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A Silurian regional tectonometamorphic event has been widely recorded by different geochronological methods
in the Sierras Pampeanas, NW Argentina and the Precordillera. It took place between ca. 445 and 420 Ma after
the regional Hirnantian (late Ordovician) glaciogenic sedimentation. Three domains are recognized. 1) The
eastern Sierras Pampeanas and the Puna mainly record focused westward ductile thrusting and heating. 2) In the
westernmost Sierras Pampeanas (Maz, Espinal, and Umango) garnet-amphibolite facies metamorphism, pene-
trative foliation development and westward ductile thrusting (nappes) took place. 3) In the Precordillera, the
Rinconada formation of Silurian age consisting of chaotic olistoliths of Ordovician and Cambrian age correlates
with this event. The three domains correspond to the hinterland, the internal hot and thickened metamorphic
core, and the foreland respectively of an orogenic belt. Remarkably no Cordilleran-type magmatism of this age
has been recorded. The regional importance of this event was overlooked so far.

1. Introduction

The Famatinian orogeny involved sedimentation, deformation and
magmatism that took place between late Cambrian and Devonian, ac-
cording to the original definition by Acenolaza and Toselli (1976). This
definition sets arbitrary time-boundaries within what in fact is a
continuous accretionary orogeny (sensu Cawood et al., 2009) along the
continental SW margin of Gondwana that started in the early Paleozoic
(proto-Andean margin) and continues today (Andean margin).

In terms of the original definition, the Famatinian orogeny is
recognized along the whole South American Andean foreland from
Patagonia to the Venezuelan Andes (e.g., Ramos, 2018). However it is
particularly well exposed in the Sierras Pampeanas, and in North-West
Argentina (NWA), the Puna and the Cordillera Oriental. Here it over-
prints the older, collisional, Pampean orogeny (545-520 Ma) that
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brought to an end the amalgamation of Gondwana in the early Cambrian
(Casquet et al., 2018 and refs. therein). The Famatinian overprint is
recognized across an enormous region some 400 km wide. The belt
consists of a lower structural level where low-to high-grade regional
metamorphism and plutonism are widespread (the Sierras Pampeanas)
and an upper level of weakly or non-metamorphosed sedimentary rocks
with volcanics, and shallow plutonic rocks (the NWA and the southern
Puna). To the west of the Sierras Pampeanas is the Precordillera, a
morphotectonic part of the Andean belt, where an early Cambrian to
Devonian sedimentary succession has long been recognized (Astini
et al., 1995) Fig. 1.

Several unconformities in the shallow part of the belt attest to tec-
tonic discontinuities in the mainly marine late Cambrian, Ordovician
and Silurian sedimentary record. They are from bottom to top the Iruya,
Tuambaya, Guandacol and Ocloya unconformities (Moya, 2015 and refs.
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therein). The Silurian sedimentary record however is continuous in the
most external basin (in the NWA Sierras Subandinas) and discontinuous
in the Cordillera Oriental and the Puna. Early Carboniferous continental
sediments unconformably overlie the Famatinian belt that was variably
exhumed at the time (Moya, 2015).

The unconformities above have a counterpart in the deeper parts of
the orogenic belt in the form of peaks of magmatism, deformation and
metamorphism recognized through extensive geochronology work. The
Iruya angular unconformity is locally preserved. Post-Pampean sedi-
mentary rocks (younger than 520 Ma) underwent folding and foliation
before the Cambrian-Ordovician boundary, probably between ca. 490
and 485 Ma (Collo et al., 2011; Rapela et al., 2016; Ramacciotti et al.,
2018). Magmatism between 485 and 480 Ma that we correlate with the
Tumbaya angular unconformity is represented by poorly preserved
Cordilleran-type arc and back-arc extensional magmatism, including hot
shallow peraluminous granitoids and bimodal volcanism (basalt-rhyo-
lite) (Suzano et al., 2017; Rapela et al., 2018; Casquet et al., 2021). A
second peak between ca 473 a 468 Ma probably correlated with the
Guandacol angular unconformity corresponds to a well preserved sec-
ond cordilleran-type magmatic arc ranging from gabbro to leucogranite
and felsic volcanics and volcanoclastic rocks (Ducea et al., 2017; Rapela
et al., 2018). The Ocloya unconformity is not matched in the geochro-
nological record. The Ocloya unconformity is not angular and underlies
widespread Hirnantian glaciogenic sediments (Zapla, Mecoyita and
Salar del Rincén formations of the Sierras Subandinas, Cordillera
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Oriental and Puna Occidental respectively), apparently reflecting
eustatism and/or uplift between ca. 450 - 445 Ma (Moya, 2015).

2. The Silurian tectonometamorphic event

In recent years geochronological evidence has grown suggesting that
a widespread tectonothermal event took place in the Silurian, mainly
between ca. 445 and 420 Ma. Table 1 shows a number of cases where
ages between approx. 450 and 410 Ma were reported applying different
methods. Data are listed by: a) dating systematics and b) location (i.e.,
the name of the sierra as in Fig. 1), ordered from east to west within each
systematic group. These ages were recorded in part from large shear
zones, either new or reactivated older shears (Larrovere et al., 2020 and
refs. Therein). The shear sense often indicates westward thrusting, i.e.,
hanging wall to the west, and the temperature attained was moderate to
high (500-600 °C). Silurian shears are common in the central and
eastern Sierras Pampeanas and the eastern Puna. Moreover, Silurian
garnet-amphibolite facies regional metamorphism, with related folding,
foliation, granitoids and shear zones bounding thrust nappes, has been
recognized in the westernmost Sierras Pampeanas (Maz, Espinal and
Umango; Casquet et al.,, 2005, 2008; Webber, 2018 among other).
Remarkably no magmatism of the Cordilleran-type has been described
related to this event although metamorphism-related pegmatites and
granitoids are common. The list thus embraces a number of processes.
The more reliable results emerging from Table 1 are summarised below.
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Fig. 1. Schematic map of basement outcrops of W- and NW-Argentina.
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Table 1

Recorded radiometric ages related to the Rinconada orogenic phase. 1-Mulcahy et al., 2011. 2-Vujovich et al., 2004. 3-Lucassen and Becchio (2003). 4-Bahlburg et al.,
2016. 5-Tholt, 2018. 6-Webber, 2018. 7-Casquet et al., 2008. 8-Larrovere et al., 2020. 9-Finch et al., 2017. 10-Farias et al., 2020. 11-Wolfram et al., 2019. 12-Rapela
etal., 1998. 13-Varela et al., 2011. 14-Lucassen et al., 2000. 15-Steenken et al., 2008. 16-Wegmann et al., 2008. 17-Biittner et al., 2005. 18-Collo et al., 2008. 19-Lopez
et al., 2000. 20-Steenken et al., 2010. 21-Ramos et al., 1996. 22-Grissom et al., 1998. 23-Mulcahy et al., 2014. 24-Castro de Machuca et al. (2008). 25-Castro de
Machuca et al. (2012). 26-Gonzalez et al., 2004. 27-Whitmeyer, 2008. 28-Simpson et al., 2003.

Location Rock Mineral System Age error Ref.
Sierra de Pie de Palo Pegmatitic leucogranite Zircon U-Pb 439 6 1
- Orthogneiss - - 453 5 1
- Foliated granodiorite - - 454 8 1
- Granite - - 455 10 2
Puna Impure marble Titanite - 444 3 3
- Impure marble - - 451 4 3
- Granitoid Zircon - 443 6 4
- Granitoid - - 444 5 4
- Granitoid - - 444 4 4
- Granitoid - - 444 3 4
- Granitoid - - 447 6 4
Sierra de Ramaditas Gneiss Monazite - 426 7 5
- Granitic intrusion Zircon - 418 4 6
- Granitic intrusion - - 420 5 6
- Calc-silicate gneiss - - 442 3 7
- Leucosome pegmatite - - 445 5 6
- Tonalite orthogneiss - - 447 7 6
Sierra de Ambato Schist Monazite - 440 6 8
Sierra de Maz Schist - - 411 2 5
- Metapelite - - 413 5 5
- Schist - - 419 3 5
- Tonalite orthogneiss Titanite - 419 20 6
- Calc-silicate - - 428 6 3
- Metagreywacke - - 438 7 6
- Calc-silicate - - 443 3 3
- Granitic intrusion Zircon - 410 10 6
- Leucosome mylonite - - 422 9 6
- Leucosome pegmatite - - 425 9 6
- Leucosome pegmatite - - 435 7 6
- Leucosome pegmatite - - 447 3 6
Sierra de Quilmes Schist Monazite - 421 2 9
- Schist - - 435 2 9
- Calc-silicate Titanite - 418 11 10
- Calc-silicate - - 428 11 10
- Calc-silicate - - 436 5 10
- Calc-silicate - - 442 8 10
- Anatectic granite Zircon - 447 4 11
Sierras de Cérdoba Trondhjemite Monazite - 438 9 12
Sierra de Toro Negro Calc-silicate Titanite - 432 3 3
Sierra de Umango Mylonite Monazite - 452 12 13
- Marble Titanite - 422 5 3
- Marble - - 425 4 3
- Amphibolite Zircon - 428 12 13
- Amphibolite - - 446 3 13
Sierra de Quilmes Mylonitic gneiss WR-Min isochron Sm-Nd 412 18 14
- Mylonitic gneiss - - 442 9 14
Sierra de San Luis Meta-ultramafic rock - - 434 12 15
Cordillera Oriental Granitoid mylonite Muscovite — K-feldspar Rb-Sr 428 5 16
- Granitoid mylonite - - 437 4 16
Sierra de Quilmes Pegmatite Muscovite —Plagioclase - 438 5 17
- Pegmatite - - 440 5 17
- Pegmatite - - 441 5 17
Sierra de San Luis Migmatite Biotite - 422 9 15
- Schist Muscovite - 439 9 15
Sierra de Ramaditas Gneiss WR - Garnet Lu-Hf 449 2 5
Sierra de Maz Metapelite - - 423 10 5
- Mafic orthogneiss - - 428 9 5
- Schist - - 429 5 5
Sierra de Famatina Pelite Illite K-Ar 435 12 18
- Phyllonite Whole rock - 444 8 18
Puna Amphibolite Amphibole - 411 9 14
- Amphibolite - - 446 11 14
- Gneiss Biotite - 420 9 14
- Gneiss - - 426 9 14
Sierra de Copacabana, Granitoid mylonite Muscovite - 436 10 19
Sierra de Quilmes Pegmatite - - 420 12 17
- Pegmatite - - 435 10 17
Sierra de San Luis Amphibolite Amphibole - 411 10 15
- Leucomonzogranite Biotite - 411 9 15
- Mylonite - - 414 10 15

(continued on next page)
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Table 1 (continued)

Location Rock Mineral System Age error Ref.
- Migmatite - - 418 10 15
- Schist - - 437 8 15
- Pegmatite Muscovite - 408 8 15
- Pegmatite - - 408 9 15
- Migmatite - - 412 7 15
- Pegmatite - - 417 9 15
- Gneiss - - 420 10 15
- Leucogranite - - 420 9 15
- Schist - - 432 6 15
- Pegmatite - - 438 10 15
- Pegmatite - - 438 9 15
- Granite - - 439 10 15
- Pegmatite - - 440 9 15
- Gneiss - - 440 9 15
- Pegmatite - - 442 9 15
- Pegmatite - - 447 9 15
- Pegmatite - - 448 11 15
Sierras de Cérdoba Amphibolite Amphibole - 434 5 20
- Amphibolite - - 434 5 20
- Amphibolite - - 447 11 20
- Amphibolite - - 447 11 20
- Migmatite Biotite - 423 9 20
- Diatexite - - 423 6 20
- Metagabbro - - 426 8 20
- Mylonite - - 430 5 20
- Gneiss - - 433 4 20
- Phyllite Illite - 420 7 20
- Phyllite - - 440 6 20
- Pegmatite Muscovite - 406 12 20
- Pegmatite - - 413 9 20
- Pegmatite - - 414 4 20
- Pegmatite - - 416 5 20
- Pegmatite - - 417 7 20
- Pegmatite - - 418 5 20
- Pegmatite - - 419 10 20
- Migmatite - - 424 6 20
- Pegmatite - - 425 5 20
- Mylonite - - 427 5 20
- Pegmatite - - 427 6 20
- Mylonite - - 428 5 20
- Mylonite - - 430 5 20
- Gneiss - - 431 5 20
- Mylonite - - 431 7 20
- Pegmatite - - 431 7 20
- Gneiss - - 432 5 20
- Pegmatite - - 432 5 20
- Pegmatite - - 434 5 20
- Pegmatite - - 436 5 20
- Migmatite - - 438 7 20
- Pegmatite - - 440 5 20
- Pegmatite - - 441 5 20
- Mylonite migmatite - - 435 7 20
- Mylonite migmatite - - 442 7 12
- Mylonite migmatite - - 447 7 12
- Calc-silicate Phlogopite - 420 10 20
Cerro Barboza Amphibolite Amphibole “OAr/*Ar 425 0.3 21
Cerro Valdivia Pegmatoid Muscovite - 425 0.2 21
Sierra de Fiambala Calc-silicate Amphibole - 443 1 22
Loma Las Chacras Amphibolite - - 439 10 23
- Amphibolite Biotite - 432 8 23
- Amphibolite - - 444 6 23
- Amphibolite - - 445 7 23
Sierra de Pie de Palo Leucogranite Muscovite - 413 0.3 21
- Schist - - 417 2 1
- Schist - - 432 0.2 21
- Metavolcanic - - 436 4 1
- Schist - - 439 7 1
Sierra de La Huerta Metagabbro mylonite Amphibole - 432 4 24
- Metagabbro mylonite - - 439 2 25
- Metagabbro mylonite - - 442 2 25
Sierra de San Luis Amphibolite - - 416 2 15
- Amphibolite - - 445 2 26
Sierras de Cérdoba Pseudotachylite - - 429 4 27
- Pseudotachylite Biotite - 428 12 28
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Fig. 2. Probability density plot of U-Pb zircon ages.

U-Pb zircon ages (n = 22) range from ca. 410 to 455 Ma; sixteen are
between ca. 430 and 450 Ma and yield a weighted mean of 445 + 2 Ma
(MSWD = 2.7). Apparently there is a minor peak at 419 + 4 Ma (n = 6;
MSWD = 1.6) (Fig. 2). U-Pb titanite ages (n = 13) range almost
continuously from ca. 418 to 451 Ma and yield a young and less precise
mean than zircon (437 + 6 Ma; MSWD = 17). Monazite ages (n = 9)
range between 411 + 2 and 452 + 12 Ma. Age dispersion increases in the
group of ages obtained by *°Ar/3°Ar and K-Ar methods. Thus amphibole
OAr/3Ar ages (n = 8) yield a mean of 430 + 4 Ma (but with MSWD =
88). Muscovite ages (n = 46) yield an almost continuous range of values
between 448 + 11 and 406 + 12 Ma. Rb-Sr and Sm-Nd isochron ages
from metamorphic pegmatites and sheared rocks are ca. 440 Ma in most
cases, i.e., close to the U-Pb mean age. All compiled ages excluding
zircon ages are grouped in Fig. 3. A wide peak around 440 Ma is
recognized that encompasses the peak of zircon ages.

3. Discussion

All the structural evidence gathered so far suggests that the Silurian
tectonothermal event was mainly contractional and west-directed.
Deformation was focused along discrete hot shear zones in the east (e.
g., Larrovere et al., 2020) and was more penetrative, with regional
metamorphism up to upper amphibolite facies in the west.

The geochronological evidence suggests that the main shearing and
the peak of metamorphism took place at 445 + 2 Ma (U-Pb zircon
weighted mean age), and that the bulk of mineral ages resulted from a
combination of heating/cooling and protracted episodic shearing with
mineral deformation and recrystallization. Cooling rates within the
shear zones and in the metamorphic areas were very variable from one
place to another as evidenced by *°Ar/?°Ar and K-Ar muscovite ages
that reflect Ar-diffusion closure temperature ages. This variability sug-
gests that heating and cooling were largely restricted to within the shear
zones. Cooling locally persisted down to ca. 410 Ma, i.e., the youngest
“OAr/3%Ar and K-Ar mica ages.

The older zircon ages (including the geological uncertainties) suggest
that the tectonometamorphic event began shortly after the Hirnantian
(445.2 + 1.4 to 443.8 + 1.5 Ma; chronostratigraphy corresponds to the
updated version (2021) International Chronostratigraphic Chart
(Cohen, et al., 2013)), when glaciogenic sedimentation took place across
the whole Famatinian realm including the Precordillera (Don Braulio
Formation). Notably, the Ocloya unconformity beneath the Hirnantian
sedimentary rocks did not result from orogeny (Moya, 2015). Silurian
sedimentation in the Cordillera Oriental and Sierras Subandinas
apparently was continuous (Moya, 2015). Silurian sedimentary rocks
are scarce or absent in the western Puna and in the Sierra de Famatina.
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However the Villacorta Formation in the latter, which discordantly
overlies the early Ordovician Suri Formation, has been dated as late
Silurian (Wenlock-Ludlow; ca. 433-423 Ma) by palynology (Marenssi
et al., 2020). It is a shallow, marine and continental formation, which
suggests that the Sierra de Famatina sector was probably exposed to
erosion at that time. In consequence the Silurian tectonometamorphic
contractional event dealt with here had to have taken place mainly
between the widespread Hirnantian glaciogenic sedimentation and the
Wenlock-Ludlow (middle-late Silurian) uplift.

Remarkably, deformation in the eastern Precordillera to the west of
the Sierras Pampeanas occurred after the Hirnantian glaciogenic sedi-
mentation (Don Braulio Formation). In fact the Rinconada Formation,
which overlies the Don Braulio Formation, is a chaotic formation that
includes large blocks (olistoliths) of the Cambrian to early Ordovician
carbonate platform and of the eastern crystalline basement itself. This
formation was long assigned a Silurian age (Astini et al., 1995; Keller
and Lehnert, 1998). More recently Voldman et al. (2018) show that the
top of the formation has a late Wenlock-early Ludlow maximum age
based on graptolites and conodonts. The maximum age of the base of the
formation is defined by the Hirnantian Don Braulio Formation. Voldman
et al. (2018) proposed a model to explain this chaotic syn-orogenic de-
posit. The latter formation would have been deposited in front (fore-
land) of an orogenic wedge of pre-Silurian basement that was thrust
westwards during a contractional tectonic phase. Voldman et al. (2018)
loosely correlate this tectonic event with Silurian ductile shearing in the
nearby Sierras Pampeanas dated at ca. 442-439 Ma by Castro de
Machuca et al. (2012).

In consequence we argue that the Silurian tectonometamorphic
event recognized in the Sierras Pampeanas and in the NWA does not
correspond to the pre-Hirnantian Ocloya unconformity. Moreover the
event was a contractional tectonic phase whose regional importance was
overlooked so far. Whereas the Hirnantian was a time of regional sta-
bility, the Silurian tectonometamorphic event was a discrete period of
widespread deformation in the Famatinian realm that was accompanied
by regional heating up to amphibolite facies conditions and penetrative
deformation in the west, and shearing with focused heating in the east.
The eastern domain was thus an orogenic hinterland; the western was a
thick and hot metamorphic orogenic core, and the Precordillera was the
orogenic foreland. We propose to call this Silurian event the Rinconada
phase of the Famatinian orogeny.
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