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A B S T R A C T   

The western margin of Gondwana records evidence of mid-Carboniferous glaciation (Visean- Bashkirian) in the strata of the Paganzo Basin and adjacent areas. 
Previous studies focused on constraining the orientations of ice flow and generalizing the extent and occurrence of glacial ice in the basin. However, there is un
certainty occurs concerning the location and extent of glaciation and the locations of glacial centers during deposition of the Guandacol Formation located in the 
western portion and the time correlative Malanzán Formation in the eastern parts of the basin respectively. Understanding these strata and the conditions that led to 
the deposition of these strata has important implications for understanding glaciation extent along the western margin of Gondwana during the late Paleozoic ice age. 
To refine the glaciation history, we present new paleocurrent, facies, and a comparative analysis of previously published and one new detrital zircon geochronology 
data set. Together, these data provide new insight into sediment dispersal patterns and glacial centers within the basin. Our data indicate that both units were 
deposited under cold climatic conditions that occurred across the entire basin, but that glaciers were restricted to the western portion of the basin. The facies analysis 
for both formations indicates very different depositional environments for the two units: glacial and glaciomarine environments in the west and non-glacial alluvial, 
alluvial fan and lacustrine and/or marine environments in the east. Detrital zircon geochronology indicates separate localized provenance signatures for the two 
formations. Furthermore, the detrital zircon populations allude to disconnected depositional centers. At Huaco, glacial flow in the Guandacol is oriented toward the 
northwest (i.e. 313◦) and appears to be draining from an uplift that contains similar zircon age populations as the Sierra de Valle Fértil and Sierra de Pie de Palo 
ranges. In the Olta-Malanzán paleovalley system, drainage was off valley walls and down the valley axis (i.e. south and southwest) within the Sierras de Chepes 
region with limited sediment sourced from the east just beyond the paleovalley system. Paleoflow measurements reported from other known glacial localities along 
the western portion of the basin reflect a radial flow pattern within and away from deeply incised valleys that clearly point to upland glacial centers within the 
Cuyania and Precordilleran terranes.   

1. Introduction 

Over the past several decades, research on the late Paleozoic ice age 
(LPIA; 372-259 million years ago) has led to a better understanding of 
the development and termination of glaciation(s) across Gondwana. The 
LPIA is the only example of when a vegetated and biologically complex 
Earth shifted from an icehouse to a greenhouse state (Gastaldo et al., 
1996; Montañez et al., 2007, 2016; Fielding et al., 2008a; Isbell et al., 
2012; Montañez and Poulsen, 2013). Therefore, further research on the 
LPIA will help in understanding drivers that influence changing climatic 

regimes. 
In the Paganzo Basin, located along the Panthallassan margin of 

western Argentina, glaciers developed during the Middle Mississippian 
(Visean) and disappeared in the early Pennsylvanian (Bashkirian; 
López-Gamundí et al., 1994; López-Gamundí, 1997; Limarino et al., 
2002a, 2002b, 2014; Holz et al., 2008; Caputo et al., 2008; Henry et al., 
2008, 2010; Isbell et al., 2012). However, other places in Gondwana at 
similar paleo-latitudes (e.g. southern Paraná Basin in Brazil) persisted 
until the end of the Carboniferous (based on facies changes and U–Pb 
radioisotopic ages; cf. Caputo and Crowell, 1985; Rocha Campos et al., 
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2008; Isbell et al., 2012; Griffis et al., 2018), or perhaps until the Early 
Permian (i.e. early Cisuralian, eastern Paraná Basin based on paly
nomorphic assemblages; cf. Mottin et al., 2018). In order to better refine 
the understanding of the nature and location of glaciation, as well as the 
timing of the disappearance of glaciers along the western margin of 
Gondwana, we used paleoenvironmental, paleocurrent, and geochro
nological information. We 1) examined published and new evidence for 
glaciers using paleoflow and facies analyses; 2) compared published and 
one new data set of detrital zircon age populations the lowermost Pan
ganzo Group strata from two locations within the Paganzo Basin to 
assess provenance; 3) used this data to test various hypotheses regarding 
the extent and location of ice centers within the basin; and 4) evaluated 
and discussed the current understanding of the location, timing and 
extent of the uplands within and surrounding the basin during the 
early-middle Carboniferous. 

2. Background 

Western Argentina contains evidence of glaciation during the LPIA 
(Visean to early Bashkirian), concentrated within several basins along 
the Panthalassan margin. Following Limarino et al. (2002b) and Mar
enssi et al. (2005), these basins can be broken into paleogeographic 
domains of open marine, transitional and continental dominated basin 
settings. The Paganzo Basin incorporates two of these settings: transi
tional and continental-dominated. This basin, which spans an area of 
approximately 144,000 km2 at its largest extent, is bounded today by the 
Sierras Pampeanas to the east, north and south, and the Precordilleran 
range in the west. The development and structure of the Paganzo Basin is 
still under debate. Various studies identified it as a retroarc foreland 
basin (Ramos et al., 1988), a rift basin (Astini et al., 1995, 2009; Astini, 
2010), or as a pull-apart basin due to strike-slip activity along the 
Panthalassan margin of Gondwana (Limarino et al., 2002a, 2014; 
Milana and di Pasquo, 2019). Regardless of the exact type of basin, it 
was a major catchment for late Paleozoic sediments, and records early 
evidence of glaciation during the peak Mid-Carboniferous phase of the 
LPIA. 

This evidence is recorded at the base of the late Paleozoic strata of 
the Paganzo Basin, which contains both ice-proximal and subglacial 
deposits (López-Gamundí, 1987; Limarino and Gutiérrez, 1990; Net, 
1999; López-Gamundí and Martinez, 2000; Limarino et al., 2002b, 2014; 
Henry, 2007; Henry et al., 2008, 2010; Césari et al., 2011; Alonso-
Muruaga et al., 2018; Valdez Buso et al., 2017, 2020). The Paganzo 
Group strata cover the entire basin and are broken up into regional 
formations (Fig. 1). The basal part of the Paganzo Group is the subject of 
this paper. In the west, the glacigenic units are known as the Jejenes and 
the Guandacol formations, in the central portion of the basin, this unit is 
referred to as the Lagares Formation, and in the east the Malanzán 
Formation is the time-equivalent unit (Limarino et al., 2002a, 2006). 
The various formations are correlated using palynological and fossil 
plant remains, as well as some radiometric ages determined from strata 
in the western Paganzo and Río Blanco basins (cf. Gulbranson et al., 
2010, 2015; Césari et al., 2011, 2019; Valdez Buso et al., 2020). The 
correlations between these units, and previous interpretations of these 
deposits as glacial in origin, has provided grounds for a few hypotheses 
concerning the extent of glaciation during the Visean and Bashkirian 
stages in the Paganzo Basin. One of the goals of this study is to test 
hypotheses on the extent of glaciation in the basin (Fig. 2). There are two 
main hypotheses concerning the distribution and style of glaciation 
within the Paganzo Basin region, as portrayed in Fig. 2B and C. 

One such hypothesis, as demonstrated in Fig. 2B, maintains that 
there were several potentially separate glacial centers in the basin. In the 
western domain, there was a glaciated upland in the Precordilleran re
gion of the western Sierras Pampeanas, known as the Protoprecordillera 
(cf. proto-Precordillera of Amos and Rolleri, 1965; González, 1975, 
Fig. 2A). This region is a small terrane that was uplifted as a 
fold-and-thrust belt during the Chañic orogeny (middle Devonian to 

earliest Mississippian), which occurred due to the accretion of the Chi
lenia terrane to Gondwana (Ramos et al., 1984, 1986; López-Gamundí 
et al., 1994; Limarino et al., 2006, 2014; Henry et al., 2008; Isbell et al., 
2012; Moxness et al., 2018). The Protoprecordilleran range is considered 
by certain studies to be an ancient mountain belt and significant pale
otopographic high that developed from the fold-and-thrust belt, and 
today underlies the present Precordilleran range of the Andes Mountains 
(González Bonorino, 1975; Ramos, 1988; López-Gamundí et al., 1994; 
Limarino et al., 2002, 2006; Isbell et al., 2012). Glaciomarine deposition 
occurred during the Visean-early Bashkirian in deeply-incised paleo
valleys that emanated from the Protoprecordilleran region (Fig. 2A) and 
into the surrounding Paganzo, Calingasta-Uspallata and Rio Blanco ba
sins (cf. López-Gamundí et al., 1997; Limarino et al., 2002a, 2002b, 
2006; Kneller et al., 2004; Dykstra et al., 2006, 2007; Limarino and 
Spalletti, 2006; Henry, 2007; Henry et al., 2008, 2010; Astini, 2010; 
Gulbranson et al., 2010; Césari et al., 2011; Isbell et al., 2012; Aquino 
et al., 2014; Alonso-Muruaga et al., 2018). The diamictites at the base of 
the Lagares Formation in the central Paganzo Basin at least indicate a 
potential for glacial influence along the proto-Famatina arch (Fig. 2B; 
Limarino et al., 2002a, 2006; Limarino and Spalletti, 2006; Astini, 2010; 
Tedesco et al., 2010; Limarino et al., 2014). There are also reported 
diamictites in the eastern part of the Paganzo Basin within the Sierra de 
Chepes region (Locality 2 in Fig. 2), at the base of the Malanzán For
mation, which contain outsized clasts and sparse debris flows, but these 
diamictites lack the traditional characteristics of true subglacial and 
proglacial deposits, such as faceted and striated clasts and the occur
rence of sheared horizons (Andreis et al., 1986; Sterren and Martínez, 
1996; Socha et al., 2014; Limarino et al., 2014; Moxness et al., 2018). 
Nevertheless, the presence of diamictites has led to the interpretation of 
glaciation throughout the Paganzo Basin, but in the form of more 
localized alpine glaciation centered on the various ancient highlands 
(Fig. 2B). 

A second hypothesis, demonstrated in Fig. 2C, contends that there 
was extensive regional uplift for this region during the Devonian and 
earliest Carboniferous (340-325 Ma; Astini, 2009; Astini et al., 2010), 
followed by an extensive peneplain (Jordan et al., 1989). In this sce
nario, the Protoprecordillera was not a significant uplift, and therefore 
did not host glacial ice centers. The peneplain surface in the Paganzo 
Basin region was instead thought to have been formed by a large ice 
sheet that was centered in the eastern Sierras Pampeanas, or on the 
Pampean arch (Milana and Berscowski, 1987, 1990, 1993; Milana, 

Fig. 1. Correlation chart for the late Paleozoic Paganzo Group strata for the 
sites in the Paganzo Basin, Argentina mentioned in the text. Ages and units are 
based on Limarino et al. (2002a, 2002b, 2006, 2014), Césari et al. (2011, 2019). 
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1988; Milana et al., 1987; Astini, 2010; Aquino et al., 2014; Valdez Buso 
et al., 2017, 2020; Milana and di Pasquo, 2019). This ice sheet would 
have advanced across the uplands, and as the ice sheet collapsed, it 
carved through a chain of uplands that was known as the Zonda and 
Tontal arches in the west, as well as the Sierras de Chepes region in the 
east (Fig. 6C). These uplands were dissected by glacial valleys that 
drained the ice sheet and deposited the glacigenic strata of the Paganzo 
Group (i.e. the Guandacol, Lagares and Malanzán formations). This 
paper will test these hypotheses to better determine the 
mid-Carboniferous glacial history of the western margin of Gondwana. 

3. Regional geologic setting 

The western margin of Argentine Gondwana is an assemblage of 
terranes (the Pampia, Precordillera and Chilenia terranes), igneous in
trusions, and subsequent metamorphosed units (Ramos, 1988, 1999; 
Pankhurst et al., 1998; Ramos et al., 1998, 2010; 2015; Rapela et al., 
1998, 2008; Rapalini, 2005; Dahlquist et al., 2010; Einhorn et al., 2015). 
The resulting paleotopographic highs created terrane accretion have 
been implicated in the climate and depositional histories of the subse
quent basins (cf. Limarino et al., 2002a, 2002b, 2006). 

The Sierras Pampeanas today make up most of the highlands be
tween the Precordillera terrane and the Rio de la Plata craton and are 
divided into magmatic belts that correspond to different accretionary 
events of western Argentina (Fig. 2B and C). The easternmost Sierras 
Pampeanas were formed during the Cambrian as the Pampia terrane 
docked to the Rio de La Plata craton, and therefore contain zircon ages 
between 500 and 600 Ma (Rapela et al., 1998, 2007; Ramos et al., 2015). 
The ranges include the Sierra de Córdoba, Sierra del norte de Córdoba, 
Sierra Ambato, Sierra Ancasti and others (Rapela et al., 1998; Leal et al., 
2003; Llambías et al., 2003; Toselli et al., 2003). 

The Sierras Pampeanas also include the Ordovician Famatina 
magmatic belt (490-450 Ma, with the main magmatism occurring be
tween 490 and 470 Ma) and the eastern portion of the Cuyania Terrane 
(Pankhurst et al., 1998, 2000; Ramos et al., 1998; Keller, 1999; Ramos, 
1999). The Famatina orogenic belt runs north-south between the 
Pampean orogenic belt and the Cuyania composite terrane, and en
compasses Sierra de Valle Fértil, Sierras Famatina, Sierra de San Luis, 
and the Sierras de Chepes, Los Llanos, and Malanzán (Pankhurst et al., 
1998, 2000; Toselli et al., 2003; Vujovich and Ostera, 2003; Dahlquist 
et al., 2010; Einhorn et al., 2015). The Sierras de Chepes region contains 
crystallization ages from 477 to 497 Ma (Pankhurst et al., 1998; 
Stuart-Smith et al., 1999; Enkelmann et al., 2014). The western Fama
tina belt was also subject to metamorphism around 469 Ma, and con
tains some younger ages north of the Sierra de Valle Fértil region 
(Pankhurst et al., 1998, 2000; Ramos et al., 1998, 2010; 2015; Rapela 
et al., 1998, 2001; Rapalini, 2005; Dahlquist et al., 2010; Einhorn et al., 
2015). Additionally, these Ordovician granites were intruded by 
post-orogenic granitic bodies during the Devonian-early Carboniferous 
(365-345 Ma; Dahlquist et al., 2010; Martina et al., 2018). 

The Cuyania terrane is a microplate that either rifted from another 
region of Gondwana or rifted from Laurentia during the Cambrian or 

earliest Ordovician (Kay et al., 1996; Keller et al., 1998; Keller, 1999; 
Ramos, 2000; Casquet et al., 2001, 2012; Willner et al., 2008). The 
Cuyania terrane accreted to the western margin of Gondwana around 
460-435 Ma, and contains sedimentary packages of “Grenville-age” 
(1165-980 Ma) and occur in the western Sierras Pampeanas ranges of 
the Sierra de Pie de Palo and the Sierras de Umango, Maz and Espinol 
(Huff et al., 1998; Ottone et al., 2001; Dahlquist et al., 2010; Sial et al., 
2013; Verdecchia et al., 2014, 2018). Superimposed upon Cuyania is a 
fold-and-thrust belt that is known as the Precordillera terrane, which 
contains Cambrian-Ordovician sedimentary units (i.e. the San Juan 
Limestone and Los Azules Formation) that represent carbonate and sil
iciclastic platform depositional environments (Kay et al., 1996; Huff 
et al., 1998; Keller et al., 1998; Keller, 1999; Ottone et al., 2001; Willner 
et al., 2008). The Precordillera terrane is interpreted to be part of a 
tectonic belt that made up either the proto-Precordilleran range or the 
Tontal Arch during the early Carboniferous (cf. Amos and Rolleri, 1965; 
Limarino et al., 2006; Aquino et al., 2014; Valdez Buso et al., 2017, 
2020). The Cambrian and Ordovician deposits of the Precordillera and 
Cuyania terranes are overlain conformably or unconformably by sedi
mentary packages that range in age from Silurian to Triassic (cf. Keller 
et al., 1998; Keller, 1999; Willner et al., 2008). 

3.1. Geology of the lower Paganzo Group strata 

Purported glacial deposits of the Paganzo Group strata are reported 
all throughout the Paganzo Basin and are interpreted to be mostly fjord- 
like or glacial valley environments (Marenssi et al., 2005; Limarino 
et al., 2002a, 2002b, 2014; Aquino et al., 2014; Valdez Buso et al., 2017; 
Alonso-Muruaga et al., 2018; Fallgatter et al., 2019; Milana and di 
Pasquo, 2019). In this study, we measured detailed stratigraphic sec
tions at two localities on the western (Huaco locality) and eastern (i.e. 
the Olta-Malanzán paleovalley) margins of the Paganzo Basin for an 
evaluation of the extent of glacial deposits within the basin (Fig. 3A and 
B). While much is known about the glacial deposits of the Paganzo 
Group strata, new understandings of the climate and depositional en
vironments across the basin have come to light (cf. Valdez Buso et al., 
2017, 2020; Alonso-Muruaga et al., 2018; Moxness et al., 2018; Pauls 
et al., 2019; Fallgatter et al., 2019; Milana and di Pasquo, 2019). Recent 
studies suggest that glacial strata may not be present throughout the 
basin (cf. Moxness et al., 2018; Pauls et al., 2019). To evaluate the 
interconnection between the eastern and western margins of the basin 
and to refine the extent of glaciation, we present lithofacies analyses and 
detrital zircon geochronology results from the Malanzán Formation of 
the Olta-Malanzán region in the eastern Paganzo Basin and from the 
Guandacol Formation at Huaco on the western margin (Fig. 3). 

3.2. Olta-Malanzán paleovalley 

The Olta-Malanzán paleovalley (OMPV) occurs in an isolated uplift 
of the Famatina orogenic belt of the Sierras Pampeanas (Fig. 3A). The 
paleovalley developed in an alpine or mountain valley setting, either 
carved by glacial ice (cf. Sterren and Martinez, 1996; Enkelmann et al., 

Fig. 2. A. Map of the Paganzo Basin during the late Paleozoic with arrows indicating paleoflow measurements from numerous publications, modified from Henry 
et al. (2008). Paleoflow data are from the following list of papers: (1) Agua Hedionda, Huaco - Bossi and Andreis (1981), Marenssi et al. (2002, 2005), López Gamundí 
and Martínez (2000), this study (2) Olta-Malanzán Paleovalley - Andreis et al. (1986), this study (3) Los Pozuelos Creek - Marenssi et al. (2005) (4) Loma de Los 
Piojos - López Gamundí and Martínez (2000), Alonso-Muruaga et al. (2012) (5) Cerro Bola, Cerro Guandacol - Andreis et al. (1975), López Gamundí et al. (1994), 
Dykstra et al. (2011), Fallgatter et al. (2019; (6) López Gamundí and Amos (1985), López Gamundí et al. (1994) (7) Cortaderas - Scalabrini Ortiz (1972), López 
Gamundí et al. (1994), Henry et al. (2010) (8) Talacasto - Aquino et al. (2014) (9) Henry et al. (2008) (10) Dykstra et al. (2006, 2007) (11) Quebrada Grande - Kneller 
et al. (2004), Dykstra et al. (2006), Valdez Buso et al. (2017), Fallgatter et al. (2019) (12) Hoyada Verde, Leoncito, Majaditas - González (1981), López Gamundí 
(1984); López Gamundí et al. (1994); López Gamundí and Martínez (2000, 2003); this study (13) Agua de Jagüel and Tramajo Creek - López Gamundí (1984), López 
Gamundí et al. (1994), Henry et al. (2008, 2010); this study (14) El Ratón Formation - López Gamundí et al. (1994). B. A plan-view and a cross-sectional view of 
discrete alpine glacial centers found throughout the Paganzo Basin (cf. Limarino et al., 2002a, 2006; 2014; Henry et al., 2008; Isbell et al., 2012). C. Extensive 
glaciation from an ice sheet centered in the Eastern Sierras Pampeanas that covered, and then drained through the uplands across the Paganzo Basin (cf. Valdez Buso 
et al., 2017; Milana and Bercowski, 1987, 1990; 1993; Milana, 1988; Milana et al., 1987; Aquino et al., 2014). Modified after Henry et al. (2008) and Moxness 
et al. (2018). 
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2014; Rabassa et al., 2014; Socha et al., 2014) or formed as the result of a 
fault-bounded basin (Bracaccini, 1948; Andreis et al., 1986; Buatois and 
Mangano, 1995; Net and Limarino, 1999; Moxness et al., 2018). The 
Paleozoic valley fill overlies various granitic-granodioritic and meta
morphic complexes (the Chepes granodiorite, Tuaní and Asperezas 
granite suites, and the Olta schist and phyllite). The paleovalley is ~40 
km long and trends northeast-southwest between the towns of Olta 
(northeastern end) and Malanzán (southwestern end). The paleovalley 
ranges from 500 to 5500 m in width and widens to the southwest. The 
Río Olta drains this paleovalley to the east, but paleocurrent data from 
the Paganzo Group strata indicate a westerly drainage during the late 
Paleozoic. The paleovalley is exposed in a syncline, with the oldest (i.e. 
Serpukhovian-Bashkirian) material at the easternmost and westernmost 
ends, and the youngest (i.e. Permian) strata exposed toward the center 
(Fig. 3A). Therefore, the paleovalley is often divided into two segments, 
the Olta paleovalley (OPV) to the northeast and the Malanzán paleo
valley (MPV) to the southwest. The Malanzán Formation is the basal unit 
of the Paganzo Group in the paleovalley system and is the strata of in
terest for this study (Bracaccini, 1948; Azcuy, 1975; Andreis et al., 1986; 
Azcuy et al., 1987; Buatois and Mángano, 1995; Sterren and Martinez, 
1996; Azcuy et al., 1987; Net and Limarino, 1999; Gutiérrez and 
Limarino, 2001; Net et al., 2002). 

3.3. Huaco locality 

Strata of the Guandacol Formation are exposed on either flank of the 
Agua Hedionda (AH) anticline, near the city of Huaco (cf. Bossi and 
Andreis, 1985; López-Gamundí et al., 1994; Martínez, 1993; 
López-Gamundí and Martínez, 2000; Pazos, 2000, 2002a; 2002b; Mar
enssi et al., 2002; Limarino et al., 2002a; Marenssi et al., 2005). Sections 
were measured at Cuesta de Huaco, along the eastern flank of the 
anticline, north and south of the Huaco River and Route 40 (Fig. 3B). 
Strata were measured here as this section represents one of the most 
complete records of late Paleozoic strata in northwestern Argentina. The 
Guandacol Formation overlies the Ordovician San Juan Formation, 
which serves as the basement for the area. Multiple studies at the Cuesta 
de Huaco and Los Pozuelos Creek localities have interpreted this area as 
a fjord setting containing advance and retreat cycles, that is succeeded 
by a final glacial withdrawal, and a transition to deltaic settings 
(López-Gamundí and Martínez, 2000; Pazos, 2000, 2002a, 2002b; 
Marenssi et al., 2002; Limarino et al., 2002). 

Fig. 3. Google Earth aerial image with the geologic units of the Paganzo Group mapped showing the locations of the paleoflow measurements (white ellipsoids) and 
detrital zircon samples (yellow ellipsoids). A. The Olta-Malanzán paleovalley system (OMPV) with the Malanzán, Loma Larga, Solca, and La Colina formations 
(Andreis et al., 1986; Limarino et al., 2014; Moxness et al., 2018; Pauls et al., 2019). Detrital zircon simple ARG203 is from Craddock et al. (2019), and sample 29TR4 
is from Enkelmann et al. (2014). B. The Agua Hedionda anticline, near the town of Huaco with the Guandacol, Tupe and Patquía formations. Mapped units are from 
Marenssi et al. (2002). Detrital zircon sample ARG318 is from Craddock et al. (2019), and sample CDH0923-3 S is from this study. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Methods 

4.1. Lithofacies and paleocurrent analyses methods 

Field work was conducted in March 2015, August 2016 and August 
2017 and used standard stratigraphic and sedimentological techniques 
to examine and measure 24 sections of the Malanzán Formation and 
seven sections of the Guandacol Formation. Poorly sorted clastic mate
rial was identified using the classification scheme developed by Ham
brey and Glasser (2012). Careful attention was paid to the presence and 
absence of striated pavements and striated clasts, and the characteristics 
of diamictites and conglomerates. Facies distribution was accomplished 
by extensive mapping at both localities. To track changes in sediment 
dispersal and transport direction through time, paleoflow and paleo
current measurements were taken at multiple levels within the 
Malanzán and Gundacol formations. Paleoflow and paleoslope mea
surements were taken as flow directions from striated pavements, flutes, 
grooves, tool marks, and fold noses, and paleocurrent measurements 
were taken as dip and dip direction on cross-laminations, cross-beds, and 
macroform foresets (Fig. 4). A total of 57 measurements (12 in the 
Guandacol Formation at Huaco and 45 in the Malanzán Formation at 
OMPV) were taken (Fig. 5). At OMPV, sections were measured in both 
segments of the paleovalley system to obtain a full understanding of 
upstream and downstream (proximal and distal) depositional 
environments. 

4.2. Detrital zircon U–Pb geochronology analyses methods 

This study makes use of previously published detrital zircon data for 
the strata in question, with one additional sample from the upper 
Guandacol Formation to allow for a full comparison of provenance 
through time during the glacial-to-post-glacial transition (Figs. 3 and 4). 
One sandstone sample (CDH0923-3 S) for detrital zircon analysis was 
collected from the AH locality. The sample was prepared according to 
methods laid out by Gehrels (2011) and U–Pb ages were determined for 
all zircons at the University of Arizona LaserChron laboratory (ALC). 
Zircons were extracted by traditional methods of crushing and grinding, 
and were separated using a Wilfley table, heavy liquids, and a Frantz 
magnetic separator to remove high-U zircons that could yield discordant 
results (Sircombe and Stern, 2002; McKay et al., 2018). The sample 
analyzed at ALC contained 75 zircons, which were hand-picked and 
mounted from a sieved 63–250 μm size-fraction. U–Pb geochronology of 
the zircons was conducted by laser ablation inductively coupled plasma 
mass spectrometry (LA-ICPMS). The sample was analyzed using a 
Thermo Element2 single-collector ICPMS. Data collected at the ALC 
were reduced using their Excel age calculation program (see Gehrels 
et al., 2008; Gehrels and Pecha, 2014). To eliminate results of analyses 
with common-Pb contamination or Pb loss, criteria for rejection 
included the following:  

1 High errors (>10% uncertainty) of 206Pb/207Pb and 206Pb/238U 
isotope ratios  

2 High 204Pb values  
3 Low 206Pb/204Pb ratios 

Fig. 4. Generalized and simplified stratigraphic columns displaying the facies and sedimentary structures identified in this study. Column A represents the facies of 
the Guandacol Formation found at the Agua Hedionda anticline at Huaco (AH). Column B represents the facies of the Malanzán Formation found within the Olta- 
Malanzán paleovalley system in the Sierras de Chepes and Los Llanos region. 
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4 High discordance (>20%) or reverse discordance (>5%) 

The analyses that presented these criteria were removed from in
terpretations and are listed with the full list of analyses in Appendix A. 

Once the data were obtained, all accepted analyses were used to 
create a Concordia diagram (Fig. 6) using Isoplot 4.15, a Microsoft Excel 
add-in from Ludwig (2012). The data here are discussed in the context of 
previously published ages from other strata of the Paganzo Group (cf. 
Enkelmann et al., 2014; Craddock et al., 2019). The data are also 
compared to published ages of igneous and metamorphic basement li
thologies to determine provenance through time in the Paganzo Basin (e. 
g. Huff et al., 1998; Pankhurst et al., 1998; Rapela et al., 1998; Ottone 
et al., 2001; Dahlquist et al., 2010; Drobe et al., 2011; Verdecchia et al., 
2011, 2014; 2018; Sial et al., 2013; Einhorn et al., 2015; Rapela et al., 
2018). 

Three out of the four samples used here are previously published 

data. For the Guandacol Formation, the oldest-strata (i.e. lowermost) 
sample was previously reported in Craddock et al. (2019; ARG318) from 
a glacigenic diamictite above the contact with the San Juan Limestone 
(Fig. 4A). The second post-glacial Guandacol sample is newly presented 
here (CDH0923-3 S) and is from a wavy-bedded sandstone in the up
permost Guandacol Formation. The two Malanzán Formation samples (i. 
e. lowermost and middle) used for reference in this contribution are 
previously reported (Fig. 4B). The first Malanzán Formation sample is 
from a study conducted by Enkelmann et al. (2014; 29TR4) and comes 
from a sandstone at the base of the formation near section OV1 (Fig. 4B) 
described in Moxness et al. (2018). The second Malanzán Formation 
sample is from a compilation published by Craddock et al. (2019) and is 
sampled from the middle part of the formation, in a thick succession of 
interbedded mudrock and sandstone beds. The samples from Craddock 
et al. (2019; ARG318 and ARG203) were also analyzed at ALC using the 
same criteria and methods. The sandstone sample used for reference for 
the lowermost Malanzán Formation comes from Enkelmann et al. (2014; 
29TR4), and was analyzed using LA-ICP-MS (at the Museum für Min
eralogie und Geologie in Germany) according to the methods described 
in Enkelmann et al. (2014), and the raw data can be found in the 
Geological Society of America Data Repository (item 2014126). For a 
more robust analysis of the entire region, more detrital zircon 
geochronology data are warranted, but were outside the scope of this 
study. 

5. Lithofacies analysis 

Outcrops of the Paganzo Group strata are exposed at the surface 
along both the western and eastern margins of the Paganzo Basin. At 
Olta-Malanzán, the base of the Malanzán Formation overlies basement, 
but is only exposed at the surface in the easternmost (i.e. towards Olta; 
OPV) portion of the paleovalley system (Fig. 3). The Malanzán Forma
tion was measured at several locations throughout both the eastern and 
western (i.e. towards Malanzán; MPV) ends to get a full picture of the 
changes in depositional environments. At the base, the Malanzán For
mation is dominated by sandstones and conglomerates (depending on 
location in the paleovalley) that directly overlie basement material 
without any grooves or striations to indicate glacial activity. The middle 
units of the formation at both ends of the paleovalley system record 
either an abrupt or an overall fining upward trend, indicating a local 
flooding event (Fig. 4). The upper members of the Malanzán Formation 

Fig. 5. Simplified stratigraphic columns for the Guandacol and Malanzán formations. Detrital zircon sample within the sections indicated by stars. Paleoflow ori
entations collected from strata (at OMPV only) or striated pavements (at Huaco only) depicted using rose diagrams with number of measurements (n). The paleoflow 
locations reference those mapped in Fig. 3. 

Fig. 6. Concordia plot of all analyzed concordant and discordant zircon U–Pb 
measurements for detrital zircon sample CDH0923-3 S from the Malanzán 
Formation, OMPV locality. See Fig. 3B for exact location. 
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record a coarsening-upward and a progradational setting as indicated by 
a transition from interbedded mudstone and sandstones to sandy cli
noforms and conglomerates or conglomeratic sandstones (Fig. 4). 

At Huaco, the base of the Guandacol Formation is exposed along the 
core of the anticline and is accessible in several locations south of Route 
49 (formerly Route 40; Fig. 3B). The Guandacol Formation was 
measured at several locations along the eastern and western limbs of the 
anticline (Fig. 3B). The base of the formation overlies the San Juan 
Formation, which is an Ordovician limestone unit that comprises the 
core of the anticline. There are a few exposed striated pavements 
directly underlying the basal beds of the Guandacol Formation along 
this eastern limb and that were used to determine paleoflow direction 
(Fig. 5A). The base of the Guandacol Formation is dominated by thick- 
and thin-bedded and massive diamictites that tend to interfinger with 
each other indicating changes in proximal and more distal depositional 
settings. The diamictites transition into sandstones and mudstones that 
comprise a fining upward trend which culminates in a black shale. 
Above the black shale, interbedded sandstone and mudstones dominate 
the formation and contain evidence of soft sediment deformation and 
grooves. The top of the Guandacol Formation contains a coarsening- 
upward succession with the introduction of sandstones near the 

boundary with the overlying Tupe Formation. 

5.1. Facies 1 – diamictite facies 

5.1.1. Description 
The diamictite facies is found at each of the sections and can be 

divided into two distinguishing groups: thick-bedded diamictites and 
thin-bedded diamictites. The clast-rich thick-bedded diamictite subfa
cies at OMPV overlies the sandstone facies near the contact with base
ment material (OV1 of Moxness et al., 2018, Fig. 7A). This diamictite is 
primarily a sandy diamictite, and it is massive with little to no internal 
structures, but in some areas inverse grading is noted and contains 
boulders that protrude into the overlying facies. Additionally, some 
wedge-shaped bodies are present, but are otherwise tabular in shape; 
this subfacies contains beds up to 1 m thick. The grains and clasts are 
angular to subrounded clast shapes, and range in size from coarse sand, 
and granules to cobbles, as well as boulders. All grains and clasts are 
granitic or granodiorite and metamorphic (schist or phyllite) in lithol
ogy. No striated clasts were observed. The contacts are sharp with 
boulders and cobbles protruding into overlying sandstone, while lateral 
boundaries either wedge out or end in an overhanging boulder nose with 

Fig. 7. Exposures of the Malanzán Formation at OMPV. A. Base of Malanzán Formation at OMPV locality. The diamictite facies (debris flow within the white dashed 
lines) overlying sandstone facies and basement (Olta phyllite and schist). Location of sample 29TR4 from Enkelmann et al. (2014). B. Conglomerate facies from a 
tributary paleovalley. Note dip of clinoforms to the right. C. Gilbert delta with a S-SW paleocurrent measurement from the upper Malanzán Formation, OPV. Note the 
occurrence of topset, foreset and bottomset beds. D. Tool marks from interbedded mudstone and sandstone facies in the MPV: MVM1 locality near the location of 
sample ARG203 from Craddock et al. (2019). E. Interbedded mudstone and sandstone facies in the MPV. 
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graded, granule to coarse-grained sandstone beds onlapping onto the 
nose. 

At Huaco, the clast-rich to clast-poor, matrix-supported thin-bedded 
diamictite overlies the basement rock, the San Juan Limestone. This 
subfacies consists of coarse-grained clast sizes (granules to cobbles with 
rare boulders) within a silt-sand matrix (Fig. 8B and C). The clasts are 
primarily limestone with rare granitic and metamorphic lithologies, and 
most displayed either facets or striations and are on occasion bullet- 
shaped. Sub-decimeter scale marl beds are infrequently interbedded 
within the stratified diamictite units. The thin-bedded units are 
approximately 1 m thick and are cut into by a sandstone facies that 
vertically fines into interbedded mudstones and sandstones. Above this 
is a transition into 2–3 m of thick-bedded and more massive diamictite 
units that become more clast-supported than matrix-supported upward 
(Fig. 8D). The clast lithologies do alternate in dominance between the 
two subfacies (i.e. carbonate rocks dominate the diamictite facies, and 
granitic and metamorphic lithologies in other facies), but clast size on 
average seems to increase with smaller boulder and cobbles becoming 
more frequent upward in the section. 

5.1.2. Interpretation 
Diamictites are generated by numerous processes and do not always 

indicate the presence of glaciers (Lawson, 1979; Visser, 1983; Ashley 
et al., 1985; Powell and Domack, 2002; Eyles and Eyles, 2010; Vesely 
et al., 2018; Dietrich et al., 2019). In this study we present two dia
mictite facies that are genetically different. To determine the exact 
depositional processes, and therefore the depositional environment, a 
list of criteria was noted for each of the two localities: diamictite char
acteristics (thickness, class size trends, support mechanisms, pre
sence/absence of internal shear planes, deformational structures etc.), 
the shape of outsized clasts, the presence or absence of striations on 
clasts, the presence of grooves and striae (i.e. iceberg keel marks or 
striated/grooved pavements) on underlying facies or basement material, 
and clast lithology. Using these features as a guide, a glacial/nonglacial 

environment can be inferred. 
The clasts within this subfacies are often subrounded to angular and 

are poorly sorted, and in some instances are inversely graded within the 
diamictite bodies, but none were striated. Furthermore, the wedge- 
shaped bodies have preserved flow noses as well as boulders protrud
ing from the tops of the deposits, indicating they are debris flows. The 
lack of any striated, bulleted or faceted clasts, the overwhelming 
dominance of local clast lithologies, as well as the complete lack of any 
striated pavements indicates that the debris flows are not resedimented 
glacial diamictites. Instead, the Olta-Malanzán paleovalley is housed 
within narrow, steep valley walls, which presents the ideal conditions 
for debris flows off the valley walls and into standing bodies of water 
within the central axis of the paleovalley (cf. Van Steijn, 1996; Godt and 
Coe, 2007). Based on studies of other debris flow characteristics, the 
thick-bedded sandy diamictite at OMPV is interpreted as a mass trans
port deposit, specifically as subaqueous debris flows (cf. Potsma et al., 
1988; Mulder and Alexander, 2001; Sohn, 2000; Talling et al., 2012; 
Moxness et al., 2018, Fig. 7A). 

At Huaco, the thin-bedded diamictites are also interpreted as mass 
transport deposits, but in this case, these debris flows are resedimented 
deposits in distal glaciomarine depositional settings (Fig. 8B and C). 
There are numerous lines of evidence to support this interpretation. The 
outsized clasts in this subfacies are striated, and some are bullet-shaped 
and faceted. The clast lithologies were predominantly local (i.e. car
bonate), and to a lesser degree granitic and metamorphic, which are 
considered to be exotic as these lithologies do not occur within this area 
of the Precordilleran terrane (Keller, 1999; Marenssi et al., 2005). 
Furthermore, directly underlying this subfacies are numerous striated 
and grooved pavements on the San Juan Limestone, which serves as the 
basement for this locality. 

Fig. 8. Exposures of the Guandacol Formation and its contact with the San Juan Limestone at Huaco. A. Glacial grooves around siliceous nodules in San Juan 
Limestone (AH). Arrow indicates ice flow direction. B. Thin-bedded diamictite facies 4 m above the contact with the San Juan Limestone with a marl bed. C. Thin- 
bedded diamictite facies directly overlying San Juan Limestone. D. Thick-bedded diamictite facies. E. Wavy bedding within the uppermost Guandacol Formation, 
near the location of sample CDH0923-3 S. 

K.N. Pauls et al.                                                                                                                                                                                                                                 



Journal of South American Earth Sciences xxx (xxxx) xxx

10

5.2. Facies 2 – conglomerate facies 

5.2.1. Description 
The conglomerate facies is found only at OMPV and comprises a 

large portion of the lower member of the Malanzán Formation in areas 
where tributary paleovalleys join the main paleovalley (Fig. 7B). The 
base of this facies is erosional and overlies various other facies. This 
facies often cuts into finer-grained facies and laterally interfingers with 
finer-grained facies towards and down the axis of the paleovalley. The 
sandy matrix in the lower part of this facies gives way to thick bedded, 
cobble and boulder-supported conglomerates in the upper portion. The 
beds themselves are on average internally massive, but some beds 
display normal grading while others display inverse grading (Fig. 7B). 
Downlapping onto other facies is abundant, and undeformed beds 
display inclinations, or depositional dips (Fig. 7B). Some of the packages 
within this facies are wedge shaped, and decrease in thickness (i.e. pinch 
out) towards the paleovalley axis going from several meters to 1 m or 
less in thickness over a distance of tens to a hundred meters along ex
posures. All clast and boulder lithologies are dominated by granitic or 
granodiorite (i.e. Chepes granodiorite, Tuaní granite) and schist and 
phyllite cobbles (i.e. Olta metamorphic complex). Laterally and verti
cally, these conglomerates interstratify with sandstone facies and lami
nated mudstone facies. Internally these conglomerates cut down into 
underlying sediment packages, especially where they meet the valley 
walls. Towards the central axis of the paleovalley system, these con
glomerates normally grade into finer-grained facies (i.e. sandstone facies 
and interbedded mudstone and sandstone facies). 

5.2.2. Interpretation 
The conglomerate facies in the Olta paleovalley is thoroughly 

described and discussed in Moxness et al. (2018). Since this facies 
downlaps, interfingers with, and grades laterally into finer-grained 
facies, and also contains boulder conglomerate clinoforms, the overall 
facies is interpreted as fan deltas, or where they may be subaerially 
exposed, alluvial fans. As such, these conglomerate bodies are the result 
of deposition in a high-energy environment subjected to numerous 
sediment gravity flows and rock falls from valley walls and tributary 
paleovalleys. These deposits then transition to sheet floods, 
non-cohesive and cohesive sediment gravity flows (i.e. coarse-grained 
debris flows) that are associated with high discharge events in a 
multi-channel fan delta system. The conglomerate facies is also found in 
the Malanzán paleovalley, but to a lesser degree. 

5.3. Facies 3 – laminated mudstone facies 

5.3.1. Description 
The base of this facies at both localities is gradational with under

lying interbedded mudstone and sandstone facies. At the OMPV, this 
facies consists of silt and clay-sized particles and is punctuated occa
sionally by fine to very-fine grained sandstone beds that pinch out 
laterally into the mudstone. At Huaco, this facies is silt and clay at the 
base and fines into a black shale at the top. Throughout the OMPV 
system, the mudstone facies contains frequent impressions of plant 
fossils (i.e. cordaites sp.), and in some sections contains hummocky cross- 
laminated, very fine-grained sandstones. At Huaco, the base of this 
facies drapes over the ripples that occur where this facies overlies the 
interbedded mudstone and sandstone facies, but is otherwise dominated 
by centimeter-scale laminations throughout without any other discern
ible internal structures. In the OPV, the mudstones are continuous, 
several meters thick, and rarely interrupted by granule to boulder 
outsized clasts of granodiorite and schist lithologies in areas proximal to 
the valley walls. In the MPV, this facies occurs in meter to sub-meter 
scale packages that are punctuated by units 3–10 cm thick of massive 
sandstone bodies. The upper boundary of this facies at both localities 
interfingers with the sandstone facies as well as the interbedded 
mudstone and sandstone facies above. Towards the upper part of the 

section measured in the MPV, this facies is also associated with 
centimeter-decimeter scale marl beds. 

5.3.2. Interpretation 
The mudstone facies at both localities represents a transition to a 

lower energy environment and deposition in an overall deeper water 
setting, below normal wave base. Both sections record flooding events. 
At Huaco, this has been interpreted to be a marine transgression (i.e. a 
late Mississippian-Early Pennsylvanian transgressive episode of Limar
ino et al., 2002a, 2006), and the mudstone facies at OMPV may be 
correlated to a regional rise in base level due to a potential marine 
transgression across the basin. It may also be due to the damming of the 
paleovalley by rock falls or by progradation of an alluvial fan across the 
valley. A marine interpretation of these deposits at OMPV has been 
supported by the presence of acritarchs within the middle member of the 
Malanzán Formation, and an interpretation of brackish marine condi
tions (cf. Gutiérrez and Limarino, 2001). The mudstone facies at OMPV 
contains some outsized clasts, which are interpreted here as either a 
product of falling detritus from the paleovalley walls, or rafting from 
surface ice formation (cf. Andreis and Bossi, 1981; Powell, 1984; 
Thomas and Connell, 1985; Gilbert, 1990; Bennet et al., 1994; Kempema 
et al., 2001; Powell and Domack, 2002). Several processes can transport 
clasts in inundated narrow valleys such as rock fall, the seasonal for
mation of lake or sea ice with an accumulation of clasts from 
mass-wasting and other alluvial processes, or by clasts trapped in root 
systems of floating plants. Some sections containing these outsized clasts 
were located near valley walls, and were composed of local, exposed 
bedrock, so we interpret the transport mechanism to be either surface ice 
formation, or rock falls. The loss of outsized clasts through the vertical 
succession is interpreted here as a cessation in either/or tectonic activ
ity, or a change in climatic conditions that did not allow for the for
mation of surface ice. The mudstone facies associated with the sandstone 
stringers are most likely the result of distal hyperpycnal flows from 
periodic fluvial discharge events or from underflows potentially corre
sponding to storm activity where rare hummocky cross-stratification is 
noted within cm-scale sandstone horizons (cf. Lambert and Giovanoli, 
1988; Martinsen, 1990; Bhattacharya, 2006; Crookshanks and Gilbert, 
2008). 

5.4. Facies 4 – interbedded mudstone and sandstone 

5.4.1. Description 
This facies is found at both localities, with some notable differences. 

Additionally, the interbedded mudstone and sandstone facies most often 
display sheet geometries, and less often as discontinuous bodies that had 
erosional to sharp bases at both localities. At OMPV, this facies is often 
comprised of 2–5 m-thick exposures of fine or medium-grained sand
stones that grade into mudstones (i.e. high percentages of silt and clay, 
and at times with a very small percentage of lower very-fine grained 
sand size fraction; Fig. 7D and E). The centimeter to decimeter-scale 
medium-grained sandstone bodies are mostly internally-massive, but 
often also display sole marks along base of these packages and cross- 
laminations along the upper boundaries. At Huaco, the massive sand
stone beds range in thickness from 10 to 25 cm. At both localities, the 
beds often contain medium-grained sand. Both in the Malanzán and 
Guandacol formations, some beds contain groove and prod marks as 
well as other soft sediment deformation at their base but internally, the 
beds are massive. At Huaco, these beds tend to be stacked vertically 
within 1-m thick packages and may display faint laminations just above 
the flute and grooves at the base. However, in some cases within the 
Malanzán Formation, these beds can occur as isolated folded and 
deformed pods within a finer-grained (very fine-grained sandstone to 
mudstone) matrix and are associated laterally with deformed units. 
Additionally, the facies at Huaco displayed grain-size differences that 
were less pronounced, with fine sand layers interspersed with silt-to 
very-fine sand interbeds. In the MPV, there are several levels of 
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grooves, tool marks (i.e. prod marks), and flutes (Fig. 7D). Rare gutter 
casts were also noted. These disappear up-section. One level of intense 
deformation within this facies was recorded. In areas proximal to the 
valley walls in the OPV, infrequent outsized clasts become rare and are 
finally lost altogether as the facies grades upward into the laminated 
mudstone facies at section OV14 in Moxness et al. (2018). At OMPV the 
dominant clast lithology was granitic/granodiorite within this facies, 
followed by schist and phyllite, all of which are local bedrock lithol
ogies. In contrast, extremely rare to no outsized clasts were recorded 
within this facies at Huaco. At both localities, the facies grades normally 
into overlying facies or is cut into by overlying facies. 

5.4.2. Interpretation 
The presence of the thin planar and interbedded mudstone and 

sandstone facies association at both localities indicates a rapid and 
fluctuating change in environmental and depositional energy that is 
interpreted as gravity-driven deposits and rhythmites, more specifically 
turbidites (Talling et al., 2012; Talling, 2014). The appearance of hori
zontally laminated and massively-bedded sandstone bodies is consistent 
with the definition of the TD turbidite interval as described by Talling 
et al. (2012). The massive sandstone facies is found in both localities and 
records intervals of high-density flow deposition (Talling et al., 2012; 
Talling, 2014). Horizontally laminated sandstones are also deposited by 
geostrophic currents that represent return flow of water along the sea 
bottom away from coastlines during storm surges. Such events result in 
deep water deposition from episodic underflow currents (Basilici et al., 
2012). The fine-grained horizontally laminated sandstone beds were 
most likely deposited by turbidity currents, hyperpycnal flows, or 
possibly underflows, and could have been triggered by slope failure or 
storm activity (cf. López Gamundí, 1997; Gani, 2004; Winsemann et al., 
2007; Talling et al., 2012; Talling, 2014). The erosional lower contacts 
of the sandstones are likely due to scouring caused by turbulent currents 
(cf. Powell and Cowan, 1986; Boulton, 1990; Powell and Domack, 
2002). The flutes and grooves found at the base of this facies represent 
current scour and scour by tools carried at the base of the flow in a distal 
deltaic environment. The deformed level at MPV displayed fold noses 
and axes that imparted a down-valley transport direction is interpreted 
as a down-slope mass transport deposit, and as there was internal 
deformation, it is classified as a slump (Talling et al., 2012; Talling, 
2014). The association of deformed sandstones and mudstones within 
this facies indicates mass movements and sediment-gravity deposits 
from downslope movement of material off the valley walls, introduction 
by hyperpycnal flow off of the Gilbert Deltas, or storm-generated bottom 
currents down the paleovalley axis. 

5.5. Facies 5 – cross-bedded sandstone facies 

5.5.1. Description 
The cross-bedded sandstone facies is found at both localities. The 

base of the cross-bedded sandstone facies at several sections is erosional, 
and cuts into multiple underlying facies, such as the interbedded 
mudstone and sandstone facies and the rippled sandstone facies. At 
OMPV this facies is noted at both ends of the paleovalley system within 
the middle member and also comprises most of the uppermost member 
of the Malanzán Formation. In the middle member of the MPV, the facies 
occurs in small, 0.5-m or less medium-grained sand size lenticular bodies 
within other facies, such as the interbedded mudstone and sandstone 
facies. In the uppermost member, the facies is found in gently to steeply- 
dipping clinoform bodies and foresets that fine and extend across out
crops as bottomset beds (Fig. 7C). Individual foresets can be traced into 
the underlying bottomsets in a down-valley direction. The facies in the 
OMPV is found in the middle member of the Malanzán Formation, where 
tributary valleys enter into the main paleovalley, and in a narrow 
portion of the main valley axis just before the valley increases in width. 
The facies is also present in the upper member of the Malanzán For
mation throughout the paleovalley. At both ends of the paleovalley, the 

clinoforms are coarse-grained, and can range in grain size from granular 
and pebbly to conglomeratic. At Huaco, the facies is represented by 
medium-to-coarse-grained sandstone crossbeds within 0.5-m stacked 
bodies with erosional upper and lower boundaries. The sandstone facies 
cuts down into the symmetrically rippled sandstone facies (see section 
5.6. below). 

5.5.2. Interpretation 
The cross-bedded sandstone facies represents periods of prograding 

or aggrading deltaic environments at both localities. In the lower and 
middle members of the Malanzán Formation (i.e. at both the Olta and 
Malanzán ends of the paleovalley), intervals of stacked cross-bedded 
sandstone bodies indicate deltaic systems building out into bodies of 
water most likely created by damming from the conglomeratic facies (cf. 
Moxness et al., 2018). They might also indicate progradation into a 
brackish marine embayment (cf. Gutierrez and Limarino, 2001; Buatois 
et al., 2010). Toward the top of the Guandacol Formation at Huaco, the 
cross-bedded facies overlies a symmetrically rippled sandstone, which 
indicates the progradation of deltaic systems into the area, and indicates 
a transition to more continental depositional processes, as this facies is 
erosionally overlain by fluvial sandstones of the Tupe Formation 
(Limarino et al., 2002b; Marenssi et al., 2005). The uppermost Malanzán 
Formation is preserved at both ends of the OMPV and contains this facies 
in 10+ meters-long sandy clinoforms that have both their topsets and 
bottomsets preserved. These sandstones represent prograding 
Gilbert-type deltas of high-gradient stream systems that are flowing into 
cold, dense waters of a proximal lacustrine or marine environment 
within the paleovalley system producing laterally extensive hyperpycnal 
(underflows) flows (cf. Stanley and Surdam, 1978; Colella et al., 1987; 
Nemec, 1990; Winsemann et al., 2007; Moxness et al., 2018). The 
preservation of extensive bottomset beds indicates that incoming waters 
continued away from the delta front as turbulent underflows. 

5.6. Facies 6 – rippled sandstone 

5.6.1. Description 
The rippled sandstone facies can be found at both localities and can 

be broken down into two subfacies groups. Here we present symmetri
cally rippled subfacies, and asymmetrically-rippled sandstone facies. At 
Huaco, the two subfacies are found toward the upper portion of the 
formation. The base of the symmetrically rippled sandstone subfacies is 
erosional into the underlying asymmetrically rippled sandstone facies 
(Fig. 8E). On average, the ripples have a ripple index (RI) of 1 and are 
considered symmetrical, but in some cases are slightly asymmetrical. At 
OMPV, successions of symmetrically rippled sandstones are found to 
alternate with and gradationally overlie successions of asymmetrically- 
rippled sandstones. The asymmetrically rippled sandstone subfacies is 
present in both ends of the paleovalley and occurs in upper fine to 
medium-grained sand deposits. In some sections, this subfacies occurs 
gradationally above the massive sandstone facies, where in other loca
tions it occurs gradationally above and below the symmetrically-rippled 
sandstone subfacies. In all sections, these ripples are often overlain by 
silt, or very-fine sand drapes. 

5.6.2. Interpretation 
The rippled sandstone subfacies is present at both localities and 

represents modification of sands by both wave and current activity. At 
Huaco, the symmetrical wave ripples are part of a coarsening- and 
shallowing-upward succession near the top of the Guandacol formation, 
indicating a progradation of a deltaic environment (cf. Schatz et al., 
2011). At OMPV, the symmetrically-rippled sandstones suggest the 
reworking of a unidirectional flow deposit, or a bi-directional flow from 
wave activity (Baird, 1962; Reineck and Singh, 1980; Moxness et al., 
2018). As indicated by Moxness et al. (2018), numerous levels of 
wave-rippled sandstones are found throughout the Olta paleovalley. 
However, the Malanzán end of the paleovalley is instead dominated by 
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asymmetrical ripples and are the result of unidirectional flow associated 
with turbidity or hyperpycnal currents. 

6. Paleoflow and depositional environments 

6.1. Paleoflow 

The base of the Guandacol Formation at all Huaco localities contains 
subglacial and ice-proximal deposits and features (Marenssi et al., 2005; 
Limarino et al., 2014; this study). There, the Guandacol Formation has 
been measured and described in multiple studies (cf. López-Gamundí 
and Martínez, 2000; Limarino et al., 2002, 2005; Pazos, 2002; Marenssi 
et al., 2005; Henry et al., 2008; this study). Our observations of this 
section do not dispute previous findings, and the measured sections 
contain ample evidence of glacial processes, from striated pavements 
along the Cambrian-Ordovician San Juan Limestone, to stratified dia
mictites with striated and faceted clasts at the base of the section (Fig. 5). 
The paleoflow measurements are from a glaciated and striated pavement 
that exists on the upper surface of the San Juan Limestone (Fig. 5). The 
striations allow for interpretation of true glacial flow as there were 
grooves with plucking around siliceous nodules in the San Juan Lime
stone (Fig. 8A). The paleoflow of the glacier at Huaco was to the NW (i.e. 
310-320◦, with a vector mean direction of 313◦; Fig. 5). 

6.2. Depositional environment interpretations 

The overall depositional environments interpreted from our analyses 
are consistent with previous studies. The glacial deposits of the lower 
Guandacol Formation at AH are overlain by thick successions of shales, 
interspersed with sandstones. The shales and sandstones are interpreted 
here as a local post-glacial transgression (i.e. a change in relative sea- 
level; Powell and Cooper, 2002) by multiple studies (Limarino et al., 
2002, 2005, 2014). The shales are overlain by increasingly thicker 
packages of wavy-bedded sandstones and by planar laminated sand
stones (Fig. 4). The depositional environment interpretation for the 
upper Guandacol Formation at Huaco is a progradational succession 
from offshore, to offshore-transition and then deltaic packages at the 
uppermost boundary with the overlying Tupe Formation. 

The Malanzán Formation is the time-equivalent unit in the eastern
most part of the Paganzo Basin occurs in the Olta-Malanzán paleovalley 
(cf. Bracaccini, 1948; Azcuy, 1975; Andreis et al., 1986;Azcuy et al., 
1987 ; Buatois and Mángano, 1995; Sterren and Martínez, 1996; Net and 
Limarino, 1999; Net et al., 2002; Moxness et al., 2018; Pauls et al., 2019) 
and is correlated using the palynological assemblages (cf. Gutierrez and 
Limarino, 2001; Césari et al., 2011). These deposits have been reinter
preted as conglomerates, diamictites, sandstones and shales related to 
alluvial, fluvial, and lacustrine processes (Moxness et al., 2018; Pauls 
et al., 2019). The base of the section overlies basement material, Olta 
phyllite and schist, in an erosive manner and onlaps the Chepes grano
diorite in some exposed locations (Fig. 7A; Moxness et al., 2018; Pauls 
et al., 2019; this study). No striated pavement, nor striations of any kind 
were recorded in the paleovalley where the Malanzán Formation over
lies bedrock. Unlike glacial valleys, the OMPV narrows near tributary 
paleovalleys from several km wide down to less than 200 m wide. These 
tributary paleovalleys have coarse fan faces emanating from them 
indicating that they are of fluvial origin (Moxness et al., 2018). Addi
tionally, the clasts present in the diamictite and conglomerate facies of 
the Malanzán Formation are not striated nor faceted, and paleocurrent 
measurements range from S-SW, parallel to the axis of the paleovalley 
throughout the Malanzán Formation (Figs. 3 and 5). While 
glacially-carved valleys are generally classified by their profile shape (i. 
e. U-shaped; MacGregor et al., 2000), the OMPV does not appear to 
display this geometry for the late Paleozoic sedimentary fill. The floor of 
the paleovalley narrows to less than 200 m across where paleotributary 
valleys appear to enter the main axis, which has not been recorded in 
glacial erosion models, nor in more recent glacially-excavated valleys 

(Montgomery, 2000; MacGregor et al., 2002; Anderson et al., 2006). 
Moxness et al. (2018) concluded that with the lack of glacial evidence 
and the geometry of the paleovalley at this location, the paleovalley 
could not have been carved by a glacier, or by glacial processes. 

7. Detrital zircon geochronology results 

Based on the availability of previously published detrital zircon 
geochronology data (cf. Enkelmann et al., 2015; Craddock et al., 2019) 
for the two localities (i.e. Huaco [AH] and Olta-Malanzán [OMPV]) 
discussed here, only one new detrital zircon geochronology sample was 
analyzed for this study (CDH0923-3 S). 

7.1. CDH0923-3 S, Guandacol Formation, Huaco Locality 

One sandstone sample was collected from a wavy-bedded meter- 
thick sandstone package from within a shoreface succession in the up
permost Guandacol Formation (Fig. 4). This sample contained 75 
concordant zircons ranging in age from 2616.4 ± 8.9 Ma to 381.4 ± 3.3 
Ma (Fig. 9). One primary age peak ranges from 480 to 440 Ma (Ordo
vician), with a component from 500 to 600 Ma (Cambrian-late Neo
proterozoic), and a secondary peak at 1160-960 Ma (Fig. 9). In this 
sample, 1% of the zircons analyzed were Carboniferous, 5% were 
Devonian, 3% were Silurian, 20% were Ordovician, 10% were 
Cambrian, 27% were Neoproterozoic, and 28% were Mesoproterozoic. 

7.2. Previously published geochronology samples 

ARG318, Lowermost Guandacol Formation, Huaco Locality (Crad
dock et al., 2019). 

This sample was collected from a diamictite at the base of the 
Guandacol Formation, in which both massive and bedded diamictite 
with dropstones included, and is here interpreted to be from a proglacial 
glaciomarine environment (Fig. 9). This sample contained 36 concor
dant zircons that range in age from 2059 ± 7.5 to 385.2 ± 5.9 Ma. For 
this sample, 3% of the zircons were Devonian, 20% were Ordovician, 
44% were Cambrian, 19% were Neoproterozoic, 8% were Mesoproter
ozoic, and 3% were Paleoproterozoic (Fig. 9). 

29TR4, Lowermost Malanzán Formation, Olta-Malanzán Paleovalley 
(Enkelmann et al., 2014). 

This sample was collected from a debris flow deposit at the base of 
the Malanzán Formation (Fig. 4). The sample contained 93 concordant 
detrital zircons with ages ranging from 2203 ± 36 Ma to 333 ± 4.5. For 
this sample, 3% of the analyzed zircons were Carboniferous, 12% were 
Devonian, 3% were Silurian, 24% were Ordovician, 29% were 
Cambrian, 19% were Neoproterozoic, 3% were Mesoproterozoic, and 
7% were Paleoproterozoic (Fig. 9). 

ARG203, Middle-Upper Malanzán Formation, Olta-Malanzán Pale
ovalley (Craddock et al., 2019). 

This sample was collected from a sandstone within a succession of 
interbedded mudstones and sandstones that are interpreted to be a 
prograding and fluctuating delta front system (Fig. 4). The sample 
contained 50 zircons that range in age from 937.3 ± 26.1 Ma to 362.7 ±
8.6 Ma. For this sample, 8% of the zircons were Devonian, 2% were 
Silurian, 54% were Ordovician, 20% were Cambrian, and 16% were 
Neoproterozoic (Fig. 9). 

8. Discussion 

The wide variety of clast lithologies, such as carbonates, granites and 
metamorphic rocks, in both the glacial diamictites and post-glacial de
posits of the Guandacol Formation at Huaco indicate a mixture of po
tential source areas (cf. Marenssi et al., 2005; this study). The detrital 
zircon age populations for the Guandacol Formation samples (ARG318, 
CDH0923-3 S) indicate a relatively local provenance, with a primary age 
peak showing an Ordovician age source (470-450 Ma), and a secondary 
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peak with Mesoproterozoic ages (1200-900 Ma). Huaco is located within 
the Cuyania terrane, and just to the west of the westernmost 
Famatinian-aged granites in the Sierra de Valle Fértil, which contain 
crystallization ages within the range of the primary age peak for the 
detrital zircons of the Guandacol Formation (cf. Pankhurst et al., 2000; 
Dahlquist et al., 2010, Figs. 10 and 11). However, the glacial diamictites 
could also contain reworked sediments from the Ordovician and 
Cambrian sedimentary deposits of the Precordillera and Cuyania ter
ranes (Huff et al., 1998; Ottone et al., 2001; Vujovich et al., 2004; 
Naipauer et al., 2010a; Sial et al., 2013, Figs. 10 and 11). Together, these 
early Paleozoic sources of the Precordilleran and Cuyania terranes 
provide the appropriate age range for the majority of the detrital zircons 
found in the Guandacol Formation at Huaco. The clast compositions 
found in the basal Guandacol sediments are consistent with these 
interpretations. 

The older, less prominent peak of Mesoproterozoic ages can only be 
associated with basement material of that same age along the eastern 
margin of the Precordilleran and Cuyania terranes where there is known 
Mesoproterozoic basement, such as is found within the Sierra de Pie de 
Palo (Vujovich et al., 2004; Dahlquist et al., 2010; Naipauer et al., 
2010a; Einhorn et al., 2015). Therefore, the Guandacol Formation at 
Huaco is likely derived from basement material similar in age to mate
rial from the Cuyania terrane and the westernmost edge of the Famatina 
magmatic belt (cf. Pankhurst et al., 2000; Vujovich et al., 2004; Dahl
quist et al., 2010; Naipauer et al., 2010a; Einhorn et al., 2015), as these 
ranges contain material of both age sets. Furthermore, the NW paleoflow 
measurements from the striated and grooved surface cut on the San Juan 
Limestone discussed above also support this interpretation (cf. 
López-Gamundí and Martínez, 2000; Henry et al., 2008; this study; 
Fig. 5). 

The upper Guandacol sample (CDH0923-3 S) is from the uppermost 
part the formation, after the post-glacial marine transgressive shales 
(Fig. 4). The sandstones here represent a wave-dominated deltaic envi
ronment, and there are no more striated clasts, nor outsized clasts 
recorded, and as such, any influence glacial ice had on the system is 
minimal to none. The detrital zircons, nonetheless, still indicate the 
same provenance signature, with a primary Ordovician peak and a 
secondary Mesoproterozoic peak (Fig. 10). Thus, the depositional sys
tem is still localized and reworking from the same system that sourced 
the glacial units. 

The Olta-Malanzán samples also represent deposition during both 
glacial/cold-climate and post-glacial phases in the western Paganzo 
Basin, but indirectly, as there is no evidence of glaciation occurring in 

this paleovalley (Moxness et al., 2018; Pauls et al., 2019). The basement 
material that underlies this paleovalley contains late Cambrian to 
Ordovician metamorphic and granitoid rocks (Pankhurst et al., 1998, 
2000; Dahlquist et al., 2010). The lowermost sample is from the base of 
the Malanzán Formation, and based on its primary age peak, reflects the 
early Ordovician Sierra de Chepes basement material (477–497 Ma; 
Pankhurst et al., 1998; Enkelmann et al., 2014, Figs. 10 and 11). The 
local lithology of the clasts (i.e. granodiorite, granite, schist, and phyl
lite) within the conglomerate and diamictite facies further supports this 
interpretation. The second Malanzán Formation sample is from the 
middle part of the formation, in a thick succession of interbedded 
mudrock and sandstone beds, which is correlated with the post-glacial 
transgression across the Paganzo Basin (Gutiérrez and Limarino, 
2001). The detrital zircon age populations for both Malanzán samples 
are very similar and reflect ages found within the igneous and meta
morphic provinces within the Sierra de Chepes and Los Llanos ranges 
(Fig. 10), and therefore represent a local provenance. The detrital zircon 
analyses have been interpreted by both Enkelmann et al. (2014) and 
Craddock et al. (2019) to represent local provenance, and the results 
from this study agree with their interpretations (Fig. 10). Furthermore, 
the samples are found along the main valley axis, with much of the 
depositional fill sourcing from the valley walls and tributary paleo
valleys within the paleovalley system (Moxness et al., 2018). 

Nevertheless, the fact that these two lower samples from the Guan
dacol and Malanzán formations have similar detrital zircon populations 
is not unexpected since most of the western margin of Argentine 
Gondwana is composed of metamorphic and igneous units of similar 
ages (Figs. 10 and 11; Huff et al., 1998; Pankhurst et al., 1998, 2000; 
Ramos et al., 1998, 2010, 2015; Rapela et al., 1998; Ottone et al., 2001; 
Sato et al., 2001, 2006; Vujovich et al., 2004; Rapalini, 2005; Dahlquist 
et al., 2010; Naipauer et al., 2010a, 2010b; Sial et al., 2013; Verdecchia 
et al., 2011, 2014; Einhorn et al., 2015). The main peaks for all four 
samples represent the sedimentary deposits following the Pampean 
orogeny (520–570 Ma; Pankhurst et al., 2000; Willner et al., 2008), as 
well as the Famatinian magmatic belt (500-440 Ma; Pankhurst et al., 
2000; Enklemann et al., 2014), and sediments derived from those 
igneous bodies. A similar study conducted by Einhorn et al. (2015) 
looked at Neoproterozoic through Permian sedimentary deposits to the 
north of the Paganzo Basin, in Argentina and Bolivia. Comparing the 
results from this study to those of Einhorn et al. (2015), it is clear that all 
of the strata along the Panthalassan margin of Gondwana during this 
timeframe contains very similar detrital zircon populations (Figs. 10 and 
11). 

Fig. 9. Normalized probability distribution plots for the lower Paganzo Group strata. The samples are separated by localities: Huaco (AH) - Lower Guandacol Fm. – 
ARG318 (Craddock et al., 2019), Upper Guandacol Fm. – CDH0923-3 S (this study); Olta-Malanzán (OMPV) - Lower Malanzán Fm. – 29TR4 (Enkelmann et al., 2014), 
Upper Malanzán Fm. – ARG203 (Craddock et al., 2019). 
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However, one stark difference between the two sample sets is the 
presence of early Carboniferous detrital zircons in the Malanzán For
mation samples and the absence of these ages in the Guandacol For
mation samples. This difference points to potentially separate 
depositional centers, as Devonian to Early Carboniferous intrusive post- 
orogenic granites are found throughout the central Famatina magmatic 
belt (cf. Dahlquist et al., 2010; Martina et al., 2018), which corresponds 
to the central portion of the Paganzo Basin. If there were an ice sheet 
that drained from the eastern Sierras Pampeanas, then detrital zircons of 
early Carboniferous ages would be expected at both localities. Detrital 
zircons of these ages are only present at OMPV and not at Huaco 
(Fig. 10), providing evidence that these two localities do not share a 
depositional connection. 

Another major difference between the two Paganzo Basin sample sets 
is the lack of prominent peaks of Mesoproterozoic detrital zircons for the 
Malanzán Formation, where in contrast to both of the Guandacol 

Formation samples which contain strong detrital zircon Mesoproter
ozoic peaks (Fig. 11). In the Cuyania and Precordilleran terranes, many 
studies have found Mesoproterozoic crust underlying the Sierra de Pie 
de Palo, Sierra de Umango and Sierra de Maz, and is therefore inter
preted to be a remnant of the Brasiliano-Pan-African belt (Vujovich 
et al., 2004; Dahlquist et al., 2010; Thomas et al., 2015; Rapela et al., 
2018), or a part of Laurentia. We interpret these ranges to be the sources 
for the Mesoproterozoic zircon populations in the Guandacol Formation 
samples, but not the Malanzán Formation samples. Instead, the Meso
proterozoic zircons within the Malanzán Formation are most likely 
sourced and subsequently reworked from Mesoproterozoic-aged meta
morphic rocks that have been mapped and identified to the east, south 
and north and of the Sierra de Chepes and Los Llanos ranges, in the 
Sierra de San Luis and Sierras de Córdoba (Sato et al., 2001, 2006; Drobe 
et al., 2009, 2011; Rapela et al., 2018). Mesoproterozoic ages are also 
found in older metasedimentary units, such as the Puncoviscana 

Fig. 10. Mesoproterozoic-Carboniferous igneous and metamorphic provinces for the Paganzo Basin area (demarcated by the dotted line) and their available zircon 
geochronology (n = 398). Map is modified from Dahlquist et al. (2010). The four samples considered in this study come from the two areas highlighted by the yellow 
boxes: AH, Lower Guandacol Fm. – ARG318 (Craddock et al., 2019), Upper Guandacol Fm. – CDH0923-3 S; OMPV, Lower Malanzán Fm. – 29TR4 (Enkelmann et al., 
2014), Upper Malanzán Fm. – ARG203 (Craddock et al., 2019). Reference Fig. 3 for exact locations. The cited literature for the igneous and metamorphic zircon 
compilation is as follows: (1) Sierra de Pie de Palo - Vujovich et al. (2004); Naipauer et al. (2010a) (2) Sierra de Umango - Varela et al. (2003), 2005 (3) Sierra de 
Valle Fértil - Pankhurst et al. (2000) (4) Sierra de Famatina - Pankhurst et al. (2000) (5) Sierra de Velasco - Toselli et al. (2003); Pankhurst et al. (2000) (6) Sierras de 
Chepes, Los Llanos - Pankhurst et al. (2000) (7) Sierra de San Luis - Vujovich and Ostera (2003); Drobe et al. (2009) (8) Sierra de Córdoba - Rapela et al. (1998), 
Pankhurst et al. (2000) (9) Sierra Norte - Leal et al., 20003; Llambías et al. (2003). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Formation further to the north in northern Argentina and Bolivia 
(Rapela et al., 2018). The paleocurrent data indicate (i.e. SW; Fig. 5) that 
the Sierra de San Luis and the Puncoviscana Formation would likely not 
have been a source for the Carboniferous strata. That is not to say that 
there could not be recycling of these grains from the 
Neoproterozoic-Cambrian metamorphic units in the Sierras de Chepes 
and Los Llanos, as well as to the east in the Sierras de Córdoba, which 
certainly could have supplied the limited number of grains that were 
measured in the lowermost sample. 

9. Evidence for mid-Carboniferous ice extent in the Paganzo 
Basin 

The Guandacol Formation at Huaco presents several lines of evi
dence for glacial presence in the western margin of the Paganzo Basin. 
First is the presence of the striated pavement along the uppermost sur
face of the San Juan Limestone, which serves as the contact with base
ment in this location of the Guandacol Formation (Fig. 4). The directions 
of the striae from that study (i.e. 300◦-120◦; Marenssi et al., 2005) are in 
agreement with the NW-SE directions we recorded on the eastern limb 
(ranging from 310◦-320◦; Fig. 5), and also aligns with descriptions from 
López Gamundí and Martínez (2000). The inferred flow direction of 
glacial ice at the base of the Guandacol Formation was in a NW (mean 
vector of 313◦; Fig. 5) direction based on the measurements taken from 
grooves around eroded nodules on the limestone surface (Fig. 8A). 
Additionally, directly above the striated contact with the San Juan 
Limestone, several meters of thin and thick-bedded diamictite were 
measured and these strata contained numerous striated and faceted 
clasts, some with characteristic bullet shapes. With the occurrence of 
each of these lines of evidence, we can conclude that glacial ice was 
present in the vicinity of the Huaco locality during the 
Serpukhovian-Bashkirian glacial phase of the Paganzo Basin. 

In contrast to the ample lines of glacial evidence in the lower 
Guandacol units at Huaco, as well as other localities along the western 
margin of the Paganzo Basin (cf. Scalabrini Ortiz, 1972; Andreis et al., 
1975; López-Gamundí and Amos, 1985; Buatois and Mángano, 1994; 
López-Gamundí and Martínez, 2000; Kneller et al., 2004; Henry, 2007; 
Henry et al., 2008, 2010; Isbell et al., 2012; Aquino et al., 2014; 

Valdez-Buso et al., 2017, 2020; Limarino et al., 2014; Alonso-Muruaga 
et al., 2018), the Malanzán Formation does not display any evidence of 
glaciation within the basal and middle units (this study; Moxness et al., 
2018; Pauls et al., 2019). There is a lack of any glacial evidence, such as 
faceted and/or striated clasts; there were no striae found on exposed 
basement lithologies, even where there was direct contact with the 
Malanzán Formation; and the diamictite morphology at the base of the 
Malanzán Formation is indicative of formation via debris flows in an 
alluvial fan and lacustrine environment rather than from morainal bank 
or pro-glacial depositional processes (cf. Andreis et al., 1986; Buatois 
and Mangano, 1995; Socha et al., 2014; Moxness et al., 2018). Paleo
current measurements from the base of the Malanzán Formation indi
cate a more south-southwesterly direction (Fig. 5), which indicates flow 
within the confines of the paleovalley, and does not correspond to the 
paleoflow measurements in the western proto-Precordilleran domain of 
the Paganzo Basin. 

When comparing the clast lithologies for the two localities, the sec
tions record very different clast lithologies. For example, at Huaco, the 
Guandacol Formation contains clasts comprised of carbonates, high- 
grade metamorphic rocks, and granites. As noted in our descriptions, 
and also supported by Marenssi et al. (2005), the diamictite facies are 
dominated by carbonate clast lithologies, while the interbedded sand 
and mudstone facies are dominated by the high-grade metamorphic and 
granitic lithologies. The dominant lithology appears to correspond to 
changes in depositional settings, which is a reflection of the change in 
source materials and erosional patterns, and ultimately, provenance. In 
the literature, it is interpreted that the carbonate clasts of the glacial 
deposits represent local basement lithology within the Precordilleran 
terrane, such as the San Juan Limestone, and Los Azules and Talacasto 
formations (Huff et al., 1998; Ottone et al., 2001; Sial et al., 2013), while 
the other lithologies (i.e. the metamorphic and igneous clasts) in the 
ice-retreat facies are representative of more distal sources from the Si
erras Pampeanas (cf. Marenssi et al., 2005). Once ice retreated from 
exposures of Cambrian-Ordovician limestones, there would no longer be 
a carbonate source. Icebergs, however, would transport clasts that the 
retreating glacier was eroding and transport them to the Agua Hedionda 
anticline area after calving and iceberg transit. The detrital zircon 
geochronology results of the lower Guandacol Formation samples 

Fig. 11. Cumulative probability distribution for the 
four Paganzo Group samples and the basement units 
in the region. Lower Guandacol Fm. – ARG318 
(Craddock et al., 2019), Upper Guandacol Fm. – 
CDH0923-3 S, Lower Malanzán Fm. – 29TR4 (Enkel
mann et al., 2014), Upper Malanzán Fm. – ARG203 
(Craddock et al., 2019). The cited literature for the 
igneous and metamorphic zircon compilation is as 
follows: (1) Sierra de Pie de Palo - Vujovich et al. 
(2004); Naipauer et al. (2010a) (2) Sierra de Umango 
- Varela et al. (2003), 2005 (3) Sierra de Valle Fértil - 
Pankhurst et al. (2000) (4) Sierra de Famatina - 
Pankhurst et al. (2000) (5) Sierra de Velasco - Toselli 
et al. (2003); Pankhurst et al. (2000) (6) Sierras de 
Chepes, Los Llanos - Pankhurst et al. (2000) (7) Sierra 
de San Luis - Vujovich and Ostera (2003); Drobe et al. 
(2009) (8) Sierra de Córdoba - Rapela et al. (1998), 
Pankhurst et al. (2000) (9) Sierra Norte - Leal et al., 
20003; Llambías et al. (2003).   
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(ARG318; Craddock et al., 2019) further support the interpretation that 
the glacial deposits are likely sourced from more local basement li
thologies found within, and possibly just beyond, the Cuyania terrane 
(Fig. 10). Cambrian ages are the dominant ages (44%), followed by 
Ordovician and Neoproterozoic ages (20 and 19% respectively; Fig. 12). 
These ages also correspond to findings from a U–Pb zircon geochro
nology study presented by Valdez Buso et al. (2020), where samples of 
the Guandacol Formation at other localities have similar Mesoproter
ozoic age populations (Figs. 10 and 11). We can therefore conclude that 
the sources for these grains are coming from local sources within the 
Cuyania and Precordilleran terrane regions, and not from further to the 
east in the Paganzo Basin, such as the eastern Sierras Pampeanas. 

On the other side of the basin, the Malanzán Formation records a 
similar trend of provenance based upon the clast lithologies. The clasts 

in the lower Malanzán Formation are predominantly granodiorite with 
lesser amounts of schist and phyllite clasts. All three clast types can be 
traced to bedrock lithologies in the Sierras de Chepes (Pankhurst et al., 
1998, 2000). The detrital zircon geochronology results further support 
this interpretation. The bedrock of this paleovalley system is 
Cambrian-Ordovician in age, and the age peaks from these samples are 
predominantly Cambrian and Ordovician (29% and 24% respectively in 
sample 29TR4; and 20%, 54% respectively in sample ARG203), followed 
by Neoproterozoic ages (19% in sample 29TR4, and 16% in sample 
ARG203). The Sierra de Chepes region is approximately 475–480 Ma, 
and therefore can account for the dominant ages in the samples (Pan
khurst et al., 2000). The Neoproterozoic ages most likely come from the 
Olta schist and phyllite that is found within the Sierras de Chepes range, 
and could also potentially be sourced from rocks that are mapped further 

Fig. 12. The revised depositional environment and glacial extent model for the mid-Carboniferous Paganzo Basin. A. Ice centers and glacial deposition restricted to 
the western Paganzo Basin and Calingasta-Uspallata and Río Blanco basins. Paleoflow directions are from the same dataset as in Fig. 1. Basin reconstruction map 
modified from López Gamundí et al. (1994). Paleoflow directions modified from Henry et al. (2008) and Moxness et al. (2018). B. Cross-section of the western margin 
of Gondwana with ice centers highlighted. Tectonic cross-section modified from Henry et al. (2008) and Moxness et al. (2018). 
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to the east, such as those identified in the Sierras de Córdoba (Rapela 
et al., 1998; Leal et al., 2003; Llambías et al., 2003; Toselli et al., 2003). 
A few more prominent age populations occur in the Malanzán Formation 
samples that are not as prevalent or even present in the Guandacol 
Formation samples, and correspond to Silurian, and Devonian to early 
Carboniferous ages (Fig. 8). These ages likely correspond to 
early-middle Paleozoic post-orogenic granites that exist within and 
along the Famatina belt, and into the eastern Sierras Pampeanas, 
interpreted to be the result of active transtensional or extensional 
tectonism throughout the area during the Devonian and early Carbon
iferous (Martina et al., 2018). 

While there was synchronous deposition along both margins of the 
Paganzo Basin, there does not appear to have been any drainage con
nectivity between the two depocenters during the time of glaciation. 
Based on an extensive compilation of paleoflow directions from multiple 
studies, there appears to be a separation or pattern of flow directions (cf. 
Scalabrini Ortiz, 1972; Andreis et al., 1975; López-Gamundí and Amos, 
1985; Buatois and Mángano, 1994; López-Gamundí et al., 1994; 
López-Gamundí and Martínez, 2000; Kneller et al., 2004; Henry et al., 
2008; Alonso-Muruaga et al., 2011; Aquino et al., 2014; Valdez-Buso 
et al., 2017, 2020; Limarino et al., 2014; Fallgatter et al., 2019; Milana 
and di Pasquo, 2019, Fig. 12). Along the western margin, the flow di
rections indicate a more radial pattern away from a central area, from 
which a series of uplifted blocks, or elevated nucleation points, can be 
inferred (Fig. 12). Additionally, several studies along the Precordilleran 
region describe paleovalleys with depths of 1000–2500 m and filled with 
glacigenic and glacially influenced deposits up to 450 m thick (cf. 
Dykstra et al., 2006, 2007; Henry et al., 2008, 2010; Aquino et al., 2014; 
Valdez Buso et al., 2017, 2020; Milana and di Pasquo, 2019). This body 
of evidence seems to support the hypothesis that there existed a 
mountain belt or upland along the western margin of the Paganzo Basin, 
at least during the Serpukhovian-Bashkirian glaciation phase during the 
LPIA in Argentine Gondwana. Paleovalleys that are over 2.5 km deep, 
along with the radial distribution of paleoflow, indicate substantial re
lief in the Precordilleran region during the mid-Carboniferous. Such 
relief is characteristic is of a substantial upland rather than the occur
rence of a gentle topographic arch. 

9.1. Post-glacial sedimentation 

Along the western margin of the basin, the basal diamictites of the 
Guandacol are replaced by shales interpreted as a flooding event, which 
corresponds to a post-glacial transgression that is recorded at several 
other localities across the Paganzo Basin (Limarino et al., 2002b, 2014; 
Marenssi et al., 2005; Net and Limarino, 2006; Pauls et al., 2019). The 
metamorphic and granitic clast lithologies from the post-glacial facies of 
the Guandacol Formation are interpreted to represent a more distal 
provenance (cf. Marenssi et al., 2005). Similar to our interpretation for 
the lower Guandacol Formation sample, we interpret these clasts as 
sourced from a location to the east of the Precordilleran Terrane, 
probably from the Sierra de Pie de Palo or Sierra Valle Fértil areas (cf. 
Pankhurst et al., 1998, 2000; Ramos et al., 1998, 2010, 2015; Rapela 
et al., 1998; Vujovich et al., 2004; Rapalini, 2005; Dahlquist et al., 2010; 
Sial et al., 2013; Verdecchia et al., 2011, 2014; Einhorn et al., 2015). The 
age peaks from the detrital zircon geochronology results correspond to 
the Mesoproterozoic ages found within the Sierra de Pie de Palo com
plex, as well as the Sierra de Maz and Umango ranges (Mesoproterozoic 
age ranges: 1000–1200 Ma; Varela et al., 2003, 2005; Vujovich et al., 
2004; Naipauer et al., 2010a, 2010b, Figs. 10 and 11). The Ordovician 
ages correspond well with ages found in granites and gneisses from the 
Sierra de Valle Fértil (Cambrian-Ordovician age ranges: 500-450 Ma; 
Pankhurst et al., 2000). The age population range of the upper Guan
dacol Formation sample (CDH0923-3 S) indicates a drainage shift, or 
unroofing of basement material in an eastward direction, as proximal 
depositional environments prograde westward during the early Penn
sylvanian (Limarino et al., 2002a, 2002b; 2006, 2014; Tedesco et al., 

2010). Additionally, the youngest detrital zircon crystal analyzed in 
CDH0923-3 S (309 ± 11 Ma) may indicate a much younger age for the 
uppermost Guandacol Formation in this location than has been previ
ously interpreted (cf. Gulbranson et al., 2010; Césari et al., 2011). 

There is no record of striated pavements nor striated or faceted clasts 
in the Olta-Malanzán paleovalley, but that does not preclude a cold 
environment, with the occasional development of lake ice as there is 
evidence of potential ice-rafted debris. The lonestones could also have 
been from rock fall off of valley walls into the narrow paleovalley (cf. 
Moxness et al., 2018), as physical weathering and rock fall is prevalent 
in cold climate environments. Paleocurrent measurements at the base of 
the Malanzán Formation point to flow through the narrow paleovalley in 
a south-southwest direction. The large conglomeratic deltas of the upper 
Malanzán Formation at the interpreted paleomouth near the town of 
Malanzán indicate that paleoflow is to the west, but these deltas are 
considered to be post-glacial deposits, and therefore cannot be used to 
infer paleoflow from a glacier across the Paganzo Basin from east to 
west. Furthermore, the paleovalley narrows where tributary valleys 
connect with the main axis, and the paleoflow measurements follow the 
S-SW and lazy-S shape of the valley walls. This trend suggests internal 
and localized flow within a confined alpine valley setting subjected to 
tectonic activity (cf. Moxness et al., 2018) rather than a paleofjord or 
glacially-carved valley system. 

9.2. Distinct depositional centers for the lower Paganzo Group strata 

While the detrital zircon sample sets contain similar age peaks, there 
are distinguishing patterns between the two sample sets that warrants 
further comparative analysis. The similar age populations is not wholly 
unexpected based on the similarities in age suites of the igneous and 
metamorphic basement complexes found throughout the Paganzo Basin 
region (Figs. 10 and 11). The most important difference between the two 
formations, which provides clear evidence that these two localities do 
not share the same provenance, is the appearance of the Mesoproter
ozoic peaks in the Guandacol Formation samples, which point to a 
Cuyania terrane provenance. A second important distinction is the 
absence of early Carboniferous detrital zircons in the Guandacol For
mation, and the presence of these ages within the Malanzán Formation, 
which indicates that an ice center did not drain from the eastern Sierras 
Pampeanas and across the Paganzo Basin. In addition to the provenance 
analysis, the evidence accumulated by the lithofacies and paleoflow 
analyses indicates that there were most likely separate depositional 
centers throughout the Paganzo Basin during the Visean and 
Serpukhovian-Bashkirian glaciations (Fig. 12). 

Based on the evidence compiled here, there could not have been one 
ice sheet centered over the Sierras Pampeanas to the east of the Paganzo 
Basin, as was postulated in Hypothesis 2 (Fig. 2C). Instead, we propose a 
revision of Hypothesis 1 (Fig. 2B). As there is evidence of glaciation 
along the Protoprecordilleran region, there is a distinct lack of this ev
idence in the Sierras de Chepes and Los Llanos region. It is likely that 
there was a localized paleovalley system within the Sierras de Chepes 
and Los Llanos region during the deposition of the lower Malanzán 
Formation in the eastern Paganzo Basin region (Fig. 12). The region in 
the east was largely separated from the depositional system for the 
glacial diamictites of the lower Guandacol Formation, quite possibly by 
the uplifted blocks along the Famatina arch and Pie de Palo arch systems 
(Fig. 12). Further analyses are needed to further constrain glacial centers 
in the Protoprecordilleran and Sierra de Pie de Palo ranges, or if there 
were other glacial centers located in the Famatina arch system in the 
north-central region (Fig. 12). 

10. Conclusions 

Evidence supporting the presence of glaciers was identified along the 
western margin, specifically along the Protoprecordilleran mountain 
belt region. This evidence was noted based on the facies analyzed of the 
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Guandacol Formation at the Agua Hedionda anticline locality near 
Huaco. However, we found no evidence of glaciation from the facies of 
the Malanzán Formation located in the Sierra de Chepes region of the 
eastern Paganzo Basin. This body of evidence does not support the hy
pothesis (Hypothesis 2) that there was an ice sheet centered on the 
eastern Sierras Pampeanas to the east of the Paganzo Basin. Further
more, the compiled paleoflow measurements indicate flow was distinct 
for the separate uplands across the region. At Huaco, glacial ice flowed 
toward the northwest (313◦), which differs from the Olta-Malanzán 
paleovalley that had flow toward the south-southwest. This provides 
clear evidence that there were discrete glaciated uplands centered on the 
Protoprecordilleran fold-and-thrust belt, while the eastern Sierras 
Pampeanas remained unglaciated. In addition to the sedimentology and 
paleoflow measurements, the detrital zircon age populations for both 
localities suggest that there was more than one depositional center in the 
Paganzo Basin during the middle Carboniferous. There was one local
ized catchment for the Guandacol Formation at Huaco that drained 
westward off the Sierra de Pie de Palo or Sierra Valle Fértil. The strata at 
Olta-Malanzán paleovalley are sourced from the Sierra de Chepes and 
Los Llanos ranges, with a minor component source region further to the 
east. Our evidence refines the understanding of glacial extent across the 
Paganzo Basin and provides insight into a more complicated glaciation 
history along the western margin of South American Gondwana. 
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Net, L.I., 1999. Petrografía, diagénesis y procedencia de areniscas de la sección inferior 
del Grupo Paganzo (carbonífero) en la cuenca homónima. PhD Thesis, Universidad 
de Buenos Aires, p. 49. 

Net, L.I., Limarino, C.O., 1999. Paleogeografía y correlación estratigráfica del Paleozoico 
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influenced Sedimentation on High-Latitude Continental Margins. Geological Society 
of London Special Publication 203, pp. 215–244. 

Powell, R.D., Domack, E.W., 2002. Modern glacimarine environments. In: Menzies, J. 
(Ed.), Modern and Past Glacial Environments. Butterworth-Heinemann Ltd., Oxford, 
pp. 361–389. 

Rabassa, J., Carignano, C., Cioccale, M., 2014. A general overview of Gondwana 
landscapes in Argentina. In: Rabassa, J., Ollier, C. (Eds.), Gondwana Landscapes in 
Southern South America: Argentina, Uruguay and Southern Brazil. Springer Earth 
System Science, Dordrecht, Heidelberg, New York, London, pp. 201–245. 

Ramos, V., Jordan, T., Allmendinger, R., Kay, S., Cortés, J., Palma, M., 1984. Chilenia: un 
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