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ARTICLE INFO ABSTRACT

Keywords: The Famatinian arc, over central-western Argentina, is one of the few examples of exposed crustal arc cross-
Famatinian arc section in the world. This Paleozoic magmatic arc and orogenic system on the Earth's surface offers unique
Arc crust

insights into the nature of whole-arc processes, continental crust generation, and preservation. A detailed ac-
count of birth, growth, and closure is integrated throughout the region, and the entire geodynamic history of the
Famatinian arc is presented. The Famatinian magmatic arc grew during a single-cycle episode that spanned a few
tens of million years. Upon waning of the Cambrian Pampean orogen, an Upper Cambrian — Lower Ordovician
marginal and open sea basin developed mostly on the recently stabilized Cambrian crystalline crust and was
flooded by a turbidite wedge. Typical subduction zone magmatism resumed outboard of the Pampean orogen in
the Lower Ordovician. After about 20 My of magmatism driven by subduction zone dynamics at plate scale,
magmatism waned and stopped with the entry of a Laurentia-rifted continental microplate in the subduction
zone. A full phase of a mountain-building process accompanied the continent-arc collision. The orogenic collapse
occurred during the Devonian, ending the Famatinian system after nearly 150 My of magmatic arc, plate con-

Collision orogeny
Gondwana margin
Geodynamics

vergence, and continent-arc collision development on the proto-Andean Gondwana margin.

1. Introduction

The past 30 years of research, or so, has seen a particular focus on
the geodynamic history of the West Gondwana proto-Andean margin
(Pankhurst and Rapela, 1998; Keppie and Ramos, 1999). Over this
margin, the Famatinian cycle initiated the longest Paleozoic subduction
system that turned into being a lasting-lived Phanerozoic destructive
boundary along the length of the South American plate (Ramos, 2018;
Rapela et al., 2018; Oliveros et al., 2020). Since the pioneer studies of
modern era (e.g., Rapela et al., 1992; Mannheim, 1993; Mangano and
Buatois, 1996; Toselli et al., 1996), hundreds of research articles fo-
cused on characterizing the nature of the Famatinian arc, and its tec-
tonic setting, magmatic evolution, magmatic timing, and deformation
history. Results obtained after three decades of modern research are
integrated, discussed, and reviewed with the objective of presenting an
update on the Famatinian arc, a natural example gaining interest in the
geoscientific community (Paterson and Ducea, 2015; Jagoutz and Klein,
2018; Chin et al., 2018; Bachmann and Huber, 2018; Ratschbacher
et al., 2019).

Our line of arguments follows the principle of uniformitarianism.
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The aim is at working out a model for an ancient arc under the same
principles as Geoscientists use to investigate active magmatic arcs. As
such, our conceptual framework is that the characteristic petrologic
expression of arc magmatism is the consequence of subduction zone
geodynamics (Ringwood, 1974; McCulloch and Gamble, 1991; Stern,
2002). It is, thereby, a wet upwelling flows induced by a melt/fluid
component released from the subducting slab that partially melts a
corner-flowing mantle wedge (Tatsumi et al.,, 1986; Davies and
Stevenson, 1992; Schmidt and Poli, 1998). Progressively oxidized melts
ascend through a canalized network, fertilize the overlaying ambient
mantle wedge, and eventually cross the mantle-crust seismic boundary
(Kelley and Cottrell, 2009; Tollan and Hermann, 2019). Within the
overriding plate, the chemistry of subduction-related primitive magmas
varies within a well-defined range and spans broadly similar in both
continental and oceanic arcs (DeBari, 1997; Kelemen et al., 2003a;
Schmidt and Jagoutz, 2017). These works showed that crustal density
structures and their effect on intra-crustal differentiation play a role in
controlling the composition and relative volumes of volcanic outputs.
So, our approach is rather simplistic because the building arc process
changes with arc maturation and arc-scale tectonic stress (Plank and
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Langmuir, 1988; Lee et al., 2015; Cao and Paterson, 2016). Re-
markably, we are learning new concepts at the same time as we better
understand the Famatinian arc. Now, it becomes clear that a tran-
scrustal magmatic column drives petrological diversity from the pet-
rological Moho to the volcanic plumbing system (Bachmann and
Bergantz, 2008; Cashman et al., 2017). Another new view is that sub-
arc temperature conditions in continental and oceanic subduction zones
are significantly higher (200-300 °C) than predicted by canonical
thermal models (Jones et al., 2018). Beneath frontal arcs, a thermally
eroded lithosphere leaves a petrological column rooted in the mantle
wedge as dynamic mass exchange across the mantle-crust boundary
sweeps arc cumulate back into the mantle (England and Katz, 2010;
Lieu and Stern, 2019). As shown by Kelemen et al. (2003b), the high
geothermal gradient beneath frontal arcs allowed us explaining the
distribution of P-T estimates of the Famatinian arc (Tibaldi et al., 2013).

We begin observing that a feasible geological integration of the
ancient Famatinian arc must explain the first-order petrological, stra-
tigraphic, and structural features, as observed today, these are: 1)
spanning from the Cambrian - Ordovician boundary to the Middle
Ordovician, sedimentary, volcano-sedimentary and volcanic succes-
sions deposited within deep to shallow marine environments and
around subaqueous and subaerial volcanoes, in environments where the
near volcano successions laterally transgressed into reworked turbidite-
like volcaniclastic deposits and distal deeper marine sediments
(Méangano and Buatois, 1996; Astini, 1998; Verdecchia et al., 2007;
Armas et al., 2018); 2) the entire plutonic and volcanic column was
generated in a time span of about 20 My (491-467 Ma), but the great
mass of the magmatic crust was produced during a ca. 10 My period
(474-467 Ma) of the Lower - Middle Ordovician (Ducea et al., 2010,
2017; Rapela et al., 2018); 3) both the magmatic arc and the backarc
are differentially exhumed along their axis, but the plutonic batholith
forms a coherent magmatic column and exposed a complete crustal arc
section (DeBari, 1994; Tibaldi et al., 2013); 4) over the Sierras Pam-
peanas segment (30° — 33° S) the bulk of the arc and backarc was
shortened to end about one half of its original width (Christiansen et al.,
2019), while virtually all of the fore-arc basins and trench-accretion
prisms were tectonically vanished (Astini and Davila, 2004; Otamendi
et al., 2008; Cristofolini et al., 2014).

After presenting observations, we discuss each of the problems from
the perspective of the data. Here we stress to integrate all of the par-
ticular and striking geological features in an evolutionary model of the
Famatinian arc. We accept that an incompletely preserved geological
record biases the observations and that there are natural causes to
unravel using a large data set. Nevertheless, we might claim that
knowledge is at a point where a geodynamic model explains the range
of phenomena preserved in the ancient Famatinian arc. The article
presents the observation and discussion using present-day coordinates.

2. Observations and measurements
2.1. The Famatinian arc: major stratigraphic units between 27°- 33° south

The Famatinian arc is one of the largest and best exposed to an early
Paleozoic batholith which formed along the paleo-Pacific Gondwana
margin. Over Argentina, it makes an almost continuous outcrop be-
tween 20° and 33° S, is underlying post-Carboniferous sedimentary
basins between 33° and 40° S, and appears sporadically within north-
eastern Patagonia (Fig. 1). Of key interest here is the 200-km-wide
section at the latitude of the Sierra de Famatina upon which the arc is
named (Toselli et al., 1996; Saavedra et al., 1998; Pankhurst et al.,
1998). In a geodynamic perspective, the Famatinian arc is genetically
related to east-dipping subduction represented by the backarc meta-
morphic belt bordering the preceding peri-Gondwanan Pampean
orogen (Fig. 1). Differential exhumation exposed two major compo-
nents. The largest one is a crystalline basement that consists of a Cor-
dilleran-type batholithic belt flanked to the east by a high-grade
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metamorphic sequence (Toselli et al., 1996; DeBari, 1994; Pankhurst
et al., 1998; Saavedra et al., 1998). The other component is a geo-
graphically dispersed but locally thick succession of sedimentary and
volcano-sedimentary rocks that host volcanic sills, dikes, and lava
domes (Mannheim, 1993; Méangano and Buatois, 1996; Astini, 2003).

The plutonic regional-scale Cordilleran-type batholiths of the
Famatinian arc extend over the Sierras Pampeanas segment (28° to 33°
S). The Famatinian batholith is divided axially into an I-type dominated
plutonic belt and an S-type dominated granitic belt (Toselli et al., 1996;
Pankhurst et al., 2000; Grosse et al., 2011). The predominant igneous
rocks in regional-scale batholiths are calc-alkaline metaluminous I-type
granitoids with subordinate peraluminous felsic granitoids within the
sierras Famatina, Chepes, Las Minas-Ulapes, and Valle Fértil-La Huerta.
The opposite is the case in other ranges dominated by peraluminous
and felsic Famatinian plutonic rocks, among them sierras Fiambala,
Capillita and Zapata. The boundary between the western I-type and
eastern S-type batholithic belts is observable in the Sierra de Velasco
(Grosse et al., 2011).

The contiguous eastern metamorphic belt is mostly made up of high-
T low-P metasedimentary rocks and gradually shrinks southward
(Fig. 1). Similar metasedimentary rocks like those of the backarc belt
occur as septa scattered within the plutonic batholith. The onset of
regional low-P high-T metamorphism affecting sedimentary strata in a
backarc setting is diachronic along the arc strike, it began earlier than
about 505 Ma to the north of 27° S (Wolfram et al., 2019) while open-
sea basins could have been still active in the south (Per6n Orrillo et al.,
2019). Just after about 485 Ma, the high metamorphic thermal regime
of a thinned lithosphere dominates along the entire backarc (Biittner
et al., 2005; Larrovere et al., 2011; Carugno Durédn and Ortiz Suarez,
2012; Finch et al., 2017; among other).

Within the Sierra de Famatina between 27° to 30° S, thick supra-
crustal successions represent sedimentary filling of backarc and intra-
arc basins that opened contorting the Gondwana margin. Astini (2003)
and Mangano et al. (2003) correlated the incomplete stratigraphic
sections at a regional scale and provided a comprehensive picture of the
depositional evolution of Famatinian sedimentary successions. A pa-
leontological and paleogeographical perspective of the fossil record is
in numerous studies (Acefnolaza and Toselli, 1977; Vaccari and
Waisfeld, 1993; Vaccari et al., 1993; Benedetto, 1994; among others).
Fig. 1 illustrates the geographic location of the type localities of Lower-
Middle Ordovician volcano-sedimentary successions. The well-known
stratigraphic profiles are in the northern Sierra de Famatina at Chas-
chuil Valley, along the western border of Famatina at Cuchilla Negra,
Chuschin and Bordo Atravesado; and on the eastern side of the Sierra de
Famatina along Cachiyuyo River, Cerro Negro and Volcancito Valley
(Esteban, 1993; Mangano and Buatois, 1996, 1997; Astini, 1998;
Mangano et al., 2003; Astini and Davila, 2004; Armas et al., 2016;
among several others). A separate belt of Lower-Middle Ordovician
strata, which re-crystallized at the thermal aureole of plutonic bath-
oliths on the eastern border of Sierra de Velasco, is grouped in La Cébila
metamorphic complex (Verdecchia et al., 2011). La Cébila complex is
singular as preserves both original sedimentary structures with fossil
stratum but recrystallized under amphibolite and greenschist facies
metamorphism (Verdecchia et al., 2007).

Every volcano-sedimentary succession consists of a varied combi-
nation of siliciclastic, epiclastic, volcaniclastic, and volcanic rocks of
Lower and Middle Ordovician age (Fig. 2a and b). The reconstruction of
the Famatinian stratigraphy suggests that the sedimentary process in-
itiated at the uppermost Cambrian, and filled an outer marine shelf
(Esteban, 1993). The earliest stage is in the Volcancito Formation that
deposited unconformably overlying already folded Middle - Upper
Cambrian turbidites (Negro Peinado Formation) but predating the onset
of arc-related magmatism (Turner, 1960; Esteban, 1993; Astini, 1998;
Candiani et al., 2011). Drowning of the marine shelf occurred during
the lowest Ordovician and led to a prevailing of deep water environ-
ments (Astini, 1998; Esteban, 2002; Méngano et al., 2003). Late
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Fig. 1. Generalized geological map of the Famatinian arc in central and northwestern Argentina, showing lithostratigraphic units that are older than the

Pennsylvanian epoch. The inset shows the location of the map in South America.

Tremadocian and early Floian deep shelf strata that comprise volcanic
tuff in the Bordo Atravesado Formation and volcanic lava flow in the
Cerro Tocino Formation record the first evidence for arc-related mag-
matism (Astini, 1998; Mangano et al., 2003; Candiani et al., 2011).
Stratigraphic section at Cerro Negro in the eastern of the Sierra de
Famatina also preserves early Famatinian eruptive products within the
120-m-thick black shales of La Alumbrera Formation (Astini, 1998).

The strata resting on La Alumbrera are referred to as Portezuelo de la
Minitas Formation and consist of a 1500-m-thick succession of sand-
stones and mudstones with interlayers of basaltic/andesitic sills
(Fig. 2c). These formations correlate with the Famatina Group that is
exposed along the Cachiyuyo River (Astini, 1998). The Suri Formation,
which is the 1200-m-thick lower formation of the Famatina Group,
consists of silicified shales, sandstones with sporadic alternating
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coquina, and tuff beds. Los Molles Formation is the upper section of the
Famatina Group, rests conformably overlying the Suri Formation, and
consists of sandstones, siltstones, breccias, and volcaniclastic rocks
(Astini and Benedetto, 1996; Astini, 1998, 2003). The characteristic
stratigraphy of the Famatina Group indicates progradational backarc
and intra-arc apron locally overprinted by growth and collapse of vol-
canic edifice (Astini, 1998; Mangano et al., 2003).

At the Chaschuil Valley, the Suri Formation comprises cross-bedding
sandstone, silicified siltstones, massive black shales, and coquina in-
terbedded with layers of matrix-supported volcaniclastic breccias
(Fig. 2d). The sedimentary environment corresponds to volcaniclastic
mass flow and storm deposition coupled with suspension fall-out
around volcanic centers (Mangano and Buatois, 1996). The Suri For-
mation at the Chaschuil Valley includes variations from deep marine
through inner-shelf to lower-shoreface environment. The Lower -
Middle Ordovician volcano-sedimentary successions in the Chaschuil
Valley were assigned equivalent to the Suri Formation exposed in its
type locality along the Cachiyuyo River (Turner, 1960). However,
Mangano and Buatois (1996, 1997) and Cisterna and Coira (2014) re-
vealed notable differences between the stratigraphic columns of the
Chaschuil Valley and those exposed at the Cachiyuyo River.
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Fig. 2. Outcrop photos of the volcano-
sedimentary succession in the type lo-
calities shown in Fig. 1. (a) Basaltic
lava flow of the Vuelta de las Tolas
member in the Suri Formation at
Chaschuil Valley. The interlayered re-
lation between tholeiitic basalts and
laminated siltstone, silicified sand-
stone, and volcaniclastic deposit is re-
lated to slope apron deposits and ba-
saltic volcanism (Mangano and Buatois,
1996; Cisterna and Coira, 2014). (b)
Canalized volcanic breccias with ero-
sive bases on a massive mudstone and
siltstone bed in the Vuelta de las Tolas
member from the Suri Formation. (c¢)
Microgabbroic  sill emplaced con-
cordant into a well-graded succession
of siltstone and mudstone, which are
assigned to the Suri Formation at Valle
Hermoso in the western Sierra de Fa-
matina (horse and man for scale). (d)
Chilled coquina bed found at the
boundary between the Suri Formation
and a rhyolitic lava dome of the Las
Planchadas Formation. (e) Field view
of the plutonic-to-volcanic transition in
the Las Planchadas Formation. Monzo-
granitic rocks with basaltic dikes occur
in the bottom half of the image,
whereas stratified crystal-poor rhyolite
makes up the upper volcanic cap. (f
and g) Clean mountains provide an
outstanding view of the field relation-
ships between the volcano-sedimentary
Suri Formation and the intrusive plu-
tonic-volcanic lithostratigraphic units
of Las Planchadas within the Chaschuil
Valley. (f) Crosscutting intrusions of
Las Planchadas rhyolitic lava domes
(red) into the Suri Formation, which
rises to high ridges in the background.
(8) An isolated relict of the Suri For-
mation at the roof of Las Planchadas
monzogranitic rocks. In the photo-
graphy, masl denotes meters above sea
level.

At a mature arc stage, plutonic rocks of batholithic dimensions in-
truded into the volcano-sedimentary successions and caused thermal
aureole metamorphism (Cisterna, 1992; Pankhurst et al., 2000; Alasino
et al., 2014). While it is difficult to evaluate the masses of Cambrian
turbidite strata and early Ordovician volcano-sedimentary successions
cannibalized by the growth of plutonic batholith, what is clear is that
the batholith either stopped under the Cambrian turbidites or reached
sub-volcanic levels intruding into the epizonal crust (Fig. 2e; Cisterna,
1992; Candiani et al., 2011). Several well-exposed examples of plutonic
intrusion into the volcano-sedimentary succession are in the Sierra de
Famatina. The contact between the Nufiorco batholith and the over-
lying volcano-sedimentary units of Cuchilla Negra and Chuschin for-
mations is intrusive and exhibits thermal metamorphism over a wide
marginal zone of the host rock (Dahlquist et al., 2008; Alasino et al.,
2014; Armas et al., 2018). At the Chaschuil Valley, the volcano-sedi-
mentary successions of the Suri Formation are thermally modified and
hydrothermally altered at their basal contact with granitic and rhyolitic
rocks of Las Planchadas Formation (Fig. 2f-g).

The volcano-sedimentary successions preserve a progressive trans-
formation from a neutral arc setting to tectonic contraction related to
foreland development over some time in the late Dapigian to
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Darriwilian (Astini and Davila, 2004). The first record of convergent
stress is an angular unconformity that overlies the Famatina Group and
underlies the Cerro Morado Group (Astini, 1998). The Cerro Morado
Group is a succession of two contiguous formations. The strati-
graphically lower referred to as El Portillo Formation is a 560-m-thick
package of rhyolitic and dacitic volcanic deposits comprising ignim-
brite, lava flow, and autobreccias (Astini and Davila, 2004). La Escon-
dida Formation rests unconformably on El Portillo Formation and
consists of siliciclastic deposits of sandstones, conglomerates, wackes,
and shales, with interlayer of tuff and ignimbrite. La Escondida For-
mation is a Middle Ordovician shallow marine sequence of alternating
sandstone and siltstone deposited in the intertidal zone (Candiani et al.,
2011).

La Aguadita Formation is both the last Ordovician lithostratigraphic
unit in the eastern Sierra de Famatina and the first to fill of post-
magmatic and syn-orogenic strata (Astini, 2003). La Aguadita Forma-
tion is a poorly exposed siliciclastic succession of coarse-grained arkose
and sandstone, with interlayer of subordinate siltstone (Candiani et al.,
2011). Although, the age of La Aguadita deposition remains un-
constrained, its sedimentary detritus reflects tectonic unroofing of Or-
dovician plutonic rocks accompanied by folding and thrusting of Or-
dovician volcano-sedimentary units (Astini and Davila, 2004).

2.2. Geobarometric results over the Famatinian arc: estimates of crust
exhumation

Large-scale three-dimensional (3D) reconstruction is often-used to
working out models synthesizing the growth, accretion, and exhuma-
tion of arc crustal sections (Saleeby, 1990; Jagoutz, 2014; DeBari and
Greene, 2011; Petterson, 2018). Several works have provided data and
developed ideas that are useful to estimations of crustal thickness,
among which some reconstructed the backarc (Hauzenberger et al.,
2001; Biittner et al., 2005; Larrovere et al., 2011; Carugno Duran and
Ortiz Suérez, 2012; Finch et al., 2017; among others) and others the
plutonic arc (Dahlquist et al., 2005; Otamendi et al., 2008; Gallien
et al., 2010; Tibaldi et al., 2013; Camilletti et al., 2020). These studies
used metamorphic petrology information and structural geology data to
deconstruct paleodepth of the Ordovician metasedimentary sequence
using their peak metamorphic pressures.

Accurate geobarometric estimates calculated with low-variance
metasedimentary mineral assemblage provides a reference for re-
trieving paleodepths across the Famatinian arc crust (extended data for
Fig. 3 are presented in appendix S1). These data allow drawing su-
perimposed geobarometric isobars on a schematic geological map of the
Famatinian arc (Fig. 3). The isobars on the map show the main features
of the Famatinian arc as exhumed today that are: 1) pressures decrease
northwards along any given meridian; 2) latitudinal changes of pres-
sures vary along the arc; 3) the highest pressures border the Cuyania-
Famatinian suture (i.e., Bermejo — Desaguadero lineament); 4) a modest
exhumation spreads over the Puna, the Cordillera Oriental, and along
the Sierra de Famatina; 5) the paleopressures vary little over a region
interpreted to be backarc exposure; 6) a low-pressure window, which
occurs sandwiched between the plutonic batholiths and thick backarc
metasedimentary sequences, is where shelly fauna of the Lower Ordo-
vician occurs in greenschist-facies metasedimentary rocks (Verdecchia
et al., 2007).

Much of what is considered backarc spanning the eastern belt of the
Famatinian arc is exposed at > 5 kbar. In general, any latitudinal pa-
leopressure gradient shows that backarc sections are exhumed from
deeper depths than that of the adjacent plutonic batholiths (Fig. 3). The
lowest paleopressure of < 2 kbar are found over large parts of the
Sierra de Famatina and are prevalent northward of latitude 27° S.
Particularly, little and homogenous exhumation is documented over the
central part of Sierra de Famatina and only exposes batholithic roofs,
subvolcanic systems, and volcano-sedimentary sequences (see section
2.1.).
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The N-S transverse from the Sierra de Valle Fértil-La Huerta to the
northern Sierra de Famatina offers a continuous gradient in paleo-
depths. Along this segment of the Famatinian arc, the metamorphic (re)
crystallization pressures decrease from the mafic cumulate sequences
(7-8 kbar) to relatively shallow-level plutonic batholith within a dis-
tance of 450 km (Fig. 3; Tibaldi et al., 2013). To the north and along the
same segment is the exposure of the Ordovician paleosurface in the
volcano-sedimentary sequences at the Chaschuil Valley (Figs. 1 and 2).
This along-strike arc segment is used below to observe magmatic tim-
ings and geochemical stratification.

Prominent gradients of exposed paleodepths are spatially related to
crustal scales shear zones that are described in section 2.4. West-side-up
movement along ductile-brittle shear zones explains another paleo-
pressure bound within the Sierra de Velasco (Lopez and Toselli, 1993;
Rossi et al., 2005). Conversely, east-side-up shear of the Tinogasta-Pi-
tuil-Antinaco (TIPA) matches deep level exposures on the western side
of sierras Velasco and Fiambal4 (Lopez and Toselli, 1993; Hockenreiner
et al., 2003). Another case is decreasing paleopressures from 8 kbar to
5 kbar in the Sierra de Valle Fértil-La Huerta, where westward
thrusting, decoupled uplift, and eastward tilting in the ramifications of
a shear zone are considered to explain the gradient of paleopressure
across this mountain range (Cristofolini et al., 2014; Camilletti et al.,
2020).

The first order characteristic of the Famatinian arc is generalized
northward shallower paleodepth of exhumation (Fig. 3). This geological
feature might be erroneously related to the Pampean flat-slab segment
subduction of the Nazca plate beneath South America. For this reason,
below, we discuss the reasons why a Paleozoic continent-arc collision
orogeny better accounts for the differential exhumation of the Fama-
tinian arc.

2.3. Geochronological and geochemical stratigraphy of the Famatinian arc

Integration of the geochronological data from literature hints the
Famatinian arc formed an entirely synchronous petrological system
(Fig. 4; extended data for Fig. 4 in appendix S1). However, the Fama-
tinian arc is not an ideal vertical column through the arc crust, instead,
it corresponds to a spatial and temporal continuity along and across the
arc. The exposed geology can be the fundamental basis for assessing
important issues such as 1) petrological and chemical stratification of
the arc crust, 2) internal architecture and its correlations with ancient
and active arcs (Tibaldi et al., 2013), 3) magma production rates in the
Famatinian arc (Ducea et al., 2017), and 4) petrological mechanism as
fingerprints of mantle source versus intracrustal differentiation pro-
cesses (Rapela et al., 2018).

The distribution of ages along and across the Famatinian arc spreads
over a period of about 20 Ma (491-465 Ma; see Rapela et al., 2018).
However, a great mass of the magmatic crust was produced during a ca.
10 Ma period (474-467 Ma) of the Lower - Middle Ordovician (Ducea
et al., 2017). Tens of crystallization ages through the arc crust show a
continuous rather than punctuated magmatic evolution (Fig. 4). The
continuous temporal record from the lowest exposed levels to the vol-
canic successions suggests a single-cycle episode that grew up a high-
fluxes magmatic stage (Ducea et al., 2010, 2017; Rapela et al., 2018).
Two aspects of age distribution are significant, these are: 1) the bath-
oliths of the sierras de Chepes and Las Minas-Ulapes predated the time
of generation of most other plutonic batholiths, and 2) the end of the
magmatic cycle is rapid and synchronous throughout the magmatic
column, at the Middle Ordovician (ca. 465 Ma). That means, the
magmatic front migrated westward (outboard) during the arc stage, and
magmatism suddenly stopped when the magmatic arc began evolving
through contractional stress and topographic uplift (Astini and Davila,
2004; Cristofolini et al., 2014).

Published chemical data are useful to unravel the pressure depen-
dence of the magmatic record (Fig. 5). First, it should be noted that the
available geochronology is inexact to correlate magmatic tempos at a
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26° S and over the Sierra de Famatina, Sierra de Chepes and Sierra de Las Minas-Ulapes.

temporal scale lower than about a few million years. Therefore, the
following presentation addresses the time-integrated compositional
variations throughout the exposed crust. At a glance, the first order
petrological and chemical stratification of the Paleozoic Famatinian arc

resembles that of the upper 30 km of the Kohistan arc (Jagoutz, 2010,
2014; Jagoutz et al., 2011). However, except for strongly incompatible
elements, the chemical column is not strongly stratified (Fig. 5). The
lithological diversity spans the compositional range from ultramafic/
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mafic plutonic rocks to felsic leucogranites. Although, mafic rocks
dominate the lower levels and granitic/rhyolitic rocks prevail over the
shallow crust, at all the exposed crustal levels the igneous sequence
shows an ample compositional variability of SiO, from =49 wt %
to > 73 wt % (Fig. 5a). Petrologically significant elemental ratios
broadly follow the variation of SiO,, for instance FeO*/MgO ratios
range equally at every crustal depth and across the crustal levels
(Fig. 5b). This is also valid for major oxides such as CaO (Fig. 5c) and
alumina saturation index (not shown). Opposite to the other oxides,
K50 displays progressive enrichment upward in the crustal column
(Fig. 5d).

According to the chemical criteria of Jagoutz et al. (2011), most of
the mafic rocks in the lower crust are chemically cumulates, but ex-
cluding the discrete ultramafic-mafic layered bodies, the plutonic mafic
rocks show re-equilibrated mineral assemblages and metamorphic
structures. The majority of the rocks with a major oxide composition of
primitive igneous chemistry (48 < SiO, <52 wt %, and MgO/
MgO + FeO* ratio > 0.65 or FeO*/MgO < 0.95) are found in the deep
crust (Fig. 5a and b). Even more significant is that integrating the ex-
posed paleodepths, mafic rocks (SiO5 < 52 wt %) are one-third of the
magmatic sequence. Typical intermediate and silicic rocks form the
thick (ca. 15 km) middle crust (Camilletti et al., 2020). The middle crust
is stratified into a tonalitic lower part and granodioritic and monzo-
granitic upper levels, but the middle-crustal batholiths consist of an
ample spectrum of plutonic rocks (Saavedra et al., 1998; Pankhurst
et al., 1998, 2000; Otamendi et al., 2012; Alasino et al., 2016).

The volcanic sequence comprises bimodal basaltic-rhyolitic series,
accompanied by subordinate andesites and rhyodacites (Fig. 5; see
Mannheim, 1993). The mafic volcanic rocks display subalkaline and
tholeiitic characteristics (Mannheim, 1993; Cisterna and Coira, 2014).
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The high MgO/MgO + FeO* ratio (0.55-0.63) together with Cr and Ni
contents of the Famatinian basalts indicate that basaltic volcanism was
produced by little fractionated melts derived from deep-seated primi-
tive sources (Mannheim, 1993; Toselli et al., 1990). The rhyolites in the
Famatinian arc are characterized by high SiO, contents ranging from
70 wt % to 79 wt % (Fig. 5a). Predominant rhyolite has high total alkali
(Na,O + KO > 4.5 wt %) abundances, is weakly peraluminous
(molar Al,03/(CaO + Na,O + K,0) values of 1.0-1.3), and shows a
smooth chondrite-normalized REE pattern with marked negative Eu
anomaly but variably fractionated Layn/Yby ratio (Mannheim, 1993;
Armas et al., 2018). Mannheim (1993) uses elemental geochemistry to
reveal the absence of genetic relationship between basalt and rhyolites
over the Famatinian arc. Importantly, the volcanic products largely
reflect the chemical diversity of the underlying plutonic column
(Fig. 5).

2.4. Shear zones of the Famatinian orogen

Numerous articles dealt with shear zones in the Famatinian arc —
orogenic system (Whitmeyer and Simpson, 2004; Castro de Machuca
et al., 2008; Cristofolini et al., 2014; Larrovere et al., 2017; Christiansen
et al,, 2019; and references therein). The following is a brief in-
troduction to the shear zones of interest. At arc scale, the prominent
pattern of deformation is amphibolite-to greenschist-facies temperature
shearing that formed after the plutonic and synmagmatic metamor-
phosed rocks had mostly crystallized. Mylonite and cataclastic-series
rocks are dominant in NNW-striking and variably-dipping shear zones
at a regional scale (Fig. 6). Here, the focus is on showing the geographic
distribution of major shear zones that accommodated the uplift of the
Lower and Middle Ordovician crystalline crust between 27° and 33° S
(extended data for Fig. 6 in appendix S2). Major shear zones relevant to
our discussion are described in order from west to east: 1) Valle Fértil —
La Huerta shear zone; 2) Cordén de la Cumbre, Chuschin and Paganzo
shear zones; 3) the TIPA shear zone; 4) the shear system within the
Sierra de San Luis and its northward extension into the sierras Chepes
and Las Minas, 5) La Chilca shear zone; and 6) the Guacha Corral -
Pachango shear zone.

The western Sierra de Valle Fértil — La Huerta is comprised of an
anastomosing network of separate shear zones. NNW-trending and
steeply dipping mylonites dominate over a long central segment.
Locally, in the northern section mylonites are N-trending and moder-
ately dipping (40° — 55°) to the east, whereas on the western border
mylonites exhibit moderate to steep (65° to > 80°) dips to the west.
Westward-directed dip-slip movement explains the uplift of several
kilometers of the Middle Ordovician arc crust in the Valle Fértil — La
Huerta shear zone (Gallien et al., 2010; Castro de Machuca et al., 2008,
2012; Cristofolini et al., 2014).

A discontinuously exposed but aligned shear belt extends from the
southern Sierra de Paganzo through the southwestern foothills to the
northern ranges of the Sierra de Famatina (Saal, 1993; Martino and
Astini, 1998; Conci et al., 2001). The Cordén de la Cumbre belt is a 500-
m-wide, NNW-SSE striking and W-dipping (65°) ductile shear zone that
extends along the high topography of the Sierra de Famatina (Martino
and Astini, 1998). This belt is one of the few E-verging shear zones, and
it juxtaposes shallow plutonic batholiths over complementary but
strained volcano-sedimentary successions (Astini and Davila, 2004). On
the western Famatina foothills, the Chuschin shear zone is an up to 200-
m-wide belt in the Middle Ordovician volcano-sedimentary succession.
The Chuschin zone is NNW-SSE striking and steeply dipping (75°) to the
east, and shows W-directed reverse displacement with a minor sinistral
component. Nucleated on plutonic and metamorphic rocks, the Pa-
ganzo shear zone shows the same tectonic features as the Chuschin
zone. The exposure of the Paganzo shear belt, with a length of 40 km
and a width of up to 500 m, is one of a large shear zone in the Sierra de
Famatina (Saal, 1993; Lépez and Toselli, 1993).

A long dendritic belt, TIPA, of mylonite and ultramylonite rocks,
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legend, the reader is referred to the Web version of this article.)

which formed upon the reworking of Lower Ordovician granitoids,
occurs as NNW-SSE-trending ductile shear zones along sierras Velasco,
Copacabana, and Fiambald (Lépez and Toselli,
Hockenreiner et al., 2003). Most of the shear zone is ENE-dipping with

Paimaén,

1993;

moderate to steep plunging (45°-66°). The zone is WSW-verging with a
dominant reverse sense of movement accommodating east onto west
thrusting (Fig. 6). A subordinate along-strike shearing of dextral dis-
placement irregularly developed along the northern segment of the
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TIPA zone. Overall, the TIPA shear system separates crustal scale seg-
ments showing different paleodepth of exhumation (Hockenreiner
et al., 2003). The dominant dip-slip tectonic transport juxtaposes a
high-P block in the east onto a low-P plutonic crust in the west. East of
the TIPA zone, the Famatinian arc is strongly deformed and exposes
prevailing S-type granites (Sierra de Velasco) and metasedimentary
gneisses and migmatites locally intruded by mafic layered bodies
(Sierra de Fiambal4). On the opposite western side of the TIPA zone, the
Famatinian batholiths and their volcanic expression have widespread
exposure (Fig. 6).

The shear system of the Sierra de San Luis comprises, at least, nine
discrete zones of definable width and broadly NNE-SSW-trending sub-
vertical mylonitic foliation (von Gosen and Prozzi, 1998; Whitmeyer
and Simpson, 2004; Morosini et al., 2014). On the western part of the
Sierra de San Luis, the shear zones are curved and show a large-scale
anastomosed pattern (Fig. 6). As a whole set, the shear system juxta-
poses granulite-facies onto amphibolite- and greenschist-facies lithos-
tratigraphic units and causes an inverted metamorphic gradient (Ortiz
Suarez and Casquet, 2005). West-verging shear zones are present on the
west side of the San Luis shear system, whereas they are E-verging on
the east side. However, irrespective of verging orientation, all shear
zones present prevailing reverse tectonic transport with subordinate
sinistral displacement and local dextral motion (von Gosen and Prozzi,
1998; Christiansen et al., 2019).

Within the sierras Chepes and Las Minas-Ulapes, shearing frequently
nucleated in plutonic rocks, and rarely propagated into metasedimen-
tary rocks (Sims et al., 1998; Simpson et al., 2003). The southern Las
Minas shear zone is a 1-km-wide branching mylonitic belt which is N-S-
trending and steeply dipping to the east. The northern segment of the
shear zone located in Sierra de Chepes is trending NNE-SSW and
steeply-dipping to both the east and west (70°-85°). Over the sierras
Chepes and Las Minas, the mylonitic stretching lineation is moderately
dipping to the east suggesting reverse W-directed tectonic transport
(Sims et al., 1998; Simpson et al., 2003).

At the NE corner of the region being discussed sits the La Chilca
shear zone (Larrovere et al., 2017). This shear zone, which is exposed
straddling the border between the sierras Aconquija and Ambato, dis-
plays a 24-km-long and up to 4-km-wide belt composed of mylonites
and protomylonites (Fig. 6). Mylonitic foliation is NNW-SSE striking
and dips moderately to the east. Within a folded mylonitic belt, shear
sense criteria show bulk kinematics of reverse dip-slip movement with
top-to-SW tectonic transport (Larrovere et al., 2019).

The Guacha Corral-Pachango shear zone is briefly described here
because its key tectonic activity is coeval with Famatinian events, but it
differs from others in that is nucleated on Lower Cambrian meta-
morphic rocks (Martino, 2003; Whitmeyer and Simpson, 2003;
Demartis et al., 2017; Semenov et al., 2019). The Guacha Corral-Pa-
chango shear zone is both one of the widest and the easternmost records
of Cambrian to Devonian W-directed thrust tectonic (Martino, 2003).
Gneisses and migmatites with gradual changes to N-S trending, E-dip-
ping mylonites comprise this shear zone. Original metasedimentary
rocks show tectonic fabrics over the entire mylonite series recording
strong strain partitioning inside the zone (Demartis et al., 2017). My-
lonitic mineral assemblages are of amphibolite-to greenschist-facies and
retrogression correlates with shear strain concentration (Martino, 2003;
Whitmeyer and Simpson, 2003; Semenov et al., 2019).

3. Results and interpretations
3.1. Inferred magmatic processes in the Famatinian arc

A roughly 30-km-thick magmatic system, including more than one-
third of a mafic component plus intermediate to silicic plutonic and
volcanic rocks, entails specific sources and differentiation phenomena
(Fig. 5; see Jagoutz, 2010). Our approach here proposes that a general
petrological model has to pass the test of explaining both the relative

10
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abundance and the variation range of major elements (section 2.3.).
Geochemical modeling based on trace elements and isotopes could re-
fine the petrogenetic model, but the improvement should preserve the
conclusion reached using major elements. The starting point is that
mantle-derived mafic magmas ascending from the mantle-crustal
boundary are the driving power of crustal magmatic systems (Hildreth
and Moorbath, 1988; DeBari, 1997; Annen and Sparks, 2002). Good
evidence for the composition of primitive magmas is within the Sierra
de Valle Fértil — La Huerta (Otamendi et al., 2009; Walker et al., 2015).
Primitive magmas that fed the base of the Famatinian arc are in the
range of low-K medium-Fe/Mg tholeiitic basalts (e.g., Arculus, 2003;
Schmidt and Jagoutz, 2017). Here our interest focuses on two ques-
tions: 1) what petrological mechanism does explain the full spectrum of
magmatic rocks? and 2) how much cumulate has been extracted from a
parental basaltic melt to derive the intermediate and silicic rocks? In-
deed, the questions are connected.

As discussed by Walker et al. (2015), stepwise fractional crystal-
lization is important in controlling igneous diversification over the
mafic to intermediate transition. Data presented in the literature and
shown above, however, indicate that closed-system crystal-liquid frac-
tionation alone cannot account for the entire compositional trend of the
Famatinian rocks (Otamendi et al., 2012). The critical question is how
to cross the “gabbro barrier” to generate the bulk chemistry of inter-
mediate and silicic rocks (Walker et al., 2015). For qualitative illus-
tration, we use relative and absolute abundances of major oxides in
whole rocks associated with the composition of mineral phases giving
an adequate record of geochemical variations (Fig. 7). The extraction of
Fe-Ti oxides, olivine (Fogsgg), amphibole, and plagioclase (An - go)
from a primitive mafic magmas (SiO, ~49 wt %) drives the increment
of SiO, over the gabbro to tonalite transition (Fig. 7a). However, crystal
fractionation of olivine and accessory Fe-Ti oxide depleted FeO* and
MgO while it cannot significantly raise SiO, content of the evolving
magma (Fig. 7a-b). Crystal fractionation of plagioclase may counter-
balance the effect of olivine plus oxides, and hence an early crystal-
lizing assemblage combining these three phases would drive the com-
positional trend of rocks. Alternatively, an early crystallizing
assemblage dominated by amphibole can explain the Harker-type var-
iation of FeO* and MgO. However, every given assemblage of crystal-
lizing minerals moves the content of SiO, less than 5 wt % (Fig. 7a-b).
A realistic model for increasing SiO, over the gabbro to tonalite tran-
sitions faces the other two major dilemmas. One is that the peritectic
crystallization of orthopyroxene from reactive olivine buffers the var-
iation of SiO, in an evolving magma (Bowen and Schairer, 1935). An-
other is that the prolific extraction of amphibole precludes increasing
potassium in the residual melts (Fig. 7c). Certainly, igneous differ-
entiation passes by the gabbro barrier, but at the cost of retaining a low-
K signature. This is in line with fractional crystallization experiments of
hydrous magmatic series that showed, over the range of SiO, contents
from tonalites to granites, the abundance of KO would not increase
more than 4 times the initial K;O content of a parental gabbro
(Nandedkar et al., 2014; Miintener and Ulmer, 2018). The majority of
the intermediate and silicic plutonic rocks have higher K,O than that
generated by closed-system fractional crystallization. The effect of the
petrological mechanism on driving chemical evolution is visible in the
Ca0O/Na,0 versus K,0 diagram (Fig. 7d). Plagioclase-dominated crystal
extraction governs reduction of CaO/Na,O ratio from primitive
magmas, but neither olivine nor amphibole moves the CaO/Na,O ratio
(Fig. 7e). To a large extent, amphibole and minor oxides accompanied
plagioclase in the early crystallizing assemblage (Walker et al., 2015).
Closed-system fractional crystallization of mantle-derived melts pro-
duced both the magmatic ultramafic-mafic lower crust and derivative
melts (Fig. 7a, b and 7e; also see Miintener and Ulmer, 2018). Yet, it is
open-system hybridization between mafic magmas and partially molten
metasedimentary rocks that causes the high abundance of K,O of in-
termediate plutonic rocks (Fig. 7d—e). The strong K,O enrichment that
goes with the exponential fall of CaO/Na5O ratio is what has been
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Appendix S1.

explained by hybridization between mantle-derived gabbroic to tona-
litic magmas and supracrustal-derived (meta)sedimentary materials
(Otamendi et al., 2012). At a given SiO, content, the K,O abundance of
intermediate and silicic plutonic rocks reflects the extent to which a

11

mantle-derived magma has assimilated pre-existing continental crust.
This chemical sensor cannot distinguish the nature of a continental
source as either craton-derived sedimentary rocks or ancient lower
continental crust yield the same chemical (elemental and isotopic)
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crustal and arc root thickness from the onset of Famatinian arc magmatism (485 Ma) to the beginning of collision closure (469 Ma). (d) Evolution of elevation (h)
from the initial surface elevation (h,) over the time span of the model. The text describes the conceptual basis for modeling isostacy.

signature (Saleeby, 1990). With this caveat in mind, field-based ob-
servations and petrological analyses provided a first answer. Petrolo-
gical differentiation starts at deep-seated levels where a cumulate line
of descent follows a stepwise crystal fractionation chain (Walker et al.,
2015). The cumulate pile drains the evolved melts that differentiate and
assimilate supracrustal-sourced materials over the entire middle and
shallow Famatinian crust (Otamendi et al., 2010; Camilletti et al.,
2020).

How much mass of the arc is in the cumulate roots? From different
perspectives, the question gives similar answers (Ducea, 2001; Jagoutz,
2010; among others). But, in the case of interest, it poses a simple ar-
gument, the mass budget of the petrological process governing the
transition from gabbro to tonalite primarily determines the relative
mass of cumulate and derivatives (Jagoutz, 2010). In general, ideal in-
situ equilibrium crystallization does not fractionate the SiO, content of
the system, whereas perfect fractional crystallization maximizes the
effect of crystal-liquid separation on igneous differentiation (Miintener
and Ulmer, 2018). Keeping in mind this concept, we have estimated the
ratio between cumulate and derivative melt using the composition of
natural rocks and their bearing minerals (Camilletti et al., 2020). Our
mass balance is consistent with the results of fractionation-crystal-
lization experiment using a wet basaltic parental magma at 7 kbar
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(Nandedkar et al., 2014; Miintener and Ulmer, 2018). To develop the
evolved melts (52 < SiO, < 72 in wt. %) that construct the inter-
mediate and silicic plutonic sequence, the petrological engine leaves
behind nearly one half of the magmatic mass in ultramafic/mafic cu-
mulates (Camilletti et al., 2020). Providentially, the transition from
gabbro-dominated to the tonalite-dominated crust, which emplaced at a
range of about 26 + 3 km of paleodepths, is exposed within the Fa-
matinian arc (Tibaldi et al., 2013; Camilletti et al., 2020). It implies that
fractionation steps at deeper depths were unable to move out from the
ultramafic — mafic compositional system. However, mafic melts em-
placed close to the mafic — intermediate transition had MgO/
MgO + FeO* ratio of about 0.6 reflecting that their last equilibration
lies outside (i.e., above) the peridotitic/piroxenitic asthenospheric
mantle (Otamendi et al., 2010; Walker et al., 2015). Deeper than ex-
posed igneous fractionation lowered the MgO/MgO + FeO* ratio, but
neither depleted SiO, and CaO nor enriched K,O of the primitive mafic
melts that reached the lower and middle crust. The Kohistan arc is
unique in showing the arc root (Jagoutz et al., 2011; Bouilhol et al.,
2015). In contrast, the deepest exposed paleodepths at the Famatinian
arc prevent observing the lithologies found in the Kohistan arc. By
analogy, the root of the Famatinian arc may have been an arc cumulate
sequence that included ultramafic rocks (harzburgite, dunite, and
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clinopyroxenite) and garnet- or plagioclase-bearing gabbroic rocks.
Immediately the problem arises, how thick the Famatinian arc root
was?

3.2. Significance of mass balance and isostasy model on constraining arc
construction

Since geology preserves a good record of paleo-elevation of the
Famatinian arc from inception to closure (section 2.1.), a simple
treatment enables appraising the topographic evolution of the
Famatinian arc. The arc construction is constrained using geological
information documented along the segment from the Sierra de Valle
Fértil — La Huerta to the Chaschuil Valley in the northern Sierra de
Famatina (Fig. 1). Topographic changes are treated following the basic
principles of isostasy (Lee et al., 2015; Cao and Paterson, 2016). A
common assumption is that the lithosphere is in isostatic balance over
long enough scales of hot and weak crust (Lee et al., 2015). The isostatic
principles obey the general equation:

s

m

AR(t) = h(t) — ko = ( )(H(t) —Hy)+ (1 - ﬁ)R(:)
0

‘m

Elevation (h) is a function of crust thickness (H) and arc root
thickness (R). Before magmatism starts building up an arc crust, the
initial conditions are the topographic elevation (h,) and the crustal
thickness (Hp). In the fundamental equation, p,, (3.2 gr/cm3), pe (2.8
gr/cm?), p; (3.4 gr/cm®) are densities of the mantle, crust, and arc root,
respectively.

Our approach focuses on the magmatic accretion that is one of the
three causes affecting elevation and crustal thickness. Active erosion
and far-field stress regime are the other two sources modifying crust
thickness (Cao and Paterson, 2016). Assuming the absence of de-
formation is a flaw of isostatic modeling, but pondering crustal strain
requires developing a specific survey. However, there are few field data
to discuss the significance of bulk arc strain on crustal thickening. In
contrast, ignoring the erosion of the arc crust is not a problem of iso-
static modeling because the Famatinian volcano-sedimentary succes-
sions deposited while volcanic lavas flowed in deep to shallow marine
environments (section 2.1.).

Although the age pattern of the Famatinian magmatism approx-
imates a log-normal distribution (Fig. 8a), the magmatic model follows
a Gaussian distribution (Fig. 8b), as suggested by Cao and Paterson
(2016). The difference between natural and model functions used to
describe the dependence of magmatic accretion to time does not in-
fluence the result as long as the total volumetric magmatic fluxes fit
nature. At any given time after arc inception, the crustal thickness is the
difference between the accumulated magmatic additions from the
mantle source to the crust reservoirs minus the mass of pre-arc crust
recycled to make the magmatic crust (Fig. 8c, also see Ratschbacher
et al., 2019). The event of interest began at 485 Ma and ended at 468
(sections 2.1. and 2.2.). This lifespan ranges from the oldest plutonic
crystallization in the southern Famatina (MIR1014 of Pankhurst et al.,
2000) to the time at which a continent-to-arc collision had begun to
close the Famatinian arc (Astini and Davila, 2004; Cristofolini et al.,
2014). The initial condition has a 10-km-thick stacked (supra)crustal
accretionary wedge above an 8-km-thick mafic crust (Otamendi et al.,
2012). To parameterize arc growth during the magmatic stage, every
volumetric fraction of magma added to the crust, averaging at
1.53 km®/km?/My during 17 My, includes a fraction (40 %) of recycled
pre-arc crust incorporated by assimilation (see section 3.1.). It turns out
that the pre-arc crust reduces to less than 10% from its original bulk
mass after 15 My of magmatism (Fig. 8c). The projection of composition
against depth shows that the fraction of mafic rocks increases and silicic
rocks decrease with increasing depth (Fig. 5). However, the model only
considers bulk crust thickness as a function of time (Fig. 8c). Further-
more, to simplify the calculation, it is assumed that the density of the
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crust remains constant. The volumetric arc root construction correlates
to the volumetric magmatic fluxes generating new crust (Lee et al.,
2015). A critical parameter (y) of isostatic modeling is the ratio be-
tween mass-of-root (Rt) to the mass of derivative magmatic addition
(Mt). Compared to the background mantle density, the igneous-evolved
magmatic addition is positively buoyant, by contrast the cumulate
rooted mass is denser and potentially delaminated. Modeling considers
three scenarios with y increasing from 1 (thin root) to 3 (thick root) that
is consistent with observations in the Phanerozoic arcs (Cao and
Paterson, 2016) and our previous study (Camilletti et al., 2020).

Two observations are targeted in modeling. First, field geology,
stratigraphy, paleontology, and geochronology suggest that the
Famatinian arc evolved below sea level during the Lower and Middle
Ordovician except where the volcanic edifices raised high above their
bases (section 2.1.). An inherent inaccuracy in the modeling precludes
accounting for global sea-level variations so that the result is a gross
approximation at a thickness scale of hundreds of meters. The second
observation to model is that, by the end of Famatinian magmatism, the
intermediate-silicic plutonic and volcanic crustal column reached a
thickness of about 25 km (Tibaldi et al., 2013; Camilletti et al., 2020).
To present the results, the model estimates the difference (h, — hg) of
elevation during the construction of the arc (Fig. 8d).

An outcome of isostatic models is that the surface elevation of the
arc rises only after maturing of the buoyant plutonic crust (Fig. 8d).
Another relevant point of isostasy is to suggest why the elevation of the
arc remains constant or even subsides at an early magmatic stage.
Compared to the bulk positive buoyancy of the plutonic crust, the pull-
down effect of the root is the most significant when the arc crust is
immature (Fig. 8d). Paradoxically, the elevation of the arc rises when
the dense root is reaching its maximum thickness. Furthermore, if
magmatic thickening is active, root foundering into the mantle causes a
bulk uplift of the arc crust (Lee et al., 2015). The lack of a detectable
topographic rising, over the Famatinian arc, while the plutonic crust
was generated most likely reflects a dearth of massive root foundering
during the magmatic constructional stage (section 2.1.). It should be
noted that when the Famatinian arc gradually changed from magmatic
arc to collision orogeny, the isostatic model should incorporate crustal
shortening to magmatic additions (Astini and Davila, 2004). For this
reason, the elevation model for the Famatinian arc between 470 and
465 Ma requires further refinement. To this end, the discussion below
addresses the evolution of the Famatinian arc.

3.3. Orogenic model of exhumation

The geology of the Famatinian arc is more intricate than a simple
model of an arc shortened, variably uplifted, and eroded during a
continent-arc collision (Fig. 9). Despite the intense tectonic contraction,
there is some order to the location of plutonic, metasedimentary, and
volcano-sedimentary sections (Fig. 9a and b). Tectonic imbrications
may be restored using the shear zone pattern and the distribution of
Ordovician paleopressures at a regional scale (Figs. 3 and 9). There are
few thermochronological data to distinguish the times of synmagmatic
regional-aureole metamorphism from that of dynamic metamorphism
related to the synorogenic crustal contraction. The available cooling-
age data suggest that orogenic convergence was broadly coeval in
several different regions of the Famatinian arc (Fig. 9c). Any hy-
pothetical orogenic model should take into account that W-verging
attitudes of shear zones are dominant over large regions, whereas E-
verging high-strained structures are locally common in the sierras Fa-
matina, Velasco, and San Luis. Both the arrangement and kinematics of
shear zones are consistent with a Himalayan-style high-angle con-
vergent scenario (Jamieson et al., 1996; Yin, 2006). The tectonic ex-
trusion of deep crustal sequences was driven by collision of the con-
tinental Cuyania microplate (i.e., buoyant indentor) and taken up
mostly along W-verging variably inclined shear zones with detached
surfaces in the middle and lower crust (Christiansen et al., 2019;
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Fig. 9. (a) Diagrammatic 3D models explaining the collisional closure and uplift of the Famatinian arc based on selected literature (Appendix S2). Figure is a
reconstructed cross-section of part of the Famatinian arc, in a time frame interpreted to represent the continent-arc collision. (b) Schematic material transport within
a low-angle convergent scenario. Note that tectonic shortening progressively increased southward and is interpreted to be caused by the indention of the Cuyania/
Precordillera microplate. (¢) Time-temperature paths recorded by isotopic closure temperatures in the retrograde minerals of the Famatinian shear zones doc-
umenting that the cooling and uplift evolved over an extended period from the Middle Ordovician to Lower Carboniferous.
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Larrovere et al., 2019; and references therein).

A first-order geological feature is spacing among shear zones along
the Famatinian arc, the density of shear zones on the present-day sur-
face increases gradually from 28° S to 33° S (Fig. 9a). At the south-
ernmost exposed latitude (33° S), the shear zone system accommodated
shortening (=50 %) through a doubly vergent belt (von Gosen and
Prozzi, 1998; Morosini et al., 2014). Within the Sierra de San Luis, the
shear zone system records sinistral transpressional with moderate ob-
liquity (Fig. 9b). Stretching lineation in the doubly-vergent belt yields
nearly vertical particle paths and explains maximum paleopressures of
up to 8 kbar extruded in the core of a km-scale pop-up structure (Ortiz
Suérez and Casquet, 2005; Christiansen et al., 2019).

Across the present-day latitude 31° 30’ S, a latitudinal reconstruc-
tion shows an Ordovician deep-seated plutonic crust thrust over the
suture zone formed along the Famatinian-Cuyania/Precordillera colli-
sion (Fig. 9a; Cristofolini et al., 2014). The Valle Fértil-La Huerta shear
zone, bordering on the eastern flank of the suture zone, detached in the
lower crust from the underlying lithosphere and accommodated uplift
of up to 30 km of the deep Famatinian plutonic crust (Castro de
Machuca et al., 2008; Gallien et al., 2010). The temperature-time his-
tory of Valle Fértil-La Huerta shear zone revealed constant cooling
during 150 My, even though the cooling rate decreased with time, the
interpretation is a record of continuous removal of the overlying crust
from the Ordovician to the Early Devonian (Cristofolini et al., 2014). By
contrast, the Loma de las Chacras metamorphic complex, which is next
to the Valle Fértil shear zone, experienced synorogenic burial during
the Paleozoic tectonic contraction (Mulcahy et al., 2014). The small
block of Lomas de las Chacras preserves rocks that first were carried at
deep depths (> 45 km), then detached off from a subducting channel,
and finally uplifted by tectonic extrusion (Casquet et al., 2012; Mulcahy
et al., 2014). At the same latitude, the Famatinian batholiths of the
sierras Chepes and Las Minas-Ulapes, which are ~100 km eastward
from the suture zone, show much less exhumation than plutonic crust
located to the west (Fig. 9b).

To the northern latitude 28° 30" S, the senses of shearing yield
subparallel tectonic transport toward the WSW. Maximum synorogenic
extrusion centered on backarc crustal sections (Fig. 9a and b). The TIPA
shear zone, a crustal-scale shear system, bounds two sections of the
plutonic batholith with contrasting uplift (L6pez and Toselli, 1993;
Hockenreiner et al., 2003). Both the pattern of paleodepth and the style
of deformation suggest a potential décollement (detachment) zone at a
depth interval of 20-30 km within the middle crust (Hockenreiner
et al., 2003). Most of the tectonic transport is subvertical shear that
crossed the ductile-brittle transition at upper-crustal levels. The TIPA
zone shows evidence of tectonic shear strain from the Middle Ordovi-
cian to Carboniferous times (Hockenreiner et al., 2003). Significantly,
thermochronology documents broad synchronicity in the cooling his-
tory of the TIPA zone with the other shear zones (Fig. 9¢). Within the
Famatinian shear zones, mineral retrogression and tectonic cooling
initiated during the Middle Ordovician at a cooling rate that first
crossed the closure temperatures of “°Ar/3°Ar in micas (350-300 °C)
during the transition from Silurian to Devonian, and then attained the
Earth's surface by the Lower Carboniferous (Hockenreiner et al., 2003;
Gallien et al., 2010; Castro de Machuca et al., 2008, 2012; Cristofolini
et al., 2014; among others).

Contrasting with shear zones developed within the Famatinian arc,
the Gaucha Corral and Pachaco shear zones first initiated at the
Cambrian, so were already weak crustal-scale belts when Famatinian
orogenic convergence expanded in the Pampean orogen (Martino,
2003). The already stabilized Pampean orogen might have acted as a
high-strength foreland backstop during the collision-related orogenic
stage of the Famatinian arc. Over the Pampean orogen, much of the
Famatinian orogenic convergence was taken up along the Guacha
Corral shear zone that was active at 470 Ma and so remained until the
emplacement of Devonian-Carboniferous post-orogenic batholiths
(Martino, 2003; Demartis et al., 2017; Semenov et al., 2019).
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4. Geodynamic model for the Famatinian arc

4.1. Pre-conditions for the Famatinian arc on the western Gondwana proto-
pacific margin

The Famatinian arc was born outboard of the waning Pampean
orogen (Pankhurst and Rapela, 1998). Although it is contentious and
not a central focus here, the geodynamic setting of the Pampean orogen
is briefly addressed to depict the setting predating the inception of
subduction-related Famatinian magmatism. The Pampean orogen in-
itiated at the latest Neoproterozoic during the final assembly of the
West Gondwana. At that time, the proto-Andean border of Gondwana
began its long history of a destructive margin (Cawood and Buchan,
2007). The subduction-related magmatic stage of the Pampean orogen
started at, or early before, 555 = 5 Ma (Pankhurst and Rapela, 1998;
Rapela et al., 2007; Schwartz et al., 2008). At about 535 Ma, a sub-
duction-related magmatic arc entered into a stage of contractional
tectonic regime (Schwartz et al., 2008). The accreted metamorphic
complexes experienced granulite-facies metamorphism, intracrustal
anatexis, and poly-phase ductile deformation over a short time between
~530 and 510 Ma (Guereschi and Martino, 2008; Tibaldi et al., 2019).
The contractional tectonic is attributed to a trench-ridge encounter with
a trench at the boundary of the Pampean orogen (Schwartz et al., 2008;
Tibaldi et al., 2008). Admittedly, the ridge-trench interaction hypoth-
esis is contentious (Rapela et al., 2007) and even less clear is how the
tectonic plates reorganized after the spreading ridge subducted beneath
the Pampean orogen.

During a late stage of the Pampean orogen, forearc accretionary
complexes accreted above the subducting ridge crystallized under high-
T metamorphic conditions (Schwartz et al., 2008; Guereschi and
Martino, 2008; Tibaldi et al., 2019). Early Cambrian Pampean orogen
bounded against an oceanic plate that was on the opposite side of the
demised spreading ridge (Perén Orrillo et al., 2019). The amalgamation
of the Pampean crystalline sequences to an oceanic plate became the
basement of the Middle and Upper Cambrian turbidites. Within this
geological context, the San Luis Formation, which record sediment
deposited on a deep marine slope and abyssal plain, may contain a
unique record of the geological setting where was born the Famatinian
arc (Perén Orrillo et al., 2019). It should be noted, however, that Pa-
leozoic crystalline sequences lying to the north of the latitude of 28° S
show a slightly different geodynamic evolution at the same time (see
Wolfram et al., 2019; and references).

Typical subduction-related magmatism resumed after a period of
about 30 My (520-490 Ma) of the magmatic quiescence that followed
the Pampean orogen. Accepting that an active ridge subducted beneath
the Pampean orogen, the magmatic gap between Pampean and
Famatinian systems is compatible with more than one scenery (Fig. 10):
either if ridge-trench collision stopped plate converge at ca. 515 Ma, a
process of subduction zone initiation either spontaneous or induced had
to happen in the paleo-Pacific oceanic setting (Izu-Bonin-Mariana style;
see Leng and Gurnis, 2015), or if oceanic plate subduction outlasted
ridge-trench interaction, subduction-related magmatism would have
reestablished when a slab window moved away and a coming oceanic
slab began fertilizing the mantle wedge (Chile ridge-trench style; Cande
et al., 1987). Nevertheless, solving this problem is beyond the scope of
the work.

4.2. Arc growth: petrological process

As documented by field mapping, lithostratigraphic framework, and
tectono-thermal evolution, the ancient Famatinian arc is easily separ-
able into a batholithic main arc and a metasedimentary backarc belt
(Fig. 1). Another first-order geological feature is the absence of older
(Precambrian) basement all over the Famatinian arc, apart from peri-
Gondwanan inliers such as the Arequipa Massif (Ramos, 2018). The
ancient Famatinian arc growth occurred via subduction driven
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Fig. 10. Diagrammatic models comparing geodynamic sceneries that potentially link the end of the Pampean orogen with a nascent Famatinian arc. On the left side,
model is based on knowledge of the Chilean ridge-trench interaction (Cande et al., 1987). An alternative model is an Early Cambrian subduction zone that merged to
the Pampean orogen after ridge subduction, and then a nascent Famatinian arc resumed outboard by opening a weakness within an oceanic setting.

magmatism when mantle-melt upwelling emerged and invaded the magmatic system that has not a well-defined lithological stratification
prearc crust. After 20 My of subduction driven magmatism, the bulk across crustal paleodepths and along the paleo-arc axis (Figs. 4 and 5).
crust of the arc was reconstructed by early Ordovician magmatism. The deep-seated plutonic section of the Sierra de Valle Fértil-La Huerta
Magmatic construction built up a crustal section lacking a signal of enables inferring how is the unexposed crust over the shallow bath-
periodicity (Fig. 4). We describe the main steps of evolution and eval- oliths from the sierras Famatina, Velasco, Chepes and Las Minas-Ulapes
uate magma production in the Famatinian arc, but the construction of a (Figs. 1 and 3). The generation of the Famatinian arc crustal section is
crustal section is a spatially and temporally continuous process that left deconstructed using a field-based 3D perspective. The plutonic con-
finite observations (Saleeby, 1990). struction was bottom up and driven by emplacement of mafic melts into

Both depth-age and depth-chemistry characteristics correspond to and onto a progressively heated and magmatically evolving mantle-
that of a transcrustal magmatic system (Bachmann and Bergantz, 2008; crust transition (Otamendi et al., 2012; Walker et al., 2015). Upon
Cashman et al., 2017; Putirka, 2017). Yet, a singular aspect is a leaving behind their mantle sources, hydrous mafic magmas either
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stalled in the low crust or ascended throughout the middle crust (Saal,
1993; Saavedra et al., 1998; Alasino et al., 2016; Camilletti et al.,
2020). Mafic magmatism was not only the origin of synmagmatic mafic
dikes and microgranular mafic inclusions that are widely dispersed over
the middle and upper plutonic crust but also fed basaltic lava flows and
microgabbroic sills emplaced into the volcano-sedimentary sequences
(Fig. 2; see Mannheim, 1993). Continued mantle-derived magmatic
addition into the mantle-crust transition activates deep-seated layers of
tonalitic mushes, which then mature to supply the quartzo-feldspathic
middle plutonic crust (Hildreth and Moorbath, 1988; Saleeby, 1990;
Annen and Sparks, 2002). As Jagoutz (2010) and Walker et al. (2015)
showed, incubation and generation of intermediate melts inside a
MASH-like low crustal zone has a complexity that is not captured by
simple mechanical separation of early crystallizing minerals and melt
that yields magmatic differentiation.

On top of the lower mafic crust, a km-thick tonalitic-dominated
plutonic section is a crystallized product of plutonic levels fed by de-
rivate melt that left behind a mafic cumulate sequence (Otamendi et al.,
2012; Tibaldi et al., 2013; Walker et al., 2015; Camilletti et al., 2020).
When the middle crust had grown up into a tonalitic-dominated mag-
matic sequence, it became the framework that expanding upward
constructed the upper silicic zone (Bachmann and Bergantz, 2008). The
constant and massive influx of mafic magmatism caused the melting of
pre-arc crust and enhanced hybridization between mantle-sourced and
continentally-derived materials. Overlying the tonalitic plutonic crust,
granodiorites, and granites that made up the silicic upper crust are
derivative products of tonalitic mushy magmas that evolved through
plagioclase- and amphibole-dominated fractionation, and assimilated
metasedimentary rocks with their anatectic leucogranitic component
(Otamendi et al., 2012). Silicic plutonic and volcanic sequences dom-
inating the upper crust are both fractionated and well-mixed litholo-
gical products. Three magmatic sources fed the shallow plutonic crust
and the volcanic system, these were: 1) mafic melts ascending from the
lower mafic crust, 2) intermediate and silicic magmas (mushes) rising
from the middle crust, and 3) intra-crustal rhyolitic melts from the
middle and upper crust (Mannheim, 1993; Cisterna and Coira, 2014;
Alasino et al., 2016; Armas et al., 2018).

4.3. Arc growth: magmatic tempo

To estimate the long-term magmatic fluxes, we use the along-arc-
strike type segment from Valle Fértil to the northern Sierra de Famatina
(Fig. 1; see Tibaldi et al., 2013). Within this Famatinian arc segment,
most of the plutonic rocks are compositionally well characterized
(Fig. 5), and outside the shear zones, they preserve the magmatic
structure (Fig. 6). The approach to reckon the magmatic tempo is based
on field observations, which permit reconstructing a 3D arc crustal
section dominated by plutonic rocks, and uses the dataset of available
U-Pb zircon crystallization ages (Fig. 4). For these reasons, the estimate
of magmatic addition rates is just a first-order approximation, but, as a
single magmatic cycle, provides a useful comparison to episodic mag-
matic tempo elsewhere.

The batholithic-scale plutonic and volcanic crustal column is re-
constructed up to paleodepth of about 30 km and timed to have grown
during 17 My (485-468 Ma) at volumetric magmatic fluxes of about
1.76 km®/My per km? of active arc surface. Although, rather than being
time-averaged magmatic fluxes from the mantle to the crust, the result
is a frozen record of construction and preservation of an ancient crustal
cross-section. One relevant question is whether all the plutonic/vol-
canic masses come from the mantle or just a part of it. The answer is
simple, the Famatinian arc consists of less than about 20 vol percent of
the original pre-arc crust over the main batholitic belt (Fig. 1). It im-
plies that a large mass of the original host rocks has been reconstructed
into the plutonic/volcanic rocks across the entire sequence of the ex-
posed paleodepths (Otamendi et al., 2012; Tibaldi et al., 2013). Another
aspect complicating the interpretation is how much mantle-sourced
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magmatic fluxes made cumulate which is no longer traceable. A
minimum mass fraction of generated cumulate broadly equals the ex-
posed mass of intermediate and silicic plutonic rocks less the pre-arc
crustal mass cannibalized into plutonic rocks (Camilletti et al., 2020). A
question immediately arises, where are the cumulate rocks that com-
plement to plutonic rocks more evolved than gabbros in the Famatinian
arc. A simple answer is that tens of kilometers of cogenetic cumulates
are lost. However, it is still open the question of whether dense cu-
mulate roots were either delaminated over the magmatic stage or tec-
tonically removed during the collisional-related uplift, or a combination
of both processes.

Last but not least is the problem of preservation. The collisional
closure of the Famatinian arc presents a crucial challenge to calculate
the volume addition rate per arc length (km®km ~'My ~1). It is unclear
to what extent the main arc is shortened (section 3.3; see Christiansen
et al., 2019). To the south of latitude 27° S, the Famatinian arc is both
contracted and differentially uplifted. At the latitude 29° S, the pre-
served across-arc section is 140 km wide over the plutonic Ordovician
crust enabling to estimate a minimum magma production rate of about
250 km®km ™My~ !. Since the estimate of magma production rate
utilizes the full-time span in the geochronological dataset, the result
yields a lower value than that of Ducea et al. (2017). Nevertheless, with
all the uncertainties in mind, it remains true that the Famatinian arc
growth is entirely a high-magma-production period.

4.4. Continent-arc collisional evolution

The Famatinian arc developed near the West Gondwana margin, on
the western side of a rather narrow backarc basin that never reached
the stage of an oceanic basin (Mannheim, 1993). During most of the
Lower - Middle Ordovician, a voluminous arc plutonic crust developed
while the stress regime in the overriding plate controlled the opening of
intra-arc and backarc basins (Fig. 11a). Sometime in the Middle Or-
dovician, the last remnants of an ocean in the Iapetus (paleo-Pacific)
realm began closing with the entry of the Cuyania/Precordillera con-
tinental plate in the subduction zone (Astini and Davila, 2004;
Benedetto, 2004). The early convergent history of the Famatinian arc is
signaled by folding and thrusting deformation of the volcano-sedi-
mentary successions (Astini and Davila, 2004). An angular un-
conformity marks the onset of convergent tectonic coeval with the se-
dimentation of the Middle Ordovician strata (Astini and Davila, 2004).
Subduction-related magmatism outlived tectonic contraction over a few
millions of years, but subduction-related magmatism gradually waned
and stopped at about 465 Ma (Ducea et al., 2010; Rapela et al., 2018).
Synchronously, voluminous flysch-like sediments (Gualcamayo For-
mation) shed away from the incipient collisional zone filled the fore-
land in the subducting plate (Fig. 11b; Astini, 1998; Benedetto, 2004).

The transition from subduction to collision at ca. 470 Ma took a few
million years before maturing into a hard continent-arc collision
(Benedetto, 2004). At that point, lithosphere-scale convergence caused
accretion of plutonic and metamorphic crystalline arc crust while the
detached underlying lithosphere subducted (Astini and Davila, 2004).
The final welding between the Cuyania/Precordillera microplate and
the closing Famatinian arc occurred at the Middle - Upper Ordovician
(Darriwilian - Sandbian) and associated with a prolonged stage of
Molasse-like clastic wedge shed onto the downgoing continental plate
(Astini, 2003). It initiated the development of substantial uplift
(mountain-building process) within a hard collision in which both
plates were strongly deformed (Astini and Dévila, 2004; Mulcahy et al.,
2014; Cristofolini et al., 2014). At some point of the continent-arc
collision, the overriding Famatinian arc became mechanically de-
coupled from the complementary lithospheric mantle, the entire main
arc and backarc crystalline sequences experienced rapid uplift rates
(Fig. 11c).

The continental Cuyania microplate with an irregular geometry
towards the direction of indentation shaped the deformation style over
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Fig. 11. Schematic tectonic model for the continent-arc collision orogeny modified from Cristofolini et al. (2014) and Christiansen et al. (2019). Main steps are (a)
the closure of an oceanic basin led to the onset of subduction of a continental microplate (Cuyania/Precodillera terrane). Interaction of two buoyant plates slowed
subduction along a segment of the overriding Famatinian arc. (b) In the Upper Ordovician, the Cuyania/Precordillera microplate advanced into the Famatinian arc
locking the subduction zone and contracting the overriding plate. (¢) During the Silurian, a mature continent-arc collisional orogen forced unroofing of the Fa-
matinian batholithic crust, stacked backarc metasedimentary succession, juxtaposed deep onto shallow Famatinian sequences, and further uplifted the Cambrian
Pampean orogen. (d) After more than 70 My of orogenic growth, the Cuyania-Famatinian orogen began collapsing. Positive topography endured until the Penn-
sylvanian epoch when the first post-orogenic sediments filled continental basins within the eroded Famatinian basement (not shown).

the overriding Famatinian orogen (e.g., Astini and Davila, 2004; von
Gosen and Prozzi, 2005; Christiansen et al., 2019). Within a vanished
Famatinian arc, the trajectories of exhumation chiefly reflect the impact
of the tectonic indenter on driving contraction and uplift (Fig. 9a-b). At
a mature stage, collision orogeny broadened the hinterland, expanded
into the foreland, and further uplifted the Cambrian Pampean orogen
(Martino, 1993; Demartis et al., 2017; Semenov et al., 2019). Within
this context, continued lithospheric convergence within the central part
of the Famatinian arc by bivergent (retro- and pro-wedge) high-angle
thrusting drove of crustal shortening in the core of the orogenic hin-
terland (Morosini et al., 2014). Overall the overriding orogenic system
records protracted shearing over a long period from the Middle Ordo-
vician (pre-Hirnantian) to the Silurian (Ludlow - Ludfordian), with a
local reworking of shear zone reaching the Lower Devonian (Pragian).
By the late Devonian and early Carboniferous time, the Famatinian arc
orogenic crust should have been extended and spread by orogenic
collapse (Fig. 11d). The temperature in the lower part of a stretching
crust increased enough to melt it and produces post-orogenic magma-
tism (Morosini et al., 2017). Positive topography endured even longer
to the late Carboniferous when continental sediments filled shallow
sedimentary basins.
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5. Further implications and future challenges

The geodynamic model is adequate to elucidate the observed data
and to make realistic inferences on the nature of the Famatinian arc. No
claim is made for the model beyond these facts. Today, several research
lines are reasonably well developed, among which are the studies
producing stratigraphic, paleontological, geochronological, petrolo-
gical, and geochemical (elemental and isotopic) data. Nonetheless,
some questions remain open. A research line that might provide better
constraints on the orogenic model is the study of shear zones combining
structural geology and thermochronology (Semenov et al., 2019;
Larrovere et al., 2019). Another approach with a future is high-preci-
sion geochronology that helps to tightly bracketed magmatic tempos
(Ducea et al., 2017). Finally, more data of isotopes in zircons might
open the plutonic archive to ponder whether magmas formed by the
digesting of metasedimentary materials into evolving mantle-like
magmas or by remelting ancient continental crust (Rapela et al., 2018).

Here, we discuss two issues that require further data. One is surveying
the infant stages of the Famatinian arc. Most of what is known about
subduction initiation comes from the active western Pacific subduction
zones (Stern and Bloomer, 1992; Ishizuka et al., 2014; among others).
Some aspects of this knowledge are important for understanding the Fa-
matinian arc. First, it begins with the conversion of a subduction-trans-
form edge propagator plate-scale system into a proto-trench system
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(Stern and Bloomer, 1992; Toth and Gurnis, 1998). Second, over a nas-
cent subduction zone, the sinking lithosphere causes trench rollback and
allows the entrance of asthenospheric upwelled melt into the space that
the subducting plate liberates (Stern and Bloomer, 1992). Third, the li-
thosphere, including a plutonic-volcanic thin crust and a refractory
mantle, becomes the basement for a coming magmatic arc (Ishizuka et al.,
2014; Leng and Gurnis, 2015). With outstanding geological insights,
Mannheim (1993) showed that the nascent Famatinian arc stage was a
rifted-arc stage, and also suggested that the Famatinian arc retreated to a
position outboard during its inception. In this regard, the Negro Peinado
angular unconformity in the Sierra de Famatina may be a unique trait of
developing east-dipping subduction along a nascent edge that was located
westward. Up to now, there is no vestige of crustal remnants formed
during initial subduction. Over the segment of interest, there are few
prospects to find infant arc fragments in the Famatinian forearc as the
continent-arc collision orogeny removed the forearc and juxtaposed the
plutonic Famatinian crust onto the tectonic suture (Cristofolini et al.,
2014). Within the region dominated by main arc batholiths, the infant arc
foundational crust has been reworked in generating plutonic rocks. A rare
expectation is surveying metamorphic complexes that evolved on the
backarc side and preserved fragments of nascent arc crust. The Nogoli
metamorphic complex in the Sierra de San Luis is a plausible candidate
(Gonzalez et al., 2009). An argument line to develop is that the proto-
Famatinian crust was overwhelmingly dominated by the lithosphere
formed during the Famatinian infant arc magmatism (Fig. 10). This idea
might explain two problems of the Famatinian arc. These are the absence
of pre-arc crust and the predominance of subduction-related rocks with
continental isotopic signatures. The absence of pre-arc crust is due to the
thin infant crust was rapidly assimilated in the arc construction of the
plutonic batholiths. The Famatinian lithosphere may have acquired its
continental isotopic signature during the subduction zone inception. A
young slab sinking into the upper mantle and carrying craton-derived
sediments might have released the metasomatic agents that serpentinized
the sub-Moho mantle and metasomatized the prearc crust (Stern and
Bloomer, 1992).

The other priority research is better assessing the impact of
Famatinian arc evolution on the responses of the Andean foreland to
ongoing tectonic forces. At a very fundamental level, the goal of the
geoscientist community is to keep on refining an integrated explanation
between synorogenic mountain-building expressions and pre-orogenic
paleogeographic influences, for which the Sierras Pampeanas over the
Pampean flat-slab segment is a challenging natural example. The
structural styles of the Andean foreland deformation vary along strike
with a marked change at 26-27 °S. At this latitude, thin-skinned and
thick-skinned fold-and-thrust belts characterizing the Cordillera
Oriental and Sierras Subandinas become basement-cored uplifts in the
Sierras Pampeanas (Jordan and Allmendinger, 1986; Allmendinger and
Gubbels, 1996; Kley et al., 1999; Ramos et al., 2002). The structural
segmentation of the foreland implies along-strike variations in 1) the
dip angle of the subducting Nazca plate, 2) both the timing and amount
of shortening of the overriding Sudamericana plate, and 3) the rheo-
logical stratification of the lithosphere in the foreland (Allmendinger
and Gubbels, 1996; Kley et al., 1999). While the first two controls are
inter-related and determined by Cenozoic plate tectonic, the paleo-
geographic evolution of foreland segments is the third controlling
factor. By middle Neogene, when the Nazca plate began flattening, the
Sierras Pampeanas were plains with thin sedimentary covers overlying
shallow crystalline basements (Allmendinger and Gubbels, 1996;
Ramos et al., 2002). Under Cenozoic tectonic convergence, Paleozoic
shear zones were reactivated to NW-SE-striking brittle-ductile faults
uplifting crystalline ranges over the Sierras Pampeanas (Figs. 6 and 9).
The tectonic-morphologic expression is related to crustal weakness in-
herited from the Paleozoic history. The Sierras Pampeanas is an Andean
exhumed basement-cored broken foreland that originally formed in the
hinterland of a Paleozoic collisional orogen. Yet interestingly, the dé-
collement depths accommodating crustal shortening in the Central
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Andes coincide with the paleodepth inferred for the Famatinian tec-
tonic uplift (Snyder et al., 1990).
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