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ARTICLE INFO ABSTRACT

Keywords: In modern marine marginal environments, the coastal morphology directly influences the tidal and wave pro-

Tide cesses. In this paper we present an example of an ancient coastal zone where the change in coastal morphology

Wave . controlled the tidal range. This study focuses on the Permian Rio Bonito Formation in the southern Parana Basin,

Icrfgi:;ei:ﬁgy where the major coal deposits of South America are located. Sedimentological and stratigraphical approaches

Rio Bonito Formation were applied to cores drilled in the Candiota paleovalley area. We describe the stratigraphic architecture of a
transgressive event of the Lower Permian (Rio Bonito Formation). Two third order depositional sequences were
identified, which show differences in the paleoenvironmental record. In the lower sequence, associated with the
infilling of an incised valley, facies related to fluvial and tidal currents are dominant. In a micro-tidal inner sea
context, tidal range is amplified in a funnel-shaped valley. In the upper sequence, already evolving in linear
coastal conditions, evidence of tidal depositional processes almost disappear, and the sedimentation becomes
dominated by wave processes, thus a coastal barrier system associated with lagoons and swamps is established.
Our study, besides detailing the paleoenvironmental evolution of the sedimentary infilling of an incised valley,
also provides for a better understanding of the origin of southern Brazil coal.

1. Introduction

Marginal-marine settings or coastal environments lie between the
continental and the marine depositional domains, where river, tidal, and
wave processes occur (Boyd et al.,, 1992, 2006, 2006; Boggs, 2006;
Ainsworth et al., 2011). In transgressive settings, tidal range and wave
height, as well as coast morphology and sediment supply source, control
the development of tide- and wave-dominated coasts (Boyd et al., 2006;
Dalrymple et al., 1992; Dalrymple and Padman, 2017). Transition from
tide-to wave-dominated coast is explained by a reduction in the rate of
the sea level rise in the Huelva coast, southwestern Spain, during the
Holocene (Davis and Clifton, 1987; Pendon et al., 1998). This rate
reduction caused the infilling of several local estuaries and consequently
the decrease in the tidal prism, favoring the sand barrier formation.

Estuaries are complex environments and ephemeral depositional
systems that commonly have a short time span. Modern estuaries for
instance, are coastal features formed over the past 5000 to 6000 years
during the stable interglacial period (Schubel and Hirschberg, 1978).
Balance between fluvial and marine sediment input and the relative
sea-level rise control the estuary evolution. If fluvial or marine sediment
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input occur at higher rates than sea-level rise, delta and prograding
coasts are formed (beach ridges or strand plains if wave energy is
dominant, and open coast tidal flats if tidal energy is dominant), on the
contrary, if sea-level rises at higher rates, then a new estuary might be
formed (Dalrymple et al., 1992, 2012, 2012; Dalrymple and Choi, 2007;
Ainsworth et al., 2011).

The deglaciation phase of the Late Paleozoic Ice Age — LPIA caused
the sea level rise and a transgressive event recorded in several basins of
the southern Gondwana (Milani et al., 2007; Mottin et al., 2018). The
Rio Bonito Formation of the Parand Basin, deposited in the Early
Permian (Cagliari et al., 2016; Griffis et al., 2018; Rocha-Campos et al.,
2019), is interpreted as being deposited in coastal environments during
this transgressive phase (Lavina and Lopes, 1987; Lopes, 1995; Holz,
2003; Gandini et al., 2010; Schmidt-Neto et al., 2018; Trentin et al.,
2019; Maahs et al., 2019). In the southern basin, this unit is thicker
within some paleovalleys (e.g., Capané and Candiota; Aboarrage and
Lopes, 1986; Lopes, 1995, 2004). Sedimentary facies of the Rio Bonito
Formation are interpreted as deltaic, estuarine, and barrier-lagoon sys-
tems, developed in a shallow marine environment (Lavina et al., 1985;
Lavina and Lopes, 1987). However, recent studies performed by Fritzen
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et al. (2019) and Candido et al. (2020) characterize the tidal control on
sediment deposition in proximal areas of Capané and Candiota paleo-
valleys and indicate a meso- to macro-tidal range depositional envi-
ronment possibility.

The purpose of this study is to document the tidal influence on
sediment deposition and its control over depositional systems
throughout the lower Permian succession of the southern Parand Basin
(Candiota paleovalley area). The focus is on the study of well cores and
outcrops of the Rio Bonito Formation, in southern Brazil. A high-
resolution approach allowed us to obtain new insights of the deposi-
tional environment evolution. The results point to a significant change
in the depositional processes, from a highly cutoff coastal morphology
controlled by tide in the lower section, to the establishment of a wave-
dominated linear coast in the upper section.

2. Geological setting

The Parand Basin is a great (~1,500,000 km?) intracratonic sedi-
mentary basin located in the South American continent. Its deposits can
mainly be found in Brazil, but they can also be observed in Paraguay,
Uruguay and Argentina (Zalan et al., 1990; Milani et al. 1998, 2007). Its
sedimentary history is comprised of 6 s-order depositional sequences
(supersequences) that are limited by interregional discordances: Rio Ivai
(Ordovician to Silurian), Parana (Devonian), Gondwana I (Carbonif-
erous to Early Triassic), Gondwana II (Early to Middle Triassic), Gond-
wana III (Early Jurassic to Early Cretaceous), and Bauru (Early
Cretaceous) (Milani et al., 2007). The first three supersequences are
transgressive-regressive cycles controlled by relative sea level changes,
while the other three correspond to continental sedimentary rock
packages associated with igneous rocks (Zalan et al., 1990; Milani et al.,
2007).

During the Late Devonian and Mississippian, tectonic factors and/or
a relative sea level fall due to glaciation generated a large gap in the
Parand Basin sedimentary record (Milani et al., 2007). Following this
hiatus, sedimentation resumed during the Pennsylvanian after the
northward progressive Gondwana migration and at the beginning of the
deglaciation process (Lavina and Lopes, 1987; Milani et al., 2007). This
sedimentary record is preserved in the Itararé Group and the Aqui-
dauana Formation. During the Early Permian, post-glacial deposition
was recorded in the Guata Group (Rio Bonito and Palermo formations)
(Lavina et al., 1985; Lopes and Lavina, 2001).

The Rio Bonito Formation, at the base of the Guata Group, was
deposited in an estuarine and barrier-lagoon paleoenvironment, under
fluvial and tidal influence in the basal succession, and wave influence in
the uppermost succession (Lavina and Lopes, 1987; Holz, 2003). It has
been extensively studied in southern Brazil due to its coal reserves, the
genesis of which is associated with different depositional environments,
such as deltas, estuaries, coastal-barriers and marsh-lagoon systems
(Lavina et al., 1985; Lopes and Lavina, 2001; Lopes et al., 2003a, b;
Jasper et al., 2006; Buatois et al., 2007; Gandini et al., 2010, Candido
et al., 2019; Trentin et al., 2019).

The Rio Bonito Formation radiometric dating reveals ages from
Asselian to the Artinskian (see summary in Cagliari et al., 2014, and
recent results published by Cagliari et al., 2016; Griffis et al., 2018; and
Rocha-Campos et al., 2019). For the Candiota area, high-resolution
single zircon CA-TIMS results of previously dated tonstein deposits are
older and suggest a shorter time span for the Rio Bonito Formation.
According to Griffis et al. (2018) the oldest age is 298.23 + 0.31 Ma
(Asselian) for the lower Candiota coal seams, and the youngest age is
297.77 +0.35/-0.59 Ma (Asselian) for the Hulha Negra tonstein,
stratigraphically positioned above the upper Candiota coal seams.

In the study area, the Candiota paleovalley (Holz, 1999, 2003, 2003;
Holz et al., 2006) records a funnel-shaped estuary that opened to the sea
in the south, being approximately 50 km wide in its southern region and
15 km wide in its northern, more proximal area (Holz, 2003). Overlying
the Itararé Group the Rio Bonito Formation in the paleovalley records
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four main depositional systems: alluvial fan, fluvial-dominated delta,
lagoonal estuary, and barrier island (Holz, 2003). In the Trentin et al.
(2019) study, this succession comprises fluvial-estuarine deposits fol-
lowed by a barrier-lagoon system. Offshore deposits of the Palermo
Formation occur on top of the barrier-lagoon system deposits. A recent
study developed by Fritzen et al. (2019) in the Candiota paleovalley
recognized a semi-diurnal tidal regime in the tidal-influenced deposits
near the estuary head. Mathematical scenarios performed by Candido
et al. (2020) revealed that tidal amplification was likely in this valley,
producing micro- to mesotidal conditions and controlling sediment
deposition.

3. Material and methods

The studied area covers approximately 7000 km? in the state of Rio
Grande do Sul, in southern Brazil (Fig. 1). It is located in the Candiota
paleovalley, on the southeastern border of the Parana Basin. This study
is based on 33 of ~750 wells in this portion of the basin, drilled by the
Brazilian Geological Survey (CPRM) (Tab. SM1 of supplementary ma-
terial). The 33 cores were used to perform four stratigraphic sections,
from which 22 were described in high-resolution for facies analysis, and
for the remaining wells, the original logs were used as reference. For the
facies analysis, physical (lithology, sedimentary structures and bound-
aries) and biogenic attributes (presence and/or evidence of organisms or
fragments) were described. Facies geometry and paleocurrents, as well
as other detailed attributes were obtained from nine outcrops (Tab. SM2
of supplementary material and Fig. 1).

Stratigraphic sections were elaborated following the conceptual
premises of sequence stratigraphy sensu Catuneanu et al. (2009, 2011).
For the stratigraphic correlation, we have analyzed the vertical succes-
sion of facies and the gamma ray logs in four sections. Section 1 is a dip
section (84 km long, N-S direction) and the other three are strike sec-
tions with a NW-SE direction (43.1 km, 19.6 km, and 27.7 km long for
sections 2, 3 and 4, respectively) (Fig. 1). Complete stratigraphic sec-
tions with a detailed sedimentary log are available in the supplementary
material (Fig. SM1 to SM4). The datum used for logs correlation is
located on carbonaceous facies, which corresponds to a marker in most
gamma ray logs. Due to the absence of a prominent marker, the datum
was reached by adjusting the carbonaceous segment at the bottom of
sequence 2 in different wells of the strike north and dip sections (Figs. 12
and 9). In the northern section, the datum is positioned on a radioactive
peak over which there is a reduction followed by an increase in the
gamma with the shape of a handsaw tooth. This feature is prominent in
the eastern and central sectors of the northern section, losing expression
in an easterly direction. However, the observation of the general
behavior of the gamma ray curve below and above this radioactive peak,
as well as the horizontalization of the base of the upper sandy sequence
(gamma rays with box pattern), makes it possible to track it with con-
fidence. In the dip section the same pattern can be defined in the north
and central sectors.

The paleobasement morphology of the Candiota Paleovalley was
modeled based on 53 logs, taking into consideration the same datum
used in the stratigraphic sections (Tab. SM3). This model reflects the
basement morphology in the upper part of Depositional Sequence 1 of
the Rio Bonito Formation.

4. Results
4.1. Paleobasement model

The paleobasement model in upper Depositional Sequence 1 of the
Rio Bonito Formation (see item 4.3) reveals the existence of a funnel
shaped valley more than 90 km in length. The paleovalley mouth, in the
south, is about 50 km wide and 96 m deep in the deepest portion (AG-
01). The paleovalley head, in the north, is 20 km wide and has a depth of
35 m (Fig. 2). The valley morphology is irregular, both in the base and



C.P. Galli et al.

Location

7 | ad
,,‘,/,//WV -
(J\L‘/l\ BRASIL /
i ;\ \L /I

\\ L
D

\ )

Vel

&
300

f\\\

| TRy
) |

1§ |

Conventions |

|

|:| Parana Basin ‘
\

- Basament ‘

\ BR-153
L&L Section \\
E Well Logs \
@ Outcrops ‘\
|| sistem Fault \
\L City /Town "
|:| Roads ‘\
|: Coal Mine \‘

‘ 0
-32.05500°
-54.25000°

margins, caused by tectonic compartmentation.
In the paleobasement model, the depression identified in the
southern portion (AG-02, AG-01, HV-45 and HV-43) advances sinuously

to the central portion (Fig. 2). There is a significant straight in the north
valley, located at 31.4°S (HN-18, HN-134 and HN-304).

4.2. Facies and facies association

Eighteen sedimentary facies were described in the study area and

grouped into five facies associations: I) Fluvial; II) Central Estuary; III)
Lower Estuary; IV) Back-barrier, and V) Barrier (Table 1).

4.2.1. Fluvial facies association

4.2.1.1. Description. This facies association includes two sedimentary
facies: trough cross-bedding conglomerate (Gtf) and trough cross-
bedding arkosic sandstone (Stf) (Fig. 3). The Gtf facies has a conglom-
erate sedimentary composition, from granule to pebble, with polymictic
clasts, while the Stf facies is composed of fine-to very coarse-grained
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Fig. 1. Simplified geological map of the study area in southern Brazil (Wildner et al., 2006) with well, outcrops, and stratigraphic sections (S1 to S4) location.

arkosic sandstone. The Gtf and Stf facies occur, in this order, at the
base of the valley in southern or nearby the southeast valley wall, mainly
overlying Dm facies, but occur locally over the crystalline basement and
intercalated with the central estuary, barrier, and back-barrier facies
association. At the base of the valley, thickness reaches up to 6 m, but

when intercalated with other facies associations, the thickness ranges
between 0.5 and 4 m.

4.2.1.2. Interpretation. The Gtf and Stf facies represent 3D dunes under
a unidirectional lower flow regime. The polymictic and feldspar
composition of this facies indicates limited transport and reworking,
characterizing a fluvial source of sediment and a proximal position. The
superimposition of 3D dunes is associated with transversal or lingoid
bars (Stf facies) and gravel bars (Gtf facies) that infill fluvial channels

(Miall, 1977, 2006; Collinson, 1970, 1996; Pyrcz, 2015; Boggs, 2006;
Yeste et al., 2018). The related debris flow deposits (Dm facies), suggest

the existence of steep slopes and periods of intense rainfall (Iverson,
1997, 2009; Takahashi, 2007, 2009; Eyles and Kocsis, 1988).
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Fig. 2. A) Basement morphology model at the time of upper Depositional Sequence 1 and the Candiota Paleovalley configuration. Contour lines reflect thickness
measured from the datum with contour interval of 10 m. B) Location of the stratigraphic sections in the paleovalley (S1 to S4).

4.2.2. Central estuary facies association

4.2.2.1. Description. This facies association includes four sedimentary
facies: trough cross-bedding arkosic sandstone (Stf), trough cross-
bedding arkosic sandstone with mud drapes (Stfmd), trough cross-
bedding arkosic sandstone with wave ripples (Stfw), and heterolith
(Ht) (Fig. 4). Stfmd and Ht facies are predominant, while Stfw and Stf are
subordinate in this facies association. The matrix-supported conglom-
erate facies (Dm) is locally interbedded. This facies association is over-
lying the crystalline basement, Itararé Group rocks, or fluvial facies
association. The vertical succession of facies is usually erosive-based and
finning-upward, formed from base to top, by Stf, Stfmd, and Ht. Sandy
facies (Stf, Stfmd, and Stfw) occur as lenticular packages within heter-
olith facies (Ht). This facies association is mostly preserved in the north
of the study area, reaching up to about 60 m in Section 4, but it is also
significantly thick in the central area and shows a small occurrence in
the south, with thickness ranging between 13 and 18 m. In the central
area, this facies association is intercalated with the lower estuary facies
association (see Section 1).

Sedimentary facies were grouped since they share similar sediment
composition, texture, and primary sedimentary structures. Sandier
facies have an arkosic composition and are poorly sorted, with angular
to sub-rounded grains. The predominant sedimentary structure in
sandstone is the trough cross-bedding or cross-lamination, with mud
drapes, and sigmoidal reactivation surfaces. Furthermore, the Stfmd
facies presents herring-bone cross stratification and preferential paleo-
current SW-W and SW-S in outcrops 3 and 7 (see Fig. 1 and 4).

4.2.2.2. Interpretation. Sediment composition and texture indicate
limited transport and reworking, similar to the fluvial facies association,
therefore, compatible with fluvial input. The main primary sedimentary
structures of these facies record the transport of sediment under a lower
flow regime, and the occurrence of mud drapes, as well as sigmoidal
reactivation surfaces and herring-bone cross-stratification are evidence
of tidal action (Collinson et al., 2006; Dalrymple and Choi, 2007;
Longhitano et al., 2012). Paleocurrents show seaward sediment trans-
port, representing the fluvial joining with the ebb-tidal current, and
reactivation surface, as well as herring-bone cross-stratification and the
reverse flow (flood current) (Dalrymple and Choi, 2007). The predom-
inance of Stfmd facies reflects an environment in which fluvial energy is
important, but with the occurrence of slack-water periods and reverse
flow. Subordinate occurrence of Stf facies reinforces the occurrence of
fluvial processes in the same sub environment (Leuven et al., 2018).
The occurrence of erosive-based and finning-upward sand packages

with lenticular geometry within heterolith facies point out to broad mud
plains eroded by meandering channels (Boggs, 2006; Dalrymple et al.,
2012; Leuven et al., 2018). The constant presence of tidal evidence in
the channel fill deposits is the key feature which identifies this facies
association as the record of sediment deposition taking place in the
central estuary (or fluvial-tidal transition zone), in which sediment is
supplied by rivers where both fluvial and tidal processes occur (Dal-
rymple et al., 1992, 2012; Dalrymple and Choi, 2007). In this zone, the
ebb tide is the dominant current and flood tide the subordinate current
(Fritzen et al., 2019). The Dm facies, interbedded in this facies associ-
ation represents debris flow deposits, suggesting the presence of steep
slopes and periods of intense rainfall (Iverson, 1997, 2009; Takahashi,
2007, 2009; Eyles and Kocsis, 1988).

4.2.3. Lower estuary facies association

4.2.3.1. Description. This facies association includes four sedimentary
facies: trough cross-bedding quartz-rich sandstone with mud-drapes
(Sttmd), horizontal lamination quartz-rich sandstone (Sht), heterolith
(Ht), and bioturbated heterolith (Hw) (Fig. 5). It is distributed in the
central and south area, reaching up to 26 m of thickness in Section 3,
however, is absent in the north where the central estuary facies associ-
ation occurs. In the E-W direction (Section 2), it has more than 43 km of
lateral continuity. It is overlying crystalline basement, Itararé Group
rocks or fluvial facies association in the south, and central estuary facies
association in the central area.

The Sttmd and Sht facies are composed of very fine-to fine-grained
quartz-rich sandstone with well sorted, sub-rounded to rounded grains.
The sedimentary structure is trough cross-bedding with mud drapes for
Sttmd and horizontal lamination for Sht facies. Sttmd facies pre-
dominates in the central portion (Section 3), in which Ht facies is
distributed laterally, next to the valley border. In the south area (Section
1 and 2), bioturbated heterolith facies (Hw) occur interbedded with the
Sttmd and Sht facies. This facies association was described only in cores;
therefore, paleocurrent measurements are not available.

4.2.3.2. Interpretation. Sedimentary composition and texture of sand-
stone facies are indicative of long transport and reworking, suggesting
sediments are supplied by longshore current (littoral drift input,
McCubbin, 1982; Leuven et al., 2016, 2018). Depositional sedimentary
structures record turbulent, strong current flows, and slack-water pe-
riods. All these characteristics, added to the distribution of this facies
association in the south and central areas, suggest a lower estuary zone
(or outer estuary), where marine sediment is transported landward by
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Table 1
Description and interpretation of the Rio Bonito Formation sedimentary facies.
Code Name Description Sedimentary processes Environment/
Facies
Association

Dm Diamictite Matrix-supported conglomerate; massive; muddy- Debris Flow. Gravity flow on steep slopes (Takahashi,
sandy matrix; gravel to pebble polymictic clasts 2007, 2009, 2009; Iverson, 1997, 2009, 2009; Eyles
(quartz, granite, gneiss, and andesite); angular and and Kocsis, 1988).
rounded clasts; packages range from 0.3 to 6 m in
thickness.

Gtf Trough cross-bedding Granule to pebble conglomerate; clast-supported; Dune under unidirectional lower flow regime Fluvial

conglomerate cross-bedding; normal grading and clasts composing gravel bars of fluvial channel fill (Miall, Fluvial and
imbrication. Clasts are polymictic (quartz, granite, 1977; Collinson, 1970; Collinson et al., 2006; Pyrcz, Central estuary
gneiss, and andesite) and angular to sub-rounded. 2015; Yeste et al., 2018).
Packages range between 0.5 and 4 m in thickness.

Stf Trough cross-bedding Fine- to very coarse-grained arkosic sandstone; Superimposition of dune under unidirectional lower

arkosic sandstone angular to sub-rounded grains; poorly sorted; cross-  flow regime composing transverse or linguoid bars (
bedding (sets of 10-35 cm in height). Packages Miall, 1977; Collinson, 1970; Collinson et al., 2006;
range between 0.5 and 4.8 m in thickness. Yeste et al., 2018; Best and Fielding, 2019).

Stfmd Trough cross-bedding Fine- to very coarse-grained arkosic sandstone with 3D dunes under unidirectional lower flow regime Central estuary

arkosic sandstone with gravel; angular to sub-rounded grains; poorly with mud drapes indicating slack-water periods (

mud drapes sorted; trough cross-bedding (sets of decimetric Miall, 1977; Collinson et al., 2006). Grain
heights) with carbonaceous mud-drape in the composition and texture indicate fluvial source of the
foresets; SW-W and SW-S paleocurrent. Associated sediment. Reactivation surfaces indicate the
rocks with large-scale sigmoidal erosive surfaces; occurrence of reversal flow, and rare herring-bone
ripple cross-lamination; plant debris, root horizon, stratification and the presence of bimodal currents (
and thin paleosoil. Rare herring-bone cross- Dalrymple and Choi, 2007; Longhitano et al., 2012).
stratification also occurs. Tabular to lenticular Channeled tidal bar (Dalrymple et al., 1992, 2012,
geometry with flat scoured base (outcrops 3 and 7).  2012; Longhitano et al., 2012; Fritzen et al., 2019).
Core, packages of this facies exceed 15 m in
thickness.

Stfw Trough cross-bedding Fine-grained arkosic sandstone; sub-rounded grains; 3D dunes under unidirectional lower flow regime
arkosic sandstone with well sorted; trough cross-bedding (sets of decimetric =~ with bimodal paleocurrents (Miall, 1977; Collinson,
wave ripples height); symmetrical ripples in the cross-bedding 1996; Collinson et al., 2006). Reactivation surface

foresets; SE paleocurrent is dominant and NW indicates the occurrence of reversal flow (Dalrymple

paleocurrent is subordinate; large-scale sigmoidal and Choi, 2007; Longhitano et al., 2012).

erosive surfaces occur. A 2.5 m thick package Symmetrical (or wave) ripples in the cross-bedding

showing lenticular geometry with concave-up base.  foresets indicate oscillatory flow during slack-water

Facies only described in outcrop 8. periods (Collinson et al., 2006). Tidal bar with
influence of oscillatory flow (Dalrymple et al., 1992,
2012, 2012; Tape et al., 2003; Dalrymple and Choi,
2007; Longhitano et al., 2012).

Ht Heterolith Fine- to very fine-grained sandstone (80-95%) and Mud decantation during quiescence periods and sand  Central and
siltstone; ripple cross-lamination in the sandstone transport episodes by weak currents (Collinson et al.,  Lower estuary
with wavy and flaser bedding; plant debris are 2006; Flemming, 2012). Mixed flat: accretion at top
common; bioturbation is weak to moderate and lower portion of tidal bars (Clifton, 1976; Wiberg
(bioturbation index 1-3) or locally absent. Packages and Harris, 1994; De Boer et al., 1989; Bann et al.,
reach up to 10 m thick (see AG-01, HN-44, HN-18, 2014; Mangano and Buatois, 2014; Daidu, 2013).

SV-304, BL-19).
Sht Horizontal lamination Very fine-grained quartz-rich sandstone with Plane bed under upper flow regime (Collinson et al., Lower estuary
quartz-rich sandstone rounded and well sorted grains, with horizontal 2006). Mud laminae obliterated by bioturbation
lamination, the sedimentary structure is absent could represent mud drape formed during slack water
locally, and bioturbation is moderate to intense (Collinson et al., 2006; Flemming, 2012). Moderate to
marked by thin obliterated mud laminae. intense bioturbation indicates favorable conditions
Occurrence associated with small-scale cross- for infauna (MacEachern et al., 2010). Subtidal sand
bedding with rare mud drapes (Sttmd). flat (Desjardins et al., 2012; Dalrymple and Choi,
2007).

Sttmd Trough cross-bedding Fine-grained quartz sandstone with rounded and Superimposition of 3D dunes under unidirectional
quartz-rich sandstone well sorted grains; trough cross-bedding (sets of lower flow regime with mud drapes indicating slack-
with mud-drapes 10-25 cm in height); mud-drapes in the foresets of water periods (Miall, 1977; Collinson et al., 2006).

cross-bedding. No paleocurrent measurements. Sediment composition and texture indicate marine
Facies described only in cores. Packages reach up to  source. Tidal bar (Dalrymple et al., 1992, 2012, 2012;
20 m in thickness. Dalrymple and Choi, 2007; Longhitano et al., 2012).

F Mudstones Light- to dark-grey claystone and siltstone; massive;  Fine-grained sediment decantation (Collinson et al., Back-barrier
tabular geometry; plant debris, root horizons, and 2006; Flemming, 2012). Paleosoil and root horizons
thin paleosoils layers are common. Associated with  indicate episodic subaerial exposure (Daidu, 2013).
lenticular beds of Stf facies. Locally, centimetric Mud flats (Le Hir et al., 2011; Flemming, 2012;

(<7 cm) horizons of volcanic ash (tonstein). Daidu, 2013).
Decimetric thickness sucession.

Fc Carbonaceous mudstone  Dark-grey claystone and siltstone; horizontal Fine-grained sediment decantation Collinson et al.,
lamination; tabular geometry; plant debris. Locally, 2006; Flemming, 2012). Organic matter is preserved
centimetric (<7 c¢m) horizons of volcanic ash in anoxic conditions. Lagoon and swamp (

(tonstein). Decimetric thickness (see SV-304). Schnurrenberger et al., 2003; Le Hir et al., 2011;
Flemming, 2012).
C Coal Decimetric and metric coal beds with plant Organic matter accumulation in an oxygen poor

impression and pyrite nodules, and tabular
geometry (outcrops 2, 4, and 5).

freshwater environment, with abundance of
vegetation, and rare influence of seawater (swamp,
Schopf, 1956; Casshyap, 1970; Clemmensen and
Surlyk, 1976; Silva and Kalkreuth, 2005).

(continued on next page)
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Table 1 (continued)

Journal of South American Earth Sciences 110 (2021) 103398

Code Name Description Sedimentary processes Environment/
Facies
Association
Shwf Horizontal lamination Fine-grained quartz-sandstone; rounded grains; well ~ Plane bed under upper flow regime (Collinson et al., Barrier
quartz-rich sandstone sorted, horizontal lamination; locally, coarse- 2006). Washower fan (McCubbin, 1982; Shaw et al.,
grained sandstone laminae; locally, root horizons 2015).
and plant debris; lithified and pyritized layers;
packages 0.7-3.5 m in thickness; associated with
facies F and C. In outcrop 3, geometry is lenticular.
Shw Swash cross- Fine-grained quartz sandstone; rounded grains; well ~ Plane bed under upper flow regime (Collinson et al.,
stratification quartz-rich sorted; horizontal lamination and parallel 2006). Foreshore/swash zone (Harms et al., 1982;
sandstone lamination with low-angle dip (swash cross- McCubbin, 1982; Van de Meene et al., 1996; Johnson
stratification); packages are thicker than 10 m (see and Baldwin, 1996; Masselink and Puleo, 2006;
AG-02, AG-01, and HV-45 in Fig. 10). Anthony and Aagaard, 2020).
Stw Trough cross-bedding Fine- to coarse-grained quartz sandstone; rounded 3D dune under unidirectional turbulent flow (Miall,
quartz-rich sandstone grains; well sorted; trough cross-bedding (sets of 1977; Collinson, 1996; Collinson et al., 2006). The
10-20 cm in height); wave-ripple cross-laminations  erosive surfaces with wave-ripples indicate episodic
are present next to the erosional surfaces. Outcrop 9  wave interaction (Van de Meene et al., 1996). Upper
shows dominant NE paleocurrent and subordinate shoreface (surf zone) influenced by longshore current
NW paleocurrent. Succession reaches up to 5 m in (McCubbin, 1982; Elliot, 1986; Myrow and Southard,
thickness, exceptionally 20 m (see HV-43 in 1991; Collinson et al., 2006; Pemberton et al., 2012;
Fig. 10). Anthony and Aagaard, 2020).
Sha Inverse grading Fine- to medium-grained quartz sandstone; well Plane bed under upper flow regime (Collinson et al.,
horizontal lamination sorted; high sphericity and opaque grains; 2006). Sand transport in saltation and grain collisions
sandstone subcritical climbing translatent with inverse (translatent wind-ripple deposits) with inverse
grading; package reaches up to 0.5 m thick; grading indicates grain flow processes (Kocurek,
associated with facies F and C. 1991). Eolian sand sheet (Kocurek and Dott, 1981;
Kocurek and Nielson, 1986; Lancaster, 1995).
Shes Hummocky cross- Very fine- to fine-grained sandstone; rounded Complex bedforms generated during oscillatory flow  Barrier/Lower
stratification sandstone grains; well sorted; hummocky Cross-stratification or combined flow (Heward, 1981). Hummocks are Shoreface
and wave-ripple cross-lamination (asymmetrical formed above the storm-weather wave base and wave
and symmetrical); rare interlayers of dark-grey ripples above the fair-weather wave base. Lower
siltstone laminae; weak bioturbation (bioturbation shoreface to offshore transition (Harms et al., 1982;
index 0-1). Succession thickness is greater than 30 Cheel and Leckie, 1993; Dumas and Arnott, 2006;
m and displays tabular geometry (outcrops 1 and 6).  Anthony and Aagaard, 2020).
Sm Massive sandstone Medium- to coarse-grained sandstone with gravel; Suspension transport during storm events. Lower
massive; beds with thicknesses between 1 and 25 shoreface to offshore transition (Clifton, 1976; Raaf
cm; interbedded with Shcs facies. et al., 1977; Wiberg and Harris, 1994; Greenwood,
2006; Leckie and Walker, 1982).
Hw Bioturbated heterolith Very fine- to fine-grained sandstone (80%) and Decantation and sediment transport by waves.

dark-grey, grey and greenish siltstone (20%); wavy
and linsen bedding; 4-6 bioturbation index;
succession reaches up to 20 m in thickness with

tabular geometry (outcrops 1 and 6).

Transition zone between lower shoreface and offshore
(Clifton, 1976; Raaf et al., 1977; Wiberg and Harris,
1994; Greenwood, 2006; Bann et al., 2014).

tidal currents (Dalrymple et al., 1992, 2012; Boyd et al., 1992; Dal-
rymple and Choi, 2007). In this zone, the tidal maximum produces
strong tidal currents and upper flow sand flats (Dalrymple et al., 1992;
Dalrymple and Choi, 2007), deposited in the lower intertidal or subtidal
areas (Desjardins et al., 2012). The occurrence of moderate to intense
bioturbated heterolith indicates better environmental conditions, and
likely higher salinity levels (MacEachern et al., 2010).

4.2.4. Back-barrier facies association

4.2.4.1. Description. This facies association includes six sedimentary
facies: mudstone (F), carbonaceous mudstone (Fc), coal (C), trough
cross-bedding arkosic sandstone (Stf), horizontal lamination quartz-rich
sandstone (Shwf), and rare occurrence of heterolith (Ht) (Fig. 6). It is
distributed in the north and central areas, reaching up to 38 m and 15 m
in thickness (Section 4 and 3), respectively. In the south, it is restricted
to a ~3 m thick succession. It is abruptly overlying central and lower
estuary facies associations in the north and south portions, respectively,
and is laterally related to the barrier facies association.

The F, Fc, and C facies are fine-grained rocks (siltstone, carbonaceous
siltstone, claystone, and coal), massive or with horizontal lamination,
and tabular geometry. In F and Fc facies, plant debris, root horizon, and
paleosoil layers occur. A recurrent vertical succession is made up, from
base to top by F facies which presents an increase in organic matter
content (Fc) towards the top, and usually grades to a coal layer (C).

Interbedded within these fine-grained facies, lenticular beds of Stf with a
thickness of 0.3-4 m are present.

4.2.4.2. Interpretation. This facies association is composed of sedimen-
tary facies recording fine-grained sediment and organic matter decan-
tation in standing water conditions (Collinson et al., 2006; Flemming,
2012). Fine-grained facies (F and Fc) also record episodic subaerial
exposure, typical of mudflats or lagoon margins (Reinson, 1992;
Schnurrenberger et al., 2003; Le Hir et al,, 2011). Organic matter
accumulation (Fc and C) occurs in an oxygen-poor freshwater environ-
ment, with an abundance of vegetation, and rare influence of seawater
(as marked by the presence of pyrite nodules; Smith and Batts, 1974;
McCabe, 1985), interpreted as a swamp environment (Schopf, 1956;
Casshyap, 1970; Clemmensen and Surlyk, 1976; Flores, 1978). Recur-
rent vertical succession records the establishment of a restricted lagoon
with a progressive decrease in water depth, often with the development
of swampy conditions at the top. Therefore, mudflats, lagoon, and
swamp depositional environments are formed in a coastal plain. The
lateral relation with barrier facies association indicates these deposi-
tional environments are placed in the back-barrier plain, separated from
the sea by a coastal barrier (Reinson, 1992; Flemming, 2012). The
back-barrier plain was probably under the seawater influence, as
attested by the presence of pyrite nodules in coal facies. Intercalated
with the fine-grained deposits of the back-barrier, are lenticular beds of
horizontal lamination quartz-rich sandstone (Shwf) which are a
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common occurrence, represent washover fan deposits associated with
storm events (McCubbin, 1982; Nielsen and Nielsen, 2006; Shaw et al.,
2015).

4.2.5. Barrier facies association

4.2.5.1. Description. This facies association is formed by seven sedi-
mentary facies: horizontal lamination quartz-rich sandstone (Shwf),
swash cross-stratification quartz-rich sandstone (Shw), trough cross-
bedding quartz-rich sandstone (Stw), inverse grading horizontal lami-
nation sandstone (Sha), hummocky cross-stratification sandstone (Shcs),
massive sandstone (Sm), and bioturbated heterolith (Hw) (Figs. 7 and
8). The thickness of the vertical succession is greater in the south
(reaching up to 46 m in Section 1 and 2) and less expressive in the north
(less than 14 m in Section 4). Coarser grained sediments forming Stw,
Shw, Shwf, and Sha facies mark the lower succession. In the upper
succession, facies of Shcs, Sm, and Hw occur. This facies association is
widely distributed and displays an abrupt and erosive basal contact with
the underlying back-barrier and lower estuary facies association.
Furthermore, its basal erosive surface is laterally associated with lower
estuary facies association in the lowermost succession (Section 2) and
with back-barrier facies association in the middle (Section 1).

Sandstone facies are very fine-to coarse-grained quartz sandstone
with well-sorted and rounded grains. Horizontal lamination is a com-
mon sedimentary structure in Shwf, Shw, and Sha facies. In the Shw,
horizontal and parallel lamination with a low angle dip show wedged-
shaped sets with low-angle surfaces of truncation. Hummocky cross-
stratification and wave-ripple cross-lamination are restricted to the
very fine-to fine-grained sandstone facies (Shcs). In cores, hummocky
cross-stratification is recognized by its low angle stratification with
microgradation laminae.

4.2.5.2. Interpretation. The sediment composition and texture of sand-
stone facies indicate long transport and reworking, suggesting sediments
are supplied by longshore current (littoral drift input). The lower
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succession, formed by Shw, Stw, and Shcs facies represents the fore-
shore, upper and lower shorefaces, respectively, recording a beach
system (Clifton, 2006; Masselink and Puleo, 2006; Pemberton et al.,
2012; Anthony and Aagaard, 2020). Hw and Shcs facies in the upper
succession represent the transition zone between lower shoreface and
offshore (Clifton, 1976; Raaf et al., 1977; Wiberg and Harris, 1994;
Greenwood, 2006). The lateral succession of facies indicates the beach
system coexisted with a lower estuary facies association, indicating a
mixed energy domain (tidal and wave), followed by the establishment of
a well-developed coastal barrier system (e.g. Elliott, 1986; Reinson,
1992; Johnson and Baldwin, 1996; Reading and Collinson, 1996; Li and
Amos, 1999). The sandy barrier isolated back-barrier environments
(mudflat, lagoon, and swamp) from the sea most of the time, however,
during storm events it was partially destroyed, as recorded by washover
fan deposits (Shwf facies, McCubbin, 1982; Shaw et al., 2015).

4.3. Sequence stratigraphy

The integrated analysis of the four stratigraphic sections allowed for
the definition of two depositional sequences (1 and 2), which are
boundary by subaerial unconformities (SB1 and SB2) (see Section 1-4,
Figs. 9-12). Paleogeographic maps for specific intervals are shown in
Fig. 13.

4.3.1. Depositional sequence 1

The thickness of Depositional Sequence 1 is variable because it is
overlying different tectonic blocks, reaching up to 100 m in the paleo-
depressions (see AG-01, Section 2, Fig. 10). It is mostly represented by
tide-dominated central and lower estuary deposits and, secondarily, by
fluvial and coastal barrier deposits. At the base of the valley there is a
predominance of fluvial facies association. Tide-dominated lower estu-
ary facies association (Section 1-3, Figs. 9-11) is mainly distributed
between the central portion and the mouth of the valley, and the central
estuary facies association (Section 1 and 4, Fig. 9 and 12) in the inner
portion of the valley.

Fig. 3. Fluvial facies association and related diamictite. A) Trough cross-bedding conglomerate facies (Gtf) from SV-304, at 53 m depth. B) Trough cross-bedding
arkosic sandstone facies (Stf) from AG-01, at 101 m depth. C) Diamictite facies (Dm) from SC-31, at 210 m depth.
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Fig. 4. Central estuary facies association. A-B) Trough cross-bedding arkosic sandstone of the facies Stfmd identified in the central-northeast area, near Candiota
county (outcrops 3 and 7 location in Fig. 1). C) Trough cross-bedding arkosic sandstone of Stfw facies (outcrop 8). D) Detail of figure C showing wave ripples in the
trough cross-bedding foresets. Coin with 2.2 cm in diameter to scale. E-F-G) Trough cross-bedding arkosic sandstone with mud drapes of Stfmd facies in core HN-44

(142.0 m in fig. E; 142.5 m in fig. F; 123.0 m in fig. G). Root horizon is shown in figure G, core HN-44 at 123 m depth. H) Heterolith facies (Ht) identified in core AG-
01, at 90 m depth.
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Fig. 5. Lower estuary facies association. A-B) Trough cross-bedding quartz rich
sandstone with mud drapes facies (Sttmd), from core HV-43 (456.0 in the left
core and 457.0 m in the right core at fig. A) and AG-01 (73 m, in fig. B). C)
Heterolith facies (Ht) from core AG-01, at 91 m depth.

The basal sequence boundary (SB1) is a subaerial unconformity
marked by the contact of Precambrian basement units (and the Penn-
sylvanian Itararé Group) with fluvial and estuarine deposits of the Rio
Bonito Formation. The contact between Precambrian basement units
and the Rio Bonito Formation represents a significant depositional hia-
tus (Milani et al., 2007; Holz et al., 2010; Tedesco et al., 2019). Fluvial
deposits (Stf and Gtf) are preserved within the deepest incision of the
valley and near the east valley wall (Section 2, Fig. 10). Overlying fluvial
deposits, the estuarine succession presents sandy facies (Sttmd, Stfmd,
Stfw) along the axis and hetherolithic facies (Ht) in both margins of the
valley (Section 2, 3 and 4, Figs. 10-12). In the upper part of this
sequence in the southern portion of the area, barrier facies (Stw, Shw,
Shwf, Sha, Shcs, Sm and Hw) are well developed in the western area and
migrate eastwards towards the top (Section 2, Fig. 10). The contact
between fluvial and estuarine facies marks the tidal ravinement surface
(TRS1), and the first appearance of the barrier overlying the estuarine
facies marks the wave ravinement surface (WRS1) indicating landward
shoreline migration (Section 1, Fig. 9). Syndepositional tectonic activity
with the reactivation of old faults is recorded in lower Sequence 1
(Section 1, Fig. 9). Therefore, Depositional Sequence 1 records the
low-stand system tract between SB1 and TRS1, restricted to the deepest
portion of the valley, and the transgressive system tract between TRS1
and SB2.
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Fig. 6. Back-barrier facies association. A) Mudstone, carbonaceous mudstone
and coal facies (F, Fc, and C) overlaid by wave ripple cross-lamination (Shcs
facies), in outcrop 2. B) Carbonaceous mudstone and coal facies (Fc and C)
overlaid by heterolith facies (Hw), in outcrop 4. C) Lenticular bed of horizontal
lamination quartz-rich sandstone facies (Shwf) interbedded with F, Fc, and C
facies in outcrop 2. D) Coal and carbonaceous mudstone facies (C and Fc) with
whitish tonstein horizons (T) overlaid by mudstone facies (F), in core SV-303, at
15 m depth. E) Mudstone and carbonaceous mudstone facies (F and Fc) with
root horizon in core SC-109, at 74 m depth.

4.3.2. Depositional sequence 2

The Depositional Sequence 2 thickness is about 50 m on average. It is
mainly characterized by back-barrier, barrier, and offshore-transition
deposits. Lenticular beds of fluvial deposits occur locally interbedded
with the back-barrier and rarely in the barrier deposits.

The basal sequence boundary (SB2) is a subaerial unconformity and
shows back-barrier and barrier deposits of Depositional Sequence 2
overlying estuarine deposits of Depositional Sequence 1. It is marked by
fluvial incision and fluvial facies association in the southeast of Section 2
(Fig. 10) and by an irregular surface in Section 4 (Fig. 12). In the
southern area, back-barrier facies (F, Fc, and C) are nearly absent (see
Section 1-2, Figs. 9 and 10), whereas significant thickness (reaching up
to 40 m in the BL-16-RS) occurs in the northeast (Fig. 9, 11 and 12), near
the Candiota and Seival coal mines. In the central and north area,
offshore-transition deposits are overlying back-barrier deposits and the
barrier facies is nearly absent (Figs. 11 and 12). The dip section shows
that there is a predominance of barrier and offshore-transition deposits
in the south, and northward the back-barrier facies thickness increases
and becomes dominant (Fig. 9). The contact between back-barrier (F, Fc
and C) and barrier/offshore-transition (Shw, Stw, Shcs and Hw) facies
marks the wave ravinement surface (WRS2), indicating the shoreline
migration landward (Fig. 9). In the southwest, WRS2 is replacing SB2
(wells AG-02 and AG-01, Fig. 10). This depositional sequence records
only the transgressive system tract.

5. Discussion

The analysis of the sedimentary succession preserved in the Candiota
paleovalley reveals a significant change in the depositional environment
throughout time, and hence a change in the dominant process control-
ling sediment deposition. In Depositional Sequence 1, on the distal part
of the paleovalley, the sedimentation begins with fluvial deposits (Gtf
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Fig. 7. Back-barrier and barrier facies associations.
A) Horizontal lamination quartz-rich sandstone facies
(Shwf) in outcrop 2. B) Inverse grading horizontal
lamination quartz-rich sandstone facies (Sha) in
outcrop 5. C) Trough cross-bedding quartz-rich
sandstone facies (Stw) in outcrop 9. D) Detail of wave
ripples associated with Stw facies, outcrop 9. E) Wave
ripples cross-lamination (Shcs facies), in outcrop 6. F)
Heterolith facies (Hw) with moderate bioturbation in
outcrop 4. G) Hummocky cross-stratification sand-
stone facies (Shcs) in outcrop 1.

Fig. 8. Barrier facies association. A) Trough cross-bedding quartz rich sandstone faceis (Stw) in core HN-59, at 328 m depth. B-C) Hummocky cross-stratification
sandstone facies (Shes) in core HV-45 (at 171 m depth, in fig. B) and SC-109 (at 65 m depth, in Fig. C). D) Bioturbated heterolith facies (Hw) and massive sandstone
faceis (Sm) in core HV-45, at 156 m depth. E) Bioturbated heterolith facies (Hw) in core HV-45, at 158 m depth.
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Fig. 09. Stratigraphic Section 1 located along the Candiota paleovalley (dip section in a N-S direction). It represents the gradual filling of the paleovalley, from south
to north, by different sedimentary facies associations in the onlap of the crystalline basement of the Sul-Riograndense Shield and the Itararé Group of the Parana
Basin. The infilling started in the southern area, with development of a tide-dominated estuary at the base of Depositional Sequence 1. In the upper part of this
sequence, a coastal barrier is developed in the south and the estuary changes from tide-dominated to a mixed-energy (tide-wave) condition. It is worth mentioning
that arkosic sandstone predominates in the north valley (Stfmd and Stfw facies) and quartz rich sandstone in the south (Sttmd facies). In Depositional Sequence 2 the
barrier-lagoon system is preserved, with costal barrier deposits in the south and back-barrier deposits in the north. In this sequence, lower shoreface and offshore-
transition deposits are overlying the entire area. In this section, Depositional Sequence 1 and 2 are composed only by a transgressive system tract and boundary by
subaerial unconformities (SB1 and SB2). The Supplementary Material presents the lithological profiles of the wells represented in this section (Fig. SM1).

and Stf facies). Overlying it, and across the entire paleovalley, estuarine
sediments occur with important evidence of the tide action (Sttmd,
Stfmd, Stfw, and Ht facies). In the upper part of Depositional Sequence 1,
the progressive development of a coastal barrier (Shwf, Shw, and Stw
facies) in the south is contemporaneous with the decreasing evidence of
tidal deposition. Depositional Sequence 2 reveals a significant shift in
factors controlling sediment deposition. Facies related to tidal action
practically disappear, being replaced by the development of coastal
barrier systems (Shwf, Shw, and Stw facies) and back-barrier facies (F,
Fc, C, and Shwf). In the latter, there were conditions for the formation of
important coal deposits (C facies). The sedimentation of sequence 2
throughout the region ends with the extensive development of offshore
facies (Shcs, Hw, and rare Sm).

In Depositional Sequence 1, the estuarine facies corresponds to
approximately 90% of the sedimentary record. In the lower part of this
sequence there is a significant difference between the composition of the
central and lower tidal-influenced estuary sandstone facies (Stfmd, Stfw,
and Sttmd), allowing us to theorize over its genesis. The sediments of
Stfmd and Stfw facies are poorly sorted, arkose, and frequently
conglomeratic, indicating a proximal source area. On the other hand,
sediments of the Sttmd facies are quartz-sandstone, well sorted, and with
rounded grains, suggesting long-distance transport (McCubbin, 1982;
Leuven et al., 2016, 2018). Sediments of Stfmd and Stfw facies are
supplied by fluvial systems and reworked by tide currents as suggested
by the presence of mud drapes and the sigmoidal erosion surfaces. This
indicates that at this portion of the estuary, the flood tidal current was
strong enough to produce reverse flow structures. The Sttmd facies
sediment composition and texture are similar to the facies of the barrier
(Shwf, Shw, Stw, and Sha), indicating they are likely longshore drift
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deposits, carried into the estuary by the flood tidal currents (McCubbin,
1982; Dalrymple et al., 1992; Leuven et al. 2016, 2018). Outcrops show
that tidally influenced fluvial deposits (Stfmd and Stfw facies) have
southward paleocurrents. For Sttmd facies there is no record of paleo-
currents, however, the sediment texture and composition indicate the
sediment is likely transported northward. All these characteristics sug-
gest an estuary with two sources of sediment and the dominance of tidal
currents, indicating the presence of a tide-dominated estuary (Dalrym-
ple et al., 1992) (Fig. 13A and B).

Contemporaneous with the tide-dominated estuary, in the middle
part of Depositional Sequence 1, there is the development of an incipient
sandy barrier in the western side of the estuary mouth (Fig. 13B). In the
upper part of this depositional sequence, the barrier system migrates
eastward, but the inlet is wide and an important feature in the estuary
(Fig. 13C). However, this barrier does not change the dominant pro-
cesses in the inner estuary, where the tidal energy remains significant.
The evidence is that fine-grained sediments of a central basin do not
occur in the estuary. Therefore, the absence of facies in the central basin
and bay-head delta, and the dominance of tidal deposits are compatible
with mixed energy (tidal and wave) estuary (Boyd et al., 1992; Dal-
rymple et al., 1992, 2012, 2012; Dalrymple and Choi, 2007). Therefore,
we can infer that the entire Depositional Sequence 1 corresponds to the
evolution of a tidal to mixed-dominated estuary. It is important to
mention that in this depositional sequence, in different parts of the es-
tuary, relatively thick deposits of debris flow occur (Dm facies), indi-
cating the presence of steep walls in the paleovalley.

Depositional Sequence 2 shows a significant change in the deposi-
tional environment, where the tide-dominated estuary of Depositional
Sequence 1 is replaced by a wave-dominated coast (coastal barriers with
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Fig. 10. Stratigraphic Section 2 - strike section in the southern area (NW-SE direction). In this section, basal infill of Depositional Sequence 1 is represented by fluvial
facies association onlapping the basement. Overlying the fluvial deposits, the tide-dominated estuary is mostly composed of quartz-rich sandstone (Sttmd facies). In
upper Depositional Sequence 1, the coastal barrier predominates, and the estuarine deposits only occur on the east side. Depositional Sequence 2 is predominantly
formed by barrier deposits with lenticular beds of estuarine and fluvial deposits. It is important to mention that on the east side of this section there are two wedges of
fluvial deposits, likely related to a fluvial system in a tributary valley. In Depositional Sequence 1, the contact between the basal fluvial and estuarine deposits records
the Tidal Ravinement Surface (TRS1), only identified in this section, and the contact between the estuarine and barrier deposits records the Wave Ravinement Surface
(WRS1). In Depositional Sequence 2, the Wave Ravinement Surface (WRS2) occurs in the contact between back-barrier and barrier deposits. The Supplementary
Material presents the lithological profiles of the wells represented in this section (Fig. SM2).

associated lagoons and marshes). In the lower part of this sequence, the
lagoon-barrier system is fully established in the southern area
(Fig. 13D). Toward the upper sequence, the system migrates landward,
and at the same time, the coal-bearing environments took place in the
back-barrier plain (Fig. 13D and E). The upper part of this sequence is
marked by offshore-transitional deposits, which are overlying most of
the area. In the northeast, barrier and back-barrier systems still remain
(Fig. 13F).

The sandy barrier of Depositional Sequence 2 is mainly composed of
washover fans (Shwf), followed by foreshore (Shw), upper and lower
shorefaces (Stw, Shcs, Hw, and Sm), and an aeolian sand sheet (Sha).
The washover fan deposits preservation is common during transgressive
events (Reinson, 1992; Nielsen and Nielsen, 2006). The back-barrier
plain is formed by lagoon and swamp (F, Fc, and C) and isolated
fluvial channels deposits (Stf).

Depositional models for the Candiota paleovalley area were previ-
ously described by Lavina and Lopes (1987), Alves and Ade (1996), Holz
(2003), and Trentin et al. (2019). The studies performed by Alves and
Ade (1996) and Holz (2003) describe the basal infill of the valley along
the entire N-S axis as composed by coarse-grained arkosic sandstones,
interpreted as different subsystems (distributary channel, interdis-
tributary bay, proximal, distal and very distal distributary mouth bar,
and prodelta) of a fluvial-deltaic system. Restricted to a paleohills
neighborhood, local alluvial fan deposits were identified by Holz (2003),
Oliveira and Kalkreuth (2010). Overlying the fluvial facies, in the distal
portion of the valley, Holz (2003) describes fine-grained clean sandstone
and mudstone representing the development of small barriers isolating a
lagoonal estuary with a central bay and bayhead delta zones. The
lagoonal estuary depositional environment is also described by Oliveira
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and Kalkreuth (2010). Both authors attribute this environment to the
genesis of the main Candiota coal beds. In the upper part, of the model
by Holz (2003) the barrier-lagoon system migrates landward, overlying
the lagoonal estuary.

Previous depositional models have similarities and differences in
comparison to the model presented here. In our interpretation, the basal
sedimentary facies are composed of arkosic sediments representing
fluvial deposits reworked by tidal current through the entire valley.
Tidal diagnostic structures are characteristics of this interval; moreover,
Fritzen et al. (2019) have identified tidal neap-spring cyclicity in
outcrop corroborating the energy of the tidal current within the inner
part of the estuary. Therefore, besides local fluvial deposits in the
deepest and distal part of the valley, this sediment deposition already
occurred in a tidal-dominated estuary. The hetherolith facies interpreted
by Holz (2003) as interdistributary bays, very distal mouth bar, and
prodelta, in this study they are related to the estuary. Heterolith facies
with bioturbated indexes between 1 and 3 were interpreted as mixed
flat, while intense bioturbated heterolith, with indexes between 4 and 6,
are lower shoreface deposits in the context of the lower estuary. Another
difference is related to the coal-forming environment, in our model it is
attributed to the back-barrier plain, in a wave-dominated coast formed
after the entire infill of the paleovalley, instead of a lagoonal estuary.
Lavina and Lopes (1987), Alves and Ade (1996), and Trentin et al.
(2019) have also interpreted a back-barrier plain environment for the
genesis of the Candiota coal measures.

The tide-dominated estuary of Depositional Sequence 1 was
controlled by tidal amplification within the valley (see Fig. 2), reaching
meso- to macro-tidal ranges according to scenarios presented by Can-
dido et al. (2020). On the other hand, the barrier-lagoon system of
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profiles of the wells represented in this section (Fig. SM3).

Depositional Sequence 2 represents a moment of tectonic stability,
where subsidence rates were low, and a microtidal regime was estab-
lished (Lavina and Lopes, 1987; Lopes et al., 2003a). Therefore, from the
base to the top of the succession, there is a significant decrease in the
tidal range regime. The depositional system evolution in Depositional
Sequence 1 which shows a transition from tidal-to mixed-energy estu-
ary, corroborates this interpretation.

The tide-dominated estuary occurs within the funnel-shaped valley,
in which the morphology controls the tidal amplification (Flemming,
2011; Longhitano et al., 2012). The development of a mixed-energy
estuary might have been promoted by a high to moderate wave en-
ergy associated with the meso-to macro-tidal range and high volume of
marine sediment available (Tessier, 2012). In contrast, the
barrier-lagoon system was formed along a linear coast, after the com-
plete infilling of the valley. Thus, we associate the variation in the tidal
range with the evolution of the relief and infill of the valley (Dalrymple
and Choi, 2007; Longhitano et al., 2012; Tessier, 2012; Dalrymple and
Padman, 2017). The infill of the estuary attenuates the relief, causing the
decrease in tidal prism (Pendon et al., 1998). In the context of a small
tidal prism, the wave energy became dominant, allowing the develop-
ment of linear coasts and barrier systems (Boyd et al., 1992; Dalrymple
et al., 1992; Johnson and Baldwin, 1996; Péndon et al., 1998; Ainsworth
et al., 2011).

Tidal-dominated estuaries are common depositional environments
formed during interglacial and post-glacial periods when the sea-level
rise controlled by deglaciation floods formed incised valleys (e.g., Hori
etal., 2001; Lin et al., 2005; Tjallingii et al., 2010). On the southwestern
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coast of Spain, the Flandrian transgression (Holocene) flooded incised
valleys forming tidal-dominated estuaries (Borrego et al., 1995; Péndon
et al., 1998; Dabrio et al., 2000), and some of them have evolved to
wave-dominated estuaries because of the rapid infill and progressive
decrease in tidal prism (Borrego et al., 1995; Péndon et al., 1998). Three
successive stages of evolution were described for by Péndon et al.
(1998): a tide-dominated open stage with strong tidal currents; a
wave-dominated period, in which waves introduced sand into the inner
estuary, forming sandy bodies and barriers; and, a second
tide-dominated stage with weaker tidal currents, before the estuary
finally filled. The Holocene tidal-to wave-dominated coast transition is
well described along the coast of Spain but scarce in ancient records.
Therefore, we show a Permian case study that can improve the under-
standing of the progressive transition from a tidal-dominated estuary to
a mixed-energy estuary caused by the development of a coastal barrier
during a transgression period.

6. Conclusions

The early Permian sedimentation in the southern Parand Basin pro-
vided insights of a significant change in the process controlling the
sediment transport and deposition, influenced by the coastline
morphology. Sedimentation starts within a funnel-shaped valley, pro-
moting tidal amplification and a tide-dominated estuary development
during transgression. Throughout the valley infill, estuarine conditions
changed, and an incipient distal barrier started developing. At this time,
a mixed-energy estuary was established. In the upper part, after the
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contact of the barrier (Shcs and Hw facies) with the back-barrier facies. The Supplementary Material presents the lithological profiles of the wells represented in this

section (Fig. SM4).

complete infill of the paleovalley, an extensive coastal system was
formed due to the tidal prism decrease, promoting the coastal barrier
system formation.

The tide-dominated lower estuary was developed over basal fluvial
deposits. In the central estuary, tidal flats and tidal bars are composed of
poor sorted arkose sediments supplied by fluvial systems. In the same
way, the lower estuary is also formed by tidal flats and tidal bars, but
there is a remarkable change in the sediment composition of the tidal bar
deposits. In the lower estuary, sandstone is fine-grained, well sorted, and
quartz-rich, suggesting a distinct source. These sediments were supplied
by littoral drift and transported along the inner estuary by flood tidal
currents. The presence of two sediment sources, proximal (fluvial) and
distal (littoral drift), remain along the mixed-energy estuary
development.

The coastal barrier system in the upper part is composed of quartz-
rich fine-to medium-sandstones, developing first in the southwest and
progressively migrating towards the northeast. In the widespread back-
barrier plain, conditions favored the peat accumulation and further the
important coal measure formation. By the end of the succession, the
coastal barrier system formed in the northeast and the entire south area
was under offshore condition.

Therefore, a tidal- and mixed-energy estuarine system developed
(Depositional Sequence 1) and later, a barrier-lagoon system, in which
thick and extensive coal layers were generated (Depositional Sequence
2). The morphology of the paleovalley was fundamental in the tidal
range amplification, and after the complete infill of the valley, the
development of a linear coast is in agreement with the dominance of a
microtidal regime in the upper part of the section, where wave energy
was predominant. The inner morphology of the paleovalley reinforces
the conclusion that a sinuous funnel-shaped valley favors the tidal range
amplification.
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