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ABSTRACT: This work focuses on the sedimentary provenance of the Villavicencio Formation of the Mendoza
Precordillera and integrates the information obtained with previous work on other coeval units of the
Precordillera Central of San Juan province (Gualilán Group: Talacasto and Punta Negra formations) in western
Argentina. Multiproxy provenance analyses are carried out from different applied methodologies (petrography,
geochemistry, morphological, and cathodoluminescence studies of detrital zircon grains, and analysis of U-Pb and
Lu-Hf isotopes). The Villavicencio Formation is mostly composed of pelites and very fine-grained psammites. The
major components are quartz, both monocrystalline and polycrystalline, and metamorphic lithics that associate this
unit with a recycled orogen. Regarding geochemistry, the Chemical Index of Alteration (CIA) values are similar to the
Post-Archean Australian Shales (PAAS), indicating a null to incipient degree of weathering. The ratios between
different trace elements and rare earth elements (REEs) suggest the felsic composition of the source area. Th/U ratios
differ, but a secondary uranium enrichment is inferred. The morphological analysis of the zircon grains reveals
their mainly plutonic origin. The integration of U-Pb data with Lu-Hf data shows a juvenile-mantle origin in
which the populations are dominantly Mesoproterozoic and ɛHf of positive values (up to 12), indicating poor
differentiation. The Villavicencio Formation would be the product of deltaic deposits in which its components are
dominantly from the Western Pampean Sierras associated with the Grenville orogen, assuming exhumation and
erosion of the Mesoproterozoic basement. The data support the hypothesis of equivalence and correlation with
the Punta Negra Formation in the Devonian depocenters of the south-central region of the San Juan
Precordillera.

INTRODUCTION

The lower Paleozoic sequences of western Argentina (28–33° S),

especially the Cambrian–Ordovician, have been extensively studied

(Waisfeld et al. 2023) to determine and understand the stages of

paleogeographic evolution between the autochthonous margin of Gond-

wana (Fig. 1A) and the approach of the Cuyania Terrane (Fig. 1B).

However, there are few studies on middle Paleozoic basin development

along the western Gondwana margin at these latitudes. The first

provenance approaches were made by Loske (1992, 1994, 1995) and

Kury (1993, 1994) and more recently, the works based strictly on

sedimentary provenance from units of the San Juan Precordillera (Abre

et al. 2012; Arnol et al. 2020, 2022, 2023; Arnol and Coturel 2022)

and the San Rafael Block (Manassero et al. 2009; Abre et al. 2011,

2017; Cingolani et al. 2017). In the Mendoza Precordillera (Fig. 1C),

the Devonian sequence identified as Villavicencio Formation, is

widely exposed (Fig. 2). Cingolani et al. (2013) provided the first U-Pb

ages in detrital zircon indicating strong contributions of Mesoproter-

ozoic ages (1400–1000 Ma) coincident with the two domains

established by Rapela et al. (2016) for the Western Sierras Pampeanas

(1030–1330 Ma).

The present work focuses on establishing the main patterns of

sediment contribution that allow us to elucidate the paleogeographic

and paleorelief features and their influence on the filling of the

Villavicencio Devonian depocenter and its correlation with equivalent

records in the San Juan Precordillera. The data obtained from

petrography, geochemistry, morphological and cathodoluminescence

studies of detrital zircon grains, and Lu-Hf isotope analysis have been

integrated with the information collected in previous works for this

region. Finally, the schematic paleogeography and tectonic setting in

which the Devonian basin of the southwestern margin of Gondwana

developed is discussed.
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FIG. 1.—A) West Gondwana with cratons and study area. B) Extension of the Precordillera as part of Cuyania terrane. C) Tectonic subdivisions of the Precordillera in:

Eastern, Central, Western in the San Juan Province, Mendoza Precordillera and La Rioja Precordillera in the homonymous provinces (modified from Ortiz and Zambrano

1981; Astini 1992; Ragona et al. 1995).
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GEOLOGICAL SETTING AND STRATIGRAPHY

The Precordillera structurally developed as a fold and thrust belt related

to Neogene Andean deformation associated with subhorizontal subduction,

known as the Pampean flat slab (Jordan et al. 1983; Cristallini and Ramos

2000; Ramos et al. 2002, Boedo et al. 2020).

The Precordillera is included within the Cuyania composite terrane

(Ramos et al. 1986) with the San Rafael and Las Matras blocks (Fig. 1B).

There are two main ideas about the origin of Cuyania. Finney (2007)

proposed a para-autochthonous model in which Cuyania would have

derived from a southwestern Gondwana position, until the middle

Ordovician when it started to migrate to its current position by transform

faults generating pull-apart basins where Ordovician sedimentary rocks

were deposited. In contrast, the Laurentian microcontinent model proposed

by Thomas and Astini (1996) suggests that the Cuyania terrane had rifted

from the eastern Laurentian margin during the early Cambrian, drifted

FIG. 2.—Geological sketch map of the study area and the location of collected samples. A) Argentina. B) Mendoza Province. C) Study area and location of samples

collected (Modified from Cingolani et al. 2013).
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along the Iapetus Ocean, and collided with west margin of Gondwana during

the Lower–Middle Ordovician Ocloyic orogen. This model has more consensus

in several works, such as Benedetto (2004), Naipauer et al. (2010), Thomas et

al. (2015), Rapela et al. (2016), and Martin et al. (2020), among others.

According to Keller (1999), the Precordillera extends north from the

town of Jagüe (La Rioja), to the city of Mendoza in the south (Fig. 1B).

Traditionally, the Precordillera has been divided into three sectors

(Western, Central, and Eastern) in the province of San Juan according to

its stratigraphic characteristics and tectonic-structural styles (Fig. 1C).

Nevertheless, in the north and south of the San Juan province there are two

regions with different morpho-structural characteristics and variations on

the age of basement, which have received geographical designations: La

Rioja Precordillera and Mendoza Precordillera, respectively (Bracaccini

1964; Baldis et al. 1980).

At present, in the eastern sector of the Mendoza Precordillera, the

oldest stratigraphic unit includes the Cambrian limestones of the Cerro

Pelado Formation (Heredia 1990) and the Ordovician pelites of the

Empozada Formation (Harrington 1957) (Fig. 3). Above these units is

the late Silurian to early Devonian Villavicencio Formation which is

locally intruded by Carboniferous and Permian plutonic bodies. To the

north, The Santa Máxima and Jarillal formations, composed of middle

Carboniferous to lower Permian marine sediments, continue in strong

angular discordance. A middle to late Permian volcanic sequence

continues with the lavas and breccias of the Portezuelo del Cenizo

Formation, and in discordance the Late Permian to Early Triassic

volcanites of the Choiyoi Group.

For the Devonian of the Central Precordillera, the Gualilán Group is

formed by the Talacasto (Padula et al. 1967) and Punta Negra (Bracaccini

1949) formations. These thick formations (up to 1000 m each) are made up

of fine-grained deltaic sediments. The Punta Negra Formation is

characterized by a rhythmic monotonous succession of green sandstones,

graywackes, and shales, believed to be equivalent to the Villavicencio

Formation (Cuerda and Baldis 1971; Poiré et al. 2005; Arnol and

Coturel 2022). In addition, similarities on the fossil content, mainly

plant fossils, between the Punta Negra Formation (in the southern

sector of San Juan) and the Villavicencio Formation, were pointed out

by Edwards et al. (2001, 2009) and Arnol and Coturel (2022) assigning

an Early Devonian age.

Devonian deposits in the Mendoza Precordillera extend from the

southern boundary of San Juan province to the Mendoza River valley (Fig.

2). These deposits were first recognized by Harrington (1941, 1971) and

assigned to the Ordovician. Kury (1993) refers to the unit as Early

Devonian based on tectonic observations and plant debris identification.

Later, Edwards et al. (2001) identify fossil plants that support the Devonian

age established in previous works by other authors (Cuerda et al. 1987;

Cuerda 1988; Loske 1992; Kury 1993).

The late Silurian–Early Devonian Villavicencio Formation is widely

exposed between the San Juan province to the north and the Mendoza

River to the south (Fig. 2) with an approximate thickness of 2000 m. The

best outcrops are found east of Uspallata City and surrounding the

Villavicencio Hotel. Both the base and top of the unit are limited by faults,

therefore, the real thickness of the Villavicencio Formation is unknown

(Harrington 1971; Kury 1993). However, the Villavicencio Formation lies

in discordance between the Ordovician Empozada Formation and the

Permian–Triassic Choiyoi Group (Cuerda et al. 1987). The lithology

described for the Villavicencio Formation in the pioneering works

(Borrello 1969; Barton and Rodríguez 1989) refers to a rhythmic

alternation of massive greenish gray fine-grained sandstones and laminated

gray to black shales (conforming heterolithic facies) and gray gravel stones

with a low metamorphic grade, which were defined as a flysch-like deposit

(Fig. 4A–C). In general, sandstone presents normal gradation, net, or

erosional base with current marks and ripples at the base (Fig. 4D, E)

indicating E–W and NW–SE paleocurrents (Edwards et al. 2001). The unit

yields a diverse paleontological record documented by Cuerda et al. (1987,

1993), Edwards et al. (2001), Rubinstein (1993), and Rubinstein and

Steemans (2007). Plant remains were referred to Lycophytes and probably

Rhyniophytes. Body fossils include fragments of eurypterids whereas trace

fossils include numerous ichnogenera of the Nereites Ichnofacies. In addition,

palynomorph remains including miospores, sparse chitinozoans, and acritarchs

are found in the surroundings of the San Isidro Creek. Pioneering works

(Borrello 1969; Barton and Rodríguez 1989 and others) refer to the

Villavicencio Formation as a shallow marine platform of sandy nature,

while recent works link the deposition to a delta front with a low-energy

environment (Poiré and Morel 1996; Cingolani et al. 2013).

SAMPLING AND METHODS

Three sectors were sampled: Uspallata City (samples 09V1 and 09V2),

Villavicencio Hotel (09V8, 09V9, 09V10, 09V12, 09V13, 09V14, 09V15,

09V16, 09V17, and 09V18) and San Isidro Creek (SI231/1) (Fig. 2, Table 1).

The sampled psammites and pelites were used to carry out analyses of

petrography, geochemistry, and Lu-Hf isotopes in detrital zircons, along with

morphology and typology determination to estimate the main zircon sources.

Petrography

Petrography analysis is a useful tool for sedimentary rocks to achieve a

first approach to provenance studies contributing to the elucidation of

possible source areas.

FIG. 3.—Stratigraphic column of the Mendoza

Precordillera. Fm, Formation; Gr, Group. Modi-

fied from Giambiagi et al. (2010).
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Six thin sections of psammites were studied under the microscope

(LEICA DM750P), associated with camera (Leica MC170HD), and

quantitatively analyzed with a Swift-type point counter (Table 1).

Approximately 500 points were counted using the traditional Gazzi-

Dickinson method. (Ingersoll et al. 1984).

Classic procedures for petrographic classification of rocks were

followed, applying the classification proposed by Garzanti (2016, 2019),

and for sedimentary provenance studies ternary diagrams proposed by

Dickinson et al. (1983) were used. In addition, the results were compared

with similar data known from the Villavicencio Formation (Kury 1993;

Cingolani et al. 2013) and the equivalent units Talacasto and Punta Negra

formations (Bustos 1995; Arnol et al. 2020, 2022).

Lithogeochemistry

Seven pelitic rock samples (09V9, 09V10, 09V12, 09V13, 09V16, and

09V18) and one psammite sample (09V1) were analyzed. The samples

were washed with distilled water, crushed, and pulverized in an agate disk

mill at the Museo de La Plata from the Universidad Nacional de La Plata,

Argentina. The analyses were carried out under the standard procedures

and norms of the Bureau Veritas Commodities Canada laboratory. Major

elements were obtained by inductively coupled plasma emission spectros-

copy (ICP-ES) on fusion beads. Loss on ignition (LOI) was determined by

igniting a sample split and measuring the weight loss. Rare earth elements

(REE) and certain trace elements were analyzed by inductively coupled

plasma mass spectrometry (ICP–MS). The geochemical data of the

supplementary material shows the values of the chemical elements for each

sample analyzed.

When normalization is needed, chondrite meteorite values of Sun and

McDonough (1989) are used. Likewise, average upper continental crust

(UCC) values of McLennan et al. (2006) and the Post-Archean

Australian Shales (PAAS) by Taylor and McLennan (1985) were used

for comparisons. In addition, the results were compared with the ones

obtained for the Gualilán Group in the San Juan Precordillera by Arnol

et al. (2020).

Morphologic Analysis of Detrital Zircons

Zircon is a key mineral to understand the geotectonic evolution of a

region (Fedo et al. 2003; Anani et al. 2012). Three psammites samples

(09V8, 09V14, 09V17) were processed by physical methods (crushing,

milling, and sieving) to collect heavy minerals by classical concentration

methodologies. The zircon grains were identified and separated under the

binocular microscope (Zeiss Stemi 2000-C) by the hand-picking method.

Studies of the morphology and typology of the zircon crystals were

carried out under the scanning electron microscope (JEOL JSM 6360 LV)

FIG. 4.—A) N–S stratification of the Villavicencio Formation (Satellite image, Google). B) Characteristic heterolith succession of the Villavicencio Formation (satellite

image, Google) C) Megaflute identified in the field (Satellite image, Google). D) Close up of the megaflutes named before and appreciation of the flow direction towards the

North. E) Asymmetric ripples with direction from SE towards NW.
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at the Museo de La Plata according to the procedures applied by Gärtner
et al. (2013) to determine the main morphological populations that are

present and a preliminary provenance of the detrital sources (Dickinson

and Gehrels 2003). For euhedral zircon grains, the Pupin (1980)

classification was used to expand the interpretations. The morphological

parameters identified on zircon grains were compared with the data

presented by Arnol et al. (2020, 2022) in Devonian sequences of the San

Juan Precordillera.

Lu-Hf Detrital-Zircon Analyses

Lu-Hf analysis were conducted on three detrital-zircon samples from

the Villavicencio Formation that had been previously analyzed for U-Pb

geochronology (Cingolani et al. 2013). Each Lu-Hf analysis consisted

of 40 sequential measurements performed in the ICP-MS: 10 with the

laser off (measurement of instrumental blank) and 30 with the laser on

(laser ablation on GJ-82C and 91500 standards, or the analyte). Each

measurement lasted approximately one second. Eight isotopes were

measured simultaneously using only Faraday cups: 172, 173, 174, 175,

176, 177, 178, and 180. At the end of each sequence of measurements,

the value of the instrumental blank was subtracted from each of the

eight isotope signals. Abundance values published by the IUPAC

(https://ciaaw.org/pubs/TICE-2009.pdf) were then used to calculate the

isotopic ratios between the Yb (172, 173, 174, 176), Lu (175, 176), and

Hf (176, 177, 178, 180) signals. Signals 172, 173, and (part of) 174

were used to calculate the fractionation coefficient of Yb (βYb) using
exponential law. Signals 180, 178, 177, and (part of) 174 were used to

calculate the fractionation coefficient of Hf (βHf) also using an

exponential law. As Lu does not have enough isotopes to allow self-

correction, the fractionation coefficient of Lu was assumed to be βLu ¼
βHf. The 176Hf/177Hf ratio could then be readily obtained after

subtracting the two interferences: 176Yb (estimated via βYb) and
176Lu (estimated via βLu) from the 176 total signal. Before and after the

analysis, blanks, and zircon standards GJ-82C and 91500 were

measured. The analyses of the standards were repeated at regular

intervals in order to correct the errors and/or variations of the equipment

in the following measurements. Liu et al. (2010) reported a 176Hf/177Hf

value of 0.282015 6 0.000025 for the GJ-82C standard, while

Woodhead and Hergt (2005) reported an 176Hf/177Hf value of

0.282306 6 0.000006 for the 91500 standard. The parameters ɛHf
and TDM were then calculated using the formulas of Yang et al. (2007).

All the U-Pb and Lu-Hf zircon data are provided as supplemental

material (U-Pb Data and Lu-Hf Data excel files).

RESULTS AND INTERPRETATIONS

Sandstone Petrography

Psammites of the Uspallata City area (09V1–09V2) are characterized by

a range of average grain size of 100 to 150 μm. Grains are angular to

subangular, and poorly sorted with abundant matrix (. 35%), resulting in

a texturally submature to immature sample. The main components are

quartz (monocrystalline and polycrystalline variations), feldspars, and

lithics. Monocrystalline quartz is dominant (x 19.7%), being also the major

component of the matrix. Monocrystalline quartz grains are presented with

normal and undulatory extinction. Polycrystalline quartz (x 7.5%) is

comparatively scarce and occurs in larger crystals of subrounded habit. The

potassic feldspars (x 4.4%) are recognizable (orthoclase, microclines, and

feldspars with perthite) but generally altered to carbonates. Plagioclase (x

1.1%), on the other hand, can be found from unaltered to highly altered to

carbonates. Lithics are of varied compositions, from low-grade to high-

grade metamorphic rocks (x 10.1%), intermediate to acid volcanic rocks

(x 0.6%), and sedimentary psammites and pelites (x 0.4%). Muscovite and

biotite are also observed (x 0.9%), the former being dominant. The

presence of chlorite is common. Zircon is the most common accessory

mineral. The presence of plant debris was recognized. In addition, the

sample 09V2 presents carbonate veinlets, as well as patches of this mineral

as cement and a structure that is accompanied by tabular to prismatic

components.

According to the diagram proposed by Garzanti (2016), the samples

09V1 and 09V2 are located on the edge between feldspatho-litho-

quartzose (fLQ) and litho-quartzose sandstones (Fig. 5). They are

distributed in recycled-orogen field for the QFL scheme and transitional

or quartzose recycled field in the QmFL triangle (Fig. 5) proposed by

Dickinson et al. (1983).

Samples 09V8, 09V14, and 09V17 of the Villavicencio Hotel area have

an average grain size of 300 μm. Various textures were identified in the

thin-section observations. Samples are poorly to moderate sorted. The

matrix content is similar to the samples of the Uspallata City area (x

34.6%). The shape of the components is subrounded to subangular.

Psammites are dominated by quartz of monocrystalline type (x 30.06%)

with normal extinction and occasionally undulatory. Some grains show

secondary growth (sample 09V8; Fig. 5). Although polycrystalline quartz

is not abundant (x 4%), it is identified in large grains (Fig. 5). The K-

feldspars (x 4.33%) present an advanced alteration to carbonates (mainly

on the edges), however, it is also possible to recognize distinct species.

Moreover, plagioclases (x 0.6%) are rarely found to be altered. Low-grade

to medium-grade metamorphic lithics are abundant (x 23.73%) and

TABLE 1.—Location, lithology, and the analysis carried out on the collected samples. P, Petrography; GA, Geochemical analysis; MA, Morphology

analysis of zircon; CL, Cathodoluminescence; U-Pb, Uranium-lead dating (by Cingolani et al. 2013); Lu-Hf, Lutetium\Hafnium dating.

Sample Geographic Coordinate (WGS84) Area Lithology P GA MA CL U-Pb Lu-Hf

09V1 S 32° 320 55″ W 69° 180 47.1″ Uspallata City Psammite X X X X X

09V2 S 32° 370 51.5″ W 69° 210 05.9″ Uspallata City Psammite X X X X

09V8 S 32° 310 05.9″ W 69° 020 26″ Villavicencio Hotel Psammite X X

09V9 S 32° 310 05.9″ W 69° 020 26″ Villavicencio Hotel Pelite X

09V10 S 32° 310 18.6″ W 69° 020 05″ Villavicencio Hotel Pelite X

09V12 S 32° 310 57.3″ W 69° 010 23.2″ Villavicencio Hotel Pelite X

09V13 S 32° 310 52.2″ W 69° 010 28.9″ Villavicencio Hotel Pelite X

09V14 S 32° 310 52.2″ W 69° 010 28.9″ Villavicencio Hotel Psammite X X

09V15 S 32° 310 12.2″ W 69° 000 17.9″ Villavicencio Hotel Psammite X X X

09V16 S 32° 310 12.2″ W 69° 000 17.9″ Villavicencio Hotel Pelite X

09V17 S 32° 310 14.5″ W 69° 000 14.5″ Villavicencio Hotel Psammite X X

09V18 S 32° 310 14.5″ W 69° 000 14.5″ Villavicencio Hotel Pelite X

SI231/1 S 32° 520 16″ W 69° 010 12″ San Isidro Creek Psammite X
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deformed. It is also possible to recognize sedimentary lithics of pelitic and

chert type; sandstone lithics are frequent (x 1.6%) (Fig. 5). Nevertheless,

sample 09V14 is characterized by the sparse content of lithics (2.6%),

which are metamorphic and opaque. Within the phyllosilicates, musco-

vites, biotites, and dispersed crystals of chlorites can be distinguished (x

0.53%). Some muscovites are altered to chlorite and to clay minerals.

Sample 09V17 contains sericite which has an ochre coloration. The

presence of plant debris is observed (Fig. 5). The cement in samples 09V14

and 09V17 is rich in clay minerals with occasional carbonate. In addition,

opaque minerals were recognized in these samples.

The samples of the Villavicencio Hotel area are classified according to

Garzanti (2016, 2019) as: quartzo-lithic (09V8), feldspatho-quartzose/

qFQ: quartz-rich (09V14), and litho-quartzose (09V17) (Fig. 5). They are

distributed between the transitional recycled orogen and quartzose recycled

FIG. 5.—Photomicrographs of rock samples from the Villavicencio Formation and their lithological classification according to Garzanti (2016, 2019) and provenance

diagram proposed by Dickinson et al. (1983). Qzm, Monocrystalline quartz; Qzp, Polycrystalline quartz; Fk, Potassic feldspar; Ms, Muscovite; Ch, Chlorite; Ltm,

Metamorphic lithic; C, Carbonate; Mx, Matrix; Vd, Vegetal debris; F, feldspar; Q, total quartz; Lt, total lithoclasts (including polycrystalline quartz); Qm, monocrystalline

quartz; L, lithoclasts.
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orogen fields for the QmFLt scheme and recycled orogen in the QFL

triangle proposed by Dickinson et al. (1983) (Fig. 5).

Finally, the sample of the San Isidro Creek (SI231/1) has an average

grain size of 100 μm. The high concentration of matrix (. 35%) allows the

rock to be defined as a texturally immature rock. A preferential grain

orientation is observed. Compositionally, 11.8% of the framework grains

correspond to monocrystalline quartz and 1% to polycrystalline quartz,

both with undulatory extinction; oxides, 0.6% plagioclases, 0.6%

potassium feldspars, and sedimentary lithics (1.4%) and carbonate lithics

(6%) were recognized (Fig. 5). Among the components of the matrix, the

presence of muscovite and biotite is highlighted.

The sample is in the quartzose field of Garzanti (2016) (Fig. 5). It is

distributed in the quartzose recycled field for the QmFL scheme and

recycled orogen in the QFL triangle proposed by Dickinson et al. (1983)

(Fig. 5).

Geochemistry

The whole-rock geochemical composition of a sedimentary rock

provides valuable information on the detrital nature, provenance, and

evidence to understand the tectonic environment of the depositional basin,

considering in turn the possible influences of factors such as weathering,

diagenesis, and metamorphism (Cullers 1995). Geochemical analyses

applied to fine clastic sedimentary rocks for provenance purposes allow for

identification of constituents that might be important for tectonic

interpretations which cannot be achieved by petrography due to grain size

(Hessler and Fildani 2019). For the present work, pelites from the

Villavicencio Hotel (09V9, 09V10, 09V12, 09V13, 09V16, 09V18) area

are mainly analyzed, except for sample 09V1 (Uspallata City area), which

corresponds to a medium grain-sized psammite; such grain-size difference

explains its differential behavior in all diagrams presented (Fig. 6).

Weathering.—The Chemical Index of Alteration (CIA), as established

by Nesbitt and Young (1982), is currently the most widely used index for

mobile major elements, because it is the one that supplies the greatest

inferences as to the weathering undergone by a rock (Bahlburg and

Dobrzinski 2011). The CIA values obtained ranged from 67.2 to 75.5. The

proximity of these values to those of the PAAS (Nance and Taylor 1976)

indicate null to incipient weathering action. Some samples display K-

metasomatism (plotting towards the illitic field in the A-CN-K diagram in

Fig. 6A) and deviate from a normal weathering trend expected for rocks

derived from sources with an average UCC composition due to K2O

enrichment (UCC value of 3.4% according to McLennan et al. 2006). See

geochemical data in supplemental materials.

The Th/U ratio is another useful tool for estimating weathering and

recycling from source rocks (McLennan et al. 1993). ATh/U ratio of 3.5 to

4, similar to the UCC of 3.8 (McLennan et al. 1993), indicates low

weathering and/or recycling. Under conditions of oxidation this ratio

increases due to the transformation of (Uþ4) to more mobile and soluble

forms (Uþ6). Low Th/U ratios are typical of rocks derived from mafic

sources, although they may be due to an enrichment in the latter element

(McLennan 1989) linked to secondary sedimentary processes related to

environmental conditions. Figure 6B shows Th/U ratios rather typical of

rocks derived from sources with average UCC composition, with low

weathering and/or recycling, in agreement with CIA values; nonetheless

enrichment in the U content with values of up to 10.4 ppm are indicative of

U gain probably linked to reducing (anoxic) environmental conditions that

not only prevented U from oxidiz but favored its concentration (Dypvik

and Harris 2001; Mouro et al. 2017; Rakociński et al. 2016).

Source Compositions.—The REEs represent reliable provenance

indicators, as they would reflect the average REE composition of the

source material (McLennan 1989). The chondrite normalized REE patterns

are parallel to the PAAS, despite certain enrichment in HREEs, confirming

derivation from sources with an average composition similar to UCC; Eu

[EuN/(0.67SmN) þ (0.3TbN)] and Ce [CeN/(0.67LaN þ 0.33NdN)]

anomalies show similar and parallel patterns confirming the resemblance

and origin of crustal-like sources (Fig. 6C).

The Cr/V and Y/Ni ratios are useful to evaluate the provenance of

ophiolitic sources (McLennan et al. 1993) As shown in Figure 6D, these

ratios of the Villavicencio Formation indicate that an ophiolitic source can

be ruled out, reinforcing the idea that the elevated Uranium content is due

to secondary enrichment.

The Th/Sc ratio is a provenance proxy that distinguishes felsic from

mafic sources. The Zr/Sc ratio, in turn, allows evaluation of the recycling,

since the Zr concentration is directly related to the zircon content (McLennan

et al. 1993). Figure 6E illustrates the Th/Sc ratios cluster around average

UCC composition; Zr/Sc ratios are not indicative of recycling, except for

sample 09V1, which shows some reworking. The same information can be

deduced using the La/Th ratios vs Hf concentration (Fig. 6F).

Morphologic Analysis of Detrital Zircons

The analysis of zircon morphology from SEM images, combined with

other studies (CL images, and chemical and isotopic composition of U-Pb

and Hf) allow estimation of the source of the crystals (Pupin 1980;

Heaman et al. 1990; Gärtner et al. 2013). The study of zircon population

typology is an important insight, since this mineral has high resistance in

sedimentary environments, and its morphology is controlled by the

physical and chemical conditions under which it crystallized (Anani et al.

2012).

Zircon Morphology.—Samples 09V8, 09V14, and 09V17 come from

the Villavicencio Hotel area. Based on the classification of Gärtner et al.
(2013), most of the crystals present a stubby and subordinately stalky

habit. Very few of them have a prismatic habit, and none with a needle-like

habit are present (Fig. 7A). Likewise, most of them show collision marks

corresponding to the lowest degree of impacts (grade I), while a small

percentage (∼ 10%) are affected by more severe collisions (grades III and

IV) (Fig. 7B). An important number of crystals (. 50%) are fractured;

most of them show sharp fractures (∼ 78%) with defined limits, and others

show fractures with rounded edges (Fig. 7C). The degree of roundness is

variable, where most of the population is poorly rounded (class 4),

followed by fairly rounded to rounded subpopulations (classes 5 and 6,

respectively). To a lesser extent, very well rounded (class 8), almost

completely rounded (class 9), to completely rounded (class 10) zircon

grains appear (Fig. 7D). The crystal typologies recognized according to the

parameters of Pupin (1980) are P4 with a predominant population and S19-

S24-S25-P5 are present in a subordinate way (Fig. 7E).

Cathodoluminescence.—From cathodoluminescence images, it is

possible to visualize the internal structure of the crystals, which is a

consequence of their geological history (Uriz et al. 2022, and references

therein). A magmatic origin can be recognized when internal oscillatory

zoning is partially or completely distributed within the grains. A mostly

high-grade metamorphic origin may become recognizable due to

completely homogeneous internal zircon structures associated with slow

diffusion from slow crystal growth (Watson and Liang 1995; Watson

1996). Recrystallization events that can be related to both plutonic and

metamorphic origin are denoted by the heterogeneous zoning present in the

crystals (Uriz et al. 2022).

Most of the zircon grains analyzed for the three samples exhibit internal

structures with normal and concentric zonation that could be associated

with plutonic-type magmatic sources; few grains presented cores inherited

from previous crystallizations (1284–1135 Ma) with recrystallized rims

of 1033–989 Ma, which could be associated with a metamorphic origin

(Fig. 8). Few dissolution features are present. Nevertheless, it is worth
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FIG. 6.—A) Aluminium–Calcium þ Sodium–Potassium (A-CN-K) diagram based on molecular proportions and CIA (Nesbitt and Young 1984, 1989) scale on the left;

UCC and idealized mineral compositions are according to Taylor and McLennan (1985). B) Th/U ratio vs. Th (ppm) modified from McLennan et al. (1993) C) Concentrations

of REE compared to the Post Archean Australian Shales (PAAS) by Taylor and McLennan (1985) and to the average content of the Upper Continental Crust (UCC) from

McLennan et al. (2006). D) Cr/V vs Y/Ni relationship by Hiscott (1984) and McLennan et al. (1993) E) Th/Sc vs Zr/Sc relationship modified from McLennan et al. (1993).

F) La/Th vs. Hf diagram (Floyd and Leveridge 1987).
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FIG. 7.—Morphological classification of zircons (based on Gärtner et al. 2013). A) Habit. B) Collision marks. C) Fractures. D) Roundness. E) Typological classification

according to Pupin (1980).
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noting the degree of fracturing of the crystals, where more than 90% are

fractured preferentially perpendicular to the C axis. Although a large part

of the crystals shows rounded edges, these crystals are fragments of

zircon grains.

In summary, dominance of short and subordinately stalky elongations is

associated with a plutonic origin, whereas the very few multifaceted

crystals are related to a metamorphic origin. Main zircon morphotypes

point to calc-alkaline magmas (Pupin 1980) from which hybrid granites

with both crustal and mantle origin would have crystallized (Daneshvar

et al. 2018). This is also supported by the Th/U ratios and the

cathodoluminescence records which show a majority of crystals with

concentric zonation and to a lesser content metamorphic origin

(Cingolani et al. 2013; Arnol et al. 2022).

Lu-Hf Isotope Data

In previous works, Cingolani et al. (2013) reported the U-Pb ages of

detrital zircon grains from three samples (09V1 and 09V2 from the

Uspallata region and 09V15 from the Villavicencio Hotel area). In this

contribution, detrital zircon populations with Paleoproterozoic, Mesopro-

terozoic, Neoproterozoic, and Paleozoic ages are analyzed using the Lu-Hf

methodology to establish the characteristics of the magma from which they

derived. Detailed data can be consulted in the Lu-Hf data in the

supplemental materials, although the results obtained are summarized

below and illustrated in Figure 9.

Paleoproterozoic U-Pb ages are between 2289 and 1673 Ma. The TDM

parameter indicates a range from 3600 Ma to 2400 Ma, indicating a

derivation from Archean and Paleoproterozoic crust. The ɛHf record values
from 0 to –13, indicating a high residence time in the crust, with marked

differentiation.

Zircon grains with Mesoproterozoic U-Pb ages are divided into three

groups for this study; four zircon grains with Calymmian U-Pb ages

(1600–1400 Ma) show that the ɛHf parameter ranges between 10 and 2

with TDM model ages from 2000 Ma to 1600 Ma indicating less crustal

residence time, preserving the juvenile characteristics of the original

magma. On the other hand, 13 zircon grains represent the Ectasian (1400–

1200 Ma), with a range of ɛHf values between 12 and 3 and the model ages

ranging from 1800 Ma to 1400 Ma. A single crystal (1243 Ma) showed

characteristics dissimilar from the rest with an ɛHf value –1 and TDM 2000 Ma.

Stennian ages (1200–1000 Ma) represent the largest group of zircon grains

analyzed, with a total of 33 crystals. The pattern values in this group proved to

be homogeneous with TDM between 1900 Ma to 1100 Ma, while ɛHf values
vary between 12 and 0. A single zircon exhibits characteristics that are

inconsistent with the rest of the group as its ɛHf value –5 and TDM 2010 Ma. In

all cases a few crystals are derived from poorly evolved magmas with juvenile

characteristics.

Neoproterozoic ages comprise seven zircon grains, of which five of them

correspond to the Tonian (1000–720 Ma) and two to Ediacaran ages (635–

538 Ma). In the first group, four crystals present homogeneous behaviors with

TDM between 1628 Ma and 1500 Ma and ɛHf values between 3 and 2. The

remaining Tonian zircon is close to the model age of this crystal on the

boundary with the Cryogenian (1100 Ma) and the value of ɛHf is 8. The

crystals of Ediacaran ages show large parameter dispersion. The oldest crystal

at 581 Ma, yielded a TDM of 2180, and the ɛHf(t) is –11. The youngest grain
(547 Ma) generated TDM values of 900 Ma and ɛHf(t) 8.

Zircon grains of Paleozoic ages are between the Early Cambrian and the

Silurian (538–419 Ma) and have seven analyzed crystals. The zircon

grains of Early Cambrian age present a homogeneous behavior in the

values of the considered parameters; the TDM varies between 2100 Ma

and 1400 Ma, while the ɛHf(t) fluctuates between –1 and –13, indicating an

important crustal contamination. The Ordovician zircon grains differ from the

Cambrian zircon grains by presenting younger model ages between 1600 Ma

to 1000 Ma, and ɛHf(t) between 5 and –4, evidencing a greater heterogeneity

in the sediment sources. Finally, the only zircon of Silurian age (429 Ma)

presents a TDM value of 1200 Ma and an ɛHf(t) of 2, indicating a juvenile

component.

COMPARISON WITH THE GUALILÁN GROUP AND DISCUSSION

Provenance interpretations can be made with the information obtained in

this work and its comparison with former work in the Precordillera

geological province (Kury 1993; Bustos 1995; Cingolani et al. 2013; Arnol

et al. 2020, 2022).

Petrography

In agreement with the observations of Cingolani et al. (2013), the

psammitic deposits of the Villavicencio Formation have a higher

matrix content than those of the Punta Negra Formation (Central San

Juan Precordillera) (Bustos 1995; Arnol et al. 2020, 2022). The

samples with the finest grain sizes are from the western and southern

part of the study area from the San Isidro Creek and Uspallata City

localities (Fig. 2). The main component is quartz, which is present in

its two varieties, monocrystalline and polycrystalline, the former being

dominant. The appearance of plant debris to the north (09V1, 09V2,

09V8, 09V17) accompanied by a coarser grain size to the east and the

general high content of matrix may imply continentalization towards

the northeast.

The provenance diagrams of Dickinson et al. (1983) are useful to compare

data from our samples with that of the Villavicencio Formation from previous

work (Kury 1993; Cingolani et al. 2013) and with the Gualilán Group in the

Central San Juan Precordillera (Bustos 1995; Arnol et al. 2020; 2022). Results

presented here are in accordance with the dominantly recycled orogen

provenance, particularly linked to a transitional recycled orogeny as

determined by Kury (1993), rather than to a mixed area as proposed by

Cingolani et al. (2013). Regarding the Gualilán Group in San Juan province

(data from Arnol et al. 2020, 2022), the best matches are with the uppermost

unit of the group, the Punta Negra Formation (Fig. 10).

Following Garzanti (2016), the Villavicencio Formation is linked to a

recycled clastic provenance, characterized by a significant metamorphic lithic

content. Despite the impossibility of distinguishing between autochthonous or

allochthonous continental crust, a tectonic setting linked to an already collided

source area exhumed by the Devonian can be inferred for the depositional

timing of the Villavicencio Formation. The possible action of turbiditic

deposits (following Garzanti 2019), or rather hyperpycnal flows (following

Zavala et al. 2021) in a deltaic environment, is reinforced by the presence of

aligned plant debris observed in the thin sections and the plant descriptions

made by Edwards et al. (2001). Sedimentary structures show a dominance of

unidirectional paleocurrents mainly from east to west, although the presence of

bidirectional paleocurrents E–W and NW–SE is subordinate (Edwards et al.

2001; Cingolani et al. 2013).

Geochemistry

Geochemical analyses indicate that the Villavicencio Formation is

moderately weathered and is derived from sources with an average

unrecycled UCC composition, lacking evidence of important depleted

source rock(s). Data are similar to those obtained for the Gualilán Group

(Fig. 6) by Arnol et al. (2020), particularly to the Lower–Middle Devonian

Punta Negra Formation, which would represent the proximal facies.

As far as the concentration of uranium is concerned, it can reflect

reducing environmental conditions, i.e., dysoxic and even anoxic

environmental conditions (Dypvik and Harris 2001; Rakociński et al.

2016; Mouro et al. 2017). A deltaic environment (Poiré and Morel 1996)

with low-energy regime (Cingolani et al. 2013) is interpreted for the

Villavicencio Formation, in which oxygen scarcity allowed concentration
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FIG. 8.—Selection of the cathodoluminescence images of detrital zircon grains from the analyzed samples of Villavicencio Fm. ic, inherited core; lr, local

recrystallization; f/s, fluid or solid inclusions; c, corrosion or dissolution. A) Internal oscillatory zoning, B) simple broad zoning, C) convolute zoning. D) Internally

homogeneous zircons.
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of uranium within a low-energy distal delta front–prodelta–offshore

environment. The presence of continental plant debris and sedimentary

structures would indicate the action of episodic hyperpycnal flows.

Morphologic Analysis of Detrital Zircons

Zircon crystal morphological patterns are like those observed in the

Gualilán Group in San Juan Province (Arnol et al. 2020, 2022). However,

the higher degrees of rounding (classes 8, 9, and 10) expressed in the

minor peak of the Villavicencio Formation (Fig. 7D) have a higher

involvement than the Gualilán Group. This rounding may be due to

resorption of metamorphic fluids (Malusà et al. 2013) or fluvial transport

(Gärtner et al. 2013). Although the first process has greater support due to

laboratory evidence, resorption of metamorphic fluids is not considered,

inasmuch as the authors assign this process to regional metamorphism. If

so, the Villavicencio and Punta Negra samples should have the same

characteristics. In addition, the fact that the total of zircon grains analyzed

show variability in the degree of roundness (Fig. 7D), collision marks (Fig.

7B) in most, and cathodoluminescence that shows no evidence of the

prominence of metamorphism (Fig. 8) confirmed by Th/U ratios, support

fluvial transport.

U-Pb Ages and Statistical Correlation

The first attempt to identify the probable source rock(s) of the

Villavicencio Formation based on zircon morphology was carried out by

FIG. 9.—A) ɛHf (t) evolution diagram showing results for the Villavicencio Formation. B) Kernel diagram showing the distribution and concentration of the U-Pb age

(LA-ICP-MS) of zircons with their respective ɛHf.
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Loske (1992, 1994). This author suggested a provenance of granitoid

source rocks, present in several areas near the Precordillera, such as the

Sierra de Pie de Palo, with U-Pb TIMS Grenville crystallization ages of

approximately 1100 Ma (Stennian). The contributions of Cingolani et al.

(2013) with U-Pb ages (Fig. 11) confirm the dominance of Mesoproter-

ozoic populations (between 72% and 83% of the zircon-grains U-Pb age

distribution) of which about half of them correspond to Stennian ages

(1200–1000 Ma), subordinate (18–24%) Ectasian (1400–1200 Ma), and

scarce participation (, 4%) of the Calymmian (1600–1400 Ma).

Therefore, the main contributions are from the Grenvillian Cycle (ca

1300–1000 Ma). The Pampean–Brazilian Cycle (ca 800–521 Ma) is

represented by 8–14% of the zircon grains being dominantly Neo-

proterozoic over Lower Cambrian. Finally, the Famatinian (ca 520–360

Ma) and Transamazonian (ca 2200–1800 Ma) cycles are scarce,

constituting less than 9% and 5% of the populations, respectively. The

oldest data correspond to the Paleoarchean at 3523 Ma, while the youngest

is from the middle Silurian at 429 Ma (Wenlockian). In comparison with

the data provided by Arnol et al. (2020, 2022) for the Gualilán Group, the

Talacasto Formation shows variable percentages and dominances between

the Grenvillian (22.5–37.6%), Pampean–Brazilian (20.3–36.6%), and

Famatinian (17.5–45.6%) cycles, whereas the Punta Negra Formation

shows a clear predominance of Mesoproterozoic ages associated with the

Grenvillian Cycle. However, towards the northernmost sector, the samples

manifest lesser Mesoproterozoic detrital zircon grains (52.1–58.4%) with

no correlation compared to samples from the middle and southern sector of

the same unit (Arnol et al. 2020, 20222). The Villavicencio Formation has

a strong correlation with the samples of the Punta Negra Formation,

specifically with those from the central part of the basin, suggesting the

same debris supply (Arnol et al. 2022). The U-Pb ages of Villavicencio

Formation present values similar to those of Arnol et al. (2022) for the

Punta Negra Formation. Between 72 and 94% are contained within

Mesoproterozoic populations, followed by Pampean–Brazilian cycle with

values less than 23%, the Famatinian cycle (, 5%), and a single sample in

this sector with scarce Transamazonian (3.4%). Following the proposal of

Arnol and Coturel (2022) that the Villavicencio Formation and Punta

Negra Formation are equivalent units based on paleoflora, the distribution

of U-Pb ages support this idea. In addition, as most of the zircon crystals

had a Mesoproterozoic age, they evidence the exposure of the older and

deeper rocks (Arnol et al. 2022). Figure 11 reflects all the data mentioned

above for the Villavicencio Formation and the comparison with the data

from northern samples of Arnol et al. (2020, 2022).

From the dominance of Grenvillian ages in U-Pb dating, the western

Pampean Ranges (such as the Sierra de Pie de Palo, Umango, Maz, and

Espinal) are established as the main sediment source area (Galindo et al.

2004; Rapela et al. 2010, 2016; Varela et al. 2011; Cingolani et al. 2013;

Ramacciotti et al. 2015; Arnol et al. 2020, 2022).

Lu-Hf Distribution

Arnol et al. (2022) showed a predominance of Mesoproterozoic zircon

grains for the Punta Negra Formation with positive ɛHf values (juvenile-
mantle origin) from crusts originating in this same period, indicating that

they did not experience significant contamination (Fig. 12B). On the other

hand, the Talacasto Formation presents ɛHf values close to zero and large

variability between positive and negative values. These ambiguous

provenance signatures mean that it is not possible to define a particular

origin (Fig. 12C). Nevertheless, considering the period between 1500 and

1000 Ma, the ɛHf values are generally positive, indicating Mesoproterozoic

juvenile sources, while for ages around 500 Ma (Pampean–Brazilian

Cycle), the sources for the three units are more heterogeneous. Although

the proportion of ages varies among the three successions, the sources are

the same (Mesoproterozoic, Pampean–Brazilian, and Famatinian mainly).

This variation could be due to distinct positions in the basin or to the

deposition in sub-basins separated by local highs (“Arenas High,” see

Arnol and Coturel 2022 and references therein); this means that the

changes would be more related to paleorelief controls, in addition to a

segmentation of the Mesoproterozoic orogens in the northern depocenter of

the basin rather than to tectonic changes in the large-scale paleogeography

(Fig. 13).

FIG. 10.—Provenance ternary diagrams after Dickinson et al. (1983) showing compositional distribution of the samples from the Villavicencio Formation in the present

work, from Kury (1993) and Cingolani et al. (2013), and data for the Gualilán Group (Talacasto and Punta Negra formations) from Bustos (1995) and Arnol et al. (2020,

2022). F, feldspar; Q, total quartz; Lt, total lithoclasts (including polycrystalline quartz); Qm, monocrystalline quartz; L, lithoclasts.
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The hypothesis that the Villavicencio Formation and the Punta Negra

Formation are equivalent units is supported by a variety of aspects: 1) The

petrographic similarity highlighting the abundance and types of metamor-

phic lithics and the presence of plant debris, 2) the geochemical similarities

such as CIA values and the composition of the sedimentary sources that

reflect non-recycled UCC, with no reworking and no depressed sources,

3) the resemblance of zircon morphology, 4) the U-Pb ages recorded,

5) and the ɛHf patterns in specific time lapses. All of this suggest that the

Villavicencio Formation and the Punta Negra Formation have the same

sediment source and could have been part of the same basin (Fig. 13). The

Villavicencio Formation was deposited during the late Silurian–Early

Devonian within a peripheral-foreland-basin geotectonic setting that

developed after the collision of the allochthonous Cuyania Terrane along

the southwestern margin of Gondwana (Dalla Salda et al. 1992; Dalziel

et al. 1994; Astini et al. 1995; Dalziel 1997). The main contribution of

detritus corresponds to igneous–metamorphic basement rocks with

Grenville ages and positive ɛHf values interpreted as derived from the

Western Pampean Ranges (Fig. 13). This is confirmed by Lu-Hf analysis

from the Maz and Pie de Palo complexes (see Martin et al. 2020). This

implies that by the Devonian, the source area was already exhumed,

FIG. 11.—U-Pb age distributions along the Devonian basin of the Mendoza and Central San Juan Precordillera. D1 data from Cingolani et al. (2013), D2 data from Arnol et

al. (2020), D3 data from Arnol et al. (2022). FS, Famatina System; P, Precordillera; FC, Frontal Cordillera; SRB, San Rafael Block; PN, Punta Negra Formation; T, Talacasto

Formation; V, Villavicencio Formation.

FIG. 12.—Kernel diagram showing the distribution and concentration of the U-Pb age (LA-ICP-MS) of zircons with their respective ɛHf. A) Villavicencio Fm. B) Punta

Negra Fm. C) Talacasto Fm.
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possibly forming a mountain range of greater continuity than the modern

one. This mountain range, besides being the main source area, would have

acted as a topographic barrier for the subordinate Famatinian and

Pampean–Brazilian sources of the Villavicencio Formation. While to the

north in the Central San Juan Precordillera (Arnol et al. 2022), a certain

discontinuity of the chain would have allowed greater contributions of the

Famatinian and Pampean–Brazilian orogens for the Talacasto Formation

(Fig. 13).

FINAL REMARKS

• Petrographic and geochemical analyses point to null or slightly

weathered very fine-grained sandstones and pelites, with low

reworking, derived from igneous–metamorphic sources with an

average composition similar to upper continental crust. Uranium

gain of certain samples reinforces deposition by hyperpycnal flows

in a deltaic environment.

• Derivation from an igneous–metamorphic basement, though not

extensively reworked, is further supported by zircon internal textures

and external morphologies.

• Lu-Hf data indicate that the main Mesoproterozoic source deduced by

previous authors (most likely the Western Pampean Ranges) are

characterized by juvenile-mantle signatures.

• Multiple independent provenance proxies reinforce the hypothesized

equivalence between the Villavicencio Formation of the Mendoza

Precordillera and the Punta Negra Formation of the Central San Juan

Precordillera.

• The Western Pampean Ranges were uplifted before the Middle

Devonian in order to provide detritus to the Villavicencio basin.
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