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ARTICLE INFO ABSTRACT

The location, longevity, and geographic extent of late Paleozoic ice centers in west-central Gondwana remain
ambiguous. Paleovalleys on the Rio Grande do Sul Shield of southernmost Brazil have previously been inter-
preted as fjords carved by outlet glaciers that originated in Africa and emptied into the Parana Basin (Brazil). In
this study, the sedimentology, stratigraphy, and provenance of sediments infilling two such paleovalleys (the
Mariana Pimentel and Leao paleovalleys) were examined in order to test the hypothesis that an ice center over
present day Namibia drained across southernmost Brazil during the Carboniferous and Permian. Contrary to
previous findings, the facies assemblage from within the paleovalleys is inconsistent with a fjord setting and no
clear evidence for glaciation was observed. The facies show a transition from a non-glacial lacustrine/estuarine
environment, to a fluvial-dominated setting, and finally to a restricted marine/estuarine environment. Detrital
zircon results present a single population of Neoproterozoic ages (c. 800-550 Ma) from the paleovalley fill that
matches the ages of underlying igneous and metamorphic basement (Dom Feliciano Belt) and is incongruent
with African sources that contain abundant older (Mesoproterozoic, Paleoproterozoic, and Archean) zircons.
Furthermore, results suggest that the formation of the paleovalleys and the deposition of their fill were con-
trolled by the reactivation of Neoproterozoic basement structures during the Carboniferous and Permian. The
lack of evidence for glaciation in these paleovalleys highlights the need for detailed studies of supposed late
Paleozoic glacial deposits. These results are supportive of the hypothesis that well-established glacial sediments
on the Rio Grande do Sul Shield (southern margin of the Parana Basin) may be the product of a separate lobe
extending north across Uruguay, rather than a single, massive ice sheet draining west from Africa.
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1. Introduction

Earth's deep-time climate alternates between long duration (100s of
Myr) greenhouse/hothouse and shorter duration (10s Myr to 100 Myr)
icehouse conditions. Of the three major Phanerozoic icehouse intervals,
the Late Paleozoic Ice Age (LPIA), which extended for ~113 Myr from
the Late Devonian (Famennian) until the Late Permian
(Wuchiapingian), was the most spatially and temporally extensive (e.g.
Fielding et al., 2008b; Frank et al., 2015; Isbell et al., 2003, 2012;
Montafez and Poulsen, 2013). The study of this penultimate icehouse
event is essential to understanding deep-time climate change and ice
ages' influence on Earth systems (e.g. Gastaldo et al., 1996; Horton
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et al., 2010; Montafiez and Soreghan, 2006; Montafez et al., 2011). An
important aspect of determining the mechanistic relationship between
ice extent and global climate is identifying the timing and extent of ice
centers during glacial intervals. However, the nature of ice volume
fluctuations during the LPIA in time and space remain enigmatic
(Buggisch et al., 2011; Chen et al., 2013, 2016; Fielding et al., 2008a, b;
Frank et al., 2015; Isbell et al., 2003, 2012; Montanez and Poulsen,
2013; Rygel et al., 2008; Veevers and Powell, 1987; Ziegler et al.,
1997). Recent studies of mid-to-high-latitude glaciogenic deposits
suggest that the LPIA consisted of multiple ice centers and shorter
(> 10Myr) glacial intervals separated by warm intervals of similar
duration (e.g. Fielding et al., 2008a, b; Gulbranson et al., 2010;
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Fig. 1. Paleogeography and study location. A. Gondwana paleogeography and Parand Basin (yellow) during Pennsylvanian (after PLATES/UTIG; Fallgatter and Paim,
2017). B. Southern and eastern margin of Parana Basin relative to western Africa. Paleovalleys indicated by red lines. Published striated/grooved surface locations
with interpreted ice flow directions represented by black arrows (after Fallgatter and Paim, 2017; Rosa et al., 2016). C Study location with Mariana Pimentel and
Ledo paleovalleys outlined in red. Outcrops indicated by orange/white circles and cores indicated by red/white circles (after Lopes, 1995; Tedesco et al., 2016).
Location 1 at 30°1827.78”S, 51°38’35.22”W, Location 2 at 30°1940.91”S, 51°35’47.15”W, Location 3 at 30°22’66”S, 52°25’33.13”W. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

lannuzzi and Pfefferkorn, 2002; Isbell et al., 2003, 2012; Lépez-
Gamundi, 1997; Montanez and Poulsen, 2013; Visser, 1997). However,
to fully understand the complexity of the glaciation, each ice center and
its associated depositional basin(s) needs to be thoroughly examined.
The Parand Basin of southern Brazil, Uruguay, Paraguay, and
northeastern Argentina contains a largely complete, mid-latitude
(~45-55°S) record of LPIA glaciation (Fig. 1A) (e.g. Milani et al., 1998;
Rocha-Campos et al., 2008; Torsvik and Cocks, 2013; Vesely et al.,
2015). Temperate ice sheets at such paleolatitudes would have been

sensitive to climate variability, making this basin a key to re-
constructing the stability of ice centers. In particular, the location, ex-
tent, dynamics, and timing of glaciation on the southernmost margin of
the Parand Basin remain poorly understood despite numerous studies of
Carboniferous-Permian deposits in this region (e.g. Guerra-Sommer
et al., 2008a, b, c; Holz, 1999; Holz, 2003; Ribeiro et al., 1987; Rocha-
Campos et al., 2008; Tedesco et al., 2016; Tomazelli and Soliani Jnior,
1982; Tomazelli and Soliani Janior, 1997). This area is underlain by an
assemblage of mostly Neoproterozoic igneous and metamorphic
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terranes known as the Rio Grande do Sul Shield (RGS) (e.g. Gray et al.,
2008; Oyhantcabal et al., 2011) that has been interpreted by some
authors as the crustal root of a topographic high during the late Pa-
leozoic (Fig. 1B) (e.g. Rocha-Campos et al., 2008; Santos et al., 1996).
Diamictites, lonestone-bearing rhythmites, striated clasts, faceted
clasts, and grooved surfaces have all been described from late Paleozoic
units on the RGS, suggesting that at least part of this area was glaciated
(e.g. Corréa da Silva, 1978; Delaney, 1964; Santos et al., 1996;
Tomazelli and Soliani Jtnior, 1982; Tomazelli and Soliani Junior,
1997).

There are competing hypotheses for the occurrence and extent of
glaciation that influenced the southern portion of the Parand Basin
during the LPIA. These hypotheses range from alpine glaciation, ice
caps (< 5 x 10*km?), small ice sheets (5 x 10* to 1 x 10°km?), to
massive ice sheets (1 X 10° to 35 x 10°km?) (Fig. 2). Such size var-
iations represent vastly different ice volumes and imply that either ice
was only locally present, centered locally on the RGS, centered in
Africa, or extended to the Parana Basin from Antarctica (e.g. Crowell
and Frakes, 1975; Crowell, 1999; Frakes and Crowell, 1972; Rocha-
Campos et al., 2008; Santos et al., 1996; Visser, 1993). How ice entered
the basin (as alpine glaciers, outlet glaciers draining through paleo-
valleys, or as unconfined lobes) and its extent (confined to basin

margins vs. extending across the basin) is also in dispute (Fig. 2) (e.g.
Fallgatter and Paim, 2017; Gesicki et al., 1998; Gesicki et al., 2002;
Holz et al., 2008; Riccomini and Veldzquez, 1999; Rocha-Campos et al.,
2008; Santos et al., 1996; Tedesco et al., 2016). Determining these
details is fundamental to understanding the nature of glaciation in the
Parana Basin and its global impact during the LPIA.

The Mariana Pimentel and Leao paleovalleys (Fig. 1C), located on
the NE of the RGS, are critical in resolving the volume of ice that en-
tered the southern Parand Basin (e.g. Fallgatter and Paim, 2017;
Guerra-Sommer et al., 2008b; Iannuzzi et al., 2006; Iannuzzi et al.,
2010; Lopes, 1995; Paim et al., 1983; Silveira, 2000; Tedesco et al.,
2016; Visser, 1987). These two paleovalleys, often considered as a
single paleovalley system, are interpreted by some authors as glacial
fjords (e.g. Tedesco et al., 2016). These paleovalleys are also viewed by
some as directly linked to glacial paleovalleys in the Windhoek High-
lands that drained ice westward out of Namibia and into eastern South
America (e.g. Fallgatter and Paim, 2017; Martin, 1981; Tedesco et al.,
2016). Identification of the depositional history and sediment prove-
nance of strata in these paleovalleys will help define the extent of
glaciation in the Parand Basin and test whether the Mariana Pimentel
and Ledo paleovalleys were fjords with either locally sourced glacial
flow, glacial flow originating from the Windhoek Highlands, or glacial



N.D. Fedorchuk et al.

" 8 3rd -Order Sequence Stratigraphy
Lithostratigraphy (Holz et al., 2006)
HST3
Maximum flood
U surface
Palermo Fm. i
Q
§ | TST3
=
o
Q
. n
(o
O Sid sl oo Transgressive
< ideropolis surface
5 Mbr. LST3 g3
&)
HST2 Maximum flood
T fade
= N
F 3
g Paraguagu s TST2
= Mbr. S
S 3
Q N
:2 S Transgressive
A Triunfo Mbr. LSTZW MSB-Z
Itararé Gp. |Seq-1 SB-1
Crystalline Basement

Fig. 3. Third-order sequence stratigraphic framework for southern and eastern
Parand Basin (after Holz et al., 2006). SB = sequence boundary, LST = low-
stand systems tract, TST = transgressive systems tract, HST = highstand sys-
tems tract.

flow from farther afield in Africa/Antarctica.
2. Geologic setting

The Parand Basin is an intracratonic basin located in Brazil,
Paraguay, Uruguay, and Argentina that formed following the Brasiliano
orogeny (Late Proterozoic—early Paleozoic). Carboniferous and Permian
lithostratigraphic units on the southern margin of the Parana Basin and
described from the paleovalleys are the Itararé Gp. and the Guata Gp.,
(Fig. 3) (e.g. Holz, 1999, 2003). On the RGS, these units rest non-
conformably on Precambrian basement.

The Itararé Gp. contains the glaciogenic sediments found
throughout the Parand Basin and is described in the subsurface
throughout the Parané Basin as consisting of three formations. These
are (from oldest to youngest) the Lagoa Azul Fm., the Campo Mourao
Fm., and the Taciba Fm. (e.g. Franca and Potter, 1991). However, only
the youngest Taciba Fm. occurs in the southernmost part of the basin,
which is the focus of this study (e.g. Holz et al., 2010).

Palynological studies suggest that the Itararé Gp. was deposited
during the Pennsylvanian and, in some areas, extends into the Early
Permian (Cisuralian) (e.g. Souza, 2006). Numerous attempts to radio-
metrically date ash beds in the overlying Rio Bonito Fm. have produced
a wide range of ages for the contact between the Itararé Gp. and the Rio
Bonito Fm on the RGS (e.g. Cagliari et al., 2016; Guerra-Sommer et al.,
2008a, b, c; Matos et al., 2001; Mori et al., 2012; Simas et al., 2012). A
recent re-analysis by Griffis et al. (2018) of several ash beds contained
within coal seams (tonsteins) using chemical abrasion thermal ionizing
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mass spectrometry (CA-TIMS) U-Pb geochronology more precisely
constrains the findings of Cagliari et al. (2016) that suggest glaciation
on the southernmost margin of the basin may have been entirely Car-
boniferous, with the earliest post-glacial coal beds occurring around the
Gzhelian/Asselian boundary at ~298-297 Ma.

The Rio Bonito and the Palermo Fms. of the Guata Gp. overlie the
Itararé Gp. The Rio Bonito Fm. is interpreted to rest unconformably on
the Itararé Gp strata in the southern part of the Parana Basin (Fig. 3)
(e.g. Holz et al., 2006) and is distinguished as being the fluvio-deltaic
coal-forming interval. However, alluvial fan, fluvial, lagoonal, and
deltaic sediments are all contained in the Rio Bonito Fm. In some areas,
the Palermo Fm. conformably overlies and interfingers with the Rio
Bonito Fm., representing the offshore transition/lower shoreface facies
that are in part time-equivalent to the Rio Bonito Fm. (Fig. 3) (e.g. Holz,
2003; Holz et al., 2006). In other areas, an angular unconformity exists
between the Rio Bonito and Palermo Fms., which has been used to
suggest active tectonism on the RGS during the Early Permian (Holz
et al., 2006). The Palermo Fm. consists of laminated and bioturbated
sandstones, siltstones, and mudstones (Holz, 1999, 2003). Taken to-
gether, the Rio Bonito and the Palermo fms. are part of a 2nd order
transgressive systems tract (Holz, 2003; Holz et al., 2006).

3. Location: Mariana Pimentel and Leao paleovalleys

The Mariana Pimentel Paleovalley is a narrow, trough-shaped
(~0.5-6.5km wide and > 80 km long) feature cut into Neoproterozoic
igneous and metamorphic basement of the Dom Feliciano Belt (Fig. 1C).
The borders of the paleovalley have been noted to correspond closely
with faults of the Neoproterozoic Dorsal do Cangucu Shear Zone
(Fig. 1C) (e.g. Guerra-Sommer et al., 2008b; Ribeiro et al., 1987). The
best-exposed outcrop (Location 1) from the Mariana Pimentel Paleo-
valley is a ~50m thick section located in an abandoned kaolinite
quarry called Morro Do Papaléo, located ~7 km NW of the town of
Mariana Pimentel (Fig. 1C). Location 2 is a ~8 m thick section from a
roadside quarry that shows the base of the section and the contact with
crystalline basement. It is located ~3km northwest of Mariana Pi-
mentel. A third outcrop used in this study (Location 3) is a road cut
located ~45 km outside of the paleovalley (Fig. 1C). This ~7.5m thick
section shows the nonconformity between granite basement and the
post-glacial Rio Bonito Fm.

The Mariana Pimentel Paleovalley is connected to a wider and
shorter (~15km wide and ~55km in length) paleotopographic de-
pression near Minas do Ledo, which has been named the Ledo
Paleovalley (Fig. 1C). The Ledo Paleovalley is only observed in the
subsurface through core descriptions and geophysical logs that show
basement relief (Lopes, 1995). This wider paleo-depression extends
north into the Parané Basin. Despite their description as two separate
paleovalleys (e.g. Tedesco et al., 2016), some authors refer to them as
the Ledo-Mariana Pimentel Paleovalley (e.g. Lopes, 1995; Ribeiro et al.,
1987) and suggest that they were part of the same ancient drainage
system.

Tonsteins from the paleovalleys were originally thought to be coeval
to tonstein-bearing coals located across the RGS that are strati-
graphically near the base of the Rio Bonito Fm. (e.g. Guerra-Sommer
et al., 2008c). However, two tonsteins within and just outside the pa-
leovalleys (Fig. 1C) were found to have U-Pb ages of ~285 Ma (Faxinal
location; Griffis et al., 2018) and ~289 Ma (Leao-Butia location; Simas
et al., 2012), which are respectively 12 and 8 Myr younger than ton-
steins from the base of the Rio Bonito (~297 Ma; Quitéria outcrop) (e.g.
Griffis et al., 2018). This makes it clear that there are separate coal-
forming intervals in the southernmost Parané Basin. Coals from within
the paleovalleys are younger than those located on paleotopographic
highs < 10km outside the paleovalleys (Quitéria outcrop; Fig. 1C).
Notably, older coals, equivalent to the Quitéria outcrop, are not found
within the paleovalley fill (e.g. Griffis et al., 2018).
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4. Methods
4.1. Facies analysis

Stratigraphic sections were measured and outcrops were photo-
graphed in the field at Location 1 (Morro do Papaléo), Location 2, and
Location 3 (outside of paleovalleys). Observations were made of grain
size, lithology, sorting, sedimentary structures, paleocurrent orienta-
tions, nature of contacts, sediment body geometries, unit thicknesses,
and relationships with adjacent strata. Additionally, 6 cores (LM-09,
AB-06, RN-10, IB-94, CA-53, and LA-14) were measured, described, and
photographed. Core RN-10 is from outside of the paleovalleys. Cores
used in this study are housed at the Companhia de Pesquia de Recursos
Minerais (CPRM) facility in Cacapava do Sul and on the campus of
Universidade do Vale do Rio do Sinos (UNISINOS), located in Sao
Leopoldo.

4.2. Detrital zircon U-Pb geochronology

Two detrital zircon samples were analyzed for this study. One
sample (MDP6) was collected from a medium quartz sandstone, pre-
viously described as lowermost Rio Bonito Fm. (e.g. lannuzzi et al.,
2006; Smaniotto et al., 2006) at the Location 1 outcrop. A second
sample (MP) was collected at Location 2 from a medium pebbly quartz
sandstone previously described as Itararé Gp. (e.g. [annuzzi et al., 2006;
Smaniotto et al., 2006). This sample was collected at the base of the
section, ~0.5m above granite basement. Sediment provenance was
assessed using detrital zircon (U-Pb) geochronology in order to de-
termine if there was local versus extra-basinal sources. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses
were conducted at the University of California, Davis. Kernel density
estimate plots were created on the provenance package for R and Den-
sityPlotter with an adaptive bandwidth (Vermeesch, 2012; Vermeesch
et al., 2016). Complete detrital zircon data and a detailed description of
laser ablation methods can be found in the supplemental data files.

5. Results
5.1. Facies analysis and process interpretations

The sedimentary fill of the Mariana Pimentel and Leao paleovalleys
can be divided into seven distinct facies which are observed in the cores
and outcrops: a sandy conglomerate and breccia facies, a rhythmite
facies, a mudrock/fine-grained sandstone facies, a cross-stratified
sandstone facies, a diamictite facies, a root-trace-bearing mudrock fa-
cies, and a heterolithic bioturbated facies (Table 1). These facies are
described here as occurring in either the lower, middle, and/or upper
section of the paleovalley fill which are later correlated to facies asso-
ciations. Classification of poorly sorted sediments is based on Hambrey
and Glasser (2003). Facies codification is adapted from Farrell et al.
(2012) and Benn and Evans (2010).

5.1.1. Sandy conglomerate and breccia facies (Gm/Gp)

The sandy conglomerate and breccia facies (Gm/Gp) consists of
sandy conglomerate, breccia, pebbly sandstone, and diamictite beds
that occur in the lower and middle portions of the paleovalley fill
(Location 2; cores LA-14, CA-53, IB-94, RN-10, and LM-09). This facies
often rests directly on igneous and metamorphic basement rocks where
it contains a weathering profile that grades upward over 1-2m from
unweathered basement, to basement with chemically altered feldspar
phenocrysts, to brecciated basement rocks, to completely disaggregated
sandy diamictite or breccia, and ends in conglomerate composed en-
tirely of basement rocks (Fig. 4A) (e.g. Location 2; cores LM-09, RN-10,
IB-94, and LA-14). Elsewhere in the succession, this facies is 10 cm to
3m thick and consists of massive (Gm) and planar cross-bedded (Gp)
sandy conglomerate. Interbeds of clast-poor to clast-rich, massive and
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stratified, sandy diamictite, mudstone with root traces and coalified
organic matter, and pebbly sandstone are also found in this facies.
Clasts are angular to rounded and range from granule to cobble sized.
Clasts are composed of granite, gneiss, k-feldspar, and quartz, which
closely match the composition of the underlying basement rocks. No
exotic clasts were found. The Gm/Gp facies is associated with the
mudrock/fine-grained sandstone facies (FI/Fm) and the rhythmite fa-
cies (Flv) in the lower portion of the paleovalley fill. It also occurs in
association with the root-trace-bearing mudrock facies (Mrt), the dia-
mictite facies (Dmm/Dms), and the cross-stratified sandstone (St/Sp)
facies in the middle portion of the paleovalley fill.

The Gm/Gp facies is interpreted as humid alluvial fan and sub-
aqueous fan delta deposits from both a marginal lacustrine/estuarine
and alluvial environment. The clast composition, angular grains, and
weathering profile are suggestive of in-situ weathering of basement
with minimal erosion and transport. The alteration between conglom-
erate and diamictite beds is consistent with the surface of a fan that
experienced both episodic, turbulent sheet and debris flows during
discharge events (e.g. Bull, 1977; Mack and Rasmussen, 1984; Nemec
and Steel, 1984). The mudstone interbeds with root traces and coalified
material are paleosols associated with subaerial exposure on the fan
surface (e.g. Fielding, 1987; Ridgway and Decelles, 1993). The inter-
pretation of some beds within the Gm/Gp facies as subaqueous fan delta
deposits is based on the interfingering of rhythmite (Flv) or mudrock/
fine-grained sandstone (F1/Fm) beds. The weathering profiles observed
in both cores and in outcrop are indicative of igneous and metamorphic
basement that was exposed at the surface for a long enough period of
time to experience chemical weathering.

5.1.2. Rhythmite facies (Flv)

The rhythmite facies (FIv) occurs as laterally continuous packages
up to 50 m thick (Location 1 and 2; cores CA-53 and AB-06). This facies
is located in the lower third of the paleovalley fill and typically overlies
either the conglomerate and breccia (Gm/Gp) facies or igneous/meta-
morphic basement (Location 2) (Fig. 4B). The Flv facies is also asso-
ciated with the mudrock/fine-grained sandstone (Fl/Fm) facies (Fl/
Fm). Rhythmites consist of stacked, sharp to erosional-based
(5mm-10cm thick) couplets composed of either fine-grained quartz
sandstone or siltstone bases that grade upwards into mudstone caps
(Fig. 4C). The sandstone portion of couplets contain climbing ripples
(Fig. 5A), load and flame structures (Fig. 5B), and rhythmite rip-up
clasts (Fig. 5C). Extremely rare lonestones (granule and pebble-sized) of
k-feldspar and granite occur in this unit (only 2 pebbles were found in
all of the strata examined) (Fig. 6A). In cores, discrete zones of brittle
faulting (Fig. 5D) with calcite vein fill occur, as well as zones of intense
ductile deformation with folded rhythmite beds (Fig. 6B). Rhythmite
beds in core CA-53 also display sheared laminations and contain
brecciated zones (Fig. 6C). Rhythmite couplets in core AB-06 are
thickest near the base of the core and gradually thin upwards where
they transition to a carbonaceous mudstone (Fl facies).

The Flv facies is interpreted as the product of dilute, surge-like
turbidity currents and/or quasi-continuous hyperpycnal flows in a pro-
deltaic lacustrine or estuarine environment. The erosive and sharp
contacts between couplets, combined with variable and large couplet
thicknesses implies that each couplet was deposited during an in-
dividual, surge-like flow rather than as a long-duration suspension
settling event. Climbing ripples and rip-up clasts demonstrate that
erosive, tractive, underflow currents deposited the lower part of the
couplet while normal grading suggest that hydraulic sorting and set-
tling from suspension occurred following dissipation of the current.
Load and flame structures indicate that an insufficient amount of time
had passed between flow events to allow for compaction and water loss
of previously deposited couplets. The features discussed above are ty-
pical of either surge-like turbidity currents (e.g. Talling et al., 2012) or
quasi-steady hyperpycnal flows produced by increased river discharge
during episodic flooding events (e.g. Crookshanks and Gilbert, 2008;



Table 1

Lithofacies codes, descriptions, and paleoenvironmental interpretations.

Lithofacies name

Symbol

Lithologies

Key features and sedimentary structures

Bed thickness

Interpretation

Sandy conglomerate and
breccia facies

Rhythmite facies

Mudrock/fine-grained
sandstone facies

Cross-stratified sandstone
facies
Diamictite facies

Root-trace-bearing
mudrock facies

Heterolithic bioturbated
facies

Gm (massive)
Gp (planar cross
beds)

Flv

Fl (laminated)
Fm (massive)

St (trough cross
beds)

Sp (planar cross
beds)

Dmm (massive)
Dms (stratified)
Mrt

mSb

Sandy conglomerate and breccia, interbeds
of clast-poor to clast-rich sandy diamictite,
pebbly sandstone, and mudstone

Fine to very fine sandstone, siltstone, and
mudstone

Mudstone, siltstone, very fine to fine
sandstone

Very fine to very coarse quartz sandstone,
sometimes pebbly

Clast-poor to clast-rich, muddy, stratified
and massive diamictite
Siltstone, mudstone, and coal

Heterolithic, very-fine to medium quartz
sandstone, siltstone, and mudstone

Mostly clast supported with rare matrix support, clast
composition consistent with local basement material,
interbeds contain coalified material and root traces
Normally graded sand or silt rhythmites with mudstone
caps, climbing ripples, flame structures, rip-up clasts, very
rare outsized clasts, zones of brittle and ductile
deformation

Plant fossils, organic debris, laminated or massive

Planar and trough cross beds, normally graded,
sometimes contains granule to pebble sized clasts,
interbeds contain current ripples

Granite, quartz, potassium feldspar clasts, coalified
material and root traces common

Typically massive, sometimes finely laminated, abundant
root traces, thin coal beds, peds, organic debris and intact
plant fossils

Sulfur-rich, vertical and horizontal bioturbation, plant
material common, may contain micro-hummocky cross
stratification

~10cm to 3m thick,

interbeds range from ~4 cm to 0.5m
thick

~5mm to 10 cm thick couplets, up to
~50m thick packages of rhythmites

~3 cm to 10 m thick massive beds,
~1 m to 10 m thick packages of finely
laminated sediment

~4 cm to 7 m thick, interbeds range
from 1 cm to 0.5m thick

~10cm to 3m thick

~5cm to 5m thick

~10 cm to 3 m thick beds, ~20 m
thick amalgamated packages

Alluvial fans or subaqueous fan deltas in
marginal lacustrine or estuarine setting

Distal turbidity currents or hyperpycnal
flows in lacustrine or estuarine setting

Stable, low energy conditions, sediment
settling out of suspension, in lacustrine or
estuarine setting

High-energy, flowing water within fluvial
system

High density debris flows
Paleosols, overbank floodplain deposits
Restricted shallow marine or estuarine

setting with periodic sediment/organic
influx (likely tidally influenced)

Facies codes from Benn and Evans (2010) and Farrell et al. (2012).
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Fig. 4. Sandy conglomerate and breccia facies (Gm/
Gp) in core LA-14 and rhythmite facies (Flv) at
Location 2. A. Typical weathering profile of Gm/Gp
facies in core directly above crystalline basement. B.
Rhythmites (tilted) overlying weathered granite
basement (also tilted) at Location 2. Contact between
basement and rhythmites indicated by white dashed
line and white arrow. Rock hammer (28 cm) used for
scale. C. ~10cm rhythmite couplets from the Flv
facies in outcrop.

Dadson et al., 2005; Girardclos et al., 2007; Talling, 2014). Outsized
clasts are often interpreted as iceberg rafted debris. However, such
clasts occur as out runner clast in sediment gravity flows, from vege-
tational rafting, rock falls off narrow valley walls, anchor ice, and/or
due to sea/lake ice rafting (e.g. Bennett et al., 1996; Carto and Eyles,
2012; Dionne, 1993; Doublet and Garcia, 2004; Ferguson, 1970; Garden
et al.,, 2011; Gilbert, 1990; Kempema et al., 2001; Kempema and
Ettema, 2011; Postma et al., 1988; Woodborne et al., 1989). Folded
rhythmite beds are likely the product of synsedimentary slumping
caused by either over-steepening of prograding depositional surfaces
(e.g., delta front), over pressurization and fluid expulsion in rapidly
deposited sediments, or active tectonism (e.g. Posamentier and
Martinsen, 2011). However, discrete faulted zones with vein fill suggest
that deformation also occurred following lithification.

5.1.3. Mudrock/fine-grained sandstone facies (FI/Fm)

The mudrock/fine-grained sandstone facies (F1I/Fm) is ~3cm to
~10m thick (Locations 1 and 3; cores LA-14, CA-53, and AB-06)
(Fig. 7A,B,C). It is laterally continuous across outcrops and consists of
massive (Fm) to finely laminated (F1) mudstone, siltstone, and very-fine
to fine-grained quartz sandstone. The facies is bounded below by either
a sharp or gradational contact. In core AB-06, the F1/Fm facies consist
of black carbonaceous mudstone. At Location 1 (Morro do Papaléo),
terrestrial vegetation (ferns, lycophytes, glossopterid and cordaitalean
plants) typical of the earliest Permian or latest Carboniferous occur in
discrete siltstone beds along with the microplankton Leiosphaeridia,
which is found in estuarine environments (Fig. 7B,C) (i.e. Guy-Ohlson,
1996; Iannuzzi et al., 2006; Smaniotto et al., 2006). This facies is found
in the lower third of the paleovalley fill in association with the rhyth-
mite facies (Flv) and the sandy conglomerate and breccia facies (Gm/
Gp). Outside of the paleovalley (Location 3), it is observed overlying the

diamictite (Dmm/Dms) and root-trace-bearing mudrock facies (Mrt).
This facies is interpreted as deposits of stable, low-energy conditions
in a lacustrine or estuarine setting. The fine-grained sediments and la-
minations suggest that settling from suspension into a standing body of
water was the dominant form of deposition. Furthermore, the presence
of well-preserved intact plant fossils, including some stems found in
living position (lannuzzi et al., 2006), and carbonaceous mudstones
also implies a low energy environment with a close proximity to ter-
restrial vegetation. The presence of one estuarine microplankton ele-
ment found at Location 1 may suggest a distal connection with a marine
environment (i.e. lannuzzi et al., 2006; Smaniotto et al., 2006).

5.1.4. Cross-stratified sandstone facies (St/Sp)

The cross-stratified sandstone facies (St/Sp) is the most common
facies observed at Location 1 and is present in every core that was
described (Fig. 8). This facies consists of stacked, erosional-based,
lenticular sand bodies (up to 7 m thick and 15 m wide) that incise into
each other as well as underlying mudstone, coal, and diamictite beds
(Fig. 8A). The sandstones contain scattered pebbles at the base of in-
dividual beds as well as medium to coarse-grained sets of trough (St)
and planar cross stratification (Sp) (Fig. 8B,C). Interbeds of very-fine to
fine-grained cross-laminated/asymmetric current rippled sandstone are
present (Fig. 8D). Paleocurrent orientations (cross-stratification;
n = 22) from two horizons at Location 1 return mean paleoflow di-
rections of 290 + 12° and 223 + 10° (10). Stratigraphically, this fa-
cies is located in the middle section of the paleovalley fill and occurs in
association with the root-trace-bearing mudrock facies (Mrt), the sandy
conglomerate and breccia facies (Gm/Gp), and the diamictite facies
(Dmm/Dms).

This facies is interpreted as channel bodies within a fluvial system
based on the occurrence of cross-stratified beds with normal grading,
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Fig. 5. Key features of rhythmite facies (Flv) in cores AB-06 and CA-53. A. Ripples (black arrows) in sandy, bottom portion of couplets, indicating traction between
flows and underlying substrate. B. Load and flame structures (black arrows) suggesting rapid loading of unlithified substrate. C. Rip-up clasts of deformed rhythmites
in sandstone interbed of Flv facies (black arrow), suggesting traction between flows and underlying substrate. D. Discrete zone of brittle faulting in basal portion of

core CA-53, possible evidence for tectonism or failure along delta front.

beds with erosional bases, pebble lags, asymmetric current ripples, and
the incised chanelform sand body geometries seen in outcrop. Cross-
stratified beds are diagnostic of bedload dominated flows and sand
body geometries indicate channelization. Paleoflow orientations at
Location 1 are indicative of transport towards the center and down the
axis of the paleovalley. The close association with the root-trace-
bearing mudrock facies (Mrt), which contains clay-rich paleosols, coal
beds, and in-situ plant fossils, is evidence for a terrestrial environment.
Stacked sand bodies that are floored by an unconformity and incise into
each other occur in the basal portion of this facies. This suggests that
the channels migrated in a setting with low accommodation space and
may be part of a lowstand systems tract (e.g. Martinsen et al., 1999).

5.1.5. Diamictite facies (Dmm/Dms)

The diamictite facies (Dmm/Dms) beds are up to 3m thick and
consist of stacked, en echelon-like, lenses and wedge-shaped bodies
composed of massive (Dmm) to crudely stratified (Dms), clast-poor to
clast-rich, muddy, matrix-supported diamictite (Locations 1 and 3;
Cores LA-14, RN-10, and AB-06). On outcrops, individual diamictite
bodies have sharp to erosional bases. Dmm/Dms beds thin and pinch
out over a few tens of meters and, at Location 3, the diamictite onlaps
igneous basement rocks (Fig. 9). Clasts are angular to subangular and
consist of quartz, feldspar, and highly weathered granite granules and
pebbles. Meter-scale lenses of clast-supported conglomerate sometimes
occur within the diamictites, as do thin coal lenses (Fig. 10A). Mud-
stones with root traces and coal beds (Mrt) frequently overlie the dia-
mictite beds (Fig. 10B,C). Mudstone, siltstone, and coal rip-up clasts up
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Fig. 6. Key features of rhythmite facies (FIv) in cores AB-06 and CA-53. A. Very
rare example of lonestone. B. Folded and faulted rhythmites from syndeposi-
tional brittle (faulting) and ductile deformation (slumping). White arrows in-
dicate small granule and pebble sized clasts occurring along bedding planes. C.
Brecciated and sheared rhythmites, possible evidence for tectonism or failure
along delta front.
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to 30 cm in length are also common in the Dmm/Dms facies (Fig. 10D).
The internal fabric, including the A axes of clasts, is sub-horizontal and
parallel to bedding. Siltstone rafts with soft sediment deformation are
also observed in Dmm/Dms beds (Fig. 10E). This facies is located in the
middle section of the paleovalley fill as well as outside the paleovalleys
and occurs in association with the cross-stratified sandstone facies (Sp/
St), the sandy conglomerate and breccia facies (Gm/Gp), and the root-
trace-bearing mudrock facies (Mrt).

The Dmm/Dms facies is interpreted as high density debris flows
deposited on alluvial fans and fan deltas. This determination is based on
the occurrence of stratified and bedded diamictites, coal and siltstone
rip-up clasts, soft-sediment deformation, the internal bedding-parallel
fabric, and erosive or sharp lower contacts. Matrix-supported beds with
a strong bedding-parallel fabric suggest that a high density fluid is re-
sponsible for sediment transport (e.g. Enos, 1977). Stacked, en echelon
beds observed in the Dms facies at Location 3 support successive high
density flows or surges that have piled into and overridden previous

Palaeogeography, Palaeoclimatology, Palaeoecology xxx (XxxX) XXX—XXX

Glossopteris

Fig. 7. Mudrock/fine-grained sandstone facies (FI/Fm) in outcrop. A.
Laminated siltstone (Fl facies) beds at Location 3. Rock hammer (28 cm) for
scale. B. Botrychiopsis fossil from top of the Fl facies at Location 1. C. Glossopteris
fossil from top of Fl facies at Location 1.

flows or surges. The isolated lenses of clast-support with normal
grading are zones of low viscosity fluidized flow within the overall high
viscosity debris flow. Thin coal lenses, coal rip-up clasts, the association
with root-trace-bearing mudrock facies, and root traces that occur on
the top of diamictite beds is evidence for deposition in a humid sub-
aerial environment.

5.1.6. Root-trace-bearing mudrock facies (Mrt)

The root-trace-bearing mudrock facies (Mrt) (Location 1 and 3; all
cores) consists of laterally continuous, 5cm to 5m thick, root-trace-
bearing, massive or (less commonly) laminated mudstone and siltstone
beds (Figs. 10C and 11A, B). This facies also contains poorly-developed,
low-grade coal beds up to 2m thick with intercalated mudstone and
siltstone laminations (Fig. 10C). Rocks of this facies rest on sharp or
gradational lower contacts and are occasionally cut by overlying dia-
mictite beds or channel-form, cross-stratified sandstone bodies. Clay-
lined root traces, mud cracks, intact and disaggregated plant remains,
slickensides, and wedge shaped peds, are all common throughout this
facies (Fig. 11A, B). Mudrock in this facies occur in the middle section
of the paleovalley fill in association with the cross-stratified sandstone
facies (St/Sp), the sandy conglomerate and breccia facies (Gm/Gp), and
the diamictite facies (Dmm/Dms).
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Fig. 8. A. Photomosaic of Location 1 (Morro do Papaléo). (1) Diamictite (Dmm/Dms) facies. (2) Root-trace-bearing mudrock facies (Mrt). (3) Cross-stratified
sandstone facies (St/Sp). Channel body geometries within St/Sp facies outlined by dashed white lines. B. Trough cross beds from St facies at Location 1 indicated by
black dashed lines. C. Planar cross beds from Sp facies at Location 1 indicated by white dashed lines. D. Rippled bedding surface at Location 1.

This facies is interpreted as overbank floodplain deposits from
within a fluvial-dominated valley and incipient paleosols that formed
on top of fan deltas. The association with erosional sand bodies from the
cross-stratified sandstone (St/Sp) facies suggests proximity to fluvial
channels that experienced base level fluctuations. Furthermore, the
wedge-shaped peds, mud cracks, slickensides, and clay-lined root traces
are typical of vertisols that formed on crevasse splays/floodplain sedi-
ments and experienced shrinking and swelling from episodic wetting
and drying (e.g. Gustavson, 1991). Massive mudstone and siltstone beds
were likely deposited during flooding and were subsequently biotur-
bated by vegetation, giving them a homogenous appearance. Coal beds
and fossil plant fragments are also indicative of a flooded, anoxic ter-
restrial setting such as a floodplain that allowed for intervals of peat
accumulation. The discontinuous and poorly developed nature of the
coals, along with the presence of clastic laminations and interbeds, are
consistent with coals that formed over relatively short intervals of time
due to repeated flooding.

5.1.7. Heterolithic bioturbated facies (mSb)

Heterolithic bioturbated facies (mSb) packages are up to 20 m thick
and consist of laterally continuous beds (< 3m thick) of mudstone,
siltstone, and very-fine to medium-grained quartz sandstone (Cores LA-
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14, IB-94, and RN-10). Beds typically display bioturbation levels from 2
to 3 on the Droser and Bottjer (1986) ichnofabric index. The beds have
sharp or gradational lower contacts and sharp or gradational upper
contacts. Beds contain both horizontal and vertical traces of Gyrolithes
and Teichichnus. Teichichnus traces are retrusive with concave-up spreite
(Fig. 11D). The facies also contains medium-grained, micro-hummocky
cross-stratified sandstone, rhythmites with alternating fine-grained
sandstone and crinkled or wavy carbonaceous muddy laminae
(Fig. 11C), and discrete mudstone beds containing coalified organic
debris and disaggregated fossil plant fragments. Sulfur occurs in beds
throughout this facies. Deposits of the mSb facies occur in the upper
third of the paleovalley fill.

This facies represents restricted marine or estuarine deposits that
accumulated above storm wave base with episodic influxes of coarse-
grained sediment and plant/organic matter. The occurrence of sulfur-
rich beds with Teichichnus and Gyrolithes suggest a restricted, marine
influenced depositional environment. Discrete beds containing abun-
dant plant fragments, micro-hummocky cross-stratification, and alter-
nating mud and sand laminae are evidence for episodic high energy
storm beds or possible tidal influence within an overall low-energy
environment. Teichichnus traces with retrusive spreite also suggest that
organisms moved upward through the substrate to adjust to an episodic
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Fig. 9. A. Photomosaic of Location 3. Red solid lines are contacts between facies and black lines with arrows are stacked diamictite beds. (1) Granite basement. (2)
Diamictite (Dms) facies. (3) Root-trace-bearing mudstone (Mrt) facies. (4) Mudrock/fine-grained sandstone (Fl) facies. B. Stratigraphic column of Location 3. C.
Location 3 contact between unpolished/unstriated granite basement (1) and onlapping Dms facies (2) indicated by red solid line. Rock hammer (28 cm) for scale. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

influx of coarser sediment.

5.2. Stratigraphy

A longitudinal section of the paleovalley system was created using a
combination of core and outcrop measurements (Fig. 12). The lower-
most coal bed in each core or outcrop was used as a datum since these
are interpreted to indicate an increase in accommodation (clastic
starved conditions) following the development of a regional un-
conformity (e.g. SB-3; Holz, 2003; Holz et al., 2006; changed to SB-4 in
Holz et al., 2010). Individual facies show a high degree of vertical and
horizontal variability within the paleovalleys and cannot be traced
across the entire length of the longitudinal profile. Furthermore, abrupt
changes in basement relief and sediment thickness are indicated from
the core data and supported by resistivity measurements collected by
Tedesco et al. (2016). These sharp variations in basement topography
correspond closely to the location of faults mapped by the Brazilian
Geologic Survey (CPRM) (Fig. 12). The sandy conglomerate and breccia
facies, rhythmite facies, and mudrock/fine-grained sandstone facies
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occur in the lower portion of the paleovalley system fill within the
paleotopographic lows (Fig. 12). The cross-stratified sandstone facies,
sandy conglomerate and breccia facies, diamictite facies, and root-
trace-bearing mudrock facies coexist in the middle section of the pa-
leovalley system fill and are thicker to the southeast, away from the
Parand Basin (Fig. 12). The heterolithic bioturbated facies occurs in the
upper portion of the fill and is thickest in the northwestern portion of
the Ledo Paleovalley near the margin of the Parand Basin and thins
towards the southeast (Fig. 12).

5.3. Detrital zircon (U-Pb) geochronology results

Detrital zircon samples were collected from a medium, pebbly,
quartz-rich sandstone bed (Gm/Gp facies) ~0.5m above basement in
the basal section of the paleovalley fill (sample MP, Location 2) and a
medium, quartz-rich sandstone bed (St/Sp facies) in the middle section
of the paleovalley fill (sample MDP6, Location 1) (Fig. 13). Sample MP
was from a unit previously interpreted as the Itararé Gp., and sample
MDP6 was from a unit previously interpreted as the Rio Bonito Fm. (e.g.
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Fig. 10. A. Thin coal lenses in the diamictite (Dms) facies at Location 3. B.
Outcrop at Location 1 with root-trace-bearing mudrock facies overlying the
diamictite facies (Dmm). Rock hammer (28 cm) for scale. C. Root-trace-bearing
mudrock facies. D. Carbonaceous siltstone rip-up clast in Dmm facies at
Location 1. Rock hammer (28 cm) for scale. E. Soft-sediment deformation of
siltstone raft in Dmm facies at Location 1. Rock hammer (28 cm) for scale.

Iannuzzi et al., 2006; Smaniotto et al., 2006; Tedesco et al., 2016). Both
samples were found to contain a single (unimodal) population of
Neoproterozoic grains (c. 800-550 Ma) (Fig. 14). U-Pb data for these
samples can be found in the supplemental data files. Kernel density
estimate (KDE) plots show strongly overlapping peaks at ~595Ma
(MDP6) and ~605 Ma (MP) (Fig. 14). A comparison of the two samples
using a Komogorov-Smirnoff (K-S) test yielded a P-value of 0.191, in-
dicating that there is a > 95% probability zircon populations from the
two samples are not significantly different (i.e. P-value > 0.05).

6. Discussion

Three distinct facies associations were observed that correspond to
the lower, middle, and upper section of the paleovalley fill. These are a
lacustrine/estuarine facies association in the basal portion of the pa-
leovalleys, a fluvial-dominated facies association in the middle section,
and a restricted marine/estuarine facies association in the upper por-
tion. None of these contained any evidence of glacially-influenced
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Fig. 11. Root-trace-bearing mudstone (Mrt) facies and heterolithic bioturbated
(mSb) facies. A. Root traces within Mrt facies at Location 3. B. Root traces
within Mrt facies in core LA-14. C. Heterolithic bioturbated beds in core IB-94.
D. Bioturbation with concave-up spreite (white arrows) in core LA-14.

deposition. Additionally, detrital zircon geochronology results demon-
strate that the Mariana Pimentel and Ledo Paleovalleys were internally
drained and do not contain extra-basinal sediments that were derived
from an ice center over Africa.

6.1. Lacustrine/estuarine facies association

The bottom portion of the paleovalley fill is significant to this study
because it has been previously interpreted as the glaciogenic Itararé Gp.
based on the presence of rhythmites and poorly sorted sediments. This
implies that the sediments were deposited in a temperate, glacial fjord
(e.g. lannuzzi et al., 2006; Tedesco et al., 2016). However, these sedi-
ments are interpreted here as having been deposited in several isolated,
non-glacial lacustrine basins or a single estuarine system with internal
sub-basins connected to the Parana Basin (Fig. 15A). This corresponds
to a facies association of the sandy conglomerate and breccia facies
(Gm/Gp), the mudrock/fine-grained sandstone facies (F1/Fm), and the
rhythmite facies (Flv). These sediments would be temporally equivalent
to the Triunfo and Paraguacu Mbrs., which are defined as the basal-to-
middle portion of the Rio Bonito Fm. (Fig. 3).

The Gm/Gp facies is consistent with alternating sheet flow and mass
transport from an alluvial fan/fan delta system on the steep margins of
a lacustrine/estuarine basin. The in-situ weathering of crystalline
basement, which grades into conglomerate and breccia, combined with
the immature sediment composition, angular (non-striated) clasts, and
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Fig. 12. Cross section of Mariana Pimentel and Leao paleovalleys. Vertical exaggeration is 140 x and datum (dashed blue line) is based on lowermost coal beds. U-Pb
ages (red stars) are from Griffis et al. (2018) and Simas et al. (2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

poor sorting, suggest sediment was shed directly off the subaerially
exposed paleovalley walls and was not glacially transported. The cross
section indicates that the alluvial fan sediments are thickest near or on
top of fault-bounded, raised basement blocks (Fig. 12). The weathering
profile in the Gm/Gp facies implies that bedrock was exposed to che-
mical weathering for an extended duration of time. This is not what
would be expected in a fjord environment where glacial erosion would
rapidly remove weathered bedrock, producing a scoured bedrock sur-
face beneath sediment fill (e.g. Syvitski et al., 1987). Furthermore, in-
terbeds from these alluvial fan sediments, which contain root traces and
coalified organic matter imply that the alluvial fans/fan deltas existed
in a humid, vegetated setting rather than in a glacially influenced fjord.
Rhythmites (Flv facies) and fine-grained, laminated rocks (Fl/Fm
facies) are found within fault-bounded, sub-basins (high accommoda-
tion zones; Fig. 12) that may have started as separate, small lacustrine
basins. The mixture of terrestrial flora and rare estuarine microplankton
elements described by Iannuzzi et al. (2006) and Smaniotto et al.
(2006) from fine-grained rocks near the top of the lacustrine/estuarine
facies association (base of Location 1) indicate a possible marine in-
undation of these basins. This is likely due to the transgression of the
“Paraguacu Sea” (Fig. 3). Although a transition from a lacustrine to
estuarine setting is hypothesized, there is no marker bed or facies
change that clearly marks this change across the paleovalley(s). How-
ever, in core AB-06, there is gradual shift from thick rhythmites (Flv
facies) to thinner rhythmites and carbonaceous mudstone of FlI facies.
This may represent a gradual progression from more proximal to distal
hyperpycnal flows associated with a marine transgression.
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The Flv facies is interpreted as turbidites or hyperpycnites in which
flows were triggered by floods, failure along a prograding delta front, or
sediment shed during intermittent tectonic activity. In tidewater fjords,
buoyant meltwater typically forms an overflow plume as it rises to the
surface over denser saltwater (e.g. Cowan and Powell, 1990; Mugford
and Dowdeswell, 2011; Powell, 1990). The rhythmites observed in the
Mariana Pimentel and Leao Paleovalleys appear to be the product of
underflows rather than rain-out from overflow plumes. Although hy-
perpycnal flows and turbidites are also important depositional pro-
cesses in fjords due to the high sedimentation rates and steep slopes
(e.g. ¢} Cofaigh and Dowdeswell, 2001; Powell, 2003; Syvitski et al.,
1987), they also occur in almost any depositional environment where a
riverine-introduced, dense sediment-water admixture is transported as
underflows down a slope and, therefore, are not diagnostic of glacial
meltwater sedimentation (e.g. Zavala and Arcuri, 2016). This highlights
the important distinction that not all rhythmites in the Parana Basin are
glaciogenic, and some may be temporally equivalent to the post-glacial
Rio Bonito Fm. In general, rhythmic sediments across the Parana Basin
could be the product of annual or seasonal lake processes (i.e. true
varves), surge-like turbidites, or tidal activity among other cyclical
processes (e.g. o Cofaigh and Dowdeswell, 2001; Schimmelmann et al.,
2016; Zavala and Arcuri, 2016; Zolitschka et al., 2015).

Another line of evidence that was previously used to support a
glaciogenic interpretation of the Mariana Pimentel and Le&o
Paleovalleys is the presence of rare dropstones contained within the
rhythmite facies. However, as discussed earlier, dropstones commonly
occur in non-glacial environments due to processes such as rock falls off
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of narrow valley walls, or rafting by lake ice, vegetation, or riverine/
lacustrine anchor ice (e.g. Bennett et al., 1996; Dionne, 1993; Doublet
and Garcia, 2004; Ferguson, 1970; Garden et al., 2011; Gilbert, 1990;
Kempema et al., 2001; Kempema and Ettema, 2011; Woodborne et al.,
1989). Thus, the presence of exceedingly rare (only 2 observed in >
800 m of core, none in outcrop) and isolated dropstones is not in and of
itself indicative of a glacially-influenced environment. The outsized
clasts observed in this study have lithologies consistent with the un-
derlying basement. Furthermore, there are no associated clast clusters
(iceberg dump structures), diamictite pellets, or ice-keel marks, which
are commonly found in the ice rain-out facies of temperate fjords (e.g.
Dowdeswell et al., 1993; Powell, 2003). Granule and pebble sized clasts
that occur along discrete bedding planes and associated with other
coarse sediment are interpreted here as small debris flows rather than
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as dropstones (e.g. Postma et al., 1988).

Finally, when tidewater glaciers retreat from a fjord they tend to
calve rapidly across deep sub-basins and stabilize on shallow and
narrow “pinning points”, often located on bedrock sills (e.g. Cowan
et al.,, 2010; Molnia, 1983; Syvitski et al., 1987). Here, the rate of
calving is reduced and they are able to maintain temporary ice-balance
equilibrium. The sills and proximal parts of adjacent basins typically
have evidence of subglacial abrasion, trapped icebergs (keel marks),
morainal bank build-up, and grounding line fan sedimentation (e.g.
Cowan et al., 2010; Ottensen and Dowdeswell, 2009; Syvitski et al.,
1987). Sediments deposited in the deep sub-basins, located in front of
the sills, will show abundant evidence of ice-rafted debris, turbidity
currents, and plume rain-out (e.g. Powell, 2003; Syvitski et al., 1987).
Contradicting this model, cores (LM-09, 1B-94, LA-14) located on
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bedrock highs within the Mariana Pimentel and Le&do Paleovalleys show
a weathering profile in igneous and metamorphic basement that grades
into the sandy conglomerate and breccia facies (humid alluvial fan
deposits) and root-trace-bearing mudrock facies (coal-bearing flood-
plain deposits). No grooves or striations were observed on basement
surfaces and no striated, faceted, or exotic clasts were observed as
would be expected in ice proximal basins. As previously described,
cores from within the deep sub-basins (AB-06, CA-53) do not show any
evidence of plume rain-out (overflows) or abundant ice-rafted debris, as
would be expected < 10km in front of pinning points (e.g. Powell,
2003).

6.2. Fluvial-dominated facies association

The middle portion of the paleovalley fill is interpreted here as
lowstand fluvial-dominated sediments of the Rio Bonito Fm. (equiva-
lent to the Sideropolis Mbr.) (Figs. 3 and 15B). Tonsteins from this fa-
cies association are used to place the paleovalley system within a
broader stratigraphic context. The fluvial-dominated facies association

contains the cross-stratified sandstone facies (St/Sp), the sandy con-
glomerate and breccia facies (Gm/Gp), the diamictite facies (Dmm/
Dms), and the root-trace-bearing mudrock facies (Mrt). The St/Sp facies
is interpreted as fluvial channels and the Mrt facies represents overbank
floodplain and peat deposits. The poorly-developed, discontinuous
nature of the coal seams in the Mariana Pimentel paleovalley is con-
sistent with episodic flooding along a lowstand fluvial system rather
than a more prolonged interval of standing water. The Dmm/Dms facies
has the characteristics of muddy debris flows that are derived from the
valley slopes. The fact that the Dmm/Dms facies also occurs at Location
3, outside of the paleovalleys where it onlaps granite basement, sug-
gests paleotopographic relief outside of the paleovalleys as well.

A drop in base level within the lacustrine/estuarine system, occur-
ring at the base of the St/Sp facies, allowed the fluvial-dominated facies
association to extend out into the Parana Basin. We correlate this drop
in base level in the study area to SB-3 (Fig. 3; e.g. Holz, 1999, 2003)
rather than SB-2 (contact between Itararé Gp. and Rio Bonito Fm.)
because tonsteins within the paleovalleys have been radiometrically
dated by Simas et al. (2012) and Griffis et al. (2018) to ~8 and 12 Myr
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younger than the coals from the base of the Rio Bonito Fm. (located
outside of the paleovalleys) and because there is no evidence for gla-
ciation within the basal fill of the paleovalleys. It should be noted that
Holz et al. (2006) related SB-3 to tectonism on other areas of the RGS.
The fact that younger coals exist within the paleovalleys below the
paleotopographic level of older coals (such as those at Quitéria; Fig. 1C)
located outside of the paleovalley supports the interpretation that base
level fell, and incision occurred after the older coals were deposited.

6.3. Restricted marine/estuarine facies association

The top portion of the paleovalley fill is interpreted as a restricted
marine/estuarine environment (Fig. 15C). It is comprised of the het-
erolithic bioturbated facies (mSb). This facies association is thickest
near the northwestern (basinward) portion of the Ledo Paleovalley and
pinches out near the connection with the Mariana Pimentel Paleovalley.
This bioturbated facies association represents a marine transgression of
the “Palermo Sea” (Fig. 3) into the Leao Paleovalley. The mSb facies has
the characteristics of a low-energy restricted marine or estuarine
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environment in which sediment settled from suspension. This setting
experienced episodic input of coarse sediment from either tidal action
or storms. Coals seams located near the connection of the Mariana Pi-
mentel and the Ledo Paleovalley contain sulfur, suggesting an interac-
tion between the fluvial-dominated setting and the estuarine environ-
ment in this location.

6.4. Detrital zircon geochronology

The unimodal zircon population ranging from c. 800-550 Ma in
both the basal lacustrine/estuarine facies association and the overlying
fluvial-dominated facies association suggests that the sediment source
area remained unchanged throughout deposition within the paleoval-
leys. This age range is consistent with magmatic events that occurred
during the Neoproterozoic Pan-African/Brasiliano tectonic cycle. In
particular, the ages are nearly identical to the igneous and metamorphic
basement of the Pelotas Batholith (part of the Dom Feliciano Belt;
~820-580 Ma) that the paleovalleys directly overlie, indicating a local
source (e.g. Babinski et al., 1997; Cordani et al., 2000; Gastal et al.,
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2005; Leite et al., 2000; Philipp and Machado, 2005; Saalmann et al.,
2011; Silva et al., 1999). Possible igneous and metamorphic sources
from the underlying Pelotas Batholith include: the Capao do Leao
Granite, the Encruzilhada do Sul Intrusive Suite, the Arroio Moinho
Granite, the Pinheiro Machado Suite, the Cordilheira Metagranite, the
Quitéria Metagranite, and the Piratini gneiss (e.g. Gastal et al., 2005).
All of these sources have ages that closely overlap the zircon popula-
tions identified from the paleovalley fill (e.g. Gastal et al., 2005; Silva
et al., 1999).

These results can be contrasted to detrital zircon samples analyzed
by Foster et al. (2015) from Neoproterozoic sedimentary and metase-
dimentary rocks across the Damara Belt in central Namibia (Fig. 14).
The Damara Belt is interpreted to have been adjacent to the RGS during
the Carboniferous and Permian so that any glaciers emanating out of
Africa would have drained across this area (Fig. 1B) (e.g. de Wit et al.,
2008). Conspicuously absent in the detrital zircon samples from the
paleovalleys is the presence of late Mesoproterozoic to early Neopro-
terozoic (~1200-900 Ma) ages that are prevalent in all of the Damara
Belt samples (Fig. 14) (Foster et al., 2015). There is no source of
equivalent Mesoproterozoic to early Neoproterozoic grains in southern
Brazil, making this age range a useful indicator of African provenance.
Paleoproterozoic and Neo-Archean ages are also present in Damara Belt
samples but absent from the paleovalleys (Foster et al., 2015). Fur-
thermore, Itararé Gp. and Rio Bonito Fm. detrital zircon samples col-
lected on the eastern margin of the Parand Basin show strong Meso-
proterozoic, Paleoproterozoic, and Neo-Archean peaks that have been
interpreted to represent African sources (Fig. 14) (e.g. Canile et al.,
2016). This demonstrates that, unlike the eastern margin of the Parana
Basin, the paleovalleys examined here on the RGS were internally
drained with no direct connection to Africa. Hypothetically, even if
glacial sediments were deposited in this region and were subsequently
eroded and resedimented during post-glacial times, we would still ex-
pect African zircons to be present in the fluvial sandstones but they
were not detected.

6.5. Origin of the Mariana Pimentel and Ledo paleovalleys

Multiple lines of evidence support the interpretation that the
Mariana Pimentel and Leao Paleovalley system was formed by the re-
activation of older basement structures during the Carboniferous and
early Permian. This includes: (1) abrupt changes in sediment thickness,
vertical and lateral facies changes, as well as the discontinuous nature
of individual facies within the paleovalleys that correspond closely to
the location of mapped faults (Fig. 12), (2) the position of the paleo-
valleys within a bend and offset in the major NE-SW trending Neo-
proterozoic Dorsal do Cangucu Shear Zone (Fig. 1C) (e.g. Fernandes
and Koester, 1999; Passarelli et al., 2011; Philipp and Machado, 2005),
(3) discrete zones of faulting and slumping within rhythmites and fine-
grained sediments from the basal portion of the paleovalleys (Figs. 5
and 6), (4) coarse-grained, immature sediments such as conglomerates,
breccias, and diamictites with coal clasts (alluvial fan sediments) that
onlap basement and are thickest near mapped faults (Fig. 12), (5) the
drop in base level between the basal lacustrine/estuarine facies asso-
ciation and the overlying fluvial-dominated facies association, corre-
sponding to a tectonically-related regional sequence boundary (Fig. 3;
SB-3) (Holz et al., 2006) to which an angular unconformity on some
areas of the RGS is associated, and finally (6), apatite fission track
analysis of the Pelotas Batholith conducted by Oliveira et al. (2016) is
suggestive of basement uplift and reactivation of faults on the NE part
of the RGS during the Permian.

The reactivation of faults across the Parana Basin, including the
RGS, during the Carboniferous and Permian has been described by
multiple authors and attributed by some to accretion on the southern
margin of Gondwana (Gondwanides or San Rafael Orogeny) (e.g. Holz
et al., 2006; Kleiman and Japas, 2009; Oliveira et al., 2016; Trzaskos
et al.,, 2006). Furthermore, the correlation between the Mariana
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Pimentel and Leao Paleovalleys and basement structures has been dis-
cussed in previous studies. Holz (2003) and Tedesco et al. (2016) both
noted that the borders of the paleovalleys correspond closely to known
faults. Guerra-Sommer et al. (2008b) and Ribeiro et al. (1987) indicate
that the thickest coal deposits in the paleovalleys occur within down-
thrown basement blocks controlled by a NE trending fault system.

The position of the Mariana Pimentel Paleovalley within the DCSZ
and the facies assemblage of the paleovalley are both consistent with
the evolution of a small tectonically controlled basin or basins. The
thickest sedimentary fill within the paleovalley (core AB-06) corre-
sponds to a major bend and offset in the master faults of the DCSZ
(Fig. 12). Releasing bends in such systems form a zone of separation
between parallel strike-slip master faults, which can nucleate small
pull-apart basins. Such basins are common along reactivated older
faults in rigid intracratonic settings. Basin fill is often comprised of
lacustrine facies and pro-deltaic facies that form on down-dropped
grabens (towards the fault with the most slip) and alluvial fan/fan delta
sedimentation on basin margins (e.g. Hempton and Dunne, 1984; Sarp,
2015; Waldron, 2004). Rhythmic, underflow sediments of non-glacial
origin are common within these basins (e.g. Hempton and Dunne, 1984;
van der Lingen and Pettinga, 1980). It is common for separate lacus-
trine sub-basins to evolve into a fluvial valley (e.g. Hempton and
Dunne, 1984; Kwon et al., 2011; Waldron, 2004). There are also ex-
amples of these features being inundated by marine waters, creating
estuaries (e.g. Ysufogflu, 2013). A tectonic origin for the Mariana Pi-
mentel and Ledo paleovalley system during the Carboniferous and early
Permian, would explain why the coal seams within the paleovalleys are
younger than transgressive coals found across the RGS uplands (e.g.
Griffis et al., 2018).

The unusually wide shape and shallow depth of the Mariana
Pimentel paleovalley was characterized in detail by Tedesco et al.
(2016). It was interpreted as an eroded (truncated) U-shape, which is
more characteristic of a glacially carved valley, rather than a V-shaped
fluvial valley. However, modern fluvial systems often flow down the
axes of pull-apart basins such as the Anatolian Fault system in Turkey,
and these basins often have depth/width ratios similar to glacially
carved valleys (e.g. Giirbiiz, 2010; Hempton and Dunne, 1984). Fur-
thermore, the dimensions of the Mariana Pimentel Paleovalley do not
correspond well with the Namibian paleovalleys (e.g. Martin, 1981) to
which they are supposedly related. The Namibian paleovalleys, which
contain glacial features, range in width from ~7-13 km as compared to
the Mariana Pimentel Paleovalley that range from ~0.5-6.5 km wide.

6.6. Implications for the extent of glaciation in west-central Gondwana

A non-glacial interpretation of the paleovalleys and the lack of
African-sourced zircons contradict the hypothesis that outlet glaciers
flowed directly onto the RGS from the Windhoek Highlands (Namibia)
through a series of glacially-carved fjords (Fig. 2D). Additionally, the
lack of African provenance for sediments on the RGS, combined with
previously described grooved surfaces on the western RGS showing ice
flow towards the N-NW (i.e. Tomazelli and Soliani Junior, 1982;
Tomazelli and Soliani Jinior, 1997), do not support the hypothesis that
large, unconfined lobes from Africa or Antarctica extended E to W
across the RGS (Fig. 2B).

Importantly, this study does not negate the clear evidence for gla-
ciation on the western RGS (e.g. Tomazelli and Soliani Jinior, 1982;
Tomazelli and Soliani Jtnior, 1997). Additionally, it does not contra-
dict the hypothesis that outlet glaciers from Africa may have flowed
through bedrock lows onto the eastern margin of the basin (e.g.
Fallgatter and Paim, 2017). Rather, combined with ice flow directions
from other studies (i.e. Amato, 2017; Tomazelli and Soliani Junior,
1982; Tomazelli and Soliani Jtnior, 1997), these results are in agree-
ment with the hypothesis proposed by Crowell and Frakes (1975) that a
separate, unconfined ice lobe extended N-NW out of Uruguay across the
western RGS (Fig. 2C). This “Uruguayan Lobe” may have originated in
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southern Africa, or it may have nucleated on the Rio de la Plata Craton
(Uruguay and Argentina). Although an ice advance out of Uruguay may
have predated the formation of the paleovalleys on the eastern half of
the RGS, evidence for such an event is currently unsubstantiated.

The other possibility, that glaciation on the RGS existed as stand-
alone, small ice caps or alpine glaciers (e.g. Santos et al., 1996) can also
not be ruled out based on the evidence presented here (Fig. 2A). Re-
gardless, it seems probable that glaciogenic sediments on the RGS have
a separate provenance from the same lithostratigraphic unit (Taciba
Fm.) on the eastern margin of the Parand Basin. Along these same lines,
the lack of an African detrital zircon signature within the paleovalleys
makes it more difficult to link glaciation on the RGS (southernmost
Parana Basin) to extra-basinal deposits such as the Dwyka Gp. in the
Greater Karoo Basin.

Separate ice centers on the southern and eastern margins of the
Parand Basin would have contained substantially less ice volume
compared to a single, massive ice sheet. For comparison, a massive
hypothetical ice sheet covering the entire RGS and the eastern margin
of the basin, centered over western Africa, and measuring
~1,250,000 km? would be capable of producing ~4.6 m of global sea-
level change. Two separate ice centers, of equal combined area, would
produce ~3.9m of global sea-level change (c.f. Crowley and Baum,
1991; Isbell et al., 2003). However, neither scenario would add sig-
nificantly to some estimates of ~100-120 m of sea-level fluctuations
during the Carboniferous and Permian (e.g. Chen et al., 2016; Rygel
et al.,, 2008). If sea-level oscillations of such magnitudes occurred,
contemporaneous with deposition in the Mariana Pimentel and Leao
paleovalleys, the required ice center(s) must have existed elsewhere.

7. Conclusions

(1) The facies assemblage from the Mariana Pimentel and Leao
Paleovalley system does not support the previously hypothesized
origin as a glacially-influenced depositional environment. The basal
portion of the paleovalleys contains a transition from a non-glacial
lacustrine or estuarine environment into a fluvial-dominated in-
cised valley. The top portion of the paleovalley system fill consists
of a restricted marine/estuarine facies association.

(2) Detrital zircon geochronology results show a unimodal population

of ages ranging from ~800-550 Ma. This is consistent with a local

(non-African), Dom Feliciano Belt provenance for the sedimentary

fill of the paleovalleys.

The facies assemblage, stratigraphy, and position of the paleoval-

leys within a Neoproterozoic shear zone suggest a tectonic control

on the initial formation of the paleovalleys and the deposition of
their fill. The Mariana Pimentel Paleovalley has many character-
istics of a small pull-apart basin.

This study suggests that outlet glaciers from Namibia did not travel

onto the RGS through a network of paleovalleys. It is also incon-

sistent with the hypothesis that a single, massive, unconfined ice
sheet in Africa (or Antarctica) was responsible for deposition on
both the eastern margin of the Paranid Basin and on the RGS

(southern margin). The most likely source of glaciation on the RGS

was a lobe, separate from the eastern margin of the Parand Basin,

which extended N-NW out of Uruguay onto the western RGS.

Another possible explanation is that glaciation on the RGS was re-

stricted to a small ice cap or alpine glaciers.

(5) These findings are supportive of the general hypothesis that
Carboniferous-Permian glaciation in west-central Gondwana was
comprised of smaller, separate ice centers with less ice-volume than
some previous estimates for this region.
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