
1.  Introduction
The construction of Cordilleran orogenic systems along long-lived subduction zones occurs across discrete 
episodes of retroarc shortening, extension and neutral conditions (e.g., DeCelles et  al.,  2009; Horton, 2018). 
The organization of the lithosphere and upper crustal structures observed today reflect the cumulation of these 
constructive mountain building phases, intermediary periods between these episodes (neutral tectonic conditions), 
and modification by dynamic and isostatic forces found at plate boundaries (Dávila & Lithgow-Bertelloni, 2015; 
Dávila et  al.,  2010; Guillaume et  al.,  2013; Horton,  2018; Stevens Goddard & Fosdick,  2019). Recognizing 
the presence and timing of orogenic pulses among the aggregate history of mountain building is important for 
understanding how Cordilleran systems evolve in response to changing tectonic plate organization, subduction 
dynamics, and tectonic cyclicity (e.g., DeCelles et al., 2009; Horton, 2018; Jordan et al., 2001).

The southern Patagonian Andes constitutes an important orogenic belt along the South American margin, 
connecting the 7,000 km-long N-S trending Andean belt with the E-W trending Fuegian Andes along the Patago-
nian orocline (Figure 1). The geologic record along this subduction zone preserves evidence of an evolving and 
dynamic plate margin including several distinct periods of deformation and mountain building beginning in the 
early Late Cretaceous as well as foreland basin erosion in the Paleocene, and spreading ridge subduction in the 
Eocene. Deformation includes a Cenomanian–Campanian phase that marked the initiation and growth of a retro-
arc thrust belt system, followed by an Oligocene–Miocene phase of thrust belt advancement (P. Betka et al., 2015; 
Biddle et  al.,  1986; Winn & Dott,  1979; Fildani & Hessler,  2005; Fosdick et  al.,  2011,  2013; Ghiglione & 
Ramos, 2005; Ghiglione et al., 2019; Katz, 1963; Kraemer, 1998; Wilson, 1991). Between these episodes of 

Abstract  Thermochronologic results from zircon fission track and (U-Th)/He data collected across the 
Patagonian batholith, basement and thrust belt of the southern Patagonian Andes between 51°S and 53°S 
resolves new spatiotemporal patterns of Paleogene rock cooling that allows us to reconstruct deformational 
and erosional events along- and across-strike. Our study applies a novel modeling strategy, the Path Family 
Approach, to filter geologically plausible thermal solutions from inverse modeling results for rocks in this 
study according to a sample's structural and tectonic context. Our results identify minimal cooling and 
interpreted exhumation of batholith rocks throughout the Paleogene. However, in the western domain we 
identify synchronous cooling of Jurassic volcaniclastic rocks in the thrust belt both along- and across-strike 
between 50 and 35 Ma, which we interpret as a period of out-of-sequence deformation that coincides with the 
start of a distinct period of orogenesis in the Fuegian Andes (54°S). This finding may suggest that the southern 
Patagonian Andes and Fuegian Andes evolved as a connected orogenic system along the bend of the Patagonian 
orocline. In the central domain, modeled cooling of thermally reset Cretaceous basinal strata from 60 to 
50 Ma corresponds to a well-recognized erosional unconformity in the adjacent Cenozoic foreland depocenter, 
indicating that contemporaneous exhumation occurred beyond the margins of the basin. Although not 
diagnostic, exhumation within the orogenic belt, beyond the Cenozoic foreland basin, provides a new regional 
context to interpret the cause of this regional erosion event. Collectively these results inform the Paleogene 
tectonic evolution of the orogen.
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lithospheric shortening, from the Campanian through the early Oligocene, kinematic reconstructions suggest 
an intermediate period of deformation, but the timing, style, and continuity (e.g., continuous or episodic) of this 
deformational event have proved difficult to directly determine (P. Betka et al., 2015; Fosdick et al., 2011, 2020; 
Klepeis & Austin, 1997). A ∼10–15 Myr Paleogene regional unconformity in the retroarc foreland basin system 
(Biddle et al., 1986; Fosdick et al., 2015; George et al., 2020) preserves evidence of a significant erosional event 
and has led some workers to interpret a period of tectonic stasis during the Paleogene (George et  al.,  2020; 
Horton, 2018). The mechanism causing erosion associated with the Paleogene unconformity and the extent of 
erosion during this event beyond the foreland basin is unknown. In addition to structural reconstructions of 
contractional deformation, plate kinematic reconstructions indicate the subduction of the Farallon-Aluk spread-
ing ridge in the early Eocene marking the initiation of Farallon plate subduction in the southern Patagonian Andes 
(Eagles & Scott, 2014; Somoza & Ghidella, 2012) which may have facilitated uplift (isostatic or geodynamic) of 
the South American Plate (Guillaume et al., 2010, 2013; Haschke et al., 2006; Ramos, 2005; Stevens Goddard 
& Fosdick, 2019).

Reconstructing the orogenic history of the southern Patagonian Andes during the latest Cretaceous–Paleogene 
has important implications for interpreting the effects of plate tectonic reorganizations on Cordilleran orogene-
sis. Key questions include: (a) Was there a period of Paleogene deformation in the southern Patagonian Andean 
thrust belt that corresponds with documented deformation in the Fuegian Andes? If so, this finding may suggest 
Eocene orogenesis in the southern Patagonian Andes is due to a major tectonic plate reorganization at ca. 50 Ma 
(Ghiglione et al., 2008; Lagabrielle et al., 2009; Scher & Martin, 2006; Somoza & Ghidella et al., 2012; van 
de Lagemaat et al., 2021). (b) Could erosion associated with a regional Paleogene unconformity in the retroarc 
foreland basin extend beyond the basin boundary and into the orogenic belt? Currently, there is no documented 
evidence of erosion during the Paleogene unconformity in the southern Patagonian Andes beyond the western 
edge of the foreland basin system; however evidence of concurrent exhumation in the batholith or thrust belt 
could help to determine the process responsible for this major regional erosion event (Fosdick et al., 2015; George 
et al., 2020; VanderLeest et al., 2022). (c) Is there evidence of Farallon-Aluk spreading ridge subduction along 
the western plate margin in the early to middle Eocene as proposed by tectonic plate reconstructions (Cande & 
Leslie, 1986; Eagles & Scott, 2014; Somoza & Ghidella, 2012)? Comparing the timing of ridge subduction from 
plate kinematic models with periods of deformation and exhumation/erosion is critical to understand the role 
of spreading ridge subduction on orogenesis (Iannelli et al., 2020; Navarrete et al., 2020; Ramos, 2005; Stevens 
Goddard & Fosdick, 2019; Thorkelson, 1996).

Resolving the latest Cretaceous—early Oligocene orogenic history of the southern Patagonian Andes has remained 
persistently challenging in part due to the missing rock record including the regional Paleogene unconformity 
in the foreland basin (Biddle et al., 1986; Fosdick et al., 2015, 2020; George et al., 2020; Ghiglione et al., 2016; 
Horton, 2022; Malumián et al., 2000; Sickmann et al., 2018) and magmatic hiatuses in the Paleogene which result 
in a paucity of datable geologic material (Hervé, Massonne, et al., 2007; Kay et al., 2004; Ramos, 1989). To 
overcome this issue, we use low-temperature thermochronology data and thermal history modeling to reconstruct 
the thermal record of rock heating and cooling across the southern Patagonian orogenic system between latitudes 
∼51°S and 53°S (Figures 1 and 2).

2.  Tectonic Context
2.1.  Structural Domains

The orogenic system of the southern Patagonian Andes between 51°S and 54°S can be divided into four major 
tectonomorphic domains (Figure 1) with distinct lithologies and deformational histories that chronicle Mesozoic–
Cenozoic plate-margin processes across extensional and compressional orogenic cycles (Fosdick et al., 2013; 
Muller et  al.,  2021). From west to east, these domains include the accretionary complexes, and the western, 
central, and eastern thrust belt domains (Figure 1; Ghiglione et al., 2009; Fosdick et al., 2013; Muller et al., 2021).

The accretionary complex domain, west of the domains sampled in this study, includes the Madre de Dios 
and Diego de Almagro accretionary complexes that were frontally and basally accreted to the continental 
margin, respectively, throughout the Mesozoic times (Angiboust et  al., 2018; Hyppolito et  al.,  2016; Willner 
et al., 2004, 2009). The juxtaposition of blueschist and amphibolite facies rocks with low grade metasedimentary 
rocks within the Cretaceous accretionary wedge occurred during the earliest Paleogene signaling a phase of 
shortening along the continental margin (Willner et al., 2004).
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The western domain can be divided into (a) the plutonic rocks of the Patagonian batholith, (b) Mesozoic meta-
morphic morphic core complexes and (c) the metavolcaniclastic and hypabyssal rocks associated with the Rocas 
Verdes Basin (RVB) (Figure  1) that each have unique deformational and exhumational histories (Calderón 
et al., 2012, 2016; Fosdick et al., 2011, 2013; Ghiglione et al., 2009; Hervé, Massonne, et al., 2007; Thomson 
et al., 2001). The batholith rocks of the western thrust belt domain include the Jurassic–Neogene calc-alkaline 
plutons of the Patagonian batholith (Figures 1 and 2; Fanning et al., 2011; Hervé, Massonne, et al., 2007; Torres 
García et al., 2020). Batholith rocks are tectonically juxtaposed with Cretaceous metamorphic assemblages asso-
ciated with long-lived subduction along the South American continental margin (Hervé, Massonne, et al., 2007; 

Figure 1.  Summary location diagram identifying the tectonomorphic domains in the southern Patagonian and Fuegian Andes 
(P. Betka et al., 2022; Fosdick et al., 2013; Ghiglione et al., 2009; Muller et al., 2021; Thomson et al., 2001). The western 
domain is divided into three subdomains to identify batholith rocks, metamorphic core complexes, and the volcaniclastic 
and clastic rocks of the Rocas Verdes Basin (RVB). The location of the modern deformation front and Magallanes fault zone 
follows interpretations from Ramos (1989), Klepeis (1994), and Fosdick et al. (2011). The location of thermochronology 
samples analyzed and modeled in this study are indicated by black dots. The location of previously modeled multi-method 
thermochronology data sets from Gombosi et al. (2009) are indicated by white dots. Black boxes show the location of inset 
regional maps in Figure 2 (Box A) and 2B (Box B). Red lines indicate the location of cross sections through the northern and 
southern transects in Figure 3.
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Hervé, Pankhurst et al., 2007). Backarc extension in the Late Jurassic–Early Cretaceous rifted batholith rocks 
from the continental margin creating an oceanic-type marginal basin, the RVB, which opened northward to as 
far north as present-day 49°S (Dalziel et al., 1974; Malkowski et al., 2016; Stern & de Wit, 2004). Closure of 
the RVB commenced in middle Cretaceous time and culminated in an arc-continent collision which triggered 
development of the Late Cretaceous thrust belt along the Patagonian Andes (P. Betka et  al.,  2015; Calderón 
et al., 2012, 2016; Dalziel et al., 1974; Fildani & Hessler, 2005; Klepeis et al., 2010; Wilson, 1991); however, 
previous work suggests that batholith rocks have not been exhumed from depths ≥8  km by deformational 
processes after basin closure (Thomson et al., 2001). Arc magmatism and retroarc lithospheric shortening contin-
ued episodically during Cenozoic time (Fosdick et al., 2011; Hervé, Massonne, et al., 2007; Ramírez de Arellano 
et al., 2021; VanderLeest et al., 2020).

The metavolcaniclastic rocks of the western thrust belt domain (Figure 1; Ghiglione et al., 2009, 2014) constitutes 
antiformal duplex structures and high-angle thrust blocks that deform crustal remnants of the extensional RVB. 
These units include Paleozoic metamorphic rocks and the magmatic rocks of the Sarmiento Ophiolitic Complex and 
contemporaneous silicic volcaniclastic and hypabyssal intrusions of the Tobífera/Springhill Formation emplaced 
between ca. 160 and 140 Ma (Figure 2; Calderón et al., 2007; Hervé, Massonne, et al., 2007; Malkowski et al., 2016; 
Muller et al., 2021; Pankhurst et al., 2000). The distinct magmatic history and structural position of the Tobífera/
Springhill Formation within thrust sheets of the western thrust belt domain make it an ideal target for thermochron-
ological sampling (Figure 2). Overlying these successions are the marine shales of the Zapata/Erezcano Formation 
deposited during the post-rift sag phase of basin development that continued until ca. 100 Ma (Calderón et al., 2007; 

Figure 2.  Local geologic maps adapted from SERNAGEOMIN (2003), Fosdick et al. (2013), and P. M. Betka (2013). Regional context is identified by the insets in 
Figure 1. Thermochronology sample locations in the northern transect (2A) and southern transect (2B) are shown with black circles and labeled.
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Fildani & Hessler, 2005; Fosdick et al., 2011). The closure of the RVB and the initiation of contractional deforma-
tion within the Andean retroarc region incorporated these rocks into duplex structures and doubly vergent basement 
thrust blocks (Calderón et al., 2012; Fildani & Hessler, 2005; Fosdick et al., 2011; Wilson, 1991). Eastward vergent 
structures associated with intermediate-pressure, low-temperature greenschist-grade metamorphic conditions 
(Hervé, Pankhurst, et al., 2007; Muller et al., 2021) provide evidence of westward subduction and underthrusting of 
RVB rocks under continental arc fragments during basin closure (P. Betka et al., 2022; Calderón et al., 2012, 2016; 
Klepeis et al., 2010; Muller et al., 2021). Lithospheric thickening and topographic growth during this phase of 
orogenesis generated a thick succession of retroarc foreland basin deposits in a deep marine flexural foredeep of 
the Magallanes-Austral Basin (Biddle et al., 1986; Fildani & Hessler, 2005; Romans et al., 2010; Wilson, 1991).

The central thrust belt domain (Figures 1 and 3) is characterized by tight to open folding and thick-skinned fault-
ing within the Jurassic Tobífera Formation, Lower Cretaceous Zapata/Erzecano formations, and Upper Creta-
ceous clastic foreland basin strata (e.g., Punta Barrosa and Cerro Toro Formations) of the Magallanes-Austral 
Basin (Figure 2; P. Betka et al., 2015; Fosdick et al., 2011; Ghiglione et al., 2009; Wilson, 1991). The underlying 
Tobífera Formation across this domain is deformed by thrust faults (Figures  2 and  3). Most of the exposed 
rocks in the central thrust belt domain constitute the ca. 92–65 Ma synorogenic deep-water foreland basin strata 
(Daniels et al., 2019; Romans et al., 2010; Wilson, 1991) including the conglomeratic members of the Upper 
Cretaceous submarine channel belt deposits (e.g., Cerro Toro and Escarpada Formations sampled in this study; 
Bernhardt et al., 2012; Daniels et al., 2019; Hubbard et al., 2008; Jobe et al., 2010; McAtamney et al., 2011).

The eastern thrust belt domain (Figure 1) is characterized by thin-skinned style thrust sheets that deform the 
latest Cretaceous through Cenozoic foreland basin strata culminating in an east-dipping frontal monocline 

Figure 3.  Structural cross sections and reconstructions adapted from Calderón et al. (2012), Ghiglione et al. (2014, 2019), and Muller et al. (2021) with locations of 
thermochronology samples on deformed and restored cross sections. Restored cross sections indicate ZFT, ZHe, and AFT cooling ages (errors can be found in data 
tables). Location of cross sections can be found in Figure 1.
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(Figure 2; P. Betka et al., 2015; Fosdick et al., 2011, 2013; Ghiglione et al., 2009, 2014). The southern Patagon-
ian foreland basin strata within this domain preserve a ca. 15–20 My regional Paleogene unconformity between 
upper Cretaceous/lower Paleocene rocks and overlying Eocene units that has been interpreted to represent the 
erosion of 2–5 km of lower Paleocene strata (Biddle et al., 1986; Fosdick et al., 2011, 2015; George et al., 2020; 
Sickmann et al., 2018). This unconformity is well documented in contemporaneous foreland strata along strike of 
the orogenic system, but it is not clear if this erosional event also removed material from the western and central 
thrust belt domains. Although this study does not sample rocks from the eastern thrust belt, the timing and style 
of deformation and erosion in this domain provide regional context for interrogating linked thermal histories of 
rocks in the three westward domains.

2.2.  Timing of Retroarc Deformation

The timing and sequence of thrusting during Cretaceous–Paleogene deformation in the southern Patagonian Andes 
bears directly on long-term record of rock exhumation (Figures 1 and 3). Geochronologic, geobarometric, and struc-
tural data from the basement thrust belt indicate that obduction of the Sarmiento Ophiolitic Complex and incipient 
structural growth of the thrust belt occurred between ca. 100 and 88 Ma via deformation along basement reverse struc-
tures such as the Canal de Las Montañas/Eastern Tobífera Shear Zone (e.g., Calderón et al., 2012; Muller et al., 2021). 
Subsequent development of the eastward verging thrust faults with basal detachments beneath the Tobífera and 
Zapata Formations created a series of stacked thrust sheets in the metavolcanic rocks of the western thrust belt domain 
between ca. 88 and 74 Ma (Albano Garcia et al., 2023; P. Betka et al., 2015, 2022; Fosdick et al., 2011; Ghiglione 
et al., 2019; Klepeis et al., 2010; Figure 3). Post emplacement or depositional burial of rocks from the Tobífera and 
Zapata Formations was facilitated by pre-deformational burial under the clastic rocks of the Zapata Formation, incor-
poration into the subduction channel during closure of the RVB, and by burial under imbricate thrust sheets.

The metamorphic P-T conditions and existing thermochronology data exhibit a wide range of burial conditions 
depending on the geographic and structural position of the samples. Rocks from the Tobífera Formation nearest 
the Canal de las Montañas shear zone exhibit evidence of low temperature metamorphism with sustained burial 
to depths >5 km and up to 15 km until at least ca. 80 Ma (Calderón et al., 2012; Muller et al., 2021). Burial 
estimates of rocks from the Tobífera and Zapata Formations lacking metamorphic textures can be inferred from 
thermochronometric systems reset after shallow emplacement or deposition. Previous thermochronology work in 
the Ultima Esperanza District (∼51°S–51.5°S) indicates that the ZHe system, with an effective closure temper-
ature of between 140 and 220°C, was fully reset for nearly all rocks from the Tobífera Formation in the western 
thrust belt domain (Fosdick et al., 2013). K-Ar analysis of authigenic illite targeting Tobífera and Zapata samples 
from deep structural levels in the western thrust belt domain shows evidence of exposure to temperatures of 
∼320 ± 20°C between the Cenomanian and early Eocene (Süssenberger et al., 2018). Assuming surface temper-
atures of 10°C and a geothermal gradient of 30 ± 5°C, this suggests unmetamorphosed samples were buried to at 
least ∼6 km and to depths as great as ∼10 km. In the southernmost Patagonian Andes, south of ∼53°S, and in the 
eastern Fuegian Andes, late Paleocene to Middle Eocene exhumation has been interpreted to record deformation 
in the hanging wall of thrust faults in the western thrust belt domain (Barbeau et al., 2009; P. Betka et al., 2015; 
Ghiglione et al., 2014; Gombosi et al., 2009; Klepeis et al., 2010; Kohn et al., 1995).

The location of the faults and folds in the western and central thrust belt domains are defined by field-data and 
limited 2D seismic-reflection sections (Gallardo Jara et al., 2022) used to construct balanced cross sections modi-
fied from published work (Albano Garcia et al., 2023; P. Betka et al., 2015; Fosdick et al., 2011, 2013; Ghiglione 
& Ramos, 2005; Ghiglione et al., 2014; Klepeis & Austin, 1997; Klepeis et al., 2010), as summarized in Figure 3. 
In the Ultima Esperanza District (∼51°S–51.5°S) thin-skinned propagation of the fold thrust belt into the strata 
of the Rocas Verdes and Magallanes basins is broadly constrained between the latest Cretaceous and Oligocene 
times. K-Ar cooling ages from individual thrust sheets suggest an Eocene phase of out-of-sequence deforma-
tion in the central thrust belt domain (Süssenberger et al., 2018), a timing consistent with regional provenance 
changes in the contemporaneous foreland basin attributed to thrusting (Fosdick et al., 2020). Fewer chronometric 
constraints exist in our study area south of Seno Otway at ∼53°S, where fault kinematic analyses show that the 
Neogene Magallanes-Fagnano strike-slip fault system reactivates Cretaceous-Paleogene contractional structures 
(P. Betka et al., 2016; Klepeis et al., 2010).

Resolving the Paleogene history of exhumation and erosion within the tectonomorphic domains of the southern 
Patagonian orogenic system is essential to evaluating the geologic record of tectonic plate reorganization. A 
period of thrust fault deformation (Río Bueno thrusting) and rock exhumation in the Fuegian Andes observed 



Tectonics

STEVENS GODDARD ET AL.

10.1029/2022TC007677

7 of 23

at ca. 50  Ma is attributed to plate reorganization that occurred during an 
early stage in the opening of the Drake Passage which preceded the ca. 
30  Ma onset of sea floor spreading in the Scotia Sea and ensuing strike-
slip deformation along the Magallanes-Fagnano (Ghiglione & Ramos, 2005; 
Ghiglione et al., 2008; Gombosi et al., 2009; Kohn et al., 1995). This early 
event may have also triggered deformation in the southern Patagonian Andes 
(Fosdick et al., 2020). Spreading ridge subduction and slab window forma-
tion in the early to middle Eocene may also have modified regional geody-
namics (Cande & Leslie, 1986; Eagles & Scott, 2014; Ramos, 2005; Somoza 
& Ghidella, 2012) as ridge subduction is shown to have isostatic and dynamic 
effects on the overriding plate that may contribute to exhumation and erosion 
across tectonomorphic domains (Guillaume et  al.,  2009,  2010; Stevens 
Goddard & Fosdick, 2019).

3.  Low-Temperature Thermochronology Methods
Low temperature thermochronology captures the thermal history of rocks 
in response to geologic processes that drive rock cooling (including tectonic 
and erosional exhumation, and a cooling geothermal gradient) and heat-
ing (including thrust and sediment burial, contact heating, and a warming 
geothermal gradient). Previous work in the southern Patagonian Andes 
demonstrates that thermochronometers sensitive to temperatures below 
120°C primarily preserve Neogene thermal signals (Christeleit et al., 2017; 
Fosdick et al., 2013; Herman & Brandon, 2015; Herman et al., 2013; Stevens 
Goddard & Fosdick, 2019; Thomson et al., 2001, 2010; Willett et al., 2020). 
Consequently, we apply the zircon fission track (ZFT) and zircon 
(U-Th)/He (ZHe) thermochronology systems with bulk closure temperatures 
of ∼185–285°C and ∼140–220°C, respectively, (Bernet,  2009; Guenthner 
et al., 2013; Ketcham, 2019; Reiners et al., 2004; Zaun & Wagner, 1985) to 
better constrain older (pre-Neogene) cooling.

Samples were collected for ZFT and ZHe thermochronology from two 
orogen-perpendicular transects including a northern transect at ∼51°–51.5°S 
and a southern transect at ∼52.5–53°S (Figures 1–3). Sampled lithologies 
include granodiorite, diorite, and metarhyolite from the Patagonian batholith 
in the western thrust belt domain (n = 3), metarhyolite, rhyolite, and silicic 
volcaniclastic rocks from the Jurassic Tobífera Formation in the western 
thrust belt domain (n = 10), and granitic conglomerate clasts from the Upper 
Cretaceous Cerro Toro and Escarpada Formations in the central thrust belt 
domain (n = 2) (Figure 4). Standard 3–5 kg samples were collected (except 
for clasts). For conglomerate clasts, a single cobble-sized clast was selected 
per location and all minerals were extracted and analyzed from the same clast 
sample. Zircons were extracted using standard, crushing, sieving, magnetic, 
and density separation techniques. Separates were used to produce 14 new 
ZFT ages. ZHe ages from four samples are reported for the first time in this 
study along with ZHe ages from nine samples from previous work by Fosdick 
et al.  (2013) and Stevens Goddard and Fosdick (2019) that come from the 
same samples as new ZFT ages. For one sample lacking ZHe data, we incor-
porate apatite fission track data from Stevens Goddard and Fosdick (2019).

3.1.  Zircon (U-Th)/He (ZHe)

Zircon (U-Th)/He thermochronology measures production and reten-
tion of  4He in an individual zircon crystal produced by the decay 
of  238U,  235U,  232Th. At high temperatures,  4He naturally diffuses through the 

Figure 4.  Representative outcrop photos of lithologies sampled for low 
temperature thermochronology. (a) Diorite intrusion in the batholith rocks of 
the western thrust belt domain. (b) Metarhyolite of the Tobífera Formation 
located in the western thrust belt domain. (c) Upper Cretaceous foreland basin 
strata including a conglomerate lens (typical of those sampled in this study) 
exposed in the central thrust belt domain.
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crystal lattice and is lost from the mineral system; however, at low temperatures,  4He is retained in the zircon. 
Partial retention of  4He can occur between temperatures of 50 and 200°C depending on the crystal size and accu-
mulated radiation damage; however partial  4He retention most commonly occurs between temperatures of 170 
and 200°C (Guenthner et al., 2013). Zircon were selected for (U-Th)/He analysis according to clarity, size and 
shape (whole grains) using a Leica M 165 binocular microscope at the University of Connecticut. Single grain 
aliquots were packed and sealed in crimped Nb tubes. For ZHe analyses we analyzed four single grain aliquots 
per sample.

Laser heating gas extraction and chemical dilution were conducted at the University of Colorado Boulder Ther-
mochronology Research and Instrumentation Lab. Nb-packed aliquots were loaded in an ASI Alphacron to 
extract and measure He gas. A 25W diode laser heated the aliquot to ca. 800–110°C for 5–10 min to extract  4He 
gas. A spike of 13 ncc  3He was used to spike extracted  4He gas and analyzed on a Balzers PrismaPlus QME 
220 quadrupole mass spectrometer. Fish Canyon zircon standards were analyzed intermittently with unknown 
samples. Zircon grains and niobium tubes are dissolved in a series of HF solutions—the first spiked with 
a  235U,  230Th,  145Nd tracer—and a final HNO3:HF mixture Sample solutions are analyzed for U, Th, and Sm on a 
Thermo Element 2 magnetic sector ICP-MS. ZHe dates were calculated using U, Th, and Sm measurements and 
grain geometries were used to correct for alpha ejection for single grain aliquots.

3.2.  Zircon Fission Track (ZFT)

The decay by fission of  238U in zircon produces a physical zone of damage, called a fission track, in the host 
mineral that when etched by acid is optically identifiable. At temperatures below the closure temperature of 
the system, tracks are fully preserved, whereas at temperatures above the closure temperature of the system, 
tracks are annealed. The partial annealing zone (PAZ) marks the temperature transition between track preser-
vation and annealing. Studies suggest a PAZ between ∼185 and 280°C (Bernet, 2009; Ketcham, 2019; Zaun & 
Wagner, 1985). ZFT ages were generated using the external detector method at the University of Arizona Fission 
Track Lab. Zircon grains were mounted in teflon, polished to expose the grain, and etched in a eutectic solution 
of KOH and NaOH until tracks were optically identifiable (Garver, 2003). Mica sheets were affixed to the grain 
mounts of zircon, and samples were irradiated at Oregon State University. Mica prints were etched in 49% hydro-
fluoric acid for 45 min at 23°C to expose induced tracks.

4.  Low-Temperature Thermochronology Results
Fourteen new ZFT ages generated in this study range from late Early Cretaceous to latest Eocene in age (Figure 5). 
The majority of ZFT ages (n = 8) are between ∼90 and ∼70 Ma, and a smaller population of ZFT ages (n = 4) are 
between ca. 65 and 50 Ma. Only two samples are outliers from these populations with ZFT ages of 34.3 ± 1.5 Ma 
(latest Eocene) and 115.9 ± 6.0 Ma (Aptian).

Figure 5.  Diagrams summarizing thermochronology results from this study including cooling ages (a), (b), and modeling results (c). Importantly, cooling ages alone do 
not always correlate with a heating or cooling trend in the modeling results. (a), (b) Cooling ages from new and published thermochronology data sets used to constrain 
thermal history models from the northern transect (a) and southern transect (b) in this study. (c) Summary of major periods of heating, cooling, and stasis for the unique 
Path Families identified by inverse modeling of multi-method, multi-chronometer data sets.
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New ZHe ages include one sample with only Eocene ages, one sample with only Miocene ages, and two samples 
with greater single grain age variability ranging from late Eocene to Miocene. One sample with single grain vari-
ability, FPT17-23 exhibited a slight positive age-eU relationship (see Figure S1 in Supporting Information S1). 
No samples exhibited an age-grain size relationship (see Figure S2 in Supporting Information S1). For samples 
with complementary ZFT ages, the ZHe ages (new and previously published) are consistently younger than ZFT 
ages.

5.  Modeling Methods
5.1.  Thermal History Modeling

Thermal history modeling provides a quantitative comparison between the measured thermochronology data sets 
reported above—including cooling age (ZFT, ZHe), grain size (ZHe), and eU concentration (ZHe)—and possible 
time temperature histories (Abbey et al., 2023; Murray et al., 2022; Wolf et al., 1998). The thermochronomet-
ric cooling ages in this study collectively span (Aptian) Late Cretaceous through Miocene cooling (Figure 5), 
suggesting that modeling this data set can evaluate thermal histories during the Paleogene.

Prior to modeling, samples with both ZFT and ZHe data were screened to ensure that modeling was geologically 
relevant and to ensure data quality and reproducibility. For samples from intrusive rock units (e.g., batholith 
rocks or hypabyssal levels of the Tobífera Formation) with a ZFT date <10 Myrs younger than interpreted crys-
tallization/emplacement age from the same sample or nearby rocks from published data sets (Hervé, Massonne, 
et al., 2007; Muller et al., 2021; Thomson et al., 2001), we interpreted the ZFT date as post-intrusive emplace-
ment cooling rather than exhumation (Hervé, Massonne, et al., 2007; Muller et al., 2021; Thomson et al., 2001). 
Individual ZHe data were screened for single grain ZHe date reproducibility before including individual dates 
from single aliquot samples in thermal modeling exercises (Flowers et al., 2015; Murray et al., 2022). Additional 
details of data screening and input are described in Supporting Information S1 (Text S1).

Inverse modeling using HeFTy v.1.9.3 (Ketcham, 2005) generates individual, random time-temperature histories 
and evaluates the likelihood that each time-temperature history will produce the observed data using the goodness 
of fit statistic (Ketcham, 2005). Individual time-temperature (t-T) paths that do not fail the null hypothesis are 
described as good fit paths if all inputs (ZFT date, ZHe date(s)) score >0.5, and acceptable fit paths if all inputs 
score between 0.05 and 0.5. Inverse thermal models were set to run until 100 good fit paths were identified.

Inverse models were designed for each sample according to independent geologic constraints and to maximize the 
diversity of possible t-T paths consistent with the new thermochronology data and existing geologic constraints 
(Murray et al., 2022). Samples eligible for thermochronologic modeling were classified according to lithology and 
inferred geologic history (Table 1). A separate set of models was designed for the unique geologic histories associ-
ated with the hypabyssal/volcaniclastic rocks of the Tobífera Formation (metamorphosed and non-metamorphosed 
samples) and detrital clasts from upper Cretaceous strata of the Magallanes Basin (Figure S4 in Supporting Infor-
mation S1). A detailed description of these model designs are included in Supporting Information S1 (Text S1).

6.  Thermal History Modeling Results and Path Families
The individual 100 good fit t-T paths identified from inverse modeling exhibit a broad envelope across all samples 
including both monotonic and non-monotonic (i.e., reheating) cooling paths and variations in the timing, rate, 
and magnitude of heating and cooling prior to converging on a rapid cooling trend by ∼20 Ma (Figure 6). These 
results are consistent with the design of the model to identify the most diverse suite of possible thermal histories. 
The non-unique thermal solutions—particularly after 70 Ma and before 20 Ma when there are few independent 
geologic constraints on the thermal history—make it difficult to interpret the thermal history models. We apply 
the Path Family Approach (Murray et al., 2022) to identify a finite subset of thermal trends within these broad 
results that exhibit similar timing and rates of heating and cooling events called path families (Figures 6 and 7). 
We focus our classification scheme on the unique thermal behaviors in the Paleogene and earliest Neogene as 
this is the time period with outstanding geological questions. For additional details on our use of the Path Family 
Approach, see Supporting Information S1 (Text S2).

Among the non-detrital samples, we identify three distinct path families, Path Families 1, 2, and 3 (Figures 6 
and 7). Both detrital clast samples also resolve Path Families 1 and 3 plus an additional unique path family, Path 
Family 4, that captures the post-depositional history of these detrital clasts. The criteria used to define each path 
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family identified in this modeling exercise are described in detail below. Although the magnitude of heating and/
or cooling (and thus peak or minimum temperatures reached during these periods) may vary among samples, 
the timing and direction of thermal change (or lack of change) satisfies the objective criteria used to define path 
families across samples.

Path Family 1: Individual t-T paths in Path Family 1 are either retained at (in the case of unmetamorphosed 
samples), recooled to (in the case of metamorphosed samples), or initiate at (in the case of detrital clasts) rela-
tively cool temperatures above the ZFT closure temperature (∼185–280°C) until at least 80 Ma or as late as 
∼20 Ma at which point, samples are reheated by at least 100°C and in some cases >300°C (Figures 6 and 7). The 
timing and magnitude of this reheating is considered the key classification criteria for defining this path family. 
Peak Cenozoic temperatures are reached as early as ca. 45 Ma, but most commonly between 35 and 20 Ma. 
Reheating is followed by rapid final cooling that initiates after 35 Ma or as late as ∼15 Ma.

Path Family 2: Individual t-T paths in Path Family 2 are heated to temperatures in or above the ZFT PAZ by 
80 Ma (Figures 6 and 7). Although some (but not all) paths exhibit moderate cooling between 80 and 60 Ma, after 
60 Ma, all paths exhibit a period of almost no heating or cooling for a period of ca. 20–40 Myrs. The temperature 
at which samples were retained in the model varies across samples. In all samples, the samples resided at temper-
atures of at least 150°C, but several samples resided at temperatures >250°C. Retention is followed by accelerated 
final cooling after 35 Ma, a trend that is broadly consistent with the timing and rate of final cooling observed in 
Path Family 1 (Figures 6 and 7).

Path Family 3: Path Family 3 includes heterogeneous trends among individual t-T paths, even within samples, 
prior to ∼50 Ma (Figures 6 and 7). Some paths are heated to relatively high temperatures (at least 150°C, but 
up to 300°C) with final heating at ∼50 Ma. Some paths are heated to high temperatures as early as ∼100 Ma 
and retained at high temperatures until ∼50 Ma. Other paths are heated to high temperatures, cooled, and then 
reheated prior to ∼50 Ma. However, all samples in Path Family 3 (and only in Path Family 3) exhibit an increase 
in the rate of cooling between 50 and 35 Ma. Cooling is most common across samples between 45 and 40 Ma 
(Figures 6 and 7). Some individual paths have a second phase of accelerated cooling after 35 Ma, synchronous 
with the post 35 Ma cooling events observed in Path Families 1 and 2.

Path Family 4: After foredeep deposition at surface temperatures ca. 85–80 Ma (Bernhardt et al., 2012; Daniels 
et al., 2019; McAtamney et al., 2011; Romans et al., 2010), individual t-T paths in Path Family 4 are quickly 

Table 1 
Thermochronology Sample Locations and Information

Sample 
name Latitude Longitude

Elevation 
(m) Tectonic domain Geologic unit Lithology ZFT ZHe AFT Modeling

FPT17-27 −53.418 −72.1541 0 Western domain—RVB Tobífera Fm. metarhyolite X X X

FPT17-23 −53.210 −72.4830 22 Western domain—RVB Tobífera Fm. metarhyolite X

FPT17-68 −52.832 −72.9581 13 Western domain—RVB Tobífera Fm. metarhyolite X X b X

FPT17-62 −52.823 −72.8847 0 Western domain—RVB Tobífera Fm. metarhyolite X X X

FPT17-59 −52.804 −72.8272 26 Western domain—batholith SP Batholith diorite X X b

FPT17-55 −52.771 −72.7991 2 Western domain—RVB Tobífera Fm. metarhyolite X X X

FPT17-49 −52.720 −72.7304 22 Western domain—RVB Tobífera Fm. metarhyolite X X b X

FPT17-45 −52.587 −72.2328 8 Central domain Escarpada Fm. (detrital clast) granitoid clast X X b X

08-JF-125 −52.100 −73.2045 82 Western domain—RVB Tobífera Fm. silicic volcaniclastic X

08-135 −51.562 −74.0731 4 Western domain—batholith SP Batholith granodiorite X X a

08-143 −51.451 −73.5534 90 Western domain—RVB Tobífera Fm. metarhyolite X X a X

10-133 −51.446 −73.3482 23 Western domain—batholith SP Batholith granodiorite X X a

07-29 −51.127 −72.6772 876 Central domain Cerro Toro Fm (detrital clast) granitoid clast X X a X

07-116 −51.098 −73.3077 434 Western domain—RVB Tobífera Fm. silicic volcaniclastic X X a X

07-56 −51.076 −73.2465 209 Western domain—RVB Tobífera Fm. rhyolite X X a X

Note. Refer to Figure 5 for a graphical summary of cooling ages and Supporting Information S2 for fission track measurements and single grain data (U-Th)/He.
 aPublished in Fosdick et al. (2013).  bPublished in Stevens Goddard & Fosdick (2019).
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reheated to temperatures within the ZFT PAZ (Figures 6 and 7). Cooling initiates between 70 and 50 Ma, and 
samples are cooled to temperatures above the ZHe PRZ by 45 Ma, but in most cases before 60 Ma. Some individ-
ual t-T paths have a second accelerated phase of cooling after 35 Ma, but this cooling initiates from temperatures 
cooler than 100°C which is lower than the closure temperatures of both the ZFT and ZHe systems. This final 
phase of cooling contrasts with Path Families 1, 2, and 3 in which final cooling initiates at temperatures of at 
least 150°C.

Figure 6.  Thermal history modeling results produced using HeFTy v.1.9.3. Each inversion shows 100 good fit paths found using the inverse modeling process 
described in detail in the text. Black boxes indicate geologic constraints or model exploration boxes. The location of these boxes is discussed in 5.5 Model Design. In 
the first column, all thermal history modeling results are shown with all individual paths stacked on top of each other. Each path is color coded according to its Path 
Family. Path Family 1 paths are red, Path Family 2 paths are purple, Path Family 3 paths are blue, and Path Family 4 paths are yellow. The second through fifth columns 
show only the individual paths that are classified by the Path Family indicated at the top of each column.
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7.  Evaluation of Path Families in the Context of Southern 
Patagonia
The thermochronology data generated in this study are consistent with multi-
ple path families that represent different possible geologic histories (Figures 6 
and 7). Using thermochronology data alone, we would be unable to select a 
preferred path family as all solutions are thermally plausible; however, we 
can eliminate path families that are inconsistent with the geologic history of 
Patagonia based on other geologic information. We also consider the inter-
sample compatibility of thermal histories given the local structural context 
and/or tectonic environment. Evaluation of path families considers both 
the thermal processes that may produce the unique thermal conditions of 
each path family and the geologic context of the southern Patagonian Andes 
during the Paleogene through earliest Neogene.

The thermal history of a modeled data set limits subsequent thermal behav-
iors, thus, if one modeled thermal event is geologically implausible, then it 
invalidates the entire thermal history of the modeled t-T path. We focus our 
evaluation of Path Families on the unique and contradictory thermal trends 
observed among each Path Family between ca. 60 and 20 Ma. For example, 
during this period of time, Path Family 1 requires heating of 100°–300°C, 
Path Family 2 requires samples to stay at a nearly constant temperature, Path 
Family 3 requires a 50–35 Ma cooling signal that does not occur in other Path 
Families, and Path Family 4 requires samples to start cooling to near-surface 
temperatures before 50 Ma (Figures 6 and 7). Each path family has a unique 
thermal signature between 60 and 20 Ma.

The geologic context of the thermal trends provided for each path family 
enables us to evaluate the plausibility of each path family and eliminate some 
path families altogether. For example, Path Family 1 requires high magnitude 
heating and cooling. The timing, rate and magnitude of this thermal history is 
not consistent with geologic processes in this tectonic setting. Likewise, Path 
Family 2 requires sustained thermal stasis for 40–20 Myrs, thermal condi-
tions that are likely in a stable intracontinental setting, but uncommon at 
active plate margins. An expanded evaluation of Path Families is provided in 
Supporting Information S1 (Text S2).

We describe the preferred path families for the samples in our study. Although 
existing geologic context governs our selections of preferred path families, 
the thermal trends identified in these preferred path families provide new 
insight into the location, timing, and style of the processes that are preserved 
in these thermal signatures (addressed in Section  8). For samples of the 

Tobífera Formation located in the western thrust belt domain (Figures 1 and 2), we prefer Path Family 3. Meta-
morphosed samples in this domain reach peak temperatures >300°C by model design, a reflection of interpreted 
tectonic emplacement of ophiolitic complexes (e.g., Calderón et al., 2012; Muller et al., 2021); however, unmet-
amorphosed samples from the basement thrust belt, 07–56 and 07–116 from the northern transect, also require 
samples to reach peak temperatures between 250 and 300°C prior to 50–35 Ma cooling (Figures 6 and 7). The 
consistency in magnitude and timing of peak heating across samples is consistent with sediment burial in the 
post-rift phase of the RVB (e.g., Zapata/Erezcano Formations) and Cretaceous foreland basin strata, but does 
not preclude tectonic burial. The start of a cooling phase between 50 and 35 Ma is geologically consistent with 
enhanced erosion of an active thrust belt—an Eocene deformation event suggested by kinematic reconstructions, 
but poorly constrained spatially and temporally (P. Betka et al., 2015; Fosdick et al., 2011; Ghiglione et al., 2014; 
Klepeis et al., 2010). This preferred interpretation assumes erosion is sufficient to cool samples across the thrust 
sheet (Metcalf et al., 2009; ter Voorde et al., 2004). Importantly, cooling that begins between 50 and 35 Ma is 
maintained through the Neogene with accelerated cooling in the Miocene (Stevens Goddard & Fosdick, 2019; 
Thomson et al., 2010) suggesting that the mechanism responsible for initial cooling and interpreted erosion is 

Figure 7.  A schematic diagram shows the heating and cooling envelopes of 
distinct Path Families identified in the inverse modeling process. Path Families 
are thermally plausible solutions, but may or may not be consistent with the 
geologic history of a sample given the local structural location and tectonic 
context. Path Families 1, 2, and 3 are identified for all non-detrital samples. 
Path Families 1, 3, and 4 are identified for all detrital samples (Cretaceous 
clastic strata). Path Families 1 and 3 both show two component subpopulations 
that, despite minor differences, share the common thermal behaviors in the 
Paleogene–Neogene used for the classification scheme in this study.
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continuous or overlaps with younger erosional episodes. We note that Path Family 3 is also consistent with a 
phase of Late Cretaceous exhumation associated with retroarc shortening, but the precision of the model results 
for this time period are not sufficient to analyze the timing or magnitude of cooling rigorously.

For Upper Cretaceous conglomerate samples located in the central thrust belt domain, we prefer Path Family 
4 over Path Family 3 for two reasons. First, the timing of cooling associated with Path Family 4, most likely 
by 60 Ma, is consistent with the stratigraphic record of the regional Paleogene unconformity preserved in the 
foreland basin strata (Biddle et al., 1986; Fosdick et al., 2011, 2015; George et al., 2020; Sickmann et al., 2018). 
Second, although contemporaneous out-of-sequence deformation in both the basement thrust belt and the central 
thrust belt domain is possible, there is less evidence that deformation stepped out to the central thrust belt domain 
until at least the Oligocene (Fosdick et al., 2011, 2013).

8.  Discussion
8.1.  Thermochronological Record of Eocene Thrust Belt Deformation and Implications for Along-Strike 
Deformation

Although the Late Cretaceous and Neogene episodes of Andean deformation in the western thrust belt domain 
of the southern Patagonian Andes have been well-documented at the latitudes of our study area, ∼51°–53°S 
(Figure  8), the Paleogene chronology of orogenesis has remained largely enigmatic (P.  Betka et  al.,  2015; 
Calderón et al., 2012; Fosdick et al., 2011; Ghiglione & Ramos, 2005; Ghiglione et al., 2009; Klepeis, 1994; 
Süssenberger et al., 2018; Wilson, 1991). Fosdick et al. (2011) document contractional deformation of the western 

Figure 8.  Temporal summary diagram from this study and published work of timing of modeled cooling, deformation, 
sedimentation hiatuses and reorganizations, and ridge subduction for the northern and southern transects referenced in this 
study for the southern Patagonian Andes and the Fuegian Andes. Local geologic records in the right three columns are 
compared with global plate convergence rates and the timing of the opening of the Drake Passage. Results from this study 
highlight that cooling onset across the southern Patagonian and Fuegian Andean systems occur simultaneously with a change 
in sediment routing suggesting a period of thrust belt deformation (cooling produced by enhanced exhumation and erosion) 
that reorganizes drainage systems during the initial opening of the Drake Passage.
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thrust belt domain in the Ultima Esperanza district (∼51°S–51.5°S), but only broadly constrain this deformation 
using cross-cutting relationships to between 74 and 27 Ma. Süssenberger et al. (2018) interpret K-Ar dates from 
authigenic illites near mapped faults in the same region as an episode of enhanced regional uplift caused by 
out-of-sequence deformation starting by at least the earliest Eocene (Figure 8). Provenance records from Pale-
ogene foreland basin strata between 51° and 51.5°S document a change in drainage organization that Fosdick 
et al. (2020) interpret as an Eocene phase of hinterland thrust belt deformation beginning ca. 47 Ma (Figure 8). 
South of the Ultima Esperanza district, a chronometric data gap that extends into the Fuegian Andes provides 
few constraints on Paleogene deformation history (P. Betka et al., 2015; Ghiglione & Ramos, 2005; Klepeis & 
Austin, 1997; Torres Carbonell et al., 2020).

The results from this study provide new thermochronologic data that confirm the occurrence of an Eocene ther-
motectonic event between ∼51°S and 53°S that is best explained by a phase of Eocene deformation in the western 
thrust belt domain (Figure 8). Preferred path families document a cooling trend in basement thrust belt samples 
from both hanging wall and footwall positions between ca. 50 and 35 Ma, with cooling most common between 
ca. 45 and 40 Ma (Figures 5–7). The spatiotemporal pattern of cooling observed in the preferred path families can 
best be explained by erosion and exhumation of thrust sheets (e.g., Metcalf et al., 2009; ter Voorde et al., 2004). 
The relative synchronicity of this cooling both across and along strike is consistent with the cooling patterns 
expected from out-of-sequence deformation.

Notably, cooling observed from the thermal history models in this study is slightly younger than the earliest K-Ar 
cooling ages from authigenic illite identified by Süssenberger et al. (2018), which are between ca. 55 and 45 Ma 
(Event 4; Figure 8). However, the K-Ar closure temperature of ∼320 ± 20°C—appropriate for the mineral phase 
and grain fraction reported by Süssenberger et al. (2018) Pevear (1992), Środoń et al. (2002)—is higher than the 
closure temperature of the ZFT system (Bernet, 2009; Ketcham, 2019; Zaun & Wagner, 1985). This result may 
suggest that cooling constrained by the preferred path family (Path Family 3) in this study captures the contin-
uation of a cooling trend which is recognized slightly earlier and at higher temperatures by the K-Ar system. 
Alternatively, the K-Ar cooling ages classified by Süssenberger et al. (2018) as a single event may represent two 
discrete cooling events, the first ca. 55–53 Ma. and the second ca. 48–46 Ma.

Earliest cooling observed in the western thrust belt domain using thermal history models ca. 50 Ma is contem-
poraneous with a change in provenance recognized at ca. 47 Ma (Fosdick et al., 2020) suggesting there is a tight 
connection between basement thrust belt deformation and the reorganization of foreland basin sediment routing 
patterns. It is notable that drainage reorganization also closely overlaps with a subset of ca. 48–46 Ma K-Ar 
cooling ages measured by Süssenberger et al. (2018) suggesting that this data set may indeed record two discrete 
events (Figure 8).

The results of this study corroborate the observations and interpretations of Fosdick et  al.  (2011,  2020) and 
Süssenberger et al. (2018) of an Eocene phase of orogenesis associated with out-of-sequence deformation in the 
Ultima Esperanza district and provide the first evidence that the timing and style of deformation observed in this 
region extends to latitudes ∼53°S within the southernmost Patagonian thrust belt (Figure 8). Moreover, these 
results resolve an Eocene deformational event that has long been recognized kinematically at latitudes 51°–53°S, 
but has been poorly dated. Specifically, we suggest 50–35 Ma Tenerife out-of-sequence thrusting and rotation 
of Tobífera thrusts (Fosdick et al., 2011). This finding is significant as it requires deformation and growth of 
the southern Patagonian Andes during a period thought to be characterized by deformational quiescence along 
much of the margin (Horton, 2018). The start of Eocene deformation in the southern Patagonian Andes precedes 
spreading ridge subduction as reconstructed by plate kinematic models suggesting spreading ridge subduction 
does not drive deformation in the thrust belt.

This new evidence for Eocene orogenesis along the southern Patagonian Andes has important implications for 
the co-evolution of the southern Patagonian Andes and the Fuegian Andes (Figure 8). Unlike in the southern 
Patagonian Andes, Eocene deformation in the Fuegian Andes has been well documented and dated (Barbeau 
et al., 2009; Ghiglione & Ramos, 2005; Ghiglione et al., 2010; Klepeis, 1994). In Tierra del Fuego, cratonward 
thrust belt propagation is dated using field relationships and basinal unconformities to between 49 and 34 Ma 
(Barbeau et  al.,  2009; Biddle et  al.,  1986; Ghiglione & Ramos, 2005; Ghiglione et  al.,  2010; Klepeis, 1994; 
Malumián & Olivero, 1998; Olivero et al., 2001; Torres Carbonell et al., 2008). Ar-Ar and ZFT data sets docu-
ment exhumation of the Cordillera Darwin complex at ca. 50 Ma (Kohn et al., 1995; Nelson, 1982), and inte-
grated thermal history modeling of ZFT, ZHe, AFT, and AHe data sets from the Cordillera Darwin complex as 
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well as rocks from the Tobífera Formation resolve a period of accelerated cooling that begins as early as 48 Ma 
and ends by 34 Ma (Gombosi et al., 2009), nearly identical in timing with the modeled cooling in this study. These 
cooling signals in the Fuegian Andes are widely interpreted as accelerated exhumation and erosion associated 
with a distinct phase of orogenesis (Ghiglione & Ramos, 2005; Gombosi et al., 2009; Klepeis et al., 2010; Kohn 
et al., 1995). Barbeau et al. (2009) use provenance analysis from detrital zircons to identify a shift in the drainage 
organization of the foreland basin system associated with the Fuegian Andes at ca. 39 Ma that is interpreted as 
a contemporaneous response to uplift and shortening in the Fuegian thrust belt system at this time (Figure 8).

Thermochronological results from deformational centers in both the southern Patagonian Andes (this study) and 
the Fuegian Andes (Gombosi et al., 2009; Kohn et al., 1995; Nelson, 1982) identify a common phase of Eocene 
orogenesis from ca. 50–35 Ma that corresponds to a phase of foreland basin drainage reorganization in each 
system (Barbeau et al., 2009; Fosdick et al., 2020; Torres Carbonell & Olivero, 2019). These results may suggest 
that in the Eocene, the southern Patagonian Andes and the Fuegian Andes were part of an active, connected 
Cordilleran retroarc compressional system along the bend of the Patagonian orocline. Most workers concur that 
the Patagonian orocline is either a primary arc or a curved belt formed by secondary bending already developed 
by 50 Ma (Maffione et al., 2010), prior to the Eocene phase of orogenesis identified in this study (Eagles, 2016; 
Ghiglione & Cristallini, 2007; Kraemer, 2003; Poblete et  al., 2014). The curved orogen shape would require 
simultaneous E-W (Patagonian Andes) and N-S (Fuegian Andes) directed shortening. Strike-slip deformation 
along local or regional restraining bends within the Magallanes Fagnano fault zone could produce compres-
sional deformation (P. Betka et al., 2022), however, this system did not commence until the Oligocene (P. Betka 
et al., 2016; Ghiglione & Ramos, 2005; Klepeis, 1994). Although the thermochronology data in this study does 
not constrain the magnitude of Eocene shortening within the system between 51° and 53°S, previous work docu-
menting the kinematics of deformation support an increase in the magnitude of shortening southward in the 
southern Patagonian system toward the transition to the Fuegian Andes (P. Betka et al., 2015; Fosdick et al., 2011; 
Ghiglione & Ramos, 2005; Ghiglione et al., 2010; Klepeis, 1994). Plate reorganization at 50 Ma of the South 
American, Scotia, and Antarctic Plates (Eagles, 2016; Scher & Martin, 2006) may simply have facilitated subduc-
tion zone conditions (increased convergence rates, increased plate coupling, shallow slab angle) amenable to 
retroarc contraction (Horton, 2018; Somoza & Ghidella, 2012) that wrapped around the curved orogen along the 
Antarctic–South American plate subduction zone (Maloney et al., 2013). Alternatively, N-S directed shortening 
in the Fuegian Andes may have propagated stress into the southern Patagonian system that was accommodated 
on pre-existing N-S striking structures in the southern Patagonian Andes as far north as 51°S. In either case, plate 
reorganization associated with the early opening of the Drake Passage at 50 Ma can be linked to retroarc compres-
sional deformation in the southern Patagonian Andes. North of our study area, ∼48–44°S, AHe, AFT, ZHe, 
and ZFT data sets and thermal history models incorporating AFT and ZHe data sets do not show evidence of 
Eocene–Oligocene exhumation and inferred deformation (Georgieva et al., 2016; Guillaume et al., 2013; Ronda 
et al., 2022; Thomson et al., 2001, 2010). It is possible that thermal history modeling incorporating data from a 
higher temperature thermochronometric system is required to identify this signal. Alternatively, the absence of 
this signal could indicate that the deformation did not reach this far north.

8.2.  Orogen-Basin Connections for the Paleogene Unconformity Development

During periods of both deformation and quiescence, thrust belts and foreland basins in Cordilleran systems are 
genetically linked (DeCelles & DeCelles, 2001; Horton, 2018; Jordan, 1995; Xie & Heller, 2009). Crustal short-
ening and uplift in the thrust belt produces flexural subsidence of the foreland basin that is filled by eroded mate-
rials in the topographically emergent thrust belt (DeCelles & Giles, 1996; Dickinson, 1974; Jordan, 1995). In the 
absence of upper plate stress, the adjacent fossil thrust belt and foreland (along with other adjacent tectonomorphic 
regions such as the batholith) are subjected to shared geodynamics common along Cordilleran plate margins—for 
example, the subduction of buoyant crust, slab-induced suction, or modified mantle flow patterns (e.g., Dávila 
& Lithgow-Bertelloni, 2013, 2015; Dávila et al., 2018; Delph et al., 2021; Furlong & Govers, 1999)—that drive 
long-wavelength uplift and subsidence. In these scenarios, uplift and subsidence occur across both the thrust belt 
and the foreland. The inherently linked response to tectonic and geodynamic processes between the thrust belt 
and foreland basin allows us to reevaluate the mechanism responsible for the Paleogene unconformity observed 
in the Magallanes-Austral basin in the context of our new thermochronology data (Figure 3). Specifically, we use 
our bedrock thermochronology data to compare the presence and timing of cooling and interpreted erosion in 
the western and central thrust belt domains with the time period represented by the unconformity in the foreland 
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basin, spanning between ca. 65–60 Ma and 47–45 Ma, at the latitudes of our study area (Biddle et al., 1986; 
Fosdick et al., 2015, 2020; George et al., 2020; Ghiglione et al., 2016; Horton, 2022; Malumián et al., 2000; 
Sickmann et al., 2018).

The ZFT data from batholith rocks in the western thrust belt domain preserve magmatic cooling signals indi-
cating that total erosion was less than ∼10 km since the Cretaceous (Figure 5). Reproducible ZHe data from 
batholith samples preserve latest Oligocene–early Miocene cooling ages. Although batholith thermochronology 
data were not modeled, the ZFT and ZHe cooling ages suggest that more erosion of batholith rocks occurred after 
the end of the Paleogene unconformity, consistent with previous interpretations of batholith erosion (Fosdick 
et al., 2013; Thomson et al., 2001, 2010) and that less erosion of the batholith occurred during formation of the 
Paleogene unconformity.

In the metasedimentary and hypabyssal RVB rocks of the western thrust belt domain (Figure 1), the preferred 
path family model (Path Family 3) resolves cooling between ca. 50 and 35  Ma, (Figures  6 and  7) suggest-
ing inferred exhumation continued long after sedimentation resumed in the foreland basin system at 47–45 Ma 
(Figure  8). These orogen-basin observations imply that 50–35 Ma cooling in the basement thrust belt is not 
mechanistically linked to foreland erosion responsible for Paleocene unconformity (Figure 3). This is consistent 
with our interpretation that cooling is instead related to out-of-sequence contractional deformation (Section 8.1) 
that would produce subsidence (rather than uplift) in the foreland. If the K-Ar cooling ages from Süssenberger 
et al. (2018) do indeed resolve two separate cooling events, it is possible that the 55–53 Ma K-Ar cooling ages in 
the western thrust belt domain may reflect rock cooling associated with widespread Paleocene erosion; however 
the magnitude of erosion, if it indeed exists, is difficult to resolve.

Farther east, the preferred thermal history (Path Family 4) for the Upper Cretaceous conglomerate clasts within 
the central thrust belt domain requires burial heating and rapid cooling that commenced between ca. 60–50 Ma. 
Within this preferred thermal history, individual paths can cool to temperatures at or above the closure temper-
ature of the ZHe system by ca. 45 Ma, a thermal solution which is not possible for samples from the basement 
thrust belt. We suggest that 60–50 Ma cooling observed in the deformed Cretaceous basinal strata of the central 
thrust belt domain provides direct evidence that cooling and inferred erosion associated with the Paleogene 
foreland basin unconformity extended to the central thrust belt domain, which was likely the eastern edge of the 
thrust belt at the time (Biddle et al., 1986; Fosdick et al., 2015, 2020; George et al., 2020; Ghiglione et al., 2016; 
Horton, 2022; Malumián et al., 2000; Sickmann et al., 2018). It would be ideal to use this data set to interrogate 
the time that erosion started, but the preferred path family envelope is insufficiently narrow (Figures 6 and 7) 
and includes solutions in which cooling starts as early as 60 Ma or as late as 50 Ma, and thus it is not possible to 
resolve the initiation of erosion within the time period represented in the foreland basin unconformity.

The thermochronology data from the western domain including batholith rocks and RVB rocks (Tobífera thrust 
sheets) as well as deformed Upper Cretaceous foreland strata of the central domain, suggests that the areas 
affected by erosion at the same time as the Paleogene unconformity corresponds to boundaries between tectono-
morphic domains (Figure 8). Specifically, synchronous Eocene erosion extended from the proximal foredeep to 
the structural margins of the thrust belt (central thrust belt domain, in present-day localities). This observation 
alone is not sufficient to isolate a single mechanism driving the erosional event represented by the Paleogene 
unconformity, but it does enrich assessments of the erosional mechanisms driving unconformity development 
and eliminate some hypotheses discussed below (George et al., 2020; Horton, 2022). The large scale magni-
tude and timing (regionally diachronous, millions to tens of millions of years) of the Paleogene unconformity, 
in addition to its angular stratal geometry in many places (Fosdick et al., 2020; Torres Carbonell et al., 2020), 
require a mechanism beyond eustatic sea level fall and subaerial exposure of the basin floor. The absence of 
erosion across all tectonomorphic domains excludes Eocene erosional decay associated with tectonic quiescence 
along  a neutral plate margin (Horton, 2018, 2022) and instead provides evidence of active tectonic or geodynamic 
processes. It is possible that changes in thrust wedge geometry through either internal deformation or forward 
propagation facilitated erosion in the external thrust belt without generating a sufficient load to sustain foreland 
subsidence (Davis et al., 1983; DeCelles & Mitra, 1995). An Eocene hiatus in arc magmatism (Hervé, Massonne, 
et al., 2007; Ramos, 1989) may provide evidence that erosion was caused by modified crustal stresses or geody-
namic conditions associated with flat slab subduction (Dávila & Lithgow-Bertelloni, 2015; Dávila et al., 2010) 
or Farallon-Aluk spreading ridge subduction (Cande & Leslie,  1986; Eagles & Scott,  2014; Ramos,  2005; 
Somoza & Ghidella, 2012). However, each of these hypotheses are made controversial in light of other geologic 
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observations including, respectively, the absence of high-angle deformation in the foreland basin (a hallmark 
of flat-slab subduction; Jordan & Allmendinger, 1986; Ramos & Folguera, 2009; Yonkee & Weil, 2015) and 
resumed sedimentation before passage of the Farallon-Aluk spreading ridge. Although not diagnostic, our data 
provide a  strategic starting point for additional targeted geologic data sets and geodynamic experiments that 
could interrogate the cause of unconformity development.

8.3.  Thermal Insights Into Sediment Burial in the Patagonian Foreland Basin

The thermal history data and modeling exercises in this study can help reconstruct the volume of eroded material 
that was deposited across the southern Patagonian foreland. Conglomerate clasts extracted from Upper Creta-
ceous strata in the central thrust belt domain are a particularly useful indicator of the thermal history of the fore-
land basin. Both detrital clasts in this study preserve ZFT and ZHe ages that are younger than the depositional age 
of host strata. This suggests that burial by overlying Upper Cretaceous–Paleocene foreland basin strata produced 
sufficient heating to fully or partially reset the ZFT and ZHe systems (Daniels et al., 2019; Ghiglione et al., 2014; 
McAtamney et al., 2011; Romans et al., 2011; Schwartz & Graham, 2015; Sickman et al., 2018; Wilson, 1991). 
Thermal history models of these samples enable a reconstruction of past peak thermal conditions which can be 
used to evaluate variations in the thickness of Magallanes-Austral foreland basin sediments along strike. Thermal 
models for sample 07–29 from the northern transect require the sample to reach peak post-depositional temper-
atures between 150 and 200°C. In contrast, thermal models for FPT17-45 from the southern transect require the 
sample to reach peak post-depositional temperatures of >300°C. Assuming a geothermal gradient of 30°C/km 
(Fosdick et al., 2015), these models indicate that there is a difference of ∼3–5 km of Upper Cretaceous–Paleocene 
sediment burial between the two locations.

This discrepancy could be caused by a difference in proximity to the active thrust front in the foreland basin 
system (DeCelles & Giles, 1996). Samples 07–29 and FPT 17–45 are located ∼25 and ∼10 km from this struc-
tural boundary, respectively (Figure 3). However, flexural models of the Late Cretaceous foredeep suggest that a 
difference of only ∼15 km from the thrust front is not consistent with the required variation in sediment thickness 
(Fosdick et al., 2014). Alternatively, these differences in peak burial temperatures could reflect a change in basin 
thickness along strike as has been represented in classic isopach maps by Biddle et al. (1986). Paleocurrent meas-
urements from Upper Cretaceous basin strata document a shift from southward-directed axial sediment trans-
port north of ∼52°S that transitions to transverse sediment transport by ∼53°S (Armitage et al., 2009; Covault 
et  al.,  2009; Fildani & Hessler,  2005; Ghiglione et  al.,  2019; Hubbard et  al.,  2008; Katz,  1963; Malkowski 
et  al.,  2016; McAtamney et  al.,  2011; Romans et  al.,  2011; Scott,  1966; Winn & Dott,  1979). In the Ultima 
Esperanza District (∼51°S–51.5°S), Schwartz et al. (2017) document increased aggradation rates in Campanian 
foreland strata that are followed by an increase in southward progradation as the northern foreland basin filled. 
In this scenario, sediment bypassed local depocenters in the northern part of the basin and was deposited in the 
south producing a southward deepening foreland sequence. A southward increase in shortening magnitudes in the 
thrust belt also supports this matched increase in accommodation space to the south (P. Betka et al., 2015; Fosdick 
et al., 2011, 2013; Ghiglione et al., 2019; Kraemer, 1998; Ramos & Ghiglione, 2008; Wilson, 1991). Our results 
are consistent with this hypothesis; however more work is needed to document variations in sediment thicknesses 
throughout the Magallanes-Austral foreland basin system and reconstruct sediment routing pathways.

9.  Conclusion
New thermochronologic data sets in the southern Patagonian Andes (51°S–53°S) preserve late Mesozoic—early 
Cenozoic spatio-temporal heating and cooling signatures that inform the timing and distribution of deforma-
tion, sedimentation, and erosion across the western and central thrust belt domains. Modeled cooling in the 
western thrust belt domain supports a newly recognized period of orogenesis at these latitudes between ca. 50 
and 35 Ma. This deformational event is synchronous with a well-recognized phase of orogenesis in the Fuegian 
Andes suggesting that deformation in the southern Patagonian and Fuegian Andes was genetically linked to 
plate boundary organization and was continuous along the bend of the Patagonian orocline. Modeled cooling 
contemporaneous with the Paleogene foreland basin unconformity was only identified in the central thrust belt 
domain suggesting that the mechanism driving unconformity development either follows tectonomorphic bound-
aries or that the magnitude is significantly different across domains and is undetectable at the resolution of the 
data sets in this study. Modeled heating of Upper Cretaceous conglomerate clasts in the latest Cretaceous—early 



Tectonics

STEVENS GODDARD ET AL.

10.1029/2022TC007677

18 of 23

Paleocene reveals a difference in peak burial temperatures that increases southward. This observation could 
support a southward thickening of the Late Cretaceous Magallanes basin system with an additional 3–5 km of 
sediment deposited in the southern basin. Thermochronology data from the Patagonian batholith reveals limited 
heating or cooling following emplacement indicative of tectonic stability and resistance to erosion of batholith 
rocks until the Neogene.

The Paleogene tectonic history of the southern Patagonian Andes has long been difficult to resolve in part due to 
missing stratigraphy or complex chronometric data sets. Thermal history models in this study incorporated ZFT, 
ZHe, and AFT thermochronometric systems to resolve a set of possible thermal histories, classified according 
to the Path Family Approach, that could explain the measured thermochronometric data sets. The elimination of 
geologically implausible time-temperature conditions allowed this study to access thermal histories consistent 
with the measured data sets and provide new insights on the geologic history of the southern Patagonian Andes.

Data Availability Statement
New data presented in this work is available in the Geochron database (https://www.geochron.org/). Published 
data from Fosdick et al. (2013) and Stevens Goddard & Fosdick (2019) can be found in associated supplemental 
files.
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