-Sm), defining internally 
upward fining packages from 5 to 20 m thick. 

Paleocurrent data collected on imbricated clasts at both southern 
Bermejo localities from the El Corral Formation indicate east-southeast 
to southeast paleoflow directions. Conglomerates of the El Corral 

Formation in Ullum are dominated by metasedimentary clasts (48%). 
Felsic volcanic rock input remains steady at ~30% and mafic volcanic 
clasts decreased relative to the underlying member, reaching the section 
average of ~16%. Felsic intrusive rocks, brown-gray-red silt-sandstones, 
and basement rocks individually contribute <5%. In Villicum, the El 
Corral Formation is similar to that described at the Ullum location, with 
42% felsic volcanic input and 40% metasedimentary rock input. Felsic 
intrusive rock clasts reach a maximum of 10% while mafic volcanics 
remain steady around ~8%. 

The poorly sorted, structureless pebble-cobble conglomerate facies 
of the El Corral Formation are interpreted as gravelly debris flows and 
late-stage sandy hyperconcentrated flows on an alluvial fan (Nemec and 
Steel, 1984; Horton and Schmitt, 1996; Perez and Horton, 2014). The El 
Corral debris flow deposits are interbedded with fluvial silt and sand
stone units (such as the braided river channels observed in the Arenisca 
Albardón Member) and likely signal an increase in sediment transport 
energy associated with the encroaching Precordillera topographic and 
thrust front toward the foreland (Jordan et al., 1993; Capaldi et al., 
2020). 

4. Detrital Zircon U–Pb Geochronology 

We collected 14 sandstone samples within the measured strati
graphic sections (Fig. 4) and an additional 2 sandstone samples (ULL01 
and VIL01) not in the stratigraphic sections (Fig. 2; Appendix E). We 
targeted medium-grained sandstones for zircon U–Pb geochronology to 
determine maximum depositional ages of Neogene units and to 
constrain changes in sediment provenance during uplift and erosion of 
Andean ranges. Zircon is a highly refractory mineral that incorporates 
high concentrations of U combined with low amounts of initial Pb, 
providing precise age controls for the crystallization of intermediate to 
felsic igneous rocks and high-grade metamorphic rocks (Gehrels, 2014; 
Rubatto, 2017). 

4.1. Analytical Methods and Data Visualization 

Zircons were extracted from sandstones using standard separation 
procedures including crushing, grinding, water table, heavy liquid 
density, and magnetic susceptibility. Zircon grains were handpicked 
using an optical microscope, targeting non-broken, inclusion-free grains, 
and were mounted on double sided tape on 2.5 cm diameter epoxy resin 
mounts. Zircon grains were chosen randomly for analysis by laser- 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 
to obtain zircon U–Pb ages. 

Sandstone samples from the Villicum section and basal Ullum sample 
ULL01 were analyzed for detrital zircon geochronology at the University 
of Texas at Austin UTChron laboratory. Zircon sample mounts were 
loaded into a large-volume Helex sample cell and ablated using a Pho
tonMachine Analyte G.2 excimer laser for analysis with a single- 
collector, magnetic sector Element2 ICP-MS (for more details see 
Capaldi et al., 2021). Corrections for depth dependent, elemental and 
isotopic fractionation were performed using zircon standard GJ1 (600.4 
± 0.1 Ma; Jackson et al., 2004). Secondary standards were analyzed 
periodically to verify the accuracy of the analyses; these included the 
Plesovice zircon (PL-1; 337.2 ± 0.4 Ma; Sláma et al., 2008) and Pak-1 
(43.03 Ma; in-house standard). 

Sandstone samples from the Ullum section were analyzed for detrital 
zircon geochronology at the University of Nevada, Las Vegas Nevada 
Plasma Facility Lab. Zircon sample mounts were loaded into a TwoVol 1 
ablation cell and ablated using an ESI 193 nm NWR193 excimer laser for 
analysis with a Quadruple collector ThermoFisher Scientific TM iCAP 
ICP-MS (for more details see Garzanti et al., 2022). Corrections for 
depth-dependent, elemental and isotopic fractionation were performed 
using zircon standards FC1 (1099 ± 0.5 Ma; Paces and Miller, 1993) and 
secondary standards Plesovice (PL-1; 337.2 ± 0.4 Ma; Sláma et al., 
2008) and Fish Canyon Tuff (28.4 ± 0.02 Ma; Schmitz and Bowring, 
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2001). 
Zircon analyses from both labs were reduced using the VizualAge™ 

workflow in the Iolite™ plugin for Igor Pro™ (Paton et al., 2011; Petrus 
and Kamber, 2012). Zircon U–Pb ages and 2σ errors are reported for 
analyses with <10% 206Pb/238U uncertainties, <20% discordance, and 
<5% reverse discordance. Reported values for grains <1200 Ma are 
206Pb/238U ages with 206Pb/238U vs. 207Pb/235U discordance, whereas 

values for grains >1200 Ma ages are 207Pb/206Pb ages with 206Pb/238U 
vs. 207Pb/206Pb discordance. Miocene zircons (<23 Ma) were expanded 
to incorporate ages with <20% 206Pb/238U uncertainties and <50% 
discordance 206Pb/238U to prevent biasing due to exclusion of young 
grains with higher 207Pb and associated 207Pb/235U ages that are sys
tematically older than the measured 206Pb/238U ages. Detrital zircon 
geochronology data for samples analyzed at University of Texas at 

Fig. 6. Comparative plot of detrital zircon U–Pb age distributions for sandstone samples from the Villicum and Ullum sections. Distributions depicted as kernel 
density estimates (20 Myr bandwidth) and age histograms with emphasis on key age components (color shading). Ring diagrams at right present the relative 
abundance of key age components with color shading representing key age components with the addition of dark gray for “other” age components. 
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Austin UTChron lab can be found in Supplemental File 3 and data for 
samples analyzed at UNLV NPFL can be found in Supplemental File 4. 

Results for individual samples are arranged in stratigraphic order 
and are represented as kernel density estimations (KDEs) with a set 
bandwidth of 20 Myr and histogram age bins with a 40 Myr bin width 
(Figs. 6–8) and were plotted using IsoplotR (Vermeesch, 2018). Com
parison among sample U–Pb age distributions was accomplished by vi
sual inspection of the relative abundance of age groups. Additional 
comparison of DZ-Ub age distributions was established through metric 
multidimensional scaling (MDS) plots to identify greater similarity for 
samples that cluster together and less similarity for those that plot 
farther apart. Metric squared MDS is applied by constructing a pairwise 
dissimilarity matrix of detrital age distributions among the sandstone 
samples using R2 cross-correlation coefficient. The metric squared MDS 
plot and results were created using the program DZmds (Saylor et al., 
2018). Detrital zircon samples from the Andean foreland deposits from 
the Ullum and Villicum sections were compared to each other and to 
previously published data from the Huaco section (Fosdick et al., 2015; 
Amidon et al., 2017) and Mogna section (Capaldi et al., 2020) using a 
three-dimensional (3D) MDS plot. The misfit from conversion of sample 

dissimilarity to disparity in Cartesian space via linear transformation 
provided a good correlation, as indicated by a low stress minimum 
(0.08). 

4.2. Maximum Depositional Ages 

A maximum depositional age for the 16 sandstone samples was 
derived from the calculated weighted mean age of the youngest grain 
cluster overlapping by 2σ concordant U–Pb ages (following approaches 
established by Dickinson and Gehrels, 2009; Coutts et al., 2019). In cases 
where two or more grains do not overlap by 2σ, the youngest single grain 
was selected as the maximum depositional age (Supplemental File 5) 
and plotted at the corresponding stratigraphic level (Fig. 4). 

Most Cenozoic sandstone samples contain young age populations 
broadly consistent with previous age assessments (Milana et al., 2003; 
Capaldi et al., 2020). Collectively, samples from the retroarc basin sys
tem show a systematic up-section decrease in maximum depositional 
age, with the exception of sample ULL08 (8.3 ± 0.1 Ma) from El Corral 
Formation in the Ullum section (Fig. 4). On the basis of the internal 
consistency and stratigraphic coherence, the calculated maximum 
depositional ages are regarded as viable approximations of stratigraphic 
age and we acknowledge the caveat that these are not true depositional 
ages. 

4.3. Detrital Zircon Age Components 

Here we describe five diagnostic age groups representative of sedi
ment provenance signatures recorded by detrital zircon U–Pb analyses 
from oldest to youngest.  

1. Proterozoic zircon ages (~925–1450 Ma) ages include a 1350–1450 
Ma age component recycled from Cambrian-Ordovician strata and 
unique to the Cambrian-Orodovcian strata of the Eastern Pre
cordillera (Ramos et al., 1986; Thomas et al., 2015; Martin et al., 
2019). Dominant 925–1200 Ma zircon age components may have 
been sourced from numerous Sunsas metamorphic basement units 
that presently outcrop across the Sierra Pie de Palo and are ubiqui
tous in most Ordovician to Permian sedimentary sequences deformed 
within the central Precordillera (Ramos, 2004, 2009; Bahlburg et al., 
2009; Rapela et al., 2016).  

2. The Eastern Sierras Pampeanas (515–725 Ma) age group is composed 
of a minor 725-550 Ma age component initially recycled from met
asedimentary rocks (Puncoviscana Formation) and a dominant 
515–550 Ma age peak originally from igneous-metamorphic rocks of 
the Pampean magmatic arc presently exposed in Sierra Cordoba 
(Schwartz et al., 2008; Rapela et al., 2016). The Eastern Sierras 
Pampeanas (515–725 Ma) age group zircons are commonly recycled 
from Carboniferous to Permian sedimentary sequences found in the 
central Precordillera fold-thrust belt (Fosdick et al., 2015; Capaldi 
et al., 2017, 2020).  

3. The Western Sierras Pampeanas (380–510 Ma) age group is derived 
from sources throughout the western Sierras Pampeanas involving 
440–505 Ma Famatinian continental arc rocks in the Sierra Valle 
Fertíl (Ducea et al., 2010; Otamendi et al., 2017; Rapela et al., 2018) 
and subsequent 385–435 Ma metamorphic assemblages associated 
with accretion of the Cuyania terrane (Coira et al., 1982; Martin 
et al., 2019). Recycled western Sierras Pampeanas 380–510 Ma DZ 
age components are derived from Carboniferous-Permian sedimen
tary units in the Precordillera fold-thrust belt and 
Carboniferous-Triassic sedimentary sequences overlying western 
Sierras Pampeanas uplifts (Capaldi et al., 2017).  

4. Late Carboniferous-Triassic zircon ages (225–330 Ma) are derived 
from intrusive and volcanic rock sources throughout the Chilean 
Coastal Cordillera, Frontal Cordillera, and Principal Cordillera. 
These rocks include the 290–310 Ma Elqui-Limari and the Colangüil 
batholiths (Maksaev et al., 2014; Hervé et al., 2014; del Rey et al., 
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Fig. 7. Plot of apatite (U–Th-Sm)/He ages for new Mogna, Villicum, and Ullum 
samples, and published Huaco samples (Fosdick et al., 2015). All 
(U–Th-Sm)/He ages are plotted with 2σ error bars. For each locality, samples 
are presented in stratigraphic order, with maximum depositional ages denoted 
by boxes with blue bars as errors. 
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Fig. 8. Inverse thermal history modeling results for Miocene sandstone samples from the Bermejo basin using HeFTy software (Ketcham, 2005). (A) Huaco section. 
(B) Northern Mogna anticline. (C) Southern Mogna anticline. (D) Villicum section in central Sierra Villicum. (E) Southern Sierra Villicum. (D) Ullum section in 
northern Sierra Chica de Zonda. Time-temperature paths are colored as acceptable (green), good (purple), average (blue) and best fit (black). 
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2016), 240–285 Ma granitoids and silicic volcanics of the Choiyoi 
igneous province, and 225–240 post-Choiyoi igneous rocks (Mpo
dozis and Kay, 1992; Kleiman and Japas, 2009; Sato et al., 2015).  

5. East-dipping subduction generated the Jurassic to Cenozoic Andean 
magmatic arc (0–200 Ma), which is defined by north-trending belts 
involving principally granite/granodiorite intrusions and andesite 
volcanics. These belts young systematically eastward from Jurassic 
(200–165 Ma) and Cretaceous (130–90 Ma) rocks along the Chilean 
coast, to Paleocene–Eocene (67–38 Ma) and Eocene–Oligocene 
(27–18 Ma) units along the western flank of the Principal Cordillera, 
and finally Miocene (17–4 Ma) volcanic rocks in the eastern Principal 
Cordillera, Frontal Cordillera, Precordillera and Sierras Pampeanas 
(Kay et al., 1991; Haschke et al., 2006; Jones et al., 2016; Capaldi 
et al., 2021). 

4.4. Detrital Zircon U–Pb Age Results 

Detrital zircon U–Pb age distributions from 14 sandstone samples 
from the Villicum and Ullum stratigraphic sections indicate ~7 million 
years of deposition in the Southern Bermejo basin and are plotted based 
on depositional age from oldest to youngest (bottom to top; Fig. 6). A 
summary of results is presented in the following paragraphs. 

Samples from the Villicum stratigraphic section display an overall 
upsection increase in both Western and Eastern Sierras Pampeanas 
(early Paleozoic arcs) and Proterozoic basement age components during 
deposition from 13.3 to 5.7 Ma. All of the Villicum samples contain a 
significant amount of Andean Arc age grains ranging from 23 to 60%. 
Andean Arc age components show an initial decrease from 60% to 33% 
between 13.3 and 10 Ma. Andean Arc grains then increase and peak at 
54% in the 7.6 Ma aged sample (VILE09), and then begin to decrease, 
reaching a minimum input of 23% at the top of the Villicum section 
(VILE11). Late Carboniferous to Triassic zircon age component is prev
alent from 12.8 to 5.7 Ma, displaying two notable apparent maximums 
around 10 Ma (~40%) and 6.4 Ma (~20%). Western Sierras Pampeanas 
age components represent minor contributions throughout deposition of 
Villicum, showing an overall upward trend from <1% at the base of the 
section (VILE04) to ~9% at the end of deposition (VILE11). Eastern 
Sierras Pampeanas zircon inputs follow roughly the same trend as those 
of the Western Sierras Pampeanas, increasing from 0% at the start of 
deposition to a maximum of 18% at the top of the section. Proterozoic 
basement age components represent 28% of zircon composition at the 
base of the section in the 13.3 Ma aged sample, then show an initial 
decrease-reaching a minimum of 8% in the 8.7 Ma aged sample 
(VILE08). Proterozoic inputs then steadily increase and represent 24% of 
detrital zircon composition at the top of the section (VILE11). 

Detrital zircon age distributions in the Ullum stratigraphic section 
reveal similar trends to those of Villicum. Contribution of Andean Arc 
age components are notable in every sample, ranging from 14% to 44%, 
with no observable pattern in terms of Andean Arc input throughout the 
duration of deposition. Late Carboniferous-Triassic grains represent a 
more consistent and dominant source of zircon grains for the Ullum 
section. There are two notable increases in Late Carboniferous-Triassic 
age components observed in the 10.1 Ma sample (ULL04) with 55% 
and at the top of the section (<6.5 Ma; ULL08) with 32%. These in
creases in Carboniferous-Triassic age components are also observed in 
coeval deposits in the Villicum section (Fig. 6). Western Sierras Pam
peanas age components display an up-section decrease in relative 
contribution, from 29% in the 13.1 Ma aged sample (ULL02) to 7% in 
the two uppermost samples of the section (ULL07 & ULL08). Eastern 
Sierras Pampeanas aged zircon contributions are <10% in 4 lowest 
samples (ULL02-ULL05) and reach a maximum of 16% in the 6.8 Ma 
aged sample (ULL06), and then decrease to 10% at the top of the 
stratigraphic section. 

5. Apatite (U–Th-Sm)/He Thermochronology 

We conducted detrital apatite (U–Th-Sm)/He thermochronology 
analyses (AHe) to track the timing of tectonic and erosional exhumation 
in the Eastern Precordillera. We collected seven sandstone samples from 
the Mogna, Villicum, and Ullum stratigraphic sections (Fig. 2). Samples 
were targeted from basal deposits along each stratigraphic section, 
which are expected to record the highest degree of thermal resetting due 
to burial of overlying basin sediment. AHe thermochronometry relies on 
the temperature-dependent retention and diffusive loss of alpha parti
cles (4He) during the radioactive decay of U, Th, and Sm (Farley, 2002). 
The AHe system is characterized by its relatively low closure tempera
ture, which ranges between ~30 and 90 ◦C depending on radiation 
damage accumulation, grain size, and composition of the crystal 
(Shuster et al., 2006; Flowers et al., 2009), corresponding to exhumation 
from ~1 to 4 km depth assuming a geothermal gradient of 20–26 ◦C/km 
in the Sierras Pampeanas continental crust (Sobel and Strecker, 2003; 
Löbens et al., 2013; Collo et al., 2017). Exhumational cooling is often 
delayed after tectonic activity, and thermochronometric data cannot 
directly quantify fault activity/uplift. However, if cooling is linked to 
fault-induced displacement and enhanced erosion, AHe ages may serve 
as a proxy for deformational timing (Ault et al., 2019; Mackaman-Lof
land et al., 2020, 2022). 

5.1. Methodology 

Standard mineral separation was conducted on seven Miocene 
sandstone samples from foreland deposits exposed along the Eastern 
Precordillera, which included crushing, grinding, water table, heavy- 
liquid density, and magnetic susceptibility separations. Apatite grains 
were handpicked using an optical microscope, targeting non-broken, 
inclusion-free grains and were measured to calculate the grain mass 
and alpha ejection correction factor (Farley, 2000; Elhers and Farley, 
2003). Single apatite grains were packed into platinum tubes, heated 
with a diode laser for 10 min at 1070 ◦C, and repeatedly reheated until 
the 4He yield dropped to <1% to ensure complete degassing. Extracted 
gas was spiked with a 3He tracer, cryogenically concentrated and puri
fied, and measured with a noble gas quadrupole mass spectrometer at 
the University of Texas at Austin UTChron laboratory. Apatite aliquots 
were dissolved using HNO3-based solution (diluted and purified MilliQ 
water to 5% HNO3) spiked with 235U, 230Th, and 149Sm tracers. Apatite 
U, Th, and Sm parent concentrations were measured by isotope 
dilution-inductively coupled plasma-mass spectrometry (ID-ICP-MS) 
analysis with a single-collector, magnetic sector Element2 ICP-MS. 
Durango apatite were analyzed as independent unknowns to ensure 
data quality and age accuracy (Boyce and Hodges, 2005). Based on 
replicate analysis of the Durango apatite standards, analytical un
certainties for uncorrected AHe ages are estimated at 6% (2σ). Reduced 
(U–Th-Sm)/He data for all samples analyzed are available in Supple
mental File 6. 

5.2. Detrital Apatite Results 

New AHe analyses of eight sandstone samples from the Mogna, Vil
licum, and Ullum sections were compared against maximum deposi
tional ages generated from detrital zircon U–Pb analysis (Capaldi et al., 
2020) and magnetostratigraphic chronologies (Johnson et al., 1986; 
Milana et al., 2003) to evaluate which AHe dates are younger than the 
depositional age and therefore partially to fully reset. Aliquots with 
anonymously low He concentrations compared to the whole suite of data 
(i.e., [He] <0.049 nmol/g), despite having similar eU, were excluded 
from the results and calculations (Supplemental File 6). 

Four samples were analyzed from the Mogna section with two 
samples collected from the eastern hanging wall (MGN01 and MGN02) 
and two from the western footwall (MGN08 and MGN10) across the west 
vergent thrust propagation fold (Fig. 2). All samples are discussed in 
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increasing stratigraphic order (bottom to top). Basal sample MGN08 
from the Rio Salado Formation and yields dispersed dates with two al
iquots younger than the magnetostratigraphic age (~19 Ma) of 16.4 ±
1.0 Ma and 2.7 ± 0.2 Ma and older dates of 46.9 ± 2.8 Ma and 61.3 ±
3.7 Ma. Sample MGN10 yields four AHe aliquots that are younger than 
zircon MDA (11.2 ± 1.1 Ma) with AHe grain dates between 3.5 ± 0.21 
and 7.0 ± 0.42 Ma, and an older outlier of 133.2 ± 8.0 Ma. Sample 
MGN01 has dates 33.9 ± 2.0 Ma and 23.9 ± 1.4 Ma that are older than 
the 7.8 ± 0.4 Ma MDA and not considered further in our discussion. 
Uppermost sample MGN02 yields three reset aliquots which yield single- 
grain dates of 2.1 ± 0.12, 2.4 ± 0.14, and 5.0 ± 0.3 Ma and two older 
dates of 31.6 ± 1.9 Ma and 31.0 ± 1.9 Ma. 

Two samples from the Villicum locality include VILE07 from the 
measured section and VIL01 sampled from the southern tip of Sierra 
Villicum (Fig. 1). Four aliquots from sample VIL01 are reset and yield 
grain ages that range from 6.2 ± 0.37 to 7.9 ± 0.47 Ma, younger than 
the MDA 11.9 ± 1.0 Ma. Sample VILE07 produced two out of five grain 
ages younger than the corresponding zircon MDA of 10.0 ± 0.6 Ma, 
yielding single age grain dates of 6.3 ± 0.4 and 9.2 ± 0.6. 

Single-grain dates from the basal Ullum sample ULL01 range from 
5.5 ± 0.33 to 10.1 ± 0.61 Ma. The disperse ages suggest partial resetting 
of the sample, which is from the thinnest stratigraphic section in the 
study. 

5.3. Thermal History Modeling 

Thermal history modeling provides a quantitative evaluation of a t-T 
history for a sample given input data of AHe single grain ages, grain size, 
and effective uranium (eU; eU=U+0.235 Th) concentrations. Samples 
from the Mogna, Villicum, and Ullum sections were modeled using the 
HeFTy program (version 1.9.1; Ketcham, 2005). We used radiation 
damage–diffusivity kinetics for apatite after Flowers et al. (2009) 
(RDAAM) and the alpha ejection correction from Ketcham (2005). 
Effective uranium concentration (eU) and grain size are accounted for in 
the thermal history modeling kinetics (Farley, 2002; Flowers et al., 
2009; Flowers and Kelley, 2011). All models were run using grains that 
were younger than the sample depositional age to capture the 
post-deposition thermal history of basin accumulation and subsequent 
exhumation. HeFTy models were run until either 100 good fit paths were 
produced or 30,000 possible t-T paths were explored. Constraint boxes 
were used in each model based on geologic observations in order to 
obtain geologically reasonable thermal histories. Initial constraints 
include large constraint boxes ranging from 10◦ to 250 ◦C during 300 Ma 
to the samples maximum depositional age that enable, but do not 
require, the inverse model to explore non-monotonic time-temperature 
paths (e.g., paths that may reheat rocks) for the detrital apatite grains 
prior to deposition. This allows the model to explore variable 
pre-depositional time-temperature paths that could involve full reset
ting, partial resetting, or long durations for apatite grains to accumulate 
radiation damage. Following deposition at Earth surface the final 
constraint box that allows the model to simulate reheating during 
sediment burial and subsequent cooling during exhumation of the basin 
centers varies along strike. This temperature range is consistent with 
previous estimates of Mesozoic and Cenozoic maximum temperatures 
(Fosdick et al., 2015; Ortiz et al., 2015, 2021) in the Bermejo basin and 
purposely exceeds the closure temperature of the AHe systems allowing 
the model to explore all possible thermal scenarios, while also allowing 
grains to accumulate radiation damage. 

Miocene sandstone samples are constrained by maximum deposition 
age at surface temperatures of 10◦ ± 10 ◦C, and modern surface tem
peratures. Modeled Huaco and Mogna samples from the northern Ber
mejo sections include a broad constraint box with temperatures between 
10 ◦C and 200 ◦C enables the model to explore paths consistent with 
sediment burial and reheating at any time between depositional age and 
0 Ma (Fig. 8A, B, and 8C). Samples from Villicum and Ullum sections 
have maximum reheating temperatures of 100 ◦C between their 

depositional age and 0 Ma to that is consistent with stratigraphic 
thicknesses of ~2 km given Miocene to modern surface temperatures of 
10◦ ± 10 ◦C and the regional geothermal gradient of ~20–26 ◦C 
(Fig. 8D, E, 8F). Model parameters are provided in Supplemental File 7 
following the reporting protocols of Flowers et al. (2015). 

5.4. Thermal History Modeling Results 

New thermal history modeling of Miocene basin deposits supports 
asynchronous basin cooling along-strike (Fig. 8). Miocene cooling ini
tiates in the southern basin samples between 8 and 7 Ma, whereas the 
modeled northern samples display cooling broadly <6 Ma. The thermal 
history model of the Huaco sample incorporates existing AHe ages of 2.7 
± 0.2 Ma and 2.0 ± 0.6 Ma (Fosdick et al., 2015) with a broad deposi
tional age estimate of 13.7 ± 2.0 Ma from magnetostratigraphy (John
son et al., 1986). The HeFTy model results display sample reheating to 
80–180 ◦C from deposition until ~6 to 3 Ma, when cooling commences 
at a steady rate of 20–40 ◦C/Myr (Fig. 8A). 

Models for the Mogna samples broadly show cooling before 5 to 4 
Ma. Sample MGN02 only produced “acceptable” paths in the HeFTy 
model with reheating to ~60–100 ◦C between 8 and 4 Ma followed by 
rapid cooling between 4 and 2 Ma that subsequently decreases in cooling 
rate until the surface. Most of the “good” fit paths from the HeFTy model 
for Mogna sample MGN10 indicate reheating during 11 to 7 Ma to 
temperatures of 80–160 ◦C. Modeled cooling paths for sample MGN10 
begin around 7 to 4 Ma with initially rapid cooling followed by lower 
rates of cooling between 3 and 0 Ma (Fig. 8C). 

Villicum sample VILE07 only produced 10 “good” paths from the 
HeFTy model that record reheating to 80–100 ◦C by 8 Ma followed by 
rapid cooling between 8 and 7 Ma that transitions to slower cooling rates 
until 0 Ma (Fig. 8D). The HeFTy model results for sample VIL01 yielded 
reheating to 60–100 ◦C between 11 and 7 Ma followed by progressive 
cooling since ~8-7 Ma (Fig. 8E). 

The HeFTy model thermal history for sample ULL01 from the Ullum 
locality displays reheating to 70–100 ◦C by 8 Ma that transitions to rapid 
cooling below 50 ◦C by 6 Ma (Fig. 8F). Between 6 and 0 Ma cooling rate 
decreases as the modeled paths reach near surface temperatures. 

6. Provenance Synthesis 

Here we integrate the stratigraphic trends in paleocurrent variability 
and sediment provenance change using detrital zircon U–Pb age pop
ulations, and conglomerate clast counts to provide insight into erosional 
and related along-strike evolution of deformation and associated fore
land basin development. Previously published detrital zircon age dis
tributions from Huaco (Fosdick et al., 2015; Amidon et al., 2017) and 
Mogna (Capaldi et al., 2020) are plotted in Fig. 9. 

Paleocurrent measurements from the Villicum and Ullum sections 
(Fig. 4) both records east-southeast directed sediment dispersal patterns, 
which suggest primarily western sediment source regions (i.e., Frontal 
Cordillera and Precordillera) during the Miocene and Pliocene. Paleo
current measurements from the Huaco section also record southeast to 
east directed flow (Jordan et al., 2001). In the Mogna section, paleo
current measurements from the basal deposits indicate an initial 
northwest directed flow that reversed up-section to an east directed flow 
throughout the Miocene and Pliocene (Capaldi et al., 2020). 

The Ullum and Villicum stratigraphic sections incorporate a range of 
Andean arc zircons (0–200 Ma), comprising 24–60% at the Villicum 
section and 14–43% for the Ullum section. Notably, >90% of grains 
within the Andean arc age component are quite young, ranging between 
Oligocene-Pliocene (32-4 Ma) time period. Neither of the southern 
Bermejo sections display consistent or obvious up-section trends in 
terms of Andean arc derived zircons, however, consistent incorporation 
of these young (Oligocene-Pliocene) grains likely reflects continuous arc 
magmatism (Kay and Mpodozis, 2001; Capaldi et al., 2021). The 
Cenozoic zircon age distribution in the Mogna stratigraphic section 
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Fig. 9. Comparative plot of detrital zircon U–Pb age distributions for sandstone samples from the Huaco (Fosdick et al., 2015; Amidon et al., 2017) and Mogna 
(Capaldi et al., 2020) sections. Distributions depicted as kernel density estimates (20 Myr bandwidth) and age histograms with emphasis on key age components 
(color shading). 
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shows similar dominant contribution that is observed in the southern 
Bermejo sections, whereas the Huaco data displays the lowest propor
tion of Cenozoic ages (Fig. 9). In both northern and southern Bermejo 
basin localities there is an upsection shift from syn-deposition (<10 Ma) 
to older (10–45 Ma) Cenozoic age populations (Supplemental Fig. 1). 
The provenance trends likely represent shortening within the Pre
cordillera thrust belt and associated erosional unroofing of recycled 
Cenozoic basin deposits (Capaldi et al., 2020). 

Late Carboniferous to Triassic (225–330 Ma) aged zircon grains 
represent another steady contributor to Neogene basin fill of the Ber
mejo basin. Arc magmatism and crustal thickening (associated with 
input of the Andean arc zircons) was synchronous with deformation and 
erosion along the Frontal Cordillera (Fosdick et al., 2017; Buelow et al., 
2018; Mackaman-Lofland et al., 2020). The deformation and associated 
erosion in the Frontal Cordillera likely exhumed Elqui-Limari and 
Choiyoi igneous rocks that acted as significant sediment sources to the 
Bermejo basin. There is a notable flux in late Carboniferous-Triassic 
zircons at 10 Ma (Figs. 6 and 9), potentially signaling a pulse of Fron
tal Cordillera deformation at this time. Another source of these grains 
could be from a recycled zircon input from the actively deforming 
Cenozoic basin deposits (e.g., Precordillera basins studied by Vergés 
et al., 2001; Levina et al., 2014; Suriano et al., 2017), which incorpo
rated significant proportions of Choiyoi-aged zircon grains. Felsic and 
mafic volcanic clasts are also steady contributors to the conglomerate 
units in Bermejo basin, which are diagnostic of erosion of late-Paleozoic 
and Miocene volcanic rocks of the Frontal Cordillera (Jordan et al., 
1993). Conglomerate facies are dominated by volcanic clast composi
tions that range from 66% to 44% of total clast distributions, reach 
maximum input at 10 Ma, and generally decrease up-section, likely 
reflecting erosion of Paleozoic sedimentary successions found within the 
more proximal Precordillera and lower structural levels of the Frontal 
Cordillera sediment sources through time. 

Metasedimentary and sandstone clasts record Precordillera defor
mation and represent the Paleozoic strata being unroofed and subse
quently eroded and transported to the Bermejo basin. Paleozoic 
conglomerate clast compositions increase from ~30% to ~50% in 
southern Bermejo. The pronounced east directed paleocurrent data 
along the foreland basin indicate that detrital zircon age distributions 
>300 Ma are recycled from Paleozoic and Mesozoic strata that were 
initially derived from eastern Sierras Pampeanas sediment sources. Si
erras Pampeanas aged zircons (380–725 Ma) generally increase up- 
section in the southern Bermejo basin except for the basal sample at 
Ullum (ULL02), which records an anomalously high percentage of 
Western Sierras Pampeanas grains at ~40% (Fig. 6). This anomaly likely 
reflects erosion of locally derived Paleozoic strata in the earliest stage of 
basin deposition at the Ullum locality. The up-section increase in Eastern 
and Western Sierras Pampeanas aged zircon populations is particularly 
evident in the Villicum section and is most likely a result of increased 
sediment contribution from the Precordillera associated with unroofing 
of Paleozoic strata (Jordan et al., 1993; Fosdick et al., 2015). Proterozoic 
basement zircons (925–1450 Ma) follow a similar trend to Pampean 
zircons in that they increase up-section. It is likely that Precordillera 
deformation also contributed Proterozoic aged zircons into the basin fill 
in southern Bermejo basin. Metasedimentary and red-brown-gray 
sandstone conglomerate clasts follow similar up-section trends to 
Paleo-Proterozoic detrital zircon provenance, generally increasing 
up-section (with a few internal cycles). Deposition of southern Bermejo 
basin sections is coeval with the initiation of deformation across the 
Precordillera and into the western-most foreland. The Precordilleran 
provenance signature is pervasive in the Huaco and Mogna detrital 
zircon age spectrum (Fig. 9), with strong contribution of early Paleozoic 
arc and Proterozoic basement age components. 

6.1. Multidimensional Scaling Plot 

We generated a MDS plot to examine the similarity among zircon 

provenance for each basin location (Fig. 10). New data from Villicum 
and Ullum are integrated with published detrital zircon U–Pb age 
datasets from the Mogna and Huaco sections (Figs. 6 and 9; Fosdick 
et al., 2015; Amidon et al., 2017; Capaldi et al., 2020). The DZ samples 
plotted in the MDS exhibit trends that indicate the positive y-space 
represents greater abundance of Paleozoic arc and Proterozoic basement 
aged zircons; positive x-space represents greater influence of Choiyoi 
and Elqui-Limari arc diagnostic ages; and negative x-space represents 
greater incorporation of Andean Arc-aged zircon grains. Each U–Pb age 
distribution is also annotated with the approximate depositional age of 
the given sample, adding a time component to the plot (Fig. 10). 

The MDS plot reveals several distinct spatial and temporal trends 
among the four stratigraphic sections indicating drainage connectivity 
or isolation during the foreland basin development. The samples from 
the Huaco section (Fig. 10; blue) plot further away from the other three 
sections, dictated by the strong older Paleozoic arcs and Proterozoic 
basement source age component observed in these samples. The cluster 
of Huaco samples in MDS space suggests that the Huaco deposits 
recorded a unique sediment source that is fluvially disconnected from 
southern Bermejo basin. This sediment source was likely being fed by 
catchment areas predominately comprised of Ordovician and 
Carboniferous-Permian siliciclastic strata that recycled Pampean- 
Proterozoic zircons during northern Precordillera deformation, 
signaling a greater contribution of these grains in the north (Fig. 1). The 
basal Mogna (Fig. 10; red) and Ullum (Fig. 8; yellow) samples also plot 
in the Pampean-Proterozoic basement MDS space, suggesting that local 
Paleozoic and basement sources that underlie the deposits were 
contributing sediment in the initial basin formation phase. Both the 
Mogna and Villicum (Fig. 10; red and green) samples overlap predom
inantly in the negative-x MDS space, indicating a shared sediment 
source dominated by Andean arc derived grains. The amount of overlap 
observed between the zircon U–Pb age distributions of Mogna and Vil
licum after 10 Ma implies that these sections were fluvially connected 
and tapping into an eroding Andean arc source. The dominant young 
(Oligocene-Pliocene) aged zircon being sourced to this Neogene basin 
fill suggest that the fluvial system feeding Mogna and Villicum was 
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tapping into Cenozoic basins of the Precordillera which began deform
ing between 12 and 9 Ma (Jordan et al., 1993; Levina et al., 2014). The 
Ullum samples plot towards the positive x-space, suggesting a system 
that is more dominated by Carboniferous-Triassic (Choiyoi & 
Elqui-Limari arc) sources. There is a fair amount of overlap between the 
Mogna and Villicum system with Ullum, indicating that these sections 
experienced similar sediment provenance histories. However, Ullum 
experiences a greater influence of sediment input from the Choiyoi and 
Elqui arcs suggesting that the system feeding into Ullum was fluvially 
disconnected from the source feeding Mogna and Villicum. Since sedi
ment was depositing in the Ullum locality at roughly the same time as 
Villicum (13-6 Ma), this may suggest that the source for Ullum was a 
southern Cenozoic basin with a unique depositional history (e.g., 
Albarracín studied by Vergés et al., 2001; Levina et al., 2014) which 

incorporated significant proportions of Choiyoi-Elqui igneous rocks. The 
observed along-strike differences in sediment provenance during Ber
mejo basin deposition is a direct result of the along-strike complexities 
seen within the deforming Precordillera coeval with deposition in the 
foreland. 

7. Basin Subsidence and Thermal History 

Integration of new detrital zircon U–Pb geochronologic time con
straints (MDAs) from the Villicum and Ullum sections paired with 
published magnetostratigraphic data for the Huaco (Johnson et al., 
1986) and Mogna (Milana et al., 2003) sections allows for a recon
struction of along-strike sediment accumulation histories of the Bermejo 
basin (Fig. 9). The stratigraphic age and thickness data reveal a distinct 

Fig. 11. Along-strike Bermejo basin accumulation and thermal history. (A) Sediment accumulation plots recording time-transgressive basin initiation from north to 
south. (B) Time-temperature plots of Miocene basin deposits recording time-transgressive basin exhumation from south to north. 
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along-strike difference in sediment accumulation histories in the 
northern (Huaco, Mogna) versus southern Bermejo basin (Villicum, 
Ullum). First order observations show a decrease in stratigraphic 
thicknesses from north to south. Huaco, at the northern extent of our 
study, has a thickness greater than 5 km, while Ullum, at the southern 
extent, is less than 2 km thick (Fig. 11). 

Sediment accumulation rates can be a useful tool for informing 
depositional environments, especially in a foreland basin system with 
well-defined depositional zones. In the early stages of deposition in the 
northern Bermejo basin (18-13 Ma), the Huaco and Mogna sections re
cord low rates of sediment accumulation of 38 m/Myr (Huaco) and 75 
m/Myr (Mogna). Low sediment accumulation rates at this time likely 
signify deposition in the distal foreland basin depositional zone (Flem
ings and Jordan, 1989; DeCelles and Burden, 1992). Between 13 and 9 
Ma, the accumulation rate in northern Bermejo increases to 234 m/Myr 

(Huaco) and 143 m/Myr (Mogna). Sediment begins to accumulate in the 
southern Bermejo basin at this time with rates of 190 m/Myr in Villicum 
and 112 m/Myr in Ullum. Maximum sediment accumulation rates occur 
between 9 and 5 Ma across the entire Bermejo foreland basin with 
observed rates of: 768 m/Myr in Huaco, 463 m/Myr in Mogna, 338 
m/Myr in Villicum, and 263 m/Myr in Ullum. The increase in sediment 
accumulation rate through time signals a transition into a foredeep 
depositional zone of the evolving foreland basin system (DeCelles and 
Giles, 1996). In the final stage of basin development (5-0 Ma), sediment 
continues to accumulate in Huaco and Mogna until 2 Ma with decreased 
rates of 400 m/Myr at Huaco and 281 m/Myr at Mogna. Deposition in 
the southern Bermejo basin ceased during this stage. These decreased 
rates of sediment accumulation indicate a more proximal orogenic 
wedge and a switch to wedge-top deposition as the topographic front 
and associated foreland basin system continued to migrate eastward 

Fig. 12. Paleogeographic reconstructions of Bermejo basin between 18 and 0 Ma.  
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(Allmendinger and Judge, 2014; Fosdick et al., 2015; Mardonez et al., 
2020; Mackaman-Lofland et al., 2022). 

New AHe data and inverse thermal history models from Mogna, 
Villicum, and Ullum localities along with published ages from Huaco 
(Fosdick et al., 2015), reveal two distinct phases of exhumation along 
the Eastern Precordillera (Fig. 11B). Collectively, the good fit t-T paths 
show a northward migration in basin cooling that initiates in southern 
Bermejo between 8 and 6 Ma followed by a second phase during 5–2 Ma 
in northern Bermejo. Basin reheating for each locality is coeval with 
sediment accumulation with greater reheating modeled for the northern 
basin sections owing to the fact these localities preserve thicker Miocene 
deposits. When stratigraphic age, thickness, and exhumation data are 
plotted together (Fig. 11), it becomes evident that the termination of 
deposition in the northern and southern stratigraphic sections aligns 
well with initiation of exhumation in the Eastern Precordillera. In the 
southern Bermejo basin sediment accumulation ends around 6 Ma, 
coeval with basin cooling that is interpreted to be driven by shortening 
along the Eastern Precordillera. In contrast, in the northern Bermejo 
basin sediment accumulation continued until ~2 Ma. The t-T histories 
for the Mogna and Huaco localities reveal exhumation-related cooling to 
converge at 4 Ma until present day for Mogna and 3 Ma to present day 
for Huaco. Collectively, basin initiation occurs first in the north in the 
early Miocene and the south in the middle Miocene, and subsequent 
basin exhumation occurs first in the south by the late Miocene and then 
the north by the Pliocene. 

8. Discussion 

The combination of stratigraphic (Fig. 4), lithofacies (Table 1), 
provenance (Figs. 6, 9 and 10), sediment accumulation, and basin 
thermal histories (Fig. 9) provide insights into Andean unroofing pat
terns and the related depositional and deformational variations along 
strike within the Bermejo basin. We identify four key timesteps in the 
evolution of the Bermejo foreland basin: (1) Early to middle Miocene, 
18-13 Ma; (2) Middle to Late Miocene, 13-9 Ma; (3) Late Miocene to 
early Pliocene, 9-5 Ma; and (4) Pliocene to present, 5-0 Ma (Fig. 12). 

8.1. Early-Middle Miocene Northern Deposition 

The early-middle Miocene stage of foreland basin development (18- 
13 Ma) is concentrated in northern Bermejo basin with basal deposi
tional ages of 16 Ma and 17 Ma for Huaco and Mogna, respectively 
(Fosdick et al., 2015; Milana et al., 2003; Mackaman-Lofland et al., 
2022). Early sediment accumulation occurred at very low rates (<80 
m/Myr) in the northern Bermejo basin, which recorded the initial 
development of the flexural foreland basin initiated by uplift of the 
Frontal Cordillera and the eastward advance of the Precordillera thrust 
front (Fernandez and Jordan, 1996; Jordan et al., 1993; Milana et al., 
2003). Sedimentological analyses of early-middle Miocene strata sug
gest earlier eolian depositional environments with a switch to more 
fluvially dominated systems by 13 Ma, as preserved in the Rio Salado 
and Quebrada del Jarillal Formations (Fig. 3; Fernandez and Jordan, 
1996; Jordan et al., 2001). The southern Bermejo basin recorded no 
sediment accumulation at this time, defining a non-depositional zone 
south of 31◦S in the Bermejo basin (Fig. 12A). Southwest of the inactive 
southern Bermejo basin (Ullum and Villicum), the Miocene Albarracin 
basin began accumulating sediment at 18-16 Ma (Levina et al., 2014; 
Vergés et al., 2001). This indicates that deposition was occurring south 
of 31◦S, but not in the easternmost reaches of the Eastern Precordillera 
in the southern Bermejo basin at Ullum and Villicum. Early to 
mid-Miocene paleocurrent data indicate northwest directed flow for the 
Mogna section (Capaldi et al., 2020) and southwest directed flow for the 
Huaco section (Fosdick et al., 2017), suggesting initial sediment sources 
from the eastern cratonic margin and overlying Carboniferous to 
Triassic strata. Evidence of very low sediment accumulation rates for 
sediments derived from eastern cratonic sources suggests deposition in 

the distal foreland depositional zone of a foreland basin system 
(DeCelles and Giles, 1996). The lack of sediment accumulation in the 
southern Bermejo basin between 18 and 13 Ma suggests that either: (1) 
early exhumation in the Western-Central Precordillera and associated 
flexural subsidence was concentrated north of 31◦S, and/or (2) the 
southern Eastern Precordillera remained a paleo-topographic high at 
this time. The lack of deposition south of 31◦S coincides with the North 
Pie de Palo fault, which may be an inherited structural feature of the 
Protoprecordillera that remained a structural high due to Ancestral 
Andean Mountain building throughout the Paleozoic (Limarino et al., 
2001). The lack of Carboniferous to Paleogene deposits in the southern 
Eastern Precordillera beneath the southern Bermejo basin, in contrast to 
the presence of deposits of these ages beneath strata of the northern 
Bermejo basin, supports the interpretation that the pre-Andean foreland 
configuration was spatially variable and imparts a structural control on 
initial basin formation. 

8.2. Mid-Late Miocene Continuous Foreland Basin 

The mid-late Miocene (13-9 Ma) phase in Bermejo basin develop
ment is marked by an increase in fluvial activity across the region and a 
notable reversal in paleocurrents from northwest-southwest to south- 
southeast directed flow at Mogna and Huaco (Capaldi et al., 2020; 
Fosdick et al., 2017) and the beginning of south-southeast directed flow 
at Villicum and Ullum. The Villicum and Ullum sections of southern 
Bermejo begin accumulating sediment at 13 Ma, coinciding with the 
advance of the fold-thrust belt from the Western Precordillera into the 
Central Precordillera between 14 and 9 Ma (Fernandez and Jordan, 
1996; Jordan et al., 1993; Milana et al., 2003; Levina et al., 2014). 
Depositional environments reflect ephemeral lake systems and distal 
floodplains that progressively grade into thicker and sandier fluvial 
facies recorded in the Lomas de las Tapias, Quebrada del Jarillal, Hua
chipampa, and Quebrada del Cura Formations. All four along-strike 
sections within the Bermejo basin experience relatively moderate sedi
ment accumulation rates (~100–200 m/Myr) during the mid-late 
Miocene (Fig. 9). Both Huaco and Mogna stratigraphic sections record 
an increase in sediment accumulation rates relative to pre-13 Ma rates, 
reflecting increased shortening in the Precordillera and associated 
flexural subsidence (Allmendinger and Judge, 2014; Mardonez et al., 
2020; Mackaman-Lofland et al., 2022). Moderate sediment accumula
tion rates and the occurrence of regional fluvial activity sourced from 
western Andean regions indicates persistent accumulation in the distal 
foredeep depozone of the evolving foreland basin system (Fernandez 
and Jordan, 1996; DeCelles and Giles, 1996). The middle to late Miocene 
Bermejo basin experienced a notable increase in late 
Carboniferous-Triassic aged zircon input and high contribution of 
felsic-mafic volcanic clasts, likely reflecting erosion of Frontal Cordillera 
sources and unroofing of foreland basin deposits across the Pre
cordillera, resulting in the recycling of Andean arc and hinterland 
sediment signatures. Structural and thermochronological constraints 
from the hinterland indicate that accumulating sediment in the Bermejo 
basin is being sourced from both the Frontal Cordillera and Precordillera 
((Allmendinger and Judge, 2014); Fosdick et al., 2015; Mardonez et al., 
2020; Mackaman-Lofland et al., 2020, 2022). 

8.3. Late-Miocene to Early-Pliocene Southern Deformation 

The end Miocene-early Pliocene time (9-5 Ma) in the Bermejo basin 
is distinguished by increased sediment accumulation rates across the 
entirety of the foreland basin (~300 m/Myr in southern Bermejo to 
~800 m/Myr in northern Bermejo). The observed contemporaneous 
increase in sedimentation rates at Huaco and Mogna (Fernandez and 
Jordan, 1996), and Villicum and Ullum indicates regionally synchro
nous shortening and thrust loading over 100 km along-strike in the 
Central Precordillera (Jordan et al., 2001). Changes in lithofacies at 
Villicum and Ullum during this phase of basin development reflects the 
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eastward advance of the Precordillera fold-thrust belt via increasingly 
coarser-grained sediments which is interpreted as a transition from 
avulsing sandy channels on a distal flood-plain to a higher-energy 
braided system and eventual incorporation of debris flow deposits 
(Upper Lomas de las Tapias, Mogna and El Corral Formations). Facies 
analyses of the Villicum and Ullum sections lead us to interpret the 
up-section trends as deposition and migration of a fluvial megafan that is 
being sourced from the actively deforming Precordillera thrust belt. 
Analysis of correlative formations in the northern Bermejo basin have 
been interpreted as proximal alluvial fan and bajada depositional en
vironments (Fernandez and Jordan, 1996; Johnson et al., 1986; Jordan 
et al., 1993), however we suggest that they may be a part of the separate 
fluvial megafan system. High sediment accumulation rates, paired with 
sediment sourced directly from the approaching fold-thrust belt and 
dominant fluvial megafan facies, implies that deposition occurred in the 
foredeep depozone of the foreland basin system at this time (DeCelles 
and Giles, 1996; Flemings and Jordan, 1989). By 6.5 Ma, southern 
Bermejo basin (Villicum and Ullum) transitioned to wedge-top envi
ronments, as supported by the predominantly coarse-grained conglom
erate facies (Mogna and El Corral Formations; DeCelles and Giles, 1996), 
before being exhumed by thrust belt shortening by 5 Ma. Detrital zircon 
U–Pb age distributions reflect an increase in Paleozoic-Proterozoic age 
components indicative of unroofing and sediment derivation from 
recycled Paleozoic sources in the Precordillera. Our new AHe data from 
the southern Bermejo sections reflect exhumation between 7 and 5 Ma, 
while at this time the northern Bermejo basin continued to accumulate 
sediment in broad fluvial megafan depositional environments. The 3–5 
Myr difference in the time of exhumation between the southern and 
northern Bermejo basin implies asynchronous evolution of the retroarc 
basin system, where deformation initiates in the Eastern Precordillera 
around 6 Ma in Ullum and Villicum. As a result of the evolving Eastern 
Precordillera thrust front, broad synclinal structures perturbed the 
Ullum and Villicum localities leading to the exhumation of the southern 
Bermejo basin strata. 

8.4. Pliocene to Present Broken Foreland Basin 

The final phase of Bermejo basin development (5-0 Ma) is distin
guished by basement-involved shortening in the foreland and conse
quent uplift of the Sierras Pampeanas, resulting in the present day 
broken-foreland basin system (Jordan and Allmendinger, 1986; Jordan 
et al., 2001; Horton et al., 2022a). Sediment accumulation continued at 
Huaco and Mogna until 4-2 Ma, with rates decreasing from the main 
phase of accumulation (9-5 Ma) to ~400 and ~300 m/Myr for Huaco 
and Mogna, respectively. Relatively high accumulation rates suggest 
continued deformation in the Precordillera, however the decrease in 
rates from the previous phase likely tracks the encroachment of the 
thrust front and deposition in the wedge-top foreland basin depozone 
(DeCelles and Giles, 1996). Deposition in the northern Bermejo basin is 
dominated by thick conglomeratic facies (Mogna and El Corral Forma
tions) corresponding to proximal river dominated fans (Fernandez and 
Jordan, 1996; Jordan et al., 1993; Milana et al., 2003), which we 
interpret as likely fluvial megafan systems. Northern Bermejo exhuma
tion was coeval with uplift of the Sierras Pampeanas (Ortiz et al., 2015, 
2022; Mackaman-Lofland et al., 2022). Published AHe ages for the 
Huaco section suggest uplift at 2 Ma (Fosdick et al., 2015) and new data 
from the Mogna section shows exhumation initiating by 3.5 Ma, at 
which point the northern Bermejo basin was incorporated into the 
Eastern Precordillera fold-thrust belt, forming the broad anticlinal 
structures observed today at Mogna and Huaco (Fig. 11). The contem
poraneous deformation of the northern Bermejo basin and thick-skinned 
Sierras Pampeanas supports the interpretation that the northern Eastern 
Precordillera may be kinematically linked to the deep-rooted thrust 
structures of the Sierras Pampeanas, as previously suggested (e.g., 
Zapata and Allmendinger, 1996; Zapata, 1998; Mardonez et al., 2020). 
The earlier uplift of the southern Bermejo (>5 Ma) leads us to conclude 

that there are complex along-strike variations in the Eastern Pre
cordillera thrust-front evolution, and that the southern Bermejo basin 
may not be structurally linked to the deep-rooted Sierras Pampeanas, as 
previously suggested (Ramos et al., 2002, 2009; Siame et al., 2002, 
2005; Vergés et al., 2007). 

8.5. Along-strike Variations in Bermejo Basin Evolution 

New sedimentological, geochronologic, and thermochronologic 
datasets provide quantitative evidence of the variability that exists in 
retroarc foreland basin development and thrust-front evolution in the 
south-central Andes between 30 and 32◦S. The Bermejo basin developed 
discontinuously along strike, with deposition initiating around 24-18 
Ma (Johnson et al., 1986; Milana et al., 2003) in the north and by 13 Ma 
in the south. This asynchronous north to south foreland basin initiation 
has been proposed to track spatially and temporally with the subduction 
of the Juan Fernandez ridge and associated flat slab geometry driving 
upper plate deformation above the flat slab (Beer and Jordan, 1989; 
Jordan et al., 1993, 2001; Ramos and Folguera, 2009; Vergés et al., 
2001). Comparing distal stratigraphic records along-strike rather than 
across-strike proximal to distal comparisons (i.e., Capaldi et al., 2020; 
Mackaman-Lofland et al., 2020) provides better spatial constraints to 
track north-south time-transgressive changes in the foreland basin 
development. Our results show that the inherited pre-Andean paleo-
topography and crustal structures may have inhibited southern Bermejo 
basin development. Neogene basin deposits west of the Villicum and 
Ullum localities are preserved in the Frontal Cordillera and Pre
cordillera, and record basin initiation around 24-18 Ma (Vergés et al., 
2001; Levina et al., 2014; Pinto et al., 2018; Mackaman-Lofland et al., 
2020; Capaldi et al., 2020). This suggest that retro-arc deformation and 
associated flexural basin formation occurred over 350 km along-strike. 
Between 24 and 13 Ma the Huaco and Mogna localities reflect back 
bulge to distal foredeep basin depositional environments, whereas the 
southern Villicum and Ullum remained an erosional surface. This het
erogeneity suggests the southern Bermejo region is either a remnant 
topographic high during initial phase of foreland basin development or 
records underfilled forebulge development that potentially removed 
older basin deposits until 13 Ma when Precordilleran deformation 
propagated eastward inducing sufficient flexural subsidence in the 
southern region to initiate basin development. Following a phase of 
integrated foreland basin development, the along-strike short
ening-induced exhumation of basin deposits was diachronous above the 
Eastern Precordillera. Southern Bermejo basin deposits experienced 
exhumation driven cooling between 8 and 6 Ma that propagated 
northward along the Eastern Precordillera by 5 to 2 Ma as the proximal 
Bermejo basin was incorporated into the orogenic wedge. The con
trasting timing of both basin initiation and exhumation occurs across the 
North Pie de Palo fault, suggesting that inherited structures associated 
with Ancestral Andean deformation imparts a direct control on retro-arc 
basin evolution. 

9. Conclusions 

The Bermejo retroarc foreland basin formed as a flexural response to 
Miocene crustal thickening in the Andean orogenic system. The well- 
preserved stratigraphy of Neogene basin deposits in the Bermejo basin 
provides an opportunity for an along-strike analysis of the evolution of 
the adjacent Eastern Precordillera and overall foreland basin-broken 
basin development in a modern flat-slab subduction region. Integra
tion of new and published datasets allows for a temporal and spatial 
analysis of basin development and deformation to understand the vari
ability in an evolving thrust front. 

1. Published data from northern Bermejo basin deposits places tem
poral constraints on deposition between 20 and 2 Ma, while new data 
from southern Bermejo basin deposits indicate deposition from 13 to 
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6 Ma. The northern Bermejo basin experienced a longer-duration 
depositional history, accumulating thicker stratigraphic sections 
(>4 km) than in the south (<2 km).  

2. Facies analyses of southern Bermejo stratigraphy identify upward 
coarsening sequences dominated by thick, multistoried, laterally 
continuous sand channels with flat bottoms, interbedded with mud- 
siltstone floodplain and overbank facies that are capped by thick 
conglomerate braided river channels. This stratigraphic succession is 
interpreted to represent a fluvial megafan sequence being sourced by 
the Precordillera and Andean hinterland. The upward coarsening 
and thickening trend of stratigraphic sections tracks the migration of 
the fluvial megafan system as the Precordillera thrust-front propa
gates into the foreland. 

3. Detrital zircon U–Pb geochronologic analyses paired with conglom
erate clast composition datasets provide insight into sediment 
provenance through time, which can detect deformation and erosion 
of distinct source areas. Up-section trends of significant pulses of 
certain age components and clast lithologies inform on regional 
deformation. In the southern Bermejo basin, provenance synthesis 
shows up-section increases in both Paleoproterozoic zircon age 
components, and Paleozoic metasedimentary and sedimentary 
conglomerate clasts, indicating a pulse of Precordillera deformation 
between 13 and 6 Ma. There is also a notable increase in late 
Carboniferous-Triassic aged zircons and a high percentage of vol
canic conglomerate clasts by 10 Ma, which signals a pulse of exhu
mation in the Frontal Cordillera, and erosion of Cenozoic basin 
deposits within the Precordillera.  

4. New AHe data for northern (Mogna) and southern (Villicum and 
Ullum) Bermejo basin localities, along with published AHe ages for 
Huaco show two distinct pulses of exhumation related cooling in the 
Bermejo basin. The Eastern Precordillera fold-thrust belt deforma
tion incorporated the southern Bermejo basin strata at 6 Ma. Eastern 
Precordillera exhumation migrated northward to the Mogna locality 
at 3.5 Ma and to the Huaco section by 2 Ma. The time-transgressive 
trend in exhumation along strike of the Bermejo basin implies dia
chronous deformation of basin deposits.  

5. Combined analysis of sedimentologic, geo-/thermochronologic, and 
basin history data suggest that the along-strike evolution of the 
Bermejo foreland basin system has been asynchronous through time. 
The diachronous basin history is not a direct response to external 
drivers such as southward migration of flat slab subduction, but 
rather reflects the importance of preexisting structural fabrics that 
underly the retro-arc foreland basin system during Andean 
orogenesis. 
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