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Chaco-Paraná Basin, Uruguay and southernmost Paraná Basin, Brazil 
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A B S T R A C T   

The Paraná Basin, Brazil and the Chaco-Paraná Basin, Uruguay both contain sedimentary records that are critical 
to reconstructing late Paleozoic ice centers in central Gondwana. The orientations of subglacial landforms and 
glaciotectonic structures suggest that late Paleozoic glacial deposits in the eastern Chaco-Paraná Basin and the 
southernmost Paraná Basin are genetically related, as they were likely glaciated by the same ice center. However, 
the location and extent of the ice center responsible for depositing these sediments are unclear. Furthermore, 
changes in sediment dispersal patterns between glacial, inter-glacial, and post-glacial intervals are not under
stood for this region of Gondwana. Therefore, this study utilized U–Pb detrital zircon geochronology to assess the 
provenance of glacial and post-glacial sediments from the eastern Chaco-Paraná Basin (San Gregorio, Cerro 
Pelado, Tres Islas Formations) and the southernmost Paraná Basin (Itararé Group). Results show dominant age 
peaks at ~520–555 Ma, ~625 Ma, 750–780 Ma, and 900–1000 Ma in all samples from the eastern Chaco-Paraná 
Basin. These zircons are interpreted to have been derived from sources in the Cuchilla Dionisio Terrane and 
Punta del Este Terrane in southeastern Uruguay, and possibly the Namaqua Belt in southern Namibia. Another 
important source was likely Devonian sedimentary rocks of the Durazno Group in central/eastern Uruguay. 
Meanwhile, a sample of the glaciogenic Itararé Group from the southernmost Paraná Basin contains a different 
detrital zircon signature with peaks at ~580 Ma, ~780 Ma, ~2110 Ma, and ~2500 Ma that closely resembles 
underlying sedimentary and meta-sedimentary rocks of the Precambrian/Cambrian Camaquã Basin. Detrital 
zircon ages in the glacial and post-glacial sediments indicate that local sources were dominant. In contrast, zircon 
ages from relatively ice-distal glaciomarine intervals in the Chaco-Paraná Basin reflect more distal sources to the 
east and southeast, which indicates a larger drainage catchment opened when glaciers retreated and/or the zone 
of maximum subglacial erosion shifted. Although most zircon ages in the Chaco-Paraná Basin can be attributed to 
Uruguayan sources, results support the hypothesis that glaciers emanated from southern Namibia and southeast 
Uruguay into the Chaco-Paraná Basin. From there, ice flowed northwest into the Paraná Basin and then receded 
back towards Africa as the paleoclimate warmed. The detrital zircon inventory in our study region is distinct 
from the eastern Paraná Basin, suggesting at least two unique African source regions for glaciers that deposited 
sediments in the Paraná and Chaco-Paraná Basins.   
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1. Introduction 

The late Paleozoic ice age (LPIA, late Devonian to late Permian) was 
a time characterized by unique climate conditions relative to most of 
Earth’s history. Glaciers were present in high-to mid-latitude basins 
across Gondwana, coinciding with the growth of widespread equatorial 

forests and mires, as well as an atmosphere defined by low pCO2 and 
high pO2 (e.g. Gastaldo et al., 1996; Isbell et al., 2003; 2012; Raymond 
and Metz, 2004; Montañez and Soreghan, 2006; Fielding et al., 2008; 
Montañez and Poulsen, 2013; Frank et al., 2015). Interpretations of 
glaciation during this period have evolved over the past several decades 
from the original hypothesis of a single, continental-scale ice sheet 

Fig. 1. Paleogeography of Paraná Basin and Chaco-Paraná Basin during late Carboniferous. Plates reconstruction from Lawver et al. (2011). (A) Simplified map of 
possible source terranes and their ages in South America and southern Africa after Uriz et al. (2016). (B) Map of study area showing late Paleozoic sedimentary basins 
and paleotopographic highs after Visser (1997b), Winn Jr. and Steinmetz (1998), and Uriz et al. (2016). Possible source areas for sediments examined in this study 
are in red text (Sierra Pampeanas, RGS, US, Cargonian Highlands). Red box indicates location of Fig. 2a. Dotted black lines represent national borders. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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covering much of Gondwana that persisted for ~100 Myr to a new 
paradigm of multiple smaller ice sheets and ice caps that fluctuated in 
time and space on ~1–10 Myr timescales (e.g. Isbell et al., 2003; 2012; 
Fielding et al., 2008). However, the true nature of the glacial interval, 
including ice extent, the role of the various climate drivers, and the 
timing of fluctuations in ice volume, remains unclear. 

Considerable work has been done on the LPIA glacial record of in
dividual basins across Gondwana, providing new levels of insight into 

the sedimentary processes and intrabasinal correlations (e.g. Lopez-
Gamundi, 1997; Visser, 1997a; Vesely and Assine, 2006; Fielding et al., 
2010; Griffis et al., 2019b). Despite these advances, the temporal and 
physical connections between strata in adjacent basins remain poorly 
understood due to the lack of reliable radiometric ages and well con
strained biostratigraphic zonations. However, the introduction of 
detrital zircon geochronology as a tool to assess the provenance of 
glacial strata allows for improved understanding of paleo-drainage 

Fig. 2. Study area on Rio Grande do Sul Shield and Uruguayan Shield. (A) Study area with late Paleozoic glacial outcrops in gray after Assine et al. (2018). Study 
locations indicated by colored circles and samples collected from each location labeled in matching color. Dotted black lines represent national borders. (B) Possible 
source terranes within Uruguayan Shield after Loureiro et al. (2017) and Blanco et al. (2009). CDT = Cuchilla Dionisio Terrane, PET=Punta del Este Terrane, NPT=

Nico Pérez Terrane, PAT = Piedra Alta Terrane. Bold black lines represent major faults. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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patterns, ice extent, and the interbasinal connections between seemingly 
disparate deposits (e.g. Canile et al., 2016; Craddock et al., 2019; Griffis 
et al., 2019a; Martin et al., 2019; Tedesco et al., 2019). In particular, one 
critical area to this line of research is the cross-Atlantic correlation of 
late Paleozoic glacial sediments in Africa and South America. Two basins 
long known to be relevant to this question are the Paraná and 
Chaco-Paraná Basins, which were located on the border between 
present-day Africa and South America during the late Paleozoic (Fig. 1). 
The orientation of glacial striations and landforms in these basins were 
originally used by Du Toit (1927, 1937) as evidence to support the hy
pothesis of continental drift. 

The Paraná Basin is an intracratonic sedimentary basin located in 
Brazil, Paraguay, Uruguay, and Argentina while the Chaco-Paraná Basin 
is an intracratonic basin located in Uruguay, Paraguay, and Argentina 
(e.g. Guillemain, 1911; França and Potter, 1991; Goso, 1995; de Santa 
Ana, 2004; de Santa Ana et al., 2006a, 2006b; Limarino and Spalletti, 
2006; Limarino et al., 2014; Assine et al., 2018). The Chaco-Paraná 
Basin is connected to the main body of the Paraná Basin near the 
Brazil-Uruguay-Argentina border (Fig. 1) (Winn Jr. and Steinmetz, 
1998). Both basins contain a Carboniferous-Permian glacial record and 
are thought to have a closely related depositional history (e.g. Assine 
et al., 2018). However, the glacial record in the Chaco-Paraná Basin is 
significantly understudied compared to the Paraná Basin due to the 
scarcity of outcrop exposure (e.g. Winn Jr. and Steinmetz, 1998). The 
basins are partially separated by a paleotopographic high over the Rio 
Grande do Sul Shield (or Sul-Riograndense Shield, RGS) that contains 
isolated outcrops of Carboniferous glacial sediments (Fig. 2) (e.g. 
Tomazelli and Soliani Júnior 1982; 1997; Fedorchuk et al., 2019a). 

Northeast of the RGS, on the eastern margin of the Paraná Basin 
(Brazil), the predominant east/west and southeast/northwest orienta
tions of subglacial grooves and striations, combined with paleocurrent 
orientations and ice marginal deformation structures, have long implied 
that an African-based ice center drained into the eastern Paraná Basin (e. 
g. Frakes and Crowell, 1972; Crowell and Frakes, 1975; Rocha-Campos 
et al., 2008, Vesely et al., 2015; Mottin et al., 2018; Rosa et al., 2016, 
2019). Furthermore, westward draining paleovalleys with glaciogenic 
infill have been described in northwest Namibia (Fig. 1B), an area 
considered to have been connected to the eastern Paraná Basin (e.g. 
Martin, 1981; Visser, 1997b). In support of this hypothesis, recent 
detrital zircon geochronology studies have indicated that the glacial 
sediments on the eastern margin of the Paraná Basin have a Namibian 
provenance (e.g. Canile et al., 2016; Griffis et al., 2019a). In contrast, 
detrital zircons from the southernmost margin of the Paraná Basin, 
collected from the RGS, have a completely different age distribution that 
indicates a more restricted, local provenance (Fedorchuk et al., 2019b; 
Griffis et al., 2019a; Tedesco et al., 2019). When this distinction is 
combined with the most north and northwest flow directions of grooved 
surfaces and other ice-flow indicators located on the RGS, a separate ice 
center for the southernmost Paraná Basin (and by extension, the 
Chaco-Paraná Basin) is suggested in comparison to the eastern margin of 
the Paraná Basin (e.g. Crowell and Frakes, 1975; Tomazelli and Soliani 
Júnior 1982, 1997; Crowell, 1999; Fedorchuk et al., 2019a; Tedesco 
et al., 2019). In particular, the occurrence of proglacial sediments on the 
RGS with evidence of ice-thrust features support the interpretation of ice 
advance to the northwest, out of Uruguay (Fedorchuk et al., 2019a). 
Despite this, the ice center’s location and extent responsible for glacia
tion in the southernmost Paraná and Chaco-Paraná Basins remain 
unclear. 

Although there are scattered outcrops of LPIA glacial deposits in the 
eastern Chaco-Paraná Basin (Fig. 2), no previous study has analyzed 
these sediments’ provenance. Therefore, detrital zircon samples were 
collected from these sediments in Uruguay and on the RGS for U–Pb 
dating by laser ablation inductively-coupled-plasma mass spectrometry 
(LA-ICP-MS). The goals of this project were to: (1) test the hypothesis 
that glaciers, separate from the eastern margin of the Paraná Basin, 
flowed into the Chaco-Paraná Basin and the southern Paraná Basin, (2) 

constrain ice extent and location by comparing the detrital zircon age 
distributions to other studies to determine whether glacial sediments in 
the Chaco-Paraná Basin have a local provenance, an African prove
nance, or a provenance from elsewhere in South America, and (3) 
determine if the provenance of the sediments changed during the shift 
from glacial to post-glacial conditions, reflecting a widespread shift in 
sediment dispersal patterns. 

2. Geologic setting 

The Paraná and Chaco-Paraná Basins, which were situated between 
45 and 55◦ south latitude during the Carboniferous, combine to form the 
largest depocenter of late Paleozoic strata in South America. Paleozoic 
glacial strata in the Paraná Basin of Brazil are part of the Itararé Group 
(Fig. 3), which consists of three formations: the Lagoa Azul, Campo 
Mourão, and Taciba Formations (e.g. França and Potter, 1991). Only the 
youngest of these, the Taciba Formation, is exposed in the southernmost 
part of the basin that is featured in this study (e.g. França and Potter, 
1991; Holz et al., 2010). The lithologically equivalent LPIA glacial strata 
in the Chaco-Paraná Basin (Uruguay) is referred to as the San Gregorio 
and Cerro Pelado Formations (Fig. 3) (e.g. Bossi, 1966; Goso, 1995; de 
Santa Ana, 2004; de Santa Ana et al., 2006a; 2006b; Assine et al., 2018). 
Both the Itararé Group and San Gregorio Formation are characterized by 
glacially-influenced facies associations that include sandstones, rhyth
mites with dropstones, grooved/striated surfaces interpreted as sub
glacial erosional features, conglomerates, and diamictites with striated 
and faceted clasts (e.g. de Santa Ana, 2004; de Santa Ana et al., 2006a; 
2006b; Rocha-Campos et al., 2008; Vesely et al., 2015; Assine et al., 
2018). 

On the RGS, the Itararé Group overlies Precambrian igneous and 
metamorphic terranes including the Taquarembó Block, the Porongos 
Belt, the São Gabriel Terrane, and the Pelotas Batholith, as well as 
Neoproterozoic and Cambrian sedimentary and volcanic rocks of the 
Camaquã Basin (Fig. 3) (e.g. Gastal et al., 2005; Saalmann et al., 2005, 
2006, 2011; Hartmann et al., 2011). In Uruguay, outcrops of the San 
Gregorio Formation overlie several Precambrian igneous and meta
morphic terranes including the Cuchilla Dionisio Terrane, the Nico Pérez 
Terrane, and the Piedra Alta Terrane (e.g. Santos et al., 2003; Mallmann 
et al., 2007; Gaucher et al., 2008; Saalmann et al., 2011). The San 
Gregorio Formation also rests on Devonian sedimentary rocks of the 
Durazno Group (Fig. 3) (e.g. Uriz et al., 2016). 

On the RGS, the postglacial unit that directly overlies the Itararé 
Group is the coal bearing Rio Bonito Formation (e.g. Holz, 2003; Holz 
et al., 2006). The Rio Bonito Formation in southernmost Brazil consists 
of alluvial fan, fluvial-deltaic, and estuarine sediments (e.g. Holz et al., 
2006; Fedorchuk et al., 2019b). Radiogenic U–Pb ages of zircons have 
been measured from ash fall beds and tonsteins within the Rio Bonito 
Formation. These ages place the Itararé Group/Rio Bonito Formation 
contact very close to the Gzhelian/Asselian boundary (Fig. 3), thus 
constraining glaciation on the RGS to the Carboniferous (e.g. Cagliari 
et al., 2016; Griffis et al., 2018). In Uruguay, the San Gregorio Formation 
interfingers with and is topped by glaciomarine sediments of the Cerro 
Pelado Formation and the postglacial, fluvial-deltaic Tres Islas Forma
tion that pinches out to the west. These are considered the lithologic 
equivalents of the upper Taciba and lower Rio Bonito Formations in the 
neighboring Paraná Basin (e.g. de Santa Ana, 2004; de Santa Ana et al., 
2006a, 2006ba). The lack of ash beds in the San Gregorio, Cerro Pelado, 
or Tres Islas Formations means that the only age constraints on the 
glaciation in the Chaco-Paraná Basin are placed by biostratigraphy. 
Some researchers consider the glacial deposits of the San Gregorio 
Formation to have been deposited entirely in the Carboniferous on the 
basis of marine fauna, while others consider deposition to have extended 
into the early Permian based on the palynology (e.g. Closs, 1967a, 
1967b, 1969; Marques-Toigo, 1970, 1974; Beltan, 1981; Braun et al., 
2003; Beri et al., 2011, 2015). 

Several hypotheses exist for the location and extent of an ice center 
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that supplied sediment to the RGS and the Chaco-Paraná Basin. One 
scenario, which is typical of traditional views of the LPIA, suggests that a 
single massive ice center over Africa or Antarctica spread uniformly 
westward into the Chaco-Paraná and Paraná Basins (Gesicki et al., 1998, 
2002; Starck and Papa, 2006; Holz et al., 2008). Another hypothesis 
illustrates at least two separate ice centers that spread multiple uncon
fined lobes onto the eastern and southern margins of the Paraná Basin (e. 
g. Frakes and Crowell, 1972; Crowell and Frakes, 1975; Assine et al., 
2018; Fedorchuk et al., 2019a,b). The later hypothesis commonly por
trays a northern ice center over the Windhoek Highlands in northern 
Namibia, and a southern ice center over the Cargonian Highlands in 
southern Namibia and South Africa (Fig. 1). A third hypothesis envisions 
ice that entered the Chaco-Paraná Basin and southernmost Paraná Basin 
to have been confined to a network of paleofjords draining off Africa (e. 
g. Tedesco et al., 2016; Fallgatter and Paim, 2017). Finally, a fourth 
hypothesis depicts multiple small ice caps or sheets on locally uplifted 
areas around South American basins (e.g. Santos et al., 1996; Rocha-
Campos et al., 2008). Potential sediment source areas for the south
ernmost Paraná Basin and eastern Chaco-Paraná Basin that have been 
interpreted as paleotopographic highs include the RGS (Brazil), the 
Pampean Arch (Argentina), and the Cargonian Highlands (southern 
Namibia) (Fig 1B; e.g. Winn Jr. and Steinmetz, 1998; Visser, 1997b; 

Rocha-Campos et al., 2008). 

3. Location 

Samples were collected from a total of four localities that include one 
location on the RGS (Paraná Basin, Brazil) and three locations in the 
eastern Chaco-Paraná Basin, Uruguay (Fig. 2). The RGS sample was 
collected from a glaciotectonized complex of Itararé Group (Taciba 
Formation) sediments in the Lavras do Sul Municipality, Rio Grande do 
Sul State (Location 1) (Fig. 2). The sedimentology and stratigraphy of 
this locality were described in detail by Tomazelli and Solianí Jr (1997) 
and Fedorchuk et al. (2019a) (Fig. 4). The mean orientation of paleo
currents at Location 1 is to the northwest at 312.2 ± 10.2◦ (1σ) (Fig. 4). 
Two of the Uruguayan localities (Locations 2 and 3) are situated in the 
Cerro Largo Department, outside the city of Melo (~50 km from the 
Brazil/Uruguay border) (Fig. 2). Location 2 was described in detail by 
Assine et al. (2018) and contains large subglacially carved “whaleback” 
structures, oriented between ~320◦ and 330◦ carved into igneous 
basement. Sandstones and diamictites of the San Gregorio Formation 
overlie these whalebacks and contain multi-directional iceberg keel 
marks carved into bedding planes (Fig. 4). This location also contains an 
outcrop of the postglacial Tres Islas Formation that overlies the 

Fig. 3. Stratigraphy of southernmost Paraná Basin, eastern Chaco-Paraná Basin, and Aranos Basin after Holz et al. (2006), de Santa Ana (2004, 2006a) and Zieger 
et al. (2019, 2020). Red star indicates U–Pb zircon age collected by Griffis et al. (2018). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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glaciogenic sediments. Paleocurrent data collected from the Tres Islas 
Formation at Location 2 indicates a flow towards the southeast at 155 ±
12.8◦ (1σ) (Fig. 4). Meanwhile, Location 3 was described by Goso (1995) 
and contains outcrops of the Cerro Pelado Formation overlain by coarse 
fluvial sandstones of the Tres Islas Formation (Figs. 2 and 4). Measure
ments of paleocurrents in the Tres Islas Formation at Location 3 reveal 
flow to the southwest at 251 ± 23.6◦ (1σ) (Fig. 4). Finally, Location 4 is 
an abandoned quarry outside of the town of Andresito (Uruguay, ~300 
km southwest of Locations 2 and 3) that contains the San Gregorio 
Formation (Figs. 2 and 4). 

4. Methods 

In total, six samples were collected and analyzed for provenance in 
this study (SUS-1, LMF-2, LMF-3, LMF-5, LP-3, and AND-1). Sample SUS- 
1 is from a clast-rich sandy diamictite of the Itararé Group (Taciba 
Formation) at Location 1 (RGS, Brazil) (Fig. 4) (e.g. Hambrey and 
Glasser, 2003). LMF-2 and LMF-3 are from the San Gregorio Formation 
at Location 2 (Uruguay) (Fig. 4). LMF-3 is a sample of clast-rich inter
mediate diamictite that immediately overlies striated whaleback struc
tures. LMF-2 was collected from a medium, quartz sandstone bed with 
soft-sediment grooves (interpreted in this study as iceberg keel marks) 
that is located stratigraphically ~15 m above LMF-3 (Fig. 4). LMF-5 was 

taken from a cross-bedded, arksosic, medium sandstone of the 
post-glacial Tres Islas Formation at Location 2 that is located strati
graphically ~10 m above LMF-2 (Fig. 4). LP-3 is from a very fine quartz 
sandstone bed in the glaciomarine Cerro Pelado Formation at Location 3 
(Uruguay) (Fig. 4). Finally, AND-1 is from a fine quartz sandstone bed in 
the San Gregorio Formation at Location 4 (Uruguay) (Fig. 4). 

The provenance of these samples was determined by U–Pb detrital 
zircon geochronology. The samples were all analyzed by laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) at the 
University of California, Davis. A complete description of the zircon 
separation and ablation methods and complete data is found in the 
supplemental files. Samples were compared to each other and to 
possible sources using the Kolmogorov-Smirnov (K–S) Test with error in 
the Cumulative Distribution Function (CDF), sample CDFs, cross- 
correlation coefficients from probability density plots (PDPs) of the 
samples, and multidimensional scaling (MDS) (e.g. Saylor and Sundell, 
2016; Vermeesch et al., 2016). For the K–S Test, a P-value of <0.05 
indicates with 95% confidence that the two age distributions are not the 
same. However, this test cannot assess if the samples have the same 
provenance (e.g. Berry et al., 2001; DeGraaff-Surpless et al., 2003; 
Saylor and Sundell, 2016). The cross-correlation coefficient is the co
efficient of determination of a cross-plot of two PDPs for the same age 
range (e.g. Saylor et al., 2012, 2013; Saylor and Sundell, 2016). For this 

Fig. 4. Stratigraphic columns from study sample locations after Goso (1995), Assine et al. (2018), and Fedorchuk et al. (2019a). Environmental interpretations 
(ice-proximal glacial, ice-distal glacial, and post-glacial) in italics. Detrital zircon sample locations shown with asterisks and paleocurrent orientations collected from 
cross-stratification depicted using rose diagrams. 
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test, an R2 value will range from 0 to 1 whereby a value close to 1 means 
that the PDPs are very similar, with closely matching age peaks and peak 
heights. Kernel Density Plots (KDEs) with adaptive bandwidths were 
used for visual comparison of samples since their peaks are smoother 
than PDPs and less likely to contain small peaks that make it difficult to 
identify broad patterns (Figs. 5–7) (e.g. Saylor and Sundell, 2016; Ver
meesch et al., 2016). Multidimensional scaling (MDS) is similar to a 
principle component analysis. This test reproduces relative ranks of 
dissimilarity between samples so that samples more similar to each 
other plot closer together and samples more dissimilar to each other plot 
farther apart (e.g. Vermeesch et al., 2016). MDS, KDE, and CDF plots 
were created using provenance, a free package for R (Vermeesch et al., 
2016). Cross-correlation coefficients were calculated using the DZ Stats 
compiler for Matlab (e.g. Saylor and Sundell, 2016). Although all of 
these statistical comparisons are useful, it should be noted that in rela
tively small-N samples (<300) and samples with variable N, such as 
those in this study, the cross-correlation coefficient is considered the 
most sensitive metric of similarity (e.g. Saylor and Sundell, 2016). 

To place detrital zircon samples in their proper stratigraphic context, 
most samples were collected from measured sections describe in previ
ous studies (i.e. Locations 1, 2, and 3) (Goso, 1995; Assine et al., 2018; 
Fedorchuk et al., 2019a). Location 4 is from a previously undescribed 
section so a new stratigraphic column was measured. The stratigraphic 
position of each sample is shown next to the stratigraphic column of the 
locality from which it was collected (Fig. 4). 

5. Results 

5.1. Detrital zircon U–Pb ages 

5.1.1. Sample SUS-1 (Location 1, Itararé Group, Paraná Basin) 
The KDE (N = 53) of sample SUS-1 shows a dominant Neoproterozoic 

peak at ~580 Ma with much smaller (and broader) secondary peaks at 

~780 Ma, ~2110 Ma, and ~2500 Ma (Fig. 5). In this sample, 2% of the 
zircons analyzed were Ordovician, 74% were Neoproterozoic, 2% were 
Mesoproterozoic, and 22% were Paleoproterozoic (Fig. 8). 

5.1.2. Sample LMF-3 (Location 2, San Gregorio Formation, Chaco-Paraná 
Basin) 

The KDE of LMF-3 (N = 59) exhibits a dominant peak at ~625 Ma 
and a secondary peak at ~520 Ma. Less constrained peaks occur at 
~750 Ma, ~990 Ma, and ~1850 Ma (Fig. 6). LMF-3 contains 24% 
Cambrian grains, 63% Neoproterozoic grains, 7% Mesoproterozoic 
grains, 5% Paleoproterozoic grains, and 1% Archean grains (Fig. 8). 

5.1.3. Sample LMF-2 (Location 2, San Gregorio Formation, Chaco-Paraná 
Basin) 

The KDE of sample LMF-2 (N = 73) has a primary peak at ~555 Ma 
and a secondary peak at ~650 Ma. Smaller and broader peaks occur at 
~780 Ma, ~1250 Ma, and ~1890 Ma (Fig. 6). LMF-2 contains 16% 
Cambrian grains, 72% Neoproterozoic grains, 4% Mesoproterozoic 
grains, and 8% Paleoproterozoic grains (Fig. 8). 

5.1.4. Sample LMF-5 (Location 2, Tres Islas Formation, Chaco-Paraná 
Basin) 

The KDE of sample LMF-5 (N = 50) shows a primary peak at ~625 
Ma and a secondary peak at ~555 Ma (Fig. 6). LMF-5 has a less diverse 
zircon population when compared to most other samples, with 4% 
Cambrian grains and 96% Neoproterozoic grains (Fig. 8). 

5.1.5. Sample LP-3 (Location 3, Cerro Pelado Formation, Chaco-Paraná 
Basin) 

The KDE of sample LP-3 (N = 100) shows a primary peak at ~525 Ma 
and a secondary peak at ~625 Ma. Smaller and broader third-order 
peaks are located at ~755 Ma, and ~1010 Ma (Fig. 6). Sample LP-3 
contains 26% Cambrian grains, 54% Neoproterozoic grains, 14% 

Fig. 5. Kernel density plot of sample SUS-1 compared to other samples from Rio Grande do Sul Shield including sample STR (Griffis et al., 2019a) and sample GG 
(Oliveira et al., 2014). Similar peaks and relative peaks heights indicates a close provenance relationship between samples. Note the overlapping peaks and similar 
peak intensities between Itararé Group samples SUS-1 and STR compared to the underlying Camaquã Basin (Guaritas Group) sediments. 
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Fig. 6. Kernel density plots of samples LMF-5, LMF-3, LMF-2, and LP-3. Relative changes in the amount of syn-tectonic and post-tectonic zircons between ice- 
proximal, relatively ice-distal, and post-glacial environments reflects changes to drainage patterns. Similar peaks and relative peaks heights indicates a close 
provenance relationship between samples. 

Fig. 7. Kernel density plots of samples AND- 
1, UC-13 (Uriz et al., 2016), NOM (Blanco 
et al., 2011), and NAM-325 (Zieger et al., 
2019). Sample AND-1 has similar peaks to 
NAM-325 from the Permian Dwkya Group, 
UC-13 from Devonian Durazno Group, and 
sample NOM from Cambrian Nomtsas For
mation. Similar peaks and relative peaks 
heights indicates a shared provenance rela
tionship between samples. Note that sample 
AND-1 has different detrital zircon ages, 
including significant Mesoproterozoic peaks, 
compared with other San Gregorio Forma
tion samples from Locations 2 and 3.   
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Mesoproterozoic grains, and 6% Paleoproterozoic grains (Fig. 8). 

5.1.6. Sample AND-1 (Location 4, San Gregorio Formation, Chaco-Paraná 
Basin) 

The KDE of sample AND-1 (N = 127) exhibits a strong primary peak 
at ~1010 Ma with secondary peaks at ~525 Ma and ~620 Ma. Smaller, 
less constrained peaks are located at ~850 Ma, 1080 Ma, ~1280 Ma, 
and ~1960 Ma (Fig. 7). AND-1 contains 14% Cambrian grains, 41% 
Neoproterozoic grains, 34% Mesoproterozoic grains, 10% Paleoproter
ozoic grains, and 1% Archean grains (Fig. 8). 

5.2. Statistical comparison of samples 

Samples were compared to each other using the K–S test (Table 1), 
the cross-correlation coefficient (Table 2), their CDFs (Fig. 9), and MDS 
(Fig. 10) to assess potential source regions and variations in drainage. To 
examine possible source regions for the samples, their age distributions 
were compared to detrital zircon samples from several prior studies that 
vary geographically and temporally (Tables 1 and 2, Figs. 9 and 10). 
These comparative detrital zircon studies include: Carboniferous 
(Itararé Group) rocks from the Paraná Basin in Brazil (Sample STR, 
Griffis et al., 2019a), Cambrian sedimentary rocks (Nomtsas Formation, 
Nama Group) from the Nama Basin in southern Namibia (Sample NOM, 

Blanco et al., 2011), Neoproterozoic metasedimentary rocks (Guaritas 
Group) from the Camaquã Basin on the RGS, Brazil (Sample GG, Oliveira 
et al., 2014), Devonian sedimentary rocks (Durazno Group) from the 
Chaco-Paraná Basin in Uruguay (Sample UC-13, Uriz et al., 2016), and a 
Permian diamictite sample (NAM-325) from the glaciogenic Dwyka 
Group (Gibeon Formation) in the Aranos Basin, Namibia (Fig. 3) (Zieger 
et al., 2019). 

5.2.1. Sample SUS-1 
The K–S test indicates that the detrital zircon age distribution of 

sample SUS-1 cannot be distinguished from samples LMF-3 (San Gre
gorio Formation), LMF-2 (San Gregorio Formation), and LMF-5 (Tres 
Islas Formation) (i.e. P-value > 0.05) (Table 1). Similarly, MDS indicates 
SUS-1 is most closely related to LMF-2 and LMF-3 (Fig. 10). A compar
ison to all other samples exhibits a P-value of <0.05 and, therefore, it 
can be said with 95% confidence that the other samples have a different 
zircon population than SUS-1. In direct contrast to these K–S test and 
MDS results, sample STR (Itararé Group) from Griffis et al. (2019a) has 
the highest cross-correlation coefficient (R2 = 0.63) compared to SUS-1 
(Table 2). Although this result contradicts the K–S test and MDS, the 
relatively high R2 value would seem logical since SUS-1 and STR are 
both samples of the Itararé Group collected on the RGS. The reason for 
the contradictory result may be that the small sample sizes of both SUS-1 

Fig. 8. Pie charts showing percentage of Ordovician, Cambrian, Neoproterozoic, Mesoproterozoic, Paleoproterozoic, and Archean grains in each detrital zircon 
sample. Note sample LMF-5 has a lack of diverse grains and sample AND-1 is unique for its abundance of Mesoproterozoic grains. 
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and STR make the K–S test overly sensitive to their differences. No 
samples had both cross-correlation coefficients >0.5 and K–S test 
P-values > 0.05 when compared to SUS-1 (Table 2). 

5.2.2. Sample LMF-3 
The detrital zircon population of sample LMF-3 cannot be distin

guished from samples SUS-1 (Itararé Group), LMF-2 (San Gregorio 
Formation), LMF-5 (Tres Islas Formation) and LP-3 (Cerro Pelado For
mation) using the K–S test (Table 1). All the other samples have P-values 
< 0.05 and therefore are likely to have different provenance. Only 
sample LMF-5 has a cross-correlation coefficient >0.5 (R2 = 0.58) when 
compared with sample LMF-3 (Table 2). Based on the agreement of the 
K–S test and the cross-correlation coefficient, it is hypothesized that the 
zircon provenance of sample LMF-5 is most similar to sample LMF-3. 
This is supported by the MDS, which also indicates that LMF-5 is most 
similar to LMF-3 (Fig. 10). 

5.2.3. Sample LMF-2 
The detrital zircon population of LMF-2 cannot be distinguished from 

those of samples SUS-1 (Itararé Group), LMF-3 (San Gregorio Forma
tion), LMF-5 (Tres Islas Formation), and LP-3 (Cerro Pelado Formation) 
using the K–S test (P-values > 0.05) (Table 1). Sample LP-3 has an R2 

value of 0.76 versus LMF-2. Based on the agreement of the K–S test and 

the cross-correlation coefficient for sample LP-3, it is hypothesized that 
the provenance of sample LMF-2 is most similar to sample LP-3. Simi
larly, the MDS shows that LP-3 is closely related to LMF-2 (Fig. 10). 

5.2.4. Sample LMF-5 
The detrital zircon population of LMF-5 cannot be distinguished from 

samples SUS-1 (Itararé Group), LMF-3 (San Gregorio Formation), and 
LMF-2 (San Gregorio Formation) based on the K–S test (Table 1). 
However, samples LMF-3, STR (Itararé Group), and GG (Gauritas Group) 
all have cross-correlation coefficient’s > 0.5 that stand out from the rest 
of the samples (Table 2). Sample LMF-3 has a R2 value of 0.58, STR has a 
R2 value of 0.55, and GG has a R2 of 0.56 compared to sample LMF-5. 
However, only LMF-3 has both a K–S test P-value > 0.05 and a R2 >

0.5, which suggests that LMF-3 has a provenance most similar to LMF-5 
(Table 2). Supporting this, the MDS connects LMF-5 to LMF-3 as its 
nearest neighbor (Fig. 10). 

5.2.5. Sample LP-3 
The detrital zircon population of LP-3 cannot be distinguished from 

samples LMF-3 (San Gregorio Formation) and LMF-2 (San Gregorio 
Formation) based on the K–S test (Table 1). LMF-2 has a R2 value of 0.76 
when compared to LP-3. Since LMF-2 has a K–S P-value > 0.05 and R2 

value in agreement, this sample is interpreted to have the most similar 

Table 1 
Comparison of K–S P-values between samples analyzed in this study (green) and other studies (red). P-values < 0.05 indicate that two 
samples were drawn from different populations (i.e. have different provenance). P-values > 0.05 (highlighted in yellow) indicate 
samples cannot be clearly distinguished as having separate provenance. Sample STR from Carboniferous Itararé Gp on RGS (Griffis et al., 
2019a), sample GG from Neoproterozoic Guaritas Group on RGS (Oliveira et al., 2014), sample NOM from Cambrian Nomtsas Formation 
in Namibia (Blanco et al., 2011), sample UC-13 from Devonian Durazno Group in Uruguay (Uriz et al., 2016), and sample NAM-325 from 
Permian Dwyka Group in Namibia (Zieger et al., 2019). 

Table 2 
Comparison of cross-correlation coefficients (R2) between samples analyzed in this study and other studies. Sample STR from Carboniferous Itararé Gp on RGS (Griffis 
et al., 2019a), sample GG from Neoproterozoic Guaritas Group on RGS (Oliveira et al., 2014), sample NOM from Cambrian Nomtsas Formation in Namibia (Blanco 
et al., 2011), sample UC-13 from Devonian Durazno Group in Uruguay (Uriz et al., 2016), and sample NAM-325 from Permian Dwyka Group in Namibia (Zieger et al., 
2019).   

SUS-1 LMF-3 LMF-2 LMF-5 LP-3 AND-1 STR GG NOM UC-13 NAM-325 

SUS-1  0.29 0.32 0.43 0.13 0.07 0.63 0.47 0.12 0.08 0.05 
LMF-3 0.29  0.18 0.58 0.19 0.22 0.36 0.37 0.11 0.09 0.04 
LMF-2 0.32 0.18  0.38 0.76 0.17 0.32 0.23 0.10 0.27 0.19 
LMF-5 0.43 0.58 0.38  0.25 0.10 0.55 0.56 0.14 0.08 0.06 
LP-3 0.13 0.19 0.76 0.25  0.26 0.15 0.12 0.09 0.32 0.24 
AND-1 0.07 0.22 0.17 0.10 0.26  0.08 0.08 0.57 0.60 0.49 
STR 0.63 0.36 0.32 0.55 0.15 0.08  0.87 0.13 0.06 0.05 
GG 0.47 0.37 0.23 0.56 0.12 0.08 0.87  0.12 0.03 0.03 
NOM 0.12 0.11 0.10 0.14 0.09 0.57 0.13 0.12  0.46 0.59 
UC-13 0.08 0.09 0.27 0.08 0.32 0.60 0.06 0.03 0.46  0.44 
NAM-325 0.05 0.04 0.19 0.06 0.24 0.49 0.05 0.03 0.59 0.44   
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provenance to sample LP-3 (Table 2). The MDS connects LP-3 to LMF-2 
as its nearest neighbor (Fig. 10). 

5.2.6. Sample AND-1 
The detrital zircon population of AND-1 cannot be distinguished 

from samples NOM (Nomtsas Formation), NAM-325 (Dwyka Group), 
and UC-13 (Durazno Group) using the K–S test (Table 1). NOM and UC- 
13 have cross-correlation coefficients >0.5 when compared to AND-1. 
NOM has an R2 value of 0.57 and UC-13 has an R2 value of 0.60 
(Table 2). It should be noted that NAM-325 (Dwyka Group) has an R2 

value of 0.49 compared to AND-1 and also has the most similar peaks 
and intensities when comparing their KDE’s (Fig. 7). Therefore, samples 
NOM, UC-13, and NAM-325 are all considered to have similar prove
nance to AND-1 (Table 2). This interpretation is further supported by the 
MDS which exhibits nearest neighbor lines connecting AND-1 to both 
UC-13 and NOM, as well as a second nearest neighbor line connecting 
AND-1 to NAM-325 (Fig. 10). 

6. Discussion 

Based on the U–Pb detrital zircon results presented here and in
terpretations of paleo ice-flow indicators, the most likely source region 
for the glacial sediments (San Gregorio Formation) deposited in the 
eastern Chaco-Paraná Basin is the Cuchilla Dionisio Terrane (Uruguay), 
the Punta del Este Terrane (Uruguay) and, by extension, the Namaqua 
Belt in Africa, which would have been directly connected to the Punta 
del Este Terrane during the late Paleozoic (Figs. 1 and 2) (Basei et al., 
2011). These terranes were located to the southeast and east of the basin 
and were likely connected to the Cargonian Highlands that stretched 
across southern Africa (Fig. 1) (e.g. Visser, 1997b). A comparison of the 
detrital zircon signature from glacial (ice-proximal), glaciomarine 
(relatively ice-distal), and postglacial samples exhibits an interesting 
trend whereby ice-proximal glacial sediments reflect local erosion of 

Fig. 9. Cumulative distribution functions of samples 
analyzed in this study and other studies. Greater 
space between sample functions indicates increased 
dissimilarity. Sample STR from Carboniferous Itararé 
Group on RGS (Griffis et al., 2019a), sample GG from 
Neoproterozoic Guaritas Group on RGS (Oliveira 
et al., 2014), sample NOM from Neoproterozoic 
Cambrian Nomtsas Formation in Namibia (Blanco 
et al., 2011), sample UC-13 from Devonian Durazno 
Group in Uruguay (Uriz et al., 2016), and sample 
NAM-325 from Permian Dwyka Group in Namibia 
(Zieger et al., 2019).   

Fig. 10. Multidimensional scaling analysis of samples analyzed in this study 
(red) and other studies. Samples more similar to each other plot closer together 
and samples more dissimilar to each other plot farther apart. Sample STR from 
Carboniferous Itararé Gp on RGS (Griffis et al., 2019a), sample GG from Neo
proterozoic Guaritas Group on RGS (Oliveira et al., 2014), sample NOM from 
Cambrian Nomtsas Formation in Namibia (Blanco et al., 2011), sample UC-13 
from Devonian Durazno Group in Uruguay (Uriz et al., 2016), and sample 
NAM-325 from Permian Dwyka Group in Namibia (Zieger et al., 2019). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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underlying sediments or crystalline basement. Meanwhile, more diverse 
detrital zircon ages from distal sources are found under glaciomarine 
conditions. Post-glacial fluvial sediments reflect incision of local un
derlying units and a return to highly local provenance that is similar to 
that of ice-proximal sediments. 

6.1. Comparison of samples to likely source regions 

The Cuchilla Dionisio and Punta del Este Terranes are considered 
here as the most likely source of sediment to the eastern Chaco-Paraná 
Basin during the LPIA. In the samples from the Chaco-Paraná Basin that 
were analyzed (i.e. samples LMF-3, LMF-2, LMF-5, LP-3, AND-1) the two 
most common age peaks were ~520–555 Ma and ~625 Ma. The ~625 
Ma ages are typical of syn-tectonic granites of the Cuchilla Dionisio 
Terrane (Uruguay) which directly underlie the study Locations 2 and 3 
and are the most plausible source of zircons (e.g. Blanco, 2009; Basei 
et al., 2011). Meanwhile, the ~520–555 Ma ages are consistent with 
nearby post-tectonic granite intrusions (Fig. 2B) to the south and east in 
the Punta del Este Terrane (Uruguay), such as the El Pintor Granite, José 
Ignacio Granite, the Rocha Granite, and the Santa Teresa Granite (e.g. 
Blanco et al., 2009; Basei et al., 2011). Grenvillian ages of ~900–1000 
Ma are also found within gneisses of the Cerro Olivo Complex, part of the 
Punta del Este Terrane and, correlatively, the Namaqua Belt in Africa (e. 
g. Blanco et al., 2009; Basei et al., 2011). Finally, pre-tectonic Brasiliano 
ages of ~750–780 Ma are found in migmatites of the Punta del Este 
Terrane (e.g. Bossi and Gaucher, 2004; Blanco et al., 2009). 

The Cuchilla Dionisio Terrane and Punta del Este Terrane are 
interpreted as extensions of the Gariep Belt and Namaqua Belt in 
southern Africa that were formed by the collision of the Río de la Plata 
and Kalahari Cratons during the final assembly of southwest Gondwana 
in the Neoproterozoic (Fig. 1) (the Brasiliano Orogeny, e.g. Gaucher 
et al., 2008). These terranes have been previously depicted as highlands 
that supplied the sediments of the Devonian Durazno Group in eastern 
Uruguay (e.g Uriz et al., 2016) and were likely connected to the Car
gonian Highlands of southern Africa, a paleotopographic high (Fig. 1) (e. 
g. Visser, 1997b). The Cargonian Highlands have been previously 
interpreted as a source region for Carboniferous and Permian glacio
genic sediments (Dwyka Group) in southern Namibia (e.g. Zieger et al., 
2019). In all the samples analyzed from the eastern Chaco-Paraná Basin, 
the relatively low abundance (<12%) of Paleoproterozoic grains, which 
are typical to the Nico Pérez and the Piedra Alta Terranes (Fig. 2B), 
indicates that rocks to the southwest and west of the Uruguayan Shield 
were not a significant source of sediment. This tends to rule out the far 
western Sierra Pampeanas as a significant source region, an interpreta
tion supported by paleo ice-flow indicators and the lack of Silurian and 
Devonian ages that are common to the Sierra Pampeanas (Bense et al., 
2013). 

Along with the Cuchilla Dionisio Terrane and Punta del Este Terrane, 
another important source of zircons for the Chaco-Paraná Basin samples 
(LMF-3, LMF-2, LMF-5, LP-3, AND-1) appears to be recycled Devonian 
sediments on the Rio de la Plata Craton whose provenance was described 
by Uriz et al. (2016). This is particularly true of sample AND-1, which is 
from an outcrop of the San Gregorio Formation located just west of 
Devonian Durazno Group outcrops (Fig. 2B). The age distribution of 
zircons in sample AND-1 is quite different from the other Chaco-Paraná 
Basin samples that were analyzed, with a higher percentage of Meso
proterozoic grains (34% compared to 7%, 4%, 0%, and 8%) (Fig. 8) but 
is very similar to sample UC-13 (Uriz et al., 2016) of the Durazno Group, 
which was collected ~80 km to the east from AND-1. Both the K–S test 
and cross-correlation coefficient (R2 = 0.60) support the likelihood that 
the Durazno Group was the primary source of sediments in AND-1 
(Table 2). This indicates a different drainage network, flowing to
wards the west, for Location 4. Interestingly, AND-1 also has similar 
provenance to NOM (Nomtsas Formation, Nama Group) from the Nama 
Basin in Namibia and NAM-325 (Dwyka Group) from the Aranos Basin 
in Namibia (Table 2, Figs. 9 and 10) (Blanco et al., 2011; Zieger et al., 

2019). In particular, the KDE’s of AND-1 and NAM-325 show similar 
peaks and peak intensities (Fig. 7). The likely explanation for these 
similarities is that Permian Dwyka Group, the Devonian Durazno Group, 
and the Cambrian Nomtsas Formation have similar provenance with all 
three samples consisting of zircons derived from the Cuchilla Dionisio 
Terrane and Namaqua Terrane in Africa (part of the Cargonian High
lands). However, this interpretation cannot be verified without addi
tional supporting data. It also seems plausible that the Nama Basin 
sediments were eroded and resedimented into the eastern Chaco-Paraná 
Basin during the LPIA and were possibly mixed with resedimented 
Devonian sediments. The similar detrital zircon signatures of the San 
Gregorio Formation in Uruguay (AND-1) and the Dwyka Group in 
southern Namibia (NAM-325, Zieger et al., 2019) suggests a possible 
link between glaciation in these locations. However, there are also some 
key differences between the Dwyka Group and San Gregorio Formation 
ages, including the lack of Archean ages in sample AND-1 compared to 
the Dwyka Group sample. Also, sample AND-1 appears to have a slightly 
younger Cambrian peak. Although many of the ages presented in the San 
Gregorio Formation samples can be attributed to purely Uruguayan 
sources, the fact that these sources can be limited to terranes east and 
southeast of the study locations strongly implies that ice advanced west 
and northwest out of the known African highlands. 

An alternative source for the Chaco-Paraná Basin sediments in 
Uruguay that has to be ruled out is the RGS in southern Brazil. Although 
grooved surfaces and glaciotectonized sediments on the RGS indicate ice 
flow towards the north and northwest, some authors have hypothesized 
a small ice-cap on the RGS that drained south into the Chaco-Paraná 
Basin (e.g. Santos et al., 1996; Rocha-Campos et al., 2008). When 
looking at the RGS, the primary Neoproterozoic peak detected from 
sample SUS-1 (Itararé Group) is ~680 Ma with a secondary peak at 
~780 Ma. These peaks and their relative heights are similar to sample 
STR (Itararé Group) from Griffis et al. (2019a) and sample GG (Guaritas 
Group) from Oliveira et al. (2014), which are also from the RGS (Fig. 5). 
The relatively high cross-correlation coefficients support a similar 
provenance for SUS-1, STR, and GG (Table 2). Thus, it seems most likely 
that the Precambrian/Cambrian Camaquã Basin sediments (Guaritas 
Group) were easily eroded by northward flowing glaciers and resedi
mented across the RGS during the late Paleozoic. Other possible sources 
for SUS-1 in southern Brazil or northern Uruguay include the Neo
proterozoic São Gabriel Terrane (~600–900 Ma) or the Archean to 
Paleoproterozoic Taquarembó and Rivera Terranes (~2–2.55 Ga) (e.g. 
Gastal et al., 2005; Saalmann et al., 2005; Hartmann et al., 2011). Griffis 
et al. (2019a) also concluded that STR was mostly derived from the 
Guaritas Group due to the fact that the Itararé Group directly overlies 
these strata and their detrital zircon ages are very similar. Meanwhile, 
Itararé Group sediments described in other studies of paleovalleys on the 
eastern RGS exhibit a detrital zircon age signature with a single ~600 
Ma peak that matches the underlying Pelotas Batholith (Fedorchuk 
et al., 2019b; Tedesco et al., 2019). 

The K–S test indicates different provenance for the RGS samples and 
the Chaco-Paraná Basin samples (Table 1). Only LMF-5 (the post-glacial 
Tres Islas Formation) has a relatively high cross-correlation coefficient 
when compared to the RGS (Table 2). Furthermore, the RGS samples 
(SUS-1, GG, and STR) lack the slightly younger ~520–555 Ma peak 
common in the Chaco-Paraná Basin samples (LMF-3, LMF-2, LMF-5, LP- 
3, AND-1) (Figs. 5 and 6). The RGS samples also contain more Paleo
proterozoic grains compared to the Chaco-Paraná Basin samples (Fig. 8). 
Based on this data, we hypothesize that the RGS was not a major source 
of sediment to the Chaco-Paraná Basin samples analyzed here. However, 
it should be noted that the MDS indicates similarity between SUS-1 and 
samples LMF-3 and LMF-2 (the San Gregorio Formation) from Uruguay 
(Fig. 10). This may indicate that some sediment from Uruguay was 
transported north onto the RGS during glaciation and mixed with the 
Camaquã Basin sediments, although this connection seems tenuous. 
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6.2. Late Paleozoic sediment dispersal patterns 

This study shows trends in the detrital zircon age distributions that 
correspond to shifts in drainage and/or the position of subglacial erosion 
between ice-proximal, relatively ice-distal, and post-glacial sediments. 
For example, in the sample LMF-3 (Location 2) of diamictite from the 
San Gregorio Formation that directly overlies glacially carved basement 
features (i.e. ice-proximal sediments), there is a higher proportion of 
ages that reflect the underlying syn-tectonic granites (Figs. 6 and 11). 
This supports local erosion and deposition at the study locations during 
the glacial maximum. In the KDE, this is represented by a dominance of 
the older ~625 Ma peak over the younger ~520–555 Ma peak (post- 
tectonic granites) (Figs. 6 and 11) (Blanco, 2009; Basei et al., 2011). 
Meanwhile, LMF-2 was collected in the slightly more ice-distal (glacio
marine) sandstones of the San Gregorio Formation at the same sample 
location. These sandstones contain iceberg keel marks and are 

stratigraphically ~15 m above sample LMF-3 (Fig. 4). In contrast, to 
sample LMF-3, LMF-2 contains a dominant younger ~520–555 Ma peak 
which is probably derived from zircons of the post-tectonic granite in
trusions to the east and southeast of the study area (Figs. 6 and 11). The 
orientation of subglacially carved whaleback structures supports this 
interpretation by suggesting that ice advanced from the southeast to
wards the northwest (Fig. 4). This indicates that when ice retreated to 
the east and southeast the location of subglacial erosion shifted to the 
new ice margin and a wider fluvial drainage catchment opened up. As a 
result, more young zircons were transported to and deposited at Loca
tion 2 (Fig. 11). This interpretation is also supported by sample LP-3 
which is from the glaciomarine Cerro Pelado Formation at Location 3. 
Similar to LMF-2, LP-3 also shows a dominant younger ~520–555 Ma 
peak over the older ~625 Ma peak, which supports a wider drainage for 
this glaciomarine sample (Figs. 6 and 11). The similar provenance of 
samples LMF-2 and LP-3 is supported by the K–S test (Table 1), the MDS 

Fig. 11. Interpretation of sediment dispersal during ice-proximal and distal glacial times after Loureiro et al. (2017) and Blanco et al. (2009). (A) Dispersal during 
ice-proximal times. Detrital zircons primarily reflect local Brasiliano pre- and syn-tectonic sediments at Location 2 (sample LMF-3). (B) Interpretation of sediment 
dispersal pattern during ice-distal time. Detrital zircons (samples AND-1, LMF-2, LP-3) reflect larger drainage catchment that includes more Brasiliano post-tectonic 
sources and Mesoproterozoic sources, possibly in Africa. Note different sediment pathway for Location 4 compared to Locations 2 and 3. 
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(Fig. 10), and the cross-correlation coefficient (R2 = 0.76) (Table 2), 
which indicate that these samples are most similar to each other. A 
similar trend was observed for ice-proximal/ice-distal sediments in the 
eastern Paraná Basin by Griffis et al. (2019a). The study by Griffis et al. 
(2019a) also noted the shift to more diverse and exotic zircons from 
Africa in ice-distal glaciomarine facies and less diverse and more local 
South American zircons in ice-proximal facies. It should be noted that 
AND-1 has a unique detrital zircon signature compared to the other 
Chaco-Paraná Basin samples, and likely represents a different drainage 
pathway (Fig. 11). 

At Location 2, the postglacial (fluvial-deltaic) Tres Islas Formation is 
comprised of arkosic, cross-bedded, fluvial sandstones. Paleocurents 
within the Tres Islas Formation described here demonstrate flow to
wards the southwest and southeast (Fig. 4), which suggests a different 
provenance for these sediments compared to those deposited during ice- 
proximal or ice-distal glacial times. Sample LMF-5 was collected from 
one of these sandstones (Fig. 4). The detrital zircon age distribution 
shows a similarity to the ice-proximal sample LMF-3 with a dominant 
~625 Ma peak and lack of diverse grains (Fig. 6). The K–S P-value and 
cross-correlation coefficient (R2 = 0.58) both support a close relation
ship between LMF-5 and LMF-3 (Table 2). This similarity reflects a re
turn to primarily local provenance (Fig. 2B). The abundance of locally 
sourced sediment may be the result of fluvial incision driven by a drop in 
base level, tectonically driven uplift, or glacial rebound (isostatic uplift) 
during postglacial times. 

6.3. Ice center and paleogeographic reconstructions 

The detrital zircon ages measured from the eastern Chaco-Paraná 
Basin at Locations 2, 3, and 4 all reflect sources in eastern and south
eastern Uruguay (Fig. 2B), and possibly southwestern Namibia (Fig. 1A). 
This indicates that most of the sediments were likely transported to
wards the west and northwest, out of present Africa or southeast 
Uruguay during the late Paleozoic. Grooved surfaces and whalebacks at 
Location 2 also indicate thick, fast-flowing ice moved towards the 
northwest (Figs. 4 and 12A) (e.g. Assine et al., 2018). This is further 
supported by previous studies of glacial deposits and grooved surfaces in 
Africa that show an ice center over the Cargonian Highlands of southern 
Namibia and South Africa that drained into adjacent basins, including a 
westward flow towards the Chaco-Paraná Basin (Fig. 12B) (e.g. Visser, 
1989; 1997b; Dietrich and Hofmann, 2019; Le Heron et al., 2019; Zieger 
et al., 2019). The detrital zircon ages detailed here represent a similar 
drainage pattern to that responsible for deposition of the Devonian 
Durazno Group as reported by Uriz et al. (2016), who also hypothesized 
a catchment that included the highlands of southeastern Uruguay and 
southern Namibia. This implies that this area was a persistent source 
area since the Devonian. 

Meanwhile, grooved surfaces and glaciotectonic deformation on the 
RGS (southernmost Brazil) show a pattern of ice flow to the north, 
northeast, and northwest (Fig. 12A) (e.g. Tomazelli and Soliani Júnior 
1982, 1997; Fedorchuk et al., 2019a). This aligns with the hypothesis 
that the southern Namibian based ice center extended north and 
northwest across southeast Uruguay and onto the RGS as an unconfined 
lobe (Fig. 12B). However, the detrital zircon ages from the San Gregorio 
Formation in the eastern Chaco-Paraná Basin are quite different from the 
Itararé Group on the RGS. Some authors have proposed a small isolated 
ice center on the RGS that drained radially outward (e.g. Santos et al., 
1996; Rocha-Campos et al., 2008). However, based on this study and the 
abundance of paleo-ice flow indicators showing flow to the north and 
northwest, the most likely explanation for the different provenance is 
that the abundance of easily-erodible Precambrian/Cambrian Camaquã 
Basin sediments contributed most of zircons to the Itararé Group on the 
RGS and diluted any Uruguayan signature. Additionally, the zone of 
maximum subglacial erosion may have shifted north of Uruguayan 
basement sources during glaciation of the RGS. Meanwhile, previous 
detrital zircon studies have suggested that the Itararé Group on the 

eastern margin of the Paraná Basin (north of the RGS, in Paraná and 
Santa Catarina States) have a northern Namibian provenance (e.g. 
Canile et al., 2016; Griffis et al., 2019a). Samples from the eastern 
Paraná Basin have dominant Mesoproterozoic peaks that are quite 
different than those from both the RGS (e.g. Griffis et al., 2019a) and the 
eastern Chaco-Paraná Basin. This supports the interpretation that sedi
ments deposited on the eastern margin of the Paraná Basin have a 
different provenance from those on the southernmost margin of the 
Paraná Basin (RGS) and the Chaco-Paraná Basin (e.g. Fedorchuk et al., 
2019b; Griffis et al., 2019a; Tedesco et al., 2019). 

This study provides the first U–Pb detrital zircon geochronologic 
constraints on LPIA rocks from the Chaco-Paraná Basin of Uruguay. 
Findings support the hypothesis that unconfined ice extended out of 
southeastern Uruguay (and likely southwestern Namibia) into the 
eastern Chaco-Paraná Basin and southernmost Paraná Basin (Fig. 12B). 
The U–Pb detrital zircon signature of the LPIA sediments in this region is 
distinct from that observed along the eastern Paraná Basin, which is 
sourced from northern Namibia, suggesting a separate catchment (e.g. 
Frakes and Crowell, 1972; Crowell and Frakes, 1975; Griffis et al., 
2019a). This contradicts both the hypothesis of a single massive ice 
center that uniformly glaciated the Paraná and Chaco-Paraná Basins and 
the hypothesis of a small, isolated ice cap on the RGS (e.g. Santos et al., 
1996; Gesicki et al., 1998; Gesicki et al., 2002; Rocha-Campos et al., 
2008). This provides some evidence that glaciers preferentially persisted 
in separate African highlands during warm intervals, and emanated out 
of these areas when the paleoclimate cooled (e.g. Isbell et al., 2012). 
Furthermore, while the detrital zircon ages described in this study pri
marily reflected local sources, clear differences in sediment dispersion 
were noted between ice-proximal, relatively ice-distal glaciomarine, and 
post-glacial sediments. This may be related to the shifting position of 
subglacial erosion or drainage changes related to isostatic adjustments 
such as the formation of an isostatic trough during glacial advance and 
rebound of this trough as ice retreated. This may also have occurred in 
conjunction with the blockage and opening of preglacial drainage sys
tems as ice advanced and retreated over the study area. These 
environment-specific differences in detrital zircon signatures may have 
important implications for interpreting how detrital zircons are 
distributed on glacially-influenced margins. Therefore, future detrital 
zircon studies of late Paleozoic glacial deposits should account for the 
possibility of regional and environmental variability when making in
terpretations of sediment provenance. 

7. Conclusions  

1. The San Gregorio and Cerro Pelado Formations, as well as the Tres 
Islas Formation, from the eastern Chaco-Paraná Basin in Uruguay 
have a different provenance than the glacial sediments (Itararé 
Group) on the RGS in southernmost Brazil.  

2. The detrital zircon samples collected from late Paleozoic strata in the 
Chaco-Paraná Basin primarily reflect source terranes in east and 
southeast Uruguay or Africa such as the Cuchilla Dionisio Terrane, 
Punta del Este Terrane, and the Namaqua Belt. The Devonian 
Durazno Group is also a likely source for these sediments.  

3. The detrital zircon sample (SUS-1) of the Itararé Group collected 
from the RGS has a similar provenance to another Itararé Group 
sample collected from elsewhere on the RGS reported by Griffis et al. 
(2019a). This sample also has a similar provenance to the Precam
brian/Cambrian Guaritas Group sample (Oliviera et al., 2014) from 
the Camaquã Basin on the RGS. Therefore, it is hypothesized that 
glaciers easily eroded the Camaquã Basin strata on the RGS and 
redeposited those sediments across the RGS during the 
Carboniferous.  

4. Based on the provenance of the late Paleozoic sediments from the 
eastern Chaco-Paraná Basin and southernmost Paraná Basin, com
bined with paleo-ice flow directions from other studies, the most 
likely scenario is that an ice center was located over southern 

N.D. Fedorchuk et al.                                                                                                                                                                                                                          



Journal of South American Earth Sciences xxx (xxxx) xxx

15

Fig. 12. Paleogeographic reconstruction of 
ice center that affected study area in south
ernmost Paraná Basin and eastern Chaco- 
Paraná Basin. (A) Map of study area showing 
published ice flow directions. (1) Assine 
et al. (2018). (2) Tomazelli and Soliani Jú
nior (1982). (3) Fedorchuk et al. (2019a). 
(4) Tomazelli and Soliani Júnior (1997). (5) 
Tomazelli and Soliani Júnior (1982). (B) 
Reconstruction of two hypothesized ice 
centers over African highlands draining into 
Paraná and Chaco-Paraná Basins during the 
Carboniferous. After Visser (1997b), 
Rocha-Campos et al. (2008), Uriz et al. 
(2016), and Assine et al. (2018).   

N.D. Fedorchuk et al.                                                                                                                                                                                                                          



Journal of South American Earth Sciences xxx (xxxx) xxx

16

Namibia and northern South Africa. An unconfined lobe likely 
flowed northwest onto the RGS and west into the Chaco-Paraná Basin 
from Africa. The detrital zircon ages do not support an isolated ice 
center over the RGS or an eastward flowing ice-center from the Sierra 
Pampeanas.  

5. Comparison of the detrital zircon age distribution from ice-proximal, 
relatively ice-distal glaciomarine, and post-glacial strata indicates 
that changes in sediment dispersal occurred during ice advance/ 
retreat. Ice-proximal and post-glacial fluvial strata primarily have 
zircons sources from local igneous basement (~625 Ma), while the 
relatively ice-distal glaciomarine strata contain younger zircons 
(~520–555 Ma) from a larger catchment to the east and southeast of 
the study area.  

6. This study supports the interpretation that at least two catchments, 
sourcing different highlands in Africa, supplied sediments to the 
Paraná and Chaco-Paraná Basins in Brazil and Uruguay. It is hy
pothesized that for some period during the Carboniferous-Permian, 
an ice center was located over the Windhoek Highlands in north
ern Namibia and another was located in the Cargonian Highlands of 
southern Namibia and northern South Africa. 
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Brazil). Geol. Soc. Am. Bull. 130, 848–858. 
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