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Abstract 

 

The evolution of central Patagonia is associated with episodic shortening and extension that 

have greatly affected the topography of the Cordillera and intraplate belt. The San Jorge Basin 

is a site of sediment accumulation in the foreland that is surrounded by igneous and broken 

foreland relief. The latter originated from episodic deformation and reactivation of inherited 

structures associated with a period of slab shallowing that allowed the far-field transmission 

of Andean stresses to the foreland. Thus, due to of its location, the San Jorge Basin provides 

an exceptional opportunity to study the denudation of both Cordilleran and intraplate 

topography during the Cenozoic, particularly during the late Eocene–early Miocene interval 

of mild deformation. In this study, we use a single-grain geochronological approach 

combining apatite fission tracks and U–Pb dating on apatite, along with maximum deposition 

ages obtained from U–Pb zircon dating for Neogene foreland basin deposits, to distinguish 

between two distinctive sediment source regions in central Patagonia during the Cenozoic, 

despite the persistent volcanic signal. A compilation of previously published cooling ages 

combined with our new data define: (i) a dominant local source from the northern broken 

foreland from the late Eocene until the early Miocene; and (ii) a widespread source in the 

Cordillera during the Miocene based on a very uniform thermochronological signal observed 

throughout the entire foreland. Therefore, this study provides new insights into the variation 

of in sediment sourcing in the central Patagonian foreland. This variation is primarily 

controlled by the decrease of post-orogenic erosional processes during a period of relative 

tectonic quiescence following the highly active Early Cretaceous–middle Eocene time 

interval. 
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1 Introduction 

 

The modern Andean foreland basin represents an elongated trough on the eastern (i.e., retro-

wedge) side of the Andean Cordillera and is the product of flexural subsidence driven by the 

loading from orogenic crustal thickening (e.g., Jordan et al., 1983; DeCelles and Giles, 1996). 

In central Patagonia, the San Jorge Basin is a deep depocenter located far from the orogen and 

bounded by the broken foreland. The latter refers to a series of structural highs that are 

believed to have developed by the reactivation of extensional structures, inherited from the 

break-up of Western Gondwana (Mpodozis and Ramos, 2008; Figari et al., 2016). 

Deformation occurred during a Cretaceous – middle Eocene contractional phase (e.g., 

Homovc et al., 1995; Marquez and Navarrete, 2015; Echaurren et al., 2017) that may have 

resulted from fluctuations in slab dynamics (mostly from steep to gently dipping or flat-slab 

subduction; e.g., Savignano et al., 2016; Horton, 2018). The decrease of slab dip angle may 

have allowed far-field stresses to propagate throughout the entire foreland. Horizontal E–W 

shortening and extension perpendicular to it resulted in the development of the roughly N–S 

striking broken foreland reliefs of the San Bernardo Fold and Thrust Belt (FTB) and the E–W 

elongated trough of the San Jorge Basin, which is mostly controlled by the reactivation of 

~E–W striking structures (Foix et al., 2012; Ramos, 2014; Gianni et al., 2015b). The 

following period was characterized by a general subsidence related to slab-rollback until the 

middle Miocene. Later, changes in plate convergence led to a new contractional phase mostly 

affecting the Cordillera (e.g., Orts et al., 2012, 2015; Bechis et al., 2014; Encinas et al., 2014; 
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Echaurren et al., 2016) and to a lesser extent the broken foreland (e.g., Savignano et al., 2016; 

Fernández et al., 2020). 

In this context, the San Jorge Basin is very likely to record the complex Cenozoic history of 

central Patagonia. The San Jorge Basin is surrounded by the central Patagonian Andes to the 

west, the San Bernardo FTB and the North Patagonian Massif to the north, and the Deseado 

Massif (a large basement province) to the south (Figure 1). These reliefs represent the main 

topographic features of the central Patagonian foreland, and thus are potential sources of 

sediments, as evidenced by Late Cretaceous deposits in the southern San Jorge Basin derived 

from the Deseado Massif (Limarino and Giordano, 2016). However, although the structural 

evolution of these features and their relationships with the adjacent foreland basin are 

relatively well studied (e.g., Allard et al., 2020), the source-to-sink scenarios in this section of 

Patagonia during the Cenozoic remain elusive. Understanding these scenarios is fundamental 

to unravel the denudation history of the Patagonian reliefs. Within this context, the San Jorge 

Basin represents an exceptional natural laboratory for provenance analysis because the 

erosion products of the Cordillera and intraplate belt can be expected to be readily 

distinguishable due to different cooling periods. Indeed, iN–Situ thermochronological studies, 

mostly apatite fission tracks (AFT) and (U–Th)/He (AHe) dating, indicate a wide range of 

cooling ages spanning from the Cretaceous to the Miocene across the Cordillera. On the other 

hand, only Cretaceous – early Paleogene ages have been recognized at the Deseado Massif 

and the southwestern San Bernardo FTB (Figure 1) (Fernández et al., 2020; Genge et al., 

2021a). Furthermore, the moderate thickness of the Cenozoic sedimentary cover, which is < 1 

km even in the basin center (Figari et al., 1999), prevents of any thermal reset of the data. The 

sedimentary rocks exposed in the San Jorge Basin thus may provide information about the 

long-term exhumation of the source rocks, although the substantial Andean volcanic input in 

this area represents a major challenge to unraveling the exhumation history of source rocks 
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(Paredes et al., 2009; Umazano et al., 2009; Allard et al., 2020; Foix et al., 2020). Multi-

dating on a single-phase (apatite in this case) provides a key tool for addressing this 

challenge, as medium-temperature data reveal the time of crystallization whereas low-

temperature data are related to cooling ages at shallow depths, thus allowing us to 

discriminate between volcanic and exhumation signals (e.g., Saylor et al., 2012; Malusà et al., 

2022).  

This work presents new U–Pb and fission tracks dating of detrital apatite and U–Pb dating of 

detrital zircons that were collected from lower Eocene to middle Miocene sedimentary 

successions exposed in the proximal (Andean foothill) and distal (Atlantic coast) areas of the 

San Jorge Basin. These data were integrated with published low-temperature cooling ages 

(Genge et al., 2021a) and new geochronological data obtained on Cretaceous samples from 

the San Bernardo FTB (this study). The combined dataset, besides providing new 

geochronological constraints for Miocene deposits, demonstrates that the sediment sources 

(volcanic input aside) changed through time. Sedimentary materials were derived from both 

distant (i.e., the Andean Cordillera) and local (i.e., the San Bernardo FTB) sources. Thus, our 

provenance analysis sheds new light into the denudation of central Patagonian reliefs and their 

relationship with orogen dynamics. In addition, we demonstrate the potential of using multi-

technique approaches to distinguish syn-volcanic inputs among sediment sources and unravel 

the relative contribution of recycling processes.   

 

 

2 Regional geological setting 

 

The current geodynamic configuration of central Patagonia is governed by the subduction of 

the oceanic Nazca and Antarctic plates beneath the continental South American Plate (Figures 
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1 and 2). Central Patagonia (44 – 48 °S) is the transitional zone between northern and austral 

Patagonia. This region is coincident with the Chile Triple Junction at around 46°30’ S, where 

the Chilean Ridge segment, which separates the Nazca and Antarctic plates, is currently being 

subducted beneath the South American Plate (e.g., Cande and Leslie, 1986). The northward 

migration of the  Chile Triple Junction (from 54°S to 46°S) over the past 14 m.y. resulted in 

the opening of a slab window below the whole austral Patagonia (e.g., Breitsprecher and 

Thorkelson, 2009; Scalabrino et al., 2009).  

Compared to other sectors of the Andean Cordillera, the central Patagonian Andes are 

characterized by lower elevations, thinner crust and a narrow width (Mpodozis and Ramos, 

2008; Orts et al., 2012). The San Jorge Basin (Figures 1 and 2) is a broadly E–W elongated, 

on-shore-off-shore basin related to extensional processes, while the Patagonia region 

experienced mostly shortening during the Mesozoic–Cenozoic (e.g., Folguera et al., 2020). 

This extension basin is bounded by the igneous-metamorphic province known as the Deseado 

Massif in the south (e.g., Giacosa et al., 2010), the North Patagonian Massif in the north, and  

the San Bernardo FTB in the northwest. The latter consists of Mesozoic sedimentary 

successions originally deposited in grabens that formed during the break-up of the Gondwana 

paleocontinent (Fitzgerald et al., 1990; Mpodozis and Ramos, 2008; Figari et al., 2016) and 

have been episodically deformed since the late Early Cretaceous (Homovc et al., 1995; Gianni 

et al., 2015a). The development of this NNW–SSE-trending intraplate belt, which is a part of 

the broken foreland, resulted in the disconnection of the eastern San Jorge Basin and the Río 

Mayo sub-basin, another Mesozoic basin located along the eastern side of the current 

Cordillera (Homovc et al., 1995; Peroni et al., 1995; Figari et al., 1999; Navarrete et al., 

2015). Low-temperature thermochronological data suggest that the San Bernardo FTB mostly 

developed during the late Early Cretaceous to early Paleogene, as no significant cooling has 

been recorded in the Neogene (Savignano et al., 2016; Genge et al., 2021b), aside from areas 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



7 

 

affected by long-term volcanism (Genge et al., 2021a). Finally, minor to moderate 

deformation affected the broken foreland during the Neogene and the Quaternary as 

evidenced by the local folding of Oligocene basaltic layers, growth strata in surface and 

subsurface data, and late reactivation of inherited normal faults (e.g., Gianni et al., 2015a; 

Gianni et al., 2017). 

 

2.1 Stratigraphy 

 

The sedimentary successions of the San Jorge Basin were deposited above Paleozoic to 

Triassic intrusive and metamorphic basement rocks that are currently exposed in the Deseado 

Massif (Lesta et al., 1980; Ramos, 2008). This basement was faulted during back-arc 

extension and the break-up of Gondwana during the Jurassic to Early Cretaceous (Suarez and 

Marquez, 2007; Mpodozis and Ramos, 2008; Figari et al., 2016). Directly overlying the 

basement, syn-extensional Jurassic – Lower Cretaceous deposits can be grouped into several 

lithostratigraphic units (Figure 3) based on their volcanic content and geographic location 

(e.g., Fitzgerald et al., 1990; Figari et al., 1999, 2002; Pankhurst et al., 1999; Sylwan, 2001; 

Suarez and Marquez, 2007; Allard et al., 2020) .  

At the top of the Jurassic–Lower Cretaceous deposits, a major unconformity is observed 

regionally, and is related to E–W shortening associated with slab shallowing in the late Early 

Cretaceous to early Paleogene (Navarrete et al., 2016, 2018; Horton, 2018), eventually 

evolving to a flat slab during the Late Cretaceous (Gianni et al., 2018). This E–W shortening 

affected the whole central Patagonia as indicated by the syn-orogenic character of the 

Cretaceous continental Chubut Group. The latter, being mainly exposed across the San 

Bernardo FTB (Figure 2), is generally characterized by a high proportion of volcaniclastic 
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supply (Lesta and Ferello, 1972; Clavijo, 1986; Homovc et al., 1995; Tunik et al., 2004; 

Umazano et al., 2012; Gianni et al., 2015a; Navarrete et al., 2015; Allard et al., 2020).  

The continental Chubut Group is locally covered by transitional to unconformable marine 

successions of the Danian Salamanca Formation (Figure 3; Lesta and Ferello, 1972; Bellosi et 

al., 2000; Clyde et al., 2014; Navarrete et al., 2015). Deposition of these sediments resulted 

from an Atlantic marine transgression combined with regional tilting that have been linked to 

the Andean uplift (Haq et al., 1987; Nullo and Combina, 2011) and/or dynamic subsidence 

focused at the edges of a flat-slab segment (Gianni et al., 2018). Subsequent regression is 

recorded by the continental Río Chico Group (upper Paleocene – middle Eocene), which is 

deposited conformably above the Salamanca Formation (Feruglio, 1949; Krause and Bellosi, 

2006; Raigemborn et al., 2010; Foix et al., 2013; Navarrete et al., 2015; Gianni et al., 2017). 

The Río Chico Group is characterized by alternating conglomerates, sandstones, clays and 

tuffs deposited in diverse fluvial environments (Foix et al., 2013 and references therein). The 

Río Chico Group evolves upwards to the middle Eocene – lower Miocene continental 

Sarmiento Formation, which is primarily composed of tuffaceous deposits that accumulated 

under low subsidence rates (Feruglio, 1949; Legarreta and Uliana, 1994; Figari et al., 1999, 

2002; Bellosi, 2010; Ré et al., 2010; Dunn et al., 2013). The upper section of the Sarmiento 

Formation in central Patagonia is laterally interfingered with lower – middle Miocene marine 

deposits (Bellosi et al., 2002; Bellosi, 2010; Barreda and Bellosi, 2014; Paredes et al., 2015).  

Several marine transgressions from the Atlantic Ocean flooded most of the foreland and 

reached the present Andean piedmont during the Miocene (Ramos, 1982; Malumian and 

Nanez, 2011; Bechis et al., 2014; Encinas et al., 2018, 2019; Parras and Cuitiño, 2021). The 

resulting marine deposits are grouped into different units, all dated with 
87

Sr/
86

Sr 

chronostratigraphy on calcitic shells; they include: (i) the Chenque Formation in the San Jorge 

Basin assigned to 19.6 to 15.3 Ma (Cuitiño et al., 2015b) and limited to the west by the San 
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Bernardo FTB; (ii) the lower Miocene Monte León Formation (22.12 – 17.91 Ma) which 

surrounds the Deseado Massif  (Parras et al., 2012); and (iii) the Centinela, Guadal, and El 

Chacay Formations (~19 Ma; Cuitiño et al., 2015a) which represent the westernmost deposits 

linked to Atlantic transgressions. These marine deposits grade transitionally to lower–middle 

Miocene fluvial and aeolian deposits of the synorogenic Santa Cruz Formation toward the east 

(Lesta et al., 1980; Barreda and Bellosi, 2014; Cuitiño et al., 2015a, 2016), and its western 

equivalents along the Cordillera known as the Río Zeballos Group (divided into the Río 

Jeinemeni, Cerro Boleadoras, and Río Correntoso formations), Pinturas Formation, Río Frías 

Formation and Galera Formation (Bown and Larriestra, 1990; Escosteguy et al., 2002; 

Escosteguy et al., 2003; Suárez et al., 2007; De la Cruz and Cortés, 2011; Perkins et al., 2012; 

Cuitiño et al., 2019). The age of the Santa Cruz Formation has been constrained to between 14 

and 19 Ma by U–Pb zircon dating on intercalated tuffs (Blisniuk et al., 2005; Cuitiño et al., 

2016; Cuitiño et al., 2021), while the equivalents Pinturas Formation and Galera Formation 

have been dated at 19–14 Ma (Perkins et al., 2012), and 18–12 Ma (Ray, 1996; Folguera et 

al., 2018), respectively. The Río Zeballos Group is poorly dated but a few studies indicate 

lower to middle Miocene ages (e.g., Espinoza et al., 2010). Only middle Miocene age have 

been obtained for the Río Frías Formation (Encinas et al., 2016). These sedimentary 

successions are enclosed by the middle Miocene to Pleistocene fluvio-glacial and alluvial 

units as the Río Mayo Formation dated at 13.4–11.8 Ma with the 
40

Ar/
39

Ar method (Dal 

Molin and Franchi, 1996; De Iuliis et al., 2008), and probably equivalent to the upper layers 

of the Santa Cruz Formation into the distal foreland. The deposition of these Cenozoic 

sediments into the foreland was coeval with several arc and within-plate volcanic episodes 

during the late Paleogene and the entire Neogene (Figure 3; Bruni et al., 2008; Gianni et al., 

2015a; Suárez et al., 2015; Butler et al., 2020).  
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3 Materials and methods 

 

Twenty samples were collected from Cenozoic sedimentary outcrops in the Cordillera, and 

the proximal and distal foreland (Table 1; Figure 2). Sedimentary rocks were collected from 

the Sarmiento (Figure 4A), San José (Figure 4B), Chenque (and equivalents; Figures 5A–5E), 

Santa Cruz (and equivalents; Figures 6A–6C) and Río Mayo Formations (Figures 7A–7B); 

providing an opportunity to investigate the evolution of the chain during a ~30 m.y. period 

from the late Eocene to the middle Miocene (Figure 3). In addition, AFT data from four 

Cretaceous samples collected in the southern San Bernardo FTB (MG7, MG9, MG17 and 

MG20; Figures 8A–8B) are also included in this study (Genge et al., 2021a).  

All detrital samples were processed to extract apatite and zircon by standard mineral 

separation techniques including crushing, magnetic separation and heavy liquids (sodium 

polytungstate and methylene iodide with a density of 2.98 and 3.3 g/mL, respectively). AFT 

thermochronology was applied to all detrital samples whereas apatite U–Pb geochronology 

was limited to five samples selected from different sedimentary formations (four Cenozoic 

samples and one Cretaceous sample). Thirteen samples from a diverse set of formations 

ranging in age from the Cretaceous to the upper Miocene yielded a sufficient number of 

zircon crystals suitable for zircon in-situ U–-Pb geochronology. 

 

3.1 Zircon U–Pb dating 

 

The youngest population of detrital zircon in a sedimentary rock provides the maximum 

depositional age (MDA) of the rock. Thus, according to Cawood et al. (2012) and Gehrels 

(2014), sedimentary rocks in foreland basins show a large proportion of zircons derived from 

syn-sedimentary volcanic activity. In such settings, the age of the youngest zircon population, 
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or MDA, may approximate the time of sediment deposition. Accordingly, forearc and 

foreland deposits in Andean settings have been successfully dated by U–Pb zircon systematics 

derived from the youngest group of zircons (e.g., Fosdick et al., 2017; Buelow et al., 2018; 

Witt et al., 2019).  

The San Jorge Basin records a long-lived sedimentation coeval with active arc and intraplate 

volcanism deposits since the late Early Cretaceous (Figure 3). In this context all sampled 

sedimentary rocks are rich in volcanic clasts (Figures 4C, 5F, 5G, 6D, 6E, 7C, 8C and 8D), 

thus allowing more precise estimations of their age of deposition. Zircons were mounted in 

epoxy resin, polished and imaged by backscatter electron imaging. The mounts were cleaned 

in ultra-pure MQ water before their introduction in the ablation cell of the laser system. U, Th 

and Pb isotopic analyses were conducted by laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS) at Geosciences Montpellier (University of Montpellier, AETE-

ISO regional facility of the OSU OREME) using a ThermoFinnigan Element XR mass 

spectrometer coupled to a Teledyne (Cetac) Analyte G2 Excimer laser. Analytical conditions 

are similar to those described in previous reports (e.g., Bruguier et al., 2017) and are only 

summarized below. For each spot, a pre-ablation step consisting of 5 pulses was conducted 

using a spot diameter larger than the spot used for the analyses. For the analyses, the spot size 

was 50µm, with a repetition rate of 5Hz and an energy density of 5.5 J/cm2. Ablation 

experiments were conducted under ultrapure helium to enhance sensitivity and reduce U–Pb 

fractionation (Gunther and Heinrich, 1999). After the sample cell, the laser aerosol was 

subsequently mixed with pure nitrogen to further increase sensitivity, and the sample with He-

N2 aerosol was then mixed with Ar before entering the plasma source. The U–Pb analysis 

time was 1 min, of which the first 15 s were devoted to the blank signal and the remaining 45 

s were used for ablation of the sample. The matrix matching material 91500 (Wiedenbeck et 

al., 1995) was used to calibrate the Pb/Pb and Pb/U ratios of the unknows. Secondary 
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standards were analyzed and regularly used to check accuracy of the results. These include 

GJ1 (Jackson et al., 2004) and Plešovice (Sláma et al., 2008). Raw data were processed by the 

Glitter® software (Van Achterberg et al., 2001). Ages were calculated using the IsoplotR 

program (Vermeesch, 2018; Table 2). 

 

3.2 Apatite Fission Tracks 

 

All samples were dated by the external detector method at the University of Padua (Italy) 

using a Zeta calibration factor for Fish Canyon and Durango age standards (Gleadow, 1981; 

Hurford, 1990). Apatite grains extracted from the sedimentary samples were mounted in 

epoxy, polished and etched in a 5M HNO3 solution at 20°C for 20s to reveal spontaneous 

fission tracks. Apatite mounts were then covered by a U-poor mica sheet that serves as the 

external detector and irradiated at the Radiation Center of Oregon State University with a 

nominal fluence of 9×10
15

 neutrons/cm². Induced tracks on the mica detectors appeared after 

etching in 40% HF at 20°C for 40 min. Ages were obtained after fission tracks counting (zeta 

= 346 ± 12 for the CN5 dosimeter glass) on an Olympus optical microscope (magnification x 

1250) and statistical processing with the Trackkey software (Dunkl, 2002; Table 3). Only 16 

to 100 grains per sample were analyzed due to the paucity of apatite in some rocks (Table 3).  

 

3.3 Apatite U–Pb dating 

 

Fifty-three apatite grains, also dated by AFT, from four Cenozoic samples (MG4, MG12, 

MG49 and MG54) and one Cretaceous sample (MG20) were analyzed at the University of 

Perugia (Italy) with a quadrupole based Thermo Fisher Scientific iCAP-Q ICP-MS coupled 

with a Teledyne / Photon Machine G2 excimer laser ablation system. Fission track mounts 
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used for AFT thermochronology analysis were prepared for U–Pb analysis. Due to the small 

size of the apatite crystals, only one spot 30 µm in diameter was ablated per crystal, except for 

a few larger grains for which two ablations were performed. Madagascar apatite crystals 

(Thomson et al., 2012) were used as the primary reference material, while McClure apatite 

grains (Schoene and Bowring, 2006) were used for quality control. Data were reduced using 

Iolite software (Paton et al., 2011) and VizualAge_UcomPbine Data Reduction Scheme 

(Chew et al., 2014). The latter is a modified version of VizualAge (Petrus and Kamber, 2012) 

which corrects for the presence of variable common Pb in the primary reference material. To 

correct for the presence of common Pb in the unknowns two different approaches were used. 

The first consists of plotting the data on a Tera–Wasserburg diagram and visually identifying 

linear arrays. An array defines one population of cogenetic apatite grains from a single source, 

with the lower intercept giving the age and the upper intercept giving the initial 
207

Pb/
206

Pb 

ratio common Pb composition. The second approach allows for single grain age calculation 

and consists of an iterative approach that guess the initial 
207

Pb/
206

Pb ratio
 
and calculate the 

corresponding 
207

Pb corrected age (Chew et al., 2011). Discordia ages were calculated using 

IsoplotR (Vermeesch, 2018). 

 

4 Results  

 

Based on thin section observation from each sample, the presence of phenocrystals (olivine, 

pyroxene, feldspar and quartz) and numerous volcanic clasts in all samples suggest a 

persistent volcanic input through time (Figures 4C, 5F, 5G, 6D, 6E, 7C, 8C and 8D). This is 

further supported by petrographic analyses that indicate connection through time with the 

volcanic arc and/or coeval intraplate volcanism (e.g., Bellosi, 2010; Foix et al., 2020; 

Olazábal et al., 2020). The presence of numerous plutonic lithic fragments in the Santa Cruz 
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and Río Mayo deposits is also directly related to the synorogenic character of these 

sedimentary formations (Figures 6D, 6E, 7C, 8C and 8D) (e.g., Barreda and Bellosi, 2014). 

 

4.1 Zircon U–Pb data 

 

It is important to note that the accuracy of the MDA constraint depends on a number of 

factors, which must be considered when interpreting MDAs. This include, for example, the 

assumption that the youngest zircon grains present in the rock have indeed been analyzed, the 

time interval between the last magmatic/volcanic event occurring in the source area(s) and the 

deposition, the velocity of the uplift in these areas and the time spent before erosion and 

transport of the sediments in the basin. Of the 260 dated zircon grains in this study, 116 were 

selected for the calculation of MDAs for samples from the various formations. For this study, 

we define the MDAs as the weighted average of dates from the youngest clusters of at least 

two or three analyses overlapping at 2σ uncertainty (Dickinson and Gehrels, 2009). The 

youngest clusters in this study are systematically represented by at least 4 grains and are 

distinct on the concordia, with few or no grain coincidentally overlapping within error. Thus, 

our results may be considered robust (Sharman and Malkowski, 2020); although we 

acknowledge that the number of analyses involved in the MDA calculation is small for some 

samples (4 to 17 grains per sample). Nevertheless, it is interesting to note that most of the 

maximum deposition ages show a good correlation with previous depositional ages 

determined through 
87

Sr/
86

Sr chronostratigraphy, or 
40

Ar/
39

Ar and U–Pb geochronology on 

volcanic ashes (Cuitiño et al., 2015b; Cuitiño et al., 2016; Encinas et al., 2019). Samples from 

the marine Chenque and equivalents (Figure 5), and continental Santa Cruz Formations 

(Figure 6) provide ages that are early Miocene (from 16.22 ± 0.60 to 20.78 ± 0.93 Ma and 

from 17.54 ± 0.47 to 17.83 ± 0.39 Ma respectively), which suggests simultaneous deposition 
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of these sedimentary formations across the foreland (Figures 5H–5K, 6E–6G). Similarly, one 

sample from the San José Formation (MG43) provides a MDA of 40.4 ± 0.4 Ma (MSWD = 

0.3, n = 13), consistent with a previous age determination (Encinas et al., 2019). Lastly, the 

youngest analysis of the Cretaceous sample from the Chubut Group collected in the San 

Bernardo FTB yield an Albian MDA of 103.1 ± 0.5 Ma (MSWD = 0.12, n = 4; Figure 8E) 

which is also consistent with previous studies (Cuitiño et al., 2015b; Suárez et al., 2009). We 

thus consider the MDAs for these samples and locations to constitute a close approximation 

of the true depositional age. However, discrepancies are evident for other samples. For 

example, samples from the Río Mayo and Sarmiento Formations yield MDAs that are 

significantly older than the depositional ages estimated in previous works (Figure 9) (De Iuliis 

et al., 2008; Ré et al., 2010; Dunn et al., 2013) with an age difference reaching ca. 50 m.y. for 

the Sarmiento Formation. For these samples, the MDAs are best interpreted as the age of one 

of the source components feeding detritus to the basin.  

All the data used to obtain the MDAs on the sedimentary series are reported in Table 2 with 

uncertainties reported at the 2σ level. Detrital U–Pb zircon results are also shown as concordia 

diagrams (Figures 4D–F, 5H–K, 6E–G, 7D–E and 8E) and as a Kernel density plot, generated 

using IsoplotR (Vermeesch, 2018). The density plot allows us to define three main volcanic 

phases during (1) the Miocene, (2) the late Paleogene, and (3) the Cretaceous (Figure 9).  

 

4.2 AFT data 

 

Despite the low closure temperature of the AFT thermochronometer (~110 °C; e.g., Ketcham 

et al., 2007), the comparison of single-grain ages with depositional ages in radial plots 

indicates that the Cenozoic samples were never fully reset (Figure 10), and thus were not 

subjected to any substantial post-depositional heating. Given the small amount of subsidence 
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thought to occur during the Cenozoic, these data can be interpreted as the time of exhumation 

of the sediment sources. 

Analyses were subjected to a χ² test in order to identify any statistical scattering of single-

grain dates and to detect the presence of multiple age components. For samples which did not 

pass the test (χ² < 5), grain-age distributions were decomposed with IsoplotR finite mixture 

modeling (Vermeesch, 2018). The AFT ages in Cenozoic deposits vary widely (from ~20 Ma 

to ~180 Ma) but can be grouped into four distinct populations. Most of the Miocene samples 

show an age component (here named P1) that ranges from approximately 20 to 40 Ma (Table 

3). A second age component (P2) corresponds to Paleocene–middle Eocene ages (ca. from 40 

to 60 Ma). Surprisingly, most of the Miocene samples, as well as the sample from the San 

José Formation, show a single population corresponding to either P1 or P2 components, as 

indicated by a chi-squared probability P(χ)² > 5%. Only three samples exhibit both P1 and P2 

components: MG12, MG48 and MG49. For sample MG54, in addition to the P1 component, 

an older component with Late Cretaceous ages (P3) has been detected. These Cretaceous ages 

have also been identified in the three middle Eocene – lower Miocene samples from the 

Sarmiento Formation. The oldest component (P4) yields Jurassic ages and has been detected 

in only two samples from the Sarmiento Formation (MG1 and MG3), collected directly south 

of the San Bernardo FTB.  

To help interpret the data and add some additional constraints, the detrital AFT data combined 

with AFT data from the Cretaceous deposits of the San Bernardo FTB (Genge et al., 2021a), 

have been analyzed using a multi-dimensional scaling (MDS) method. This is a dimension-

reducing technique that objectively analyzes the level of similarity of individual data (Borg 

and Groenen, 2005) and has been adapted for use in provenance studies (Vermeesch, 2013). 

The method is based on pairwise dissimilarities between samples translated onto a scatter plot 

in which similar samples plot close together (Vermeesch et al., 2016), and has been shown to 
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be efficient for comparing samples in complex detrital dataset. Here we choose a 

distributional dataset including single-grain AFT data and related analytical uncertainties with 

the Sircombe-Hazelton distance. The results indicate two distinct groups characterized by 

short distances between the samples (Figure 11A): (1) Miocene deposits and San José 

Formation rocks; and (2) Sarmiento Formation rocks with Cretaceous deposits. This result is 

fully consistent with the AFT populations identified by binomial peak-fitting algorithm on 

IsoplotR (Vermeesch, 2018). The corresponding 'Shepard plot' (Figure 11B) displaying a 

linear array and a low stress value (< 0.15), illustrating the good fit of our data in this non-

metric configuration.  

 

4.3 Apatite U–Pb data 

 

When dating apatite by the U–Pb method, large uncertainties can be obtained as a result of 

low U and correspondingly low radiogenic Pb content often occurring in young grains. Of the 

apatite grains with AFT analyses, 53 grains from 5 different samples have also been dated 

with U–Pb (Table 4; Supplementary Material Figure S1). Of these, 36 grains produced large 

age uncertainties, i.e. 2σ errors > 25% (as in Zattin et al., 2012; Mark et al., 2016), or yield 

ages with negative value. However, we identified 17 grains that provide robust age results, 

with individual corrected ages (following the iterative approach of Chew et al., 2011) ranging 

from 84.6 ± 28.5 Ma to 159.9 ±75.7 Ma (Table 4). Plotted in the Tera–Wasserburg diagram 

(red circles and trend in Figure 12A; Figures 12B–E), these grains from each sample form a 

linear trend systematically giving a Cretaceous age for the lower intercept, i.e., ranging from 

94.9±28.6 Ma to 119.0±16.6 Ma, and a value ranging from 0.83 to 0.85 for the 
207

Pb/
206

Pb 

axis intercept. The “Cretaceous” population, clearly present in three of the Miocene samples 

(Figures 12C–12E), is thus considered meaningful and related to the age of the source 
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material. This is also consistent with the numerous Cretaceous ages obtained on zircon 

crystals (population 3 in Figure 9).  

The linear arrays obtained with the other 36 grains (i.e., 2σ errors > 25%, negative age values) 

yield more questionable ages (blue circles and trend in Figure 12A, Figures 12C–E). 

Nevertheless, they suggest the existence of a younger population in the Miocene samples 

(Figures 12C–12E) with ages similar to the AFT P1 component and the zircon U–Pb ages 

(population 1 in Figure 9). Thus, this younger population is most likely related to a syn-

sedimentary volcanic input. The difference in the ages obtained from U–Pb apatite and zircon 

dating may be simply explained by the small number of apatite dated, resulting in large errors 

and some negative values for many grains. Nevertheless, a Cretaceous population as well as a 

younger population (probably syn-depositional) are recognized in both the apatite and zircon 

data. 

 

5 Discussion 

 

The results of the detrital AFT dating define four main populations (Table 3; Figure 10) 

belonging to two groups of samples, as evidenced by the MDS results: (1) the samples 

characterized by the presence of P1 and P2 components, i.e. Miocene deposits (Chenque and 

equivalents, Santa Cruz and Río Mayo Formations) and the sample from the Eocene San José 

Formation; and (2) the samples displaying systematically older P3 and P4 components, i.e. the 

deposits from the middle Eocene – lower Miocene Sarmiento Formation, collected along the 

southern and eastern margin of the San Bernardo FTB. As for the U–Pb dating, both the 

apatite and zircon, results identify two populations in the Cenozoic samples, with presumed 

syn-depositional U–Pb ages and Cretaceous U–Pb ages, as well as a late Eocene–early 

Oligocene population recognized only with zircon U–Pb dating (Figures 9 and 12A). The 
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Cordillera and the intraplate belt share a similar geochronological signal (Paleozoic–Triassic 

basement, magmatic and volcaniclastic rocks during the Cretaceous and the Cenozoic; Figure 

2), while having contrasting thermal histories (Figure 1). Thus, the detrital signal evidenced 

by the U–Pb analyses (Figure 9 and 12) may not be as useful for identifying the source 

location as the AFT data. 

 

5.1 Provenance during the Eocene-early Miocene in the north-eastern San Jorge Basin 

 

Cretaceous AFT ages (population P3) have been detected along the southern and eastern 

margin of the San Bernardo FTB (Figure 13A) in the middle Eocene–lower Miocene 

continental samples from the Sarmiento Formation (MG1, MG3 and MG55) and in one 

sample from the Miocene deposits (MG54). The samples from the Sarmiento Formation are 

most likely of the middle Eocene–Oligocene ages as early Miocene ages have only been 

recognized in few localities (Ré et al., 2010; Dunn et al., 2013). Furthermore, the MDAs 

obtained for the Sarmiento Formation clearly indicate a significant source of Cretaceous age 

material (Figure 9). This suggests that some of the sediments that compose the Sarmiento 

Formation may be derived from the erosion of (i) the Chubut Group exposed along the 

adjacent intraplate San Bernardo FTB (Figure 13A) (Genge et al., 2021a), or (ii) the volcanic 

Divisadero Group along the Andes (Figure 2) (e.g., Suárez et al., 2009; Suárez et al., 2014). 

Despite the consistent results obtained for the Sarmiento deposits, the contemporary San José 

Formation (sample MG43), located into the present Cordillera, yields a non-reset AFT P1 

component (20–40 Ma) and an Eocene MDA (~40 Ma) that could be related to a major syn-

depositional volcanic arc input. The latter sample also appears together with Miocene deposits 

in the MDS diagram, while the Sarmiento Formation deposits have a provenance signature 

similar to the samples from the Cretaceous Chubut Group collected from the San Bernardo 
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FTB (Genge et al., 2021a). Furthermore, the existence of the oldest component P4 in two 

samples of the Sarmiento Formation (MG1 and MG3) is consistent with sourcing from the 

Chubut Group exposed along the San Bernardo FTB. Indeed, despite the large error for the P4 

component in the sample MG1, these ages may be attributed to Jurassic clasts from 

underlying formations that are occasionally recognized in the deposits of the Chubut Group 

(Foix et al., 2020). We therefore suggest that the occurrence of the Mesozoic P3 and P4 

components, as well as the observed differences between Sarmiento and San José deposits 

(e.g., MDA, MDS), testify to the exposure of the San Bernardo FTB during the deposition of 

the Sarmiento Formation. The reappearance of Cretaceous AFT ages in one Miocene rock 

(MG54) may indicate drainage reorganization with the Sarmiento Formation and/or a direct 

source of Cretaceous units exposed along the San Bernardo FTB (Figure 13B).  

 

5.2 Volcanic content in Miocene deposits 

 

In detrital thermochronology studies, the youngest cooling age population (here P1) is usually 

paired with the sedimentation age to measure the lag time in order to obtain information on 

the exhumation history of the source rock, assuming that the age of grains is not related to 

volcanic input (Garver et al., 1999; Bernet et al., 2001). Indeed, along the Andes, the 

exhumation signal may be easily overtaken by the volcanic input, which is evident from the 

presence of considerable pyroclasts throughout the entire region (Figure 3). Therefore, the 

combined application of U–Pb and AFT analysis on the same apatite crystals is useful for 

discriminating the presence of syn-depositional volcanic apatite. In the case of volcanism, the 

single-grain U–Pb and AFT ages obtained should be very similar to the depositional age as 

cooling is almost instantaneous.  
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A significant volcanic input can be recognized in all the samples by the presence of various 

phenocrystals and numerous volcanic clasts observed in the thin sections (Figures 4C, 5F, 5G, 

6D, 6E, 7C, 8C and 8D). Our results from double dating confirm a volcanic input in Miocene 

sedimentary strata (i.e., apatite U–Pb ages overlap within error of the P1 component; Figure 

12) and Cretaceous deposits (i.e., apatite U–Pb ages overlap within error with the AFT ages of 

Genge et al., 2021a; Figure 12B). This Miocene volcanic input is consistent with literature 

that describes volcanic activity through the Neogene (Suárez et al., 2015; Butler et al., 2020). 

Thus, the abundance of volcanic apatite in our samples impedes the use of lag time concept in 

this study in order to quantify exhumation rates (see lag time diagram obtained in 

Supplementary material, Figure S2). 

 

5.3 Provenance of Miocene deposits 

 

In addition to assessing syn-depositional volcanism, double dating of apatite in Cenozoic 

deposits allows us to identify source rocks crystallized between 120 and 90 Ma, and were then 

exhumed during the Cenozoic (20–40 Ma). However, an identification of the source area is 

extremely difficult as all the data are remarkably uniform. Therefore, the uniformity of the 

detrital AFT thermochronology results across the foreland (Figure 13A), the consistency of 

U–Pb apatite and zircon ages (Figures 9 and 12), and the results obtained from MDS statistics 

(Figure 11A) all suggest a similar source of Miocene deposits across the entire study area, 

despite the changes in sedimentation style and depositional environments through time. 

Remarkably, detrital AFT ages belonging to the P1 population (20–40 Ma) are coincident 

with granitoid ages obtained in the western and eastern Patagonian Cordillera (Figure 1; 

Thomson et al., 2001, 2010), whereas much older AFT ages have been recognized in 

bedrocks of the Deseado Massif (Fernández et al., 2020; Derycke, 2021), in Cretaceous 
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sedimentary rocks of the San Bernardo FTB (Genge et al., 2021a), and in Paleogene 

sedimentary rocks surrounding the San Bernardo FTB (this study). Our data therefore point to 

the Cordillera as a primary contributor of sediments for the San Jorge Basin during the early 

Miocene, a result consistent with paleoflow indicators (e.g., Guillaume et al., 2009).  

Although less well represented but nevertheless widespread, the component P2 (40–60 Ma) 

suggests an active source exhuming during the Paleocene–middle Eocene, given that the U–

Pb zircon ages likely indicate no significant coeval volcanic activity during this period (Figure 

9). The P2 component is not recorded in the sandstones of the Santa Cruz Formation (~47°S) 

but is present in the two samples of the Río Mayo Formation (~46°S), collected in the Río 

Mayo sub-basin, in three samples from the Monte León formation south and east of the 

Deseado Massif (~48°S), and in one sample from the Chenque formation in the distal San 

Jorge Basin (Figure 13A). The Río Mayo sub-basin is bordered to the west by the Cretaceous 

Patagonian Batholith for which few Paleocene–middle Eocene and late Eocene – early 

Miocene bedrock AFT cooling ages have been proposed (Figure 1) (Thomson et al., 2010). A 

direct connection between a western source and the Río Mayo sub-basin can be therefore 

inferred (Figure 13C). This sector of the Cordillera probably represented a major source for 

the Río Mayo sub-basin, however, recycling of the surrounding Paleocene–middle Eocene 

volcanic deposits cannot be excluded. For the sediments that were deposited close to the 

present-day Atlantic coast during the Miocene, the distribution of detrital AFT data (Figure 

13A) and the drainage reconstructions proposed by Guillaume et al. (2009) may also suggest a 

Cordillera source. However, one Miocene sample (MG54) containing Cretaceous AFT ages 

(P3 component) may indicate minor recycling of the Chubut Group or Sarmiento Formation 

deposits in this area.  

A recent thermochronology study in the Deseado Massif defined a few Paleocene–middle 

Eocene AFT ages (Fernández et al., 2020), suggesting that the Deseado Massif is, indeed, a 
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potential source for the P2 component in the surrounding areas as identified in samples 

MG47, MG48 and MG49. However, detrital data obtained from around the Deseado Massif 

do not show the Cretaceous AFT ages that are dominant in the bedrock analysis (Fernández et 

al., 2020; Derycke, 2021). Therefore, despite its proximity with the surrounding basins and 

the presence of the P2 component in samples collected south of the Deseado Massif, we infer 

that this intraplate belt was not actively eroding during the Miocene (Figure 13C), although it 

did represent a significant source during the Late Cretaceous (Limarino and Giordano, 2016). 

Thus, the P2 component observed south of the Deseado Massif may also derive from the 

Cordillera.  

To summarize, the AFT results support the idea of a direct sediment route from the magmatic 

arc to the distal foreland through the early and middle Miocene. 

 

5.4 Patagonian reliefs denudation vs recycling through the Cenozoic 

 

The first shortening event in the Patagonian Andes started during the late Early Cretaceous 

and persisted to the middle Eocene. This phase has been evidenced by angular unconformities 

recognized between Aptian and Albian deposits (Giacosa et al., 2010), growth-strata observed 

in coeval Upper Cretaceous and Paleogene deposits (Navarrete et al., 2016; Gianni et al., 

2017), and thermochronological data (Savignano et al., 2016; Genge et al., 2021b; among 

others) both along the Cordillera and in the broken foreland. This deformation period is 

followed by a neutral tectonic regime across the retroarc region (Horton et al., 2016; Horton 

and Fuentes, 2016) coeval with a regional subsidence reported from the late Eocene to the 

middle Miocene through the entire Patagonian foreland (Bechis et al., 2014; Echaurren et al., 

2016; Fernández Paz et al., 2018, 2020). This regional subsidence is ascribed to a long-term 

slab roll-back and a particularly low trench-normal absolute velocity since the middle Eocene 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



24 

 

(Figure 3) (Muñoz, 1999; Ramos and Folguera, 2005; Orts et al., 2012; Maloney et al., 2013). 

During times of relative tectonic quiescence, drainage and eustatic sea-level changes may 

govern sediment deposition. Thus, as subsidence was prevalent in the central Patagonian 

foreland and Cordillera during this period, the resulting marine floods occurred over a large 

area (e.g., Bechis et al., 2014; Encinas et al., 2018).  

The intraplate belt of central Patagonia (Deseado Massif and San Bernardo FTB) may have 

represented positive reliefs preventing the deposition of Miocene marine sediments far into 

these areas (e.g., Encinas et al., 2018). Nevertheless, the lack of Cretaceous AFT ages in 

Miocene samples indicates that the intraplate belt was not a major source of sediments during 

the Miocene, probably due to the absence of any significant erosion. However, these reliefs 

may have represented a major sediment source for surrounding areas from the Late 

Cretaceous (Deseado Massif; Limarino and Giordano, 2016) until the early Miocene (San 

Bernardo FTB; this study). This inferred decrease in erosion processes which may be related 

to 1) climate evolution, 2) eustatic sea-level changes, or 3) post-orogenic erosional processes. 

Constant extratropical and highly seasonal climate characterized the central Patagonia during 

the late Eocene through the end of the early Miocene, when an increase in aridity is observed 

(Blisniuk et al., 2005; Palazzesi et al., 2014; Kohn et al., 2015). As a stable climate has been 

inferred for this area during the deposition of the Sarmiento Formation, the change in erosion 

behavior during the Miocene is probably not related to climatic evolution. Sea-level 

fluctuations most likely affected coastal areas and thus may not have a significant impact on 

the erosion of the San Bernardo FTB (Ethridge et al. 1998). The most plausible hypothesis 

may be related to post-orogenic erosional processes. Indeed, due to a tectonic quiescence after 

their formation during the Early Cretaceous–middle Eocene, the intraplate belt experienced a 

decrease in erosion, as inferred from provenance inputs derived from our data.  
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Whereas the erosion decreased significantly at the San Bernardo FTB during the early 

Miocene, the denudation of the Cordillera seems to have continued through time. Indeed, 

deep and shallow marine deposits have also been identified with fossil records indicating 

Pacific and Atlantic origins along the western and the eastern areas of the Patagonian 

Cordillera, respectively (Encinas et al., 2018). Although these deposits are geographically 

close, the lack of an extended transient connection between the Pacific and the Atlantic in the 

Patagonian Andes suggests the persistence of existing topographic relief acting as an 

orographic barrier during marine incursion from the late Paleogene to early Neogene (Ramos, 

1982; Mpodozis and Ramos, 1990; Frassinetti and Covacevich, 1999). Furthermore, a few 

AFT ages in the central Patagonian Cordillera show that this region was governed by 

denudation processes at ca. 30 Ma (Figure 1) (Thomson et al., 2001; 2010). This result is also 

consistent with data from the eastern front adjacent to the Neuquén and the Magallanes 

retroarc basin, which are north and south of the current study area, respectively (e.g., Bande et 

al., 2012; Folguera et al., 2015; Leonard et al., 2020).  

Nevertheless, this singularly consistent signature over a large area and through the Miocene 

may indicate extensive mixing of sediments derived from recycling of exposed sedimentary 

successions. The detrital AFT components clearly indicate that, at least around the San 

Bernardo FTB, there was very limited recycling of the overlying Sarmiento Formation during 

the deposition of the marine Chenque Formation (and equivalents). Then, the deposition of 

the Santa Cruz Formation occurred during the middle Miocene Andean phase and is related to 

an excess sediment supply, resulting from the moderate and steady creation of 

accommodation space (Nullo and Combina, 2002; Cuitiño et al., 2021). Previous works in 

surrounding areas also recognized sediment recycling processes during the deposition of the 

Santa Cruz Formation (e.g., Fosdick et al., 2015). The consistency of results obtained in this 

study for the Santa Cruz Formation may be mostly related to the erosion of the Cordillera 
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during the Miocene shortening phase, although moderate impacts from recycling processes 

cannot be totally excluded. The MDAs from the Río Mayo Formation that were found to be 

older than expected (Figure 9) are coherent with major recycling processes. This is consistent 

with the results of Folguera et al. (2018), who attributed them to the recycling of previous 

syn-orogenic detrital components in the eastern Andean front during the middle Miocene. 

Therefore, results indicate that grains identified into the Miocene foreland successions were 

derived both from the Cretaceous Patagonian magmatic arc exposed along the entire 

Cordillera (Figure 2) and from recycling processes. Our data also suggest that no significant 

sediment source from the intraplate belts was active during the Miocene. 

 

 

6 Conclusions 

 

Detrital thermochronology in the central Patagonian foreland basin is dominated by a 

persistent volcanic signal during the Miocene. Nevertheless, it provides valuable provenance 

information on source denudation history. Our findings highlight that: 

(1) the San Bernardo FTB was an active sediment source from late Eocene to early Miocene 

times;  

(2) the Deseado Massif and the San Bernardo FTB were stable during the early–middle 

Miocene period as supported by the waning of sediment contribution from these areas in 

marine and continental Miocene deposits, the latter being deposited during the Miocene 

Andean orogenic phase;  

(3) the adjacent Cordillera was the primary source of sediments for the proximal and distal 

foreland during Miocene times; 
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(4) recycling processes seem to be secondary, apart from middle Miocene sediments 

deposited along the eastern Andean front; 

(5) the denudation phase along both the Cordillera and broken foreland started after the 

cessation of the significant shortening episode that affected the entire area in the late Early 

Cretaceous–middle Eocene. Thus, the central Patagonian topographic relief were governed by 

post-orogenic erosional processes within a general context of a regional subsidence, and 

contributed variously to sedimentation into adjacent subsiding foreland troughs. 
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and/or dispersion > 15% have been analyzed with the binomial peak-fitting method. 

Cretaceous samples data from Genge et al. (2021b). 

 

Table 4. Apatite isotopic and age data after common Pb-correction with the single-grain AFT 

cooling age of the corresponding grains. In grey, grains with well constrained Cretaceous 

ages.  

 

 

 

 

 

Figures captions 

 

Figure 1. Published apatite (U–Th)/He (AHe) and apatite fission-track (AFT) plotted on a 

simplified topography and tectonic map of the Patagonia (41 – 50°S; Thomson et al., 2001, 

2010; Guillaume et al., 2013; Georgieva et al., 2016; Savignano et al., 2016; Fernández et al., 

2020; Genge et al., 2021a; Genge et al., 2021b). Areas surrounded by dotted black lines 

outline the intraplate reliefs belonging to the Patagonian Broken Foreland. White circle 

indicates the present position of the Chile Triple Junction (Breitsprecher and Thorkelson, 

2009).  

 

Figure 2. Geological map of the Central Patagonian Andes. Black squares correspond to main 

localities. Co: Coyhaique. CR: Comodoro Rivadavia. GG: Gobernador Gregores. PD: Puerto 

Deseado. PM: Perito Moreno. Sa: Sarmiento. In blue BAGC: Buenos Aires – General Carrera 
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lake, M: Musters lake, CH: Colhué-Huapi lake. Stars indicate sample location including the 

four samples from Genge et al. (2021a) in the San Bernardo FTB (MG7, MG9, MG17 and 

MG20). Yellow and red stars indicating samples used for analysis on apatite: fission tracks 

only or both fission tracks and U–Pb, respectively; bold contours for samples used for zircon 

U–Pb analysis. Geological units are described in the legend (Panza and Márquez, 1994; Panza 

et al., 1994, 1998, 2001a, 2001b, 2003, 2018; Lizuain et al., 1995; Dal Molin, 1998; Giacosa 

and Genini, 1998; Sciutto et al., 2000, 2008; Giacosa et al., 2001; Ardolino et al., 2003; 

Cobos et al., 2003; Escosteguy et al., 2003; Anselmi et al., 2004; Pezzuchi, 2018). 

 

Figure 3. Chronological table for the central Patagonia between 45 and 48°S depicting plate 

convergence variations (Maloney et al., 2013), slab window events (CTJ for Chile Triple 

Junction; (Breitsprecher and Thorkelson, 2009; Maloney et al., 2013), stratigraphic log 

indicating diverse formations found north and south of the San Jorge Gulf Basin (e.g. Gianni 

et al., 2015a; Aramendía et al., 2019 and references therein), deformation mode along the 

Andean Cordillera and its foreland (e.g. Horton, 2018b) and volcanic input variations 

considering formations and distance from the magmatic arc (Foix et al., 2020 and references 

therein). The central panel is a sketch of the complex tectonic setting in the area during Late 

Cretaceous (Gianni et al., 2015a); DM: Deseado Massif, RMS: Río Mayo sub-basin, SBFTB: 

San Bernardo Fold and Thrust Belt, SJGB: San Jorge Gulf Basin. Stars indicate the different 

Cenozoic formations sampled in this study and Cretaceous formations from Genge et al. 

(2021a): yellow stars for samples analyzed only with AFT method, red stars for samples 

analyzed both with AFT and apatite U–Pb dating methods, bold contours for samples 

analyzed with zircons U–Pb dating method. 
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Figure 4. Continental upper Eocene – lower Miocene formations. A. Alternating beds of 

coarsed and thin sandstones of the Sarmiento Formation (MG1). B. San José Formation 

sandstone sampled in the Cordillera (MG43). C. Thin section photomicrograph of MG1 that 

evidences deposits enriched in volcanic clasts (V; groundmass +/- phenocrystals) content with 

few phenocrystals of olivine (Ol) and pyroxene (Px). D to F. Wetherill concordia diagrams 

showing the youngest dates obtained on zircon crystals of the samples from the Sarmiento 

(MG1 and MG3) and San José Formations (MG43). 

 

Figure 5. Early Miocene marine formations. A and B. Estuarine cross-bedded sandstones of 

the Chenque Formation. C. Fossiliferous deposits of the Monte Léon Formation. D. Medium 

grained sandstones of the Monte Léon Formation. E. Thick deposits of alternating fine to 

medium grained sandstones of the Chenque Formation. F and G. Thin sections 

photomicrographs of MG4 and MG6 that evidence a high proportion of volcanic lithic 

fragments (V; groundmass +/- phenocrystals), with some olivine (Ol) and pyroxene (Px) 

crystals, and plagioclase (F). Calcitic cement is also evidenced for the sample MG6. H to K. 

Wetherill concordia diagrams showing the youngest dates obtained on zircon of the samples 

from the Chenque (MG4 and MG54), Monte León (MG49), and Guadal Formations (MG45). 

 

Figure 6. Early-middle Miocene continental deposits. A. Fluvial cross-bedded deposits of the 

Santa Cruz Formation. B. Alternance of green and red fluvial beds of the Río Jeinimeni 

Formation (from the Río Zeballos Group). C. Coarse sandstones intercalated with muddy 

layers and mud intraclasts of the Pinturas Formation. D and E. Thin section photomicrograph 

of MG14 and MG16 that illustrates the high volcanic content (V; groundmass +/- 

phenocrystals) of this formation (mostly altered in MG14) but also some plutonic clasts (G; 

no groundmass), that are at least partially rounded. Large crystals are mainly feldspars (F) and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



55 

 

quartz (Q). F to H. Wetherill concordia diagrams for zircon grains from the samples MG14, 

MG16 and MG51. The corresponding ages are similar considering the error margins and yield 

the youngest ages of 17.5±0.5 Ma 

 

Figure 7. Continental Miocene Río Mayo Formation. A. Alternance of thin and medium 

grained sandstones. B. Cross-bedded sandstone deposits. C. Thin section photomicrograph of 

MG11 characterized by various clasts (V and G) and the presence of olivine (Ol), pyroxene 

(Px), quartz (Q), and feldspars (F) grains is also noticeable. D and E. Wetherill concordia 

diagrams showing the youngest dates obtained for zircon from the samples MG11 and MG12. 

 

Figure 8. Chubut Group. A and B. Fluvial coarse sandstones with alternating red and green 

beds from the central (MG20) and the southern (MG7) San Bernardo FTB areas respectively. 

C and D. Thin sections photomicrographs of MG9 and MG20 show the high volcanic content 

(V; groundmass +/- phenocrystals) of the Cretaceous formations as well as numerous 

feldspars (F), quartz (Q) crystals with few plutonic fragments (G; no groundmass), amphibole 

(A) and micas (M). Most of the volcanic clasts present some alteration. Deformed micas and 

amphibole have been identified in MG9. E. Wetherill concordia diagram for the sample 

MG17 showing the youngest date obtained on zircons. 

 

Figure 9. On the left, comparison between Maximum Depositional Ages (MDAs) obtained 

with zircon U–Pb dating method on different samples with stratigraphic ages from literature 

(Bridge et al., 2000; De Iuliis et al., 2008; Parras et al., 2012; Dunn et al., 2013; Cuitiño et al., 

2015a, 2015b, 2016; Encinas et al., 2019U–Pb). Most samples display MDAs in agreement 

with the stratigraphic age of the formation except for samples from the Río Mayo and 

Sarmiento Formations that exhibit older ages. On the right, detrital zircon U–Pb age 
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distributions that evidence three main volcanism phase during 1) the Miocene, 2) the late 

Paleogene and 3) the Cretaceous. 

 

Figure 10. Radial plots of single-grain AFT ages arranged according to the different 

sedimentary formations sampled for this study. Cretaceous samples from the Chubut Group 

clearly evidence a partial annealing of AFT data (Genge et al., 2021a) while Cenozoic 

samples show that no significant heating affected those samples. Ages of deposition from 

Bridge et al., 2000; Blisniuk et al., 2005 ; De Iuliis et al., 2008; Parras et al., 2012; Dunn et 

al., 2013; Cuitiño et al., 2015a, 2015b, 2016; Encinas et al., 2019.  

 

Figure 11. A. MDS diagram indicates a clear difference between sediments from all the 

Miocene formations and the deposits of the San José Formation (beige dashed circle) with the 

samples from the Sarmiento Formation (brown dashed circle), which appear similar to the 

Cretaceous samples of the Chubut Group from Genge et al. (2021a) (green dashed circle). The 

Sircombe-Hazelton distance was used to take in account the analytical uncertainties in the 

analysis. The axes are corresponding to two dimensional spaces to arrange data. B. Goodness 

of fit of the MDS plot (Shepard plot). 

 

Figure 12. Apatite U–Pb results. A. All the data together, in red with a robust Cretaceous age, 

in blue with the more debatable younger population detected. B – F. Populations evidenced 

for each sample from the Cretaceous Chubut Group (MG20), the early-middle Miocene 

Chenque Formation (MG4 and MG54), the southern equivalent early Miocene Monte León 

Formation (MG49) and the Río Mayo Formation (MG12). 
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Figure 13. A. AFT populations obtained for each sample. B. Sarmiento Formation looks 

mostly constituted of reworked clasts from the surrounding Cretaceous layers as evidenced by 

the components P3 and P4, while San José Formation is more composed by volcanic content 

from the active arc (Fernández Paz et al., 2019). C. Chenque (and equivalents), Santa Cruz 

and Río Mayo Formations are mostly composed of P1 and P2 peaks representing the ages of 

the central Patagonian Andes exhumation, coeval with volcanism for the P1 component. P3 

peak recorded in one sample may be explained by reworking of surrounding Chubut Group or 

Sarmiento Formation. 
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Highlights  

 

- Multiproxy provenance study of volcano-sedimentary deposits in San Jorge Basin  

- A dominant local source from intraplate belt during late Paleogene  

- Cordillera represents the main source for the entire foreland during Miocene times  

- Source changes related to a decrease of intraplate reliefs erosion during neutral setting 
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TABLE 1. SUMMARY OF SAMPLE INFORMATION 

Samples 
Field Geology 

Longitude Latitude Elev. (m) Lithology Formation Stratigraphic age 

MG1
¤
 -68.8806 -45.7784 395 medium sandstone Sarmiento lower Eocene - Oligocene 

MG3
¤
 -68.7684 -45.7491 398 sandstone Sarmiento lower Eocene - Oligocene 

MG4
§
 -67.8128 -45.8422 367 medium sandstone upper Chenque lower-middle Miocene 

MG5 -67.9561 -45.8297 610 medium sandstone Santa Cruz middle Miocene 

MG6 -68.1723 -45.7721 613 medium sandstone upper Chenque lower-middle Miocene 

MG7* -69.2818 -45.5345 283 medium sandstone Bajo Barreal Cenomanian 

MG9* -69.7016 -45.4590 557 medium sandstone Castillo Aptian - Albian 

MG11 -70.2658 -45.6747 484 sandstone Río Mayo upper Miocene to Pliocene 

MG12
§
 -71.0792 -45.8858 733 sandstone Río Mayo upper Miocene to Pliocene 

MG13 -71.6418 -46.6084 325 medium sandstone Río Jeinimeni middle to upper Miocene 

MG14
¤
 -71.7229 -46.7390 709 medium sandstone Cerro Boleadoras middle to upper Miocene 

MG15 -70.6897 -46.9614 693 medium sandstone Pinturas middle to upper Miocene 

MG16
¤
 -70.8325 -47.1046 700 finesandstone Pinturas middle to upper Miocene 

MG17*
¤
 -69.0178 -45.4174 373 fine sandstone Castillo Aptian 

MG20*
#
 -69.3007 -45.1388 568 medium sandstone Matasiete Aptian - Albian 

MG43 -72.4984 -46.8012 591 tuffaceous sandstone San Jose lower Eocene - Oligocene 

MG45
¤
 -72.4951 -46.8204 631 sandstone Guadal lower Miocene 

MG47 -66.0674 -47.3632 108 fine grained sandstone Monte León lower Miocene 

MG48 -67.3641 -48.7464 39 sandstone Monte León lower Miocene 

MG49
§
 -66.7981 -48.0737 116 sandstone Monte León lower Miocene 

MG50 -68.7724 -48.5885 189 fine grained sandstone Chenque lower Miocene 

MG51
¤
 -70.2898 -48.7721 334 sandstone Santa Cruz lower Miocene 

MG54
§
 -67.6208 -46.0467 0 sandstone Chenque lower-middle Miocene 

MG55 -67.4823 -45.7994 36 fine grained sandstone Sarmiento lower Eocene - Oligocene 

*published data (Genge et al., 2021) 
#
U-Pb analyses on apatite; 

¤
U-P analyses on zircon; 

§
U-Pb analyses on both zircon and apatite 

 

TABLE 2. ZIRCON ISOTOPIC AND AGE DATA.  

Sample 

207Pb/ ±  207Pb/ ±  206Pb/ ±  Rho Apparent ages (Ma) 
MDA 
(Ma) 

206Pb (2s) 235U (2) 238U (2)   206Pb/238U ±(2σ) 207Pb/206Pb ±(2σ) ± (2σ) 

MG1_1 0.0463 0.0097 0.0816 0.0166 0.01279 0.00062 0.24 81.9 3.9 11 468 

82.0  
±  

0.8 

MG1_2 0.0481 0.0053 0.0847 0.0098 0.01278 0.00040 0.27 81.9 2.5 104 252 

MG1_3 0.0466 0.0065 0.0843 0.0114 0.01312 0.00046 0.26 84.0 2.9 27 318 

MG1_11 0.0475 0.0078 0.0815 0.0139 0.01245 0.00052 0.25 79.8 3.3 74 371 

MG3_4 0.0496 0.0076 0.0762 0.0112 0.01113 0.00052 0.32 71.4 3.3 177 341 

83.4  
±  

0.6 

MG3_7 0.0492 0.0069 0.0856 0.0116 0.01263 0.00044 0.26 80.9 2.8 157 312 

MG3_8 0.0472 0.0082 0.0865 0.0147 0.01328 0.00052 0.23 85.0 3.3 61 391 

MG3_11 0.0481 0.0045 0.0856 0.0077 0.01291 0.00034 0.29 82.7 2.2 104 215 

MG3_12 0.0462 0.0085 0.0818 0.0147 0.01284 0.00052 0.23 82.2 3.3 8 416 

MG4_2 0.0471 0.0121 0.0175 0.0047 0.00269 0.00020 0.28 17.3 1.3 52 563 
16.2 

± 
0.6 

MG4_3 0.0466 0.0466 0.0143 0.0141 0.00223 0.00040 0.18 14.4 2.6 26 1795 

MG4_4 0.0464 0.0201 0.0143 0.0063 0.00223 0.00022 0.22 14.4 1.4 19 902 
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MG4_5 0.0473 0.0321 0.0176 0.0122 0.00270 0.00036 0.19 17.4 2.3 64 1313 

MG4_6 0.0729 0.0293 0.0240 0.0091 0.00238 0.00032 0.35 15.3 2.1 1010 724 

MG4_7 0.0468 0.0187 0.0201 0.0083 0.00311 0.00036 0.28 20.0 2.3 41 837 

MG4_8 0.0471 0.0187 0.0138 0.0053 0.00212 0.00024 0.30 13.7 1.5 56 830 

MG4_10 0.0475 0.0056 0.0177 0.0045 0.00271 0.00060 0.88 17.4 3.9 72 271 

MG4_12 0.0468 0.0196 0.0196 0.0080 0.00304 0.00030 0.24 19.6 1.9 39 875 

MG11_1 0.0459 0.0051 0.0137 0.0018 0.0022 0.0002 0.55 14.0 1.0 -7 250 

16.0 
± 

0.4 

MG11_2 0.0503 0.0142 0.0167 0.0048 0.0024 0.0001 0.20 15.5 0.9 208 549 

MG11_3 0.0463 0.0167 0.0163 0.0061 0.0026 0.0002 0.25 16.4 1.5 15 695 

MG11_4 0.0506 0.0262 0.0174 0.0092 0.0025 0.0002 0.18 16.1 1.5 221 893 

MG11_5 0.0509 0.0072 0.0199 0.0030 0.0028 0.0002 0.37 18.2 1.0 235 298 

MG11_6 0.0475 0.0254 0.0175 0.0095 0.0027 0.0002 0.16 17.2 1.5 77 937 

MG12_1 0.0468 0.0447 0.0161 0.0151 0.00249 0.00040 0.17 16.0 2.6 39 1729 

14.8 

± 
0.2 

MG12_3 0.1441 0.0314 0.0478 0.0089 0.00241 0.00028 0.62 15.5 1.8 2277 353 

MG12_5 0.0480 0.0306 0.0142 0.0094 0.00214 0.00042 0.29 13.8 2.7 99 1237 

MG12_7 0.0473 0.0408 0.0156 0.0140 0.00239 0.00060 0.28 15.4 3.9 65 1589 

MG12_8 0.0464 0.0154 0.0140 0.0045 0.00219 0.00020 0.29 14.1 1.3 21 712 

MG12_13 0.0455 0.0157 0.0139 0.0046 0.00221 0.00018 0.24 14.2 1.2 -30 746 

MG12_18 0.0507 0.0062 0.0167 0.0022 0.00239 0.00012 0.38 15.4 0.8 226 273 

MG12_19 0.0476 0.0088 0.0170 0.0033 0.00259 0.00016 0.32 16.7 1.0 81 412 

MG12_20 0.0474 0.0292 0.0142 0.0085 0.00218 0.00030 0.23 14.0 1.9 70 1209 

MG12_21 0.0466 0.0176 0.0163 0.0064 0.00254 0.00028 0.28 16.4 1.8 31 798 

MG12_22 0.0470 0.0039 0.0151 0.0012 0.00233 0.00006 0.34 15.0 0.4 48 191 

MG12_23 0.0465 0.0041 0.0138 0.0011 0.00215 0.00006 0.34 13.8 0.4 22 204 

MG14_1 0.0423 0.0226 0.0152 0.0080 0.00261 0.00026 0.19 16.8 1.7 -210 1127 

17.8 
± 

0.4 

MG14_2 0.0463 0.0063 0.0173 0.0022 0.00271 0.00010 0.29 17.4 0.6 15 311 

MG14_4 0.0488 0.0157 0.0210 0.0064 0.00312 0.00030 0.32 20.1 1.9 140 677 

MG14_5 0.0470 0.0120 0.0177 0.0044 0.00273 0.00018 0.27 17.6 1.2 48 560 

MG14_6 0.0473 0.0069 0.0188 0.0026 0.00288 0.00014 0.35 18.5 0.9 62 331 

MG14_11 0.0481 0.0156 0.0173 0.0054 0.00262 0.00024 0.29 16.9 1.5 103 690 

MG16_1 0.0479 0.0459 0.0195 0.0184 0.00295 0.00052 0.19 19.0 3.3 96 1717 

17.8 
± 

0.4 

MG16_2 0.0470 0.0134 0.0173 0.0048 0.00266 0.00018 0.25 17.1 1.2 51 618 

MG16_3 0.0481 0.0102 0.0231 0.0047 0.00348 0.00022 0.31 22.4 1.4 106 465 

MG16_4 0.0465 0.0122 0.0172 0.0044 0.00268 0.00016 0.23 17.3 1.0 25 575 

MG16_5 0.0472 0.0210 0.0153 0.0066 0.00235 0.00028 0.28 15.1 1.8 59 918 

MG16_8 0.0477 0.0239 0.0176 0.0086 0.00268 0.00028 0.21 17.3 1.8 84 1012 

MG16_9 0.0490 0.0219 0.0200 0.0087 0.00296 0.00034 0.27 19.1 2.2 149 907 

MG16_10 0.0468 0.0196 0.0176 0.0071 0.00273 0.00028 0.25 17.6 1.8 37 874 

MG16_13 0.0479 0.0190 0.0206 0.0079 0.00312 0.00028 0.23 20.1 1.8 92 826 

MG16_14 0.0464 0.0246 0.0198 0.0102 0.00309 0.00040 0.25 19.9 2.6 16 1077 

MG16_15 0.0486 0.0140 0.0184 0.0051 0.00275 0.00022 0.29 17.7 1.4 130 615 

MG16_18 0.0481 0.0176 0.0201 0.0072 0.00303 0.00026 0.24 19.5 1.7 105 768 

MG16_19 0.0475 0.0249 0.0199 0.0108 0.00304 0.00042 0.25 19.6 2.7 75 1056 

MG16_25 0.0464 0.0133 0.0174 0.0048 0.00273 0.00022 0.29 17.6 1.4 17 626 

MG16_28 0.0475 0.0203 0.0172 0.0076 0.00263 0.00028 0.24 16.9 1.8 75 885 
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MG16_31 0.0456 0.0161 0.01504 0.0052 0.00239 0.00018 0.22 15.4 1.2 -23 760 

MG17_3 0.0478 0.0022 0.1049 0.0046 0.01592 0.00026 0.37 101.8 1.6 90 109 

103.1 
± 

0.5 

MG17_7 0.0481 0.0025 0.1069 0.0054 0.01612 0.00028 0.35 103.1 1.8 105 122 

MG17_8 0.0503 0.0051 0.1119 0.0109 0.01614 0.00048 0.31 103.2 3.0 208 227 

MG17_10 0.0492 0.0031 0.1115 0.0067 0.01644 0.00034 0.34 105.1 2.2 158 145 

MG43_1 0.0503 0.0077 0.0442 0.0070 0.0064 0.0002 0.24 40.9 1.5 208 321 

40.4 
± 

0.4 

MG43_2 0.0461 0.0017 0.0448 0.0018 0.0071 0.0001 0.43 45.3 0.8 2 85 

MG43_3 0.0527 0.0304 0.0400 0.0231 0.0055 0.0002 0.05 35.4 1.1 314 955 

MG43_4 0.0494 0.0142 0.0336 0.0099 0.0049 0.0003 0.22 31.7 2.1 166 561 

MG43_5 0.0472 0.0096 0.0402 0.0084 0.0062 0.0003 0.23 39.7 1.9 59 425 

MG43_6 0.0560 0.0110 0.0372 0.0077 0.0048 0.0003 0.33 31.0 2.1 454 385 

MG43_7 0.0445 0.0073 0.0341 0.0057 0.0056 0.0002 0.22 35.7 1.3 -85 360 

MG43_8 0.0469 0.0096 0.0349 0.0073 0.0054 0.0003 0.22 34.7 1.6 46 428 

MG43_9 0.0487 0.0052 0.0439 0.0054 0.0066 0.0004 0.50 42.1 2.6 132 232 

MG43_10 0.0502 0.0033 0.0418 0.0034 0.0061 0.0003 0.56 38.9 1.7 202 148 

MG43_11 0.0469 0.0082 0.0499 0.0089 0.0077 0.0003 0.24 49.5 2.1 44 371 

MG43_12 0.0518 0.0038 0.0505 0.0042 0.0071 0.0003 0.49 45.4 1.8 276 158 

MG43_13 0.0507 0.0047 0.0362 0.0036 0.0052 0.0002 0.35 33.3 1.1 229 201 

MG45_1 0.0482 0.0128 0.0199 0.0051 0.00299 0.00022 0.29 19.2 1.4 111 573 

19.8 
± 

0.6 

MG45_2 0.0464 0.0436 0.0202 0.0186 0.00316 0.00060 0.21 20.3 3.9 16 1715 

MG45_5 0.0475 0.0529 0.0165 0.0189 0.00252 0.00066 0.23 16.2 4.2 76 1929 

MG45_6 0.0496 0.0229 0.0202 0.0091 0.00295 0.00032 0.24 19.0 2.1 178 929 

MG45_8 0.0495 0.0121 0.0216 0.0056 0.00317 0.00024 0.29 20.4 1.5 172 527 

MG45_11 0.0479 0.0455 0.0208 0.0203 0.00315 0.00068 0.22 20.3 4.4 94 1706 

MG45_16 0.0474 0.0266 0.0211 0.0114 0.00323 0.00048 0.27 20.8 3.1 68 1120 

MG45_19 0.0471 0.0137 0.0199 0.0061 0.00306 0.00030 0.32 19.7 1.9 52 631 

MG45_20 0.0470 0.0163 0.0212 0.0076 0.00327 0.00030 0.26 21.0 1.9 48 740 

MG45_22 0.0467 0.0214 0.0194 0.0086 0.00301 0.00032 0.24 19.4 2.1 33 946 

MG45_28 0.0466 0.0129 0.01961 0.0052 0.00305 0.00024 0.30 19.6 1.5 28 605 

MG49_3 0.0467 0.0186 0.0205 0.0077 0.00318 0.00038 0.32 20.5 2.4 34 835 

20.8 
± 

0.9 

MG49_4 0.0477 0.0102 0.0219 0.0050 0.00334 0.00024 0.32 21.5 1.5 82 473 

MG49_8 0.0477 0.0130 0.0205 0.0058 0.00311 0.00024 0.27 20.0 1.5 85 590 

MG49_10 0.0469 0.0252 0.0215 0.0120 0.00333 0.00048 0.26 21.4 3.1 46 1080 

MG51_1 0.0452 0.0096 0.0164 0.0034 0.00264 0.00016 0.30 17.0 1.0 -48 480 

17.5 
± 

0.5 

MG51_3 0.0465 0.0279 0.0169 0.0103 0.00264 0.00026 0.16 17.0 1.7 25 1193 

MG51_4 0.0439 0.0296 0.0161 0.0110 0.00266 0.00026 0.14 17.1 1.7 -115 1343 

MG51_9 0.0497 0.0206 0.0182 0.0078 0.00266 0.00026 0.23 17.1 1.7 181 844 

MG51_10 0.0478 0.0124 0.0180 0.0045 0.00273 0.00016 0.23 17.6 1.0 88 562 

MG51_13 0.0471 0.0123 0.0185 0.0050 0.00285 0.00016 0.21 18.3 1.0 54 571 

MG51_14 0.0454 0.0160 0.0174 0.0063 0.00279 0.00022 0.22 18.0 1.4 -36 763 

MG54_1 0.0500 0.0155 0.0162 0.0048 0.00235 0.00022 0.32 15.1 1.4 196 649 

18.0 
± 

0.4 

MG54_3 0.0463 0.0105 0.0175 0.0038 0.00275 0.00020 0.34 17.7 1.3 12 504 

MG54_5 0.0467 0.0093 0.0175 0.0033 0.00271 0.00016 0.31 17.4 1.0 34 445 

MG54_11 0.0495 0.0236 0.0188 0.0094 0.00276 0.00042 0.30 17.8 2.7 173 954 

MG54_13 0.0473 0.0152 0.0177 0.0055 0.00271 0.00024 0.29 17.4 1.5 63 686 
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MG54_14 0.0455 0.0130 0.0168 0.0046 0.00267 0.00020 0.27 17.2 1.3 -27 629 

MG54_17 0.0485 0.0336 0.0179 0.0128 0.00267 0.00048 0.25 17.2 3.1 126 1320 

MG54_18 0.0466 0.0179 0.0186 0.0069 0.00289 0.00028 0.26 18.6 1.8 31 809 

MG54_20 0.0521 0.0119 0.0234 0.0051 0.00326 0.00022 0.31 21.0 1.4 291 483 

MG54_21 0.0475 0.0110 0.0182 0.0044 0.00278 0.00020 0.30 17.9 1.3 75 507 

MG54_22 0.0472 0.0286 0.0181 0.0106 0.00277 0.00040 0.25 17.8 2.6 57 1195 

MG54_24 0.0465 0.0239 0.01978 0.0100 0.00309 0.00032 0.21 19.9 2.1 22 1048 

MG54_27 0.0473 0.0097 0.01803 0.0035 0.00277 0.00016 0.29 17.8 1.0 62 455 

MG54_28 0.0474 0.0289 0.01596 0.0095 0.00244 0.00030 0.21 15.7 1.9 71 1197 

MG54_30 0.0471 0.0155 0.01864 0.0059 0.00287 0.00024 0.26 18.5 1.5 52 703 

MG54_31 0.0491 0.0072 0.0199 0.0031 0.00294 0.00014 0.31 18.9 0.9 151 328 

*: stands for grains excluded from the age calculation (igneous samples) or from the probablity density   

plots (sedimentary samples). In the latter case, rejection was based on a 10% discordance threshold    
calculated from the distance to concordia.    

  

TABLE 3. SUMMARY OF APATITE FISSION TRACKS DATA 

Sam-

ples† 

Fission tracks data < 40 Ma 40 - 65 Ma 65 - 150 Ma > 150 Ma 

n 
C. 
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σ 

N
s 

ρ
s 

Ni 
ρ
i 

Nd 
ρ
D 
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p. 
(%) 

P(χ
²) 

P
1 

σ % 
P
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P
3 
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MG5 
1
8 

33.
9 

4.
1 

5
5 

1 
31
6 

5 
##
## 

#
#

# 

1 
86.
7 

#
#

# 

#
# 

#
#

# 

  
  

  
  

  
  

MG6 
1
7 

51.
7 

7.
5 

6
2 

1 
27
5 

3 
##
## 

#
#
# 

0 
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#
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#
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#
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5
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#
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5
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#
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40 0.0 
#
#
# 

#

# 

6

2 
  

  

#
#
# 

#

# 

3

8 
  

  

MG5
5 

2
2 

91.
5 

7.
3 

#
#
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2 

9 
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## 

#
#
# 

0 
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#
#
# 

#
# 

#
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# 

      

† Zeta= 346 ± 12 using dosimeter glass CN5 
               N: number of apatite crystal counted; and ρ: track density (x 105 tracks/cm²); subscripts s, I and d denote spontaneous, induced and 

dosimeter, respectively; P(χ²): probability of obtaining a Chi-square value for n degrees of freedom, samples with a probability P(χ²) < 5% 
and/or dispersion > 15% have been analysed with the binomial peak-fitting method. 

*published data (Genge et al., 2021) 
                 

                         

TABLE 4. SINGLE-GRAIN APATITES U-PB AND AFT DATA 
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8 
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0.84
23 

11.
51 

10.
58 

MG12_

15 

###

## 

###

# 

0.1
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