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The late Paleozoic glacial-to-postglacial turnover evolved complexly across Gondwana. Successions bearing
volcaniclastic material that can be radiometrically dated provide crucial information about the timing of those cli-
mate events. The southernmost part of the Parana Basin, for instance, has a high-precision geochronological frame-
work. The eastern sector of this basin (Parana State and north of Santa Catarina State), however, lacks radiometric
ages, but conversely, has a more complete stratigraphic record, and paleontological information still poorly ex-
plored for the purpose of biostratigraphic correlation. This work examines the glacial-to-postglacial interval in
the Parana State, represented by the upper Itararé Group (Taciba Formation; glacial) and lower-middle Rio Bonito
Formation (postglacial). Sedimentological, paleontological and geochemical data from outcrops, cores and well
logs were used to decipher the timing, paleoclimatic and paleogeographic scenarios of this transition. The exam-
ined succession comprises four stacked units (U1 to U4, from older to younger). Diamictite-dominated units (U1
and U3), here interpreted as consecutive glaciation-deglaciation events, are separated by non-glacial, continental
to shallow marine deposits, commonly bearing fossil plants and coal seams (U2). An important transgression
followed the first deglaciation, which is equivalent to the “Eurydesma transgression”, based on the presence of ma-
rine invertebrates of the homonymous fauna in the Passinho Shale. U2 holds elements of two different floras,
i.e., Phyllotheca-Gangamopteris (P-G), predating the “Eurydesma transgression”, and Glossopteris—-Brasilodendron
(G-B), above the transgression. Therefore, U2 is interpreted as an interglacial interval, once it records a climate im-
proving before the last glacial episode of U3, which is further supported by relatively high values of the Chemical
Index of Alteration (CIA). Deposits of U3, associated with a decrease in the value of the CIA, are unconformably
overlain by U4. The occurrence of coal-bearing postglacial facies (U4) associated with the G-B Flora, coincides
with an increase in the CIA values. Sediment transport was toward the SW in all units and in the same direction
it is observed an overall thinning of U1 and U3 and thickening of U2. The interglacial P-G Flora of the study area
correlates with postglacial southernmost floras, based on U-Pb CA-TIMS Asselian ages of tonsteins. Correlation
of the Eurydesma fauna-containing Passinho Shale with equivalent successions with high-precision age control
in southern Africa, allowed us to position both deglaciations of the Taciba Formation (U1 and U3) in the Asselian.
These findings suggest that U1 and U3 record two early Permian glacial episodes, with the younger one (U3)
disappearing southward. Accordingly, our results indicate that the glacial-to-postglacial turnover was diachronous
along the eastern belt of the Parana Basin, being progressively older southward, considering that interglacial fossil
plant assemblages in the eastern margin correspond in time to postglacial assemblages farther south.
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1. Introduction

The late Paleozoic Ice Age (LPIA) and the turnover to a greenhouse
state have no parallel in the Earth history, representing the only re-
corded end of an ice age and the change to a permanent greenhouse
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condition on a planet characterized by complex terrestrial vegetation
(Gastaldo et al., 1996; Montafiez and Poulsen, 2013; Limarino et al.,
2014). The LPIA is currently envisioned as the longest-lived icehouse
(Upper Devonian through much of the Permian), marked by a series
of several million-year-long glaciations alternating with interglacial
periods with similar duration (Visser, 1997; Isbell et al., 2003,
2012; Montafiez and Poulsen, 2013; Montafiez, 2022; Fielding
et al., 2022).
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The acme of the LPIA is considered the interval from the late Penn-
sylvanian to the early Permian (L6épez-Gamundi et al., 2021;
Montafiez, 2022). The stratigraphic record of this phase is widespread
throughout Gondwana, with evidence that the glaciers and ice-sheets
may have reached sea-level (e.g., Visser, 1997; Isbell et al., 2008;
Rocha-Campos et al., 2008; Montafiez and Poulsen, 2013; Montafiez,
2022; Fielding et al., 2022). Transition to fully postglacial conditions
has been considered to be influenced by the interplay of multiple
factors, including the northward drift of Gondwana during the late
Paleozoic (Powell and Li, 1994), rise of pCO, (e.g., Montafiez et al.,
2007; Richey et al., 2020) and topography (e.g., Isbell et al., 2012;
Goddéris et al., 2017).

Vegetation underwent significant changes during this period, appar-
ently in step with climate shifts (Cineo, 1996; Gastaldo et al., 1996).
Close to the Carboniferous-Permian boundary, for instance, the
Gondwanan vegetation, hitherto very impoverished and dominated by
typical late Carboniferous forms, was succeeded by a glossopterid-
dominated flora, with an increased number of plant assemblages and
taxa (Caneo, 1996). In this context, Brazilian Paleozoic sediments bear
one of the most important records of Gondwanan terrestrial floras
(Iannuzzi, 2010, 2013).

In the Parana Basin of central-southern Brazil, a complete record of
the late Paleozoic glacial demise and the onset of the postglacial state
is preserved in strata of the Itararé Group and the Rio Bonito Formation
(Mottin, 2022). High-precision U-Pb ages recently obtained in the
southernmost Parana Basin (Rio Grande do Sul and central Santa
Catarina; Cagliari et al., 2016; Griffis et al., 2018, 20193, 2021) have
motivated the idea that glaciation is limited to the Carboniferous and
that the turnover to a postglacial state was probably a synchronous
event throughout the basin (Griffis et al., 2019a, 2019b, 2021), thus
diverging from the model that depicts glaciation and deglaciation as
dynamic, diachronous and influenced by local factors (e.g., Isbell et al.,
2012).

The Parana is a huge, continental scale basin that covered different
paleolatitudinal zones during the LPIA. Moreover, tectonic modifica-
tions close to the Carboniferous-Permian boundary caused profound
changes in sediment dispersal patterns (e.g., Milani, 1997; Mottin
et al.,, 2018; Mottin, 2022). Unfortunately, the lack of high-precision
ages in most part of the basin makes the proposition of the synchronous
glacial-postglacial shift difficult to be confirmed or rejected. Therefore,
stratigraphic correlation through the integration of physical, chemical
and biostratigraphy supported by a paleogeographic setting can help
to test this hypothesis in the absence of confident geochronological
control.

This work is part of the Ph.D. project conducted by the first author
and composes one chapter of the respective thesis (Mottin, 2022). It
aims to present a regional stratigraphic framework of the late Paleozoic
glacial-to-postglacial transition tied to paleontological, paleocurrent
and paleoclimatic data, from an eastern perspective of the Parana
Basin. The study area corresponds to the Permo-Carboniferous outcrop
belt in the Parana State (Fig. 1). Correlations between key fossil-
bearing stratigraphic sections (this work) with recent high-precision
geochronological datasets of fossil-bearing sections of southern Brazil
and southern Africa (Griffis et al., 2018, 2019a, 2021; Cagliari et al.,
2023 ) allowed constraining the timing of important sedimentary-
climatic events in the eastern margin of the basin.

2. Geological background

The Permo-Carboniferous sedimentary succession of the Parana
Basin has long been considered an interesting research topic, exten-
sively examined during almost 150 years (e.g., Derby, 1878). The main
reasons are economic, related to coal deposits and potential source
rocks and hydrocarbon reservoirs, and scientific, on account of its accu-
mulation during a major climate shift of glacial to postglacial conditions
in the Paleozoic Era.
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The deposition related to the shift from glacial to postglacial condi-
tions in the Parana Basin occurred at mid-paleolatitudes of Gondwana
(~50-52°S, Franco et al.,, 2012; Brandt et al., 2019), in a time range span-
ning the Middle-Upper Pennsylvanian to the Artinskian (Cagliari et al.,
2014, 2016, 2023; Griffis et al., 2018, 2019a). This interval includes an
important part of the longest-lived and most acute icehouse of the
Earth history, the late Paleozoic Ice Age or LPIA (Fielding et al., 2008;
Limarino et al., 2014; Montafez and Poulsen, 2013; Montafiez, 2022),
and the complete transition to a postglacial stage, represented in
the Parana Basin, respectively by the Itararé Group and Rio Bonito
Formation.

The Itararé Group comprises up to 1300 m of continental, transi-
tional and marine deposits with variable degrees of glacial influence,
that are archives of multiple ice expansions and retreats across south-
western Gondwana (e.g., Rocha-Campos, 1967; Franca and Potter,
1988; Santos et al., 1996). Deglaciation cycles consisting mostly of
diamictites, sandstones, and dropstone-bearing mudstones were de-
scribed across the basin (e.g., Franca and Potter, 1988; Vesely and
Assine, 2006; Valdez Buso et al., 2019). According to Franca and Potter
(1988), the Itararé Group records three major depositional cycles of
basin scale, corresponding to the Lagoa Azul, Campo Mourdo and Taciba
formations, in ascending stratigraphic order. This stratigraphic scheme
is adopted in this work. Most of the deposition of the Itararé Group is
considered Pennsylvanian, but some authors extend the unit up to the
early Permian based on biostratigraphy of marine invertebrates and pal-
ynology (Taboada et al., 2016; Souza et al., 2021). However, data on U-
Pb geochronology suggest that the final deglaciation in the southern to
southeastern Parana Basin (locality 4 in Fig. 1A) is prior to the Carbonif-
erous-Permian boundary (Cagliari et al., 2016, 2023; Griffis et al., 2018).

Deposition of the coal-bearing Rio Bonito Formation followed the
final deglaciation of the Itararé Group. Across the eastern outcrop belt,
the contact between those units is a subaerial unconformity
(Zacharias and Assine, 2005) that passes southwards to a correlative
conformity where mudstones from the uppermost Itararé Group are ge-
netically linked to heteroliths and sandstones from the lowermost Rio
Bonito Formation (e.g., Medeiros and Thomaz Filho, 1973; Castro,
1991; Schemiko et al., 2019). The Rio Bonito Formation is subdivided,
from base to top, into the Triunfo, Paraguagu and Siderépolis members
(Schneider et al., 1974). The Triunfo Member comprises fine- to
coarse-grained sandstones and subordinate conglomerates, mudstones,
coaly shales and coal. The intermediate member, Paraguacu, encom-
passes mainly mudstones, with interspersed fine-grained sandstones
and limestones. The Siderépolis Member is composed of very fine- to
fine-grained sandstones, shales, and coal seams (Schneider et al.,
1974). The unit increases in thickness southwards, while the Itararé
Group becomes thicker toward the north (Holz et al., 2010).

3. Methods

Outcrops and well cores representative of the interval between the
Taciba Formation and lower Rio Bonito Formation, located between
northeast Parana State and northern Santa Catarina State (Fig. 1B) pro-
vided the bulk of the dataset used in this work. In addition to these pri-
mary data, we used a stratigraphic log from Ibaiti (Zacharias and Assine,
2005) and paleobotanic data from Teixeira Soares (Oliveira, 1927; Read,
1941; Almeida, 1945; Dolianiti, 1948, 1954).

In order to characterize the stratigraphic stacking pattern and its
vertical and lateral variability along the area, four composite strati-
graphic profiles at 1:100 scale (Teixeira Soares, Ibaiti, Tomazina,
Ribeirdo Novo) were constructed, three well cores were described at
1:100 scale (PP-11-SC, FP-08-PR, NF-09-PR) and gamma-ray logs were
used to help defining textural trends (PP-13-PR, IV-10-PR, PP-17-PR,
RS-02-01/80, 1-CA-03-PR, CP-08-02, 1-SJ-1-PR and AS-20-PR wells).

The studied succession was subdivided into informal lithostratigra-
phic units, hereinafter referred to as units (U1-U4), defined and charac-
terized on the basis of their lithologic properties or combination of
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Fig. 1. Geological setting. (A) Overview of the southwestern Gondwana (modified from Isbell et al., 2003) showing glaciated basins during the LPIA, among which the Parana Basin, and seven
key localities addressed in this paper. The approximate location of the study area and two studied key localities is represented by a dashed line polygon and green circles (2-3), respectively.
(B) Magnified view of the study area in the eastern part of the Parand Basin, showing the location of outcrops, fossiliferous localities, described cores, CIA samples and well logs used herein.

lithologic properties, and their stratigraphic relations (Salvador, 2013).
The units are mappable and traceable throughout the study area, each
one characterized by one or more facies associations. Their boundaries
were placed at positions of major lithologic changes (Salvador, 2013).
The units were defined by examining the stratigraphic columns from
outcrops, cores and nearby exposures distributed in the four main out-
crop locations (Fig. 1). UTM coordinates of studied outcrops and cores
are presented in Supplementary data 1. A regional correlation of litho-
stratigraphic units was established using the base of U3 as datum,
once it represents a significant increase in water depth as seen in the
Discussion section, can be readily identified in outcrops, cores and
well logs, and is traceable throughout the study area.

Paleocurrent data were measured in cross stratification and ripple
cross lamination in sandstones of different facies associations, totaling
953 measurements (Supplementary data 2). Among the paleobotanical
materials examined by the authors, the samples from Ribeirdo Novo are
housed at the Museu de Paleontologia of the Departamento de
Paleontologia e Estratigrafia, Instituto de Geociéncias, Universidade
Federal do Rio Grande do Sul (UFRGS), having originally been described
by Guerra-Sommer et al. (1981) and re-examined in this work. The
other samples recently recovered by some of authors (TM, FFV, RI)
from Teixeira Soares and Tomazina have not yet been cataloged.

The Chemical Index of Alteration (CIA; Nesbitt and Young, 1982), a
proxy for the degree of chemical weathering of soils and sediments,

was calculated for 30 subsurface samples of mudstones collected from
cores of PP-11-SC, FP-08-PR and NF-09-PR wells (Fig. 1B).

Chemical weathering on continents is controlled by moisture and
temperature levels. Regions under arid and polar climates demonstrate
weak chemical weathering because of limited precipitation and cold
temperatures (Wang et al,, 2020), and the detritus produced in this set-
ting is similar in composition to the source rocks. In contrast, in tropical
and temperate settings, chemical weathering is substantially higher,
leading to the removal of mobile cations and concentration of Al in the
weathered materials.

The CIA as proposed by Nesbitt and Young (1982) is defined by the
following equation:

CIA = 100 x (Al_2 0_3)/(Al_2 0_3 + Ca0% + K_2 0 + Na_2 0)

where all the elemental concentrations are expressed in moles, and the
CaO* refers only to CaO in the silicate minerals (Fedo et al., 1995), thus
excluding the CaO in carbonates and phosphates.

The correction, following that in Wang et al. (2020), considers that:
1) CaO is corrected for that residing in apatite using P,Os data (Ca0’ =
Ca0 — 10/ 3 x P,05); 2) if Ca0’ is greater than Na,O, the final CaO*
value is considered equal to Na,O; and 3) if CaO’ is less than Na,0, the
final CaO* is considered equal to CaO’. The concentration of major
elements was measured using a PANalytical PW1480 Wave Dispersive
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X-Ray Spectrometer at the SGS Geosol Laboratory in Minas Gerais,
Brazil. Loss-on-ignition (LOI) was measured at 1000 °C for all samples.
Raw and processed geochemical data for the 30 samples are given in
Supplementary data 3.

4. Results
4.1. Stratigraphic framework

The study interval is about 140 m thick, includes the upper Taciba
Formation and the lower Rio Bonito Formation, and comprises four
stacked units (U1 to U4) (Figs. 2-7). A unit as referred to herein encom-
passes multiple facies associations, each characterized by distinct sedi-
mentary facies and formed in different depositional environments
(Mottin, 2022). Description, interpretation, thickness and fossil content
of facies associations encompassed by each unit are presented in
Table 1.

The units can be traced for at least 450 km, between the Ribeirdo
Novo locality and the Canoinhas well core (PP-11-SC; Fig. 3). The
bounding relationships between units are mostly sharp, characterized
by abrupt vertical facies changes (Figs. 2-3). Lateral changes of facies
are present mainly within U2 and U4, whereas U1 and U3 are laterally
homogeneous, consisting basically of diamictites (Figs. 2-3).

4.1.1. Unit 1 (U1)

U1 comprises the basal deposits of the studied succession. Its thick-
ness varies from 10 m (Teixeira Soares) to 15 m (Ribeirdo Novo; Table 1;
Fig. 2) and consists of diamictites characterized by polymictic clasts
(granules to boulders up to 1.2 m) immersed in a muddy to muddy-
sandy matrix (Fig. 4). Clasts are predominantly of crystalline rocks, es-
pecially granite, quartzite, rhyolite, and gneiss, among which faceted,
striated and bullet-shaped clasts are common (Fig. 4A, E, G, H-]).
Three facies were recognized, including massive diamictites, banded
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diamictites with rare dropstones, and diamictites with allochthonous
blocks.

Massive diamictites (Fig. 4A-B, ]J) are characterized by a homoge-
neous silty to sandy-muddy matrix. Diamictites with a banded matrix
consist of remnants of sandy (white) and muddy (gray) beds with diffuse
contacts (Fig. 4C). Occasionally it can show lonestones deforming the un-
derlying strata, i.e., dropstones (Fig. 4E). Soft-sediment deformations are
abundant in banded diamictites, including different types of folds, faults,
and sand injectites (Fig. 4C). Metric to decametric intrabasinal blocks of
conglomerates and sandstones with variable degrees of deformation
characterize the third facies of this unit (Fig. 4D, F, K).

4.1.1.1. Interpretation. Massive diamictites with faceted/striated clasts
may have multiple origins, including direct emplacement by a glacier,
ice rafting and resedimentation of glacial material via debris flows
(e.g., Visser, 1989, 1994; Gama Jr. et al., 1992; Eyles et al., 1993). How-
ever, the association of massive diamictites, diamictites with deforma-
tional structures and allochthonous blocks in U1, suggests the origin of
this unit as gravity flows, specifically slumps (e.g., Mottin et al., 2018;
Valdez Buso et al., 2019; Rodrigues et al., 2020, 2021). U1 can thus be
interpreted as a mass-transport complex composed of resedimented
glaciomarine material. The presence of glacially abraded clasts, exotic
boulders and dropstones points to the relative proximity of an ice
margin at the time of deposition.

4.1.2. Unit 2 (U2)

U2 is laterally traceable for at least 450 km and attains a maximum
thickness of 103 m in the Canoinhas well core (PP-11-SC). This unit
has sharp lower and upper contacts and is between two diamictite-
dominated units, corresponding to U1, below, and U3, above (Figs. 2-3).

U2 is highly heterogeneous (Table 1; Fig. 5) and more typically char-
acterized by a coarsening-upward pattern (Fig. 2). The main facies are
cross-stratified, laminated and massive sandstones, bioturbated and
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non-bioturbated heteroliths (lenticular, flaser and wavy bedding), mas- schist, gneiss, quartz, feldspar, and sedimentary rocks, and gradually de-
sive and laminated mudstones, rhythmites, paleosol and coal (Table 1; crease in abundance upwards. These dropstones were observed mainly
Figs. 2, 5). Dropstone-bearing facies occur at the lower half of this unit in the northern sector of the area, as far as the region of the Sapopema
(Fig. 2). The stones are pebble sized, composed of granite, quartzite, well core (NF-09-PR).
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U2 thickens southward (Fig. 3). An exception occurs in Ribeirdo
Novo, where U2 presents an anomalous thickness up to 90 m and
seems to be filling an incised valley cut into U1. A mudstone interval
at the base of U2 has its maximum thickness in the south. It gradually
passes northward into heterolithic facies before it pinches out.

A total of 963 paleocurrent measurements were taken from ripple
cross-lamination and cross-stratification in sandstones of U2 in Ribeirdo
Novo, Tomazina, Ibaiti and Teixeira Soares successions, revealing a pre-
dominant transport direction to the SW (mean direction = 215°;
Figs. 2-3).

Deposits containing fossil plants, although not exclusive to U2, are
important stratigraphic markers within this unit (Figs. 2-3). The paleo-
botanical content includes undifferentiated plant remains and well-
preserved macrofossils that allowed a taxonomic identification in
Tomazina, Ribeirdo Novo and Teixeira Soares (Fig. 9). Most of the fossil
plant intervals are associated with coal seams, which are up to 35 cm
thick.

4.1.2.1. Interpretation. U2 is interpreted to have occurred in multiple
depositional settings, mostly related to transitional environments,
and in different positions in relation to the paleoshoreline. Glacial in-
fluence is still recognizable in basal facies of U2 as dropstone-bearing
rhythmites and heteroliths. A decrease in abundance of this feature
upwards is interpreted as a gradual decrease of glacial influence
through time.

Dominance of fluvio-deltaic signals were recognized in the
Ibaiti, Teixeira Soares and Ivai localities, where the well-developed
coarsening- and thickening-upward successions are interpreted as del-
taic progradation southwestward. The association of bidirectional
paleocurrents, ripples that climb upward on the lee face of larger scale
bedforms, mud drapes and presence of heteroliths points to a river-
dominated delta with moderate tidal influence (e.g., Willis et al.,
1999; Boyd et al., 2006; Tanavsuu-Milkeviciene and Plink-Bjérklund,
2009; Rossi and Steel, 2016).

The basal mudstone-dominated interval stratigraphically above U1
in Ivai, Teixeira Soares and Canoinhas was deposited under marine
influence, due to the presence of elements of the Eurydesma fauna
(Teixeira Soares; Taboada et al., 2016) and trace-fossils of marine affin-
ity (e.g., zoophycos in the Ivai well core; Knaust, 2017). These intervals
are gradually overlain by shallower, sandstone-dominated associations,
locally resulting in paleosol development and plant colonization, as seen
in Teixeira Soares.

The Canoinhas well core shows profuse evidence of marine/tidal
influence, such as mud drapes, heterolithic facies and trace-fossil as-
semblage of marine affinity (e.g., Rosselia, Ophiomorpha, Bergaueria,
Knaust, 2017). The facies associations and trace-fossil assemblage are
consistent with an estuarine environment. A similar environment is
attributed to the Ribeirdo Novo succession, but for this latter, we suggest
a wave-influenced estuary setting (Table 1), due to the presence of
sandstones with wave ripples (Fig. 5F), and hummocky and swaley
cross-stratification (HCS/SCS) (Dashtgard et al., 2009; Wesolowski
etal, 2018).

The Chemical Index of Alteration measured in Canoinhas indicates
temperate climates during most of the U2 interval, passing to arid con-
ditions close to the boundary with U3. The Ivai and Sapopema localities
show paleoclimate conditions relatively more arid in comparison to the
Canoinhas locality, based on CIA values.

The dominant paleotransport southwestward observed in all locali-
ties is interpreted as the fluvial input into the basin, and the subordinate
northeastward direction reflects flood tidal currents.

4.1.3. Unit 3 (U3)

This unit is 2 to 45 m thick, broadly thins southward and comprises
diamictites and, subordinately, rhythmites with lonestones. U3 rests
abruptly on sandstones of U2 and is bounded on top by an unconformity
underlying U4 (Figs. 6], 7A). The upper part of U3, a few meters below
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the contact with U4, is marked by diamictites showing distinctive fea-
tures, including vertical color changes, peds, cutans and root traces.

Sedimentary facies of U3 comprise massive diamictites, rhythmites
with soft-sediment deformation, stratified diamictites and diamictites
with rafted blocks (Fig. 6). In general, diamictites have well-rounded
to angular polymictic clasts ranging from a few millimeters to 2 m im-
mersed in a muddy to muddy-sandy matrix (Fig. 6). Faceted, striated
and polished clasts are common (Fig. 6H-I).

Rhythmites are characterized by a mm- to dm-thick intercalation of
mudstones and sandstones, sharp contacts between laminae/beds and
common presence of dropstones (granules to pebbles; Fig. 6E-F). The
uppermost few of meters of rhythmites show multiple forms of soft-
sediment deformation, as disrupted beds, folds, layer-parallel shearing,
load and flame and ball-and-pillow structures (Fig. 6D).

Stratified diamictites consist of a compositional alternation of mud-
stone laminae and coarser layers composed of diamictite pellets (Fig. 6C,
E, G). Abundant dropstones are seen deforming the underlying strata
(Fig. 6C, E). Diamictites with rafted blocks are composed by matrix and
blocks of rhythmites and sandstones with variable degrees of deformation
(Fig. 6B). These latter are up to 100 m long and resemble the facies of the
underlying U2, regarding the composition and sedimentary structures.

4.1.3.1. Interpretation. Massive diamictites can be formed by multiple
processes, as a combination of settling of fines from meltwater plumes
and rain-out, debris-flow, or a combination thereof (Visser, 1994;
Isbell et al., 2021). Massive diamictites and facies with rafted blocks
may be different parts of a continuum process of disaggregation and
mixing within subaqueous mass flows. Massive varieties would be
highly evolved deposits, whereas facies with less matrix and presence
of rafted blocks would represent incipient to mature mass transport de-
posits, depending on the deformation within rafted blocks (Rodrigues et
al, 2020).

Rhythmites were deposited by low-density turbidity currents (Mutti
etal., 2007) and ice rafting and are immediately overlaid by mass trans-
port diamictites. The basal interaction beneath the mass flow and the
upper zone of the substrate (rhythmites) originated abundant soft-
sediment deformation in this latter. Stratified diamictites of U3 involved
settling of fines from meltwater plumes and coarser material
(diamictite pellets and dropstones) released from iceberg rafting
(Powell and Domack, 2002; Isbell et al., 2021).

4.14. Unit 4 (U4)

Unit 4 (U4) is the youngest interval of the studied succession and
comprises clastic and organic-rich facies (Fig. 7). The basal boundary is
mostly erosional, and in the northern part of the area (Ibaiti and
Figueira), it is marked by a prominent subaerial unconformity associ-
ated with paleosols, incised valleys and laterally discontinuous con-
glomerates (Fig. 7A). This unit marks the definitive disappearance of
diamictite facies and the introduction of a laterally persistent succession
of medium- to coarse-grained sandstones, causing a sharp deflection to
low gamma-ray values (Fig. 3).

The lower part of U4 is dominated by medium- to coarse-grained
sandstones with planar and trough cross stratification, inverse grading,
unidirectional or bidirectional current ripples with mud drapes, and
local intercalations with conglomerates (Fig. 2). The basal sand-rich in-
terval may be overlain by mudstone-dominated intervals, as the thick
paleosol developed on mudstones in Sapopema (Fig. 7H), or alternating
muddy (mudstones, heteroliths, and coal) and sandy (massive, cross-
stratified) intervals, as observed in the Canoinhas, Ivai and Ibaiti sec-
tions (Figs. 2, 7B-G).

Coal seams may rest directly on the basal unconformity of U4, along
with alternating coaly and rooted mudstones and sandstones, as in the
abandoned coal mine of Ibaiti, or alternatively, in the upper half of U4,
like in the Canoinhas well core (Fig. 2). In Ibaiti/Figueira and Ortigueira
localities, the coal seams are associated with a characteristic paleoflora
(e.g., Fig. 7D).
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The values of the Chemical Index of Alteration for U4 do not show
significant variation across the three localities. In Canoinhas, the CIA
values range from 68.2 to 68.6, in Ivai from 62.5 to 65.9, and in
Sapopema, from 65.6 to 68.8 (Fig. 8).
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4.1.4.1. Interpretation. U4 was deposited mostly in tide-dominated to
tide-influenced environments (Table 1). Signs of tidal reworking in-
clude bidirectional currents, reactivation surfaces, mud drapes and
heterolithic facies. A tide-dominated to mixed estuarine setting was
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previously interpreted for this unit based on data from Ibaiti (Zacharias,
2004; Zacharias and Assine, 2005). According to these authors, sandy fa-
cies are assigned to tidal channel-fill deposits and mudstones along
with coal seams were deposited in tidal mudflats. The laterally discon-
tinuous association of conglomerates and coarse-grained sandstones
was assigned to fluvial deposits, formed above the tidal influence
(Zacharias, 2004).

U4 records the definitive shift to postglacial conditions, as
dropstone-bearing facies and diamictites are no longer recognized.
The onset of postglacial conditions is corroborated by the general in-
crease in the chemical weathering through time in U4 (Fig. 8), suggest-
ing climate improving. However, the Sapopema CIA profile shows an
anomalous low value of chemical weathering at the base of the U4,
with a posterior deflection to the right indicating climate improving.

4.2. Floral record

Three fossiliferous localities were recognized in the study area, cor-
responding to Tomazina, Ribeirdo Novo and Teixeira Soares (Fig. 1B).
The fossil plant-bearing strata occur in different facies associations
and are related to coal seams in Ribeirdo Novo and Teixeira Soares
(Mottin, 2022).

4.2.1. Tomazina flora

Plant remains were described in an abandoned quarry aside PR-272
Highway (UTM coordinates SIRGAS2000: 604135, 7369317). The
plant-bearing facies is a fine- to medium-grained massive sandstone de-
posited in a subaerial delta plain environment. The subaerial setting is
evidenced by abundant root traces and paleosol underlying the fossilif-
erous bed. The macrofloristic content includes undetermined wood im-
pressions up to 10 cm in diameter, besides impressions of Paracalamites
sp. and leaves identified as Gangamopteris obovata (Fig. 9C).

4.2.2. Ribeirdo Novo flora

Fossiliferous beds belonging to U2 were identified in outcrops
located in the Ribeirdo Novo River basin (e.g., UTM coordinates
SIRGAS2000: 622822, 7363589), Wenceslau Braz county, northeast
Parana State (Fig. 1B). The identified fossil plant material was retrieved
from a mudstone interval of the upper U2, a few meters below the con-
tact with U3 (Figs. 2-3). Three lower fossil-bearing intervals contain un-
differentiated plant remains (Figs. 2-3).

Elements in this flora were originally described by Guerra-Sommer
et al. (1981) and, according to our re-examination, include fronds of
Botrychiopsis plantiana (Fig. 9A, E), sphenopsid leaf branches of
Phyllotheca cf. P. australis (Fig. 9B, D) and stems of Paracalamites sp.
(Fig. 9D), besides seeds classified as Cordaicarpus sp. (Fig. 9F).

4.2.3. Teixeira Soares flora

The most important fossiliferous outcrop in Teixeira Soares is lo-
cated in the stream banks of the Cérrego do Minhocdo (UTM coordi-
nates SIRGAS2000: 553907, 7198789). The fossil plant-bearing
mudstones represent floodplain deposits of a coastal plain environment
(Table 1), associated with accumulation of organic matter (coal seam).
The interval is positioned in the upper third of U2, interbedded with
decametric cross-stratified sandstone packages, which are interpreted
as fluvial channel-fill deposits.

According to the literature, the floral record of Teixeira Soares com-
prises common leaf impressions of glossopterids and few remains of
sphenopsids and conifer shoots. Oliveira (1927) was the pioneer in
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the collection of plant fossils in this locality, having identified distinct
species of glossopterid leaves, i.e., Glossopteris (=Gangamopteris?)
obovata, G. browniana, G. indica and G. occidentalis, besides leafy
branches of sphenopsids, i.e., Phyllotheca sp., and from conifers,
i.e., Voltzia sp., and a type of seed, i.e., Cardiocarpum (=Cordaicarpus)
seixasi. Afterwards, Read (1941) confirmed the occurrence of
G. browniana, rejected the presence of Glossopteris obovata and
G. occidentalis, and reclassified Voltzia sp. into Brachyphyllum cf. australe.
In turn, Almeida (1945) added the presence of a possible whorl of
Sphenophyllum in the flora of Teixeira Soares. Finally, Dolianiti (1948)
reclassified Brachyphyllum cf. australe into Paranocladus? fallax and af-
terwards he indicated the occurrence of Glossopteris orbicularis in this
locality (Dolianiti, 1954).

Recently, some of authors (TEM, FFV, RI) recovered abundant im-
pressions of Paracalamites-like sphenopsid stems from the same
phytofossiliferous bed worked by Oliveira (1927) and Almeida (1945).
Furthermore, during the review of the material from Teixeira Soares
published by Oliveira (1927), we noticed a specimen arranged in the
upper left corner of a plate (in between pages 52 and 53) that clearly
corresponds to a frond fragment of a fern that supports pecopterid pin-
nules. This occurrence will be named here as Pecopteris sp.

Therefore, the updated plant association of Teixeira Soares is as
follows:

Paracalamites sp.
Phyllotheca sp.
Sphenophyllum sp.
Pecopteris sp.
Glossopteris browniana
Glossopteris indica
Glossopteris orbicularis
Paranocladus? fallax.

5. Discussion
5.1. Depositional history

The interval comprised by U1 to U4 represents the stacking of two
consecutive deglaciation cycles (U1 and U3) interspersed with an inter-
glacial stage (U2), assigned to the Taciba Formation (upper Itararé
Group), and the onset of postglacial conditions (U4) ascribed to the
lower-middle Rio Bonito Formation (Mottin, 2022). We did not find
evidence of subglacial erosion/deformation/deposition associated with
U1 and U3, but the presence of dropstones, diamictite pellets, faceted,
striated, and oversized clasts of exotic composition within mass-
flow diamictites supports subaqueous deposition associated with a
retreating ice margin (Mottin et al., 2018; Isbell et al., 2021). Glacially-
influenced sequences consisting mostly of deglaciation products, like
those of U1 and U3, are not uncommon (e.g., Martini and Brookfield,
1995; Visser, 1997; Kneller et al., 2004) and in most basins they form
the bulk of the sedimentary record of a glaciation.

The evolutionary history of the study interval begins with deposition
of diamictites of U1 in a first episode of deglaciation. Previous studies
in the Ibaiti region recognized algal species of marine affinity in
diamictites belonging to U1, denoting thus deposition in a glaciomarine
environment (Mottin et al., 2018, 2020).

Deposition of U2 gradually ensued the first deglaciation represented
by U1, which is corroborated by the presence of dropstones at the base
of U2 and their decrease upwards, marking the progressive decline of

Fig. 5. U2. (A) Large scale trough cross stratification in coarse-grained sandstone characteristic of a tide-influenced delta plain in Ibaiti-PR. (B) Sandy rhythmite with bidirectional
paleocurrents ascribed to a tide-influenced delta front environment in Ibaiti. (C) Heterolith showing lenticular bedding and mud drapes in ripple foresets, Tomazina-PR.
(D) Asymmetrical to symmetrical mud-draped ripples in fine-grained sandstones, Ribeirdo Novo. (E) Dropstone-bearing heterolith (flaser bedding) in Ibaiti, interpreted as a tide-influenced
delta front deposit. (F) Shoreface sandstone exhibiting wave ripples in Ribeirdo Novo. (G) Metric mudstone interval assigned to a flood plain environment, Teixeira Soares-PR. (H) Weakly
bioturbated black shale ascribed to a prodelta/marine offshore environment, base of the Canoinhas well core. (I) Heterolithic facies of the Canoinhas well core showing soft-sediment
deformation and medium degree of bioturbation. (J) Coal bed in estuarine facies association of the Canoinhas well core. Abbreviations: Te = Teichichnus, Pl = Planolites.
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granite
boulder

Fig. 6. U3. (A) Massive diami

ite displaying an angular granitic boulder in Ibaiti. (B) Deformed metric rafted block of sandstone within a resedimented diamictite of U3 exposed in Ibaiti.
(C) Muddy and diamictite pellet layers arranged in successive laminae in stratified diamictite in Tomazina. Note rounded dropstone in the center. (D) Synsedimentary deformation
(recumbent folds, load casts) affecting dropstone-bearing rhythmite in Ribeirdo Novo. (E) Enlarged view of dropstone seen in C. (F) Dropstone deforming rhythmite laminae of U3 in
Ribeirdo Novo (G) Enlarged view of C, showing lenticular diamictite pellets deforming muddy laminae. (H-I) Well-rounded, faceted and striated clasts retrieved from diamictites of

U3. (J) Erosive contact between U3 (dark gray diamictite) and U4 (white sandstone) and (K) angular granite granules and pebbles immersed in massive diamictite of U3, both from
the Ivai well core.
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Fig. 7. U4. (A) Contact between U3 and U4 in Ibaiti, marked by a conglomeratic level with boulders of crystalline rocks. (B) Shallow marine, coarse-grained sandstone showing planar-parallel
lamination and tangential cross-stratification in Ortigueira. (C) Lenticular bedding passing to wavy bedding in Ortigueira. (D) Upright lycopsid cast cropping out in the Ortigueira locality. The
host succession comprises sandstones, mudstones, heteroliths and coal. (E) Flaser heterolith with bidirectional ripples and mud drapes, Canoinhas well core. (F) a) Flaser bedding exhibiting double
mud drapes, b) erosive contact of laminated mudstone and stratified coarse-grained sandstone, c) cross-stratified, coarse-grained and immature sandstone, and d) black mud rip-up clasts dis-
persed in coarse-grained sandstone overlying black mudstone in the Ivai well core. (G) Moderately to intensely bioturbated heteroliths in the Ortigueira well core (FP-05-PR). (H) Paleosols de-
veloped on mudstones in the Sapopema well core, showing mottling features (left) and calcic horizon, where carbonates are the white spots (right). Abbreviations: Pl = Planolites, Sk = Skolithos.

the glacial influence. This process ultimately culminated with the devel-
opment of ice-free depositional systems (Table 1), characterized by rel-
atively dense vegetation, soil formation and coal accumulation, that is
ultimately interpreted as an interglacial stage, indicating significant cli-
mate improvement after deglaciation. Moderate to high values of CIA in
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U2 are comparably slightly lower to those of postglacial deposits of U4
and indicate temperate paleoclimates (Fig. 8).

An up to 35 m thick interval of dropstone-free siltstones and shales
at the base of U2, observed as high gamma-ray responses, and infor-
mally named as “Passinho Shale” (Almeida, 1945; Lange, 1954),
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Table 1
Summary of the main characteristics and interpretations regarding the four units recognized in outcrops and well cores.
Unit Depositional system Facies association Sedimentary facies Thickness Fossil content Interpretation
Ul  Glaciomarine Resedimented Massive diamictite with angular to rounded outsized 5-15m N/O Debris rain-out (mud, sand and oversized clasts), and/or resedimentation of
diamictites clasts immersed in a silty to sandy-muddy matrix. glacial material through subaqueous debris flows, or a combination thereof
Clasts range from granule to boulder (max. size: 1.2 (e.g., Gama Jr. et al., 1992; Eyles et al., 1993; Visser, 1989, 1994)
m), are commonly faceted, striated and bullet-shaped
Diamictite matrix characterized by mm- to cm-thick N/O Resedimentation of bedded sediment via subaqueous slumping, producing
textural bands (muddy and sandy discontinuous layers) synsedimentary deformations and remobilization of intrabasinal blocks of
and dispersed granules to pebbles. Presence of outwash deposits (Mottin et al., 2018). Presence of dropstones indicates
intrabasinal blocks and abundant soft sediment iceberg rafting prior the resedimentation
deformation structures. Presence of scattered dropstones
Diamictites with a sandy-muddy homogeneous matrix N/O Deposition in a subaqueous setting by mass-gravity flow, involving
and undeformed to highly-deformed intrabasinal blocks remobilization of outwash sandstones and conglomerates via slumps
(rafts) of sandstones and conglomerates. Blocks may (e.g., Shanmugam, 2006; Posamentier and Martinsen, 2011; Mottin et al.,
exhibit internal deformation including folds and faults 2018; Rodrigues et al., 2020)
U2  Relatively Prodelta/bay Massive, dropstone-bearing and bioturbated mudstones; A few cm  Teichichnus, Planolites; Fine-grained pelagic fallout combined with deposition of ice-rafted debris
deep-water lenticular, wavy and flaser bedding with bioturbation to18 m  Eurydesma fauna® from floating ice.
Delta-front Tide-influenced delta Coarsening- and thickening-upward successions of 19m Helminthoidichnites tenuis Rhythmites: interpreted as thin-bedded turbidites deposited by
front muddy and sandy rippled rhythmites with foreset dip low-density turbidity currents. Frequent tidal influence in Ibaiti, evidenced
reversals and mud drapes; intercalation of massive by bidirectional paleoccurrents and mud drapes. Dropstones introduced by
rhythmites and dm- to m-thick tabular structureless floating ice. Thick-bedded and structureless sandstones: deposited by
sandstones; lenticular and flaser bedding. Dropstones high-density turbidity currents (c.f.,, Lowe, 1982)
decrease in abundance upwards
Delta front failure Dropstone-bearing heteroliths with recumbent and 13m N/O Sharp-based sandstone beds with abundant mud rip-up clasts alternating
sheath folds, compositional banding homogenization, with thinner mudstone units are typical deposits of turbidite flows (Mutti
normal and reverse faults, clay smear et al., 2007). Evidence of tidal influence point to original deposition in a
delta front environment. Deformational structures suggest final deposition
by slumping (Shanmugam, 2006; Posamentier and Martinsen, 2011)
Tide-influenced Upward-coarsening succession of intensely bioturbated Up to 24  Zoophycos, Planolites, Lenticular, wavy and flaser bedding facies represent distal parts of the
lower delta front, heteroliths (lenticular, wavy and flaser bedding), m Thalassinoides, Teichichnus, mouth bar, formed by alternating bedload transport and suspension fallout.
mouth bar massive, planar-parallel and planar cross-stratified, Diplocraterion The gradual upward increase in sandstone facies and size of the
medium- to coarse-grained sandstones. Upward sedimentary structures indicates a delta front progradation (mouth bar).
increase in sedimentary structure scale Flaser bedding, mud drapes and current reversals attest to tidal reworking
Coastal to Delta Sandstones with trough and planar cross-stratification, 1.5-10 m Gangamopteris obovata and Deposits of fluvial channel-fill in a subaqueous to subaerial environment,
shallow-water plain/tide-influenced massive structure, horizontal lamination and ripple wood fragments this latter supported by the presence of paleosol and rooted mudstones
delta plain cross-lamination; paleosol, coal
Wave-dominated Shoreface: sandstones with hummocky (HCS) and 10-80 m  Eurydesma fauna® HCS and SCS record the action of high energy, oscillatory and combined
estuary (lagoon, swaley cross-stratification (SCS), current and wave flows and are interpreted as shoreface storm deposits. Current and wave
shoreface) ripples, horizontal lamination, trough and planar ripples and parallel lamination intercalated with HCS and SCS facies indicate
cross-stratification, soft-sediment deformation periods of low intensity of storms and action of oscillatory (fair-weather
waves) and unidirectional flows (Wesolowski et al., 2018)
Lagoon: plant-bearing mudstone; laminated and 15m Botrychiopsis plantiana, Suspension fallout under quiet water setting, followed by a relatively higher
massive sandstones; coal. Pervasively rooted interval Phyllotheca sp., Paracalamites sp.,  energy setting later colonized by plants, and accumulation of plant debris in a
(roots up to 8 cm deep) precedes the coal bed Cordaicarpus sp. swamp, oxygen deficient environment
Coastal plain Fluvial channel: alternation of conglomerates, 40 m N/O Sandstone and conglomerate facies represent the infilling of fluvial channels

medium- to coarse-grained massive sandstones,
planar-parallel lamination and trough
cross-stratification

Floodplain: Massive siltstones, fossil-plant bearing and
coaly mudstones, coal, paleosol

Gangamopteris obovata,
Phyllotheca australis, Phyllotheca
sp., Paracalamites sp., Pecopteris
sp., Sphenophyllum sp.,
Glossopteris browniana,
Glossopteris indica, Glossopteris
orbicularis, Paranocladus? fallax®

Coaly and plant-bearing mudstones are associated with aggradation in a
vegetated floodplain environment. Coal formed by accumulation of organic
matter in reducing environment. Paleosols are indicative of subaerial
exposure, intemperism and colonization by plants
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u3

U4

Glaciomarine

Coastal to
shallow-water

Tide-dominated
estuary

Turbidites

Rain-out diamictites

Resedimented
diamictites

Tide-dominated to
mixed estuary - Tidal
channel and tidal
mudflats®

Tide-influenced delta

Tide-dominated
estuary

Estuary

Tidal channel: coarse-grained and immature 4-10m
sandstones with basal lag and interbedded
conglomeratic layers, planar cross stratification and
horizontal lamination. Presence of subhorizontal mud
films and mud/intraclast drapes in cross-stratified
sandstones

Lower tidal mud flat and tidal creeks: highly bioturbated
lenticular, wavy and flaser bedding, rhythmites, massive
mudstones and sandstones, rippled sandstones with mud
drapes, mudstones with soft-sediment deformation, coal

8-29 m

Rhythmites characterized by mm- to dam-thick 2-45m
intercalation of mudstones and rippled/massive

sandstones and common lonestones/dropstones.

Presence of soft-sediment deformation in the form of

abundant folds, faults, ball-and-pillow and load

structures

Pebbly diamictite characterized by a muddy matrix

pierced by abundant dropstones and diamictite pellets,

arranged in successive laminae sets, forming

horizontal stratification.

Sandy-muddy diamictites holding dam-scale

intrabasinal blocks of rhythmites and sandstones.

Blocks and matrix may exhibit synsedimentary

deformations including folds, faults, shear planes,

boudins

Fine-grained sandstones with symmetrical and Up to 24
asymmetrical ripples; medium- to coarse-grained m
sandstones with planar, trough and sigmoidal
cross-stratification; asymmetrical ripples, horizontal
lamination and massive structure

Massive and laminated mudstones, organic-rich shales,
discontinuous coal beds

Laminated, massive and rooted mudstones,
cross-stratified, massive, rippled (bidirectional),
laminated and soft-sediment deformed fine
sandstones, coaly mudstones and coal

Rippled sandstones with current reversal and mud 22 m
drapes, planar cross-stratified sandstone, flaser and
lenticular bedding, massive and bioturbated
mudstones, coal

Tidal channel: planar cross-stratified sandstone locally
with organic-rich drapes, massive sandstones with mud
rip-up clasts, mud films and scoured top

Tidal flat: flaser bedding, massive mudstones
commonly infilling scours at the top of sandstone beds
Sandstones with current ripples and mud drapes,
horizontal lamination and massive structure, lenticular
bedding, paleosol

15m

26 m

N/O

Teichichnus, Planolites, Rosselia,
Ophiomorpha, Thalassinoides,
Lockeia, Scolicia, Arenicolites,
Cylindrichnus, Diplocraterion,
Bergaueria, Skolithos, scape trace
N/O

N/O

N/O

Pecopteris spp., Asterotheca derbyi,
Sphenophyllum brasiliensis,
Annularia spp., Brasilodendron sp.,
Paranocladus spp., Buriadia
figueirensis, Glossopteris spp.,
Gangamopteris obovata,
Paranospermum cambuiense®
Brasilodendron-like lycopsid,
Paracalamites sp., Pecopteris sp.

e

Undifferentiated plant remains;
horizontal excavations

N/O

N/O

Sandstones with erosional basal contacts and conglomeratic lags are
interpreted as estuary channel-fill deposits. Stratified sandstones suggest
migration of subaqueous dunes alternated with deposition of mud and
intraclasts on dune foreset during slack water period

Lenticular, wavy and flaser bedding records alternating bedload transport
during tidal flow and suspension fallout during slack water periods
(e.g., Buatois et al., 1999)

Rhythmites were deposited by low-density turbidity currents along with ice
rafting and are overlaid by mass transport diamictites. Deformation of the
superior part of the rhythmite succession may be related to the basal interaction
of the mass flow (diamictite) and the unlithified substrate (rhythmite), by
means strain transmission from the flow into the upper zone of the substrate
(Sobiesiak et al., 2018)

Settling of fines from meltwater plumes forming the muddy laminae and
coarser material (diamictite pellets and dropstones) released from iceberg
rafting (Powell and Domack, 2002; Isbell et al., 2021)

Deposition in a subaqueous setting by mass-gravity flows, involving
remobilization of deltaic rhythmites and sandstones of U2 via slumping (e.g.,
Shanmugam, 2006; Posamentier and Martinsen, 2011; Rodrigues et al., 2020)

Deposition in tidal/fluvial channels. Tidal influence is suggested by mud
drapes on foreset of cross-strata. Unimodal transport indicates dominance
of fluvial and/or ebb tide currents

Represent deposits of a low energy, tide-dominated/influenced
environment as tidal mudflats of a tide-dominated or mixed estuary
Massive and rooted mudstones represent deposition in interdistributary
zones of a lower delta plain. Fine-grained sandstone facies resulted from
deposition of crevasse-splay subdeltas (e.g., Gugliotta et al., 2015). Coaly
mudstones and coal represent sedimentation in vegetated distal parts of the
crevasse splay

Mudstones, heterolithics and coal were deposited on tidal flats, whereas
stratified/laminated sandstones with mud drapes represent tidal channel
deposits

Migration of subaqueous dunes in a tidal channel setting. Bidirectional
currents, organic-rich drapes and mud films point to tidal rework

Alternating bedload transport during tidal flow and suspension fallout
during slack water periods (e.g., Nio and Yang, 1991; Buatois et al., 1999)
Sandstone facies with evidence of tidal rework represent tidal channel-fill
deposits. Mudstones, heteroliths and paleosol suggests deposition in a tidal
flat environment

¢ According to Neves et al. (2014a, 2014b) and Taboada et al. (2016).
b According to Zacharias (2004).

€ According to Oliveira (1927) and this study.
4" According to Ricardi-Branco (1997) and lannuzzi et al. (2010).
€ According to Mottin et al. (2022).
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Fig. 8. Stratigraphic sections of Canoinhas, Ivai and Sapopema well cores and their respec-
tive variations of the CIA values through time. Units are delimited by gray lines.

overlaps the diamictites of U1 between the Candido de Abreu and
Canoinhas cores (Fig. 3). It gradually increases in thickness southward,
following the thickening direction of U2. The “Passinho Shale” repre-
sents a widespread transgression event in the basin, here interpreted
as having been driven by the first deglaciation event.

Different stacking patterns characterize U2 across the study area.
The southern sections show a pronounced transgressive trend at the
base (“Passinho Shale”), abruptly passing to a shallowing-upward
trend (sharp-based motifs in Fig. 3). The “Passinho Shale” is not re-
corded in the northern part of the area, where U1 is directly overlaid
by shallow-marine to coastal facies associations of U2 (Table 1; Fig. 3),
also displaying a shallowing-upward pattern.

These contrasting patterns probably result from the relative posi-
tioning of the two extremes of the study area in relation to the
retreating ice-margin. The southern extreme represents distal marine
sedimentation, defining a transgression, as a direct consequence of eu-
static sea-level rise that followed the first deglaciation (U1). Sequences
similar to this are characteristic of eustatically-dominated zones by
Boulton (1990). The opposite (northern) extreme, more closely resem-
bles deposition in isostatically-dominated zones (Boulton, 1990), where
the interglacial phase is represented by regressive successions
(e.g., Nutz et al., 2015; Dietrich et al., 2017).

Coastal to shallow-marine facies associations at the top of U2
(Table 1; Figs. 2-3) are sharply capped by mud-rich diamictites and
dropstone-bearing rhythmites of U3, causing an increase in gamma-ray
values (Fig. 3). The accommodation of tens of meter thick resedimented
deposits assigned to deeper environments, necessarily implies an in-
crease in water depth. Presence of dropstones, diamictite pellets and
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glacially transported clasts in deposits of U3 suggests the occurrence of
a second glacial pulse, which was likely responsible for this change in
the base level. Isostatic depression of the crust can cause this increase
in the water depth if the period of ice loading is adequate to produce
the necessary marine submergence (Boulton, 1990; Visser, 1993).

The contact between U3 and U4 is an unconformity in the northern
part of the area (Fig. 7A), which is evidenced by a thick paleosol developed
from diamictites of the uppermost U3 (Mottin et al., 2018; Mottin and
Vesely, 2021) that is laterally associated with NE-SW oriented incised val-
leys (Zacharias and Assine, 2005). These valleys are filled by estuarine fa-
cies and have coal seams on the interfluves (Zacharias and Assine, 2005),
corresponding to U4. The contact passes from subaerial to subaqueous
southward, indicated by soft-sediment deformations at the boundary
between diamictites of U3 and estuarine sandstones of U4 (e.g., Fig. 6]).

The origin of the subaerial unconformity and the forced regressive
deposits of U4, i.e., lower Rio Bonito Formation, that sharply overlain
the mass-transport diamictites of U3, were assigned by Zacharias and
Assine (2005) to the isostatic rebound associated with the end of the
late Paleozoic glaciation in this part of the basin. This process would
have led to the uplift of the northern part of the Parand Basin, increase
in erosion and formation of a sequence boundary (e.g., Boulton, 1990;
Lambeck, 1991; Dietrich et al., 2017).

U4 is also represented by different stacking patterns along the area,
resembling U2. The interpreted paleoenvironments range from alluvial
plains to estuaries. We interpret this lateral variability as a response to
the general paleogeography of the basin, similarly to U2, and/or distinct
configurations of the shoreline, where different and coeval depositional
systems may occur side by side. As for the chemical weathering, U4 in
general shows increasing values of CIA upwards, and the range of
those values corresponds to temperate conditions. An anomalously
low value of the index is observed at the base of U4 in Sapopema, indi-
cating arid conditions. Additional analysis such as petrography and XRD
could reveal whether the value was controlled by geological factors
(e.g., hydrodynamic sorting, source rock composition), instead of the
paleoclimate.

5.2. Paleogeographic outcomes

Multiple lines of evidence exposed herein suggest that the sediment
dispersal pattern in the studied interval differs from the lower levels of
the Itararé Group. The Lagoa Azul and Campo Mourdo formations, basal
and middle units of the Itararé Group, respectively, show paleo ice flow
and sediment dispersal from south/southeast to north/northwest in the
Parana State (Vesely and Assine, 2004, 2006; Vesely et al., 2015;
Carvalho and Vesely, 2017; Rosa et al., 2019).

The fact U2 thickens southward and that the “Passinho Shale”
pinches out to the north corroborates the location of the depocenter,
and then the sediment transport direction southwestward of the Taciba
Formation, observed in all the studied localities (Fig. 3; Mottin, 2022).
The interpretation of a depocenter to the southwest is also corroborated
by the predominant southwestward sediment transport direction dur-
ing the deposition of the lower Rio Bonito Formation, as observed in
the northeastern region of the Parana State (see also Zacharias, 2004;
Zacharias and Assine, 2005).

Moreover, diamictites of U1 and U3 thin southward, and the latter
even tends to disappear farther south (Fig. 3), suggesting that the gen-
eral direction of gravity flows was toward south/southwest and that a
glacial source was somewhere farther north. Paleo-mass transport to
the south in the Taciba Formation has been also supported by multiple
statistical methods applied to different deformation structures
(Rodrigues et al., 2021).

Accordingly, the final glaciation (U3) seems to have reached only the
northeastern domain of the Parana Basin. The record of glacial influence
in the interglacial interval (U2), in the form of dropstones, supports this
interpretation, since they are present only in the northernmost sector of
the Parana State. In the Sdo Paulo State, coal- and fossil plant-bearing
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Fig. 9. Fossil plants described in deposits of U2. (A, E) Botrychiopsis plantiana. (B) Phyllotheca sp. (C) Gangamopteris obovata (D) Phyllotheca cf. P. australis and Paracalamites sp.

(F) Cordaicarpus sp. Localities: A-B, D-F - Ribeirdo Novo; C - Tomazina.

deposits similar to U2 also occur below a diamictite interval in Cerquilho
and Tieté localities (e.g., Soares et al., 1977; Rohn et al., 2000; Bernardes-
de-Oliveira et al., 2016), indicating that U3 extends laterally for at least
200 km northeastward.

Conversely, deposits assigned to the uppermost Itararé Group occur-
ring southward of the study area (Santa Catarina State) show different
paleotransport directions, mostly toward NW (e.g., Puigdomenech et al,
2015; Fallgatter and Paim, 2019; Schemiko et al., 2019; Valdez Buso
et al, 2019). The divergence of paleotransport directions between these
areas, in addition to the thinning of the glacially-influenced diamictites
of U1 and U3 southward implies a glaciated source area located north-
west of the Parand State. This hypothetical glaciated area diverges from
the long-proposed glacial-sources for the Parana Basin that entered the
basin on its southern margin (e.g., Franca and Potter, 1988; Santos et al,,
1996; Vesely and Assine, 2006; Rosa et al., 2016).
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5.3. Insights from the fossiliferous record into the timing of glaciation and
glacial-postglacial transition

5.3.1. Flora

Deposits of U2 record a still poorly documented and stratigraphically
disputable paleoflora in Tomazina, Ribeirdo Novo and Teixeira Soares
localities (Mottin, 2022). Botrychiopsis plantiana, Phyllotheca cf.
P. australis and Gangamopteris obovata are characteristic taxa retrieved
from U2 in Ribeirdo Novo and Tomazina. These taxa also have been re-
ported for other areas of the Parana Basin (Table 2), as in the Sdo Paulo
State (i.e., Cerquilho and Tieté; Bernardes-de-Oliveira et al., 2016) and
Rio Grande do Sul State (i.e., lower part of Morro do Papaleo, Candiota
and Quitéria; Jasper et al., 2003; lannuzzi et al., 20073, 2007b), besides
the Paganzo Basin in west Argentina, in the Bajo de Veliz Formation
(Fernandez, 2021; Fig. 1A).
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Key-taxa present in distinct phytofossiliferous localities associated to the Phyllotheca-Gangamopteris Flora, in the Parana Basin, and Gangamopteris Flora, in the Paganzo Basin. All of those
are considered as earliest Permian in age. Legend: X = presence; cf. = presence of the species to be confirmed.

Taxa Paganzo Basin Parana Basin

Rio Grande do Sul Parana Sdo Paulo

Bajo de Veliz Candiota Quitéria Morro do Papaléo (lower) Tomazina Ribeirdo Novo Tieté Cerquilho
Botrychiopsis plantiana X X X X X
Stephanophyllites sanpaulensis X X X X
Gangamopteris obovata X X X X X X
G. buriadica X X X X X
Cheirophyllum speculare X X
Phyllotheca australis X X X cf. X X
Arberia minasica X X X X X
Arberiopsis X X
Giridia X X X
Lycopodites X X X
Coricladus X X
Rhodeopteridium X X

This flora in the Parand Basin corresponds to the Phyllotheca-
Gangamopteris (P-G) Flora of lannuzzi and Souza (2005). The P-G Flora
is characterized by the dominance of Phyllotheca-type sphenophytes
and Gangamopteris leaves, low diversity of Glossopteris leaves and absence
of true ferns (pecopterids and sphenopterids) and sphenophyllaleans
(Iannuzzi and Souza, 2005; lannuzzi et al., 2007a; lannuzzi, 2010, 2021).
Botrychiopsis plantiana and Stephanophyllites sanpaulensis are considered
guide-species, as they are exclusive to the P-G Flora. These taxa are also
present in the Bajo de Véliz Formation (Fig. 1A; Table 2), supporting the
establishment of a biostratigraphic correlation with the easternmost por-
tion of the Paganzo Basin. Recently, Fernandez (2021) highlighted the
biostratigraphic importance of B. plantiana as an index taxon for the Car-
boniferous-Permian transition in western Gondwana.

Strata bearing the P-G Flora represent a well constrained time span,
as suggested by high precision U-Pb CA-TIMS ages of ash falls in
Quitéria and tonsteins in Candiota, both associated with the P-G Flora
(Iannuzzi et al., 2007b; lannuzzi, 2010). These localities present mean
ages of approx. 298 Ma (earliest Asselian; Griffis et al., 2018) and are
assigned to the postglacial Rio Bonito Formation. In the study area, the
P-G Flora occurs within U2, and is limited at the base and top by
diamictites representing glacial intervals. Therefore, the younger glacia-
tion (U3) is not recorded in Rio Grande do Sul, as no glacial evidence oc-
curs stratigraphically above beds containing fossil plants of the P-G
Flora. The Bajo de Véliz plant assemblage is attributed to the
Gangamopteris Flora, to which an earliest Cisuralian age is given based
on correlations with other South American assemblages and other fossil
groups (Fernandez and Césari, 2019).

The plant association of Teixeira Soares is, in turn, distinct from the
Tomazina and Ribeirdo Novo floras. It contains a certain variety of
Glossopteris leaf types, putative whorls of Sphenophyllum and fragmented
fronds of Pecopteris (Oliveira, 1927, Read, 1941; Almeida, 1945; this
study). Furthermore, no Botrychiopsis fronds or Gangamopteris leaves
are present. This floristic composition corresponds to that found in the
Glossopteris-Brasilodendron (G-B) Flora of lannuzzi and Souza (2005).
The G-B Flora is characterized by the dominance of Glossopteris over
Gangamopteris leaves, either in abundance and diversity, by the frequent
presence of the lycopsid Brasilodendron (especially in peat-forming envi-
ronments) and by the emergence of sphenophyllaleans, pecopterid and
sphenopterid ferns, as well as the total disappearance of Botrychiopsis
fronds (Iannuzzi and Souza, 2005). Still, this flora is typically recorded
in several localities of the Rio Bonito Formation throughout the basin,
such as Morro do Papaléo and Faxinal Mine, in Rio Grande do Sul
(lannuzzi et al., 2010), different outcrops in municipalities of Cricitima,
Treviso, Lauro Miiller, and Rio da Estiva, in Santa Catarina (Rigby, 1972;
lannuzzi, 2010; Tybusch et al., 2012), and localities in S3do Jodo do
Triunfo, Figueira and Ortigueira, in the Parana State (Figs. 1B, 3; Rosler,
1978; Ricardi-Branco, 1997, 2004; lannuzzi, 2010; Mottin et al., 2022).
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Considering the record of Teixeira Soares, the G-B Flora is for the first
time assigned to the uppermost portion of the Itararé Group.

Based on two high precision U-Pb radiometric ages of tonsteins in
Recreio (approx. 290 Ma) and Faxinal (approx. 285 Ma) mines from
the Rio Grande do Sul State, the G-B Flora spans from the latest
Sakmarian to middle-Artinskian (Griffis et al., 2018, 2019a). However,
the record of the G-B Flora in Teixeira Soares extends its occurrence
to the latest Asselian, once it overlies a continuous section containing
the middle Asselian-aged “Eurydesma fauna” (see next item).

Considering that the P-G Flora is older than the G-B Flora and that
the latter is immediately above the Eurydesma fauna (Fig. 3), it is con-
cluded that the P-G Flora is stratigraphically positioned below this
transgressive event (Fig. 11). In fact, the radiometric ages obtained for
the record of the P-G Flora south of the basin, in Candiota and Quitéria,
i.e,, 297-298 Ma (Griffis et al., 2018), are older than that obtained for the
South African shales related to Eurydesma fauna in South Africa, i.e., 296
Ma (Griffis et al,, 2019a), which corroborates the positioning of this flora
below the Eurydesma fauna record.

Therefore, the northern sections, from Sapopema toward the north,
in which taxa related to the P-G Flora appear and the Passinho
Shale is not present, would represent sediments deposited before
the Passinho Shale (Fig. 3). In the section of Teixeira Soares, where the
Passinho Shale is present, the G-B Flora appears in the terrestrial
deposits overlying the marine sediments.

5.3.2. Fauna

In the Teixeira Soares region, heterolithic strata interpreted as
shoreface deposits beneath the Passinho Shale are characterized by oc-
currences of marine invertebrates, including brachiopods and bivalves
(Figs. 2-3). This long recognized assemblage is related to the Eurydesma
fauna (Oliveira, 1927; Rocha-Campos and Rosler, 1978; Neves et al.,
2014a, 2014b; Taboada et al., 2016), which implies that the Passinho
Shale represents the record of the “Eurydesma transgression”, as pro-
posed by Dickins (1985), into the Parana Basin. The paleotransport to
SWrecorded in the studied succession, in addition to the lateral changes
of facies observed in the stratigraphic framework, indicates that this
transgression came from the south.

Poorly diversified Eurydesma assemblages are also recognized in
southwest Africa, interbedded with glaciomarine deposits of the
Dwyka Group, in the Aranos Basin of Namibia (Dickins, 1961; Taboada
et al.,, 2016). A cross-basin correlation permitted by the presence of
the Eurydesma fauna thus shows that the Passinho Shale correlates
with a relatively thick shale interval present in the Karoo and Kalahari
basins, referred to as the Hardap Shale Member in the Kalahari Basin
(Fig. 10; Dickins, 1961; SACS (South African Committee for Stratigra-
phy), 1980; Visser, 1997; Bangert et al., 1999; Stollhofen et al., 2000,
2008). This unit defines the top of the “Deglaciation Sequence 3” of
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the Dwyka Group (Visser, 1997). According to Stollhofen et al. (2000),
the Hardap Shale thins westward, which is consistent with the thick-
nesses of the Passinho Shale observed in the Parand Basin, that is
about 40 m thinner compared to the equivalent unit in southwest Africa.

The age of the Eurydesma transgression is well constrained in
the African side, assigned to the early Permian (Stollhofen et al., 2000;
Stollhofen et al., 2008). Recent high-precision U-Pb CA-TIMS dating of
volcaniclastic deposits, however, temporally refined this event in the
Karoo Basin, indicating a middle Asselian age for the correspondent
shale unit found in the Klaarstroom locality (296.41 Ma; Griffis et al.,
2019a). In the absence of geochronological control for the stratigraphic
interval bearing the Eurydesma assemblages in the study area and
considering its proximity to basins in southwest Africa that show the
equivalent fossiliferous (shale) interval and high-precision ages, we
are extending the early Asselian age (Griffis et al., 2019a) to the Parana
Basin.

Furthermore, the correlation based on the presence of the
Eurydesma fauna allows us to infer that the lower diamictite of U1 can
be correlated with the “Deglaciation Sequence 3” (Visser, 1997) of the
southern African basins, which is capped by the “Deglaciation Sequence
4” interval that must correspond to the U3 of the study area (Fig. 10).
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5.4. Synthesis

It follows from the above that the terminal deglaciation in the study
area occurred during the beginning of the Permian, different from the
southernmost part of the basin, whose final deglaciation occurred
prior to the Carboniferous-Permian boundary (Cagliari et al., 2016;
Griffis et al., 2018, 2019a).

In the absence of radiometric ages in the study area, an early
Permian age for the studied interval is supported by the floristic
and faunal record of interglacial deposits of U2 by means of intrabasinal
and cross-basinal correlations. More importantly, this points to a
diachronous ending of the LPIA, besides suggesting that the glacial-
postglacial transition is progressively older southward.

Moreover, our results support the idea that glaciation and deglacia-
tion in western Gondwana were not associated with a continental-scale
ice sheet. Rather, the coexistence of glaciated and non-glaciated areas
within the same basin points to smaller and diachronous ice lobes.
The results of the present paper also suggest the alternation of glacial
and non-glacial conditions arranged in cycles of higher frequency than
previously envisioned, and that the interglacial episode was warm
enough to support coastal plains covered by plant communities.
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Regarding the paleobotanical record of the analyzed interval, the
floral change that occurred after the “Eurydesma transgression”
should be highlighted. Initially, the P-G Flora that appears around
the Carboniferous-Permian boundary and marks the beginning of the
record of the “Glossopteris Flora” in the basin, is replaced by the G-B
Flora that corresponds to plant assemblages typically associated with
economically exploited coal seams that are common throughout the
Rio Bonito Formation.

The main floristic changes from the P-G Flora to the G-B Flora
include: (i) the disappearance of Botrychiopsis, a relictual plant from
the Carboniferous, when it was a common and widely distributed
element throughout Gondwana (Pinheiro et al., 2015), and (ii) the
appearance of true ferns, with Pecopteris and Sphenopteris-type foliages,
and sphenophyllalean sphenopsids (Sphenophyllum-type foliage).
Botrychiopsis was a plant known to be well adapted to the main glacial
interval of the LPIA that occurred in between the late Mississippian
and late Pennsylvanian, from which it is believed to be the main element
of the “Tundra” type vegetation during the Pennsylvanian of Australia
(Retallack, 1980). In turn, pecopterid ferns and sphenophyllaleans are
considered invaders originated in the Carboniferous tropics that emi-
grated from lower latitudes, advancing as the glacial influence retreated
in the different regions of Gondwana (Archangelsky and Arrondo, 1971;
lannuzzi, 2010).

In this way, the above-mentioned plants in particular have an inverse
paleoclimatic meaning, insofar as the presence of Botrychiopsis repre-
sents the existence of sufficiently cold-to-mild climatic conditions that
still allowed its survival. The emergence and expansion of pecopterids
and sphenophyllaleans would indicate warmer conditions that made it
possible for them to invade and flourish in the midst of lowland vegeta-
tion already dominated by glossopterids throughout Permian.

In any case, if the changes in taxonomic composition that occurred
from the P-G Flora to the G-B Flora can be attributed to a progressive
warming (=climate change), they were also undoubtedly brought
about by the remarkable rise in sea level (="“Eurydesma transgression”).
It is known that significant sea elevations which inundate coastal plains
(lowlands) and destroy most of their terrestrial environments are
events that can provide the replacement of taxa (species) in plant com-
munities (DiMichele et al., 1996).

Fig. 11 summarizes the above results and interpretations as an attempt
to establish a scheme to be used in future studies on sedimentary
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sequences in this part of the basin and/or for proposals for correlations
with other areas of the Parana and surrounding basins, i.e., in South
America and southern Africa. Nevertheless, new geochronological
data in the eastern margin of the Parana Basin are needed to refine
this scheme, as well as to permit direct correlations with adjacent
dated successions.

6. Conclusions

* The glacial-postglacial transition in the eastern margin of the Parana
Basin comprises two deglaciation sequences (U1 and U3) interspersed
with interglacial deposits (U2) assigned to the Itararé Group. The
younger deglaciation is abruptly capped by postglacial deposits of
the Rio Bonito Formation (U4).

The correlation of the Eurydesma fauna-containing Passinho Shale
with equivalent successions with age control in southern Africa,
allowed the positioning of both deglaciations of the Taciba Formation
in the earliest Permian, i.e., Asselian.

There are two interglacial floras recognized in the study area; the first
is dominated by Botrychiopsis, Phyllotheca and Gangamopteris ele-
ments and associated with the P-G Flora, correlating southwards
with the postglacial floras of Quitéria and Candiota, whose absolute
ages constrain their occurrence to the earliest Asselian; the second
one overlaps the “Eurydesma transgression” and has elements such
as Pecopteris and Sphenophyllum, thus corresponding to the G-B
Flora and considered the oldest record of this type of flora that ex-
tends upwards throughout the Rio Bonito Formation.

A younger deglaciation event, i.e., U3, is recorded only in the north-
eastern part of the basin, suggesting the existence of a glaciated
source-area farther north of the Parand and Sao Paulo states.

The ultimate glacial demise and the turnover to a permanent postgla-
cial stage are diachronous in the eastern belt of the Parana Basin, and
progressively older southward.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2023.106420.
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Fig. 11. Chronostratigraphic chart of the interval analyzed in this study, summarizing the results and interpretations obtained. Published high precision U-Pb radiometric ages: 1. Capané,
uppermost Itararé Group, RS, Parand Basin, 301.809 4 0.224. 2. Candiota coalfield, Rio Bonito Formation, RS, Parana Basin, 298.23 + 0.31 Ma, 297.77 + 0.35/—0.59 Ma, 297.58 + 0.68/—1.4
Ma (Griffis et al., 2018); 3. Quitéria Outcrop, Rio Bonito Formation, RS, Parana Basin, 296.97 + 0.45/—0.72 Ma (Griffis et al., 2018); 4. Hardap Shale, in Klaarstroom, Karoo Basin, 296.41 +
0.27/—0.35 Ma (Griffis et al., 2019a); 5. Recreio Mine, Rio Bonito Formation, RS, Parana Basin, 290.36 + 0.4/—0.32 Ma (Griffis et al., 2018); 6. Faxinal Mine, Rio Bonito Formation, RS, Parand
Basin, 285.42 + 1.2/—2.1 Ma (Griffis et al., 2018); 7. Lowermost Ecca Group, in Laingsburg, Karoo Basin, 282.17 + 0.32/—0.44 Ma (Griffis et al., 2019a). Floras according to lannuzzi and
Souza (2005): Phy-Ganga = Phyllotheca-Gangamopteris, Gloss-Bras = Glossopteris-Brasilodendron. Relative age of the Tai6 Fauna according to Holz et al. (2010). U1-U4 = Sequences
determined in this study. Triangles lined up horizontally = diamictites. Carbon. = Carboniferous, Penn. = Pennsylvanian.
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