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Abstract 

The Ventana Ranges and the neighboring Claromecó basin display multiple extensional 
and compressional tectonic events throughout their Phanerozoic evolution. A passive 
continental margin setting during the early Paleozoic changed to a compressional 
system in the late Paleozoic, for which the Ventana Ranges are its fossilized fold and 
thrust belt and the Claromecó Basin, to the north-northeast, its associated foreland 
basin. The thermochronology study presented here and the cooling ages obtained for the 
Ventana Ranges are interpreted as a long-lived, probably multi-stage, exhumation event 
that occurred throughout the Mesozoic. The ZFT and AFT ages indicate that the 
Silurian, Devonian, Carboniferous and Permian units cooled during the Late Triassic to 
Early Jurassic (from 204.4 ± 18.8 to 146.5 ± 11.6 Ma). These ages, consistent with 
rifting events described for the neighboring Colorado basin (to the south-southeast), are 
interpreted as exhumation in the rift‘s northern flank. In the Claromecó Basin, a cooling 
event is indicated from the AFT PAZ data for the late Early Cretaceous (Barremian-
Aptian, 125.8 ± 10.6 Ma), interpreted as a part of passive margin exhumation during the 
drift stage after the South Atlantic opening in the Valanginian-Hauterivian. The 
obtained ages indicate exhumation in the basin flank and are consistent with the 
different rifting events previously interpreted for Colorado basin. 

Keywords: Ventana Ranges, Claromecó basin, thermochronology, Colorado basin, 
Gondwana breakup 
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1. Introduction  
 

The exhumation and subsidence processes that characterize the evolution of 
passive margins are also recorded onshore and can be deduced from the dynamics of 
coastal rock massifs (e.g. Japsen et al., 2012; Hueck et al., 2017; Krob et al., 2020). 
Low-temperature thermochronology provides cooling ages that allow an assessment of 
the thermal history of the sedimentary basins (Malusà and Fitzgerald, 2019). In this 
paper, cooling ages are obtained from apatite and zircon fission tracks for different 
stratigraphic units in the Ventana Ranges and Claromecó Basin (onshore Argentina). 
These data are integrated with previous thermal data obtained from fluid inclusion and 
vitrinite reflectance and correlated with existing paleomagnetic and geochronological 
data, with reassessing the Argentinean passive margin evolution during the South 
Atlantic rifting and breakup. 

The Ventana Ranges (Sierras Australes of Buenos Aires, 37º-39º S and 61º-63º 
W, Fig. 1), expose an Early-to-Late Paleozoic succession that records multiple 
compressional and extensional tectonic events throughout its Phanerozoic evolution. In 
the early Paleozoic, this region was part of a passive margin along the southwestern 
margin of the Gondwana supercontinent (Keidel, 1916; Harrington, 1947; Suero, 1972; 
Kilmurray, 1975; Von Gosen et al., 1990). In the late Paleozoic, this margin was part of 
a subducting plate that collided with the Patagonia terrain during the Permian as part of 
the  Gondwanide orogeny (Ramos, 1984), in a model that is still under debate (see 
Tomezzoli, 2012). Therefore, a fold-and-thrust belt and an associated foreland basin 
developed to the north of the suture with Patagonia, both on the South American and 
African plates. The fold-and-thrust belt is represented by the Ventana Ranges in South 
America and by the Cape system (du Toit, 1921; Hälbich, 1981) in South Africa. The 
associated foreland basins are the Claromecó basin (Kostadinoff and Prozzi, 1998; Lesta 
and Sylwan, 2005; Pángaro and Ramos, 2012, Pángaro et al., 2015) and the Karoo 
Basin, respectively (du Toit, 1927; Catuneanu et al., 2005). This system has been 
reassessed by Pángaro et al. (2016) and unified in the Permo-Triassic Hesperides basin. 

During the Mesozoic, several rifting events affected this area with the formation 
of the Colorado basin offshore Argentina (Fig. 1, Lovecchio et al., 2018; 2020). This 
extensional history ended the breakup along the South Atlantic margin in the Early 
Cretaceous. The Late Cretaceous and Cenozoic evolution is marked by drifting of the 
South American plate and the South Atlantic passive margin evolution. 

The interpretation of exhumation data, particularly in the Ventana Ranges, is 
challenging because the morphology and processes are strongly affected by the 
Paleozoic structure. Burmistrov (1971) and Selles Martinez (2001) propose an 
exhumation event during the Jurassic-Cretaceous, where the Ranges would act as a 
horst limited by normal faults. However, with limited outcrop and subsurface data, these 
interpretations remain under discussion. 
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Figure 1. Location map of the study area in central-eastern Argentina. The map shows the superposition 
of the Claromecó Basin developed onshore and extending to the SE, and the E-W oriented Colorado basin 
offshore Argentina. Modified from Lovecchio et al. (2018) after Pángaro and Ramos (2012). 

 

2. Geological Framework  
 
a. Paleozoic Evolution 

The Ventana Ranges represent a fossilized fold and thrust belt with northeast 
vergence, involving Lower and Upper Paleozoic series (Harrington, 1980; Von Gosen et 
al., 1991; Tomezzoli and Cristallini, 1998, 2004) (Figs. 1 and 2). The entire sedimentary 
succession involved in the deformation reaches around 4,500 m in thickness (Ramos et 
al., 2014). The oldest units crop out on its western flank, with the presence of younger 
units to the east. The succession has been divided in three groups, from west to east: 
Curamalal, Ventana and Pillahuincó (Fig. 2) that display an important variation in the 
degree of metamorphism and style of deformation (Harrington, 1947). The early 
Paleozoic Curamalal and Ventana Groups, to the west, display a lower greenschist 
metamorphism (Cobbold et al., 1986; Buggisch, 1987), while in the late Paleozoic 
Pillahuincó Group, to the east, the sedimentary successions are still in the diagenesis 
range (Iñiguez Rodriguez and Andreis, 1971; Buggish, 1987; Von Gosen et al., 1989). 
The deformation is also more intense in the western sector, in the Curamalal, Bravard 
and Ventana Ranges, while the eastern sector (Las Tunas and Pillahuincó Ranges) is 
characterized by a more open folding (Fig. 2C).  

The Claromecó Basin is a late Paleozoic foreland developed in the southwestern 
margin of Gondwana, between the Río de la Plata craton (exposed in the Tandilia 
Ranges) and the Ventana fold and thrust belt (Fig. 1). The structural evolution of the 
basin was associated to the collision of the Patagonia terrane with the southwestern 

Jo
urn

al 
Pre-

pro
of



 

 

Gondwana margin (Ramos, 1984; Kostadinoff and Prozzi, 1998; Ramos, 1999; Lesta 
and Sylwan, 2005; Pángaro and Ramos, 2012). The late Paleozoic series deposited in 
the Claromecó Basin, crop out in the Pillahuincó ranges (Ramos and Kostadinoff 2005, 
Zorzano et al. 2011; Fig. 2A) and are also present offshore in the prerift of the Colorado 
Basin (Lesta et al., 1978) in what has recently been described by Pángaro et al. (2016) 
as the Hesperides basin (Fig. 1).  

The succession starts with the Cambrian-Ordovician Curamalal Group, which 
represents a siliciclastic passive margin dominated by the deposition of fine-grained 
sandstones (Harrington, 1947) (Fig. 1). The Curamalal Group is unconformably 
overlaid by the Ventana Group, which starts with the Bravard Formation coarse-to-
conglomeratic sandstones,  followed by the deposition of the Napostá, Formation, which 
displays thicknesses ranging from 420 to 600 m (Harrington, 1947; Andreis, 1965) and 
is composed of fine-grained quartz-rich sandstones (Harrington, 1947). An Ordovician 
to Silurian age is suggested for the Napostá Fm from its ichnofossil content (Dimieri 
and Japas, 1986; Buggisch, 1986, 1987; Rodríguez 1988; Seilacher et al. 2002). Quartz-
rich sandstones of the Providencia Formation conformably overlay the Napostá 
Formation, with a thickness of 200 to 300 m (Harrington, 1947). Follows the Lolén 
Formation with a thickness of 600 m and composed of sandstones and siltstones 
interbedded with lenticular fine-grained conglomerates (Harrington, 1972). 
Paleontological content indicates a Middle Devonian age (Keidel, 1916; Harrington, 
1947; Andreis et al., 1989; Cingolani et al., 2002) (Fig. 3). 

The nature of the contact between the Ventana Group and the overlying 
Pillahuincó Group is controversial; nevertheless, the presence of a regional 
unconformity is generally accepted (Harrington, 1947; Japas, 1988; Massabie and 
Rossello, 1984; Tomezzoli, 1997; Tomezzoli and Cristallini, 1998).  

The Pillahuincó Group is formed by the Sauce Grande, Piedra Azul, Bonete and 
Tunas formations, and is interpreted to record the formation and filling of a foreland 
basin (Harrington, 1947). The succession starts with the Sauce Grande Formation 
displaying a thickness of 1,100 m, composed of diamictites (Coates, 1969; Harrington, 
1980; Andreis, 1984), sandstones and a minor proportion of mudstones (Andreis et al., 
1989), deposited in a glacial environment. Its palynological content indicates a 
Pennsylvanian-Cisuralian age (Di Pasquo et al., 2008; Archangelsky et al., 1987) (Fig. 
3).  
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Figure 2. A: Geological map of the Ventana Ranges (see location in Fig. 1). Notice the location of the 
samples analyzed in this study; B: Location map highlighting the location of the PANG0003 well (sample 
P811) in the Claromecó Basin. Structure adapted from Cobbold et al. (1986). C: Structural section across 
the Ventana Ranges (modified from Tomezzoli and Cristallini, 2004). 

 
 
 
 
The Sauce Grande Formation transitionally grades to the Piedra Azul Formation, 

composed of mudrocks and fine-grained sandstones deposited in a marine environment 
(López Gamundi, 1996; Andreis and Japas, 1996). The Bonete Formation (Harrington, 
1947) conformably overlays the Piedra Azul Formation and is composed of a fine-

Jo
urn

al 
Pre-

pro
of



 

 

grained arkosic-sandstones and mudstones succession (Harrington, 1947), with 
paleofloral content suggesting an Early Permian age (Archangelsky and Cúneo, 1984). 
Conformably overlying, the Tunas Formation (Harrington, 1947) is composed of fine-
to-medium-grained sandstones interbedded with siltstones (Andreis et al., 1979; 
Andreis and Cladera, 1992; López Gamundi, 1996). An Early Permian age is suggested 
from its paleontological content: Glossopteris Lycopsids, and poorly preserved bivalves 
(Harrington, 1947; Furque, 1973; Ruiz and Bianco, 1985, Archangelsky and Cúneo, 
1984). Evidence of coetaneous explosive volcanic activity and syn-sedimentary 
deformation is present in the Tunas Formation (Japas, 1986, 1988, Lopez Gamundi, 
1995; Tomezzoli and Vilas, 1999; Tomezzoli, 2001; Ramos et al., 2014). Tuff levels 
intercalated in the Tunas Formation (Iñiguez et al., 1988) yielded U/Pb ages of 291 and 
281 Ma (López Gamundi et al., 2013; Alessandretti et al., 2013; Ramos et al., 2013; 
Arzadún et al., 2018; Ballivián Justiniano et al., 2020). There are several discrepancies 
regarding the thickness of the Tunas Formation. Different authors measured thicknesses 
between 710 and 2,400 m in outcrop (Andreis et al., 1979; Suero, 1972; Japas, 1986; 
Zorzano et al., 2011) and more than 1000 m in the sub-surface (Zorzano et al., 2011; 
Lesta and Sylwan, 2005) (Fig. 3).  

A major unconformity is observed in the Claromecó basin at the top of the 
Tunas Formation, separating this unit from the unconformably overlaying Cenozoic 
deposits (Fig. 3).  

Regarding the structure, thrust faulting commonly affects the Ventana and 
Pillahuincó Groups (Dimieri and Di Nardo, 1992; Tomezzoli and Cristallini, 1998) (Fig. 
2c). Also, tear faults were described affecting the Ventana Group (Amos and Urien, 
1968; Massabie and Rossello, 1984). Several authors consider that a single tectonic 
event affected the Paleozoic series of the Ventana Ranges and generated the folding and 
trusting (Harrington, 1947, 1972; Furque, 1973; Suero, 1972; Llambías and Prozzi, 
1975; Ramos, 1984; Varela et al., 1985; Sellés Martínez, 1986; Cobbold et al., 1987, 
1991; von Gosen et al., 1989, 1990; Japas, 1995; López-Gamundí et al., 1995; Rossello 
et al., 1997; Rapela et al., 2003; Tomezzoli and Cristallini, 2004). Rossello and 
Massabie (1981) consider that a later event, oriented in the NW-SE direction, was 
responsible for the curvature of the northwestern sector, while von Gosen et al. (1990) 
suggest, alternatively, that a transcurrent event produced the arcuate shape of the 
Ventana Ranges. 

In the Curamalal and Ventana Ranges (placed to the west, Fig. 2A), the axial 
surface of the folds involving the Lolén and Sauce Grande formations and the axial 
plane foliations dip to the southwest. Toward the Pillahuincó Ranges (Fig. 2A), the 
folding is attenuated and the axial planes are vertical or dipping to the northeast, thus 
indicating a vergence change recorded in the syn-tectonic formations (Harrington, 1947, 
1970; Furque, 1973; Japas, 1986; Tomezzoli and Cristallini, 1998, Arzadún et al., 2017) 
(see Fig. 2C).  
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Figure 3. Stratigraphic column of the Paleozoic succession in the Ventana Ranges (modified from Ramos 
et al., 2014) and of the Claromecó Basin in the PANG003 well. The location of the samples used in this  
study is depicted, together with available U/Pb ages (from Arzadún et al., 2018).  
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Ramos (1984) and Ramos et al. (2013) interpreted that the Ventana Ranges are 
the product of the collision of the Patagonia terrane to the SW margin of Gondwana. 
Other authors explained the formation of the Ventana Ranges as a system of continental 
blocks affected by a tectonic event producing crustal fragmentation through strike-slip 
faults (Kostadinoff, 1993; Álvarez, 2004; Kostadinoff, 2007; Gregori et al., 2003, 
2008). Tomezzoli (2012) proposed that the deformation began in the Devonian-
Carboniferous limit and continued throughout the Permian as the consequence of the 
combination of both processes. 
 

b. Mesozoic Rifting History 

The end of the Late Paleozoic Gondwanide orogeny (du Toit, 1927; Ramos, 
2008), responsible for the formation of the Ventana and Cape fold belts, seems 
diachronous (Lopez Gamundi et al., 1995; Tomezzoli, 2012). In South America, the last 
records of compression are the synorogenic Early to Middle Permian deposits of the 
Tunas Formation (Tomezzoli, 2001, Arzadún et al., 2017). In Africa, compression 
lasted until the Early Triassic (Hälbich, 1983; Hansma et al., 2016). After the end of the 
orogeny, generalized extension is interpreted in the area due to an absolute displacement 
of Pangea to the northeast, associated with counter-clockwise rotation of the 
supercontinent (Tomezzoli, 2001; Riel et al., 2018). A succession of rifting events 
throughout the Mesozoic was responsible for dismembering the ancient supercontinent 
of Gondwana (Uliana et al., 1989; Frizon De Lamotte et al., 2015; Lovecchio et al., 
2020).  

South of the Ventana Ranges, the Colorado basin is an E-W extensional trough 
covering an area of more than 150,000 km2 on the Argentinean shelf. It is limited by the 
Ventana and Tandilia Ranges to the north and by the Rawson High to the south (Gerster 
et al., 2011; Fig. 1). The evolution of the Colorado basin has been studied from seismic 
and hydrocarbon exploration well data (Kaasschieter, 1963; Lesta et al., 1978; Fryklund 
et al., 1996; Juan et al., 1996; Gerster et al., 2011; Autin et al., 2013; Loegering et al., 
2013).  

The Mesozoic rifting evolution of the Colorado basin has recently been reviewed 
by Lovecchio et al. (2018, 2020), who identified at least three Mesozoic extensional 
events, associated with different generations of faults and depocenter formation (Fig. 1). 
Assigning ages to the synrift infill of the different Colorado basin depocenters is 
challenging because they are poorly explored. Ages of rifting events are then interpreted 
from the geological framework and the evolution of neighboring basins (Lovecchio et 
al., 2020). A first rifting event is interpreted to have occurred after the end of the 
Gondwanides orogeny, in the Late Triassic-Early Jurassic (red colored faults in Fig. 1). 
This event is correlated to the Precuyano cycle of the Neuquén basin (D’Elia et al., 
2005; Mosquera et al., 2011). In the African counterpart, Muir et al. (2020) have 
recently published Early Jurassic U/Pb detrital zircon data from synrift deposits 
associated with extension in the Cape fold belt. 

Following a first rifting stage in the Late Triassic-Early Jurassic, the Colorado 
basin area would have been affected by a second rifting event in the Early-to-Mid 
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Jurassic, with the formation of the main Colorado basin depocenters, especially the 
Central (CCol) and Eastern (ECol) depocenters (Fig. 1). This rifting event was 
correlated to the Early-Middle Jurassic Karoo rifting (Lovecchio et al., 2020). In the 
Early Cretaceous, a final rifting event, E-W oriented, produced breakup and the opening 
of the South Atlantic Ocean. A third generation of faults identified in the Colorado 
basin area, particularly developed to the east of the basin and was correlated with the 
Early Cretaceous South Atlantic rifting event (green colored faults in Fig. 1). 

The understanding of the Mesozoic rifting events is important for the correct 
interpretation of the thermochronological evolution of the Ventana Ranges in particular 
and the SW Gondwana margin in general, as this area acted as a northern flank of the 
Colorado basin and would have experienced exhumation during the different rifting 
events. A first attempt in the understanding of the exhumation history of the study area 
was performed by Kollenz et al. (2016), who carried out AFT, and  (U-Th-Sm)/He in 
zircon and apatite, and obtained Late Triassic to Late Cretaceous cooling ages for the 
Precambrian to Permian units in the Ventana Ranges.  

 
 

3. Materials and Methods 

The “fission track thermochronology” is based on the radioactive decay by 
natural spontaneous fission of uranium 238 (238U), where each fission generates a track 
(Wagner, 1992). The fission tracks are generated with a constant velocity over geologic 
time, so the number of fission tracks in a mineral depends on the time lapsed and the 
uranium content of the grain. Fission track thermocronology can be carried out on 
apatite and zircon grains (AFT and ZFT respectively). The data obtained indicate the 
cooling ages of the apatite and zircons, at certain temperatures referred to as closing 
temperature (Tc) that is 100 ± 10°C in AFT (Green and Durrani, 1977), and 200-300° in 
ZFT (Zaun and Wagner, 1985; Tagami et al., 1996, 1998; Yamada et al., 1993, 1995, 
2007; Tagami and Shimada, 1996; Garver, 2002, 2003; Rahn et al., 2004; Reiners and 
Brandon, 2006). Each mineral is metastably related to time and temperature and has a 
“total annealing” temperature in which the tracks shorten to disappear in 10 My. The 
“partial annealing zone” (PAZ, Gleadow and Fitzgerald, 1987) corresponds to 60 to 
110°C in apatites and 200 to 300° in zircons (Zaun and Wagner, 1985; Kasuya and 
Naeser, 1988; Tagami et al., 1996, 1998; Yamada et al., 1995, 2003, 2007; Tagami and 
Shimada, 1996; Rahn, 2001; Garver, 2003; Hasebe et al., 2003; Rahn et al., 2004; 
Reiners and Brandon, 2006). The PAZ varies with the composition, the orientation of 
the crystals, and the metamictization degree in the case of zircons (Carlson et al., 1999; 
Green et al., 1986; Ketcham et al., 1999, 2007). 

In this study, ten samples were analyzed by low temperature thermochronology. 
Among them, eight samples were analyzed for ZFT and six for AFT (Table 1). The 
samples correspond to different Silurian to Permian lithostratigraphic units and come 
from outcrops in the Ventana Ranges and from an exploration well drilled in the 
Claromecó Basin (PANG 003 well, see location in Fig. 2).  
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The samples were processed, measured and modeled in the Thermochronology 
Laboratory La.Te. Andes (Salta, Argentina). The minerals were separated by crushing, 
grinding, heavy liquids and magnetic methods; they were mounted and polished and the 
tracks were revealed by etching. The prepared samples were irradiated in the RA3 
reactor located in the CNEA facilities in Ezeiza (Argentina), to generate induced tracks. 
The measurements were done with a binocular microscope Zeiss® AXIO Imager Z2m 
and Software TrackWorks® Autoscan®. The ages were calculated by the external 
detector method (ζ value) (Huford and Green, 1981, 1982, 1983; Wagner Van den 
Haute, 1992), and the data processed with TrackKey© Software (Dunkl, 2002). 

All data were integrated in numerical models using the HeFTy 1.9.3 software 
(Ketcham, 2017). This was possible in the samples with a larger quantity of measured 
confined tracks. The aim of this work was to model cooling/heating paths statistically 
reliable using the “Good Fit” method (Goodness of Fit > 50%), obtaining the “Best Fit” 
path, with inverse modeling. Sample location, elevation and depth, stratigraphy and 
thickness are important in the modelling. The thermochronological data (ages per grain, 
D-par and length of confined tracks) were also integrated with previous data as U-Pb 
ages, vitrinite reflectance and fluid inclusions temperatures, provenance, 
paleomagnetism data and anisotropy of magnetic susceptibility (Arzadún et al., 2013, 
2017). This integration allowed us to calibrate the interpretation of the time-temperature 
evolution of the study area.  
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Table 1. Sample information, with the stratigraphic unit, ages, lithology and area of situation, coordinates (WGS 84) and elevation or depth (in negative numbers).  

Sample Stratigraphic unit  Lithology Area Stratigraphic age (Ma) 
Coordinates Elevation/

depth (m) 
Analysis 

X Y 

SVN034 Napostá Fm  
Quartz-rich 
sandstone 

Ventana Ranges Silurian (440-420) 587507.17 m E 5785211.78 m S 539 ZFT 

12VL 09 Lolén Fm Sandstone Ventana Ranges Devonian (420-360) 596932.51 m E 5773989.08 m S 442 
AFT 
ZFT 

SVL 039 Lolén Fm Sandstone Ventana Ranges Devonian (420-360) 593241.23 m E 5786751.11 m S 384 
AFT 
ZFT 

SVL 061 Lolén Fm Sandstone Ventana Ranges Devonian (420-360) 603486.77 m E 5775785.56 m S 291 
AFT 
ZFT 

SVSG1/17 Sauce Grande  Fm Sandstone Ventana Ranges Devonian (360-300) 598712.47 m E 5786122.57 m S 363 
AFT 
ZFT 

R76  Tunas Fm   Tuff Ventana Ranges 
Permian (U/Pb: 291 Ma) 
 (Arzadún et al., 2018) 

600135.00 m E 5805887.00 m S 400 ZFT 

R51 Tunas Fm Tuff Ventana Ranges 
Permian (U/Pb : 284-280 Ma) 

 (Tohver et al., 2008; López Gamundi et 
al., 2013; Alessandretti et al., 2013) 

632727.00 m E 5769414.00 m S 410 AFT 

P811  Tunas Fm 
Tuffaceous 
sandstone 

PANG0003 well 
Claromecó Basin 

Permian ( U/Pb: 294-289 Ma )  
 (Arzadún et al., 2018) 

647285.46 m E 5841392.52 m S -811 
AFT 
ZFT 

P608 Tunas Fm  
Tuffaceous 
sandstone 

PANG0003 well 
Claromecó Basin 

Permian 647285.46 m E 5841392.52 m S -608 ZFT 

P489  Tunas Fm 
Tuffaceous 
sandstone 

PANG0003 well 
Claromecó Basin 

Permian 647285.46 m E 5841392.52 m S -489 ZFT Jo
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4. Results 

a. Data  

In order to have a good representation of the Paleozoic column, 10 samples were 
collected, well distributed in the stratigraphic succession of the study area (Fig. 4). 
However, some of the samples were not suitable for AFT and ZFT analysis, due to the 
absence or bad quality of the mineral grains (Table 1). Seven of the analyzed samples were 
obtained from outcrops in the Ventana Ranges: one quartzite from Napostá Fm (Silurian) 
that was suitable only for ZFT, three sandstones from the Lolén Fm (Devonian), one 
sandstone from the Carboniferous Sauce Grande Fm, and two tuff from the Tunas Fm 
(Permian) (Table 1), one of them suitable for ZFT and the other one for AFT. In addition, 
three samples were recovered from the PANG 0003 well cores, situated at the Claromecó 
Basin, corresponding to tuffaceous sandstones from the Tunas Fm, two of them suitable 
only for ZFT (Table 1). 

The PANG 003 well penetrated 191 m of Cenozoic sediments and more than 700 m 
of sedimentary rocks of the Tunas Formation (Early Permian). This sequence is represented 
by medium-to-fine-grained sandstones interbedded with mudrocks, thin tuffaceous levels, 
carbonaceous mudrocks and coal beds (Arzadún et al., 2018, see Fig. 4B). 

The detailed results of AFT ages and the kinetic parameters of Dpar and confined 
length of traces (corrected by a crystallographic orientation by the software HeFTy©) are 
presented in Table 2. All analyzed samples have a unique statistic population, meaning they 
display total annealing (i.e. they reached at least 60-120°C during 10 My), so the obtained 
ages are considered as cooling ages. The samples from the Lolén and Sauce Grande 
formations (Devonian and Carboniferous respectively) present cooling ages corresponding 
to the Late Jurassic (samples 12VL09, SVL061, SVL039 and SVSG1/17; Figs. 4A, 4B, 4C 
and 4D). Results of Tunas Formation (Permian) yield Early Jurassic cooling ages in the 
outcrop sample from the Ventana Ranges (sample R51; Fig. 4E); while in the sub-surface 
of the Claromecó Basin, this unit yielded an Early Cretaceous cooling age (sample P811; 
Fig. 4F).    

The detailed results of ZFT analyses are presented in Table 3. Among the samples 
take, the one from the Napostá Fm (Silurian, sample SVN034) has a unique statistic 
population, with total annealing (meaning it reached at least 200-300° C during 10 My); 
thus the obtained Early Jurassic ages are considered as cooling ages (Fig. 5A). In addition, 
one sample from the Devonian Lolén Fm 12VL 09) and the sample of the Carboniferous 
Sauce Grande Fm (SVSG1/17) have a unique statistic population (also interpreted as due to 
total annealing). The sample from the Lolén Fm (12VL09) displays an Early Jurassic 
cooling age (Fig. 4B), while the sample from the Sauce Grande Fm (SVSG1/17) yielded a 
Late Triassic-Early Jurassic cooling age (Fig. 5E). The other two samples from the 
Devonian Lolén Fm (SVL061 and SVL039) display ages populations that indicate partial 
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annealing (Figs. 5C and 5D). The Permian samples from the Tunas Fm show the same 
behavior (P811, P607 and P489; Figs. 5F, 5G and 5H).
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Sample 
Stratigraphic 

age 
N 

U 
(ppm) 

Dosimeter 
(ρD) 

Spontaneous Induced P 
(X)2 

% 

Age 
disp. 

Central age 
(Ma) ± 1s 

Confined  Dpar 

ρS NS ρI NI N 
Length av. 

(µm) 
N 

Av. 
(µm) 

12VL 09 Devonian 34 31.6 11.9 19.2 1873 25.2 2459 15.0 0.09 158.7 ± 11.5 45 13.8 176 1.5 
SVL 061 Devonian 28 55.8 12 10.0 744 14.4 1065 55.8 0.02 146.5 ± 11.6 7 14.2 141 1.5 
SVL 039 Devonian 34 17.8 12.1 12.2 1788 15.9 2324 59.3 0.07 164.6 ± 11.9 60 13.9 176 1.6 

SVSG1/17 Carboniferous 30 31.6 11.7 18.0 1086 24.9 1501 16.8 0.11 149.8 ± 11.8 35 13.5 154 1.5 
R51 Permian 30 11.9 12.3 8.8 353 9.9 400 98.1 0.01 188.5 ± 18.2 3 14.6 169 1.9 
P811 Permian 34 19.8 12.5 9.0 524 15.8 916 68.2 0.05 125.8 ± 10.6 18 13.3 132 1.8 

Sample 
Stratigraphic 

age 
N 

U 
(ppm) 

Dosimeter 
(ρD) 

Spontaneous Induced P (X)2 

% 
Age 
disp. 

Central age 
(Ma) ± 1s 

P1 ± 1s (%) P2 ± 1s (%) P3 ± 1s (%) 
ρS NS ρI NI 

SVN 034 Silurian 26 185.6 5.2 137.5 2644 23.0 443 63.9 0.03 184.8 ± 12.3 - - - 
12VL 09 Devonian 29 188.5 5.2 148.2 4704 23.2 736 86.4 0.01 198.6 ± 11.4 - - - 

SVL 061 Devonian 44 155.3 5.18 154.1 9718 17.7 
111
4 

4.5 0.13 265.6 ± 15.0 
248.9 ± 17.2 

(79.2)  
352.3 ± 55.7 

(20.8) 
- 

SVL 039 Devonian 33 249.4 5.16 235.1 9794 31.7 
132
3 

0.0 0.30 227.6 ± 16.8 
182.4 ± 14.2 

(52.7) 
260.9 ± 38.0 

(28.7) 
457.4 ± 55.8 

(18.6) 
SVSG1/17 Carboniferous 29 227.9 5.24 176.7 5627 27.4 873 12.5 0.11 201.5 ± 11.9 - - - 

R76 Permian  27 192.9 5.29 204.5 3853 24.0 453 0.24 0.25 233.2 ± 18.4 
267.4 ± 22.4 

(77.5) 
155.0 ± 

28.05 (22.5) 
- 

P811 Permian  35 298.9 5.11 298.1 7317 37.7 926 0.66 0.17 236.6 ± 14.7 
262.6 ± 17.8 

(73.7) 
181.7 ± 22.8 

(26.3) 
- 

P 608 Permian 35 163.9 5.18 148.2 6282 19.2 813 1.5 0.16 240.6 ± 15.2 
260.0 ± 18.8 

(83.9) 
170.5 ± 35.7 

(16.1) 
- 

Table 2: AFT data. Central age calculated with IRMM 540 dosimetric glasses and z-calibration = 341.6 ± 21.8 Ma. N: number of grains measured.  ρs: density of spontaneous fission 

tracks (x 10
5
 cm

-2
). Ns: total number of spontaneous fission tracks. ρi and ρd: density of induced fission tracks and the dosimeter(x 106 cm-2), calculated with N= 5000, in the external 

detector (g=0.5). Ni: total number of induced fission tracks in the sample. P(χ2): probability to obtain a χ2 value for n degrees of freedom (n= cristal number -1), samples with 
probability >5% are indicative of a homogeneous population. Average length and number (N) of confined fission tracks. Average and number (N) Dpar.  

Tabla 3: ZFT data. Central ages calculated with IRMM 541 dosimetric glasses and z-calibration = 120.89 ± 4.73 Ma and 122.48 ± 4.89 Ma (for samples P608 and P489). N: 

number of measured grains. ρs: spontaneous fission track density (x 10
5
 cm

-2
). Ns: total number of spontaneous fission tracks. ρi and ρd: induced fission track density in the 

samples and the dosimeter, calculated with N= 5000, in the external detector (x 106 cm-2) (g=0.5). Ni: total number of induced fission tracks in the sample. P(χ)2: probability to 
obtain a χ2 value for n degrees of freedom (n= number of crystals -1), samples with probability >5% are indicative of a homogeneous population, while <5% are analyzed with the 
binomial peak adjustment method. P1, P2 and P3 are the population ages obtained from the Binomfit software, with its error (± 1s) and percentage (%). 
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P 489  Permian 30 140.8 5.16 129.7 4768 18.1 664 0.03 0.23 213.8 ± 15.8 
254.7 ± 17.1 

(73.0) 
142.6 ± 15.9 

(27.0) 
- 
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Figure 4. Radial distribution of the AFT ages of the different samples, central age is in red. 
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Figure 5. Radial distribution of the ZFT ages of the different samples, central age is in red and in green are 
the ZFT population ages.  

 

b. Kinetic parameters (Dpar and length)  

The Dpar is a useful parameter to qualitatively approximate the chemical 
composition of the apatite grains, regarding the chlorine and fluorine content that is related 
to the annealing temperature of the fission tracks. Larger Dpar values indicate higher 
concentrations of chlorine and higher temperature values.  

In each sample, the distribution of the Dpar and the fission track lengths were 
analyzed in relation to lithostratigraphic unit ages. All samples have similar length of 
confined tracks, between 13.3 and 14.6 µm, and there are no important differences in the 
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Dpar values of each sample. However, there are differences in the Dpar values between 
formations, e.g. the Lolén and the Sauce Grande Formations (Devonian and Carboniferous 
respectively) have values between 1.5 and 1.6 µm, while the Tunas Formation (Permian) 
displays higher values between 1.8 and 1.9 µm (Fig. 6). These values indicate a different 
composition with respect to the other units, so a different sediment provenance, and a larger 
resistance to annealing. 

Regarding the length of the confined tracks, there are no important differences in 
values, which are between 13 and 14.6 µm (Table 2). These lengths show that there is no 
shortening of the tracks and confirm the AFT total annealing. In the Lolén, Sauce Grande 
and Tunas samples with enough data, the measured lengths display a unimodal and 
geometric distribution. The samples with larger quantity of length data were used in 
modelling.  
 

 

Figure 6. Ratio between the Dpar parameter and fission track age in the different samples that clearly show 
the existence of two different population in the data. 
 
 

c. Time-Temperature Numerical Models 

Three samples were modelled with the Hefty software, one of them from outcrops 
of the Lolén Fm (Devonian, SVL039), one from outcrops of the Sauce Grande Fm 
(Carboniferous, SVSG17/1), and one from the Tunas Fm (Permian, P811) recovered from 
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the PANG003 well. it was possible to get a number of models with a good a fit 
(GOF>50%) for all three samples. 

To produce the models, the ZFT and AFT ages were used when avaliable, with its 
respective Dpar and length data. Also, the present altitude (or depth) of the samples was 
considered together with the stratigraphic age (using geochronological data when 
available). To validate the models, they were integrated with the tectonic and stratigraphic 
evolution, considering the thicknesses of the different formations and existing temperature 
data. Using all these elements is very important in the construction of coherent time-
temperature paths. The measured thicknesses were translated to a time-temperature space 
crossplot, using a normal geothermal gradient of 30°C/km. 

Geochronological data used to calibrate the age of the Tunas Fm come from 
interbedded tuff levels cropping out in the Pillahuincó Range: a U/Pb zircon age of 291 Ma 
(Arzadún et al., 2018), U/Pb zircon ages of 280 and 284 Ma (Tohver et al., 2008; López 
Gamundi et al., 2013; Alessandretti et al., 2013), and two new LA-ICP-MS U–Pb zircon 
ages of tuff levels from the Las Mostazas quarry than suggest that the deposits are younger 
than 286 Ma (Ballivián Justiniano et al., 2020). Particularly in well PANG003, U/Pb zircon 
ages of 289 and 294 Ma were obtained by Arzadún et al. (2018) for tuff levels at 800 m 
MD (measured depth).  

Regarding other temperature data, minimum temperatures of 140 and 160°C were 
obtained from fluid inclusion analysis thermometry data in outcrop and subsurface samples 
of the Tunas Fm (Arzadún et al., 2013), and a maximum temperature of 190°C was 
obtained from vitrinite reflectance in the PANG003 well at 842 m MD (Arzadún et al., 
2017). 

Moreover, the model also incorporates the tectonic evolution of the study area. 
Paleomagnetic data indicate two different pole positions during the Permian, at 291 and 281 
Ma, supporting the syn-tectonic deposition of this unit (Tomezzoli and Vilas, 1999; 
Tomezzoli, 2001; Arzadún et al., 2018). Petrographic data indicate a change in provenance 
during Permian (Andreis and Cladera, 1992; López Gamundi, 1996), which is validated by 
the detrital zircon content (Ramos et al., 2013). Anisotropy of magnetic susceptibility data 
(Arzadún et al., 2017), structural data (Tomezzoli and Cristallini, 1998), re-crystallization 
age of illite (Buggish, 1987), and the presence of growth strata (López Gamundi et al., 
1995) indicate active deformation event during the Permian in the Ventana Ranges, with 
compressive stress from the southwest (Gondwanide orogeny), and decreasing towards the 
foreland Claromecó Basin.  

All the previously mentioned data were combined to analyze the possible time-
temperature paths and to fit the model and interpretations on the evolution of the basin (Fig. 
7).  

Sample SVL 039 (Fig. 7A) is a sandstone from the Devonian Lolén Fm. As the ZFT 
does not show total annealing, we interpret that the sample was not exposed to a 
temperature above 200-300° C. Only AFT data were used for the modeling. The AFT 
central age (164.6 ± 11.9 Ma) was tested against the geological constrains. 60 length 
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measures were obtained in this sample and were used to calibrate the model. 10,000 
statistic iterations were carried out and 217 time-temperature acceptable paths were 
obtained, with 5 good paths with good fit (GOF) (Fig. 7A).   

 

Figure 7. Time‐Temperature numerical models obtained by HeFTy software (Ketcham, 2005; Ketcham, 
2011; Ketcham et al., 2007a, b; Ketcham et al., 2009). Different constrains were used: stratigraphy, 
considering the thickness of the deposits above the sample (geothermal gradient = 30°C/km), temperatures 
reached by the Permian deposits (from R0 and fluid inclusion data), and AFT-ZFT data. The results show 
three different reliability levels; green: acceptable adjust (all paths with Goodness of Fit (GOF) > 0.05 (5%)), 
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pink: good adjust (all paths with GOF > 0.5 (50%), black line: t-T path of best fit, blue line: weighted average 
path. Acc: number of acceptable fit models. GOF: number of good fit models. In gray, PAZ zones. A. Sample 
SVL 039 from the Devonian Lolén Formation. B. Sample SVSG 1/17 from the Carboniferous Sauce Grande 
Formation. C. Sample P811 from the Permian Tunas Formation in subsurface. 

Sample SVSG1/17 (Fig. 7B) corresponds to a sandstone from the Carboniferous 
Sauce Grande Fm. An AFT central age of 149.8 ± 11.8 Ma and a ZFT central age of 201.5 
± 11.9 Ma were tested with the geological constrains. 35 length measures were obtained 
from this sample. 10,000 statistic iterations were performed and 77 time-temperature 
acceptable paths were obtained, with 12 good paths with good fit (GOF) (Fig. 7B).   

Sample P811 is a sandstone from the Early Permian Tunas Fm, recovered from 811 
m MD in the PANG003 well. The age of this succession is estimated between 294 and 289 
Ma by extrapolation of the U/Pb ages obtained from interbedded tuff levels (Azardún et al., 
2018). An AFT central age of 125.8 ± 10.6 Ma was tested with the geological constrain. No 
acceptable models could be obtained with the ZFT data, which is probably due to 
incomplete ZFT annealing. As such the sample was never exposed to temperatures above 
200-300°C, which is in agreement with the vitrinite data. The sample has 18 measured 
lengths, and it was probe with 10,000 statistic iterations. 744 time-temperature acceptable 
paths were obtained, of which 86 good paths with good fit (GOF) (Fig. 7C). 

The three models were constrained with the stratigraphy, assuming that the 
maximum temperatures were reached by Permian times and taking into account the 
thickness of the overlaying formations. 
 
 

5. Discussion 
 

The samples analyzed in the Ventana Ranges and the Claromecó Basin, display total 
annealing by AFT data. As such, the AFT ages are considered as cooling ages and therefore 
the samples reached temperatures of between 60 to 120°C or more for at least 10 My. The 
obtained data and the results of modeling agree with the temperature previously estimated 
from fluid inclusions microthermometry and vitrinite reflectance, of between 140° C and 
190° C for Tunas Fm (Arzadún et al., 2013). These minimum temperatures are also 
consistent with green-schist metamorphic grade of the Devonian and Carboniferous units in 
the Ventana Ranges reported by Von Gosen et al. (1991). 

According to the AFT data, the cooling/exhumation history of Silurian and Permian 
the units exposed along the Ventana Ranges show exhumation since the Late Triassic - 
Early Jurassic. This cooling event is recorded in the Permian units (sample R51, Tunas Fm, 
cooling age of 204.4 ± 18.8 Ma) at first, then in the Carboniferous and Devonian units 
(samples 12VL 09, SVL 061, SVL 039 from the Lolén Fm and SVSG 1/17 from Sauce 
Grande Fm) with cooling ages between 164.6 ± 11.6 Ma and 146.5 ± 11.6 Ma (Fig. 8).  

In the Claromecó Basin, the samples obtained from different depths within the 
Permian Tunas Fm in the PANG003 well give very consistent results, and the AFT data 
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indicate younger cooling ages (Early Cretaceous, 125.8 ± 10.6 Ma) in sub-surface (basin) 
than in the Ventana Ranges (Fig. 8).  

The ZFT data show clearly a total annealing in the sample from the Silurian 
Napostá Fm (SVN 034), indicating that this unit reached 200-300° C. A cooling event 
starting in the Early Jurassic is in agreement with the preserved stratigraphic thickness 
deposited above this unit. Sample SVSG 1/17 from the Carboniferous Sauce Grande Fm 
and sample 12VL 09 from the Devonian Lolén Fm display total annealing with similar 
cooling ages indicating exhumation in the Early Jurassic. The other samples from the 
Devonian series display partial annealing (samples SVL061 and SVL039) (Fig. 8). These 
could indicate that they were part of different blocks (as previously suggested by Cobbold 
et al., 1987; Fig. 2).  ZFT data of the samples from Permian units also indicate partial 
annealing, meaning these samples did not reach temperatures of 200-300°C for more than 
10 My. In the samples with partial annealing, population ages were obtained, and the 
younger population ages are concordant with the cooling ages of the other samples (Fig. 8). 

The thickness of the Devonian, Carboniferous and Permian units are insufficient to 
explain the temperatures obtained from the different methods, but are in agreement with 
previous data and, considering the major unconformity described in the succession, 
between the Early Permian Tunas Fm and the Cenozoic sediments, it seems reasonable that 
at least 2,000 m of additional column (considering a normal geothermal gradient)  were 
eroded from the present-day top of the Tunas Fm in the subsurface of the Claromecó basin. 
 The exhumation of the Paleozoic series was cumulative throughout the Mesozoic 
and we interpret it, considering the location of the studied units with regards to the 
Mesozoic Colorado basin, as uplift occurring in the basin flank. In the Colorado Basin there 
are apatite fission track results in different units. 

The AFT and ZFT ages obtained in this work are in agreement with AFT and zircon 
He (ZHe) previous ages obtained by Kollenz et al. (2016). As such, apatite He ages (AHe) 
obtained in the Permian Tunas Formation are between 120 Ma and 107 Ma (Early 
Cretaceous) (Fig. 9). The closing temperature of the AHe system is between 60-40°C, 
which supports the culmination of the third rifting stage culminated during the Early 
Cretaceous (Fig. 9).  

Although there are no important differences in the length values of the confined 
tracks in the samples, the Dpar show similar values in the Lolén and Sauce Grande 
formations and larger values in the samples from the Tunas Formation (Fig. 6). These data 
evidence larger Chlorine content in the Permian grains and so different composition, in 
agreement with the petrographic analyses carried out by López Gamundi (1995) that 
indicate a change of provenance during the Permian.   

The obtained thermochronology data in the Ventana Ranges are interpreted as 
produced by a long-lived exhumation event throughout the Mesozoic. The ZFT cooling 
ages of the Silurian, Devonian and Carboniferous units, and the AFT age of the Early 
Permian Tunas Fm, indicates a cooling event during the Late Triassic to Early Jurassic that 
is associated with the first and second rifting stages described by Lovecchio et al. (2018, 
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2020). This exhumation can be interpreted as rift flank exhumation (Fig. 9).  The AFT ages 
of Tunas Fm in the Claromecó Basin indicate a cooling event during the Early Cretaceous 
that is interpreted as part of passive margin exhumation during the drift stage after the 
South Atlantic Ocean opening in the Early Cretaceous (third rifting stage) (Fig. 9). The 
AHe ages obtained by Kollenz et al. (2016) in the outcrops of Tunas Fm, allow extending 
the last rifting stage to 107-120 Ma (Lower Cretaceous). 

The association of the cooling ages with the different rifting events and the eroded 
thickness of at least 2000 m, confirm that the Ventana Ranges-Claromecó Basin acted as 
part of the northern flank of the Colorado Basin during its Mesozoic rifting history. 

 

 

Figure 8. AFT (blue spots) and ZFT (red spots) cooling ages in samples from Ventana Ranges and 
Claromecó Basin, with its associated errors. Sedimentary units and their corresponding ages are plotted along 
the vertical axis. Cooling ages from thermochronology (central age and associated error bars) are plotted 
along the horizontal axis. Pink and light blue dashed areas follow a logical cooling sequence. Comparison 
with Kollenz et al. (2016): AFT data, (U-Th-Sm)/He in apatite (AHe) and in zircon (ZHe).     
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Figure 9. Schematic chart displaying the relation between the stratigraphy of the Colorado basin (after 
Lovecchio et al., 2018) and the thermochronology data both from the new samples herein presented  (AFT 
and ZFT from the Ventana Ranges and Claromecó Basin) and the data from Kollenz et al (2016)  (AFT, AHe, 
ZHe). Ages are plotted on the vertical axis. The chart highlights synchronicity between rifting in the Colorado 
Basin and exhumation (uplift) of the Ventana Ranges and Claromecó Basin both along the northern flank of 
the basin.  Sampled units are shown on Fig. 8.   
 

6. Conclusions 

The Ventana Ranges and its associated Claromecó foreland basin, form a system 
that records a complex tectono-stratigraphic evolution, with onset of a passive margin in the 
early Paleozoic, later on affected by a major Gondwanan glaciation in the late Paleozoic 
and compressive tectonic events and foreland sedimentation in the early Permian. 

The thermochronology study presented here and the obtained cooling ages for the 
Ventana Ranges are interpreted as a long-lived, probably multi-stage, exhumation event 
occurred throughout the Mesozoic. The ZFT ages indicate that the Silurian, Devonian and 
Carboniferous units cooled from the ZFT PAZ (partial annealing zone between 200 and 
300°C) during the Late Triassic to Early Jurassic. The AFT age of the Early Permian Tunas 
Fm, indicates a cooling event from the AFT PAZ (partial annealing zone between 60 and 
120°C) also during the Early Jurassic. These ages are consistent with the first rifting stage 
described by Lovecchio et al. (2018, 2020), where this exhumation stands for rift flank 
uplift (Fig. 9).  The Late Jurassic cooling AFT ages obtained from the Devonian and 
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Carboniferous formations could indicate that these units were exhumed during the second 
and third rifting stages described by Lovecchio et al. (2018, 2020). 

In the Claromecó Basin, the AFT ages of Tunas Fm, indicate a cooling event from 
the AFT PAZ (partial annealing zone between 60 and 120°C) during the Early Cretaceous, 
interpreted as part of passive margin exhumation during the drift stage after the South 
Atlantic Ocean opening in the Early Cretaceous (third rifting stage) (Fig. 9). In addition, 
The AHe ages obtained by Kollenz et al. (2016) for the Ventana Ranges record this same 
event (Fig. 9). 

The thermochronological data presented here and the time-temperature numerical 
models show that most of the exhumation in the study area was accomplished during the 
Mesozoic and that a thickness of at least 2,000 m of Permian must have been eroded from 
the top of the Tunas Fm to have produced total annealing for ZFT and AFT for the 
Devonian, Carboniferous and Permian samples in the Ventana Ranges, and for the Permian 
samples collected from the Claromecó basin. 
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Highlights 
 
The Ventana Ranges and Claromecó basin, located north of the Mesozoic Colorado basin, 
record an exhumation history coetaneous with the rifting history of the basin. 

Most of the exhumation in the Ventana Ranges and Claromecó basin was achieved during 
the Mesozoic. 
 
The Ventana Ranges display Late Triassic to Early Jurassic ZFT cooling ages, and Early to 
Late Jurassic AFT cooling ages. 
 
Permian units in the the Claromecó Basin display Jurassic ZFT cooling ages and Early 
Cretaceous AFT cooling ages. 
 
A thickness of at least 2,000 m of Permian succession was eroded from the top of the Tunas 
Fm during the Mesozoic exhumation. 
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