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A B S T R A C T

Passive continental margins are geo-archives that store information from the interplay of endogenous and exogenous
forces related to continental rifting, post-breakup history, and climate changes. The recent South Atlantic passive conti-
nental margins (SAPCMs) in Brazil, Namibia, and South Africa are partly high-elevated margins (~ 2000 m a.s.l.), and
the recent N-S-trending SAPCM in Argentine and Uruguay is of low elevation. In Argentine, an exception in elevation is
arising from the higher topography (> 1000 m a.s.l.) of the two NW-SE-trending mountain ranges Sierras Septentrionales
and Sierras Australes. Precambrian metamorphic and intrusive rocks, and siliciclastic rocks of Ordovician to Permian age
represent the geological evolution of both areas. The Sierras Australes have been deformed and metamorphosed (incipient
- greenschist) during the Gondwanides Orogeny. The low-temperature thermochronological (LTT) data (< 240 °C) indi-
cated that the Upper Jurassic to Lower Cretaceous opening of the South Atlantic has not completely thermally reset the
surface rocks. The LTT archives apatite and zircon still revealed information on the pre- to post-orogenetic history of the
Gondwanides and the Mesozoic and Cenozoic South Atlantic geological evolution. Upper Carboniferous zircon (U-Th/
He)-ages (ZHe) indicate the earliest cooling below 180 °C/1 Ma. Most of the ZHe-ages are of Upper Triassic to Jurassic
age. The apatite fission-track ages (AFT) of Sierras Septentrionales and the eastern part of Sierras Australes indicate the
South Atlantic rifting and, thereafter. AFT-ages of Middle to Upper Triassic on the western side of the Sierras Australes
are in contrast, indicating a Triassic exhumation caused by the eastward thrusting along the Sauce Grande wrench. The
corresponding t-T models report a complex subsidence and exhumation history with variable rates since the Ordovician.
Based on the LTT-data and the numerical modelling we assume that the NW-SE-trending mountain ranges received their
geographic NW-SE orientation during the syn- to post-orogenetic history of the Gondwanides.
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1. Introduction

“Passive” continental margins (PCMs) are “first-order” archives
of the Earth's surface that store information from the interplay of en-
dogenous and exogenous forces related to continental rifting, breakup,
sea-floor spreading, post-breakup, and climate changes during their
evolution. Along strike the recent elevation of PCMs varies from high
elevations (> 1000 m a.s.l.) parallel to the shore line to very low el-
evations (< 50 m a.s.l.). Causes of such strong variations in recent
topography are still in debate (Bauer et al., 2010, 2013, 2015). From
the coast to inland the topography of high elevated PCMs is usu-
ally structured as described by Bishop (2007): “The classic morphol-
ogy of high-elevation PCMs consists of a coastal plain of varying
width, backed by a steep, often wall-like escarpment and a low-re-
lief plateau surface inland of the escarpment lip”. Traditionally, re-
cent escarpments have been interpreted as formed by endogenous

⁎ Corresponding author.
Email address: ulrich.a.glasmacher@geow.uni-heidelberg.de (U.A. Glasmacher)

forces during the early rifting stage and, thereafter, steadily retreated
landward into the upland plateau surface by exogenic forces (Ollier,
1985; Kooi and Beaumont, 1994, 1996; Gallagher et al., 1998;
Summerfield, 2000; Braun and van der Beek, 2004; Braun et al., 2006;
Cogné et al., 2012; Sacek et al., 2012). Initial tectonic and surface
uplift of the rift shoulders was interpreted to be caused by mantle
and asthenospheric driven processes such as plume activity, asthenos-
phere upwelling, and melt intrusion during rifting (McKenzie, 1978;
Wernicke, 1985; Kusznir et al., 1987; Kusznir and Ziegler, 1992;
Ziegler and Cloetingh, 2004). Numerical modelling by Huismans and
Beaumont (2002, 2003, 2007, 2008) clearly indicated that the strength
of the lithosphere is important to the height of the topography of
the rift shoulder. Certain type of lithospheric strength will not gener-
ate high topography during the rifting stage Huismans and Beaumont
(2011, 2014). Recently, the concept of dynamic topography evolution
is supporting the mantle driven surface activities but clearly indicated
that the process is ongoing and not only related to the rifting stage
(Moucha and Forte, 2011, Dávila and Lithgow-Bertelloni, 2013).

http://dx.doi.org/10.1016/j.tecto.2016.11.019
0040-1951/© 2016 Published by Elsevier Ltd.
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The causes for the occurrence of high-elevated PCMs (> 1000 m)
close to the recent coastline, e.g. in Brazil, long after ending of the
active rifting stage (initial endogenous forces, Franco-Magalhães et
al., 2010) are still a case of research (Bishop, 2007; Japsen et al.,
2006; Hiruma et al., 2010; Cogné et al., 2012; Sacek et al., 2012; Karl
et al., 2013; Green et al., 2013). In 2011, Osmundsen and Redfield
(2011) published the hypothesis of a relationship between the gradi-
ent of crustal thinning and the evolution of the onshore seaward-fac-
ing escarpments. They showed that the highest recent escarpments and
the most asymmetric recent margin morphology are located where the
crystalline basement is tapering very sharply. In contrary, lower re-
cent escarpments are situated on more gentle tapers (Osmundsen and
Redfield, 2011).

Along the recent South Atlantic “passive” continental margin
(SAPCM) the onshore topography varies significantly. Whereas the
SAPCMs in Brazil, Namibia, and South Africa are partly high-el-
evated margins (~ 2000 m a.s.l.), the SAPCM in Argentine and
Uruguay is in general of low elevation. The onshore part of the
SAPCM in Argentine is characterized by a very even topography with
elevations of up to 50 m a.s.l., in general. Nevertheless, two NW-SE
trending mountain ranges (Fig. 1), the Sierras Septentrionales and
Sierras Australes, truncate the low elevation by reaching exceptionally
elevations of > 1.000 m a.s.l. The trending direction is nearly perpen-
dicular to the trending of the Argentine SAPCM and the recent off-
shore spreading ridge.

Fig. 1. Location map of the Sierras Septentrionales, the Sierras Australes and the basin structures of the area (modified from Tomezzoli, 2001), combined with the margin segmenta-
tion by transfer zones (Franke et al., 2007). In addition, DEM 90 m images with a cross-section through the research area are displayed.
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Our research focused on the following questions:

– What are the causes for the perpendicular trending of the mountain
ranges in relation to the Argentine SAPCM?

– Did the Argentine SAPCM ever evolved to a high-elevation margin
during or shortly after the rifting stage?

– If the Argentine SAPCM has had a high topography was it fast re-
treated or did it subside, thereafter?

– Did differentiated exhumation occur and is it controlled by pre-,
syn-, and/or post-rift endogenic and exogenic forces.
Quantification of the rate at which landforms adapt to changing

tectonic, and climate forces on a broad time scale uses data revealed
by low-temperature thermochronology (LTT). LTT-dating techniques,
such as fission-track (FT) and (U-Th-Sm)/He (He) dating of apatite
and zircon provide information on the cooling and heating history of
rocks. Using the geological published knowledge and the annealing
and diffusion kinetics allows determining the t-T evolution of crustal
segments by numerical modelling. Assumptions related to the geother-
mal gradient and the surface temperature over time provide the pos-
sibility to calculate the exhumation history of the crustal segments.
Comparing the exhumation rates with the sedimentation rates of adja-
cent basins and assuming a lag time for the transportation of sediments
from their source region to the basins allows judging the erosion rates.
All this data and interpretation lead to answer the above described re-
search questions.

2. Geological setting and topography

The area of investigation consists of two NW-SE trending moun-
tain ranges, the Sierras Septentrionales (Tandil Hills) and the Sier-
ras Australes (Ventana Hills). Both mountain ranges (Fig. 1) are sur-
rounded and separated by three basins: Northeast of the Sierras
Septentrionales the Salado basin, between the Sierras Septentrionales
and Sierras Australes the intracratonic Claromecó basin, and south-
west of the Sierras Australes the Colorado basin. Both, the Salado
basin and the Colorado basin extend from onshore to offshore and
are trending partly perpendicular to the continental margin and recent
spreading axes.

2.1. The Salado basin

The Salado basin, a graben-like basin, is bound by NW-SE and N/
S trending faults (Zambrano and Urien, 1970; Introcaso and Ramos,
1984) and is filled with up to 6500 m thick Mesozoic and Cenozoic
volcanic (Upper Jurassic), siliciclastic and evaporitic sedimentary se-
quences (Crovetto et al., 2007; CarolCarol et al. 2010, 2010; Fig.
2A). The transition of the Salado basin towards the Sierras Septen-
trionales is not well defined and its geological nature is still in dis-
cussion (Franke et al., 2007; Zambrano and Urien, 1970; Perez-Diaz
and Eagles, 2014). Due to post-depositional faulting the Precambrian
metamorphic and granitoid basement emerges to the surface at some
locations (e.g. the Martin Garcia Island) (Crovetto et al., 2007). In
contrast to the Precambrian basement lithology of the Colorado basin,
the basement lithology of the Salado basin is similar to the Uruguayan
basement lithology and is overlain by upper Jurassic to lower Cre-
taceous basaltic flows of the Serra Geral Formation (Zambrano and
Urien, 1970). 3500 m thick siliciclastic “Rio Salado Formation” of
Upper Cretaceous age dominated by an intercalation of cross-bed-
ded sand- silt-, and claystones overlie the Serra Geral Formation.
The “Rio Salado Fm.” is overlain by the “General Belgrano For-
mation”, a 890 m thick continental intercalation of claystones, and
sandstones with conglomerates. Zambrano (1974) argues

for an Upper Cretaceous age but Bracaccini (1980) discussed a lower
Palaeogene age of the sequence. Marine clay- and siltstones with an-
hydrite and gypsum of the Parana formation occur at the top of the
sedimentary sequence (Introcaso and Ramos, 1984).

2.2. The Sierras Septentrionales

The stratigraphic ages in the Sierras Septentrionales reach from
Palaeoproterozoic crystalline basement (Buenos Aires Complex) to
Silurian siliciclastic sequence (Balcarce Formation) (Cingolani, 2011;
Figs. 2B and 3A). Calc-alkaline granitoids, granulite-facies or-
thogneisses, amphibolite-facies schists, marbles, and migmatites are
the main lithologies of the crystalline basement (Dalla Salda, 1975;
Cingolani, 2011, Hartmann et al., 2002). Deformation and metamor-
phism are related to continental collision between 2.25 Ga - 2.08 Ga
(Cingolani, 2011). Formation or reactivation of one of the mega-shear
zones occur between 2.0 and 1.6 Ga (D'Angiola et al., 1992). Neo-
proterozoic conglomerates and sandstones of the Sierras Bayas Group
discordantly overlay the metamorphic crystalline basement. The Neo-
proterozoic Sierras Bayas Group comprises diamictites, shales,
quartz-arenites, dolostones, and micritic limestones and is discor-
dantly overlain by the Cerro Negro Formation (Zimmermann et al.,
2011). The Neoproterozoic Cerro Negra Formation consists of a basal
phosphorite and chert breccia, marls, shales, and shale/sandstone het-
erolithic facies (Poiré and Gaucher, 2009), and is overlain by the sili-
ciclastic (quartz-arenites, kaolinitic shales) Balcarce Formation of Or-
dovician to Silurian age (Poiré et al., 2003). Detrital zircon U-Pb
ages indicated - in order of decreasing importance - Palaeoprotero-
zoic, Achaean and Mesoproterozoic source rocks for the sedimentary
sequence of Neoproterozoic age (Rapela et al., 2007; Gaucher et al.,
2008; Cingolani, 2011).

2.3. Claromecó Basin

The NW-SE trending Claromecó Basin comprises a long lasting
sedimentary history (> 9000 m of sedimentary rocks) from Protero-
zoic to Cenozoic with differentiated subsidence and inversion rates
(Kostadinoff and Font, 1985; Kostadinoff, 1993).

The sedimentary sequences of the Carboniferous to Permian Pil-
lahuinco Group are composed of arkoses and subarkoses with volcanic
clasts. These sedimentary units are described as a synorogenic mo-
lasse foreland sequence (Alessandretti et al., 2013). The Pillahuinco
Group consist of the Sauce Grande Formation, the Piedra Azul Forma-
tion, the Bonete Formation and the Tunas Formation.

2.4. The Sierras Australes

The Sierras Australes is a typical fold-and-thrust belt with wrench
faults, which has been structurally formed during the Carboniferous to
Upper Permian Gondwanides orogeny (Fig. 3B; Keidel, 1916, 1921;
Ramos et al., 2013). Similarly, the Cape Fold Belt has been formed
during the same orogeny (Keidel, 1916, 1921). Precambrian base-
ment rocks of similar metamorphic and intrusion ages (Rapela et al.,
2003), very similar Palaeozoic lithology and biostratigraphy (Fig. 2C;
Harrington, 1955; Benedetto, 2010), and similar glacial deposits of
Carboniferous to Permian age (Keidel, 1913, Lopez-Gamundi and
Rossello, 1998) characterize both fold-and-thrust belts. The Precam-
brian crystalline basement was intruded by S-type granites in Neo-
proterozoic time (607 ± 5 Ma, U-Pb zircon age), and A-type granite
during the Cambrian (531–524 Ma). In the Upper Permian, folding
of the Palaeozoic quartzite's and sandstones (Sierras Australes, espe-
cially the Curamalal and Ventana Group) lead to the formation of
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chevron or concentric folds with flexural slip movement. The fold
axes are trending NW/SE with local culminations (Cobbold et al.,
1986). Von Gosen et al. (1990) reported a tectonic and thermal over-
print of the basement rocks and the Palaeozoic cover in the middle to
upper Permian. They described the P-T environment as anchizonal to
lower-greenschist facies due to recrystallization and quartz deforma-
tion and most of all due to the crystallization of illite. At different lo-
cations within the Sierras Australes K/Ar-ages of illite vary between
282 ± 3 Ma, and 260 ± 3 Ma. The K/Ar-ages are interpreted as illite
formation ages.

The Sauce Grande wrench fault with a western thrust component
separates the mountain range into a western and an eastern crustal seg-
ment with variable degree of deformation and metamorphism.

The Western crustal segment consists of a highly deformed
strongly cleaved (folding, reverse faulting) lower-greenschist facies
(> 300 °C) siliciclastic rock sequence (> 2300 m) of Ordovician to
Devonian age (Curamalal and Ventana Group; von Gosen et al.,
1991). Along the Sauce Grande wrench the lower-greenschist facies
Palaeozoic sedimentary rocks were overthrusted by the upper diage-
nesis to very low-grade (anchizonal) siliciclastic rocks of the Upper
Carboniferous to Permian Pillahuinco Group.

In the low-grade metamorphic Eastern area, the Upper Carbonifer-
ous to Permian siliciclastic rocks of the Pillahuincó Group are slightly
deformed and reach upper diagenesis to very low grade metamorphic
conditions. Deformation and remagnetization occurred in early Per-
mian time (Tomezzoli and Vilas, 1999; Tomezzoli, 2001).

Southwest of the Sierras Australes Mountains within the Precam-
brian basement the Lopez Lecube syenite occurs. The intrusion age
of 258 ± 2 Ma was determined by zircon U–Pb SHRIMP dating tech-
nique (Pankhurst et al., 2006). K/Ar dating of hornblende revealed
a Permian to Triassic cooling age of 245 ± 12 Ma (Rossello et al.,
1997).

2.5. The Colorado Basin

Southwest of the Sierras Australes range, the NW-SE trending Col-
orado Basin is characterized by an on- and offshore part with the
basin axis trending partly perpendicular to the NE-SW direction of
the “passive” continental margin (Bushnell et al., 2000; Pángaro and
Ramos, 2012; Autin et al., 2013, 2015). The geological evolution com-
prises Permian conglomerates, sandstones, and black shales as the
oldest known lithostratigraphic units (Fig. 2D; Fryklund et al., 1996;
Bushnell et al., 2000; Vayssaire et al., 2007). The Triassic and Juras-
sic geological evolution is not recorded within the sedimentary rock
column so far. In addition, it is unknown if Triassic and/or Juras-
sic sedimentary units were deposited and eroded before the deposi-
tion of Lower Cretaceous sandstones and black shales. Continuous
sedimentation of coarse continental to shallow marine conglomerates,
sandstones, and black shales represent the Lower and Upper Creta-
ceous (Colorado Fm). Subsidence of the Colorado basin in Creta-
ceous time is interpreted as caused by thermal and localized tectonic
subsidence (Loegering et al., 2013). A shallow marine environment
with the formation of shales, marls, marly shales, siltstones, and glau-
conitic sandstones characterizes the Palaeogene and Neogene geolog-
ical evolution. During the Pleistocene and Holocene part of the Col-
orado basin was filled with fluvial to deltaic siliciclastic sediments.

The accumulated thickness of the sedimentary record varies within the
basin and can reach up to 16 km. Since the Cretaceous the basin ar-
chitecture was redefined by differentiated tectonic activity causing ac-
tivation and reactivation of normal faults systems and transform fault
systems (Loegering et al., 2013).

2.6. Topography

The moderate topography of the Pampean Flat (altitudes between
0 and 50 m) is disturbed by the two mountain ranges Sierras Septen-
trionales and Sierras Australes (Fig. 1B). Smooth hills
(350–400 m a.s.l.) surrounded by plains and grasslands characterize
the topography of the Sierras Septentrionales. The Claromecó basin
between both lower mountain ranges reaches altitudes of about 200 to
250 m a.s.l. The Cerro Ventana (1184 m a.s.l.) and the Cerro Tres Pi-
cos (1239 m a.s.l.) are the highest hills of the Sierras Australes. The
significant difference in elevation between both mountain ranges is
caused by the differences in lithologies. The highest hills in the Sier-
ras Australes consist of weathering resistant quartzites of the Ordovi-
cian-Silurian Balcarce formation. Furthermore, the hills of the Sierras
Australes show steep scarp slope in comparison to the Sierras Septen-
trionales.

3. Methods

Thermochronological methods, such as (U-Th-Sm)/He and fis-
sion-track (FT) dating, are based on the radioactive decay, the produc-
tion of isotopic daughter products, and linear crystal defects, and the
subsequent, thermally controlled retention of the decay products. Due
to the thermal sensitivity of thermochronometers, thereof revealed
ages provide information about the cooling history of the rock, rather
than the crystallization ages of its minerals (although in some cases
they do record crystallization ages as well).

To resolve the thermal and exhumation/erosion history of the Ar-
gentine passive continental margin, zircon and apatite fission-track
(AFT, ZFT, respectively), and zircon and apatite (U-Th-Sm)/He
analyses (AHe, ZHe, respectively) were performedPlease introduce in
the text (Tables 1 - 6). Whenever possible all thermochronometers
were applied to the same sample, allowing a more robust evaluation of
the spatial and temporal cooling of the samples. Numerical modelling
was used to determine the cooling histories of individual samples and
trace their exhumation though the upper crust.

Twenty-one samples were processed with 14 samples yielding
enough apatite and zircon grains for the analytical work. The major-
ity of samples were taken from the Sierras Australes, 3 samples from
the Sierras Septentrionales, and one from the border of the Claromecó
basin. The sampled lithologies reach from Precambrian metamorphic
basement up to the Permian sandstones of the Tunas formation (Table
1).

3.1. Fission-track dating

Information on the thermal history of apatite is stored in two
archives: the etch pit areal density at an artificially polished inter-
nal surface, and the length distribution of horizontal confined tracks
(Laslett et al., 1987; Green et al., 1986; Wagner and Van den haute,

Fig. 2. A) Stratigraphy of the Salado basin (Carol et al., 2010). B) Stratigraphy of the Sierras Septentrionales with corresponding depositional sequences (Poiré et al., 2003; Poiré
and Gaucher, 2009). C) Stratigraphy of the Sierras Australes fold belt (redrawn after Buggisch, 1987). D) Stratigraphic record of the Colorado basin (modified after Vayssaire et al.,
2007).
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Fig. 3. A) Geological map of the Sierras Septentrionales combined with the DEM-90 m (redrawn after Cingolani, 2011) with regional distribution of thermochronological ages. B)
Geological map of the Sierras Australes combined with the DEM-90 m (redrawn after Buggisch, 1987, Suero, 1972). The thrust zone is adapted from Cobbold et al., (1986), Rossello
et al. (1997), and Tomezzoli (2001) with regional distribution of thermochronological ages.

1992; Lisker et al., 2009). The temperature sensitive annealing of
fission-tracks in apatite is constraint by two important effects: 1.)
The crystallographic orientation of the spontaneous tracks, and 2.)
The chemical composition of apatite. Spontaneous tracks orthogo-
nal to the c-axis anneal more rapid than tracks parallel to the c-axis
(Green and Durrani, 1977; Green, 1981, 1988; Laslett et al., 1984;
Donelick et al., 1999). Total annealing temperature of FT in apatite
is governed by the fluorine- (90–110 °C/10 Myr) and chlorine con-
tent (110–150 °C/10 Myr). The partial annealing zone of FTs in ap-
atite extend from total annealing temperature to 60 °C/10 Myr. The
change of arithmetic mean fission-track etch pit size parallel to the
crystallographic c-axis (kinetic parameter Dpar) depends on the chemi-
cal composition and the etching conditions (5.5 N HNO3, 20 s, 21 °C)
(Sobel and Seward, 2010, and literature therein). In zircon, the anneal-
ing process is governed by the degree of metamictization. Metamicti-
zation is caused by the interaction of the alpha-recoil nucleus, and the

fission fragments with the crystal lattice of zircon (Nasdala, 2009;
Garver, 2002). The total annealing temperature of zircon decreases
from 330 °C/10 Myr to 190 °C/10 Myr with increasing metamictiza-
tion (Brix et al., 2002; Garver and Kamp, 2002; Rahn et al., 2004).
With an average degree of metamictization temperatures of about
240 °C/10 Myr are assumed by Yamada et al. (1995), and Hurford
(1986).

Apatite and zircon grains were concentrated by the standard tech-
niques for heavy mineral separation (Grist and Ravenhurst, 1992a,
1992b; Donelick et al., 2005). After mounting apatite grains in Epofix,
the polished mounts were etched in 5.5 N HNO3 for 20 ± 1 s at
21 ± 1 °C, and thereafter covered by U-free detection muscovite. The
covered apatite grain mounts, as well as two Durango apatite age stan-
dards and three glass neutron dosimeters (CN5, top, middle, and bot-
tom of sample batch) were irradiated with thermal neutrons at the
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Table 1
Summary of the dated samples with corresponding sample numbers, lithologies, stratigraphic ages and coordinates.

Sample number Lithology Stratigraphy Formation Latitude Longitude
AltitudPlease change Altiude to Elevation.e
above sea level [m]

Sierras Septentrionales
ARG 01 Orthogneiss Palaeoproterozoic Buenos Aires

Complex
37° 3.780′
S

59° 57.319′
W

153

ARG 02 Orthogneiss Palaeoproterozoic Buenos Aires
Complex

37° 35.648′
S

59° 24.898′
W

273

ARG 03 Rhyolite Ordovician Ordovician 37° 38.529′
S

59° 25.541′
W

261

Claromecó basin
ARG 04 Clay-/siltstone Upper Permian Tunas 38° 3.307′

S
60° 3.938′ W 139

Sierras Australes
West of Sauce Grande
wrench
ARG 07 Ignimbrite Upper Proterozoic 37° 46.446′

S
62° 17.345′
W

375

ARG 08 Paragneiss Precambrian 37° 56.375′
S

62° 10.305′
W

426

ARG 09 Sandstone Upper Devonian Lolen 38° 3.958′
S

61° 52.247′
W

353

ARG 09 A Granitic pebble of
Diamictite

Upper Carboniferous Sauce Grande 38° 3.958′
S

61° 52.247′
W

353

East of Sauce Grande
wrench
ARG 06 Granite Carboniferous-

Jurassic
38° 4.238′
S

62° 27.86′ W 212

ARG 10 Granitic pebble of
Diamictite

Upper Carboniferous Sauce Grande 38° 7.816′
S

61° 46.682′
W

269

ARG 11 Granitic pebble of
Diamictite

Upper Carboniferous Sauce Grande 38° 7.401′
S

61° 48.066′
W

258

ARG 12 Sandstone Permian Piedra Azul 38° 7.356′
S

61° 43.775′
W

319

ARG 13 Sandstone Upper Permian Tunas 38° 3.516′
S

61° 42.304′
W

315

ARG 14 Sandstone Upper Permian Tunas 38° 15.626′
S

61° 21.537′
W

367

ARG 15 Sandstone Upper Permian Tunas 38° 12.629′
S

61° 29.063′
W

399

ARG 16 Diamictite Upper Carboniferous Sauce Grande 38° 0.287′
S

61° 52.046′
W

381

ARG 17 Sandstone Upper Permian Tunas 37° 53.213′
S

61° 51.585′
W

416

Lopez Lecube intrusion
ARG 05 Syenite Permian 245 ± 12 Ma 38° 7.929′

S
62° 42.613′
W

96

research reactor FRM II, Munich. After irradiation, the detection mi-
cas were etched in 48% HF for 20 ± 1 min at 20 ± 1 °C.

Polished zircon grains Teflon mounts were etched in a NaOH
– KOH eutectic melt at 228 ± 5 °C for 3–13 h. The zircon mounts
were covered with a U-free detection mica, and also irradiated to-
gether with glass neutron dosimeter (CN1) and Fish River Canyon
tuff zircon age standards by thermal neutrons in the research reactor
FRM II in Munich, Germany. The corresponding external mica detec-
tors were etched in 48% HF for 20 min at 20 ± 1 °C. Area densities
(tracks/cm2) of spontaneous and induced tracks, distribution of hor-
izontal confined spontaneous fission-track length (length and c-axis
related angle), and the c-axis oriented etch pit diameters (Dpar®,
Donelick, 1993, 1995) were measured with the Heidelberg FT-1 sys-
tem (Karl et al., 2013). The presented ages are central ages and were
calculated by applying the ζ-method after Hurford and Green (1982,
1983). The ζ-values of 336.83 ± 19.51 a/cm2 for CN5 (apatite) and
123.00 ± 6.08 a/cm2 for CN1 (zircon) were gained using Durango ap-
atite and Fish River Canyon zircon age standards. All ages, 1ζ-errors,
and radial plots were calculated and drawn using the computer code

`TRACKKEY`(Dunkl, 2002) and displayed as recommended by
Hurford (1990) (Tables 2–4).

3.2. (U-Th-Sm)/He-dating

The (U-Th-Sm)/He thermochronology is based on the accumu-
lation of 4He during the α-disintegration of 238U, 235U, 232Th, their
daughter products and 147Sm. In general, the Tc (Dodson, 1973) of
the apatite He system is ~ 75 °C/1 Myr for cooling rates of 10 °C/
Myr, subgrain domain sizes > 60 μm, an activation energy of about
36 kcal/mol, and a log(D0) of 7.7 ± 0.6 cm2/s (Farley, 2000). The crys-
tal size itself represents the effective diffusion domain in apatites,
with larger crystals having a higher closure temperature (Farley, 2000;
Reiners and Farley, 2001). A correction has to be applied for the
loss/gain of radiogenic He generated within an outer rim of the min-
eral grain by the α-stopping distances (apatite: 25 μm) (Wolf et al.,
1996, Farley et al., 1996, Farley, 2002). While the α-ejection cor-
rection is applied more routinely, the recently introduced correction
for radiation damage is still in progress (Shuster et al., 2006; Shuster
and Farley, 2009; Flowers et al., 2007, 2009). Shuster et al. (2006)
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Table 2
Summary of apatite (U-Th-Sm)/He data. M: mass, contributing U, Th, Sm, and He concentration, eU = [U] + 0.235 [Th] (concentration in μg/g), Ft: α ejection factor for apatite and
zircon calculated after Farley et al. (1996), Raw (raw) ages and 1σ error for α-ejection with accordant 1σ error (Orthogn. = Orthogneiss).

S.-no. Lithology
U
[μg/g]

Th
[μg/g]

Sm
[μg/g]

eU
[μg/g] Th/U

He
[nmol/g]

M
(μg) Ft

Raw age
[Ma]

± 1σ
[Ma]

Age
[Ma]

± 1σ
[Ma]

Sierras Septentrionales
ARG 01-1 Othogn. 96.7 121.8 125.0 125.3 1.3 55.9 2.28 0.67 81.5 4.9 121.2 7.3
ARG 01-2 Othogn. 109.2 112.7 112.7 135.7 1.1 78.3 2.11 0.65 105.4 6.3 161.8 9.7
ARG 01-3 Othogn. 123.0 174.4 166.1 163.9 1.4 68.5 2.24 0.67 76.3 4.6 114.1 6.8
ARG 02-1 Othogn. 3.3 0.7 31.1 3.6 0.2 2.0 1.06 0.61 98.9 5.9 163.0 9.8
ARG 02-2 Othogn. 18.3 1.6 32.6 18.8 0.1 8.7 0.98 0.59 84.7 5.1 143.0 8.5
ARG 02-3 Othogn. 5.2 0.3 23.3 5.4 0.1 2.6 2.74 0.71 86.5 5.2 121.6 7.2
Sierras Australes
West of Sauce Grande wrench
ARG 05-1 Syenite 12.0 87.7 26.3 32.4 7.3 18.3 9.92 0.77 102.4 6.1 132.6 7.9
ARG 05-2 Syenite 21.0 67.0 87.3 36.9 3.2 14.6 3.15 0.69 71.6 4.3 103.3 6.2
ARG 05-3 Syenite 10.2 65.3 16.7 25.4 6.4 14.6 8.63 0.78 104.5 6.3 134.5 8.1

East of Sauce Grande wrench
ARG 14-1 Sandstone 51.8 22.3 26.8 57.1 0.4 22.4 2.31 0.68 72.1 4.3 105.8 6.3
ARG 14-2 Sandstone 39.0 34.7 66.7 47.3 0.9 15.7 1.28 0.61 60.9 3.7 99.4 5.9
ARG 14-3 Sandstone 20.0 22.4 11.7 25.2 1.1 8.4 0.82 0.56 59.8 1.9 107.4 3.5
ARG 15-1 Sandstone 11.4 18.7 14.3 15.8 1.6 13.1 2.56 0.68 150.9 9.1 220.9 13.2
ARG 15-2 Sandstone 5.4 14.7 47.5 9.0 2.8 14.7 1.00 0.58 290.2 17.4 503.8 30.2
ARG 15-3 Sandstone 56.4 39.0 49.1 65.6 0.7 29.1 2.34 0.67 81.3 4.9 120.8 7.3

Table 3
Apatite fission-track data. U: uranium concentration in μg/g, n: number of counted grains, ρs: density of spontaneous tracks (× 105/cm2), Ns: number of spontaneous tracks, ρi: den-
sity of induced tracks (× 105/cm2), Ni: number of induced tracks, P(χ2) is the probability that single grain ages are consistent and belong to the same population. Test is passed if
P(χ2) > 5% (Galbraith, 1981). Ages calculated using a ζ-value of 336.83 (19.51) a/cm2 for apatite, Nd = 15.148 tracks.

S.-no.
Elev.
[m.a.s.l.] Form. age

U ± std.
[μg/g] n Sp. tracks Ind. tracks

χ2

[%]
Central age ± 1σ
[Ma]

ρs Ns ρi Ni

Sierras Septentrionales
ARG 01 153 Palaeoproterozoic 38.5 ± 16.9 20 23.349 867 43.519 1616 54.13 129.2 ± 9.3
ARG 02 273 Palaeoproterozoic 14.8 ± 5.6 20 14.974 678 19.125 866 96.27 186.7 ± 14.5
Claromecó basin
ARG 04 139 Tunas Fm.

Up. Perm.
35.6 ± 14.6 20 25.684 1370 38.713 2065 100 157.8 ± 10.7

Sierras Australes
West of Sauce Grande wrench
ARG 08 426 Precambrian. 36.3 ± 24.3 20 39.174 1315 37.804 1269 99.88 242.7 ± 17.1
ARG 09 353 Lolen Fm.

Up. Devon.
25.3 ± 15.2 20 22.071 1021 27.367 1266 15.25 190.9 ± 14.8

East of Sauce Grande wrench
ARG 12 319 Piedra Azul Fm.

Perm.
41.3 ± 17.3 20 26.872 714 44.260 1176 99.8 141.9 ± 10.7

ARG 15 399 Tunas Fm.
Up. Perm.

26.4 ± 14.8 20 19.796 1084 27.430 1502 4.22 169.8 ± 13.1

ARG 16 381 Sauce Grande Fm. 18.6 ± 10.6 17 13.684 839 20.257 1242 35.11 156.0 ± 11.7
ARG 17 416 Tunas Fm.

Up. Perm.
29.2 ± 15.2 20 22.433 869 32.088 1243 33.64 161.4 ± 12.3

Lopez Lecube intrusion
ARG 05 96 Permian 26.6 ± 7.0 18 30.693 1056 30.655 1065 100 233.5 ± 17.0

noted that 4He diffusion in apatite is impeded by radiation-induced
damage to the crystal structure. Their 4He production-diffusion model
predicts that the effective 4He closure temperature of apatite will vary
with cooling rate and effective uranium concentration (eU), and may
differ from the commonly assumed Tc of ~ 75 °C/1 Myr by up to
± 15 °C (Shuster et al., 2006, Shuster and Farley, 2009). To account
for the accumulation of crystal defects due to the radioactive decay
the eU factor (eU = [U] + 0.235 [Th]; concentrations in μg/g) was in-
troduced (Shuster et al., 2006). Flowers et al. (2009) published a new
kinetic model (RDAAM) that describes the annealing kinetics with
respect to the effective fission-track density as a proxy for accumu-
lated radiation damage. Basically, the new RDAAM is a variation
of the older helium-trapping model (HeTM; Shuster et al., 2006), by

taking the effective fission-track density instead of the He concentra-
tion into account.

For the zircon He system the closure temperature is ~ 180 °C/
1 Myr, with the HePRZ in the range of ~ 170–200 °C/Ma, given a
cooling rate of 10 °C/Myr, a crystal half width of 60 μm and an acti-
vation energy of ~ 170 kJ/mol (Reiners et al., 2002, 2004).

While radiation damage in apatite leads to increased cooling ages,
He diffusivity in zircon is affected by radiation damage, resulting ei-
ther in younger or older cooling ages than it would be the case for
a sample not influenced by radiation damage (Reiners et al., 2004,
Farley, 2007, Guenthner et al., 2013). The He diffusivity of a zircon
can either be decreased, as He is trapped, resulting in a positive cor-
relation with the eU content; or the He diffusivity can increase as nu-
merous traps are connected, resulting in a negative correlation (cp.
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Table 4
Apatite confined spontaneous fission-track length and Dpar data. n CT: number of measured confined spontaneous fission-tracks, CT mean: mean confined spontaneous fission-track
length, std.: standard deviation, skew: skewness of distribution relative to the mean value (measure of asymmetry of the distribution), Lc mean: mean confined spontaneous fis-
sion-track length after c-axis correction, n Dpar: number of etch pit diameters measured, Dpar mean: mean etch pit diameter.

Sample number n CT
CT mean
[μm]

CT std.
[μm] CT skew

Lc mean
[μm]

Lc std.
[μm] Lc skew n Dpar

Dpar mean
[μm]

Dpar std.
[μm] Dpar skew

Sierras Septentrionales
ARG 01 51 11.7 2.1 − 0.304 13.2 1.4 − 0.297 50 1.9 0.1 − 0.899
ARG 02 51 12.5 1.6 − 0.074 13.9 1.0 0.257 50 1.8 0.2 − 0.184
Sierras Australes
West of Sauce Grande wrench
ARG 05 56 11.7 1.6 0.074 13.4 1.2 − 0.029 55 1.9 0.2 0.239
ARG 08 51 13.0 1.6 − 0.118 14.3 1.1 − 0.171 50 1.8 0.2 − 0.722
ARG 09 48 12.9 1.7 − 0.110 14.2 1.2 − 0.266 55 1.8 0.2 − 1.221

East of Sauce Grande wrench
ARG 12 52 11.3 1.8 0.224 13.0 1.4 − 0.302 55 1.7 0.2 1.112
ARG 15 79 13.1 1.4 − 0.639 14.3 1.1 − 1.339 70 1.9 0.2 0.209

Guenthner et al., 2010). Such an inverse correlation can be visualized
by plotting the ZHe-age as a function of eU.

The apatite and zircon single grain selection for (U-Th-Sm)/He
dating was done in the Institute of Earth Sciences in Heidelberg by
using an Olympus SZX 16 stereo microscope. Size measurements and
shape description (photos) were taken by using the software Olym-
pus Stream Enterprise v. 1.5.1. The aliquots were filled in Pt foil
tubes and sent to the (U-Th-Sm)/He laboratory of Prof. Daniel F.
Stockli at the Department of Geology of the University of Kansas.
There the grains were loaded in the automated (U-Th-Sm)/He laser
extraction line for extracting the radiogenic 4He in an ultrahigh vac-
uum chamber through heating with an Nd-YAG laser. The released
gas was measured and quantified in terms of 4He/3He ratios with a
quadrupole He mass spectrometry system. After complete degassing
the aliquots were unwrapped and dissolved for U, Th, and Sm de-
termination. For apatite, samples were spiked with 235U, 230Th, and
149Sm and dissolved in 30% HNO3 (90 °C for 1 h) whereas zircons
were dissolved using standard U-Pb double pressure-vessel digestion
procedures (HF-HNO3 and HCl) for 4 days. After dissolution, the sin-
gle aliquots were analysed in consideration of U, Th, and Sm using a
VG PlasmaQuad IIXS Inductively Coupled Plasma Mass Spectrome-
ter (ICP-MS). Further information of the analytical method is docu-
mented on the homepage of the Department of Geology of the Uni-
versity of Kansas (www.geo.ku.edu/programs/tectonics). In order to
minimize effects caused by undetected mineral inclusions, both min-
eral phases i.e. zircon and apatite were bombed to ensure complete di-
gestions as described in Vermeesch et al. (2007). Reported errors are
6% for apatite and 8% for zircon based on the respective reproducibil-
ity of the Fish River Canyon age standards. If the reproducibility of
aliquots within one sample is poorer than 6% or 8% respectively the
corresponding error is reported. All quantities were measured on a sin-
gle crystal to eliminate uncertainties that arise from grain to grain het-
erogeneities; resulting He ages were corrected for α-ejection (Tables 5
and 6). For further details on the He analytical techniques see Farley
(2002), Mitchell and Reiners (2003), and Reiners (2005). (See Table
7.)

3.3. Numerical modelling of thermal history

One aim of thermochronological analysis is to determine the cool-
ing and exhumation rates for crustal segments. Beside direct quan-
tification by using age-elevation plots, exhumation rates can be cal-
culated by combining the cooling history determined by numerical
modelling with assumed past geothermal gradients. The software code
HeFTy (Ketcham, 2005; Ketcham et al., 2007a, 2007b, 2009),

allows testing various geological time-temperature (t-T) evolutions
(heating and cooling histories) against the thermochronological data
set. Representative geological time-temperature histories are con-
structed from published geological data. For example: as Zambrano
and Urien (1970) report Lower Cretaceous volcanic units in the Sal-
ado basin, we set up two different possible thermal histories (one with
a Cretaceous reheating-event and one without a reheating-event) for
the samples (#ARG 01, #ARG 02, #ARG 03) from the Sierras Septen-
trionales. Additionally, the models were forced to be near surface con-
ditions during Cambrian, as in both mountain ranges the Cambrian is
missing. #ARG 05 (Permian syenite intrusion) was modelled with an
initial temperature condition up to 500 °C, due to published U-Pb and
K/Ar data with ages of about 250 Ma.

The thermochronological data sets used for the modelling are:
- AFT: single grain ages, confined spontaneous fission-track length

distribution (> 50 individual length) corrected for c-axis related angle
(Donelick et al., 1999; Ketcham, 2009), etch pit size (Dpar®), anneal-
ing kinetics of Ketcham et al. (2007a, 2007b):

– ZFT: only the central age
– AHe: U-, Th-, and Sm-concentration, radius of the single grains,

uncorrected single grain ages, diffusion kinetics of Flowers et al.
(2009).

– ZHe: U-, Th-, and Sm-concentration, radius of the single grains,
uncorrected single grain ages, diffusion kinetics of Reiners et al.
(2004).
The software code allows creating t-T forward models for the AFT

models by calculating the apatite fission-track length distribution, and
the apparent age and AHe and ZHe models by calculating a model
age and a He-distribution within the grains. The initial inverse mod-
elling is based on the best forward model revealed. The geologically
framed t-T coordinates are included in the computer code as t-T win-
dows, which cover the possible error range of the t-T coordinates.
For each sample, we performed the numerical modelling as long as
the program provides the same t-T evolution after the runs. In all
cases presented in this publication, we tested 50.000 single t-T paths
against the thermochronological data set. Statistical tests are used to
compare the calculated age and confined spontaneous fission-track
length distribution against the determined thermochronological data
set. The statistical test calculates a “goodness of fit” (GOF) value be-
tween 0 and 1. GOF values of ≥ 0.05 (≥ 5%) are an “acceptable”
result (displayed as greens paths), GOF values ≥ 0.5 (≥ 50%) are a
“good” result (displayed as purple paths). Furthermore, the program
displays the t-T path with the “best GOF” fitting (Ketcham, 2009;
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Table 5
Summary of zircon (U-Th)/He data. M: mass, contributing U, Th, Sm, and He concentration, eU = [U] + 0.235 [Th] (concentration in μg/g), Ft: α-ejection factor for apatite and zircon
calculated after Farley et al. (1996), Raw (raw) ages and 1σ error for α-ejection with accordant 1σ error. (Orthogn. = Orthogneiss, Sandst. = Sandstone, Ignimbr. = Ignimbrite).

S.-no. Lithology
U
[μg/g]

Th
[μg/g]

Sm
[μg/g]

eU
[μg/g] Th/U

He
[nmol/g]

M
(μg) Ft

Raw age
[Ma]

± 1σ
[Ma]

Age
[Ma]

± 1σ
[Ma]

Sierras Septentrionales
zARG 01-1 Othogn. 130.3 70.3 2.3 146.5 0.54 187.1 2.29 0.67 231.6 18.5 343.6 27.5
zARG 01-2 Othogn. 137.9 50.5 2.3 149.5 0.37 306.6 2.52 0.67 366.7 29.3 547.0 43.7
zARG 01-3 Othogn. 193.8 60.6 4.6 207.7 0.31 211.4 5.33 0.75 185.4 14.8 247.6 19.8
zARG 03-1 Rhyolite 249.7 146.5 19.6 283.5 0.59 316.1 8.27 0.76 202.5 16.2 264.9 21.2
zARG 03-2 Rhyolite 64.1 59.0 1.2 77.7 0.92 154.6 4.70 0.72 355.9 28.5 492.1 39.4
zARG 03-3 Rhyolite 114.1 106.6 5.3 138.7 0.93 240.0 4.77 0.73 310.9 24.9 428.7 34.2
Claromecó basin
zARG 04-1 Sandst. 465.7 192.9 27.0 510.2 0.41 410.4 6.52 0.76 147.0 11.8 192.6 15.4
zARG 04-2 Sandst. 493.9 242.5 5.8 549.7 0.49 395.2 5.35 0.74 131.6 10.5 176.6 14.1
zARG 04-3 Sandst. 186.3 121.9 2.3 214.4 0.65 133.1 3.31 0.71 113.7 9.1 160.7 12.9
Sierras Australes
West of Sauce Grande wrench
zARG 05-1 Syenite 263.6 220.5 1.0 314.4 0.84 363.5 8.70 0.78 209.8 16.8 270.3 21.6
zARG 05-2 Syenite 200.0 205.6 3.1 247.3 1.03 271.1 11.20 0.79 199.0 15.9 251.9 20.1
zARG 05-3 Syenite 336.2 300.7 4.2 405.5 0.89 447.9 6.08 0.75 200.6 16.0 267.4 21.3
zARG 05-1-1 Syenite 200.2 192.9 1.4 244.6 0.96 255.7 8.85 0.77 190.0 15.2 246.4 19.7
zARG 05-1-2 Syenite 289.5 254.8 4.7 348.1 0.88 365.1 9.11 0.76 190.6 15.2 250.3 20.0
zARG 05-1-3 Syenite 289.1 277.4 4.7 353.0 0.96 319.2 5.47 0.73 164.7 13.2 224.1 17.9
zARG 07-2 Ignimbr. 221.1 173.6 5.7 261.1 0.79 319.6 2.03 0.65 221.9 17.8 341.8 27.4
zARG 07-3 Ignimbr. 285.1 212.2 4.7 334.0 0.74 307.0 1.71 0.62 167.4 13.4 269.2 21.5
zARG 08-1 Paragneis 407.4 86.8 1.5 427.4 0.21 421.2 10.17 0.80 179.7 14.4 225.8 18.1
zARG 08-2 Paragneis 258.4 64.3 1.3 273.3 0.25 252.3 9.77 0.80 168.5 13.5 211.8 17.0
zARG 08-3 Paragneis 321.5 55.6 1.9 334.3 0.17 267.0 3.70 0.72 146.1 11.7 203.6 16.3
zARG 09-1 Sandst. 195.0 167.4 7.0 233.6 0.86 521.5 8.57 0.78 397.9 31.8 512.8 41.0
zARG 09-2 Sandst. 227.7 104.9 5.7 251.8 0.46 255.4 8.69 0.78 184.6 14.8 235.5 18.8
zARG 09-3 Sandst. 111.8 67.8 3.5 127.4 0.61 320.7 6.52 0.76 446.1 35.7 584.6 46.8

East of Sauce Grande wrench
zARG 10-1 Pebble

Diamictite
399.4 615.3 7.6 541.1 1.54 493.4 6.41 0.75 165.8 13.3 221.8 17.7

zARG 10-3 Pebble
Diamictite

1037.4 1268.7 39.9 1329.7 1.22 874.9 5.34 0.74 120.2 9.6 161.7 12.9

zARG 14-1 Sandst. 415.9 123.1 12.4 444.3 0.30 351.8 10.64 0.80 144.8 11.6 181.1 14.5
zARG 14-2 Sandst. 485.2 152.0 1.9 520.2 0.31 446.7 5.20 0.74 156.9 12.5 212.2 17.0
zARG 14-3 Sandst. 207.7 82.1 1.0 226.6 0.40 231.5 9.63 0.79 186.0 14.9 236.7 18.9
zARG 15-1 Sandst. 346.7 109.0 2.1 371.8 0.31 310.2 3.90 0.72 152.5 12.2 211.4 16.91
zARG 15-2 Sandst. 175.6 148.9 0.8 209.9 0.85 177.5 5.36 0.74 154.2 12.3 207.1 16.57
zARG 15-3 Sandst. 60.8 45.0 1.4 71.1 0.74 62.9 4.82 0.74 161.2 12.9 218.2 17.45
zARG 16-1 Diamictite 161.7 170.8 2.8 201.0 1.06 148.7 2.62 0.66 135.0 10.8 204.7 16.38
zARG 16-2 Diamictite 69.2 56.5 1.2 82.2 0.82 64.8 3.97 0.70 143.8 11.5 206.6 16.53
zARG 16-3 Diamictite 388.8 214.8 5.5 438.2 0.55 402.5 4.98 0.74 167.5 13.4 226.9 18.16
zARG 17-1 Sandst. 137.0 51.6 1.2 148.8 0.38 126.7 8.37 0.78 155.4 12.4 198.7 15.90
zARG 17-2 Sandst. 231.5 75.5 1.5 248.9 0.33 228.0 8.66 0.79 167.2 13.4 212.5 17.00
zARG 17-3 Sandst. 230.4 75.8 0.8 247.9 0.33 231.8 6.77 0.77 170.6 13.6 221.4 17.71

Ketcham et al., 2009). This path must neither be the right nor the only
temperature history.

4. Thermochronological data and t-T modelling

All thermochronological ages are younger than the corresponding
sedimentation, intrusion or metamorphic ages (Figs. 9Please cahnge
Fig. 9 to Figs. 3A, 3B. And Tables 2-6. and 10; Tables 2–5). Sin-
gle grain apatite (U-Th-Sm)/He-ages of 5 samples range between
99.4 ± 5.9 Ma (#ARG 14-2) and 503.8 ± 30.2 Ma (#ARG 15-2). Most
of the single grain ages of one sample are similar in age. For the
thermochronological interpretation (e.g. t-T path modelling) we chose
those single grain ages that are represented by the lowest eU-value
(Table 2) meaning an age distribution between 107.4 ± 3.5 (#ARG
14-3) and 163.0 ± 9.8 Ma (#ARG 02-1).

Apatite fission-track ages of 10 samples vary between
129.2 ± 9.3 Ma (#ARG 01) and 242.7 ± 17.1 Ma (#ARG 08, Table 3).
The oldest and youngest AFT-ages are revealed from Precambrian
metamorphic rocks. Most of the other AFT-ages are of Jurassic to
Lower Cretaceous age. The confined spontaneous fission-track length

distribution (CT) of 7 samples indicates a large variability with a mean
length between 11.3 ± 1.8 μm (#ARG 12) and 13.1 ± 1.4 μm (#ARG
15, Table 4). The sample quality allowed measuring between 48 and
79 individually confined spontaneous fission tracks in each sample.
No bimodal distribution was detected. Applying the angle between the
crystallographic orientation of the fission tracks and the c-axes of the
apatite grain lead to a much narrower c-axes corrected confined spon-
taneous fission-track length distribution (Lc) of 13.0 ± 1.4 μm (#ARG
12) and 14.3 ± 1.1 μm (#ARG 15). The length of the etch pits (Dpar)
of all samples are within error the same with an average value of
1.8 ± 0.2 μm indicating fluorine-rich apatites (Donelick et al., 2005;
Carlson et al., 1999).

Single grain zircon (U-Th-Sm)/He-ages of 12 samples range be-
tween 160.7 ± 12.9 Ma (#ARG 04-3) and 584.6 ± 46.8 Myr (#ARG
09-3, Table 5). Most of the single grain ages of each sample are
very narrow in age. The zircon grains we analysed display a posi-
tive e-functional correlation between the eU-value and the determined
age (Fig. 4). Such a correlation is often seen in such data. Applying
the eU-value as a selection criterion we chose zircon grains that are
characterized by the lowest eU-value. The zircon grains show wide
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Table 7
Separated t-T paths with exhumation rates of the research area. Exhumation rates were calculated including cooling rates and geothermal gradients. A geothermal gradient (Geother.
Gradient) of 30 °C/km was used (Zeil, 1980). See text for further description.

Sample number
Elevation
[m a.s.l.] Cooling

t-t segment
[Ma]

T-T segment
[°C]

Cooling gradient
[°C/Ma]

Geother. gradient
[°C/km]

Exhumation rate
[mm/a] ∆ t ∆ T

Sierras Septentrionales
ARG 01-A 153 Cooling 370–320 230–60 3.40 30 0.113 50 170
ARG 01-A 153 Heating 320–260 60–95 0.58 30 − 0.019 60 35
ARG 01-A 153 Cooling 260–150 95–85 0.09 30 0.003 110 10
ARG 01-A 153 Cooling 150–0 85–20 0.57 30 0.014 150 65
ARG 01-B 153 Cooling 370–320 230–60 3.40 30 0.113 50 170
ARG 01-B 153 Heating 320–260 60–95 0.58 30 − 0.019 60 35
ARG 01-B 153 Cooling 260–210 95–50 0.90 30 0.030 50 45
ARG 01-B 153 Heating 210–150 50–95 1.00 30 − 0.033 45 45
ARG 01-B 153 Cooling 150–0 95–20 0.50 30 0.017 150 75
ARG 02-A 273 Heating 480–250 30–110 0.35 30 − 0.012 230 80
ARG 02-A 273 Cooling 250–130 110–40 0.58 30 0.019 120 70
ARG 02-A 273 Cooling 130–0 40–20 0.31 30 0.005 130 20
ARG 02-B 273 Heating 500–250 20–110 0.36 30 − 0.012 250 90
ARG 02-B 273 Cooling 250–190 110–60 0.83 30 0.028 60 50
ARG 02-B 273 Heating 190–160 60–70 0.33 30 − 0.011 30 10
ARG 02-B 273 Cooling 160–130 70–45 0.83 30 0.028 30 25
ARG 02-B 273 Cooling 130–0 45–20 0.19 30 0.006 130 25
Sierras Australes
East of the Sauce
Grande wrench
ARG 12 319 Heating 280–250 20–240 7.33 30 − 0.244 30 220
ARG 12 319 Cooling 250–130 240–70 1.38 30 0.047 120 170
ARG 12 319 Nearly stable t-T-

conditions
130–50 70–65 1.17 30 0.002 80 5

ARG 12 319 Cooling 50–0 40–65 0.20 30 0.017 50 25
ARG 14 367 Heating 250–220 20–185 5.50 30 − 0.183 30 165
ARG 14 367 Cooling 220–0 185–20 0.75 30 0.025 220 165
ARG 15 399 Heating 270–220 20–190 3.40 30 − 0.113 50 170
ARG 15 399 Cooling 220–185 190–70 3.43 30 0.114 35 120
ARG 15 399 Cooling 185–125 70–40 0.50 30 0.017 60 30
ARG 15 399 Cooling 125–0 40–20 0.16 30 0.005 125 20
ARG 16 381 Heating 320–200 20–185 1.38 30 − 0.046 120 165
ARG 16 381 Stable t-T-conditions 200–160 185–184 0.03 30 0.001 40 1
ARG 16 381 Cooling 160–155 184–85 4.95 30 0.008 20 5
ARG 16 381 Cooling 155–0 85–20 0.46 30 0.037 140 155
ARG 17 416 Heating 280–250 20–100 2.33 30 − 0.078 30 80
ARG 17 416 Heating 250–215 100–210 3.14 30 − 0.105 35 110
ARG 17 416 Cooling 215–155 210–90 2.00 30 0.067 60 120
ARG 17 416 Cooling 155–0 90–20 0.58 30 0.015 155 70

West of the Sauce
Grande wrench
ARG 07 375 Cooling 340–280 190–110 0.50 30 0.017 160 80
ARG 07 375 Cooling 280–0 110–20 0.32 30 0.011 280 90
ARG 08 426 Heating 480–250 25–190 0.72 30 − 0.024 230 165
ARG 08 426 Cooling 250–225 190–60 5.2 30 0.173 25 130
ARG 08 426 Cooling 225–150 60–50 0.13 30 0.004 75 10
ARG 08 426 Cooling 150–100 50–25 0.5 30 0.017 50 25
ARG 08 426 Cooling 100–0 25–20 0.05 30 0.002 100 5
ARG 09 353 Heating 400–240 20–180 1.00 30 − 0.033 160 160
ARG 09 353 Cooling 240–200 180–65 2.88 30 0.096 40 115
ARG 09 353 Cooling 200–135 65–55 0.15 30 0.005 65 10
ARG 09 353 Cooling 135–95 55–25 0.75 30 0.025 40 30
ARG 09 353 Cooling 95–0 25–20 0.05 30 0.002 95 5

Lopez Lecube intrusion
ARG 05 96 Cooling 260–250 370–75 29.50 30 0.983 10 295
ARG 05 96 Cooling 250–130 75–60 0.13 30 0.004 120 15
ARG 05 96 Cooling 130–0 60–20 0.46 30 0.015 130 40

spread in ZHe single grain age distribution between 160.7 ± 12.9 Ma
(#ARG 04-3) and 492.1 ± 39.4 Ma (#ARG 03-2) (Fig. 5).

One zircon fission-track age could be measured so far. The
ZFT-age of 229.0 ± 22.5 Ma (# ARG 17) is younger than the forma-
tion age of Upper Permian (Tunas Fm.) indicating that the sample has
been heated above at least 190 °C for > 10 Ma after deposition (Table
6). The ZHe-age (198.7 ± 15.90 Ma) of the same sample is within er

ror the same. Both ages indicate exhumation in Lower Jurassic at
about 200 Ma.

Within the Sierras Australes the large variation of AFT-ages at a
narrow elevation range (Figs. 12–14)Please change (Figs. 12-14) to
(Figs. 5A, 5B, 5C) might be related to the occurrence of the Sauce
Grande wrench (SGW). East of the wrench area the AFT-ages vary
around 160 Ma and west of around 240 Ma.
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Fig. 4. Variation of single grain zircon (U-Th)/He ages with the related eU-value.

In the following subchapters, the thermochronological dataset is
presented and sorted by the geographical distribution: Sierras Septen-
trionales, the Sierras Australes (east of the SGW) and the Claromecó
basin, the Sierras Australes (west of the SGW), and the Permian in-
trusion of Lopez Lecube. All t-T models generated by testing pub-
lished geological evolutionary scenarios against the thermochronolog-
ical data set revealed acceptable, good, and best fit t-T paths. The in-
terpretation used a calculated weighted mean t-T path that uses all ac-
ceptable and good t-T paths.

4.1. Sierra Septentrionales

The Sierra Septentrionales is bound by two major NW-SE trend-
ing fault systems and segmented by a large number of NE-SW-trend-
ing normal faults. The three samples were taken from different blocks
separated by the NE-SW trending normal faults. All three samples
are taken from elevations between 153 m a.s.l. and 273 m a.s.l. Two
(#ARG01, #ARG02) of the three samples revealed enough apatite and
zircon for multiple thermochronological dating(Figs. 5A, 5B, 5C). De-
spite the low difference in elevation the AHe-ages (121.2 ± 7.3 Ma
versus 163.0 ± 9.8 Ma), the AFT-ages (129.2 ± 9.3 Ma versus
186.7 ± 14.5 Ma), and the ZHe-ages (343.6 ± 27.5 Ma versus
492.1 ± 39.4 Ma) vary significantly and, therefore, indicating move-
ment along the normal faults during the Lower Cretaceous (Figs.
12–14).Please take (Figs. 12 - 14) out. Thank you. The C-axes cor-
rected confined fission-track length distribution and the Dpar-val-
ues of both apatite-bearing samples are within error similar
(13.2 ± 1.4 μm, 13.9 ± 1.0 μm) and around 1.8 ± 0.2 μm, respectively.

Testing the published geological evolution against the ther-
mochronological data set leads to distinct t-T-histories (Figs. 6A, B
and 7A, B). As Zambrano and Urien (1970) report Lower Cretaceous
volcanic units in the neighbouring Salado basin, we set up two dif-
ferent possible geological evolutionary models. One geological evo-
lutionary model assuming no volcanic activity (no reheating) at about
135 Ma (Figs. 6A and 7A) and one that assumed a volcanic activity
(reheating) at about 135 Ma (Figs. 6B and 7B).

The t-T path for the “no reheating”-model of ARG 01 starts with a
fast cooling (< 200 °C) at around 370 Ma. After reaching about 60 °C
at about 320 Ma the temperature history is inverted to a phase of
burial that reaches temperatures up to 95 °C at 260 Ma. Thereafter,
slower cooling reaches 85 °C at 150 Ma and even slower cooling sur

Fig. 5. A) Age-elevation plot of the AHe-data. B) Age-elevation plot of the AFT-data.
C) Age-elevation plot of the ZHe-data.

face temperature in Quaternary. The second t-T model assuming a
reheating by volcanic/magmatic activity revealed a temperature in-
crease of 45 °C between 210 Ma (50 °C) and 150 Ma (95 °C). There-
after, constant cooling reached surface temperature at recent time. The
determined thermochronological data can be described by both geo-
logical assumptions. Therefore, the data so far cannot distinguish be-
tween a reheating or non-reheating in Lower Cretaceous time. Nev
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Fig. 6. t-T evolution of the sample #ARG 01 (Serra Septentrionales) with corresponding length-distribution and He-diffusional profile. A) without reheating. B) with reheating.



UN
CO

RR
EC

TE
D

PR
OO

F

14 Tectonophysics xxx (2016) xxx-xxx

Fig. 7. t-T evolution of the sample #ARG 02 (Serra Septentrionales) with corresponding length-distribution. A) without reheating. B) with reheating.

ertheless, the AFT-age and the t-T history indicate an increase in cool-
ing rate in Lower Cretaceous time.

As we do not have LTT-data of zircon for ARG 02 we started the
initial t-T constrain at about 480 Ma simulating the first Palaeozoic
sedimentation in Ordovician time. A phase of moderate heating from
about 480 Ma until about 250 Ma is followed by a constant cooling,
with only a lightly decrease of the cooling rate at about 130 Ma. The
alternative model shows a second reheating starting at about 190 Ma
and reaches 70 °C at about 160 Ma. Thereafter, a constant cooling
reached surface temperature conditions in recent time. The third sam-
ple ARG 03 taken from the Precambrian units of the Sierras Septen-
trionales revealed a ZHe-age of 492.1 ± 39.4 Ma indicating that this
area has been at a temperature of above 180 °C for > 1 Myr prior to
the Early Ordovician.

4.2. Sierras Australes (east of the Sauce Grande wrench fault) and
the Claromecó basin

One sample (#ARG 04, 139 m a.s.l) of the Permian Tunas for-
mation has been taken from the Claromecó basin. The ZHe-age
(160.7 ± 12.9 Ma) and AFT-age (157.8 ± 10.7 Ma) are within error
the same thermochronological age indicating a fast cooling from about
180 °C to about 110 °C. Considering a thermal gradient of 30 °C
and an annual surface temperature of about 15 °C > 2000 m of rocks
was eroded during the Upper Jurassic to Lower Cretaceous.Pleaye
leave > 2,000 m

Similarly, the samples #ARG 12, #ARG 15 - #ARG 17 from the
Sierras Australes, east of the Sauce Grande wrench fault (SGW), are
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characterized by AFT-ages of about 155 Ma. The ZHe-ages of the
samples #ARG 10, #ARG 14 - #ARG 17 are significantly older and
range from 236.7 ± 18.9 Ma to 198.7 ± 15.9 Ma. These ZHe-ages in-
dicate a cooling below 180 °C/1 Ma during the Triassic and Jurassic.
One ZFT-age (#ARG 17) indicate cooling below 240 °C/10 Ma dur-
ing the Upper Triassic. The above-described data indicate a very dis-
tinct erosional history from Upper Triassic to Upper Jurassic for the
eastern part of the Sierras Australes. As we do not know the Jurassic
overburden of the recent rock surface in the Claromecó basin and the
transport direction of the eroded material from the eastern part of the
Sierras Australes it seems probable/possible that the eroded material

was deposited in the Claromecó basin until the Upper Jurassic –
Lower Cretaceous, and, thereafter, rapidly eroded again.

Apatite (U-Th-Sm)/He-ages of two samples from the Permian Tu-
nas Formation range from 120.8 ± 7.3 Ma (#ARG 15) to
107.4 ± 3.5 Ma (#ARG 14) and, therefore, indicate the cooling below
about 70 °C/1 Ma during the Cretaceous.

As the geological constrains of the Mesozoic and Cenozoic evo-
lution of the Sierras Australes, east of the SGW, are very minor the
t-T modelling used possible geological constrains in a broad man-
ner. From Early Permian to Upper Triassic all numeric t-T models
(Figs. 8A–C and 9A–C) of the samples from the Upper Carboniferous
to Permian Sauce Grande Formation (#ARG 10, #ARG 16), the Per

Fig. 8. A) t-T evolution of ARG 10 with corresponding length-distribution and He-diffusional profile. B) t-T evolution of ARG 12 with corresponding He-diffusional profile. C) t-T
evolution of ARG 14 with corresponding length-distribution.
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Fig. 9. A) t-T evolution of ARG 15 with corresponding length-distribution and He-diffusional profile. B) t-T evolution of ARG 16 with corresponding He-diffusional profile. C) t-T
evolution of ARG 17 with corresponding length-distribution.

mian Piedra Azul Formation (#ARG 12), and the Permian Tunas For-
mation (#ARG 13 – #ARG 15, #ARG 17) indicate a fast temperature
increase of about 165 °C from surface temperature to about 180 °C
at about 220 Ma. If a surface temperature of 15 °C and a geother-
mal gradient of 30 °C/km is assumed, the surface rocks of today were
overlain by up to 5 km of sedimentary rocks in the Upper Triassic. In

all models the subsidence inverted and cooling started in the Upper
Triassic. Sample #ARG 10 and #ARG 14 cooled constantly until am-
bient temperature was reached during the Quaternary. Sample #ARG
16 and #ARG 17 cooled rapidly until 155 Ma reaching a temperature
of about 90 °C and, thereafter, cooled slower to ambient temperature
in Quaternary. The Permian sandstone of the Tunas formation (#ARG
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15) with three thermochronological ages (AHe, AFT, ZHe) cooled in
three distinct steps from about 180 °C at 220 Ma to 70 °C at 185 Ma,
from 70 °C to 40 °C at about 125 Ma, and, thereafter to surface tem-
perature in Quaternary. The sandstone of the Permian Piedra Azul
(#ARG 12) cooled to 70 °C at 130 Ma and kept at a similar tempera-
ture up to 50 Ma. A rapid cooling reached surface temperature in Qua-
ternary.

4.3. Sierras Australes (west of the Sauce Grande wrench fault)

The Upper Proterozoic ignimbrite (#ARG 07) revealed the old-
est zircon (U-Th)/He age of 341.8 ± 27.4 Ma indicating a cooling be-
low about 180 °C during the Upper Carboniferous. As the second zir-
con grain with higher eU-value is much younger (269.2 ± 21.5 Ma)
the transfer into geological interpretation is very weak. More zircon
grains would have to be analysed. The ZHe age of the two other sam-
ples (#ARG 08 - Precambrian paragneiss; #ARG 09 - Upper Devonian
sandstone) that were taken farther away from #ARG 07 are younger
but within error both samples show the same age and indicate a Mid-
dle to Upper Triassic cooling age (211.8 ± 17.0 Ma; 235.5 ± 18.8 Ma,
respectively). Two more zircon grains of #ARG 08 reveal within error
the same Upper Triassic age of about 215 Ma (in average). In compar-
ison to the samples from the eastern side of the SGW, the ZHe-ages
are within error similar. Neoproterozoic ZHe-ages (512.8 ± 41.0 Ma;
584.6 ± 46.8 Ma) of the Devonian sandstone sample (#ARG 09) were
obtained for two very different zircon grains with lower eU-values are
interpreted as detrital ages. Such old ages were not observed in other
samples from the Sierras Australes. All samples from the west side
of the SGW are characterized by significantly different AFT-ages.
Whereas the eastern side revealed ages around 155 Ma the AFT-age
of the Devonian sandstone sample (#ARG 09) taken close to the SGW
on the west side is of 190.9 ± 14.8 Ma. The age of the Devonian sand-
stone indicates an earlier cooling of the west side of the SGW and
might, therefore, represent east-directed thrust movement along the
Sauce Grande wrench. Further to the west the Precambrian gneiss is
characterized by an AFT-age of 242.7 ± 17.1 Ma, which is within er-
ror of ZHe-ages of three zircon grains. We interpret this similarity in
age by fast cooling combined with a lower He-diffusion temperature
of the zircon grains.

Applying the ZHe-age of the Upper Proterozoic ignimbrite (#ARG
07) a constant cooling model since about 350 Ma would represent the
thermochronological age. The t-T model Please change Fig. 10 to Fig.
10A(Fig. 10) is only constraint by the ZHe-age.

Testing the geological evolution of the Devonian sandstone sam-
ple (#ARG 09) Please insert (Fig. 10C)against the thermochronologi-
cal data set revealed a heating from surface temperature to a temper-
ature of 180 °C at about 240 Ma. Assuming a surface temperature of
about 15 °C and a geothermal gradient of 30 °C/km a Carboniferous
and Permian sediment pile of about 5000 m could have overlain the
Upper Devonian sandstone. The basin formation is followed by a fast
cooling that reaches a temperature of about 65 °C at 200 Ma. There-
after, nearly constant cooling to Quaternary surface temperature indi-
cates exhumation of nearly 2000 m of rock cover. Similarly, the t-T
evolution of the Proterozoic paragneiss (#ARG 08) Please insert (Fig.
10B).further to the west indicate a steady temperature increase, and,
therefore, basin formation from near surface temperatures at Ordovi-
cian time to about 180 °C at the end of the Permian (250 Ma). The
following rapid cooling is similar to the rapid cooling of the Devon-
ian sandstone (#ARG 09) and changed at about 225 Ma to a constant
cooling from 60 °C to surface temperature in the Upper Cenozoic.
Comparing these two numerical models we have to state that the Late
Permian to Triassic exhumation led to the erosion of about 3 km of

Carboniferous to Permian rocks in the Sierras Australes, west of the
SGWPlease change to Figs. 10A, 10B, 10C, Fig. 12). (Fig. 11).

4.4. Lopez Lecube intrusion

West of the Sierras Australes a porphyritic syntectonic syenite
(ARG 05) of Permian emplacement age (around 258 ± 2 Ma;
Pankhurst et al., 2006), revealed a ZHe-age of 246.4 ± 19.7 Ma, and
AFT-age of 233.5 ± 17.0 Ma that indicate a fast cooling history during
the Triassic and a slow cooling thereafter (AHe 134.5 ± 8.1 Ma)Please
insert (Fig. 11).. The K/Ar cooling age of 245 ± 12 Ma, Rossello et al.,
1997) of hornblende supports the fast cooling during the Triassic. The
mean value of the c-axes corrected confined spontaneous fission-track
length distribution of 13.4 ± 1.2 μm indicates a fast cooling below the
PAZ. The t-T history (Fig. 26) point to extremely fast cooling in a very
short time from > 350 °C at 260 Ma to 75 °C at about 250 Ma. During
the Mesozoic, the temperature is nearly stable until 130 Ma. There-
after, the cooling rate increases. Surface temperature might already be
reached at 50 Ma. Assuming a palaeo-geothermal gradient of 30 °C/
km and a surface palaeo-surface-temperature of 15 °C the temperature
of 75 °C at 240 Ma might represent the temperature of the surround-
ing rocks and, therefore, indicate an intrusion depth of about 2I do
not know why 2,000 m is wrong. Please leave in all cases through-
out the whole manuscript the 2,000 m with a comma.000 m. The large
K-feldspar crystals in a medium-grained matrix might point to a shal-
low intrusion depth as well.

5. Discussion: subsidence, inversion, and exhumation rates

The following chapter will translate the thermochronological data
and the t-T evolution models into subsidence, and inversion history,
and discuss the exhumation rates in selected time stepsPlease cite
Table 7 here..

5.1. Ordovician to Permian (Gondwanides basin evolution and
orogeny)

The Ordovician to Permian is characterized by the evolution of a
sedimentary basin that overlaid the Precambrian metamorphic and in-
trusive basement in all areas. In Permian time, the sedimentary basin
was deformed and partly metamorphosed. Within the Sierras Aus-
trales the SGW zone separates a western area with lower greenschist
facies metasediments of Ordovician to Devonian age. The eastern side
of the SGW zone is characterized by diagenetic to anchizonal Car-
boniferous to Permian sedimentary rocks.

The thermochronological data and the numerical modelling of
samples from the Sierras Septentrionales indicate a Late Devonian
to Early Carboniferous fast exhumation history (rate: 0.113 mm/a),
which was followed by a subsidence with a rate of 0.019 mm/a (Fig.
12Please cite Table 7 here.). The exhumation led to the erosion of ap-
proximately 5.000 m rocks. Assuming a surface temperature of about
15 °C and a geothermal gradient of 30 °C/km (Zeil, 1980) and com-
bining with the subsidence rate, the basin was filled again with about
2500 m of sedimentary rocks at the end of the Permian. At the same
time, west of the Sauce Grande wrench subsidence with a rate of
0.024 mm/a leads also to the accumulation of 2500 m of sedimentary
rocks. In the Permian, east of the SGW subsidence with a subsidence
rate of 0.078 mm/a lead to the accumulation of nearly 3000 m of sedi-
mentary rocks.

At the end of the Permian the Lopez Lecube syenite intruded
the Precambrian metamorphic rocks and cooled extremely fast from
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magmatic temperature to about 75 °C within 10 Myr. We interpret
the low temperature as an indication of the temperature of the Pre-
cambrian country rocks at the intrusion depth; indicating an intrusion
depth of 2.000 to 3.000 m depending on the geothermal gradient in the
area.

5.2. Permian to Jurassic (post Gondwanides)

The timing of the tectonic and erosion history of the western and
the eastern side of the SGW is significantly different. During the Tri-
assic, the west of the SWG (Fig. 12) exhumed rapidly (0.173 mm/a)
causing the erosion of > 5.000 m of sedimentary rocks. The exhuma-
tion rate decreased significantly in the middle Triassic and continued
with the same rate until the end of the Jurassic. During the whole
Triassic east of the SGW subsidence continued with significantly in-
creased rate (0.105 mm/a) leading to > 3.500 m of sedimentary rocks
of Triassic age. Subsidence was finished at the end of the Triassic
and changed to exhumation with a rate of 0.067 mm/a (erosion of
> 3.000 m of sedimentary rocks) until the end of Jurassic. The spa-
tial relationship between the strong exhumation of the western SGW
and the strong subsidence of the eastern SWG points towards a sed-
iment transport from west to east and, therefore, the western Sierras
Australes as the source area of the sediments within the eastern Sierras
Australes. Furthermore, the westerly dipping SGW thrust zone, might
be an indication of tectonic induced subsidence of the eastern side due
to the thrusting of the western area towards the east. The timing of the
thrust movement is widely supposed to have occurred on Permian-Tri-
assic transition (e.g. Tomezzoli and Vilas, 1999 and literature cited
therein).

Testing the possible influence of Upper Jurassic magmatic activ-
ity in the Sierras Septentrionales as described for the adjacent Salado
basin (Carol, 2010) leads to very different thermal histories for the Tri-
assic and Jurassic. Without magmatic influence, it leads to a very low
constant exhumation rate of 0.003 mm/a. If, however, magmatic ac-
tivity has occurred a fast exhumation (rate of 0.030 mm/a) during the
Lower and Middle Triassic is followed by a fast subsidence (rate of
0.033 mm/a) in Upper Triassic and Jurassic time.

A slow exhumation rate of 0.004 mm/a characterizes the exhuma-
tion history of the Lopez Lecube syenite during the Permian-Jurassic
period.

5.3. Jurassic to recent (syn- and post-South Atlantic rift evolution)

This time interval is important for the evolution of the South At-
lantic. Rifting is followed by post-rift formation of “passive margins”.
One aim of this thermochronological study was to evaluate the influ-
ence of the tectonic processes related to the opening, rift, and post-rift
stage of the plate tectonic evolution of the South Atlantic. Consid-
ering all analysed samples from the area the exhumation history of
the Sierras Septentrionales does not show any significant change in
exhumation rate (about 0.015 mm/a). Similarly, east of the SGW the
exhumation rates of about 0.015 mm/a are constant until the rocks
reached the surface during the Quaternary. West of the SGW the
Lower Cretaceous is characterized by an increase in exhumation rate
from 0.004 mm/a (Jurassic) to 0.017 mm/a leading to the erosion of
about 400 m of sedimentary rocks. Furthermore, the exhumation rate
(0.015 mm/a) of the Lopez Lecube syenite increases as well.

During the Upper Cretaceous the sedimentation rates of the off-
shore part of the Colorado Basin is in the range of 0.125 mm/a
(Loegering et al., 2013; Kuhlmann et al., 2010). Considering a lag
time from erosion to sedimentation, it seems possible that the eastern
area of the SGW in the Sierras Australes is a possible source for the
sediments.

6. Conclusions

The above described thermochronological study clearly indicated
that the rocks cropping out in the studied area have not been com-
pletely thermally reset (up to 300 °C) by the Upper Jurassic to Lower
Cretaceous opening of the South Atlantic. The low-temperature ther-
mochronological archives apatite and zircon still stored information
on the pre-, syn-, and post-orogenic history of the Gondwanides in Ar-
gentina as well as on the Mesozoic and Cenozoic geological evolu-
tion related to the syn-, drift-, and post-rift stage of the South Atlantic.
Therefore, the main issues can be answered as following:

1) What are the causes for the perpendicular trending of the mountain
ranges in relation to the Argentine SAPCM? No significant crustal
reorganization took place during the Mesozoic and Cenozoic. The
NW-SE-trending mountain ranges received their geographic orien-
tation during the syn- to post-orogenic history of the Gondwanides.
Even the Mesozoic to Cenozoic Salado basin evolution follows this
direction. Furthermore, the Upper Jurassic and Lower Cretaceous
exhumation of the Sierras Septentrionales might have been caused
by the “failed rift” evolution of the Salado basin and might, there-
fore, represent the “graben-shoulder”.

2) Did the Argentine SAPCM ever evolved to a high-elevation mar-
gin during or shortly after the rifting stage? We do not see any ev-
idence in the thermochronological data and the t-T evolution mod-
elled.

3) If the Argentine SAPCM has had a high topography was it fast re-
treated or did it subside, thereafter? The determined LTT-data do
not answer this question.

4) Did differentiated exhumation occur and is it controlled by pre-,
syn-, and/or post-rift endogenic and exogenic forces. Yes, within
our LTT-data we see differentiated exhumation. All those
LTT-ages revealed form rocks taken from the same elevation on
both sides of faults indicate forces acting during the syn- to
drift-stage of the South Atlantic system. We cannot exclude the in-
fluence of significant climate changes during the Upper Cretaceous
and Cenozoic on the exhumation history of the area.
Apart from the answers presented above the LTT-data provide fur-

ther constrains on the timing of the movement of the major west-dip-
ping thrust zone “Sauce Grande wrench” (SGW). It must have been
active during the Permian and Triassic and caused exhumation of the
western side and deposition on the eastern side. The top-to-the-east
thrusting process might have induced the subsidence of the eastern
side of the SGW. The major exhumation of the eastern side occurred
later during the Jurassic and might have been the source area for
the first sedimentation in the offshore Colorado and Salado basin.
The Sierras Septentrionales might have been thermally influenced
by magmatic activity during the Upper Jurassic. Lower Cretaceous
syn-rift exhumation is only visible in the AFT-data set east of the

Fig. 10. A) t-T evolution model of ARG 07 with corresponding He-diffusional profile. B) t-T evolution of ARG 08 with corresponding length-distribution and He-diffusional profile.
C) t-T evolution of ARG 09 with corresponding He-diffusional profile.
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Fig. 11. t-T evolution of the Lopez Lecube Syenite (#ARG 05) with corresponding He-diffusional profile.

SGW. All exhumation rates are constant during the Cenozoic but vary
related to the location of the samples.
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Table 6
Zircon fission-track data. U: uranium concentration in μg/g, n: number of counted grains, ρs: density of spontaneous tracks (× 105/cm2), Ns: number of spontaneous tracks, ρi: den-
sity of induced tracks (× 105/cm2), Ni: number of induced tracks, P(χ2) is the probability that single grain ages are consistent and belong to the same population. Test is passed if
P(χ2) > 5% (Galbraith, 1981). Ages calculated using a ζ-value of 123.00 (6.08) a/cm2 for apatite, Nd = 15.128 tracks.

S.-No. Elev. [m.a.s.l.] Form. age n U ± std. [μg/g] Sp. tracks Ind. tracks χ2 [%] Central age ± 1σ [Ma]

ρs Ns ρi Ni

Sierras Australes
East of Sauce Grande wrench
ARG 17 416 Tunas Fm. Up. Perm. 17 175.3 ± 92.9 168.618 896 31.239 166 100.0 229.0 ± 22.5
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Fig. 12. A) Summary of the t-T evolution drawn on the geological map of the Sierras Australes (redrawn after Buggisch, 1987, Suero, 1972) that has been combined with the
DEM-90 m. B) Calculated exhumation rates of five representative samples in comparison with published sedimentation rates from the Colorado basin (Loegering et al., 2013). Ex-
humation rates (calculated with a mean geothermal gradient of 30 °C/km) are given in mm/a, sedimentation rates are given in m/Ma. The dashed red line (between ARG 17 and ARG
08) represents the Sauce Grande wrench. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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