
Vol.:(0123456789)1 3

International Journal of Earth Sciences (2020) 109:2467–2494 
https://doi.org/10.1007/s00531-020-01914-9

ORIGINAL PAPER

Provenance analysis of Devonian peripheral foreland basins in SW 
Gondwana, case of the Gualilán Group, Precordillera Argentina

Jonatan Ariel Arnol1 · Norberto Javier Uriz2   · Carlos Alberto Cingolani1,2 · Miguel Angelo Stipp Basei3 · 
Paulina Abre4

Received: 24 October 2019 / Accepted: 15 July 2020 / Published online: 2 September 2020 
© Geologische Vereinigung e.V. (GV) 2020

Abstract
We carried out a sedimentary provenance analysis of the Devonian Gualilán Group, Central Precordillera of western Argen-
tina, focusing on the siliciclastic record of the Talacasto (Lower Devonian) and the Punta Negra (Lower-Middle Devonian) 
formations. Provenance is determined based on petrography, heavy minerals, whole-rock geochemistry, Sm–Nd isotopes, 
and U–Pb detrital zircon dating. Sandstones are composed of quartz, feldspar, and metamorphic and plutonic lithoclasts. 
The Gualilán Group underwent moderate weathering indicated by CIA values and Th/U ratios below 76 and 4.9, respec-
tively. Th/Sc, Zr/Sc, Cr/V and La/Th ratios, negative Eu-anomalies and REE patterns point to felsic source compositions. 
The heavy minerals and zircon morphologies indicate that high-grade metamorphic and igneous rocks provided the bulk of 
detritus. TDM ages between 1.40 and 1.46 Ga and εNd(t) values ranging from − 9.21 to − 11.13 constrain the signature of the 
sources. U–Pb detrital zircon ages for the Talacasto Formation are equally distributed between the Famatinian (Late Cam-
brian–Late Devonian), Pampean–Brazilian (Neoproterozoic–Early Cambrian) and Grenvillian-Sunsas (Mesoproterozoic) 
orogenic cycles. Detrital zircon ages of the Punta Negra Formation were dominantly supplied from Mesoproterozoic rocks, 
linked to the Grenvillian-Sunsas orogeny. The data indicate a provenance from rocks located eastwards of the basin repre-
sented by the basement of the Pampean Ranges. The peripheral foreland basin developed during the post-collisional regime 
that followed the accretion of Cuyania against Gondwana. Whereas eastern and western Pampean Ranges provided detritus 
to the Talacasto Formation, the Punta Negra Formation was sourced by the western Pampean Ranges, implying exhumation 
and erosion of such basement during the Devonian.
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Introduction

Eastward of the present-day Andes lies the Laurentian 
derived Cuyania terrane (Ramos et al. 1986; Ramos 2004), 
which is a constituent of the SW margin of Gondwana 
(Fig. 1) since the Late Cambrian–Late Devonian Famatin-
ian orogenic cycle (Rapela et al. 1992, 1998; Ramos 1999). 
The Precordillera thin (and partially thick) skinned fold 
and thrust belt generated by Tertiary shallow east-dipping 
flat-slab subduction of the Nazca plate expose part of the 
sedimentary cover of the Cuyania terrane. It encompasses a 
500 km north–south elongated belt with a maximum width 
of 110 km (from 28°30′ to 33° S and 68°15′ to 69°45′ W), 
along the provinces of La Rioja, San Juan and Mendoza of 
western Argentina (Fig. 1). The Cuyania terrane is strati-
graphically and faunally unique to South America mainly 
for the Lower Paleozoic carbonate and siliciclastic succes-
sions overlying an unexposed igneous-metamorphic conti-
nental crust of Mesoproterozoic age (Ramos et al. 1998). 
In attempts to constrain its allochthonous or para-autoch-
thonous origin with respect to Gondwana, researchers from 
several standpoints studied it during the last decades (Dalla 
Salda et al. 1992; Aceñolaza et al. 2002; Finney et al. 2003; 
Thomas and Astini 2003; and references therein). An array 
of geological and biostratigraphical evidence constrain the 
time of docking of the Cuyania terrane to the Middle Ordo-
vician (Ramos 2004 and references therein). Subsequently, 
and until the Early-Middle Devonian, a time of certain tec-
tonic stability linked to post-collisional regime allowed the 
development of important peripheral foreland basins.

The Cuyania terrane is bounded to the west by the Chil-
enia suspect terrane and, although its origin is still a matter 
of debate, its existence is supported by the occurrence of 
ophiolitic belts and P-T-t constraints indicating a collisional 
event at ca. 390 Ma, recorded in the Guarguaraz Complex 
(Willner et al. 2011; Massonne and Calderón 2008).

During the Devonian, the westward subduction of the 
Gondwana margin below the Chilenia terrain triggered the 
formation of an incipient magmatic arc with the develop-
ment of small spaced plutons in the eastern margin of Chil-
enia, including, among others, the Pampa de los Avestruces 
granodiorite, La Menta and Borboran granites (375–390 Ma) 
in the Frontal Cordillera at approximately 36° S, (Davis 
et al. 1999; Tickyj et al. 2015; Cingolani and Ramos 2017 
and references; Heredia et al. 2018). The brief subduction 
process closed the Chanic ocean developed between both 
continents. The collision and accretion of the Chilenia ter-
rane against the proto-Andean margin of Gondwana dur-
ing the Late Devonian, deformed the Silurian–Devonian 
sedimentary rocks, event also known as the Chanic tectonic 
phase (Ramos et al. 1986; Ramos 1999; Davis et al. 1999; 
Willner et al. 2011; Heredia et al. 2012; 2018; Cingolani 

and Ramos 2017). Devonian detrital zircon grains are not 
recorded in the rocks analysed for this work, probably due 
to the poor development of the arc, but they are found in the 
sedimentary rocks deposited in the active margin of southern 
Chilenia, overruling a subduction towards east proposed by 
Willner et al. (2011).

In this tectonic setting, peripheral foreland basins devel-
oped in the western margin of the Cuyania terrane during 
the Devonian. An outstanding depocenter at the Central 
Precordillera of San Juan province preserves a siliciclastic 
record known as the Gualilán Group (Baldis 1975), compris-
ing from base to top the Talacasto and Punta Negra forma-
tions (Cuerda and Baldis 1971; González Bonorino 1975; 
González Bonorino and Middleton 1976; Mingramm 1985; 
Astini 1991a; Peralta 1991; Bustos 1995, 1996; Bustos and 
Astini 1997; Herrera and Bustos 2001; Basilici et al. 2012; 
Vieira de Luca and Basilici 2013; Sterren et al. 2015). Depo-
sition within a context of an extensional regime during the 
Devonian (Peralta 2005a, b, 2013; Peralta et al. 2008, 2010), 
is not supported by our data. Loske (1992, 1994 and 1995) 
acquired the first U–Pb detrital zircon ages of the Gualilán 
Group using the isotope dilution method and already linked 
main records to a Mesoproterozoic source exposed along the 
Pie de Palo Range (Fig. 1). This paper focuses on sedimento-
logical features, mineralogical composition, lithogeochem-
istry, and U–Pb detrital zircon dating of the Gualilán Group 
to unravel its provenance. We assess the tectonic setting of 
the Devonian peripheral foreland basin in the context of the 
paleogeography of the SW Gondwana margin. Comparison 
to other Silurian–Devonian successions within the Cuyania 
terrane (i.e., Villavicencio and Río Seco de los Castaños for-
mations) is also achieved, to constrain the paleogeographical 
evolution of depocentres.

Geological setting and stratigraphy

The Gualilán Group constitutes the principal Devonian suc-
cession of the Central Precordillera (Ortiz and Zambrano 
1981) which integrates part of the so-called Eastern tectofa-
cies (Astini 1992) of San Juan Province, Argentina. Its out-
crops extend mainly throughout north–south ranges such as 
Trampa, Durazno, Talacasto, Las Crucecitas, Cerro Negro, 

Fig. 1   a Regional location of the study area in South America. b 
Extension of the Precordillera as part of Cuyania terrane. Green 
square and yellow circle denote outcrops of the Villavicencio and 
Río Seco de los Castaños formations, respectively. c Tectonic subdi-
visions of the Precordillera. Eastern Precordillera is distinguished by 
Cambrian–Ordovician carbonate rocks; Central Precordillera shows 
a predominance of Ordovician carbonate rocks and Silurian–Devo-
nian siliciclastic rocks, and Western Precordillera is characterized 
by Ordovician siliciclastic rocks. I–IV: studied sections in this work 
[modified from Ortiz and Zambrano (1981); Astini (1992); Ragona 
et al. (1995)]

◂
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La Chilca, Del Fuerte, among others. The Gualilán Group is 
in paraconcordance onto Silurian successions, either Tam-
bolar Formation in the southern part of the basin or Los 
Espejos Formation in its central-northern area (Astini 1996; 
Astini and Maretto 1996). The Gualilán Group comprises 
the Talacasto (Padula et al. 1967) and the Punta Negra for-
mations (Bracaccini 1949). Both units conform a Devonian 
sedimentary cycle (Baldis 1975) with main outcrops dis-
tributed in between the Jáchal River towards the north (30° 
S) and the San Juan River to the south (32º 31′ S) along the 
Central Precordillera (Fig. 2).

The Talacasto Formation was deposited on a marine 
shelf and is characterized by a transition from shale-domi-
nated deposits at the base, towards bioturbated sandstones 
near the top of the unit (Baldis 1975; Astini 1991b; Kel-
ler 1999) with intercalated fine-grained sandstones and 
carbonate nodules (Astini 1990a). At Loma de los Piojos 
(Fig. 3f–h), the succession is 1145 m thick, whereas at the 
San Juan River area, it has a thickness of only ca. 100 m. 
The paleobiological content includes a rich association of 

marine invertebrates, largely brachiopods (Fig. 3i) linked to 
the Malvinokaffric fauna (Baldis and Rossi de García 1972; 
Amos and Boucot 1963; Herrera 1993, 1995a, b; Levy and 
Nullo 1970a, b; Racheboeuf and Herrera 1994; Racheboeuf 
et al. 1998; Sánchez et al. 1991; Rustán and Vaccari 2010; 
Carrera and Rustán 2015; Salas et al. 2013). Based on bra-
chiopods Sánchez et al. (1991) and Herrera (1993) assigned 
an early Lochkovian age to the base of the unit (Fig. 2). A 
relevant ochre layer of approximately 10 m thick that can 
be traced more than 100 km in horizontal direction occurs 
in the central and northern sectors of the basin (Fig. 3g); 
the age of this bed is around the Pragian-Emsian boundary 
(Rustán 2011), as determined by its fossil record (essentially 
trilobites and brachiopods). This so-called “Pleurotomaria 
horizon” (Keidel 1921), is an excellent guide level within 
the Precordillera, demonstrating the diachronism of these 
units, which become younger towards the north (Herrera 
1993; Rustán 2011).

The Punta Negra Formation paraconformably overlays 
the Talacasto Formation, and it is a thick succession of 
turbidite (flysch-like) deposits (Borrello 1969; González 
Bonorino 1975; Keller 1999) interpreted by Bustos and 
Astini (1997) as deposited in a fan-delta environment. It 
is composed of well-sorted sandstones, green greywackes, 
arkoses and shales and few conglomerates. Several sedimen-
tary facies associations have been differentiated throughout 
the Punta Negra Formation (Edwards et al. 2009; Basilici 
et al. 2012) from which sandy beds with massive and amal-
gamated structures and heterolithic facies are dominant 
(Fig. 3a–c), some of them interpreted as a product of storm 
events on a shallow shelf (Bustos and Astini 1997; Poiré 
and Morel 1996). Trace fossils (Fig. 3d) of the Nereites-
Cruziana-Skolithos ichnofacies are frequent (Peralta and 
Aceñolaza 1988; Peralta and Ruzicky 1990; Bustos 1996). 
Throughout the Devonian Punta Negra Formation, frag-
mentary plant debris are found (Fig. 3e). Species of plants 
described are Sporogonites, Isidrophyton, Salopella, Hap-
lostigma (Edwards et al. 2009) and, more recently, Haskin-
sia (Arnol and Coturel 2017; Coturel and Arnol 2018). The 
paleoflora would have been transported from their presumed 
coastal and riverbank environment; the Lower-Middle Devo-
nian assemblage gives further evidence of high-latitude veg-
etation (Edwards et al. 2001, 2009), and the age coincides 
with that previously defined by brachiopod fauna according 
to Herrera and Bustos (2001).

Paleocurrent studies in this unit show a predominance 
of east–west flow direction (González Bonorino 1975; 
González Bonorino and Middleton 1976; Bustos 1995; 
Vieira de Luca and Basilici 2008, 2013; Basilici et al. 2012), 
with an average movement vector of the flow between 260° 
and 275° and standard deviations below 38° in all cases 
(Bustos 1995).

Fig. 2   Stratigraphic column with the different units showing the S to 
N diachronism of the Central Precordillera. H hiatus [modified from 
Astini (1996)]
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Sampling and methodology

The Gualilán Group was studied in five different sections 
covering all the areal development of the basin, both in a 
north–south and east–west directions (Figs. 4, 5). Descrip-
tions of the selected sedimentological sections were made 
during fieldworks. All lithological types of the Gualilán 
Group were sampled. To obtain relevant information regard-
ing each succession, we carried out studies of petrography, 
heavy minerals, whole-rock geochemistry, Sm–Nd isotopic 
ratios and U–Pb detrital zircon dating (Table 1).

Sandstone petrography

A total of 11 thin sections of sandstones were studied under 
the microscope and quantitatively analysed with a Swift-
type point counter. 400 points were counted using the tra-
ditional method of Gazzi-Dickinson (Ingersoll et al. 1984) 
and accordingly, plutonic rock fragments were counted as 
such, rather than as mineral components. The results were 
plotted in Q-F-L ternary diagrams (Dickinson et al. 1983). 
The populations represented in each triangle include detrital 
grains, except for micas, opaque minerals, chlorite, heavy 
minerals and carbonate grains. Chert was counted as a sedi-
mentary rock fragment.

Heavy mineral analysis

Heavy mineral concentrates were obtained from psammitic 
samples weighing approximately 5 kg, following conven-
tional crushing, milling and sieving; identification and final 
separation by hand-picking was achieved using a binocular 
microscope. An electron microscope with EDAX (Philips 
SEM 505) at Centro de Investigación y Desarrollo de Cien-
cias Aplicadas (CINDECA, La Plata) helped with the identi-
fication of heavy mineral species. One sample from each unit 
taken at the Talacasto Creek section (16T45 and 16PN43) 
provided the detrital zircon grains for morphological studies 
following Pupin (1980): n = 37 for the Talacasto Formation 
and n = 40 for the Punta Negra Formation. Multiple param-
eters such as crystal habit (shape), size, elongation, round-
ness and surface features were examined under the scanning 
electron microscope (JEOL JSM 6360 LV) at the Museo de 
La Plata, to determine their morphological and typological 
parameters to infer source rock types (Gärtner et al. 2013).

Lithogeochemistry

Whole-rock geochemistry of sedimentary rocks reflects 
the average composition of the crust that shed detritus to a 

certain basin (Taylor and McLennan 1985). However, weath-
ering, hydraulic sorting and diagenesis acting from initial 
erosion of a source rock(s) to the final burial of detritus may 
modify the signatures of the source rock(s), and therefore, 
these factors require evaluation to constrain the provenance 
of a sedimentary succession (Nesbitt and Young 1982; Nes-
bitt et al. 1996). Fine-grained rocks are the most appropri-
ate for provenance studies because of the sensibility on the 
mobility of some elements to particle sizes during deposition 
and diagenesis (Cullers 1995). Ten pulp samples of shales 
and mudstones were prepared and analysed at ACME Labs, 
Canada (Table 1). Major elements were obtained by induc-
tively coupled plasma emission spectroscopy (ICP-ES) on 
fusion beads (Table 2). Loss on ignition (LOI) was deter-
mined by igniting a sample split and measuring the weight 
loss. Rare earth elements (REE) and certain trace elements 
were analysed by inductively coupled plasma mass spec-
trometry (ICP-MS; Tables 3 and 5).

Whole‑rock Sm–Nd isotopes

Sm–Nd isotopes are widely used as provenance indicators 
(e.g., McLennan et al. 1990, 1993). Nd isotopic signatures of 
terrigenous sedimentary rocks are the average of the signa-
tures of the various sources from which the sediments were 
derived (McLennan 1989). Since the Sm/Nd ratio is modi-
fied during processes of mantle–crust differentiation it is 
possible to estimate the time at which the initial magma was 
separated from the upper mantle, also called the depleted 
mantle model age or TDM (DePaolo 1981). The model age of 
sedimentary rocks should be interpreted as the model ages 
of those rocks which have contributed to a higher degree to 
the Sm–Nd ratio of that sediment.

Whole-rock powders were spiked with a tracer and com-
pletely dissolved using acids, followed by column proce-
dures using cationic and anionic resins to obtain the Sm and 
Nd. The isotopic determinations were performed using static 
mode on a VG sector 54 multi-collector TIMS at the Labora-
tory of Isotope Geology CPGeo-USP, Brazil (Table 1). The 
εNd(t) indicates the deviation of the 143Nd/144Nd value of the 
sample from that of CHUR or Chondritic Uniform Reservoir 
(DePaolo 1981). All Sm/Nd data are shown in the supple-
mentary material.

U–Pb detrital zircon analyses

Three samples from each formation of the Gualilán Group as 
depicted in Table 1 were analysed by U–Pb geochronology 
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using a laser ablation (LA) system coupled to an ICP-MS 
(Neptune), following the methodology after Sato et  al. 
(2010). Zircon grains were mounted in 2.5 cm-diameter 
circular epoxy mounts and polished down until they were 
revealed. The internal texture of each grain was observed 
using cathodoluminescence (CL) images. The percent-
age of common Pb was dismissed during data processing; 
206Pb/268U and 207Pb/235U ratios were established, and zir-
cons with 100 ± 10% degree of concordance were used. The 
data are portrayed in Concordia or Tera-Wasserburg dia-
grams generated with the programme Isoplot/Ex (Ludwing 
2001). All these procedures were performed at the Centro 
de Pesquisas Geocronológicas, Universidade de Sao Paulo, 
Brazil. All LA-ICP-MS zircon data are shown in the sup-
plementary material.

Results

Sandstone petrography

Petrographical analysis of sedimentary rocks is useful as a 
first approach to provenance studies (Dickinson et al. 1983). 
Results can be enhanced by geochemical and isotope analy-
ses, considering that only the more stable minerals survive 
weathering and diagenesis.

Talacasto Formation the five samples analysed are well-
sorted, fine-grained sandstones with angular to subangular 
clasts. Sandstones from the southern sector of the basin 
show a pervasively altered pseudomatrix and hence a sub-
mature texture. Sandstones from the northern sector instead 
are texturally mature because of the absence (or very scarce) 
matrix content. Monocrystalline quartz is dominant with 
normal or undulose extinction and corroded edges. Inclu-
sions of different minerals are occasionally found in quartz, 
being acicular rutile the commonest. Grain size decreases 
from south to north, and so the abundance of polycrystal-
line quartz.

Feldspar is a minor clastic constituent in samples from the 
central and northern parts of the basin. Plagioclase (around 
3%) is present in all samples, showing polysynthetic twin-
ning and slightly altered edges; numerous crystals have a 

deformed twinning pattern (Fig. 6). Alteration of Potas-
sium feldspar is strong, and carbonate completely replaced 
some grains. Lithoclasts become more abundant towards the 
south of the basin; they are mostly of metamorphic origin 
and contain sparse feldspar. Among the accessory minerals, 
phyllosilicates are abundant: detrital biotite is squeezed in 
between resistant minerals and muscovite is finer and less 
deformed. Very fine-grained white mica and chlorite are pre-
sent as cement or disseminated crystals. Translucent heavy 
minerals include zircon, apatite, tourmaline, rutile, epidote 
among others. An exception is sample 16T56, because it is 
a medium-grained sandstone predominantly composed of 
mono- and polycrystalline quartz, and metamorphic litho-
clasts. Euhedral reddish crystals, often in aggregates, were 
preliminarily identified as spinel. Brachiopod shells of Aus-
tralospirifer? and Australocoelia palmate of calcitic compo-
sition were determined. Palynomorphs are also recognized, 
but to further determine them is beyond the scope of this 
work (Fig. 6).

Punta Negra Formation six samples of medium to fine-
grained, moderately well-sorted sandstones were analysed 
(Fig. 6). Detrital grains are subangular to subrounded, and 
the matrix is less than 15% in all samples. Monocrystalline 
quartz prevails, showing undulose extinction, slightly dis-
solved edges, and sometimes displaying mineral inclusions. 
Polycrystalline quartz is considerably abundant, reaching 
25% in some samples. Metamorphic lithoclasts derived from 
schists are the second component in order of abundance, and 
less common are felsic lithoclasts sourced from volcanic and 
plutonic rocks. The third component in order of abundance 
is potassium feldspar showing edges altered to sericite; 
microcline and exsolved perthitic feldspar are present. As set 
out for the Talacasto Formation, plagioclase show distorted 
twin lamellae and, in some cases, they are altered at edges or 
inside the crystal (Fig. 6). Detrital biotite and muscovite are 
common. Biotite is very deformed, whereas muscovite tends 
to be shorter, tabular and preserves its original shape. Detri-
tal and authigenic chlorite is markedly present. Muscovite, 
chlorite and feldspars define banded microstructures. Trans-
lucent heavy minerals include zircon, tourmaline, rutile, gar-
net, epidote, monazite and spinel. Hematite and magnetite 
are also present. The matrix is predominantly composed of 
quartz, K-feldspar and plagioclase. The cement is rich in 
clay minerals with occasional carbonate.

In the Q-F-L ternary diagram the samples from both units 
plot in the recycled orogen field. In the Qm-F-Lt diagram 
samples from the Talacasto Formation indicate a mixed 
provenance, whereas those from the Punta Negra Forma-
tion plot in the transitional recycled field (Fig. 7).

Fig. 3   Field photographs of the studied units. Punta Negra For-
mation: a, b, c Outcrops with the psammitic facies above the 
pelitic facies in San Juan River. d Trace fossil. e Plant debris, scale 
bar = 1  cm. Talacasto Formation: f, g Regional photographs of the 
outcrops near Jáchal. h Sedimentary succession with the predomi-
nance of the pelitic over the psammitic facies. i Brachiopods of the 
Malvinokaffric fauna, scale bar = 10 cm

◂
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Heavy mineral analysis

The morphology of zircon can be greatly affected as a result 
of long transport and reworking during a sedimentary cycle 
(Dickinson and Gehrels 2003), morphological studies are 
useful as broad indicators of source rock types (Pupin 1980). 
The occurrence of zircon with different morphologies in 
sandstones is usually indicative of source mixing.

The detrital heavy mineral assemblage of the Talacasto 
Formation comprises zircon, tourmaline, rutile, epidote, 
apatite, garnet, staurolite, chromian spinel and magnetite 
(Fig. 8). Samples of the Punta Negra Formation comprise 
the aforementioned minerals accompanied by monazite and 
titanite; unlike the Talacasto Formation, spinel are rather 
absent.

Zircon morphology

Zircon is widely used in provenance studies, and it is the 
most abundant accessory mineral of the Gualilán Group. 
From the same samples used for U–Pb zircon dating of both 
formations, we randomly selected crystals to analysed their 
morphology.

Zircon crystals classify in three main morphological 
groups and several families. Group 1 comprises 30 and 35% 
of the crystals (from the Punta Negra and Talacasto forma-
tions, respectively), showing short prismatic shapes with 
bipyramidal faces and simple facets indicating derivation 
from plutonic sources. Group 2 includes 60 to 62% of the 
crystals (from the Talacasto and Punta Negra formations, 
respectively), showing short prismatic, multifaceted shapes 
and correspond to grains associated with a probable meta-
morphic event. Rounded crystals not ascribed to a particular 
morphology evidencing long history of transport and recy-
cling from a craton interior sum up 2.7% for the Talacasto, 
and 10% for the Punta Negra formations (Fig. 9).

Lithogeochemistry

The geochemical composition of sedimentary rocks depends 
fundamentally on the nature of the sources from which 
they derive, and on the processes they experienced, such 
as weathering, transport, and subsequent deposition and 
diagenesis.

The low mobility of some trace elements and REE during 
deposition and diagenesis make the fine-grained sandstone 
and claystone the most appropriate rocks for provenance 
analysis based on geochemistry (Cullers 1995); it is a valu-
able tool to decipher the provenance of matrix-rich sand-
stones and wackes. Because ratios of certain trace elements 
and REE remain largely unchanged from source to sink they 
are used in numerous diagrams to determine, for instance, 
the average chemical composition of the set of source rocks 
that provided debris to the sedimentary rocks under study. 
Particularly useful are the ratios between compatible and 
incompatible elements (i.e., Zr/Sc, Th/Sc), although ratios 
between elements of the same compatibility (i.e., Cr/V, La/
Th) are also helpful (McLennan et al. 1993). Specific ratios 
such as Th/Sc and the type of the Eu-anomaly (positive, 
negative or absent), are also important indicators of the com-
position of the source rocks, particularly when compared to 
the Upper Continental Crust (UCC) average values (McLen-
nan et al. 1993).

Sorting and weathering

Both units of the Gualilán Group display a similar distribu-
tion of major elements (Table 2). A sample from the Silurian 
Los Espejos Formation is used for comparison, and it is 
noteworthy that it shows similar values, except for a lower 
concentration of SiO2, a higher concentration of Al2O3 and 
a notable amount of P2O5 (2 wt%).

The chemical index of alteration (CIA) helps to evaluate 
the degree of weathering of the analysed rocks. Samples 
from the Gualilán Group (Talacasto and Punta Negra forma-
tions) show CIA values between 71.1 and 75.9 (Table 2), 
implying a moderate weathering. The sample 16LE29 (Los 
Espejos Formation) has a CIA value of 67.9 (Table 2), there-
fore, in the same range of weathering.

In the A-CN-K diagram (Fig. 10a; Fedo et al. 1995), both 
units studied show a normal weathering trend from average 
granite composition (more felsic than average UCC).

During weathering and recycling, there is a tendency for 
an elevation of the Th/U ratio above upper crustal igneous 
values of 3.8–4.0. This is because under oxidizing condi-
tions U+4 oxides to the more soluble U+6 becoming more 
easily removed from sediments than Th (McLennan et al. 
1993). Samples from the Talacasto Formation show Th and 
U averages of 14.04 ppm and 3.06 ppm, whereas the Punta 
Negra Formation display average values of 14.1 ppm and 
3.4 ppm, respectively (Table 3), being, therefore, essen-
tially similar to Post-Archaean Australian Shales (PAAS) 
averages (Th = 14.6 ppm and U = 3.1 ppm). In the Th/U vs. 

Fig. 4   Northern Precordillera studied areas, San Juan province. Sam-
ples: “blue coloured triangle” Talacasto Formation; “red coloured 
circle” Punta Negra Formation; “black coloured square” Los Espejos 
Formation

◂
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Th diagram, the samples analysed from the Gualilán Group 
show a derivation from average UCC (Fig. 10b1) and, there-
fore, in coincidence with CIA values indicate moderate 
weathering (Table 1).

Source composition

Due to the immobile behaviour of the trace elements (par-
ticularly high field strength elements), they are useful for 
provenance analysis, since they preserve characteristics of 

the source rocks and, therefore, reflect provenance composi-
tions. Ratios such as Th/Sc, Zr/Sc and Cr/V, along with the 
REE distribution pattern, provide some of the most useful 
data for provenance determination (Taylor and McLennan 
1985).

Zr/Sc vs Th/Sc are useful for provenance analyses. Sam-
ples from the Gualilán Group show Th/Sc ratios ranging 
from 0.68 to 0.83, whereas the Zr/Sc ratios vary between 
8.58 and 18.23 (Table 4). In the Zr/Sc vs Th/Sc diagram 
(Fig. 10b2) it is evident that reworking was insignificant and 

Fig. 5   Southern Precordillera studied areas, San Juan province. Samples: “blue coloured triangle” Talacasto Formation; “red coloured circle” 
Punta Negra Formation
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that the lack of Th and Zr enrichments suggest derivation 
from unrecycled average UCC; in Fig. 10b2 the fine-grained 
samples (shales and mudstones) plot towards the UCC line. 
The Los Espejos Formation shows a pattern similar to the 
Gualilán Group, with Th/U of 3.95, Zr/Sc of 7.9 and Th/
Sc of 0.69.

Cr/V vs Y/Ni (Fig. 10c1) and La/Th vs Hf (Fig. 10c2) dia-
grams help to strengthen a derivation from felsic unrecycled 

sources for the sediments that filled the Devonian basin in 
the Precordillera region. La/Th ratios varying between 1.91 
and 3.25 (Table 5) are similar to UCC (red square). The 
Silurian Los Espejos Formation was probably also fed by 
a felsic source; the high Y/Ni ratio of 2.55 is presumably 
linked to the presence of apatite.

The shape of the REE patterns can provide information 
about both, bulk compositions and nature of the source 

Table 1   Number, rock type, analyses and geographical coordinates of samples

The number is related to Figs. 4, 5

Units Number Rock type Sample Geographic coordinates Methodologies

Punta Negra Fm (Lower-Middle 
Devonian)

9 Sandstone 16PN33 30°31′07.00″S 68°52′39.00″W Petrography, U/Pb
10 Shale/Mudstone 16PN34 30°31′07.00″S 68°52′39.10″W Geochemistry, Sm/Nd
13 Sandstone 16PN43 30°0.1′00″S 68°47′38.00″W Petrography, U/Pb, Zr Morphology
14 Shale/Mudstone 16PN44 30°0.05′00″S 68°43′34.00″W Geochemistry, Sm/Nd
11 Shale/Mudstone 16PN52 30°50′48.68″S 69°0′46.54″W Geochemistry
12 Sandstone 16PN54 30°50′50.79″S 69°0′55.23″W Petrography
19 Shale/Mudstone 16PN58 31°32′54.53″S 68°49′58.29″W Geochemistry
20 Sandstone 16PN59 31°32′0.49″S 68°49′42.74″W Petrography
2 Sandstone 17PN07 30°17′50.28″S 68°50′53.64″W Petrography, U/Pb

21 Sandstone 17PN18 31°53′45.18″S 68°49′35.46″W Petrography
Talacasto Fm (Lower Devonian) 3 Sandstone 17T04 30°18′11.88″S 68°50.4′80″W Petrography, U/Pb

4 Shale/Mudstone 16T08 30°17′04″S 68°46′51.00″W Geochemistry, Sm/Nd
6 Shale/Mudstone 16T11 30°31′32″S 68°54′11.00″W Geochemistry, Sm/Nd
7 Shale/Mudstone 16T38 30°17′47.00″S 68°46′33.00″W Geochemistry, Sm/Nd
8 Sandstone 16T40 30°28′4.35″S 68°50′10.00″W Petrography, U/Pb

15 Sandstone 16T45 31°0′9.99″S 68°46′50.00″W Petrography, U/Pb, Zr Morphology
16 Shale/Mudstone 16T46 31°0′10.00″S 68°46′50.00″W Geochemistry, Sm/Nd
5 Sandstone 16T56 31°17′39.10″S 68°46′42.56″W Petrography

17 Sandstone 16T64 31°31′54.63″S 68°54′53.29″W Petrography
18 Shale/Mudstone 16T65 31°31′54.63″S 68°54′53.15″W Geochemistry

Los Espejos Fm (Silurian) 1 Shale/Mudstone 16LE29 30°12′35.25″S 68°53′7.90″W Geochemistry, Sm/Nd

Table 2   Major elements (expressed in wt%) of shales and mudstone samples from the Gualilán Group, including CIA values

Formation Sample SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO LOI Sum CIA

Punta Negra 16PN34 57.92 19.08 7.57 2.59 0.53 1.15 4.39 0.99 0.15 0.06 5.3 99.81 75.9
16PN44 54.12 18.92 9.26 3.78 1.56 1.99 4.15 1.07 0.18 0.09 4.5 99.77 71.1
16PN52 54.28 19.58 8.32 2.61 1.27 1.25 4.56 1.08 0.21 0.07 6.5 99.80 73.4
16PN58 55.82 19.05 8.67 3.23 0.70 1.79 4.59 1.01 0.26 0.09 4.5 99.79 72.9

Talacasto 16T08 59.14 18.64 7.29 2.12 0.84 1.31 4.04 0.85 0.13 0.07 5.3 99.83 75.1
16T11 61.86 16.60 7.08 2.24 1.03 1.67 3.32 0.92 0.18 0.06 4.8 99.84 73.4
16T38 58.24 18.41 8.34 2.52 0.81 1.46 3.81 0.94 0.17 0.07 5.0 99.82 75.2
16T46 65.74 14.86 6.56 1.98 0.88 1.80 3.05 0.90 0.16 0.05 3.8 99.81 72.2
16T65 59.28 18.55 7.93 2.59 0.39 1.43 4.19 0.96 0.10 0.12 4.2 99.80 75.5

Los Espejos 16LE29 51.01 20.45 7.85 2.74 3.35 1.60 4.71 0.88 2.1 0.09 4.9 99.75 67.9
UCC​ 65.89 15.17 4.49 2.2 4.19 3.89 3.39 0.5 0.2 0.07 99.98 56.9
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(McLennan and Taylor 1991). The chondrite-normalized 
REE diagram for the Gualilán Group shows a moderately 
enriched light rare earth elements (LREE) pattern, a nega-
tive Eu-anomaly, and a rather flat heavy rare earth elements 
(HREE) distribution (Fig. 10d), being, therefore, essentially 
similar to the PAAS (Nance and Taylor 1977) and to the 
UCC (Rudnick and Gao 2003). As depicted in Fig. 10d, the 
sample 16LE29 from the Silurian Los Espejos Formation 
shows enrichment in REE compared to the Gualilán Group.

Isotope geochemistry

The Sm–Nd isotope system is a good provenance indicator, 
since it aids in the determination of the grade of fractiona-
tion and the average crustal residence time of the detrital 
mix (McLennan et al. 1990). This is because the system 
is usually not reset by processes operating during erosion, 
sedimentation and metamorphism (DePaolo 1981; McDaniel 
et al. 1997; Goldstein et al. 1997).

Samples of the Talacasto Formation (t = ca. 410 Ma, 
biostratigraphic age) show TDM ages between 1.40 and 
1.46 Ga (Early Mesoproterozoic) and εNd(t) values rang-
ing from − 9.83 to − 10.36 (Fig. 11). The Punta Negra 

Formation (t = ca. 390 Ma, biostratigraphic age) displays 
TDM ages between 1.45 and 1.5 Ga (Early Mesoprotero-
zoic), whereas εNd(t) values range from − 9.21 to − 11.13 
(Fig.  11). A single data from Los Espejos Formation 
(t = ca. 423 Ma), has a model age of 2.2 Ga (Paleoprotero-
zoic) and εNd(t) of − 7.65, but isotopic fractionation cannot 
be completely ruled out based on a single data (Fig. 11).

U/Pb detrital zircon ages

Detrital zircon dating gives insights regarding felsic source 
rocks ages, and guide the understanding of continental crust 
growth and recycling (Fedo et al. 2003). We sampled both 
formations of the Gualilán Group at each locality of the 
study area (Fig. 12).

At the section of Las Aguaditas Creek (Fig. 13), the 
sample from the Talacasto Formation (17T04; N = 94) is 
characterized by a dominance (37.2%) of detrital zircon 
grains with ages ranging from 975 to 520 Ma (Neoprote-
rozoic–Early Cambrian), derived from rocks of the Pam-
pean–Brazilian orogenic cycle. The Famatinian (Middle/
Late Cambrian-Devonian) and Grenvillian-Sunsas (Meso-
proterozoic) orogenic cycles are represented by 27.7% of the 
detrital zircon each, with an age range between 519–427 and 

Table 3   Trace elements (expressed in ppm) of shales and mudstone samples from the Gualilán Group and the Silurian Los Espejos Formation 
for comparison

bdl below detection limit

Formation Sample Ba Ni Sc Be Co Cs Ga Hf Nb Rb Sn Sr Ta

Punta Negra 16PN34 578 50 20 4 15.2 9.1 23.2 5.1 16.2 190.9 4 63.6 1.3
16PN44 763 56 19 4 23.9 3.8 25.6 6.4 17.2 156.7 3 154.8 1.3
16PN52 648 61 22 4 18.7 9.3 24.7 5.5 17.3 196.1 4 87.3 1.3
16PN58 705 44 19 4 19.3 5.0 25.4 6.2 17.0 176.1 4 91.1 1.2

Talacasto 16T08 693 34 19 3 17.0 8.8 23.7 4.6 16.6 179.6 4 71.1 1.3
16T11 455 53 18 4 17.5 6.7 20.3 6.2 16.3 141.5 4 73.9 1.5
16T38 501 42 20 3 15.6 7.5 22.9 4.8 16.3 168.5 4 66.7 1.5
16T46 411 41 15 3 16.5 5.9 16.0 7.1 14.9 131.2 3 84.5 1.4
16T65 436 48 20 3 20.1 9.1 22.2 5.6 16.8 186.1 4 59.0 1.2

Los Espejos 16T29 625 45 23 5 17.3 11.1 26.8 5.0 15.8 209.6 4 101.8 1.2

Formation Sample Th U V W Zr Y Mo Cu Pb Zn As Bi Cr

Punta Negra 16PN34 14.3 3.3 168 14.6 177.4 29.3 0.6 48.2 17.7 134 1.8 0.4 115.9
16PN44 13.0 3.3 152 27.8 230.7 38.7 0.4 51.7 15.1 152 5.0 0.3 109.4
16PN52 14.9 3.6 185 1.8 192.9 38.7 0.9 51.4 18.5 146 6.7 0.5 123.9
16PN58 14.2 3.5 145 1.8 215.9 46.8 0.5 58.4 17.0 166 2.3 0.3 88.4

Talacasto 16T08 15.8 3.4 164 29.9 163.1 32.1 1.2 37.0 23.2 119 14.2 0.7 82.0
16T11 13.3 2.9 139 73.4 223.1 32.5 0.8 31.3 15.7 112 6.1 0.4 82.0
16T38 13.6 2.8 159 29.4 179.3 34.4 0.6 35.2 17.6 135 3.3 0.5 95.4
16T46 12.4 3.1 131 81.6 273.5 32.6 1.1 22.8 12.7 100 10.0 0.2 82.5
16T65 15.1 3.1 201 2.5 197.1 32.6 bdl 30.5 16.9 147 1.4 0.5 96.4

Los Espejos 16T29 15.8 4.0 204 25.6 181.7 114.6 1.3 34.0 19.8 119 5.7 0.6 95.8
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1494–1055 Ma, respectively. The oldest zircons are from 
the Transamazonian (Paleoproterozoic) orogenic cycle, with 
7.4% of the ages between 1896 and 1608 Ma.

The main peak of detrital zircon ages of the Punta Negra 
Formation (17PN07; N = 69) is Mesoproterozoic (53.5%), 
with ages ranging from 1472 to 1014 Ma, 56.7% are Stenian 
(1193–1014 Ma). The second peak in order of abundance 
(28.2%) comprises ages of Pampean–Brazilian orogenic 
cycle, including Early Cambrian (521–536 Ma) and Neo-
proterozoic ages (577–996 Ma). A third cluster (12.7%), 
with an age range from 517 to 400 Ma records the Fam-
atinian (Middle/Late Cambrian–Devonian) orogenic cycle. 
The oldest detrital zircon ages are Paleoproterozoic (5.6%; 
1953–1617 Ma).

At the Río de las Casitas section (Fig. 14), the Talac-
asto Formation (16T40; N = 20), shows 38.1% of detrital 

zircon with Mesoproterozoic ages ranging from 1383 to 
1018 Ma. The Pampean–Brazilian orogenic cycle (Neopro-
terozoic–Early Cambrian) records 33.3% of ages between 
953 and 544 Ma, whereas Famatinian ages (28.6%) cluster 
between 515 and 397 Ma.

The Punta Negra Formation, represented by sample 
16PN33 (N = 105), is characterized by 60% of Meso-
proterozoic zircon grains. This population comprises 
66.6% of Stenian ages (1194–1010 Ma), 25.4% of Ecta-
sian ages (1348–1202 Ma), and 8% of Calymmian ages 
(1505–1405 Ma). Famatinian ages (30.5%) are dominated 
by Ordovician detrital zircon grains (484–453 Ma, 82%), 
and minor Middle and Late Cambrian (485–518 Ma), Silu-
rian (429 Ma) and Devonian (417 Ma) zircon dates. The 
Pampean–Brazilian orogenic cycle (Neoproterozoic–Early 
Cambrian) is represented by 6.2% of the analysed zircon, 

Fig. 6   Microphotographs of rock samples from the Punta Negra (a, 
b, c, d) and Talacasto (e, f, g, h, i, j) formations. Qz quartz, Qzp poly-
crystalline quartz, Pl plagioclase, F K-feldspar; L lithoclasts, Lv vol-

canic lithoclasts, Ms muscovite, Bt biotite, Zr zircon, Cl chlorite, Sr 
sericite, R veg plant debris. Scale bar = 100 µm
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with ages between 946 and 525 Ma. The age of 1810 Ma 
is assigned to the Transamazonian orogenic cycle, whereas 
detrital zircon grains in the age range of 2588–2564 Ma are 
derived from Archean sources.

At the Talacasto Creek (Fig. 15), the Talacasto Forma-
tion (sample 16T45; N = 80) displays two main populations 
represented by 37.5% of detrital zircon grains. One popula-
tion is Mesoproterozoic with ages between 1579–1061 Ma 
(Grenvillian-Sunsas orogenic cycles), whereas the other one 
records the Pampean–Brazilian orogenic cycle (Neoprotero-
zoic–Early Cambrian), with ages between 848–521 Ma. The 
Famatinian orogenic cycle (Middle/Late Cambrian–Devo-
nian) with 16.3% of the total grains, comprises Late Cam-
brian (519–491 Ma) and Ordovician (480–467 Ma) ages. 
The Paleoproterozoic ages (8.8%) range between 2133 and 
1624 Ma.

The Punta Negra Formation is represented by sample 
16PN43 (N = 87) and shows conspicuous Mesoproterozoic 
sources (94.3%), where the Stenian (1000–1200 Ma) inter-
val comprises more than 50% of the zircon grains analysed. 
Neoproterozoic ages (897–996 Ma) are subordinate (3.4%). 
Famatinian (374–496 Ma) zircon ages represent 2.2% of the 
total.

In summary, the Talacasto Formation displays equally 
distributed ages of the Grenvillian-Sunsas, Pampean–Bra-
zilian and Famatinian orogenic cycles (Fig. 16). The age 
of the youngest zircon is 397 ± 43 Ma, and the oldest is 
2133 ± 21 Ma. The Punta Negra Formation instead, exhibits 
a major contribution from source rocks of the Grenvillian-
Sunsas orogenic cycle. The age of the youngest zircon is 
374 ± 2 Ma, whereas the oldest is 2588 ± 24 Ma. The two 
formations share a common Mesoproterozoic provenance, 
although the distribution of such source within the basin 
is uneven. Detrital contributions derived from Famatinian 
and Pampean–Brazilian source rocks are greater towards the 
north (Fig. 16).

Discussion

Following the classification of Folk et al. (1970), the rocks 
are sandstones (litharenites), as formerly established by 
Bustos (1995), instead of wackes as proposed by other 
authors (e.g., Loske 1994). Q-F-L diagram indicates a 
depositional basin linked to an orogen for the Gualilán 
Group, and the Qm-F-Lt diagram further shows an increase, 
towards younger ages, of the input of detritus derived from 

Fig. 7   Provenance ternary diagrams after Dickinson et  al. (1983) 
showing distribution of the sandstone samples from the Gualilán 
Group. F feldspar, Qt total quartz, Lt total lithoclasts (including poly-
crystalline quartz), Qm monocrystalline quartz, L lithoclasts
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Fig. 8   Association of heavy minerals of the Gualilán Group. a, b, c Rutile. d Epidote. e, f Tourmaline. g, h Spinel. i Garnet. j Chromian Spinel. 
k Elements recognized by EDAX. l Semi-quantification of elements in EDAX. Scale bar = 100 µm

Fig. 9   Zircon morphology according to Gärtner et al. (2013); typology according to Pupin (1980) only for plutonic zircons
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Fig. 10   a A-CN-K diagram for the Gualilán Group. Idealized min-
eral compositions and crystalline rocks values are according to Taylor 
and McLennan (1985). Dotted lines indicate the predicted weathering 
trend for the average parental rock compositions (Nesbitt and Young 
1984, 1989). Note that the lower part of the diagram with A < 40 is 
not shown. The left side of the figure shows the range of CIA values. 
b1 Th/U vs Th diagram (after McLennan et  al. 1993). b2 Th/Sc vs 
Zr/Sc diagram (after McLennan et  al. 2003). c1 Cr/V vs. Y/Ni dia-
gram (after Hiscott 1984). Upper and lower curves represent the mix-
ing lines of ultramafic (Cr/V = 45; Y/Ni = 0.001), felsic metamorphic 
(Cr/V = 1.23; Y/Ni = 1.02), and granitic (Cr/V = 0.25; Y/Ni = 2.33) 

rocks (Dinelli et al. 1999). c2 La/Th vs. Hf diagram (after Floyd and 
Leveridge 1987). Fields indicate the compositions of sedimentary 
rocks deposited in different tectonic settings. Samples from the Guali-
lán Group plot into the field of felsic source. d Chondrite-normalized 
REE patterns from the Gualilán Group. PAAS: Post-Archean Austral-
ian Shales (Nance and Taylor 1976); UCC: upper continental crust 
(Rudnick and Gao 2003). Chondrite normalization values are from 
Sun and McDonough (1989). “Red coloured circle” Punta Negra For-
mation. “Blue coloured triangle” Talacasto Formation. “Black col-
oured square” Los Espejos Formation
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metamorphic sources. Heavy mineral assemblages of 
Devonian units of the Precordillera dominated by zircon, 
rutile and tourmaline indicate provenance from areas with 
mature rocks showing very low-grade metamorphism (Loske 
1992, 1994). However, rutile and tourmaline derived from 

high-grade metamorphic rocks are known in several regions 
(e.g., Mange and Maurer 1992; Konzett et al. 2012; Broska 
and Petrík 2015). Furthermore, Loske (1992) recognized 
the same low diverse heavy mineral assemblage throughout 
the Cambrian to Silurian units of the Precordillera. More 
recently, other minerals were recognized in Ordovician to 
Silurian units of the Cuyania terrane (Pavón, Don Braulio 
and Ponón Trehué formations), such as chromium spinel and 
apatite (Abre et al. 2009, 2011).

The heavy mineral assemblage of the Devonian Gualilán 
Group comprises garnet, staurolite, apatite, epidote, mona-
zite, and titanite, indicating that high-grade metamorphic 
and igneous rocks were exhumed and exposed to erosion. 
Chromium-rich spinel of the Talacasto Formation (Fig. 8) 
derived from mafic rocks probably located at the Pie de Palo 
Range. Morphological studies of detrital zircon following 
Pupin (1980) and Gärtner et al. (2013) give a broad estima-
tion regarding the nature of the felsic source rocks. Within 
the Gualilán Group, prevail the zircon grains originally crys-
tallized in a plutonic environment which underwent poste-
rior metamorphism before deposition within the Gualilán 
Group, followed in order of abundance by those crystallized 

Table 4   Selected element ratios 
of the Gualilán Group and Los 
Espejos Formation

Formation Sample Th/Sc Zr/Sc Cr/V Y/Ni La/Th Th/U

Punta Negra 16PN34 0.72 8.87 0.69 0.59 2.83 4.33
16PN44 0.68 12.14 0.72 0.69 3.07 3.94
16PN52 0.68 8.77 0.67 0.63 1.91 4.14
16PN58 0.75 11.36 0.61 1.06 3.25 4.06

Talacasto 16T08 0.83 8.58 0.50 0.94 2.44 4.65
16T11 0.74 12.39 0.59 0.61 2.92 4.59
16T38 0.68 8.97 0.60 0.82 2.96 4.86
16T46 0.83 18.23 0.63 0.80 2.98 4.0
16T65 0.76 9.86 0.48 0.68 2.77 4.87

Los Espejos 16LE29 0.69 7.90 0.47 2.55 4.49 3.95

Table 5   Rare Earth elements (expressed in ppm)

Formation Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ƩREE

Punta Negra 16PN34 40.4 80.2 9.33 33.5 6.11 1.19 5.48 0.86 5.25 1.13 3.38 0.51 3.62 0.54 191.50
16PN44 39.9 83.2 10.44 40.2 7.87 1.54 7.52 1.20 7.49 1.50 4.10 0.63 4.21 0.65 210.45
16PN52 28.4 71.4 8.30 32.9 7.30 1.29 7.25 1.18 7.26 1.48 4.27 0.62 4.08 0.60 176.33
16PN58 46.2 97.4 12.32 48.4 9.98 1.86 9.55 1.44 8.66 1.73 4.88 0.70 4.37 0.67 248.16

Talacasto 16T08 38.5 77.3 9.09 32.9 6.45 1.23 6.05 0.99 6.02 1.23 3.57 0.54 3.55 0.56 187.98
16T11 38.9 80.0 9.29 35.1 6.98 1.36 6.49 1.03 6.2 1.26 3.74 0.53 3.46 0.52 194.86
16T38 40.2 80.3 9.66 37.3 7.51 1.42 6.64 1.05 6.28 1.24 3.75 0.54 3.61 0.54 200.04
16T46 36.9 74.3 9.11 34.2 6.87 1.24 6.29 0.96 5.61 1.16 3.50 0.53 3.41 0.52 184.60
16T65 41.9 92.8 10.16 37.6 6.97 1.31 6.02 0.99 5.97 1.28 3.74 0.56 3.57 0.56 213.43

Los Espejos 16LE29 71.0 143.5 19.22 89.3 23.05 5.34 28.12 3.73 19.68 3.52 9.01 1.09 6.49 0.99 424.04
PAAS 38.0 80.0 8.90 32.0 5.60 1.10 4.70 0.77 4.40 1.0 2.90 0.50 2.80 0.50 183.17
UCC​ 31.0 63.0 7.10 27.0 4.70 1.0 4.0 0.70 3.90 0.83 2.30 0.30 2.0 0.31 148.14

Fig. 11   εNd vs. age. Samples were compared to CHUR (Chondritic 
Uniform Reservoir)
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Fig. 12   Stratigraphic columns showing the different studied sections with location of the samples analysed by U–Pb geochronology. PN Fm 
Punta Negra Formation, LE Fm Los Espejos Formation
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in plutonic environments. This is in agreement with Th/U 
ratios indicative of plutonic sources. Geochemical prove-
nance proxies support derivation from a felsic provenance 
component that underwent moderate weathering and very 
scarce reworking.

The narrow range of negative εNd values of the Guali-
lán Group points to restricted variation in the detrital mix 
of crustal sources. Nd data from the Umango, Maz and 
Pie de Palo ranges, and the San Rafael and Las Matras 

blocks show εNd values in the range of variation of data 
calculated to the time of deposition of the Gualilán Group 
(Sato et al. 2004; Cingolani et al. 2005; Vujovich et al. 
2005; Rapela et al. 2010; Varela et al. 2011). The TDM 
ages of the Gualilán Group in between 1.4 and 1.5 Ga are 
comparable to TDM ages for Mesoproterozoic basement 
rocks of the Cuyania terrane (Kay et al. 1996; Sato et al. 
2004; Vujovich et al. 2005; Rapela et al. 2010; Varela 
et al. 2011).

Fig. 13   Frequency histograms and probability curves of detrital zir-
con ages from the sampled levels of the Gualilán Group in the Las 
Aguaditas Creek. Lower: (17T40) Talacasto Formation, Upper: 

(17PN07) Punta Negra Formation, with Concordia diagrams. 
Right: cathodoluminescence images of selected zircon grains. Scale 
bar = 100 µm; ages and errors in Ma
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The detrital zircon ages of the Talacasto Formation 
reveal a provenance from rocks formed during two oro-
genic cycles: Pampean–Brazilian and Grenvillian-Sunsas. 
Outcrops of these rocks are presently located eastwards of 
the Gualilán basin, at the so-called eastern and western Pam-
pean Ranges, respectively. Famatinian detrital zircon ages 
are more abundant towards the north of the basin (at Las 

Aguaditas Creek and de las Casitas River). The main zircon 
population of the Punta Negra Formation is Mesoprotero-
zoic in age (1000–1200 Ma). Grenvillian-aged rocks that 
could account for this provenance are found in the western 
Pampean Ranges (Pie de Palo, Umango, Espinal and Maz 
ranges). The oldest ages corresponding also to the Grenvil-
lian-Sunsas orogenic cycle could have been derived from the 

Fig. 14   Frequency histograms and probability curves of detrital 
zircon ages from the sampled levels of the Gualilán Group in the 
Las Casitas River. Lower: (16T40) Talacasto Formation, Upper: 

(16PN33) Punta Negra Formation, with Tera-Wasserburg diagrams. 
Right: cathodoluminescence images of selected zircon grains. Scale 
bar = 100 µm; ages and errors in Ma
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Maz-Umango Complexes located to the east of the Gualilán 
basin (Mingramm 1985; Galindo et al. 2004; Rapela et al. 
2010; Varela et al. 2011; Ramacciotti et al. 2015).

The visual comparison of the U–Pb probability distribu-
tion diagrams (Fig. 17a), can be enhanced by statistical anal-
ysis. The Kolmogorov–Smirnov (K–S) two-sample test was 
applied to assess the heterogeneity of the age distributions 
(Berry et al. 2001; Fig. 17a; Table 6). This test provides a 
means to mathematically compare two detrital zircon age 

distributions to determine if there is a statistically significant 
difference between them. The method is independent of any 
assumptions about the probability distribution of a sample 
and allows comparison of both, age values (peak locations) 
and distributions (peak shapes), using the P-parameter 
(DeGraaff-Surpless et al. 2003).

Samples of the Gualilán Group show a good corre-
lation between each other (Table 6), except for sample 
16PN43, that displays a P value of 0 with respect to all 

Fig. 15   Frequency histograms and probability curves of detri-
tal zircon ages from the sampled levels of the Gualilán Group in 
the Talacasto Creek. Lower: (16T45) Talacasto Formation, Upper: 

(16PN43) Punta Negra Formation, with Tera-Wasserburg diagrams. 
Right: cathodoluminescence images of selected zircon grains. Scale 
bar = 100 µm; ages and errors in Ma
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other samples analysed. This disparity is due to a domain 
of almost 95% of Mesoproterozoic ages (Fig. 17a).

Analogous methodologies to those used in the pre-
sent work were applied to Devonian successions of the 
Cuyania terrane by several authors. The comparison with 
our data comes in handy to give further insights into the 
paleogeography of the SW margin of Gondwana. One of 
those successions is the Villavicencio Formation, crop-
ping out in the Mendoza province, showing more than 
70% of Mesoproterozoic detrital zircon ages followed by 
Pampean–Brazilian ages (Cingolani et al. 2013). Detrital 
zircon patterns of the Villavicencio and Punta Negra for-
mations are very similar, pointing to comparable sources 
for both units (Fig. 17b). Another Devonian succession is 
the Río Seco de los Castaños Formation, exposed in the 
San Rafael Block which comprises prominent populations 
of Pampean–Brazilian and Famatinian detrital zircon ages 
(Cingolani et al. 2017), being different to all studied sam-
ples of the Gualilán Group. The sedimentary rocks of the 
Gualilán Group and Villavicencio Formation were depos-
ited in a post-collisional setting, whereas the Río Seco 
de los Castaños Formation was deposited in a convergent 
setting, probably in an isolated depocentre (Fig. 17b).

Deposition of the Gualilán Group occurred within a 
peripheral foreland basin developed as a result of the post-
collision of Cuyania against the SW margin of Gondwana. 

Fig. 16   Overview of the main detrital zircon populations found in 
the Gualilán Group, indicating that three main sources are responsi-
ble for the vast majority of the observed ages. The probability density 
distribution diagram for each sample is shown. Different colours are 
from recognized South American orogenic cycles: Jequié (Archean) 
to Transamazonian (Paleoproterozoic), Grenvillian-Sunsas (Mesopro-
terozoic), Pampean–Brazilian (Neoproterozoic–Early Cambrian) and 
Famatinian (Middle/Late Cambrian-Devonian)

Fig. 17 a   Kolmogorov–Smirnov (K–S) sample test. b Tectonic discrimination diagram after Cawood et al. (2012). Fields: a convergent, b col-
lisional, c extensional
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The bulk of the detritus derived from plutonic and meta-
morphic felsic rocks with compositions and isotopic sig-
natures pointing to Famatinian, Pampean–Brazilian and 
Grenvillian-Sunsas aged rocks. During the Early Devo-
nian, the Talacasto Formation received an input from both, 
the eastern and western Pampean Ranges. The uplift of the 
Western Pampeanas Ranges before deposition of the Mid-
dle Devonian Punta Negra Formation explains the restric-
tion to Mesoproterozoic sources within its sedimentary 
record (Fig. 18).

Final remarks

•	 Petrographical and geochemical data show that both 
units studied of the Gualilán Group underwent mod-
erate weathering and point to an average source com-
position similar to UCC, or slightly more felsic. Both 
Devonian successions were fed by igneous and metamor-
phic sources, as demonstrated by lithoclast types, heavy 
mineral assemblages and detrital zircon morphological 
families. The presence of chromium-rich mineral grains 

(likely chromium spinel) in the so-called ‘Keidel’s guide 
level’, found within the Talacasto Formation, evidence 
that a mafic source provided detritus during Pragian-
Emsian times.

•	 Sm–Nd isotope data and particularly U–Pb detrital zircon 
data indicate a contribution from felsic crustal rocks of 
Famatinian, Pampean–Brazilian and Grenvillian-Sunsas 
aged sources for the Talacasto Formation, whereas the 
bulk of the detritus derived mostly from Mesoprotero-
zoic sources for the Punta Negra Formation. The scarce 
contributions of Archean and Paleoproterozoic sources 
indicate that the Río de la Plata Craton was not an impor-
tant source for the Devonian basin.

•	 Probable source rocks are located towards the east of 
the peripheral foreland Gualilán basin, within the east-
ern and western Pampean Ranges. In the context of the 
paleogeography of SW Gondwana, these provenance 
patterns indicate high exhumation and erosion rates of 
the Grenvillian Orogen for Devonian time and, on the 
contrary, a low exhumation/erosion rate of the cratonic 
areas during the Middle Devonian.

Table 6   Results of 
Kolmogorov–Smirnov test 
(with error CDF) for all samples 
analysed

a P values. “Blank indicates” P < 0.05; “italics indicates” P > 0.05
b D values

Sample 17T04 17PN07 16T40 16PN33 16T45 16PN43

KS P values 
using error in 
the CDF

17T04 0.001 0.784 0.001 0.156 0.000
17PN07 0.001 0.266 0.024 0.049 0.000
16T40 0.784 0.266 0.185 0.843 0.000
16PN33 0.001 0.024 0.185 0.040 0.000
16T45 0.156 0.049 0.843 0.040 0.000
16PN43 0.000 0.000 0.000 0.000 0.000

D values using 
error in the 
CDF

17T04 0.300 0.158 0.272 0.172 0.596
17PN07 0.300 0.249 0.228 0.222 0.348
16T40 0.158 0.249 0.261 0.151 0.574
16PN33 0.272 0.228 0.261 0.207 0.338
16T45 0.172 0.222 0.151 0.207 0.513
16PN43 0.596 0.348 0.574 0.338 0.513
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Fig. 18   Block diagram showing 
the Devonian distribution for 
the Gualilán Group, a peripheral 
foreland basin located west-
wards of the western margin 
of Gondwana developed in 
the vicinity of the Grenvillian-
Sunsas orogen which is the 
most likely source of detritus. 
The highlands located in the 
East comprise the Grenvillian-
Sunsas (GSO), Pampean–Bra-
zilian (PBO) and Famatinian 
(FO) orogens. The colours of 
the histograms are related to 
the orogenic cycle from which 
the detrital zircon derived (see 
Fig. 16), whereas the height is 
proportional to the percentage 
of each of them. Ch Chilenia 
Terrane, C Cuyania Terrane, 
WG Western Gondwana. Top 
left insets show the subduction 
between western Gondwana 
(with Cuyania already accreted) 
and Chilenia terrane
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