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Abstract

The Suri-Las Planchadas Volcanic-Sedimentary Complex (SPVSC), northwest of the Sierras Pampeanas in Argentina,
comprises an Early to Middle Ordovician (Floian—Dapingian) submarine and subaerial succession with a variety of mafic
to felsic volcanic lithofacies. These units include mafic to intermediate submarine massive-hyaloclastic lava flows, dacitic
lavas, pyroclast-rich volcaniclastic deposits, intrusions of domes/sills and rhyodacitic—rhyolitic lavas. Along Las Planchadas
hill a section of ~ 3 km thickness is exposed showing vertical and lateral variations. The lower part is dominated by massive,
pillowed and basaltic to intermediate lavas, autobreccia and hyaloclastic facies, representing the beginning of the volcanic
arc activity. The upper almost 2 km of the succession is dominated by subaqueous-resedimented volcaniclastic siltstones,
sandstones and breccias with abundant pyroclastic components and rhyodacitic to rhyolitic lava-domes, sills and dykes. Tuff
and ignimbrite lithoclasts, abundant shards and pumice fragments were determined in the resedimented deposits. Volcanism
in the SPVSC started with submarine eruptions and progressively grew above the wave base, accompanied by a change from
mafic to intermediate and felsic members. The eruptive pattern shifted from effusive to explosive, producing a large apron
of syn-and post-eruptive volcaniclastic deposits of debris flows and turbidity currents. They are the evidence of variations
in composition and volcanic styles and their development contributed to generate an apron surrounding the volcanoes. The
apron prograded and aggraded with the evolution of the volcanism culminating in shallow water volcanogenic beds. The
final phase was characterized by felsic subaerial or shallow subaqueous explosive volcanism.
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Introduction

The study of volcanic deposits along active margins provides
an excellent tool to understand geodynamic processes linked
to tectonic evolution. Such processes can be understood from
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compositional, lithofacial and textural studies of the vol-
canic deposits (Allen et al. 2007). The Suri-Las Planchadas
Volcanic-Sedimentary Complex (SPVSC), that build up
the Las Planchadas and Narvéez hills (Fig. 1b), and form
part of the proto-Andean margin, represents a well exposed
example of the top of the Famatinian arc with a complete
record of the volcanic activity during the Early to Middle
Ordovician. Lithofacies analysis based on features as com-
position, textures and structures of these ancient successions
give insights on the emplacement mechanisms and eruption
styles of volcanism under subaqueous-subaerial environ-
ment during the evolution of the Famatinian arc, applicable
throughout its extension for more than 6000 km from Ven-
ezuela to northeast Patagonia as was indicated by Pankhurst
et al. (2006), Chew et al. (2007), Van der Leljj et al. (2016),
Garcia-Ramirez et al. (2017), among others. Likewise, this
work attempts to contribute elements of analysis for the
understanding of other ancient volcanic successions that,
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like the SPVSC, represent relics of volcanic centers that
evolved under subaqueous and subaerial conditions in simi-
lar tectonic settings.

The Famatinian Orogeny, ranging from the early to mid-
dle Ordovician as was defined by Acefiolaza and Toselli
(1976), includes widespread regional metamorphism and
arc magmatism related to an active continental margin.
Extending from north to south for more than 400 km
between 27° and 36° S in the northwest of Argentina,
the Famatinian belt (Astini and Davila 2004) represents
a continuous and fast overlapping of high-to medium-and
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vician outcrops are from Coira et al. (2009). ¢ Geologic map of the
Famatina System (modified from Cisterna and Coira 2017)

low-grade metamorphism episodes, deformation, anatexis,
magmatism and mineralization during the Early Paleozoic
times. The western units along the belt, are characterized
by Late Cambrian to Early-Middle Ordovician volcan-
ism intercalated with marine and volcaniclastic succes-
sions and Early to Middle Ordovician I-and S-type intru-
sions (Fig. la, b). From this context, Las Planchadas and
Narvaez hills form the northern portion of the Famatina
System “sensu” Petersen and Leanza (1953) and are con-
sidered upper levels of the Famatinian arc (e.g., Rapela
etal. 2018).
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Previous descriptions and interpretations of the SPVSC
published by the authors, have focused on stratigraphic
aspects and local petrographic and geochemical studies
as tools to explain specific source processes. The volcani-
clastic facies, studied by Cisterna and Coira (2014) east
to west along the Chaschuil section, are reorganized and
redefined at the present work according new data from
other analysed localities as the outcrops at the southern
portion of the Las Planchadas hill or to the north, in the
Agua del Médano area. Volcanic facies features and ori-
gin, internal architecture and related volcanic processes
in the context of the Famatinian arc tectonic evolution
are still a topic for discussion. This work analyses the
volcanic facies characteristics and distribution, focusing
on styles of volcanic activity and sedimentation. Detailed
facies analysis is based on mapping and profiles across
the Las Planchadas and Narvéez hills, and takes into
account new data, previous works and the regional struc-
tures affecting the area.

Geologic setting and stratigraphic
framework

The Famatinian orogeny, restricted from the Late Cambrian
to the Middle Ordovician (Astini and Benedetto 1993; Astini
et al. 1995; Pankhurst et al. 1998), records the subduction
of oceanic lithosphere along the western margin of Gond-
wana and its tectonic evolution is supported by paleonto-
logical, petrological, geochronological and paleomagnetic
data (Acefiolaza and Toselli 1976; Lork and Bahlburg 1993;
Kraemer et al. 1995; Dalziel 1997; Astini and Davila 2004;
Bierlein et al. 2006; Viramonte et al. 2007; Chernicoff et al.
2010; Ramos 2018, among others).

The Famatinian arc-back arc in northwest Argentina
(490-430 Ma; Rapela et al. 1998) appears in a series of
discontinuous north to south mountain blocks, over 1000 km
(between 22°S and 33°S; Coira et al. 2009). In Puna and the
north segment of the Famatina System, it is represented by
intrusive and volcanic rocks related to volcaniclastic tur-
bidity and debris flow deposits (e.g. Bahlburg 1990, 1998;
Coira and Pérez 2002; Pankhurst et al. 1998; Bierlein et al.
2006; Cisterna and Coira 2014; Bahlburg et al. 2016). Vol-
canism and sedimentation age ranges from late Cambrian
to Early-Middle Ordovician (485-444 Ma; Bahlburg 1990,
1991; Viramonte et al. 2007; Cisterna and Coira 2014; Cis-
terna et al. 2017). To the east of the Famatinian arc, the back-
arc region is characterized by the development of HT meta-
morphism (peak conditions of c. 4-6 kbar and 670-820 °C),
mainly developed between c. 505460 Ma (Larrovere et al.
2019). It is almost coeval with the peak emplacement of the

magmatic arc activity at c. 485—-465 Ma (Ducea et al. 2010;
Rapela et al.2018; Larrovere et al. 2019).

For the Famatina Range (running at the central sector
of the NW Argentina Famatinian Belt), a volcanic arc was
initially suggested by Acefiolaza and Tosselli (1984). Subse-
quently, some authors have favored a back-arc model for that
belt on a petrological basis (Mannheim 1993; Clemens 1993
and Toselli et al. 1996). Isotopic and geochemical studies
on the Famatina Early Ordovician granitoids document the
evolution of a magmatic arc on thickened continental crust
(Pankhurst et al. 2000), instead of a genesis under an island
arc regime with subduction of oceanic crust under oceanic
crust. A northward extension of this magmatic arc, along the
Puna magmatic belt has been postulated by Coira (1979),
Coira et al. (1982), Ramos (1988), Loewy et al. (2004),
Chew et al. (2007), Bahlburg et al. (2011) and Cisterna
et al. (2017), among others. A continental magmatic arc
(the Famatinian magmatic arc) between 21° and 26° S with
a north-easterly directed subduction zone and developed on
continental crust was proposed by Niemeyer et al. (2017) for
the Ordovician volcanic records of north Chile-Argentina
Andes. Taking into account the geochemical study of the
basic volcanism developed along the Las Planchadas and
Narvaez hills, a transition from an island arc to a back-arc
along an overriding plate progressively thicker was postu-
lated by Cisterna et al. (2017).

Las Planchadas and Narvéez hills are mainly composed
of Paleozoic units, with ages established according to their
geological relations, fossil content and geochronological
data (Fig. 1c). The older rocks are Tremadocian volcanic-
sedimentary deposits due the presence of graptolites point-
ing this age (Cisterna and Coira 2017) and they are intruded
by the Las Angosturas Granodiorite of 485 +7 Ma in age
(Rubiolo et al. 2002). The most extended deposits are rep-
resented by the Suri-Las Planchadas Volcanic-Sedimentary
Complex (SPVSC) (Cisterna and Coira 2017) (Figs. 2, and
3), having a brachiopod-rich fauna associated with trilobites
and conodonts in the Chaschuil area. They allow to assign
these units to the Floian—Dapingian (Albanessi and Vaccari
1994; Benedetto 1994; Vaccari and Waisfeld 1994).

The Tremadocian volcanic-sedimentary unit shows low-
grade metamorphism mineral associations, a main S, dis-
continuous cleavage and locally complex structures (F; and
F, folds) denoting penetrative polyphasic deformation. This
contrasts with the simple structure (mainly open folds) of the
Floian-Dapingian succession and without evidence of meta-
morphism (Cisterna and Mon 2014). Taking into account
that subduction zones are characterized by margin-parallel
active arc volcanoes together with wide hot back-arcs as
one of its fundamental characteristic (Currie and Hyndman
2005), Altenberger et al. (2021) propose that the Ordovician
volcano-sedimentary sequences outcropping at the Sierras
de Narvéaez and Las Planchadas may represent the volcanic
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arc while the Sierras de Aconquija, Ancasti, Ambato running
parallel ca. 200 km to the east (composed of HT metamor-
phic rocks yielding the same ages) (Fig. 1b) take part of the
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hot back-arc region. The Ordovician volcanic successions
are covered, above an unconformity, by thick siliciclastic
continental units of the Late Paleozoic (Fig. 3).
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On the basis of previous mapping and stratigraphic stud-
ies of the area (Cisterna and Coira 2014, 2017; Cisterna
et al. 2017) together with new data, the present contribu-
tion defines field relations, distribution, compositional and
textural variations that characterize the volcanic and vol-
caniclastic Ordovician deposits of the Suri-Las Planchadas
Volcanic-Sedimentary Complex (SPVSC). This knowledge
is useful to define/or redefine the main lithofacies, establish-
ing their spatial and temporal distribution and significance.
In order to analyze these characteristics in the Complex,
affected by folds and later faulting, sections have been docu-
mented which display relatively continuous outcrops and
free of structural repetition. Detailed information of the main
sections, from north to south, are presented in Table 1 and
Figs. 4 and 5.

Taking into account the different analysed sections and
other representative outcrops along the Planchadas and

Narvaez hills, the Ordovician succession can be divided into
a lower portion (1000 m thick) of mafic to intermediate lava
dominant with minor fragmental facies; and an upper one
(2000 m thick) dominated by volcaniclastic units with minor
felsic lavas (Fig. 3). The first portion, composed of basaltic to
basaltic andesite lavas (locally pillowed) and related hyalo-
clastites and pillow breccias, mainly outcrops along a nearly
north to south oriented area (Fig. 2). The upper portion is
dominated by volcaniclastic deposits, principally formed
by breccias, interspersed with finer volcaniclastic sedimen-
tary levels (psammitic and pelitic) with lavic, pyroclastic
and rarely non-volcanic clasts. Rhyodacitic and rhyolitic
lava domes are emplaced among them and the lithostrati-
graphic succession is intruded by small-volume rhyolitic
sills and dikes, especially at the south—southwestern of
the area (Fig. 2). Doleritic dykes/sills are also interbedded
among the succession (e.g. Chaschuil section), indicating
that basic volcanism continued throughout the development
of the volcanic complex. About the fossil records, the main
outcrops were studied in two localities along the Chaschuil
area (Fig. 2), where were defined the brachiopods associ-
ated with trilobites and conodonts (Albanessi and Vaccari
1994; Benedetto 1994; Vaccari and Waisfeld 1994; Man-
gano and Buatois 1996) hosted in yellow siltstones to fine
sandstones beds of the volcaniclastic sedimentary levels. At
the Punta Pétrea area were found Ordovician brachiopods
(Paralenorthis riojanus, Famanorthis turneri and Tritoechia
sp.) in volcaniclastic sandstones interbedded with lapilli rich
fine to medium sandstones (Cisterna et al. 2010) and to the
north, in the southwest of the Agua del Médano, outcrops
fine sandstones hosting brachiopods and trilobites (Fig. 2).

Terminology

Facies terminology used here is taking into account McPhie
et al. (1993), McPhie (1995) and Allen et al. (2007). Vol-
canic deposits are classified into coherent and volcaniclastic,
according to their original textures. Coherent volcanic facies
resulting from cooling and solidification of magma in aerial,
subaerial and subaqueous conditions may be associated with
autoclastic and hyaloclastic breccias (McPhie et al. 1993).
The volcaniclastic term is descriptive and applies to deposits
mainly composed of volcanic particles (Fisher 1961), includ-
ing four main genetic categories: autoclastic, pyroclastic,
resedimented and volcanogenic sedimentary rocks (McPhie
et al. 1993).

Lithotypes
The Suri-Las Planchadas Volcanic-sedimentary Complex

(SPVSC) displays a great variety of lithotypes, whose char-
acteristics are summarized in Tables 2, 3, 4 and 5.
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Table 1 General characteristics of the main analysed sections

Section

Description

Agua del Médano section (27° 40" 50" S—67° 58’ 51"" W and 27°
40' 21" S-68° 00" 30" W)

North Quebrada Larga section (27° 44' 01" S—68° 01’ 43" W and 27°
45" 15" S-68° 01’ 42" W)

South Quebrada Larga—Punta Pétrea section (27° 46' 07" S—-68°
01'09"” W and 27° 46’ 23" S—68° 02’ 47" W)

Chaschuil section (27° 47" 23"S—-68° 04’ 37"W and 27° 48’ 58"S-68°
01'45"W)

NW-SE sequence dipping to the east and conforming the eastern flank
of a 3 kms axial long anticline (Fig. 2). It represents approximately
150 m of the Arenigian column mainly composed by volcaniclastic
deposits and basalts. The base of the section is not see in the area
and the upper portion is covered by Upper Paleozoic units and recent
sands deposits (Fig. 4c)

It builds up an anticline structure, whose axis is sub-horizontal, with
north—south trend for 5 km (Fig. 2). The base of the section is
poorly exposed to the east, where locally an irregular contact can be
observed between the basalt and a yellow siltstone. The section is
mainly composed by basalts and their hyaloclastic equivalents and it
was detailed studied by Cisterna et al. (2017) (Fig. 4a)

It extends from north to south forming the eastern flank of an anticline
(Fig. 2). It builds nearly 1300 m of the Ordovician column and is
composed by basaltic, andesitic and dacitic lavas, hyaloclastic facies
and volcaniclastic resediment breccias, together with psamitic and
pelitic volcaniclastic sedimentary members containing pyroclastic
material levels (e.g. abundant accretionary lapillis). The fossil con-
tent testifies the Floian—Dapingian age of the sequence (Fig. 4b)

It develops an east to west continuous succession of outcrops along
nearly 5 kms in the Chaschuil area (Fig. 2). This section builds up
a synclinal structure, whose axis is sub-horizontal, with a north to
south trend. The base of the profile is poorly exposed in the west-
ern outcrops, where locally can be seen an irregular contact between
a dacitic lava and a green mudstone. The top of the profile, at the
east, has facies laterally equivalent to the Vuelta de Las Tolas mem-
ber described by Mangano and Buatois (1997) at the homonymous
locality. At the southeast Chaschuil area, the beds of the Vuelta de
Las Tolas member are overlaying basaltic lavas forming the core of
the Vuelta de Las Tolas anticline (Cisterna and Coira 2014; Cisterna
et al. 2017) (Fig. 5). The succession studied is characterized in its
basal level by a dacitic lava member, succeeded by abundant volcani-
clastic breccias, sandstones, mudstones and siltstones bearing abun-
dant pyroclastic components. These members are immediately fol-
lowed by volcaniclastic sedimentary lithofacies. Towards the top the
pelitic levels have a Floian—-Dapingian brachiopod fauna (Benedetto
1994)

Basaltic lavas (Bal)

Lobate basaltic flows more than 10 m thick, develop rapid
lateral and vertical variations, turning from massive into
autoclastic, composed by highly fractured basalts and devel-
oping jigsaw-fit textures (Fig. 6a—c). The blocky fragments
are larger than 10 cm, most of them have curviplanar frac-
ture surfaces; no chilled margins are observed. Excellent
outcrops occur along the north Quebrada Larga section
(Figs. 2, and 4a), where basalts are emplaced in massive
to laminate yellow siltstones and fine sandstones. The con-
tact related to the Monomictic Basaltic breccias (BaBr/m)
is often transitional.

Pillowed basalts develop relatively small outcrops and
are locally related with pillow-breccias. Siltstones and sand-
stones, comprising centimetre to decimetre beds, planar to
wedge-shaped form, are common overlying the top of the
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lavas and breccias. The Agua del Médano section (Figs. 2
and 4c) is a good example of these rocks (Fig. 7b).

Interpretation: the preserved structural and textural char-
acteristics in basaltic lavas related to the intensively frac-
tured portions, with the development of autoclastic facies
with jigsaw-structures and other characteristics above
described (blocky clasts with curviplanar fracture surfaces
and non-quenched margins) may be awarded to non-explo-
sive magma-water interaction processes (cf. Carr and Jones
2001). Basaltic flows that are cooler and more viscous and/
or subjected to locally higher strain rates than other emplace-
ments of massive basalts, commonly react to stress in a brit-
tle mode. They develop blocks of lava, located at the margins
of the lava bodies or dislodged by continuous movement
of the flow (cf. McPhie et al. 1993). Basaltic pillow lavas
associated with pillow breccias are also pointing to non-
explosive magma-water interaction.
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Monomictic basaltic breccias (BaBr/m)

They develop deposits up to 60 m thick and are in tran-
sitional or sharp contact related to the autoclastic basalts
(Fig. 6a, d). Its remarkable features are the randomly ori-
ented clasts showing flow foliated slabs with jagged ends,
ragged and blocky clasts with curviplanar surfaces and
quenched margins; scarce matrix and development of jig-
saw texture.

Interpretation: Monomictic basaltic breccias, charac-
terized by a wide range in size of the clasts and their par-
ticularly shapes (see above and in Table 2) together with
the presence of clasts with quenched margins and jigsaw
structure, may result from the quench fragmentation during
the disintegration process of lava-flow subaqueous emplace-
ments. Quenching achieves fractures affecting the lavas
and clasts are formed in situ by the fracturing and spalling
of quenched glass fragments (cf. McPhie et al. 1993). In
accordance with this, monomictic basaltic breccias are

in situ hyaloclastites. Jigsaw textures are pointing to that
clasts remain in place while being fragmented (cf. McPhie
et al. 1993).

Basaltic pillow breccias (BaPilBr)

They form lensoidal deposits, no more than 8 m thick and
20 m long, interbedded with fine sandstones and mudstones
(eg. Agua del Médano section) (Fig. 8a). They are almost
always together with pillow lava emplacements and are char-
acterized by the presence of rounded or sub-rounded pillow
clasts up to 1 m, that may preserve chilled margins. Brec-
cia shows a great variety of clasts sizes and is unstratified.
Locally, the hosting sedimentary rocks could be recognized,
partially incorporated into the breccias or forming enclaves
in the basaltic pillows. This sedimentary material is com-
monly altered (silicified) (Fig. 6e).

Interpretation: the interaction with the sedimentary host,
generating its fragmentation with the inclusion of altered
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Vitric fine grained sandstone and
siltstone (vSt/g),(vSI/)

Volcaniclastic mudstones,

siltstones, fine to pebbly

sandstones and polymictic
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breccia (Mst/m),(SI/1),(St/ml), (Br/po/g)

__ Pyroclastic rich siltstones and fine to
pebbly sandstones (pySl/), (pySt/g)

Volcaniclastic mudstones,
siltstones and fine to pebbly
sandstones
(Mst/ml),(SI/),(St/ml)

polymictic inversely- graded fine
breccia (Br/g/p), (Mdt-St/s)

Volcaniclastic mudstones,
siltstones and fine to pebbly
sandstones
(Mst/ml),(SIN),(St/ml)

+doleritic sill

Massive and diffusely graded
polymictic breccias interbedded
with sandstones (Br/m/p) (St/m)

—— rhyodacite

1162 64 mm

Fig.5 Simplified logs of the Chaschuil section (modified from Coira
and Cisterna 2014)

fragments in the breccia and enclaves in the lavas, together
with the development of stratified layers at the upper por-
tions of these rocks indicate the intrusive character of the
lavas. Emplacements of lavas that disturb or destroy the pre-
existing stratification, incorporating and altering or hard-
ening fragments of the host sedimentary rocks, together
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with presence of sedimentary beds developed at the tops
of them (without any alteration) is indicative of pillow lava
intrusions (cf. McPhie et al. 1993). Pillow breccias may be
locally developed very near to the dismembered lava.

Basaltic breccias (BaBr)

Occurring as beds and lenticular beds up to 20 m thick, later-
ally discontinuous (100 m long), are interbedded with sand-
stones (medium to fine grained) and siltstones (Fig. 9). The
breccias have sharp basal contacts, are massive and rarely
have a diffuse stratification. They are clast-supported with
angular to subangular basaltic clasts up to 60 cm (Fig. 8b, c).
Locally, elongate clasts show a weak long-axis clast imbrica-
tion. The matrix is commonly a poorly-sorted fine psammite.

Interpretation: basaltic breccia (BaBr), characterized by
unsorted and commonly poorly or unstratified deposits, sug-
gest rapid resedimentation along steep slopes. Locally, clast
imbrication and/or basal scours (granule sandstone within
breccia) may be indicating flow turbulence (cf. Lowe 1982).

Andesitic and dacitic lavas (AnDaL) and Andesitic
and dacitic breccias (AnDaBr)

Andesitic and lesser amounts of dacitic lavas are mas-
sive and form lenticular bodies up to 20 m thick, locally
fragmented developing breccias. Outcrops are scarce and
were recognized at the south of the Quebrada Larga section
(Figs. 4b, and 6f).

Interpretation: andesites and dacites form coherent lava,
partly in situ brecciated, transitionally varying to the brec-
cias of the same composition. Breccias have clasts up to
70 cm, angular to subangular, arranged with a jig-saw tex-
ture and with no evidence of rotation. The characteristics of
the breccias, as were described for the basaltic ones, point to
a subaqueous emplacement developing in situ hyaloclastites.

Rhyodacitic and rhyolitic lava-domes/sills (Rhyod-Rhyol/
Ld-s) and Rhyolitic dykes (Rhyol/d)

Rhyodacitic and rhyolitic lava-domes/sills (Rhyod-Rhyol/
Ld-s). Lenticular bodies (nearly 10 m thick and up to
30 m long) are intercalated within volcaniclastic facies.
Although contact heat reactions could not be defined, the
low ratio long—width, the shape and sharp top contacts
of these units allow to define them as sills (Fig. 10a).
Rhyodacites and rhyolites are also defining small domes
(50 m diameter) (Fig. 10b). They are commonly red to
pink, porphyritic, characterized by a variably crystal-rich
ratio, massive and flow-banded structure (Fig. 10c, d) that
commonly show portions with a red oxidized ground mass
(Fig. 10e). The contact of the domes is sharp and locally
displayed small brecciated portions at the top (Fig. 10f).
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Table 2 Basic to intermediate lavas and their fragmented equivalents facies: summary

Lithotype Code Description

Basaltic lavas (BaL) Greenish black rocks, commonly massive and locally developing flow foliation structure. Fine-
grained and porphyritic, the matrix shows crystallinity variations. Vesicles (2 mm-2.5 cm) are
irregular and generally oriented according the main foliation. Phenocrysts (5-12%) are plagioclase
(up to 3 mm) (30%) and clinopyroxene, commonly augite and augite-diopside (up to 1 mm) (1.5%).
Microphenocrysts of olivine, partially replaced by pyroxene and/or amphibole, are also common.
The matrix displays pilotaxitic texture and less common ophitic or subophitic. Glass groundmass
may be fresh or partially altered into palagonite and have plagioclase microlites weakly to moder-
ately aligned and defining around phenocrysts morphologies as swallow-tail terminations. Augite,
olivine and opaque minerals are also common in the matrix. Vesicles may be filled with calcite,
quartz and/or chlorite

Basaltic pillow lavas form lenticular bodies of nearly 8 m thick and occasionally, pillows display
multiple rind structures (Fig. 7c, d). They developed interaction textures with the hosting and
locally appear C-shape pillow lobes with segments showing black glassy chilled rinds, locally
flowing wrinkled (Fig. 7e, f)

Monomictic Basaltic breccias (BaBr/m) Poorly sorted breccias with randomly oriented clasts, which shapes vary between flow foliated slabs
with jagged ends, ragged or blocky clasts with curviplanar surfaces (Fig. 6a, d), commonly display-
ing jigsaw texture. The clasts occasionally develop quenched margins and glassy rims. Their size
varies in different sectors (from less than one mm up to 50 cm), usually larger near the massive
lavas. The groundmass is scarce, composed of glassy particles and phenocryst fragments (plagio-
clase), carbonate and palagonite. Clasts may be of highly vesiculated basalts (Fig. 6a)

Basaltic breccias (BaBr) Breccias are composed by angular to subangular basaltic clasts, having different size and reaching
60 cm in diameter (Fig. 8b, c). The poorly-sorted matrix, commonly of a fine sandstone (mainly
composed by fragments of basalts and plagioclase crystalloclast) show lesser content of mudstone.
Basaltic clasts display different structures, the most frequent have a vitric groundmass, sometimes
altered to palagonite, with thin plagioclase laths in a pilotaxitic groundmass and elongated or sub-
rounded vesicles, aligned parallel to the long axis of the clasts, and filled by carbonate or chlorite.
Other basaltic clasts may be rounded and subrounded, with quenched margins and a groundmass
composed by glass or oxidized glass, feldspar microlites and vesicles filled by carbonate, chlorite

and quartz; phenocrysts, sometimes fractured, are plagioclase and augite

Basaltic pillow breccias (BaPilBr) Clast-supported breccias in sharp contact with a fine psammitic and mudstone unit. Breccias are
unstratified and unsorted, with basaltic clasts rounded to sub-rounded that display a range of size
between few centimeters to 1 m, locally preserving quenched margins. Matrix is scarce and the

sediments hosting may be included in the breccia and altered

Andesitic and dacitic lavas (AnDaL)  Andesites (or basaltic andesites) are dark grey to greenish, porphyritic texture with plagioclase phe-
nocrysts (less than 2 mm large) and microphenocrysts of augite and hornblende in a glassy or very
fine fluidal groundmass. Hornblende and the glassy-groundmass are altered by chlorite and calcite

Dacites are greenish—green, display porphyritic texture with hornblende and plagioclase phenocrysts
(20%) ranging from 4 to 2 mm large. Scarce (<5%) and smaller quartz phenocrysts (1 mm) and
biotite. Groundmass composed by fine aggregates of quartz and plagioclase developing micro-
felsitic texture, with irregular vesicles (5%). Ferromagnesian minerals are commonly replaced by

chlorite

Andesitic and dacitic breccias (AnDaBr) The fragmented andesites and dacites show clasts of millimeters to 70 cm, angular to subangular
forming coarse to fine clast-supported breccia and arranged with a jig-saw texture and with no evi-
dences of rotation. Fragments are immersed in a scarce fine matrix commonly chloritized

These rocks usually have abundant small (mm) to medium
(up to 1.5 cm) spherulites generating apparent granular

characteristics of rhyodacitic and rhyolitic members see
Table 3.

texture. Recrystallization of originally glassy sectors in
rhyolites, usually along flow foliation directions, gave
these rocks fine banded structure (Fig. 10f). Chlorite
alteration of the matrix turns rhyolites into grey colours.
Rhyolitic dykes (Rhyol/d). Bodies are discontinuous,
tabular or developing lenses with up to 50 m long, in a
sharp contact related to the host. These rocks are char-
acterized by their granophyric and spherulitic textures,
better to see at microscopic scale. For petrographic

Interpretation: textural characteristics (e.g. porphyritic
texture, euhedral phenocrysts and the unbroken and euhe-
dral phenocrysts, microcrystalline groundmass) together
with the bodies morphology, sharp contact and flow band-
ing structure point to define the rhyodacitic and rhyolitic
lava bodies as domes. Sills are scarce and recognized as
lenticular emplacements within the volcaniclastic units.
The rhyolitic dykes are discordant in the Ordovician
succession.
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Table 3 Rhyodacitic and

. . Lithotype
rhyolitic lava domes/sills

Code

Description

and rhyolitic dykes: summary Rhyodacitic—rhyolitic lava-

domes and sills

Rhyolitic dikes

(Rhyod-Rhyol/Ld-s)

(Rhyol/d)

Red to dark red, porphiritic texture, feldspars
and quartz phenocrysts (20-30%) (0.5-1 cm).
Plagioclase developed glomeroporphyritic
aggregates and quartz are resorbed with
deep embayments. Scarce biotitic micro-
phenocrysts (¢ 1%). Fine-grained quartz-
feldespatic micropoikilitic matrix, locally
show flow-banding texture. Groundmass,
dominated by anhedral quartz and feldspars,
with spherulites interspersed. The last ones
are composed of fine radiating needles of
quartz and feldspar and reach up to 2 cm.
Some spherulites form clusters of two or
three. Between spherulites are fine sheets of
chlorite, white mica and biotite, together with
quartz, epidote and opaques. Chlorite, calcite
and/or quartz are filling vesicles (up to 1 mm)

Dykes are characterized by a nearly homoge-
neous groundmass with granophyric texture
and spherulites. The granophyric intergrowth
show blebs, patches and threads of quartz in
a feldspar base. Spherulites are composed
of relatively long feldspar laths and are sur-
rounded by granophyric intergrowth

Massive and diffusely graded polylithic breccias (Br/m/p)
and Massive sandstones (St/m) (Table 4)

Massive and diffusely graded polylithic breccias (Br/m/p).
Breccias develop voluminous outcrops characterized
by the dominance of volcanic lithoclasts as well as frag-
mented crystals (Fig. 8d). They can reach 75 m thick (eg.
in the Chaschuil section, Fig. 5) and beds are tabular, lat-
erally extensive, with relatively sharp basal contact. Brec-
cias are poorly sorted, matrix supported and dominated by
lavic components. These breccias locally display gradual
changes at the middle portion (up to 5 m), turning into a
finer breccia enriched in andesitic-dacitic fragments, com-
monly imbricated.

Massive sandstones (St/m). Form tabular beds up to 1 m
thick and nearly 20 m of lateral development (Fig. 5), overly-
ing the Br/m/p with a sharp contact. Sandstones are massive,
with volcanic clasts and feldspar fragments.

Interpretation: the features described for the Massive
diffusely graded polylithic breccias (Br/m/p), such as the
high concentrations of rock fragments of different shapes
and sizes, the massive and diffuse changes in grain sizes and
sharp contacts among others, point to define these deposits
as debris flows. These deposits are awarded to very rapid
movement or flow of non-plastic debris (boulder, rock and
aggregate) in steep terrain (cf. Hiirlimann et al. 2019). The
gradual changes in grain size and/or clasts percentage in
these breccias, may result from variations in the flow veloc-
ity mainly related to slope variations and/or incorporation
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of water (Fisher 1971; Nemec and Steel 1984). Changes in
composition (dominance of andesitic-dacitic lithics) may
reflect changes related to the source. The Br/m/p deposits
studied along the Chaschuil area were defined as high con-
centration volcaniclastic debris flows (Cisterna and Coira
2014).

Inversely graded polymictic breccias (Br/g/p) and Mudstones
and fine sandstones (Mdt-St/s) (eg. Chaschuil section, Fig. 5)
(Table 4)

Inversely graded polymictic breccias (Br/g/p). Breccias, in
sharp contact to the other units, are poorly sorted and the
dominant clasts are dacites and rhyolites, scarce andesites,
basalts and mudstones intraclasts (Fig. 8g). They have tex-
tural variations across the beds (with reverse and normal
graded portions), being coarser and clast-supported at the
central portion of the deposits. The presence of lava litho-
clasts, plagioclase and quartz lithoclasts and abundant ash
content is remarkable. To the top, breccias are interbedded
with mudstones and fine crystal-rich sandstones (Mdz-St/s).

Mudstones and fine sandstones (Mdt-St/s). Crystal rich
normally graded sandstones and mudstones beds to the top,
forming tabular sets up to 70 cm thick and continuous later-
ally development up to 80 m.

Interpretation: the Br/g/p breccia deposits, comparable
with the Br/m/p breccias, reflect an environment domi-
nated by effective fragmentation, mainly composed by vol-
canic material, without evidences of a hot gas-supported
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Table 4 Resediment syn-eruptive volcaniclastic facies: summary

Lithotype Code Description

Depositional processes

Massive and diffusely graded polymictic
breccias

(Br/m/p)  Coarse massive, matrix supported (clast
matrix volcaniclastic 35-40%), polymitic
breccia at the base, grading to fine lithic
breccias (clast matrix 5-10%) at the top.
Characterized by the dominance angular
to subangular of lava lithic clasts (dac-
ites, andesites and minor basalts), less
common are welded ignimbrites, lithic
and crystallolithic tuffs. Large litho-
clasts up to 30 cm long are at the basal
portion. Crystal fragments in the matrix
(up to 15%), usually broken, are plagio-
clase and quartz. Other components are
glass shards. The finer top of the brec-
cia is richer in fragments of andesitic-
dacitic composition and clasts are locally
aligned. Coarse to fine sand matrix with
the same composition of the clasts and
enriched in pyroclastic material

Massive sandstones (St/m) Massive coarse sandstones with subangu-
lar to subrounded lithic clasts commonly
lavic (the same compositions related
to the (Br/m/p) and feldspar fragments
(5%). Pelitic and fine sandstone matrix,
with high content of volcanic material
(eg. glassy shards, pumice), recrystal-
lized quartz, feldspar and quartz frag-

ments, granophyric lithoclasts. Chlorite

Inversely/normally graded polymictic
breccias

(Br/g/p)  Polymictic poorly sorted breccias with
sandy to muddy matrix with reverse and
normal graded. Clasts, subangular—sub-
rounded, are dominated by dacites and
rhyolites. Breccias display textural vari-
ations across the beds, at the base have
20% of lithic clasts (between 1 and 15 cm
large) in a fine sandy matrix. Proportions
and size change into 40% and 2-40 cm
long, at the central portion of the depos-
its. The matrix is a greyish-green sandy
to greenish muddy, having fine lava litho-
clasts, plagioclase and quartz fragments.
The ash content is remarkable, with pre-
served cuspate relict glass shards, partly
silicified. Locally the muddy matrix
develops laminated and convolute struc-
tures

(Mdt-St/s) Mudstones and fine crystal-rich sand-
stones. Sandstones are diffusely graded
and have thick between 10 and 40 cm.
Mainly composed by volcanic lithics,
feldspar and quartz fragments and pyro-
clastic material

Mudstones and fine sandstones

Debris flows

Debris flows and turbidity currents
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Table 4 (continued)

Lithotype

Code

Description

Depositional processes

Diffusely graded polymictic breccias

(Br/po/g) Lithic breccias form diffusely graded and Low and high density turbidity currents

form discontinuous beds. Clasts are sub-
angular (up to 15 cm). Commonly are
at the base and to the top poorly sorted
(with 30% clasts), at the middle mas-
sive and matrix-supported (with 5-10%
clasts). The breccia composition is the
same that of the sandstones (St/ml)

Sandstones, fine to pebbly, may be massive
to poorly stratified, or diffusely normally
graded. Sandstones have plagioclase and
quartz fragments, subangular volcanic
clasts (andesitic, dacitic, rhyolitic, less

ignimbrites) and mudstones

intraclasts of 1.5 cm. Commonly muddy
matrix with glass shards partially altered
to chlorite and/or siliceous aggregates

Fluid escape

structures at the top of the beds

Green and thinly parallel laminated, silt-
stones commonly show mud intraclasts,
erosive and scoured basal boundaries
between them and the mudstone lev-
els. Convolute bedding and fluid escape
structures at the base and top of beds are

Green to greyish-green, massive or lami-
nated. Accretionary lapilli, with zonation
(up to 5 mm) are frequently in the lami-
nated mudstones levels. Massive mud-

Tabular beds of fine laminated siltstones,
up to 30 cm thick. Microscopically show
chloritized portions of glass and pumi-
ceous material silicified, glass shards

Massive and laminated Sandstones (St/ml)

common

with axiolitic textures.
Laminated siltstones S

common
Massive and laminated siltstones (Mst/ml)

stones commonly silicified
Pyroclastic rich laminated siltstones (pySI/D)
Pyroclastic rich fine to pebbly sandstones  (pySt/g)

Fine to pebbly sandstones normal graded,
with nearly 15% clasts (up to 4 cm size).
Pyroclastic rich deposits (crystals frag-
ments, glass shards and lapillies with pre-
serve quenched margins) and minor lavic
fragments, in a recrystallized vitroclastic
matrix with abundante pumiceous mate-
rial

Syn-eruptive water-settled fallout deposits

mode of emplacement. Characteristics as poor sorting,
dominantly massive nature, reversely graded base and
presence of a muddy matrix point to a deposition from
cohesive debris flows (cf. Hampton 1972; Lowe 1982;
Nemec and Steel 1984). To the top, the finer beds with
laminated structures showing interstratified crystal-rich
normally graded sandstones and mudstones, suggest
transformations from debris flow deposits to turbidites.
Flow transformation may be related to the incorporation
of water into the system and/or with changes in high slopes
where turbulence is produced and a decrease in flow den-
sity is recorded (Komar 1971).
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Volcaniclastic mudstones, siltstones, fine to pebbly
sandstones and fine breccia (Table 4)

Mudstones, siltstone and fine to coarse sandstones mas-
sive and laminated (Mst/ml)-(Sl/l)-(St/ml) are interbedded.
Commonly, at the base are diffusely laminated mudstones
and fine sandstones, with sets between 1 and 20 cm thick-
ness reaching to 20 m total thick (Figs. 8f and 9). Gradually
change to the top into poorly sorted fine to pebbly crystal-
rich sandstones (up to 30 cm thick) interbedded with fine
laminated mudstones and siltstones. Towards the top, dif-
fusely graded coarse sandstones dominate. Lithic volcanic



International Journal of Earth Sciences (2022) 111:675-701 687

Table 5 Volcanogenic sedimentary facies: summary

Lithotype Code Description Depositional processes

Vitric fine-graied sandstone and siltstone ~ (vSt/g)-(vSl/l) Fine sandstones and siltstones normally graded with Low density turbidity currents

wide compositional volcanic clasts (nearly 20%),
displaying different nature (andesitic, dacitic, rhyo-
dacitic, granophyric, granitic, mudstones). In thin
sections are recognized crystal fragments of plagi-
oclase and quartz, glassy shards and pumice float-
ing and rarely, very fine schists, in a fine grained
quartz-feldspathic groundmass

Laminated fine sandstones and siltstones  (St/l)-(S/I) Laminated fine sandstones and mudstones, tabular Suspension deposition, storm
beds up to 4 m thick, bedded on mm-dm scale, dis- and wave action
playing ripple-cross bedding and climbing ripple
sets. Locally syn-sedimentary deformational struc-
tures, commonly ball and pillow types. Fossils,
mainly represented by a brachiopod fauna

Thinly laminated mudstones and siltstones (Mst/l)-(SI/l) Thinly laminated mudstones and siltstones. Relict Suspension fall-out
glass shards were recognized microscopically

Fig.6 a Contact between mas-
sive basalt and hyaloclastite
with high vesiculated clasts
of basalt. b Autoclastic basalt
displaying jigsaw texture and
a dyke of groundmass rich in
in situ hyaloclastite. ¢ Basalt
showing jigsaw texture and
growth of calcite among the
clasts. d Basaltic hyaloclastite.
Clasts of different size, blocky
and with margins not quenched.
Clasts and groundmass contain
abundant vesicles. e Brecciated
basalt displaying flow structure.
f Dacitic breccia, fragments
partially replaced by calcite and
quartz
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Fig.7 a Fragmented basaltic outcrops in the Vuelta de Las Tolas (see
Fig. 2). Clasts are rimmed by calcite. Agua del Médano section (see
Fig. 2) showing: b Contact between basalt and a fine sandstone show-
ing current-ripples structure. ¢ Ropy wrinkles developed in the same

clasts range between 10% at the basal levels and up to 25% to
the top. The matrix has abundant pyroclastic material. Beds
have fluid escape structures at the top.

Laminated and massive mudstones, siltstones and
fine to pebbly sandstones (Mst/ml)-(Sl/l)-(St/lm). Thinly

@ Springer

basalt outcrop. d Basaltic outcrop pillowed and slightly deformed. e
Fine sandstone intruded by basaltic lavas and reaction zones. f Pil-
low lobe segment with a glassy rind margin and flow wrinkles. Weak
development of radial joints

parallel laminated siltstone, fine sandstone and mud-
stones couples occur interstratified with parallel beds of
fine sandstones (up to 30 cm thick). Sandstones develop
graded bedding that change to the top into pebbly and
poorly sorted sandstones, interbedded with laminated
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mudstones lenses. Lithic clasts are lavic (andesites,
dacites, rhyolites, 25% in average) and lesser amounts
of pyroclastic material (ignimbrites and glass shards).
Broken crystals of quartz and plagioclase are other
components.

Laminated and massive mudstones, siltstones, fine
sandstones and polylithic breccia (Mst/ml)-(SI/l)-(St/ml)-
(poBr/g) (Fig. 11a). n sharp contact to the other units,
basal beds are mudstones displaying fluid escape structures
on top of beds, massive and parallel laminated (total thick-
ness up to 25 m). Mudstones are rich in devitrified glass
fragments (15% in average). Interbedded, siltstone layers
(sets up to 30 cm thick) display convoluted structures, have
mud-intraclasts and developed erosive to scoured basal
boundaries. Sandstone beds are moderately to poorly
sorted and show planar lamination. The main components
are volcanic clasts (reaching 35%), fragmented crystals
(5-15%), very fine pumice fragments and recrystallized
shards. Polylithic breccias develop interbedded as lenses
(up to 60 cm), they are diffusely graded and have the same
composition as the sandstones.

Interpretation: the analyzed deposits show character-
istics such as the centimeters scale layering, sharp basal
contacts and very long extension of the outcrops together
with its sheet-like geometry that point to define them as
turbidities. They are dominantly formed with fine-grained
sandstones to mudstones, commonly normal graded and
have lenticular coarser beds that may represent channel-fill
settings (cf. Allen 1985). In the Chaschuil section, these
deposits were defined as eruption-fed turbidity currents
(Cisterna and Coira 2014) and, according their textural
variations were recognized low and high density turbidity
currents (greater concentration of particles and coarser
clasts in high density ones).

Pyroclast- rich siltstones and fine to pebbly sandstones
(pySIM)-(pySt/g)

They form tabular units up to 10 m thick (Fig. 8h), com-
posed by fine laminated green siltstones (sets up to 30 cm)
interlayering with fine to pebbly sandstones normally
graded. They develop tabular beds between 30 and 50 cm
thick. It is remarkable the abundance of pyroclastic materi-
als (crystals fragments, glass shards and lapilli, Fig. 11b)
and recrystallized vitroclastic matrix. In the Punta Pétrea
area (Fig. 2) were recognized fine sandstone beds (up to
40 cm thick) with abundant accretionary lapilli reaching
2.5 cm long.

Interpretation: the high content of pyroclasts components
and an internally graded and massive structure, together with
the absence of bed lenticularity, scouring, clast imbrication

and cross-stratification in these deposits indicate that they
may be subaqueous suspension fall beds (cf. White 2000).

Volcaniclastic sedimentary sandstones and siltstones
with interbedded breccias facies (Table 5)

Mainly composed by laminated mudstones, siltstones and
sandstones, are characterized by the presence of reworked
clasts of volcanic source together with others of different
nature (e.g. mudstones, granites, fine schists). Other volca-
nogenic deposits locally recognized in the same area, are
pebbly sandstones and pebbles forming discontinuous beds
up to 10 m thick.

Vitric fine-grained sandstone and siltstone (vSt/g)-(vSl/I)
develops tabular beds that are stacked forming packages
up to 20 m thick, where fine sandstones and siltstones lay-
ers range from 15 to 30 cm thick. Beds have sharp bases
and tops and to the upper portion, sandstone beds develop
normal grading structures and are common fluid escape
structures.

Laminated fine sandstones and siltstone (St/l)-(SU/).
Locally developed, beds are tabular developing up to 4 m
thick, characterized by the current mega-ripples structures
with nearly 20 cm of amplitude (Fig. 11c).

Thinly laminated mudstone and siltstone (Mst/l)-(Sl/I)
develops up to 25 m thick. Tabular beds commonly display
a millimeter-thick parallel lamination in sets up to 30 cm
thick.

Interpretation: vitric fine-grained sandstone and siltstone
(vSt/g)-(vSl/l) were interpreted as sediments that would have
been transported by low concentration silty-muddy turbidity
currents (Mangano and Buatois 1997). Suspension fall-out
coupled with traction transport was indicated by the Thinly
laminated mudstone and siltstone (Mst/l)-(SI/l) (Cisterna and
Coira 2014). The pebbly sandstones and pebbles discontinu-
ous beds were interpreted as channel deposits (M4ngano and
Buatois 1997).

Lithofacies associations

Lithotypes are genetic and spatially related forming the
main lithofacies associations along the region, they are: (1)
Basic to intermediate lavas and their fragmented equivalents
facies; (2) Rhyodacitic and rhyolitic lava domes/sills and
rhyolitic dykes; (3) Resediment syn-eruptive volcaniclastic
facies; and (4) Volcanoclastic sedimentary sandstones and
siltstones with interbedded breccias facies.

Basic to intermediate lavas and their fragmented
equivalents facies

Integrated by the Basaltic lavas (BaL), Monomictic basal-
tic breccias (BaBr/m), Basaltic pillow breccias (BaPilBr),
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«Fig. 8 a Basaltic breccia mainly composed with pillows (BaPilBr),
related to pillow lavas emplacements. b Sharp contact between
basaltic breccia deposits (BaBr). They were deposited from debris
flow near to the source. Locally clasts are imbricated. ¢ Detail of the
contact between basaltic breccias, showing flow structure and abun-
dant vesicles. They were formed under high temperatures. d Contact
between basaltic hyaloclastite (BaBr) and polylithic breccia (Br/m/p)
interbedded with sandstones to the upper portion. e Massive poly-
lithic breccias (Br/m/p) locally dominated by andesitic and dacitic
lithoclasts. f Laminated mudstones, siltstone and fine sandstones
massive and laminated (Mst/ml, Sl/l, St/ml) showing abundant fluid
escape structures. g Polymictic breccias (Br/po/g) poorly sorted, with
subangular volcanic clasts (dacitic, rhyolitic, andesitic, basaltic) and
mudstones intraclasts. h Siltstones interbedded with fine sandstones
(pSUL, pSt/g) slightly folded

Andesites and dacites lava (AnDal), Andesitic and dacitic
breccias (AnDaBr), and Basaltic breccias (BaBr) lithotypes,
this association represents the main volumes of basaltic lava
flows, autoclastic breccias and hyaloclastites facies outcrop-
ping along a nearly north to south narrow area from Agua
del Médano to the south of the Sierra de Las Planchadas
(Fig. 2). They are characterized by their compositional affin-
ity because up to 90% is basaltic, both lavas and breccias.
Interpretation: this lithofacies association, including
massive and fractured lavas, pillow lavas and hyaloclastic
deposits is the product of subaqueous emplacements, as was
testified by their preserved textures and structures. South
of the Quebrada Larga area (Fig. 2), basalts and basaltic
breccias are intercalated with marine fossiliferous sediments,
testifying the emplacement of the flows in an Ordovician
submarine environment (Cisterna et al. 2017). The Basaltic
breccias (BaBr/m) are in situ hyaloclastites, as was stated on
the basis of their poorly sorted and chaotic deposits and con-
sidered proximal facies and formed next to its source. Tak-
ing into account clasts characteristics, angular and fusiform
with glassy rinds commonly preserved, may be considered
as syn-eruptive deposits possibly related to the development
of spaces opened up in the lava flow, places where com-
monly temporary vents cause the hydro-magmatic activ-
ity (cf. Carr and Jones 2001). Related to hydromagmatic
episodes because of water-magma interaction, relieving
the pressure on the underlying melt, may be related to the
mixture of fragments in the (BaBr/m) (either massive and
angular or highly vesiculated and with glass rinds). They
result from the relieving of pressure on the underlying melt,
because of the sudden unmixing of the volatile component
and to consequent magmatic fragmentation (cf. Dellino
and La Volpe 1995). The unsorted and unstratified nature
of the Basaltic pillow breccias (BaPilBr) and its proxim-
ity to the pillow-basalts point to weakly inclined slopes
(cf. Allen et al. 2007). Basaltic breccia (BaBr) deposits,
showing lack of vertical grading and discontinuous lensing
distribution of the beds, suggest deposition of coarse clasts
as bed-load lags and the scarce of finer components may

imply that environment was too erosive to deposit or pre-
serve sand component during its developing (cf. Allen et al.
2007). Sandstone bed-lenses preserved within breccias may
be formed when flow lost turbulence. The discontinuous and
lensoidal beds and its textural and structural characteristics
indicate that they probably represent debris flow deposits
infilling channels (Fig. 8b).

Rhyodacitic and rhyolitic lava domes/sills and rhyolitic
dykes

The Rhyodacitic and rhyolitic lava-domes/sills are mainly
emplaced along the southwestern and south of the Sierra de
Las Planchadas area (Fig. 2) and the Rhyolitic dykes, intrud-
ing the entire Ordovician stratigraphic column, are included
in this facies on the basis of their petrographic and chemical
affinities (Cisterna and Coira 2017).

Interpretation: rhyodacitic and rhyolitic lavas were con-
sidered as shallow emplaced sills and small domes (Cis-
terna and Coira 2017). Domes, with scarce development of
autoclastic texture or lack of related hyaloclastic facies sug-
gest an emplacement in shallow water and/or subaerial. The
presence of the oxidized portions proves that at least some
of them were subaerial eruptions. Rhyolitic dykes may be
temporally related with the Rhyodacitic and rhyolitic lava
domes/sills due they are the only Ordovician units where
they are not intruding.

Resediment syn-eruptive volcaniclastic facies

They are mainly represented by breccias, developing very
thick deposits up to 75 m thick and composed by lavic
or by lavic and pyroclastic clasts, interbedded with sand-
stones, siltstones and mudstones. Voluminous outcrops of
these facies are along the eastern flank of the Sierra de Las
Planchadas and between Chaschuil to Vuelta de Las Tolas
localities (Fig. 2). Along the Chachuil area (eg. Chaschuil
section), Cisterna and Coira (2014) interpreted these facies
as water supported mass flows submarine deposits, such as
turbidity currents and debris flows related to an environ-
ment where gravity and seismic episodes continuously act
as instability factors. At the present study, facies defined
by Cisterna and Coira (2014) at the Chaschuil section are
redefined taking into account new data from there and from
other localities. Lithofacies associations are:

Massive and diffusely graded polylithic breccias (Br/m/p)
interbedded with massive sandstones (St/m). Outcrops are
discontinuous and extend from the Quebrada Larga area to
the southwest, at the west of Chaschuil (Fig. 2), along up
to 8 km. The (Br/m/p) breccias are the dominant deposits.

Interpretation: the massive polylithic breccias result from
relatively high concentration debris flow which clast size
variations mainly denote energy fluctuations and high slopes
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Fig.9 Basaltic breccias (BaBr/m),
interbedded with fine stratified
sandstones (yellow) and siltstones
(green-grey) (Mst/ml, SUI, St/ml
facies). South of the Quebrada
Grande area

reliefs morphologies. Flows deceleration give place to the
interbedded massive sandstones. These deposits may have
developed close to the volcanic edifices and fluctuations in
energy could be explained with the seismic activity related
to the volcanism. The (Br/m/p) interbedded with (S#/m) have
similarities with the coarse breccia-conglomerate dominates
deposits and secondary interbedded pumiceous pyroclastic
and sandstone units described by Allen et al. (2007) for
the facies developed along proximal apron sections in vol-
canic areas. The juvenile nature of the breccia components,
together with the structure and large thickness of the deposits
(several meters), point to that they are the products of con-
temporaneous lavic and explosive eruptions, accompanied
by sloughing of debris from the flanks of active volcanoes.
Taking into account the juvenile pyroclastic components,
these deposits were interpreted as formed close to intraba-
sin mesosilicic volcanoes that possibly generated explosive
eruptions in shallow submarine or subaerial environments
(Cisterna and Coira 2014).

Inversely/normally graded polymictic breccias (Br/g/p)
interbedded with mudstones and fine sandstones (Mdt-
St/s). These deposits were recognized from the Quebrada
de La Gallina Muerta to the south, until 27°49°S. They are
also outcropping in the north, in the Agua del Médano area
(Fig. 2).

Interpretation: the (Br/g/p) breccias, showing gradations
and turning into turbidity currents to the top, reflect flow
dynamics variations, possible related to the incorporation
of water or to changes in velocity flow due to slope varia-
tions (Fisher 1971; Nemec and Steel 1984). The finer upper
beds, indicating a more dilute transport system, are typically
related with debris flows developed along submarine aprons
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(Allen and Freundt 2006). The (B#/g/p) and (Mdt-St/s) facies
may be compared with deposits related to medial position on
submarine aprons described by Allen et al. (2007).
Volcaniclastic mudstones, siltstones, fine to pebbly
sandstones and fine breccia lenses (Mst/ml)-(SU/I)-(St/ml)-
(poBr/g). Tabular beds (up to 45 m thick) are massive and
laminated mudstones, siltstones and sandstones, locally
interbedded with fine breccia lenses (e.g. Chaschuil sec-
tion, Fig. 5). These facies were defined and detailed ana-
lyzed along the Chaschuil section (Cisterna and Coira 2014),
where they have continuous outcrops and great extensional
development (up to 3 km). To the north, in the Agua del
Meédano area, outcrops are abundant but discontinuous.
Interpretation: the Volcaniclastic mudstones, siltstones,
fine to pebbly sandstones and fine breccia lenses represent
low and high density turbidity currents deposits formed
by the movement and sediment of sand and mud covering
the continental shelf, mainly induced by the volcanic and/or
seismic activity (cf. Yincan et al. 2017). Along the Chaschuil
section, these facies were associated to directly and rapid
deposition from dense suspensions and the coarser compo-
nents were explained as probably transported in a highly
concentrated traction carpet and in suspension at the base of
the flow (Cisterna and Coira 2014). High-density turbidity
currents are able to transport gravel and coarse sand mate-
rial, mainly as a traction carpet at the base of the flow and in
suspension just above. Fluid turbulence, dispersive pressure
from grain collisions, and finer sediment exerting a matrix
buoyancy life, keep the gravel and sand moving until the
flow decelerates through increasing slope or dilution (Shan-
mugam 2019). Turbidity currents facies are comparable to
the thick, pumiceous or pebbly sandstone interbedded with
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Fig. 10 a Rhyolitic red sills emplaced in volcaniclastic deposits in the
Chaschuil are (see Fig. 2). b Rhyolitic dome emplaced in turbidity
deposits of the resediment syn-eruptive volcaniclastic facies. Outcrop
position is the northwestern side of the Chaschuil area (see Fig. 2). ¢
Planar flow foliation in a rhyolitic lava-dome. d Rhyolitic lava with
flow foliation structures that record its internal movement. Changes
in the color and direction of the flows could be reflecting variations

intervals of fine-grained mudstone facies and rare beds of
poorly sorted conglomerate described by Allen et al. (2007)
in the distal part of a submarine volcaniclastic apron.

in the direction of the lava emplacement. Flow laminae are deformed
around early-formed lithophysae. Small black fragments among lavas
are similar to basaltic enclaves present in the rhyolitic dykes. e Rhy-
olite showing red oxidized zones as a result of subaerial conditions.
f Flow banding in a devitrified rhyolite. White bands are devitrified
centers replaced by quartz and green ones are altered feldspar and
chlorite. Locally the lava is fragmented

Pyroclastic rich siltstones and fine to pebbly sand-
stones (pySl/))-(pySt/g) facies. Recognized at the east
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Fig.11 a Mudstones, siltstones and fine sandstones succession
deposited from turbidity currents (Mst/ml, Sl/l, St/ml, poBr/g). b
Whole and lesser broken accretionary lapilli occurring in a fine sand-

of the Chaschuil, it covers nearly 200 m of discontinuous
outcrops extending from NNE to SSW direction.
Interpretation: taking into account that these units,
previously defined as subaqueous suspension fall beds,
are composed entirely of pyroclastic products may be
considered as resediment syn-eruptive volcaniclastic
water settled deposit (cf. McPhie et al. 1993). Likewise,
the important volume of shard components points to rela-
tively rapid deposition, before the action of the ocean
currents (cf. Stewart and McPhie 2004). The residence
time of the suspended load may be turned greatly reduced
by action of convective instabilities in one or more high-
particle concentration layers in the water column, giv-
ing place to the settled of the finest pyroclasts through
the water column may have been accelerated (cf. Carey
1997). The well preserved and abundant accretionary
lapilli in some layers (eg. Punta Pétrea area) point to a
source related to subaerial phreatomagmatic eruptions.
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stone, some of them preserving the outer finer rims (pSt/g). ¢ Shallow
water structures in fine facies of the volcanogenic sedimentary depos-
its (St/l, SI/T)

Volcanoclastic sedimentary facies

This facies outcrop at different places along the Sierra de
Las Planchadas, however the most voluminous sections
are located to the north, in Agua del Médano area (Figs. 2
and 7a) and at the southeastern and south sectors (e.g.
along the Chaschuil section, a detailed study was made by
Maingano and Buatois 1996, 1997).

Interpretation: the fine-grained sandstone and siltstone
(vSt/g)-(vSI/l) and thinly laminated mudstone and siltstone
(Mst/l)-(Sl/l) were include in the facies A and D of the
Vuelta de Las Tolas member by Mangano and Buatois
(1997) and interpreted as low concentration silty-muddy
turbidity currents and that were formed by suspension fall-
out coupled with traction transport, respectively (Cisterna
and Coira 2014). The shallow-water depositional environ-
ment (above storm wave-base) is recorded in the laminated
fine sandstones and siltstone (St/l)-(Sl/l) deposits. These
facies were considered as the end of the sedimentation
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evolution of the basin and defined as the reworking vol-
caniclastic facies (Cisterna and Coira 2014).

Discussion

The Suri-Las Planchadas Volcanic-Sedimentary Complex
(SPVSC) provides a complete record of the evolution from
effusive mafic to intermediate submarine volcanism together
with acid effusive and shallow intrusive facies, likewise the
abundance of the pyroclastic material mainly composing
the volcaniclastic facies point to pyroclastic activity. The
Ordovician (Floian-Dapingian) age of the volcanism is
indicated by the fossiliferous content (Albanessi and Vac-
cari 1994; Benedetto 1994; Vaccari and Waisfeld 1994) in
the finer clastic members, interbedded among the volcanic
rocks. Geochronology data obtained from a rhyolitic dome
(Chaschuil area) indicated 468.3 + 3.4 Ma for this facies
(Baldo et al. 2003; Fanning et al. 2004). The association of
volcanic members together with resedimented syn-eruptive
volcaniclastic facies and volcanogenic sedimentary ones
represents an excellent example to understand the architec-
ture of this ancient volcanic complex and the characteristics
of the volcanic and sedimentary processes involved in its
evolution.

Tectonic environment: volcanism-sedimentation

The SPVSC was related to the evolution of an arc-back arc
volcanic-tectonic system (Cisterna and Coira 2017; Cis-
terna et al. 2017). Basaltic lavas were related to subduction
tholeiitic basalts showing similar characteristics that have
been observed for example, in volcanic rocks of the Central
American Volcanic Arc (Cisterna et al. 2017). They were
also compared with basic effusions products of the transition
from volcanic arc to extension related volcanism (back-arc)
developed from progressive thickening of the overriding
plate (cf. Morgan et al. 2008; Wehrmann et al. 2014). Basal-
tic, andesitic and dacitic lavas together with volcaniclastic
debris-flow deposits and/or turbidities showing similarities
to the SPVSC were studied in northeast Honshu, northeast
Japan arc and explained as the result of the evolution of an
arc-back arc system during Miocene—Pliocene (Yagi et al.
2009).

Rhyodacitic and rhyolitic lavas of the SPVSC were com-
pared with volcanic arc effusions, related to subduction
zones involving cortical elements (Cisterna and Coira 2017).
Similar magmatic products were recorded in the Ediacaran
Serie Negra Group of Ossa-Morena (590-545 Ma), which
display oceanic environments with island-arc affinity linked
to back-arc basins (Ribeiro et al. 2013; Sanchez Lorda et al.
2013; Padel et al. 2017).

Resedimented syn-eruptive volcaniclastic facies together
with volcanogenic sedimentary facies of SPVSC complex
were constructed along a submarine margin where episodic
and strong seismic activity related to the volcanism gave rise
to a high erosional environment where water supported mass
flows deposits dominated (Cisterna and Coira 2014). Mass
flow deposits are the proof of the recurrent periods charac-
terized by high rate of sedimentation, strong slope control
and instability episodes in the basin, typical of those vol-
canic environments (cf. Fisher 1966). The Ordovician mass
flow deposits defined in the SPVSC complex show similari-
ties with modern ones (e.g. Miocene Manukau Subgroup,
New Zealand), related to a submarine volcaniclastic apron
accumulated around a large, basaltic-andesitic volcanic
island complex (Allen et al. 2007). Volcaniclastic debris-
flow deposits and/or turbidities formed along a submarine
apron were also described by volcanoes that grew from
intermittent submarine eruptions of mafic to intermediate
and/or felsic magmas (eg. the Fukuyama Volcanic Rocks)
as in the back-arc Akita—Yamagata sedimentary basin in the
Early to Middle Miocene arc-back arc opening of the Japan
Sea (Yagi et al. 2009).

Facies characteristics as elements to define
the complex’s architecture

As was indicated for other modern and ancient volcanic
active margins, facies analysis of volcanic type associations
helps to reconstruct the architecture of the volcanoes and
their evolution. Vertical and lateral downslope variations
in the deposits commonly testified volcanic edifices erosion
type and characteristics of the volcanism (cf. Allen et al.
2007). The Ordovician SPVSC, displaying a great variety of
volcanic lithologies and volcaniclastic deposits with original
textures, structures and field relations, represents an excel-
lent example of volcanism related to the evolution of arc
environment. The main volumes of the basaltic lava flows,
autoclastic breccias and hyaloclastites facies along a nearly
north to south narrow area (Fig. 2) possibly defines a con-
tinuous axis of submarine volcanic centers that currently
cannot be recognized. Mafic effusions were subaqueous, as
shown by the well-preserved structures indicatives of non-
explosive magma-water interaction (Cisterna et al. 2017)
and probably effusions began at deep levels, according the
characteristics of the small outcrops of hosting mudstones
only observed in North Quebrada Larga Section (Fig. 2).
The close spatial association with basaltic lavas, hyaloclas-
tites and rapid lateral facies variations (basaltic breccias)
indicate an environment where submarine basalt flows are
locally hydrobrecciated at their margins developing in situ
hyaloclastite deposits (e.g. Fig. 4a). The resedimented hya-
loclastic debris flows interfingering and locally mixing
with the other basaltic facies are developed on a high-angle
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Las Angosturas Granodiorite
(4857 My)

Tremadocian units

Fig. 12 Schematic reconstruction of the SPVSC evolution: a Subma-
rine basaltic emplacements along an island arc. Lava—water interac-
tions produced in situ hyaloclastic deposits. As the volcanic vents
grew due the continuous volcanism, the surrounding apron developed
high-angle slopes and resedimented hyaloclastic debris flows were
formed in the proximal apron. b Continuity in the volcanism pro-
duce the grew and emergence of the volcanoes above the sea-floor,

slope apron. Basaltic breccia facies (BaBr/m)—(Babr) tes-
tify high efficiency of fragmentation related to their source.
The juvenile nature of the components and high bed thick-
ness (several meters) point to eruptive and explosive vol-
canic activity with contemporaneous sloughing of debris
from the flanks of the active volcanoes contemporaneous
explosive and eruptions, together with sloughing of debris
from the flanks of the active volcanoes (Fig. 12a). The len-
soidal basaltic breccia bodies probably represent channels
between lava lobes which have been infilled with hyalo-
clastic and other debris records. As the mafic and mafic to
intermediate lavas repeatedly effused (as is registered along
the South Quebrada Larga—Punta Pétrea section, Fig. 4a)
were continuously forming hyaloclastic breccia deposits
and the volcanic apron, surrounding the volcanic centers,
was enlarged (Fig. 12b). The dacitic magma could have
explosively erupted from the shallow-water dome or from
emerging vent. Explosive activity was followed by eruption
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together with the magma evolution from mafic to intermediate. Insta-
bilities along the arc and the beginning of subaerial erosion produce
flow mass processes giving rise to debris flow deposits into the prox-
imal and medial apron. ¢ Felsic lavas and pyroclastic material con-
tributed to the developing of the mass flow deposits formed along the
medial and distal apron (resulting from debris flow and turbidity cur-
rents). Water-settled fall deposits were also formed in the distal apron

of relatively degassed magma to form the rhyodacitic—rhy-
olitic lava domes and sills (Fig. 12c). Likewise, recurrent
calm periods could allow the accumulation of lenses of silt
and sandstone interbedded among the volcanic records.
The SPVSC is characterized by a great development of
mass flow deposits along the apron, which study allows to
interpret their position related to the source, the slope of the
apron, instabilities episodes during volcanism and volcanic
processes. Submarine aprons are wedges of shallow-water
to pelagic sediment deposits where clastic facies have little
vertical organization. Lobes of talus, showing beds thin-
ning and fining upwards, may be recognizable reflecting
the development and evolution of submarine canyons and
gullies as conduits for sediment transport from the upper to
lower slope (Tucker et al. 1990). The sedimentary processes
evolve gradually from slides on the slope, to a variety of
sediment-gravity sheet flows over the aprons, and then to
turbidity-current sheet flows reaching the basin-plain areas
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(Weimer and Link 1991). In submarine aprons related to
volcanic environments, high rates of sedimentation influence
the architecture of the volcaniclastic apron and the facies
characteristics reflects eruptive style, inter-eruption hiatuses
and uplift events in the source volcanic island complex (cf.
Allen et al. 2007). The dominant transport mechanisms are
debris avalanches, debris flows and high-density and dilute
turbidity currents. The debris flow deposits represented by
the facies Massive and diffusely graded polylithic breccias
(Br/m/p) interbedded with Massive sandstones (St/m) were
compared to records developed along proximal apron sec-
tions. The debris flow and turbidity currents deposits of
the facies Inversely/normally graded polymictic breccias
(Br/g/p) interbedded with Mudstones and fine sandstones
(Mdt-St/s) were compared as the records of the medial posi-
tion on the submarine apron. Finally, Volcaniclastic mud-
stones, siltstones, fine to pebbly sandstones and fine breccia
lenses (Mst/ml)-(SI/l)-(St/ml)-(poBr/g) facies, representing
gravelly high-density, sandy high-density and low-density
turbidity currents deposits were compared as those described
by Allen et al. (2007) in the medial and distal part of subma-
rine volcaniclastic aprons.

Taking into account the composition of the different vol-
caniclastic facies defined in the SPVSC, almost all of them
show dominance of lava components, pointing to a main
effusive activity under subaqueous and subaerial conditions.
Nevertheless, the continuous presence of pyroclastic mate-
rial in these facies may suggest explosive eruptions associ-
ated to shallow water or to subaerial vents. The occurrence
of accretionary lapilli in the matrix or as a main component
in sandstones (up to 2.5 cm) and siltstones could be con-
sistent with locally emergent phreatomagmatic volcanism,
accompanied by a subaerial eruption plume.

Volcaniclastic deposits (resulting from debris flows and
turbidity currents) composed by lava and pyroclastic frag-
ments are the proof of contemporary explosive and effusive
volcanic processes, with contribution of material resulting
by the instability of the flanks and consequently landslides
of the active volcanoes and / or of previous mass flow depos-
its along the apron. The facies associations defined in the
SPVCS are comparable with others from volcanic arc set-
tings along the world, largely controlled by the arc growth
(cf. Fisher 1966; Fisher and Schmincke 1984; White 2000;
Yagi et al. 2009).

Taking into account the proximity to source, the differ-
ent resedimented syn-eruptive volcaniclastic facies dis-
play characteristics useful to indicate its position along the
apron. Proximal apron facies were defined as debris flows
represented by the Massive and diffusely graded polylithic
breccias (Br/m/p) interbedded with Massive sandstones
(St/m). They are characterized by the dominance of coarse
and angular to subangular volcanic fragments, poorly
selected and normal to inverse graded (cf. Walker 1984),

where the nature of the clasts (dacites, andesites and minor
basalts, less common pyroclastic ones) reveal subaerial or
shallow water lava emplacements. Subaerial environments,
especially shoreline ones, promote erosion and creation of
steep cliffs that aid breakage of the lava into jointed clasts.
Clast abrasion is more efficient in streams and above wave
base than in deep water. Scattered throughout the coarse-
grained facies are angular clasts mainly of basic lavas
that have been derived from hyaloclastites and/or basaltic
breccias. The pyroclastic components of the volcaniclas-
tic facies, mainly in the matrix, point to a felsic subaerial
or shallow subaqueous explosive concomitant volcanism.
Similar mass flow deposits, dominated by clasts derived
from subaerial lavas and texturally immature are related
to submarine proximal apron originated from an actively
growing volcano where lavas at the shoreline formed steep
topographic gradients in volcanic island arc (cf. Allen
et al. 2007) and volcanic arc-back arc systems (cf. Yagi
et al. 2009).

The SPVSC also records mass flow deposits that accord-
ing to their characteristics are related to medial and distal
aprons. Medial facies are dominantly by polymictic breccias
(Inversely/normally graded polymictic breccias, Br/g/p, and
mudstones and fine sandstones, Mdt-St/s) deposited from
debris flows and by mudstones, siltstones and sandstones
with minor fine breccias (Volcaniclastic mudstones, silt-
stones, fine to pebbly sandstones and fine breccia lenses,
Mst/ml, SU/l, St/ml, poBr/g), deposited from high-density tur-
bidity currents. Distal facies are dominated by thin-bedded
sandstone and mudstone deposited from low-density tur-
bidity currents in a relatively deep-water environment com-
monly interbedded with suspension fall-out rich pyroclastic
facies. The mass flow facies assigned to a medial and distal
apron deposition include abundant pyroclastic components,
as lithic fragments and in the matrix, probably related to an
increase of a concomitant explosive volcanism (Fig. 12c¢).
Clasts of the acid lava members (rhyodacites and rhyolites)
also common in these facies, testified the evolution to a fel-
sic volcanism possible subaerial and/or in shallow water
conditions.

Basaltic lavas emplacing in distal turbiditic sedimentary
facies could indicate that basic volcanism was widespread
from the arc axis and was continuous in time. In the Vitric
fine-grained sandstone and siltstone (vSt/g, vSI/I) (distal
facies) of the volcaniclastic sedimentary deposits, are out-
crops of fragmented basalts emplaced in fine stratified beds
(e.g. Vuelta de Las Tolas, see Fig. 2).

Water-settled fall deposits (Pyroclastic-rich laminated
siltstones and fine to pebbly sandstones, pySl/I, pySt/g, silt-
stones and fine to pebbly sandstones facies) are interbedded
with the turbidity current facies (e.g. Fig. 5). The significant
volume of shard composing beds could indicate that deposi-
tion was relatively rapid, before ocean currents redistribute
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it (cf. Stewart and McPhie 2004) and possible concomitant
with an explosive volcanism.

During the periods of quiescence between eruptions,
occurred the abrasion and reworking of volcanic fragments
and accumulation of normal sediments on the volcaniclastic
apron. Fine-grained volcaniclastic sedimentary facies inter-
bedded with coarse volcaniclastic mass flow deposits and
minor with basaltic lavas, represent low-energy environment
deposition. Facies defined as dilute turbidity currents depos-
ited in distal areas are interbedded with very fine pyroclas-
tic rich fall deposits (Mangano and Buatois 1997). Facies
composed of siltstones and fine sandstones developing
ripple-cross bedding and, rarely, climbing ripple sets sug-
gest a shallow-water environment, above storm wave-base
and possibly in a tidal setting. All of these facies are rich in
pyroclastic components suggesting a continuous contribu-
tion, directly or indirectly, from explosive felsic volcanism.
Channel incisions occurring along the apron and infilled by
coarse volcaniclastic deposits were related to the apron uplift
(Méangano and Buatois 1997). They may be principally con-
structed from deposits of high-energy sediment gravity flows
(mainly turbidity currents and debris flows) as terrigenous
and shallow marine sediment is redistributed into deeper
water (cf. Deptuck and Sylvester 2018).

The SPVSC in the regional context

The Suri—Las Planchadas Volcanic-sedimentary Complex,
in the northern portion of the Famatina System (Fig. 1b,
c), represents the most complete and continuous records of
the Famatinian volcanic arc-activity in the regional context.
Although along the Famatina System were recognized dis-
continuous outcrops of volcanic and volcaniclastic Ordovi-
cian units that could be correlated with the SPVSC, today
this is still a matter of discussion. At the central portion of
the Sierra de Famatina (Fig. 1c) were defined Middle Ordo-
vician units (Astini and Dévila 2002) consisting of rhyo-
lites and rhyodacites emplacements locally brecciated and
ignimbrites at the base (El Portillo Formation, Astini and
Dévila 2002) and to the top, ignimbrites, tuffs with abun-
dant lapilli and coarse to fine volcaniclastic deposits with
abundant pyroclastic components, interbedded with marine
epiclastic facies (sandstones, fine conglomerates, siltstones
hosting brachiopods) all together defined as the La Escon-
dida Formation (Astini and Davila 2002). At the west of the
Sierra de Famatina (e.g. Sierra de Toro Negro, Valle Her-
moso, among others), Mannheim (1993) described volcanic
rocks that could be correlated with the volcanic members
of the SPVSC (Las Planchadas Formation). The dominant
lithotypes are pyroclastic rocks (tuffs, ignimbrites), together
with andesites, dacites, rhyolites and basalts. The succes-
sion has marine sedimentary deposits (shales, sandstones,
siltstones, lime and reworking tuffs) included in the Suri
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Formation (Mannheim and Miller 1996). The shales host
graptolites of Arenig age (Toselli et al. 1990). To the south,
in the Chuschin area (Fig. 1c), were recognized volcanic-
sedimentary deposits mainly composed by rhyolites and vol-
caniclastic breccias, together with tuffs, sandstones enriched
in pyroclastic components and fine epiclastic facies. Accord-
ing to the fossil content, these deposits were assigned to the
Arenig-Llanvirn (Mannheim 1993).

To the north of the analyzed area (Fig. 1b) were described
small and isolated outcrops of the Ordovician units. At the
Sierra de la Quebrada Honda were recognized basaltic to
andesitic flows and dykes emplaced in fine marine sedimen-
tary beds (Coira et al. 2009). The basalts and related hyalo-
clastic breccias are covered by Devonian sedimentary rocks
(Coira et al. 2009). In the Sierra de Calalaste were described
rhyolitic-dacitic emplacements and tuffs among sandstones
and siltstones with graptolites, pointing to ages of Upper
Arenig-Llanvirn (Zimmermann y Balhburg 2006).

The volcanic-arc records of the Famatinian belt are well
represented in Puna (Fig. 1b), where two NNE-trending
magmatic—sedimentary Ordovician belts (Eastern Eruptive
Belt, EEB, and Western Eruptive Belt, WEB) are arranged.
The older volcanic records in the WEB (Upper Cambrian-
Lower Tremadocian) are represented by dacitic to rhyolitic
lavas, hyaloclastites, tuffs, pyroclastic flows and minor
amounts of basaltic lavas, related to the evolution of a mar-
ginal basin (Coira 2008). Meanwhile, in the EEB the volcan-
ism represented by dacites and basalts to sub-alkaline micro-
gabros, with E-MORB characteristics, signals the beginning
of an active extensional regime with the development of a
retro-arc basin with oceanic crust (Coira 2008). During the
Floian-Darriwilian lapse, the volcanism in the WEB was
characterized by the presence of basaltic to andesitic mas-
sive to pillow lavas and hyaloclastite breccias at the base,
changing into dacitic to rhyolitic pyroclastic flows, lapil-
lites and tuffs intercalated in the volcaniclastic turbidites
sequences to the upper portion of the stratigraphic column
(Coira and Koukharsky 2002). They show characteristics of
arc to back-arc developed on a thin continental crust (Coira
2008). The bimodal magmatism recorded in the EEB dur-
ing the Upper Tremadocian-Floian-Darriwilian reach its
climax with siliceous syn-sedimentary lava-domes and sills
with autoclastic breccias, hyaloclastites and minor spilitized
basaltic pillow lavas, lacoliths and sills of microgabros. The
intraplate signature of basic rocks and crustal filiation of
siliceous rocks indicate a tectonic environment where the
alkaline magmatism is the result of decompression of the
mantle in an extensional environment, while an important
crustal fusion takes place (Coira 2008).

The above points out that although there are Ordovician
volcanic and volcaniclastic records that can be correlated
with the SPVSC, further field, geochemical and geochro-
nological studies are still needed, both in reference to the
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geological context of the Famatina System and also related
to the Puna.

Conclusions

The SPVSC records the products of an Ordovician arc
volcanism, starting with the emplacement of basaltic sub-
marine effusions together with the development of related
fragmented facies. Such mafic rocks were related to subduc-
tion systems and chemical data indicated tholeiitic effusions
comparable to those of island arcs (Cisterna et al. 2017). As
the volcanism evolves, initially basaltic effusions change into
calc-alkaline andesites and dacites with arc-affinities and the
final stages of the magmatic evolution is represented by the
felsic subvolcanic and explosive volcanism. Rhyodacites and
rhyolites chemical data indicate a source related to volcanic
arcs-back-arc systems (Cisterna and Coira 2017). Along
modern arcs (eg. the volcanic evolution of the Japan arc),
submarine volcanoes grew through intermittent submarine
eruptions of calc-alkaline, mafic to intermediate and felsic
magmas generating associated volcaniclastic sediments of
rock fragments derived from them. Together with the magma
evolution during the growth of the volcanoes, from mafic to
intermediate and felsic members, the eruptive pattern shifted
from effusive to explosive eruption, producing a large apron
of syn-and post-eruptive volcaniclastic deposits of debris
flows and/or turbidity currents. These deposits are the tes-
timony of variations in composition and volcanic style and
contribute to the evolution of a volcanic apron from deeper
to shallow water environments. Interfingering between the
facies along the submarine apron allows to indicate pro-
gradation of the apron with the evolution of the volcanism.
Volcaniclastic sedimentary shallow-water beds host fossils
that testify the Dapingian—Floian age. The abundance of
pyroclastic components in most of the volcaniclastic facies
indicates that, at least the compositionally most evolved
records derived from felsic subaerial or shallow subaque-
ous explosive volcanism.
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