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Abstract

The transition from the Late Paleozoic Ice Age (LPIA) to fully postglacial conditions in SW Gondwana is under increasing discussion due
to either the radiometric ages of its boundary or the stratigraphic nature of this transition. The record of this transition in the Parand Basin is
found in the glacial and glacially influenced deposits of the upper Mafra and Rio do Sul Formations (upper Itararé Group) and postglacial stra-
ta of the Rio Bonito Formation (Guatd Group). Here we address the depositional architecture and stratigraphic evolution of these deposits in
the Rio do Sul depocenter, eastern Parand Basin, Brazil, the main area of subsidence in the basin during this transition in Pennsylvanian-Ci-
suralian time, bringing an opportunity to examine the characteristics of glacial to postglacial transition. Analyses of facies, stratigraphic logs,
stratigraphic correlations, and paleocurrent dispersal trends allowed us to define three evolutionary stages. The first stage registers glacial
advance from the south-southwest represented by an erosive surface and subglacial tillites. Gravitational deposits covered the tillites in re-
sponse to ice retreat (upper Mafra Formation), and the Lontras Shales (lower Rio do Sul Formation) correspond to the marine maximum
flooding. The second stage comprises co-genetic deepwater (Rio do Sul Formation) to shallow (Rio Bonito Formation, Triunfo Member)
progradational deposits after the Lontras Shale maximum flooding. Paleocurrent data and glacially related features point to glaciated source
areas located to the NE, E, and SE for the Rio do Sul depocenter during this stage. The third stage corresponds to retrogradational stacking
pattern upon a fluvial subaerial unconformity (incised valley), starting with fluvio-deltaic beds (Triunfo Member), followed by fine-grained
deposits of the Paraguagu Member of Rio Bonito Formation. No features related to glacial influence characterize this third stage. As previously
suggested, tectonic uplift likely drove the additional NE source and created the space that allowed the transitional contact between Rio do Sul
and Rio Bonito formations in the Rio do Sul depocenter.

KEYWORDS: Late Paleozoic Ice Age; Gondwanan palaeogeography; glacially influenced deposits; co-genetic deepwater to shallow deposits.

INTRODUCTION Group holds gas reservoirs (Campos et al. 1998), and the
The Rio do Sul depocenter was the main subsiding area Rio Bonito Formation hosts almost all the coal deposits in

during the Pennsylvanian-Permian transition of the Parand Brazil (Milani et al. 2007).

Basin, filled mainly by glacio-influenced, deep-marine depos- Ithas been widely reported the likely genetic link between

its of the Rio do Sul Formation (upper Itararé Group, Ramos the uppermost strata of the Itararé Group (Rio do Sul Formation)
1967, Northfleet et al. 1969, Medeiros and Thomaz Filho and the lowermost interval of the Rio Bonito Formation
1973, Schneider et al. 1974, Castro 1980, 1991, Eyles et al. (Triunfo Member) in Santa Catarina State (e.g., Medeiros
1993). Its name refers to where these deposits can reach their and Thomaz Filho 1973, Castro 1980, Schneider et al. 1974,
maximum thickness (about 330 m, Schneider et al. 1974) Canuto 1993, Santos et al. 1996, D’Avila 2009, Schemiko et al.
in the Rio do Sul locality, Santa Catarina State, southern 2019), configuring an up to S00-m-thick succession. The Rio

Brazil. Those deep-marine deposits are superposed by flu- do Sul Formation stands out due to gravitational flow depos-
vio-deltaic strata (Rio Bonito Formation), composing one its, such as subaqueous slumps and slides, debris flows, and
of the outstanding intervals of the basin regarding mineral turbidities, possibly developed on a paleogradient to the

and energy potential (Franga and Potter 1988). The Itararé west-northwest (Medeiros and Thomaz Filho 1973, Castro
1980, 1991). Likewise, Medeiros and Thomaz Filho (1973)

recognized deltaic and coastal tide-influenced deposits in the

Rio Bonito Formation. The paleogeographic model proposed
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in the Rio do Sul area. Previous works suggested a likely tec-
tonic uplift of the northern portion of the Parana Basin during
the final stage of the Itararé Group deposition, leading to the
displacement of the main depocenters toward the south. It
configured the so-called embayment, sub-basin, or depocenter
of Rio do Sul (Ramos 1967, Northfleet et al. 1969, Medeiros
and Thomaz Filho 1973, Santos 1987, Canuto 1993, Santos
et al. 1996). Therefore, the basement structures might have
compartmentalized the basin, delimited depocenters, and
controlled the emplacement of paleoslopes (e.g., Castro 1991,
Rostirolla et al. 2000, Riccomini et al. 2005).

This study is a complement to the previous work by
Schemiko et al. (2019) that describes the genetic relationship
between glacially influenced deepwater (Rio do Sul Formation)
and fluvio-deltaic (Rio Bonito Formation) deposits within the
same depositional tract in the northeastern region of Rio do
Sul depocenter (Santa Catarina State), showing a transitional
contact. Nevertheless, the transition between the upper Itararé
Group and Rio Bonito Formation occurs through an abrupt
contact in the northern part of the basin (e.g,, Parana State,
Zacharias and Assine 2005, Mottin et al. 2018). Thus, this
article aimed at a detailed analysis of the depositional frame-
work of the Rio do Sul depocenter to understand the strati-
graphic evolution of the Pennsylvanian-Permian transition in
the southern sector of Paran Basin (southern Gondwana).
The study area consists of an elongated polygon between
Alfredo Wagner (SE) and Witmarsum (NW) localities. The
main methods employed include the construction of verti-
cal stratigraphic profiles, recognition of the facies and facies
associations, definition of vertical depositional trends and the
key surfaces, correlation of outcrop and subsurface data, and

paleocurrent analysis.

GEOLOGICAL SETTING

The Parana Basin is a large intraplate basin covering up
to 1,600,000 km? of central-southern of South America. The
upper Paleozoic succession is the thickest of the Parand Basin
and embraces stratigraphic units deposited in marine to con-
tinental environments that compose the Itararé and Guatd
groups. The study interval encompasses the glacially related
strata of the upper Itararé Group (Rio do Sul Formation) and
the postglacial sediments of the lower Guata Group (coal-bear-
ing Rio Bonito Formation).

Successive deglaciation phases of the Late Paleozoic Ice
Age (LPIA) (Glacial I, 11, and I11; Isbell ef al. 2003, Lépez-
Gamundi and Buatois 2010) across the Parand Basin led to
the deposition of strata set over 1,300-m thick composed
overall of proglacial deposits of the Itararé Group (Franga
and Potter 1988, Vesely and Assine 2006), corresponding to
different formal stratigraphic units. Schneider et al. (1974),
based on outcrop studies along the eastern portion of the
Parand Basin, divided the Itararé Group into the Campo
do Tenente, Mafra, and Rio do Sul formations, where the
Lontras Shale is placed in the base of Rio do Sul Formation
(Fig. 1). After that, Franga and Potter (1988), based on sub-

surface data, subdivided it into Lagoa Azul, Campo Mourao,
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and Taciba formations. The upper Itararé Group can show a
transitional (e.g.,, Medeiros and Thomaz Filho 1973, Castro
1991, Castro et al. 2004, Schemiko et al. 2019) or abrupt
contact (e.g., Vesely and Assine 2006, Mottin et al. 2018,
Valdez Buso et al. 2019) with postglacial deposits of the Rio
Bonito Formation of the Guat4 Group. Schneider et al. (1974)
also proposed the distinction between the units that make
up the Guatd Group comprising the Rio Bonito (bottom)
and Palermo (top) formations. In addition, they proposed
the subdivision of the Rio Bonito Formation into Triunfo,
Paraguacu, and Siderépolis members (Fig. 1).

According to a detailed sequence stratigraphic study in
the Rio Grande do Sul and southern Santa Catarina states, the
upper Itararé Group and the entire Guatd Group embrace three
third-order depositional sequences (Holz et al. 2006, 2010).
The study interval is correlated to the first two sequences (Fig.
1). The basal sequence corresponds to the upper Itararé Group
and includes a third-order sequence boundary (SB1) at the
base, usually related to the crystalline basement, while the
second third-order sequence boundary (SB2) delineates the
boundary between glacially influenced deposits of Rio do Sul
Formation and fluvial deposits of Triunfo Member (LST2).
It grades upward to the offshore mudstones of Paraguacu
Member (TST2 and MFS2). The SB3, in turn, separates the
upper Paraguagu Member (HST2) from the fluvial to shal-
low-marine deposits of Siderépolis Member (LTS3), where
the fine-grained deposits of Palermo Formation are the sub-
sequent widespread transgression.

According to Jannuzzi (2010, Fig. 1),the proper interpre-
tation of the sequence analysis of the Rio Bonito Formation
facilitated the positioning of the coal seams and their absolute
ages at the appropriate stratigraphic level, supporting the dating
of the glacial-postglacial boundary of the Parand Basin. In this
context, the demise of the Ice Age in Parand Basin, long ascribed
to be Early Permian, is currently considered Pennsylvanian-
Cisuralian. An essential contribution to the age positioning of
the Itararé-Guatd contact was provided first by Cagliari et al.
(2014) and corroborated by Cagliari et al. (2016) and Griffis
et al. (2018, 2019). It is also supported by the new palynos-
tratigraphic revision by Souza et al. (2021).

Although the Itararé Group seems to be restricted to the
Carboniferous, the transition between Itararé Group and
Rio Bonito Formation still belongs to the same palynozone
(Vittatina costabilis Zone — VcZ), ranging from Gzhelian-
Artinskian (Souza et al. 2021). It attests that there is no sig-
nificant time gap or paleoecological changes for Itararé-Rio
Bonito as previously reported (Daemon and Quadros 1970,
Souza et al. 1999, Souza and Marques-Toigo 2005, Souza 2006,
Mori et al. 2012, Mottin et al. 2018). Thus, the glacial-post-
glacial genetic criterion should not be used to delineate the
lithostratigraphic boundary (e.g., Vesely 2006), particularly in
the southern Brazilian states (Daemon and Quadros 1970).

The somewhat deepwater setting of the upper Itararé
Group in the Santa Catarina State has been described as an
embayment, a depocenter, or a sub-basin of the Rio do Sul
(Santos 1987, Canuto 1993, Santos et al. 1996). The last

deglacial event of the Rio do Sul Formation in this area has a
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continuous deposition evolution with the lower Rio Bonito
Formation by means of the relationship between deepwater
systems, under the glacial influence, and the deltaic deposits
in the same depositional tract (Schemiko et al. 2019). It can
also be verified through transport patterns. The uppermost
strata of Itararé Group show paleoflows to the NW, NNE,
and SW (e.g., Castro 1980, 1991, D’Avila and Paim 2003,
Puigdomenech et al. 2014, Aquino et al. 2016, Fallgatter
and Paim 2017), suggesting a paleogradient dipping to the
west-northwest. The Rio Bonito Formation, in turn, had flu-
vio-deltaic systems prograding mainly to the west (Medeiros
and Thomaz Filho 1973, Castro 1991). In this context,
Castro (1980, 1991) reported scattered dropstones in the
Rio Bonito Formation, indicating a relatively cold climate
also during its deposition. However, in the northern por-
tion of the basin (e.g., Parand State), the contact between the
upper Itararé Group and Rio Bonito Formation takes place
through a discordant surface characterized by the presence
of incised valleys developed on top of the diamictite-bear-
ing units of the upper Itararé Group (Zacharias and Assine
2005, Mottin ef al. 2018) and filled by essentially postglacial
deposits. Even so, the paleocurrents of both units are toward
the southwest in this region.

METHODS AND KEY DEFINITIONS

This study is based on an investigation of outcrops in
the eastern border of Parand Basin in southeastern Santa
Catarina State, southern Brazil. The stratigraphic archi-
tecture was described in detail in the northern part of
the study area (Witmarsum-Presidente Gettlio localities,
Schemiko et al. 2019) and regionally recognized (Fig. 2)
through stratigraphic and facies analysis of about 190 out-
crops (Appendix 1) in road cuts, quarries, and natural expo-
sures. Facies were distinguished according to Miall (1978)
and Eyles et al. (1983).

Vertical logs and subsurface data were correlated to
analyze the spatial distribution of facies associations and
the vertical trends. It was integrated with the paleocur-
rent data to establish the paleogeographic models, includ-
ing the representation of depositional environments and
sediment transport patterns. Well data are from CPRM
(Brazilian Geological Survey) and Petrobras, drilled during
coal and oil exploration campaigns. The wells used in the
correlations are 1-GO-1-SC, 2-AL-1-SC, 1-RCH-1-SC,
1-TP-3-SC, 2-TG-1-SC, 1-MB-1-SC, 1-BN-1-SC, and
1-PA-1-SC from Petrobras and 7-RL-4-SC from CPRM
(Figs.3and 4).

Figure 1. (A) Stratigraphic scheme of the Paran4 Basin showing the study interval, embracing the upper Itararé Group and the lower Rio
Bonito Formation (modified from Iannuzi 2010 after Holz et al. 2010); (B) Emphasis on the interval selected for the study. Vertical log from

Schemiko et al. (2019). Note the absolute ages of the Rio Bonito Formation coal deposits, especially those related to transgressive systems
tracts, at the base of the Paraguagu Member. (1: a Guerra-Sommer et al. 2008a; b Guerra-Sommer ef al. 2008b; ¢ Matos et al. 2000, 2001; d
Mori et al. 2012; e Cagliari et al. 2016; f Griffis et al. 2018; and g Griffis et al. 2019. For further absolute age summaries, see Valdez Buso et al.
2020, Souza et al. 2021, and Griffis et al. 2021. 2: *Schneider et al. 1974; and **Franca and Potter 1988).
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Figure 2. Location of the study area, between Alfredo Wagner (SE) and Witmarsum (NW) localities in Santa Catarina State, southern
Brazil, with the arrangement of the paleocurrent readings of facies associations within (A) Units B and (B) Unit C. The sediment transport
concerning the deposits of Unit A is documented by Aquino et al. (2016) and Fallgatter and Paim (2017), with main paleocurrents toward
the northwest. The paleoflows directions of mass transport deposits are from Rodrigues et al. (2021), except for those from the P99 locality
that was documented in Schemiko et al. (2019).

Figure 3. Stratigraphic framework of the Rio do Sul depocenter (Pennsylvanian-Permian of the Parana Basin), showing the spatial distribution
of the Units A, B, and C in an NWW-SSE correlation and covering up to 70 km long. Notice the convergence of paleocurrents and changes
in the thickness of Passinho and Lontras Shales toward Rio do Sul locality. The asterisk corresponds to data from Fallgatter and Paim (2017).
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Figure 4. Stratigraphic framework of the Rio do Sul depocenter (Pennsylvanian-Permian of the Parana Basin), showing the spatial distribution
of the Units A, B, and C in an NW-SE correlation and covering up to 400 km long. It suggests the regional expression of the recognized units
that compose the Rio do Sul depocenter, especially the deposits that follow the Lontras Shale (transition between Unit A and Unit B), which
have high thickness. Notice the highest thickness of Lontras Shale, nearby Rio do Sul Locality (1MBO1).

The maximum flooding surfaces demonstrated easier rec-
ognition on well logs and were used as a datum on the correla-
tions. In turn, the stratigraphic architecture interpretation fol-
lowed the sequence stratigraphic concepts proposed by Hunt
and Tucker (1992) in which the sequence boundaries (SB)
and their correlative conformities (CC) are supposed to rep-
resent the end of base-level fall.

The term rhythmite is referred to as thin-bedded, regu-
lar alternations of silt, clay, and very fine sand, while the term
diamictite followed the classification of Flint et al. (1960) that
describes diamictites as matrix-supported sedimentary rock,
poorly sorted, resulting from the mixture of mud, sand, and
gravel. Likewise, the terminology of Mulder and Alexander
(2001) was applied for subaqueous sediment gravity-flow
deposits, in which low-density flows (<9% of sediment con-
centration) are truly turbulent (e.g., Middleton and Hampton
1973) and define turbidity currents (sensu stricto); mean-
while, the terms concentrated and hyperconcentrated den-
sity flows (noncohesive density flows) indicate the presence
of grain-to-grain interactions and turbulence together as sup-

port mechanisms.

STRATIGRAPHIC FRAMEWORK

The study interval in the Rio do Sul area embraces a sed-
imentary succession of up to 500-m thick, which comprises
three depositional units: the basal unit (Unit A) with a fin-
ing-upward pattern that culminates with a mud-rich interval,
an intermediate succession showing a coarsening-upward pat-

tern (Unit B), and a new fining-upward succession (Unit C).
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Unit B is divided into Unit B upper and lower. The whole inter-
val is composed of 18 sedimentary facies whose descriptions
and interpretations are presented in Table 1. We defined nine
main facies associations that are recurrent in different depo-
sitional units:

* subglacial to ice-marginal deposits;

* deep-marine mudstones or offshore mudstones;

thin- and thick-bedded turbidite deposits;
hyperconcentrated and concentrated density-flow
deposits (CDFD);

mass transport deposits (MTD);

prodeltaic deposits;

delta-front and shoreface deposits;

delta-plain deposits;

fluvial-dominated, coastal plain deposits (Table 2 and
Figs. 3-5).

Depositional units

Unit A: glacial and proglacial to
deep-marine deposits

Up to 80-m thick, this unit is composed of three facies asso-
ciations that exhibit a general finning-upward trend (Figs. 3, 4,
and 6). The lower boundary characterizes the major noncon-
formity on Precambrian basement rocks with well-developed
glacial striae. At the base, there is an association dominated by
massive diamictites Dm(s) followed by resedimented diam-
ictites Dm(r). Instead, at some places, we can observe a facies
association composed of conglomerates and conglomeratic

sandstones. This succession is covered by rhythmites and
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Table 1. Summary of sedimentary facies recognized and interpreted in the Rio do Sul depocenter, southern Brazil, Pennsylvanian-
Permian, Parana Basin.

Facies Description Interpretation
Massive to crudely stratified paraconglomerate, with clasts
of granite, sandstone, gneiss, schist, and quartz, withinsandy =~ Deposition of concentrated density flows
Gm ; . .
to muddy-sandy matrix; grain size varies from granules to (Mulder and Alexander 2001).
cobbles, some of them striated and faceted.
Fine to medium grained and massive sandstones, poorly
Sm sorted, with floating and extrabasinal granules to pebbles in Deposition of hyperconcentrated to concentrated density
(® muddy-sandy matrix. It can contain dish structures and large ~ flows (Mulder and Alexander 2001).
rip-up clasts at the base.
Very fine and massive sandstones, poorly sorted, with muddy-  Deposition of turbulent flow (Bouma 1962, Mulder and
Sm -
® sandy matrix. Alexander 2001).
Trough/planar cross-stratified, medium to coarse sandstones, Migration of's ubaqueous dunes, bedload—fiomlnaFed,
Sp/St moderately to boorly sorted hydrodynamic flows under lower flow regime (Miall 1978,
Y topoorly : 1996, 2006).
Fine to medium sandstone with low-angle cross-stratification ~ Migration of subaqueous dunes, bedload-dominated,
Sh/Sl (< 15°) or plane bedding, moderately to well sorted, with silt  hydrodynamic flows under upper flow regime
and very fine sandy matrix content. (Miall 1978, Tucker 2003).
Fine to medium sandstones, moderately to well sorted, Deposition of oscillatory flows, in which migration of
She with very fine and silt matrix content and hummocky symmetric subaqueous dunes develop concave—concave
cross-stratification. truncation (Tucker 2003).
Fine sandstones, moderately sorted, with soft-sediment Penecontemporaneous deformation due to loading and fluid
Sd .
deformation. scape (Tucker 2003).
Very fine to medium sandstones, poorly to moderately
St/S¢ sorted, with asymmetric (including climbing ripples) or Migration of subaqueous current or wave ripples, under
) symmetric ripples. The symmetric ripples contain muddy lower flow hydrodynamic regime (Miall 1978).
and organic drapes.
Shi Very fine sandstones, moderately sorted, Deposition of traction bedload-dominated hydrodynamic
with planar lamination. process under lower flow hydrodynamic regime (Miall 1996).
Massive rocks with rounded to angular, polymictic granules
to boulders dispersed in a muddy to sandy-muddy matrix Deposition of subaqueous mass movements characterized
Dm (diamictites). In places, shear surfaces are present. Clast by complete homogenization of the mass flow (Eyles et al.
compositions include gneisses, schists, quartzite, siltstone, 1983, Shanmugam 2006).
sandstones, TBT, and plant fragments.
Massive rocks with rounded to angular polymictic granules
to boulders dispersed in a muddy to sandy-muddy matrix
(d1am1ct1Fes). Structures of penecontemporaneous Deposition of subaqueous mass movements (slides and
Dm deformation (faults, shear surfaces, and folds) are present.
® e . . . slumps, Eyles et al. 1983, Shanmugam 2006).
Clast compositions include gneisses, schists, quartzite,
siltstone, and sandstones. Allochthonous deltaic and TBT
blocks occur as rafted blocks.
Homogeneous and sandy diamictites comprising floating
clasts and subhorizontal anastomosing shear planes Debris deposition and homogenization by shear due to
Dm, (millimetric spaced) and striated surfaces at the top. The the advancing glacier configuring subglacial tillites
clasts (granules and pebbles) are faceted and with basement (Evans et al. 2006).
affinity (granite and quartz).
Sandy diamictites, roughly stratified, with flat base Released sediments from iceberg building iceberg-dump
and asymmetric concave top layers in multiple lateral structures; the depletion of the fines, by dispersion in
Dm 1o . . .
@ arrangements with dispersed granules and pebbles (of water, would cause the partial particles sorting
compositional affinity with the basement). (Thomas and Connell 1985).
Thinly laminated mudstones with or without dispersed clasts ~ Mud settling is occasionally associated with the deposition
FI/Hl - -
@ (dropstones). of ice-rafted debris.
Discontinued alternation of mudstones and very fine Deposition of mud settling predominated over migration of
HI sandstones, with current ripples, composing linsen subaqueous ripples, under lower flow hydrodynamic regime
heterolithic structures. (Tucker 2003).
Hw/ Discontinued alternation of mudstones and very fine Deposition of similar rates of mud settling alternating with
sandstones, with current and/or wave ripples, composing migration of subaqueous current and/or wave ripples, under
Hw(w) L . .
wavy heterolithic structures. lower flow hydrodynamic regime (Tucker 2003).
HE/ Discontinued alternation of mudstones and very fine The result from the migration of subaqueous current and/
Hf(w) sandstones, with current and/or wave ripples, composing or wave ripples, under lower flow hydrodynamic regime,
flaser heterolithic structures. predominated over mud settling (Tucker 2003).
C Thinly laminated coal layers (vitrinite). Deposition on vegetated swamp (Miall 1978, 1996).

Source: adapted from Schemiko et al. (2019).
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Table 2. Facies associations present in the Rio do Sul depocenter, southern Brazil, Pennsylvanian-Permian, Parand Basin.

Facies Facies association/environmental setting Occurrence in Depositional Units
Dm, Dm Subglacial to ice-marginal deposits AandB

Fl/ FI( ) Deep-marine mudstones or offshore mudstones A,B,and C

Sr, Shl, Sm, Fl Thin and thick-turbidite deposits AandB

Gm, Sr, Sh, SI, St, Sm ® Hyperconcentrated and concentrated density-flow deposits AandB

Dm, Dm,, Mass transport deposits AandB

Fl, HI Prodeltaic deposits B
Is—;;\fllj—’lfv}:v:),s}ilzr,l—ls fl; ::)’ Sd, She, Shl, Delta-front and shoreface deposits Band C

Sp, S, St, Hl, HI oy ST oy FL, C Delta-plain deposits BandC

St, Sp Fluvial-dominated, coastal plain deposits Band C

Source: adapted from Schemiko et al. (2019).

Figure 5. Problematization of the stratigraphic boundary between the Rio do Sul (Itararé Group) and Rio Bonito (Guat4 Group) formations.
The lithostratigraphic boundary can be established below SB02 (incised valleys), in the first deltaic sand bodies, or above SB02.

black shales, composing a package that can reach up to 50 m
in thickness. These shales may show a south-southeastward
onlap onto the basement rocks (Fig. 6F). In general, the unit
is ascribed to the upper portions of the Mafra Formation and
the lower strata of the Rio do Sul Formation. This succession
corresponds to the depositional sequence S2 of Valdez Buso
etal. (2019).

The basal Dm, are poorly exposed and scarce throughout
the study area and can be found, e.g., in the Presidente Getulio
region (Figs. 6A and 6B). Individual diamictite beds are irreg-
ular, about 0.5- to 2-m thick and laterally discontinuous. It sits

directly on the Precambrian basement and is associated with

7/22

striated pavements. The facies Dm, is composed of floating
clasts within a sandy-muddy matrix (diamictites). The clasts
are mainly in the granule and pebble fractions (< 5% of the
rock volume), faceted, and with basement affinity (granite
and quartz). This deposit has low-angle shear planes with
millimetric spacing or foliation and striated surfaces at the
top (Figs. 6A and 6B), allowing its classification as intrafor-
mational glacial surfaces (soft-sediment glacial surfaces; e.g.,
Visser 1990, Vesely et al. 2015, Rosa et al. 2016). It suggests,
together with the clast characteristics, that Dm  represents
subglacial tillites (e.g., Evans et al. 2006) and likely lodgment
tillites (Fallgatter and Paim 2017).
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Figure 6. Main facies of Unit A and forms of occurrence of the Lontras Shale. Subglacial tillites with low-angle shear planes with (A)
millimetric spacing or foliation and (B) striated surfaces at the top in the Presidente Getulio locality. (C-E) Massive conglomerates and
conglomeratic sandstones stratified into tabular and lenticular strata, configuring sets (yellow lines) of amalgamated beds, obliquely arranged

(José Boiteuxlocality). (F) Contact between the Lontras Shale and Precambrian basement (Vidal Ramos locality). (G) Contact between the
Lontras Shale and the turbidite beds of Unit B (Doutor Pedrinho locality).
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The diamictites Dm, configure a package of about 5-m
thick. It consists of a muddy-sandy matrix with dispersed out-
sized clasts (up to 1 m) composed of sandstones and rhyth-
mites and granule to boulder clasts derived from the basement
rocks, some of them striated and faceted. They can be massive
and show folded bedding planes, fractures, faults, and shear
surfaces. The last structure usually bound outsized clasts with
sedimentary affinity. Such features allow us to interpret them
as MTD (cf. Shanmugam and Moiola 1988, Shanmugam 2006,
Shanmugam and Wang, 2015). The basement-affinity clasts
within the fine-grained matrix point to the resedimentation of
ice-rafted debris (e.g., Fallgatter and Paim 2017, Mottin et al.
2018, Valdez Buso et al. 2019).

Above the basal tillites and mass flow diamictites, or in
place of, there are coarse-grained deposits composed of poly-
mictic conglomerates and conglomeratic sandstones. They can
be massive or display diffuse stratifications and ripples with
floating and extrabasinal granules to pebbles in a muddy-sandy
matrix (facies Gm, Sr, Sh, S, St, and Sm(g>). These clasts are
often striated and faceted. The conglomeratic layers can be up
to S0-m thick ( José Boiteux locality), forming a set of lentic-
ular and tabular beds, and obliquely arranged, with erosional
and concave-up base. These strata are interpreted as depo-
sition products of concentrated density flows derived from
melting water discharge of retreating glaciers (Figs. 6C-6E),
i.e., subaqueous outwash fans (Aquino et al. 2016). Valdez
Buso et al. (2019) ascribed their erosive base to a sequence
boundary due to the glaciotectonic features impressed over the
previous deposits (Aquino et al. 2016). According to Aquino
et al. (2016) and Fallgatter and Paim (2017), these deposits
are also exposed around the Doutor Pedrinho (northern) and
Alfredo Wagner (southern) localities and are associated with
thick-turbidite deposits.

Rhythmites followed by black shales overlie the basal interval
encompassing tillites, diamictites, and coarse-grained depos-
its (Figs. 6E-6G). The rhythmites consist of tabular-shaped
siltstone alternated with black shale composing mm-scale
couplets. It grades upward to a thick package composed of fis-
sile black shale, which has occasional carbonate lenses with a
cone-in-cone structure. Basement-affinity clasts (granule to a
boulder) occur in the muddy layers. This facies association is
understood as the result of mud fallout and deposition from
dilute suspension plumes in a somewhat deepwater environ-
ment (Miall 1978, Eyles et al. 1983), while the basement-af-
finity clasts interpreted as dropstones point to the influence
of floating ice. The origin of carbonate lenses is most likely an
early diagenetic process and means an extremely low clastic
sedimentation rate (Schemiko et al. 2019). The association
corresponds to the Lontras Shale, which is a basin-scale strati-
graphic marker (Franca and Potter 1988). It is interpreted
herein as a maximum marine transgression developed subse-

quently to an ice-margin retreat (e.g., Valdez Buso et al. 2019).

Unit B: glacially influenced, co-genetic deep-
marine to fluvio-deltaic deposits
Unit B has a general thickening/coarsening-upward trend

and embraces nine facies associations, reaching up to 200 m in
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thickness (Figs. 3 and 4). It starts with muddy- and sand-rich
rhythmite over the Lontras Shales, followed by thick sand-
stones, conglomerates and conglomeratic sandstones, and
diamictites, configuring the lower interval of Unit B (Fig. 7).
Aninterval composed of heterolithic and sandstone-dominated
deposits overlies the diamictites and sets up the Unit B upper
(Figs. S, 8,9, and 10). Usually, the lowermost interval of this
unit is assigned to the Rio do Sul Formation (Itararé Group,
Schneider et al. 1974, Castro 1991). The Unit B upper, in turn,
is referred to as Triunfo Member of Rio Bonito Formation
(Guaté Group, Schneider et al. 1974, Castro 1991).

Unit B lower

The rhythmites (Figs. 7C and 7D) are characterized by thin
and tabular layers of normally graded sandstone or siltstone
layers (e.g, facies Sr, Shl, and Sm(f)) rhythmically alternated
with black mudstones with dispersed basement-derived clasts
(granule to cobble, facies Fl, and Fl, d>). These pass upward to
thicker (> S0 cm) tabular or lenticular packages, with an ero-
sive base (0.5-1 m, Figs. 6G and 7D), composed of normally
graded sandstones comprising incomplete Bouma sequences.
The thin and thicker sandstones show several sole marks, such
as flutes, prods, bounce, and grooves. The rhythmite character-
istics are consistent with the model of thin-bedded turbidites
(TBT; cf., Mutti 1962), whereas the key features of the thick
sandstones point to the deposition from surge-type turbid-
ite currents (Bouma 1962, Lowe and Guy 2000, Mulder and
Alexander 2001, Mulder et al. 2003). The dispersed clasts
with basement affinity attest to the glacial influence during
the deposition.

The following facies association comprises conglomer-
ates and conglomeratic sandstones (Figs. 7E and 7F), com-
posing oblique and amalgamated bedsets (up to 10-m thick
and 30-m wide). It rests on concave-up erosive surfaces
whose interface can show penecontemporaneous deforma-
tions (e.g., faults and folds). In some cases, massive sand-
stones contain erosive bases with large rip-up clasts (up to
30 cm) from underlying rhythmites. Each layer has a pattern
of normal or inverse gradations. Conglomeratic sandstones
or massive conglomerates pass upward to sandstones with
diffuse stratifications or laminations. The inverse also may
occur. Some pebble-to-boulder clasts are striated and fac-
eted, and others occur aligned parallel to stratifications and
laminations (Figs. 7E and 7F). These characteristics suggest
the deposition from concentrated and hyperconcentrated
density flows according to the classification of Mulder and
Alexander (2001), in which vertical facies oscillations are
attributed to hyperpycnal flows due to the fluctuating melt-
ing water discharge pointed out by striated and faceted clasts
(hyperpycnites, Schemiko et al. 2019).

An up to 100-m-thick interval composed of diamictites
covers or is laterally associated with the above-described
noncohesive density-flow deposits (Figs. 7A and 7B). The
diamictites are typically massive and composed of clasts
immersed in a sandy-muddy matrix. The size range of the
clasts embraces granules to boulders of igneous-metamorphic

composition, which can be faceted and striated. However,
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many diamictites have plant fragments and intrabasinal out-
sized clasts (dimensions ranging from 0.5 to 10 m, Fig. 7B)
of sandstones and rhythmites, usually bounded by shear sur-
faces Dm, .
observed in overlying facies associations such as heterolithic

Sandstone blocks show sedimentary structures

bedding, current and wave ripples, trough cross-stratification,
and plant debris. These sedimentary structures become chal-
lenging to identify in the higher homogeneous facies (Dm)
due to penecontemporaneous deformations such as folds and
faults. Heterogeneous clasts dispersed in a sandy-muddy matrix
can be interpreted as the deposition product of gravity flows
with cohesive behavior. Thus, the blocks with recognizable
sedimentary structures can be described as rafted blocks, while

the penecontemporaneous deformations attest to the plastic
behavior. It supports the interpretation of MTD from slope
failure for these deposits (cf. Shanmugam and Moiola 1988,
Shanmugam 2006, Shanmugam and Wang 2015).

The structures related to shallow environments within the
large rafted blocks point to the deposition origin associated
with slides from the collapse of an unstable shelf edge or del-
taic slope. In turn, the presence of plant debris inside blocks
suggests a deglaciated shoreline during the failure. The occur-
rence of striated and faceted clasts indicates the contribution
of ice rafting (Schemiko et al. 2019) and/or the remobiliza-
tion of prodeltaic facies such as thin-bedded rhythmites with
dropstones (Rodrigues et al. 2021).

Figure 7. Main gravitational flow deposits of Unit B. (A) Sandstone boulders within mass transport deposits (MTD, Alfredo Wagner locality).
(B) Delta sandstone boulders immersed in a sandy-muddy matrix of the MTD (Alfredo Wagner locality). (C) Thin-bedded turbidites with
current ripples (Vidal Ramos locality). (D) Contact between thin- and thick-bedded turbidites (Vidal Ramos locality). (E and F) Faceted and
striated clasts within the concentrated density-flow deposits (Presidente Getulio locality).
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Figure 8. Contact relationships between upper Unit B and the
basal fluvio-deltaic strata of Unit C. (A) The contact between thin-
bedded turbidites bearing till pellets with delta-front deposits in the
Trombudo Central locality. (B and C) Subaerial unconformity SB2
over the prodeltaic (P14 in Rio do Oeste locality) and shoreface
(P135 in Ituporanga locality) deposits.

Unit B upper

The Unit B upper overlies the MTD and/or noncohesive
density-flow deposits and composes coarsening and thicken-
ing-upward parasequences (Figs. 3-5). At the base, there are
laminated mudstones (F1) overlain by linsen-bedded hetero-
lithic deposits (HI, Figs. 8C and 9E). Upwards, the succession
becomes coarse grained, showing wavy to flaser heterolithic
packages (Hw, Hw, Hf, Hf(w)), followed by laminated and
stratified sandstones in tabular beds at the top (Figs. 8B, 8C
and 9A-9D). The heterolithic packages may appear amalgam-
ated with sandstone bodies. These sandstones display hum-
mocky (Shc), trough and low-angle cross-stratification (St
and S1), as well as plane bedding (Sh), convoluted folds (Sd),
and wave and current ripples (Srand Sr, ), with or without
muddy- and organic-rich drapes. In this context, bioturbations
are common, such as Skolithos. Clasts with basement affin-
ity are present in the muddy facies but are scarce (e.g, P71,

Presidente Getulio locality). The basal, muddy facies may be

interpreted as prodeltaic deposits, and the uppermost sand-
ier facies are ascribed to the delta-front and shoreface deposits
(Schemiko et al. 2019). The occasional clasts with basement
affinity are understood as dropstones and point to some gla-
cial influence (e.g., Castro 1991).

Towards the top, the delta-front and shoreface deposits are
replaced by a facies association characterized by the presence of
poorly sorted sandstones with trough and planar cross-stratifi-
cation, bioturbations (Skolithos), and paleosols with Bk hori-
zon (Schoeneberger et al. 2012). The sandstones are interbed-
ded with thin and lenticular heterolithic packages associated
with coal layers (C). In this context, plant fragments and pyrite
concretions are also frequent. Particularly, the sandstones are
teldspathic and medium to coarse grained, comprising amal-
gamated and nonamalgamated beds (0.3—-1-m thick) with an
erosive and concave base forming cut-and-fill structures. These
teatures suggest deposition on the delta-plain environment
(Bhattacharya 2006, 2010, Rossi and Steel 2016).

In addition, in the Trombudo Central region, nearby Rio
do Sul area, and in the same stratigraphic level of the shal-
low-marine deposits (e.g., shoreface), there are thinly lam-
inated sandstones with sinusoidal current ripples and till
pellets rhythmically alternated with black mudstones or silt-
stones with dropstones, some of them oversized (Fig. 10). It
contains raindrop craters and jumping trackway assigned to
arthropods (Silva et al. 2021) and microbial mats (Noll and
Netto 2018). These rhythmites may be interpreted as TBT
(e.g,, Santos et al. 1992, Tedesco et al. 2020) due to the fresh-
water input from glaciers melting into the supratidal environ-
ment (Lima et al. 2015, Noll and Netto 2018) with fluctuat-
ing water levels and consequently temporary exposure of the
substrate (Silva et al. 2021). The turbidites are interbedded
with beds of a flat base and asymmetric concave top (> 50 cm
wide and < 50 cm thick) disposed in multiple lateral arrange-
ments (Fig. 10A). It is composed of roughly stratified material
of sandy-muddy composition with dispersed granules and
pebbles (of compositional affinity with the basement). We
interpret these beds as deposition-related structures from
iceberg-released sediments named iceberg-dump structure
(Thomas and Connell 1985). Soft-sediment glacial surfaces
occur between the layers of the TBT (Figs. 10B and 10C),
which were previously reported and interpreted as iceberg
scour marks resulting from scouring of floating ice on sub-

aqueous sediments (Santos et al. 1992).

Unit C: postglacial, fluvio-deltaic to deep-
marine deposits

Unit C is up to 50-m thick and rests on Unit B by means
of an erosive surface (Figs. 3-S, 8, and 9F). This unit is like
the uppermost shallow-marine deposits of the previous one;
however, it shows a fining-upward stacking pattern. Thus, the
upper Unit B is covered by strata composed of poorly sorted
and stratified sandstones (St, S, and Sp) with muddy intraclasts
and a concave-up base. It configures amalgamated bedsets that
can reach thicknesses greater than 6 m and is understood as
fluvial deposits, usually ascribed to the Triunfo Member of the
Rio Bonito Formation (Zacharias and Assine 2005).
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These fluvial deposits cut down mainly the delta-plain
(Presidente Gettlio locality, Fig. 3) and shoreface deposits
(Ituporanga locality, Fig. 8C), or even it can erode prodel-
taic deposits (Rio do Oeste locality, Fig. 8B), MTD (Figs.
3 and 4), and proglacial deposits (Trombudo Central local-
ity, Fig. 8A). Therefore, we interpret this erosive surface as
a subaerial unconformity that is recognized throughout the
study area, configuring an incised valley (e.g., Zacharias and
Assine 2005, Schemiko et al. 2019). After fluvial expression,
tidal-influenced delta deposits (and/or estuarine deposits
— Zacharias and Assine 2005, Tognoli 2006) and mud-rich
strata fill the incised valley, as observed in the Alfredo Wagner

region (P36, Fig. 5). The mud-rich interval is assumed here
as distal offshore deposits of Paraguagu Member (Rio Bonito
Formation, e.g., Tognoli 2006).

Stratigraphic correlation

The stratigraphic stacking patterns recognized in outcrops
for the study interval at Rio do Sul region were also detected
in wells (Petrobras and CPRM) throughout hundreds of kilo-
meters into the basin (Figs. 3 and 4).

The proglacial to deep-marine deposits of Unit A are cor-
related to a basal interval with fining-upward pattern, in which
the coarse-grained facies have low radioactivity at the base of

Figure 9. Main fluvial and fluvio-deltaic facies of Unit B and Unit C. (A) Current ripples of delta-front deposits of Unit B. (B) Convoluted
folds in silty sandstones in a delta-front context (Unit B). (C and D) Hummocky cross-stratification in shoreface deposits of Unit B. (E) Flaser
heterolithic deposits of prodelta (Unit B). (F) Planar cross-stratification in fluvial strata of Unit C above the subaerial unconformity SB2.
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the unit, showing bell or cylindrical shape. The succession pro-
gressively becomes an interval with an irregular (saw tooth)
shape pattern at the top, which has relatively higher gamma-ray
counts and correlates to the topmost rhythmites of Unit A.
The contact between Units A and B is characterized by
the peak of high radioactivity at the top of the lowermost

unit that defines the correlation datum, corresponding to the
Lontras Shale. The peak is followed by succession with a coars-
ening-upward pattern that characterizes the Unit B stacking.
This pattern is well marked in outcrops and well logs. Usually,
the peak of high radioactivity is followed by boxcar and/or
cleaning-up trend (irregular or funnel shape) related to the

Figure 10. (A) Dump structures interbedded with thin turbidites with till pellets present in Trombudo Central locality, nearby Rio do Sul
locality. (B and C) Possible intraformational glacial surfaces (soft-sediment glacial surfaces) with WSW-ENE direction. (D) Details of thin-
bedded turbidites with till pellets, in which dropstones of quartz composition can also be observed.
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TBT and thick-bedded turbidites or hyperconcentrated den-
sity-flow deposit and CDFD. It grades upward (or is laterally
disposed of ) to the irregular shape corresponding to the diam-
ictites. The diamictites, in turn, are followed by a cleaning-up
trend (funnel shape) related to the deltaic progradation. Based
on outcrop data, the diamictites hold rafted blocks composed
of deltaic facies, showing a clear genetic relationship with the
upper deltaic facies (shelf-margin delta, Schemiko et al. 2019).
Thus, the low radioactivity peaks within the irregular shape
may represent deltaic sandstones by means of interbeds or
allochthonous blocks.

The mud-rich interval corresponding to the Lontras
Shale (Rio do Sul Formation) is a commonly used regional
datum (Vesely and Assine 2006) understood here as the
last level of black shale with the highest radioactive peak
before the uppermost deltaic progradation frequently
referenced as Rio Bonito Formation. In this way, the
Passinho Shale (Santos et al. 1996) documented above
the Lontras Shale (Daemon and Quadros 1970, Rocha-
Campos and Réssler 1978, Santos et al. 1996, Vesely 2006)
is here assigned to the prodeltaic muddy strata of the Rio
Bonito Formation (e.g., Popp 1983, Castro 1991; Fig. 3).
Stratigraphic correlations recorded in the literature show
these shales superimposed by the sandstone-rich del-
taic deposits of the Rio Bonito Formation (Vesely 2006)
or laterally disposed to the deltaic sandstones (Rocha-
Campos and Réssler 1978). According to this approach,
the Lontras Shale does not necessarily correspond to the
range of shales slightly above the Precambrian basement
as proposed by Fallgatter and Paim (2017), although it
is often arranged in this way (Fig. 6F).

The inversion of the stacking pattern characterizes the pas-
sage from Unit B to Unit C, highlighting the subaerial uncon-
formity from which starts a retrogradational stacking pattern
that delineates Unit C. At the base of this interval, the low radio-
activity peaks represent fluvial sandstones with cylindrical or
funnel shapes. It grades upward to relatively higher gamma-ray
counts, corresponding to estuary deposits that culminate with
the siltstones and shales correlated with the Paraguagu Member
(e.g., Tognoli 2006). In this context, nearby Rio do Sul area,
there is the preservation of delta-plain deposits under subaerial
unconformity (Fig. 3), while on other localities the basal flu-
vial deposits of Unit C occur directly over the MTD, prodelta
or shoreface deposits of Unit B (Figs. 3-5S and 8).

Sediment transport and fill patterns
Paleocurrent patterns for Unit A were not recorded in
this study once previous works have documented it sat-
isfactorily. A detailed study of the basal nonconformity
carried out by Fallgatter and Paim (2017) shows partially
exhumed glacial troughs and gouges into the Precambrian
basement associated with lodgment tillites. These features
have a consistent NW orientation. According to Aquino
et al. (2016) and Fallgatter and Paim (2017), the conglom-
eratic facies association (subaqueous outwash fans) is also
exposed around Pedrinho and Alfredo Wagner, respec-

tively, and shows paleocurrents mainly toward NW, where

NE and SW are secondary components (Fig. 3). Likewise,
Rodrigues et al. (2021) point to general paleoflows toward
the N for uppermost folded rhythmites (classified as incip-
ient MTDs) at Presidente Getulio locality.

About 700 paleocurrent measurements were obtained
from cross-stratifications and current ripples in sandstones and
sandy rhythmites of Unit B. In general, these data refer to TBD
and thick-bedded turbidites, hyperconcentrated density-flow
depositand CDFD (hyperpycnites), shoreface, and delta-plain
deposits. Based on the trends of the sediment transport in this
depositional unit, the studied area can be subdivided into three
major sectors (regions):

e Presidente Gettlio-Witmarsum (north-northeastern),
where paleocurrents are to the south-southwest;

* Rio do Sul (center-eastern) with paleocurrents toward
the west;

¢ VidalRamos-Alfredo Wagner (southern), showing paleocur-
rents mainly to the northwest and, secondarily to the south-

west (Figs. 2 and 3).

Conglomeratic facies of noncohesive density-flow depos-
its are present mainly in the Presidente Getdlio (northern
sector) locality and are genetically associated with upper-
most thick turbidites showing paleocurrents toward the
south-southwest (Schemiko et al. 2019). In this locality,
the paleocurrents of TBT are chiefly toward the northwest,
which is the same orientation obtained from thick-bedded
turbidites and TBT present in the localities of Vidal Ramos
and Alfredo Wagner (southern sector), where the conglom-
eratic facies are absent. Consequently, the TBT seem to be
genetically related to a slope-parallel paleoflow direction
sourced from areas farther to the SE.

In the Witmarsum locality (northern sector), the kine-
matic analysis of the MTD carried out by Rodrigues et al.
(2021) points to paleoflows toward the NW for more evolved
mass flow diamictites (Figs. 2 and 3). In the south-southeast
portion of the study area, in the Alfredo Wagner locality, the
paleoflow pattern ranges from WNW to SW (Fig. 3), according
to Rodrigues et al. (2021). Additionally, these data agree with
the flow directions obtained through anisotropy of magnetic
susceptibility (AMS) by Amato (2017) for these deposits in
the regions of Aurora (NNW), nearby Vidal Ramos locality,
and Alfredo Wagner (NW and W).

In the center-eastern, the soft-sediment glacial surfaces
(iceberg scour marks) that occur in the stratigraphic level of
shallow-marine deposits of Unit B have a WSW-ENE direction
(Fig. 10), a similar direction obtained by Santos et al. (1992)
for these features (WNW) at the same locality (Trombudo
Central). In this context, the TBT with till pellets present
paleocurrents to the WSW (Fig. 2).

Overall, the fluvial packages of Unit C, displayed above the
subaerial unconformity, have paleocurrents (about 100 read-
ings) toward the SW and, less common, northwest directions
(Figs. 2, 3, and S). On the contrary, subsequent delta depos-
its have southwestern paleocurrent directions (e.g., P36), but
with a northeast component that can be attributed to the tidal
process (drapes, Fig. 5, e.g., Mottin et al. 2018).
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DEPOSITIONAL HISTORY

The deposition of study interval occurred in paleoenviron-
ments ranging from shallow to relatively deep-marine deposits
under different levels of glacial influence or with a lack of such
influence. Glacial contribution during the sedimentation is evi-
denced by dropstones in distinct stratigraphic levels (Units A
and B), striated and faceted clasts within mass flow diamictites
and noncohesive density-flow deposits, and structures asso-
ciated with floating ice, such as till pellets. Features that point
to the tide activity evidence the marine environment (Units
B and C). Marine setting is also supported by the presence of
marine fossils like conodonts (Rocha-Campos and Réssler
1978, Simées et al. 2012, Wilner et al. 2012, 2016, Scomazzon
et al. 2013, Neves et al. 2014) in the Lontras Shale (Unit A).

Through the recognition of depositional trends of each
unit associated with the sediment transport pattern and spa-
tial distribution, it is possible to reconstruct the depositional
history of the study area. Therefore, three evolutionary stages
are defined in this study. Yet, the depositional trends of each
unit were recognized and traced up to 400 km into the basin.
It points to the regional expression of these events, supporting
the interpretation of the stratigraphic architecture and deposi-
tional evolution of the Rio do Sul depocenter (Figs. 3 and 4).

The first stage has the subglacial tillites and CDFD (Aquino
etal. 2016, Fallgatter and Paim 2017, Valdez Buso et al. 2019) of
Unit A as the expression of the maximum glacial advance over
the Precambrian basement or on irregular surface scoured into
the previous deposits (Valdez Buso et al. 2019), respectively,
configuring a sequence stratigraphy boundary named as SB1

(Figs. 3, 4, and 11A). Mass flow diamictites and rhythmites
superimposing these basal deposits point to deglacial process,
whereas the following glacially influenced deepwater shales
(Lontras Shale) record the marine maximum flooding (MFS1).
In this scenario, the mean paleocurrents of the CDFD toward
the NW (Aquino et al. 2016, Fallgatter and Paim 2017) coin-
cide with the mean vector to the north of the striated surfaces
on the lowermost unconformity described in Santa Catarina
State (Rocha-Campos et al. 1988, Fallgatter and Paim 2017)
as elsewhere in the Itararé Group (Vesely and Assine 2002,
2006, Vesely et al. 2015, Rosa et al. 2016).

In turn, the second stage, referring to Unit B, is character-
ized by a change in the stacking pattern and paleoflows (Figs.
11B-11E). The Lontras Shale is covered by a coarsening-up-
ward succession that starts with deglacial (proglacial) deepwa-
ter deposits and includes thin and thick turbidites, hypercon-
centrated density-flow deposit, and/or CDED. It is followed
by MTD and fluvio-deltaic deposits, showing a progradational
pattern. In this setting, the genetic relationship between the
uppermost shelf-margin deposits (Schemiko et al. 2019) and
mass flow diamictites is evidenced by shallow-water sedimen-
tary structures present within the allochthonous blocks of the
MTD, such as wave ripples. In this way, the mass flow diam-
ictites represent the remobilization of delta-front deposits to
the relatively deepwater environment (e.g., D’Avila 2009, Suss
et al. 2014, Valdez Buso et al. 2019). Based on this, we support
the hypothesis of the conformable transition between the Rio
do Sul Formation and the lowermost Rio Bonito Formation
(Triunfo Member). At the top, incised fluvial valleys bound

Figure 11. Evolutionary history and interpreted paleogeographic models for the Depocenter Rio do Sul, Pennsylvanian-Permian of the
Parand Basin, southern Brazil, with emphasis on the transition between Stage I and Stage II, which is time-equivalent of Cycle III of the
Late Paleozoic Ice Age (LPIA). Glacial advance from SE (A) during the early Stage I that culminates with deposition of Lontras Shale.

Sedimentation of turbidites after the development of Lontras Shale (B) toward NW. After, mass transport deposits (MTD) and genetically

related fluvio-deltaic deposits were developed, with (C) NW and (D) W paleocurrents. (C) A new ice source is suggested from NE, based on
striated and faceted clasts within concentrated density-flow deposits, (D) with paleocurrents to SW. (E) These deposits are genetically related
to the MTD and the overlain fluvio-deltaic deposits, with the same sediment transport direction, configuring centripetal filling to the Rio do

Sul depocenter over time.
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this succession, configuring the second sequence stratigraphy
boundary (SB2, Figs. 3-5 and 8).

Regarding the initiation of the mass transport, we argue
that meltwater discharge was the trigger mechanism for slope
instability due to the rapid input of sediments. It does not
exclude that the faceted and striated clasts would have ice-
rafted debris as a primary source during the early stages of
deglaciation prior to incorporation into mass flow diamictites
(e.g., Mottin and Vesely 2017). At the same time, those major
floods may also be related to the development of concentrated
and hyperconcentrated density flows by means of meltwater
discharge bypassing the shelf to the deepwater (e.g., Mutti
et al. 1996, Hubbard et al. 2010, Zavala et al. 2011), leading
to the slope instability and sedimentation of the uppermost
MTPD. In this context, the quasi-steady density flows depos-
ited those noncohesive density-flow deposits implying in
relatively constant discharge for long periods (Kneller and
Branney 1995, Mulder and Alexander 2001). Thus, the sedi-
ment supply possibly was from semi-continuous flood events
produced by glaciofluvial discharge to deep-marine setting
(Schemiko et al. 2019) instead of grounding-line fan systems
as recorded elsewhere in the Itararé Group (e.g., Aquino et al.
2016, Fallgatter and Paim 2017).

The genetic relationship between deglacial deepwater depos-
its and fluvio-deltaic strata within Unit B is also evidenced by
paleocurrent and paleoflow patterns. All facies associations
have the same sediment transport showing a trend toward
the northwest in the southern sector (Vidal Ramos-Alfredo
Wagner region), west-northwest in the central sector (Rio do
Sul - Trombudo Central region), and south-southwest in the
northern sector (Vitor Meireles-Presidente Gettlio region).
However, within this unit, we can still suggest some diachro-
nism between the depositions of the center-southeastern and
northern sectors. A progradational succession with south-south-
west paleoflows in the northern sector seems to be developed
over the basal TBT with NW paleocurrent genetic related to a
primary progradational succession formed at central and south-
ernregions (Schemiko et al. 2019). In those places, the strati-
graphic relationship with the lowermost fluvial beds of Unit C
indicates a transition between normal and forced regression,
since the platform deposits as delta-front and shoreface beds
occur under the fluvial-incised valley (SB2, Figs. 3-5 and 8).
Likewise, fluvial beds (Unit C) rest on erosive and sharp-base
contact with prodeltaic deposits (Rio do Oeste and Trombudo
Central localities) and MTD (e.g., 1AL well, Fig. 4).

On the contrary, the second depositional succession from
the north points to progradational-aggradational stacking pat-
tern of co-genetic facies associations within clinoforms that
offlap on the fluvial subaerial unconformity SB2 (Schemiko
etal. 2019, Fig. 3), once the preservation of delta-plain deposits
with tide influence evidence the normal regression conditions
(highstand system tract, Catuneanu 2006). Consequently,
the emplacement of MTD took place during the sea-level
rise (Schemiko et al. 2019, Fig. 3). It is opposite to the clas-
sical sequence stratigraphic models (cf. Catuneanu 2006), in
which thicker MTD are related to forced regression. Incised

valley down-cutting interglacial highstand deposits were also

documented by Blum and Price (1998) for Texas Gulf Coastal
Plain (Pleistocene Beaumont Formation).

The third stage that corresponds to the retrogradational
stacking pattern developed over the SB2 began with fluvio-deltaic
beds (Triunfo Member) deposition, followed by fine-grained
deposits concerning the Paraguagu Member (Fig. S). The dep-
ositional trend suggests a transition from normal regression
(lowstand) to transgression characterized by early infills of the
incised valleys composed of tidal-influenced fluvial deposits
(coastal plain, e.g., Rossi and Steel 2016) followed by estuary
channels, composing the valley fill backstepping (Paraguacu
Member, e.g., Zacharias and Assine 2005). No feature related
to glacial influence was observed in this stage.

According to the previous sequence analysis (Holz et al.
2006, 2010, Valdez Buso et al. 2019), the stacking pattern of each
unit may be part of the two third-order depositional sequence
in the Santa Catarina State (Fig. 1). Like Canuto et al. (2001),
Valdez Buso et al. (2019) distinguished five deglacial cycles in
the upper Itararé Group. Unit A corresponds to the deposi-
tional sequence 2 (Glacial Subcycle S2) of Valdez Buso et al.
(2019), where the Lontras Shale expresses the marine max-
imum flooding from a deglacial process. After Lontras Shale
deposition, the authors recognized additional three Glacial
Subcycles (S3, S4, and S5). However, our findings suggest a
genetic relationship between the glacially influenced deepwa-
ter deposits, developed slightly above Lontras Shales, and the
upper shallow-water deposits under the incised valley. Thus,
even assuming further Glacial Subcycles above the Lontras
Shale at Rio do Sul depocenter, as proposed by Valdez Buso
et al. (2019), we can still point to the genetic relationship
between the last deglacial deposits (Itararé Group) and the
superposed fluvio-deltaic deposits, usually assigned to Rio

Bonito Formation.

PALEOGEOGRAPHY

The LPIA glaciation comprised major events (or cycles)
also recognized across the Parané Basin (Fielding et al. 2008,
Valdez Buso et al. 2019). In this context, the evolutionary Stage
Iis time-equivalent to the upper Cycle II, whereas Stage I is
related to Cycle III of the LPIA, the last major glacial event
in the southern Gondwana supercontinent (Isbell et al. 2003,
Lépez-Gamundi and Buatois 2010, Valdez Buso et al. 2019).
Paleogeography of multiple glacial lobes flowing into the Paran
Basin has been supported by several sedimentary features such
as paleo-ice flow directions from subglacial landforms and
soft-sediment grooving (Gesicki et al. 2002, Rosa et al. 2016,
2019, Fallgatter and Paim 2017) and paleocurrent patterns
from deglacial deposits (e.g., Vesely et al. 2015, Aquino et al.
2016, Carvalho and Vesely 2017, Fallgatter and Paim 2017,
Mottin et al. 2018, Mottin and Vesely 2021).

Similarly, there is a growth in studies supporting an
NE-glacial source associated with the upper Itararé sedi-
mentation (Mottin et al. 2018, Schemiko et al. 2019, Mottin
and Vesely 2021). In this context, the results from this study
would point to a change in the main paleo-ice flow direction
between the upper Cycle II and Cycle III of the LPIA in the
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Parand Basin. Striations related to SB1 with NW direction and
associated deglacial CDFD flowing toward NW (Figs. 3 and
6; Aquino et al. 2016, Fallgatter and Paim 2017, Valdez Buso
et al. 2019) of Unit A indicate a sediment entry and glacial
source area located at SE during the upper Cycle II (Stage I).
However, faceted and striated clasts immersed in hyperpyc-
nal density flows within Unit B in the north sector with paleo-
flows to the southwest also evidence an ice source to the NE at
the end of the LPIA — Cycle I1I (Stage II; Figs. 2, 3, and 7).

Still, the study area comprises a particular paleogeography
setting during the development of Stage 1I (Figs. 11B-11E).
The transport pattern of co-genetic facies associations with
the glacial influence of Unit B displays centripetal sediment
teeding and glacial sources. In addition to the NE source, there
are pieces of evidence of glacial sources to the E and SE. The
upper Unit B in Trombudo Central locality (central sector)
encompasses features pointing to the glacial source to the
east-northeast and an extensive advance of ice to the W, such
as TBT comprising till pellets and dropstones with paleocur-
rents to the west and southwest, as well as iceberg-dump struc-
ture associated iceberg scour marks with main ice flow direc-
tion toward the west (e.g., Santos ef al. 1992; Figs. 2 and 10).
In the south sector, the SE-glacial source is corroborated by
TBT with dropstones and MTD with glacially derived faceted/
striated clasts showing paleoflows to the NW (Figs. 2 and 7).

A northern source for diamictites with glacially derived fac-
eted/striated clast of the Rio do Sul Formation is also present
in the basin-scale lithofacies distribution as reported by Franga
and Potter (1988) and Eyles et al. (1993), based on subsur-
face data. In the central-northern sector of the Parand Basin,
this diamictite-bearing unit is up to 200-m thick, extending
horizontally over 700,000 km? (Eyles et al. 1993). According
to Franca and Potter (1988), the passage toward the south of
diamictite to dropstone-bearing shales and rhythmites points
to the presence of a depocenter in the Santa Catarina State,
configuring a proximal to distal architecture. Our results based
on regional stratigraphic correlations and transport pattern also
report the catchment area located to the NE but a further sed-
iment feeding from E and NE for the diamictites, which pass
to fine-grained deposits with glacial influence toward a main
center nearby Rio do Sul locality (Figs. 3 and 4). This fill pat-
tern is kept in the fluvio-deltaic deposition of Unit C (Triunfo
Member). It would corroborate the hypothesis of a subsiding
area in the south of the Parand Basin, configuring the so-called
“Rio do Sul” sub-basin (Canuto 1993).

Previous studies discussed the rate influence of tectonic and
sea-level changes on the bounding relationships of the upper
Itararé Group and lower Rio Bonito Formation. Tectonic uplift
of the northeastern basin has been suggested based on fluvial
paleocurrents to the SW of Rio Bonito Formation (Castro
1991, Milani and Ramos 1998, Milani 2004, Holz et al. 2006,
2010, Mottin et al. 2018). Therefore, in all hierarchical levels
discussed here, regional and local, as well as based on both
outcrop and subsurface data, it appears to be a tectonic over-
printing on the eustatic signature creating space particularly
recorded in the Rio do Sul depocenter, justifying the thickness

and the transitional contact between those units. Thus, the

possible tectonic uplift began even during Itararé Group sedi-
mentation, after Lontras Shales deposition, as can be observed
by stratigraphic architecture and fill pattern of Unit B, not just
after warm conditions of uppermost Rio Bonito Formation,
as proposed by Holz et al. (2006).

Tectonic and deglacial processes may have provided a high
rate of sediment influx. According to Porebski and Steel (2006),
deltas are likely to form shelf-wide sand bodies within high-
stand systems tract mainly for fourth-order sequences (e.g,
highstand shelf-margin deltas), on narrow and high-gradient
shelves related to extremely high-discharge rivers from glaciated
terrains or rising mountain belts. The late Quaternary Ganges-
Brahmaputra delta is an excellent example of delta prograda-
tion, derived from high and sustained sediment supply com-
bined result of tectonically active catchment and postglacial
conditions, despite significant sea-level rise (e.g., Goodbred
Jr. and Kuehl 2000, Goodbred Jr. et al. 2003), similar to the
deltaic progradation-aggradation recorded in the north sector
(Schemiko et al. 2019).

Also, the ages of the study interval are still an open matter
for debate. The stratigraphic level regarding the genetic rela-
tionship between the shallow deposits of the lower Rio Bonito
Formation and deep-marine deposits of the upper Rio do Sul
(Taciba) Formation under SB2 is correspondent to Cycle SS
of Valdez Buso et al. (2019). According to recent dating, this
interval is late Moscovian-early Kasimovian (Fig. 1, Cagliari
et al. 2016, Valdez Buso et al. 2019, 2020). In this way, we can
place the lower Rio Bonito Formation into Carboniferous,
or we must assume that the upper fluvio-deltaic genetically
related to the deep-marine deposits with glacial influence
refers to Itararé Group, as employed by Aquino et al. (2016)
and Valdez Buso et al. (2019) in the study area (Fig. 5). Thus,
we argue that Rio Bonito Formation would correspond to the
truly postglacial deposits developed above the upper fluvial-in-
cised valley, dating Early Permian. Despite it, the development
of the glacial or glacially influenced and postglacial deposits of
Parand Basin during the Late Paleozoic remains transitional
in the Rio do Sul depocenter.

CONCLUSIONS

The registered stratigraphic framework reflects a com-
plex paleogeographic scenario in the SW Gondwana during
the deposition of the upper Itararé Group and the lower Rio
Bonito Formation (Guata Group), with a depocenter located in
the region of Rio do Sul, Santa Catarina State, southern Brazil.

The examined succession comprises three evolutionary
stages in which each depositional trend was recognized and
traced in the subsurface, implying the regional expression of
these events. Also, the stratigraphic stacking defined in the
State of Santa Catarina reveals the presence of a glacial margin
dynamic in the SW Gondwana, marked by cycles of advance
and retreat. The first stage records a glacial advance from
south-southwest configurated by an erosional surface and the
presence of subglacial tillites, whereas the gravitational depos-
its represent the ice retreat (upper Mafra Formation), and the

following Lontras Shales is the marine maximum flooding. The
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following stages point to a centripetal sediment feeding and
glaciated source areaslocated NE, E, and SE. The least deglacial
(Stage IT) process of the Itararé Group is stratigraphically tran-
sitional to postglacial conditions of the Rio Bonito Formation,
revealed by co-genetic glacially influenced deepwater to shal-
low deposits. The postglacial conditions were established in
the third stage configurated by the fill of the fluvial-incised val-
ley, corresponding to upper Triunfo and Paraguagu Members
of the Rio Bonito Formation.

Features such as the fill pattern, thickness, and the transi-
tional contact between Rio do Sul and Rio Bonito Formation
establish the Rio do Sul depocenter. Besides the sea-level rising
due to deglacial processes, it appears to be a tectonic overprinting
on the eustatic signature creating space particularly recorded in
the Rio do Sul depocenter. Likewise, the change of NW feeding
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to the centripetal pattern points to the tectonic uplift of NE area
during the upper Itararé instead of just the arm conditions of

the uppermost Rio Bonito Formation as previously described.
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Appendix 1. Localities described to construct this article.

Point *UTMN UTME Ponto *UTMN UTME Ponto *UTMN UTME
P01 633916 7012278 P67 631178 7025347 P131 636772 6997058
P02 631375 7013060 P68 634042 7021644 P132 634986 7002011
P03 631260 7013952 P69 635256 7017438 P133 637006 7007999
P04 629580 7014155 P70 639357 7009333 P134A 621821 6987126
PoS 629387 7014252 P71 624994 7000181 P134B 621716 6987143
P06 631360 7013056 P72 626089 7004510 P134C 621685 6987154
P07 631504 7012713 P73 627937 7005696 P13$ 637497 6966622
P08 628459 7010114 P74 627656 7005642 P136 652579 6949654
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