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The geological record of the eastern Sierras Pampeanas province, in the modern Andean broken foreland of
Argentina can be divided into four main events: (1) Proterozoic to early Paleozoic collisional tectonics, (2)
middle-late Paleozoic anorogenic magmatism, relief generation and glacial paleovalley formation followed by (3)
a classical foreland filling in the Permian and two proximal alluvial sedimentation associated with (3) Cretaceous
rifting and (4) Neogene intermontane foreland accumulation. The region lacks Silurian, Triassic and Jurassic
records, commonly associated with unknown deformation and/or no-sedimentation stages (bypass zone?). In this
work, we analyzed the Mesozoic (Triassic-Jurassic) Pampean unconformity, using low-temperature thermo-
chronological modelling. After a rapid Carboniferous cooling track, a Triassic reheating followed by a slow
Jurassic to Cretaceous cooling. Considering that (1) no Triassic basins have been described to date in the eastern
Sierras Pampeanas (i.e., reheating cannot be related to burial), (2) coeval surface heat flows are anomalously
high in western Sierras Pampeanas, in the Ischigualasto basin, and (3) our petrogenetic modelling on Triassic
basalts evidence mantle potential temperatures of ~1350-1400 °C (i.e., the heat source cannot be related with
an anomalously high basal heat flows and/or mantle plumes); we interpreted the formation of the Mesozoic
unconformity as a result of ridge collision and slab window formation, followed by slab rollback. Both processes
might have affected not only the surface heat flow but also triggered a lithospheric thickness reduction, which
drove isostatic rebound. In this context, the Jurassic history of the unconformity could be associated with cooling
by erosion and exhumation until the Cretaceous, when the region was under extension. Our model agrees with
other observations like the formation of back-arc hydrocarbon-productive Triassic-Jurassic depocenters to the
west (Cuyo and Ischigualasto basins) and the magmatic evolution, from 28° to 34° SL, described along the
Chilean margin.

1. Introduction

The pre-Andean geologic and tectonic history across the foreland
areas of western Gondwana, particularly in the eastern Sierras Pam-
peanas (Sierras de Cordoba in west-central Argentina), can be summa-
rized in three major stages: (1) an early-middle Paleozoic stage, when
the area was under sea level and faced subduction and/or terranes
collisions towards west (see Ramos, 2009, among others), followed by
(2) a middle-late Paleozoic stage with a long erosional/no-depositional
period interrupted by localized glacial paleovalley formation (Astini and
Del Papa, 2014), and crowned by (3) a Cretaceous stage associated with
rifting, dominated by continental alluvial sedimentation (Schmidt et al.,
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1995). No Triassic and Jurassic records have been reported across this
region. However, localized and deep hydrocarbon-productive rift basins
with basalts developed ~200 km to the west (between the Cordillera
Frontal and western Sierras Pampeanas, from 28° to 40° SL) during this
lap time. From these pre-Andean stratigraphic relationships, a question
arises: what does this major discordance between basement/Upper
Paleozoic and Upper Cretaceous across the eastern Sierras Pampeanas
represent? Although, during this long time period (~140 my) no sedi-
mentary records have been reported in this distal regions, it is possible to
study this major discordance using reported low-temperature thermo-
chronology ages (see Jordan et al., 1989; Lobens et al., 2011a,b, 2013;
Davila and Carter, 2013; Bense et al., 2013, Richardson et al., 2013;
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Fig. 1. (a) Map of the south Central Andes, between central Argentina and the Chilean trench in the Pacific Ocean, depicting the main geological provinces (Sierras
Pampeanas broken foreland and Cordilleran belts; black dashed lines). Arrows 1 (Serrezuela range), 2 (Pocho range) and 3 (Yacanto) indicate locations of resampled
thermochronological data from Davila et al. (submitted). Black solid lines show the location of the Triassic basins: IB-Ischigualasto basin; MB-Marayes basin; BB-
Beazley basin; CB-Cuyo basin. Blue squares indicate geochemical sample locations. Black hexagons show the location of thermocronological samples in the Si-
erras de Cérdoba (SC). SVF-Sierra de Valle Fértil; ANC-Sierras de Ancasti. (b) Synthetic stratigraphy from west to east and unit correlations across strike. Red line
shows the major unconformity analyzed in this work. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Davila et al., submitted). These data not only allow evidencing the
exhumation history of the Gondwanaland foreland, but also the thermal
evolution of the paleo-lithosphere in order to evaluate different geo-
dynamic scenarios.

In this work, we resampled reported low-temperature thermochro-
nology from the easternmost Sierras Pampeanas (Lobens et al., 2011a,b,
2017; Bense et al., 2013; Davila et al., submitted), in the westernmost
Sierras de Coérdoba. The analyzed samples come from basement rocks,
(a) an Early Carboniferous granite, which is covered by upper Carbon-
iferous and lower Permian strata, and (b) two different spots southward,
on Proterozoic-Paleozoic basement (Pocho and Yacanto areas). These
data allowed us to remodel the thermal evolution of the easternmost
Sierras Pampeanas using different geological constraints. We compared
our results with forward thermochronological models (>300 ages) car-
ried out in other parts of the Sierras Pampeanas (see Davila and Carter,
2013). In addition, we supported our analysis with a preliminary ther-
mobarometric modeling of poorly fractionated Triassic basalts. These
basalts are located immediately to the west of the Sierra de Cérdoba, in
the western Sierras Pampeanas and Precordillera. We used these records
since there are not enough geochemical data of Triassic-Jurassic basalts
in the eastern Sierras Pampeanas. This thermobarometric model enabled
us to improve our thermochronological analysis as well as determine the
Mesozoic ambient mantle temperature for the whole Sierras Pampeanas.

2. Geological setting

The study area is located in the foreland of western Gondwana, in the
Sierras Pampeanas province (32.5°-30° SL, see Fig. 1a). Between the
Triassic and Jurassic, this region would have only accommodated
stratigraphic records toward the west and along the Cordilleran belts
(see Fig. 1a). The most known Triassic rift depocenters (see Fig. 1a) are
Ischigualasto, Marayes, Beazley and Cuyo basins (see Ramos and Kay,
1991), covering part of the westernmost Sierras Pampeanas, Pre-
cordillera and Cordillera Frontal, in western Argentina (Fig. 1a). These
basins are typical continental taphrogenic depocenters, 1000 s m thick,
showing a fining-thinning upward arrangement (Avila et al., 2006).
Diagnostic alkaline basalts, interlayered with the sedimentary succes-
sions, conducted different studies (e.g., Ramos and Kay, 1991; Orellano
etal., 2019) to interpret an extensional tectonic scenario. We provided a
new geochemical data from a basalt sample from the Cuyo basin (see
details in Table SM3). In this region, no Jurassic records have been re-
ported, with the exception of a very thin and extremely localized section
in the Mogna anticline core (Fig. 1a), in the western Sierras Pampeanas
(Marti nez and Colombi, 2011). At these latitudes, Jurassic only crops
out from the main Cordillera to the west in Chile (Mpodozis and Ramos,
2008). During the Triassic and Jurassic, like the western rest margin of
Gondwana, the study region was affected by subduction (Ramos, 2009)
and occupied a pericratonic or distal foreland belt, at >600 km from the
contemporaneous accretionary prism (see Hyppolito et al., 2015). The
lack of records during the Triassic and Jurassic in most of the Sierras
Pampeanas, particularly the central and eastern areas, would have
resulted in the development of a lengthy unconformity (Pampean un-
conformity from now), poorly analyzed in the literature.

To analyze the Pampean unconformity, we focused our thermo-
chronological modelling along the westernmost Sierras de Coérdoba
(Pocho-Serrezuela ranges, see Fig. 1a), in the eastern Sierras Pampeanas.
We chose this area because the western Sierras Pampeanas, in contrast,
was affected by deep burial (Triassic rift basins) and consequently, the
thermal history might have been masked by the subsidence and sedi-
ment accumulation. In this region, Proterozoic to lower Paleozoic
crystalline basement crops out as well as Late Paleozoic to Cenozoic
strata, with a long stratigraphic gap between the Upper Permian and late
Lower Cretaceous (Gordillo and Lencinas, 1979). These unit relation-
ships allowed us to analyze the Mesozoic exhumation history in the area.
The stratigraphic column is relatively simple (Fig. 1b): (i) a
Proterozoic-Lower Paleozoic metamorphic complex (low to high grade)
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(ii) intruded by lower to upper Paleozoic granitoids, which are both
covered by (iii) Upper Paleozoic continental sedimentary successions. A
(iv) major discordance separates these units from (v) rift-related
Cretaceous and synorogenic Neogene strata. The stratigraphic thick-
ness of these units ranges from tens to a few hundreds of meters.

The northernmost apatite fission track (AFT) sample along the
western Sierras de Cordoba derives from an Early Carboniferous granite
(Serrezuela pluton, Gomez, 2003) exposed in the northern end of the
Serrezuela range (Fig. 1a). In this region, the granite and crystalline
basement are locally covered by Upper Paleozoic strata (Tasa Cuna
Formation), sedimentary history associated with a Carboniferous uplift,
exhumation and the development of a glacial paleovalley (Astini and Del
Papa, 2014). The following sedimentary pile is represented by thin
(<500 m thick) alluvial Cretaceous and Cenozoic successions that rest
on the crystalline basement, overstepping the Serrezuela/Tasa Cuna
area. The uppermost Cretaceous to Neogene sedimentary strata were
associated with the latest tectonic events reported in the eastern Sierras
Pampeanas: rift basins formed during the opening of the Atlantic Ocean,
which were tectonically inverted during Andean compression (see
Schmidt et al., 1995, Martino et al., 2016; Canelo et al., 2019). Along
and across the eastern Sierras Pampeanas, no Triassic and Jurassic re-
cords crop out, suggesting that an extended erosional/no depositional
event would have dominated these latitudes between the Late Paleozoic
and Cretaceous, during the amalgamation-breakup of Pangea. Two other
areas (Fig. 1a) were analyzed further south along the same thrust sheet,
in the Pocho and Yacanto areas (see Lobens et al., 2011a,b, 2017; Bense
et al., 2013). In these regions, as in other parts of the eastern Sierras
Pampeanas, there are not (or a few) Late Paleozoic strata covering the
Proterozoic-Paleozoic basement intruded by Middle-Late Paleozoic
granites (Baldo and Verdecchia, 2014; Gomez, 2003; Dahlquist et al.,
2018). Only very local and thin patches of Cretaceous or Cenozoic rest
on the crystalline substrate.

Although no major sedimentary records were reported during the
Triassic and Jurassic, published low-temperature thermochronology
from easternmost Sierras Pampeanas (Lobens et al., 2011a,b, 2017;
Bense et al., 2013; Davila et al., submitted) and thermobarometric
modeling of poorly fractionated basalts localized in Triassic rift basins
might assist us in interpreting the geodynamic scenario that gave place
to this major geological discontinuity.

3. Methodology

Our studies are based on two main approaches: (1) A multisample
thermochronological modelling (see Tables SM1 and SM2) using the
software QTQt (Gallagher, 2012) and (2) thermobarometric modelling
of melting conditions in the mantle (Table SM3).

3.1. AFT age modelling

Previous modeling attempts in the westernmost Sierras de Cérdoba
thrust sheet have used multi-method (i.e., (U-Th)/He and fission-track)
data from individual samples with no geologic constraints (Bense et al.,
2013; Lobens et al., 2011a,b) to reproduce possible thermal paths. In
contrast, we conducted multi-sample modeling of published data along
three localities (L.obens et al., 2011a,b and Bense et al., 2013; Davila
et al., submitted), including vertical profiles, and considered different
initial conditions. These constraints included (1) the age and emplace-
ment temperature of the Early Carboniferous granites (356 + 3 Ma,
Dahlquist et al., 2018), and, optionally, (2) residence at near-surface
temperatures in Upper Carboniferous times, as documented by the
presence of Pennsylvanian strata unconformably overlying the analyzed
samples. The southernmost samples (Yacanto and Pocho areas; Fig. 1a)
are from the metamorphic basement and consist of two age-elevation
profiles totaling 6 AFT samples, and (U-Th)/He ages in 7 zircon sam-
ples (ZHe, 22 aliquots) and 10 apatite samples (AHe, 29 aliquots). In
contrast, the sample coming from the north (Davila et al., submitted), in
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the Serrezuela range, is a single specimen collected from a lower
Carboniferous granite and comprises AFT data only. We conducted in-
verse modeling of low-temperature thermochronnological data using
the QTQt software (Gallagher, 2012). As the central and southern pro-
files did not include all raw data needed for modeling, (single-grain AFT
ages, track length measurements, kinetic parameters, and the di-
mensions (U-Th)/He aliquots dimensions), we resampled single grain
AFT ages based on reported central ages, total number of spontaneous
and induced tracks (Ns, Ni), the number of grains dated and other pa-
rameters (Rho-D, ND, and zeta). Likewise, we resampled individual
track lengths based on published histograms, the mean track length
(MTL) values and the number of confined tracks measured. In addition,
as crystal dimensions for each (U-Th)/He aliquot were not available in
the published works, we calculated the dimensions for hexagonal prisms
of equal length and width, based on the alpha-ejection correction factor
(Ft) provided by Lobens et al. (2013), and by matching the aliquot
volume that we calculated from the data in Bensen et al. (2013) using
mineral densities of 3.15 g/cm® and 4.65 g/cm? for apatite and zircon,
respectively.

To facilitate the comparison of results, initial and final temperatures
for the thermal histories were defined for all localities. In the north and
central profiles, residence at a temperature higher than the closure
temperature of the ZHe system (280 + 40 °C) at the time granite
intrusion (350 + 10 Ma, according to U-Pb data, Dahlquist et al., 2018,
see also Geological setting) and a present-day temperature of 10 &+ 5 °C
were considered. For the southern profile, which comprises samples in
granitoids and their lower Paleozoic metamorphic host rocks, residence
at 290 + 10 °C during metamorphic ages of 460 + 10 Ma (Sims et al.,
1998) was used. Two intermediate constraints (“model boxes”) were set
within the modeling window to simulate sedimentation of Pennsylva-
nian postglacial units between 320 + 10 Ma (cf. Astini and Del Papa,
2014). However, we performed sensibility tests by running simulations
without any other geological constraint apart from the higher temper-
ature constraint for each model (dashed t-T paths in Fig. 2). We used the
multi-compositional fission-track annealing model of Ketcham et al.
(2007), and the radiation damage models of Flowers et al. (2009) and
Guenthner et al. (2013) for Helium diffusion in apatite and zircon,
respectively.

3.2. Thermobarometric modelling

Many thermobarometric methods have been developed to determine
the pressure (P) and temperature (T) conditions for basaltic magma
generation in equilibrium with a peridotite source (e.g., Lee et al., 2009;
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Fig. 2. Thermochronological modelling of (a) Davila et al. (submitted) sample
(red line), and data from (b) Bense et al. (2013; green line) and (c) Lobens et al.
(2011; black line). Solid lines show results using geological constraints (boxes)
whereas dashed lines depict results without stratigraphic constraints. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Putirka, 2008; Putirka et al., 2018; Plank and Forsyth, 2016; Till et al.,
2013). However, the temperature difference among them is ~50 °C and
low for our objective of determining whether the mantle potential
temperature during the Triassic was anomalously hot or not. We used
the Si and Mg thermobarometer of Plank and Forsyth (2016) that, in
addition, allowed us calculating the melting depth, which is a key
parameter to understand the response of the lower part of the litho-
sphere to stretching and changes of lithospheric thickness. Geochemical
data (Table SM3) are from the southernmost Ischigualasto basin in the
Sierra de Valle Fertil (Castro de Machuca et al., 2019, Fig. 1a) and Cuyo
basin (Orellano et al., 2019; Ramos and Kay, 1991 and our sample),
located close to the Andean belt. Only samples with MgO >7 wt% (or
mg# [molar MgO/(MgO + FeO*) x 100] > 55) were used for modeling
to avoid major clinopyroxene fractionation and crustal contamination
(mg# is the Mg-number and FeO* is the total Fe). However, few dif-
ferences are observed when considering a cutoff of MgO >6 wt% (see
Table SM3). The few reported olivine data (Castro de Machuca et al.,
2019), in turn, indicate that the Ni content is low, similar to the most
evolved MORBs (cf., Sobolev et al., 2005), suggesting a peridotitic rather
than a pyroxenitic mantle source for the selected mafic rocks. We
assumed a H20 content of 0.5%, typical of alkaline magmas and
consistent with the calculated Ne-normative mineralogy (Castro de
Machuca et al., 2019). Before performing the thermobarometric calcu-
lations, the basalt compositions were corrected for olivine fractionation
by 0.001% incremental addition of olivine until obtaining a Fogg olivine
composition using an Fe-Mg olivine-melt partition coefficient of 0.3 and
a Fe3*/Fe* ratio of 0.15. For the lithospheric thickness calculation, we
used an average thickness crust of 30 km and densities of 2.85 and 3.25
for the crust and lithospheric mantle, respectively. An isobaric fractional
crystallization modeling was also performed in order to test the rela-
tionship between basalts from Cuyo and Ischigualasto regions. The
result that best fits our samples was obtained using the Amoeba routine
in the Alphamelts program (Smith and Asimow, 2005; Antoshechkina
et al., 2010) with pressure sets to 10000 bars and an oxygen fugacity at
QFM buffer (Fig., S1). Data handling and plots were carried out using the
GCDKkit program (Janousek et al., 2006).

4. Results
4.1. AFT age modelling

The best-fit thermal history using the sample from the northern part
of the Pocho-Serrezuela thrust sheet (Davila et al., submitted) as well
as multisample thermal histories extracted from vertical profiles on
specimens collected southward along the Sierra de Pocho to Yacanto
sections (Bense et al., 2013 and Lobens et al., 2011a,b) show a clear
pattern: A rapid Carboniferous cooling (after granite crystallization)
followed by moderated Triassic reheating and Jurassic-early Creta-
ceous cooling (see Fig. 2; Davila et al., submitted). Our results suggest
that after late Paleozoic exhumation the northernmost samples (i.e.,
Serrezuela and Pocho, see Fig. 1a) were never (totally or partly) reset,
however, there was a total resetting of the AFT and ZHe systems for the
samples collected to the South (i.e., Yacanto, see Fig. 1a). Moreover, it
is important to notice that the reported patterns and central ages were
also modelled without constraints showing the similar results (see
dashed lines in Fig. 2) for two of the three localities, attesting to the
robustness of the thermal path signatures. In the northernmost profile
(Yacanto), the unconstrained model does not require Paleozoic cooling
and hence it does not require Triassic heating either. Despite the
inherent non-uniqueness of thermal histories in thermochonologic
modeling (Ketcham et al., 2009), a more reliable model is that which
honors both the thermochronological data and the geologic con-
straints. We thus prefer the constrained model, as it includes residence
at near-surface temperatures during the Carboniferous, as supported
by stratigraphic evidence (Fig. 1C)
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Fig. 3. (a) Total alkali-silica (TAS) diagram with indication of alkaline and
subalkaline fields after Irvine and Baragar (1971), (b) NMORB-normalized trace
element diagram and (c) chondrite-normalized REE diagram for the Triassic
basalts dataset. NMORB and REE normalization factors are from Sun and
McDonough (1989) and Anders and Grevesse (1989), respectively. The green
solid line in Fig. 3b is the OIB composition (Sun and McDonough, 1989) for
comparison. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

4.2. Basalt geochemistry and thermobarometry

According to geochemical compositions, the Triassic basalts of
western Sierras Pampeanas are mantle derived without a strong influ-
ence of crustal contamination (Ramos and Kay, 1991; Castro de
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Machuca et al., 2019). Such types of basalts provide a good record of the
pressure and temperature conditions during mantle melting (Herzberg
et al., 2007). The Triassic lavas used for modelling are Mg-rich and most
plot as slightly alkaline basalts and trachy-basalts in the TAS diagram
(Le Bas et al., 1986, Fig. 3a). The relatively high Cr (137-334) and Ni
(97-182) contents of the selected samples suggest that they only expe-
rienced olivine and minor clinopyroxene fractionation. All lavas show
enrichment of incompatible trace elements (Fig. 3b) and low Th/Nb and
La/Nb ratios (<0.15), values that are similar to OIB magmas and most
within-plate basalts. The high medium to heavy REE ratios, in turn,
indicate melting in the garnet stability field of the mantle (>70 Km)
although Ischigualasto samples show higher Lay/Yby ratios (average =
17.3) than the samples from Cuyo basin (average = 6.1). The isotopic
composition points to a HIMU (high p, p = 238(5,/204pb) mantle reservoir
for the Triassic basalts (Castro de Machuca et al., 2019). The lavas from
both analyzed regions are well related by fractional crystallization
processes according to our major elements modelling using the Alpha-
melts program run under high pressure conditions (Fig. SM1), as sug-
gested by the REE composition. The calculated P-T conditions (see the
methodology section) indicate that lavas from Ischigualasto basin
equilibrated in the mantle at 1406 + 26.9 °C and 2.68 + 0.13 GPa, while
Cuyo basin basalts yielded values of 1390 + 11.6 °C and 2.26 + 0.11
GPa. These temperatures are within the normal mantle potential tem-
perature (1320-1420 °C), as recorded in MORB (Cottrell and Kelley
2011). In addition, they are considered as maximum values. Any frac-
tionation of clinopyroxene (not considered in our calculations) would
result in an increase in the calculated mantle temperature of up to 100
°C (Herzberg et al., 2007). The high pressure melting conditions deter-
mined here, on the other hand, are consistent with the REE geochem-
istry, but also with our fractional crystallization modeling. However, the
calculated pressure values indicate that the stretching was larger in the
Cuyo basin. An average lithospheric thickness of ~75 km and ~88 km
was obtained for Cuyo and Ischigualasto basins, respectively, using a
conservative 30 km crustal thickness. A higher crustal thickness would
result in a thicker lithospheric lid. Similar values were obtained for the
Cuyo basin based on REE geochemical data (Orellano et al., 2019).

5. Discussion

As it was mentioned in the introduction section, one of the widely
identified geological features of central Argentina, particularly in the
Sierras Pampeanas, is the lack of Triassic and Jurassic stratigraphic re-
cords. This has allowed defining a regional discordance (“the Pampean
unconformity”, Jordan et al., 1989), which implies a long lapse of
erosion or no sedimentation (depositional hiatus). Both situations,
however, do not generate the same thermal cooling histories and
exhumation paths. While the first scenario (erosion) could provide
cooling paths contemporaneous with the eroded levels, the second sit-
uation (no sedimentation) could hardly do it.

Fortunately, thermochronology provides cooling ages of rocks and,
with appropriate modeling, allows to constrain the moment when a
mineral (included in a bedrock) passes through a specific closure tem-
perature (Dodson, 1973). The thermochronometres used in this contri-
butions (ZHe, AFT and AHe) allow characterizing the thermal history of
the shallowest crust (given that the closure temperatures are between
60° and 200 °C, i.e., ~2-7 km from the surface, assuming average
geothermal gradients). It is important to take into account that Exhu-
mation (E), surface (SU) and rock (RU) uplift are closely related: SU =
RU - E (England and Molnar, 1990). Exhumation, in turn, relates directly
to denudation and erosion, which require a relief to be created. Surface
uplift, then, results from the interaction of RU and E. A cooling path
derived from thermochronological modeling, therefore, might evidence
erosional stages but indirectly tectonic processes (uplift) generated
before or during erosion. Cooling can be also related to changes of the
thermal conditions of the lithosphere (crust and/or mantle). A basal heat
flow change might impact in the thermal state and, consequently, in the
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cooling ages (see Davila and Carter, 2013, Sanchez Nassif et al., this
volume). This means that a thermochronological heating/reheating
event could be connected with burial or heat flow increase, or a com-
bination of both.

Our results show a clear Triassic reheating episode followed by a
Jurassic to Cenozoic slow cooling. Our models (see Fig. 2) also document
that the associated peak temperatures during this Triassic event were
cooler (~60 °C) in the north (Serrezuela; Fig. 1a) than toward the south
(Pocho and Yacanto areas, ~100° and ~200 °C, respectively). Consid-
ering that the sampling areas are part of the same basement thrust sheet,
~200 km apart from each other, the contrasting temperatures along
strike might be associated with the depth of the samples during the
Triassic resetting. Similar AFT ages (237 and 208 Ma) have been
described further north in the Sierras Pampeanas, in the Ancasti range
(see Jordan et al., 1989) as well as in other areas of the Sierras Pam-
peanas (see Fig. 4 of Davila and Carter, 2013). But the thermal modelling
shows the beginning of the discordance formation was relatively coeval
with a Triassic reheating. Although the Jurassic cooling history is
consistent with the discordance evolution, a Triassic reheating without
strata requires a mechanism different from burial heating. This inter-
pretation would require a large amount of subsidence and sedimentary
successions, not reported at the moment in the Sierras de Cérdoba and
nearby areas. To achieve the variable degrees of resetting (supported by
the modeling results) after the Late Paleozoic basin stage (using an
average geotherms of ~25 °C/km) a southward thickening sedimentary
pile of 2-7 km would be needed (AFT closure temperature is 120-90 °C).
As mentioned above, only localized Triassic extensional basins have

Permian

Permo -Triassic

Late Triassic

Fig. 4. Geodynamic evolution of Western Gondwana from the Late Permian to
Late Triassic (likely Jurassic). Our model proposes (a) Permian flat subduction
(cf. del Rey et al., 2016) followed by (b) the subduction of a seismic ridge and
formation of a slab window in the Permo-Triassic (MORB-type magmas in the
fore-arc region) and later (c) rollback during the Late Triassic. While an slab
window scenario allows explaining the moderate Triassic reheating, uplift and
formation of a major discordance across the foreland, the subsequent slab
rollback can be related with backarc extension and formation of extensional
basins (Ischigualasto and Cuyo basins). The black arrows in the oceanic zone
indicate the plate motion.
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been reported westward from the Sierras Pampeanas, closer to the An-
dean belt.

Recently, high heat flow conditions (~90 mW/m?2) were determined
using clays and vitrinite modelling (Ezpeleta et al., 2019) at shallow
crustal levels within the Triassic Ischigualasto basin (at the Triassic
bottom). Such an increase in paleo-heat flow could explain the reset (at
least partly) of the late Paleozoic thermochronologic ages (see Bense
etal., 2013; Davila et al., submitted). However, there are a large number
of geodynamic processes that could explain an increase in heat flow, as
increases of radiogenic heat production or geothermal gradient.

High heat flow conditions, in the study area, cannot be the result of
radiogenic heat production of crustal materials. The last major felsic
event occurred in the Mississippian (Dahlquist et al., 2013), ~100
million of years before the Triassic reheating reported in this contribu-
tion. Two major aspects, however, do not agree with this hypothesis: (i)
The radiogenic total flux decays in 10-20 my (Artemieva and Mooney,
2001) and (ii) this process can not necessarily be associated with rifting
or regional uplift.

A mantle plume scenario could also generate a geothermal gradient
increase. However, this scenario is ruled out as our thermobarometric
calculations on basalts exposed in Ischigualasto and Cuyo basins show
“normal” Triassic mantle potential temperatures and suggest that
volcanism would be a passive response to extension. We interpret this
homogeneous thermal state as the result of a rapid extraction from a
geochemically isolated mantle reservoir, in accordance with the local
extensional tectonics.

Therefore, the only suitable explanation for the Triassic reheating is
to shorten the distance between the mantle and surface isotherms, which
would lead to an increase of the geotherm and surface heat flow. The
model that best fits our data is a degradation of the lithosphere base
(Putirka et al., 2012), either by rollback and subsequent delamination or
by slab windows. Both processes might explain the heating paths
derived from thermochronology modelling, surface uplift and the
ensuing regional unconformity development during the Triassic of
west-central Argentina. Trace element ratios and available isotopic data
of the studied Triassic basalts (Ramos and Kay, 1991; Alexandre et al.,
2009; Castro de Machuca et al., 2019, Orellano et al., 2019) and coeval
intrusive rocks from central Chile (del Rey et al., 2016) support an
asthenospheric mantle upwelling since the latest Permian and complete
removal of the lithosphere at ~230 Ma (see Fig. 3 in del Rey et al.,
2016). However, both models have some weak points. The evolution
from shallow to steep subduction (or rollback, e.g., Royden, 1993) could
reproduce the extensional tectonics close to the continental margin
(Nakakuki and Mura, 2013; Schellart and Moresi, 2013; Cassel et al.,
2018), as previously suggested by other authors in western Argentina
(Castro de Machuca et al., 2019; Orellano et al., 2019). In fact, the Cuyo
basin basalts, located further west of the Ischigualasto basin, display a
slight negative Nb-Ta anomaly (Fig. 3b) and higher Th/Nb ratios,
indicative of the presence of a deep subduction component (Pearce and
Stern, 2006). According to recent models, back arc basins occur when
the retreating slab stagnates at the mantle transition zone (Nakakuki and
Mura, 2013), aregion from where the HIMU-type magmas, similar to the
studied basalts, are strikingly sourced (Huang et al., 2020). Although
changes of subduction angles have been recurrently described in the
evolution of the Andean margin (Ramos and Folguera, 2009), a
delamination process to explain the uplift requires, in addition, a pre-
vious shortening and lithosphere thickening (e.g., in the Permian-Lower
Triassic) to eclogitize the lower crust (Kay and Kay, 1993; Krystopowicz
and Currie, 2013). Proximal volcaniclastic records exposed in Permian
red beds of the eastern Sierras Pampeanas, suggested a volcanism far
from the Late Paleozoic continental margin and an Early-Middle
Permian flat subduction (Astini et al., 2005). The same scenario was
recently proposed south of 31° SL based on an eastward migration of the
magmatism in Chile (del Rey et al., 2016). This slab flattening is also an
alternative model to account for the Permo-Triassic San Rafael defor-
mation (Llambi as and Sato, 1995), particularly in foreland regions
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located far away from the main orogenic belt (Davila et al., 2003; Astini
et al., 2005). However, this event has not been recorded in the Sierras
Pampeanas region. According to this proposal, a subsequent slab retreat
and rollback would have triggered the extensive flare-up and deposition
of the late Permian-Early Triassic Choiyoi volcanics and granites (Kay
and Mpodozis, 2002). Later mantle delamination is likely the easiest
explanation to generate uplift and account for the Triassic unconformity
formation, a hypothesis that needs to be tested.

Conversely, the development of a slab window during the Triassic in
response to the subduction of a seismic ridge (see Miiller et al., 2016)
might account for a lithospheric thickness reduction, isostatic rebound
(uplift) and increase of surface heat flow (Avila and D4vila, 2018, 2020)
without requiring slab flattening and delamination stages. The south-
ward increase in paleotemperatures (~60 °C to the north and ~200 °C
to the south) recorded by our thermochronologic modelling (Fig. 2)
might be associated with either the geometry or kinematics of this
asthenospheric window (e.g., Goddard and Fosdick, 2019) but also with
faulting and surface tectonics. The slab windows hypothesis is supported
by the presence of Triassic MORB-type toleites interbedded with marine
strata in the Cordillera de la Costa of central Chile (Vergara et al., 1991;
Morata et al., 2000). These are typical compositions in modern margins
affected by the subduction of ridges (Thorkelson and Breitsprecher,
2005). Furthermore, Triassic shoshonites from NW La Pampa province
(Llambuas et al., 2003), >400 km from the coeval continental margin,
show adakite-like geochemical features such as Si02 > 56%, Al1203 >
15%, Na20 > 3%, Sr > 400 ppm, Y < 18 ppm, Yb < 1.8 ppm (Castillo,
2012). The presence of adakites is also consistent with our model,
although we cannot rule out an origin linked with the Permian flat slab
stage. Unfortunately, the geochemical data (Lan/Yby vs Sr/Y ratios) is
not conclusive as to whether they resulted from the melting of an
oceanic slab or a lower crust. On the other hand, the slab windows
alternative hardly explains the development of extensional basins along
the continental margin. Although local stretching might occur associ-
ated with the plate kinematics across of the main ridge and related
transform faults (see Georgieva et al., 2019), the few sub-recent ana-
logues (in Patagonia, for example) do not show major rift basins.
Considering that the available data is not conclusive to support one of
the proposed alternatives, we cannot disregard a combination of a
seismic ridge subduction and slab rollback to account for the different
observations stated above, as suggested for the Cretaceous magmatism
of eastern China (Ling et al., 2013), also located far from the contem-
poraneous subduction zone. It is well known that flat slabs can be pro-
duced by subduction of buoyant, young and hot oceanic plates adjacent
to spreading ridges (Gutscher et al., 2000; Espurt et al., 2008; Manea
et al., 2017; among others). This supports our hypothesis and model
(Fig. 4).

The slab window and rollback hypotheses, in addition to account for
an increase of temperature, agree with a reduction of temperature and
heat flow in the upper crust during the evolution. After crustal reheating
and uplift, erosion might conduct exhumation of the sampled levels,
which allows explaining the subsequent Jurassic cooling event. Finally,
our interpretation is also consistent with a recent work further south
(Gianni et al., 2019), which proposes a slab tear to explain the opening
of the Neuquén and Colorado basins during the Upper Triassic based on
geochemical and geophysical data.

6. Conclusions

Our work analyzes one of the major unconformities from central
Argentina, developed between the Upper Permian and Cretaceous. In
outcrops, it is represented by Cretaceous clastics overlying lower
Permian red beds. This episode has been poorly (or not) analyzed in
geological studies of the Sierras Pampeanas, given the lack of clear
geological evidence. On the base of our thermochronological modelling,
we defined a reheating event in the Triassic, without evidence of burial,
followed by a Jurassic-Cretaceous cooling. We also show, from
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petrogenetic studies on Triassic basalts that the asthenospheric mantle
had average potential temperatures similar to MORBs. Considering
extensional basins near the continental margin and that high heat flows
have been reported during this episode, we proposed a geodynamic
model dominated by slab window and/or rollback followed by delami-
nation, which produced a reduction of the lithospheric weight and
isostatic rebound. This uplift and erosion drove the exhumation during
the remaining Triassic and Jurassic.
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