University

of Glasgow

Reis, A. D. d., Scherer, C. M. d. S., Amarante, F. B. d., Rossetti, M. d. M.
M., Kifumbi, C., de Souza, E. G., Ferronatto, J. P. F. and Owen, A. (2019)
Sedimentology of the proximal portion of a large-scale, Upper Jurassic
fluvial-aeolian system in Parana Basin, southwestern Gondwana. Journal of
South American Earth Sciences, 95, 102248. (doi:
10.1016/].jsames.2019.102248).

This is the author’s final accepted version.

There may be differences between this version and the published version.
You are advised to consult the publisher’s version if you wish to cite from
it.

http://eprints.gla.ac.uk/189616/

Deposited on: 04 July 2019

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk



http://dx.doi.org/10.1016/j.jsames.2019.102248
http://eprints.gla.ac.uk/189616/
http://eprints.gla.ac.uk/

Accepted Manuscript —

Journal of

South American
Earth Sciences

Sedimentology of the proximal portion of a large-scale, Upper Jurassic fluvial-aeolian
system in Parana Basin, southwestern Gondwana

Adriano Domingos dos Reis, Claiton Marlon dos Santos Scherer, Francyne Bochi do
Amarante, Marcos de Magalhaes May Rossetti, Carrel Kifumbi, Ezequiel Galvao de

Souza, Jodo Pedro Formolo Ferronatto, Amanda Owen

PIl: S0895-9811(18)30311-0

DOI: https://doi.org/10.1016/j.jsames.2019.102248
Article Number: 102248

Reference: SAMES 102248

To appearin:  Journal of South American Earth Sciences

Received Date: 26 July 2018
Revised Date: 1 June 2019
Accepted Date: 24 June 2019

Please cite this article as: Reis, A.D.d., Scherer, C.M.d.S., Amarante, F.B.d., Rossetti,
Marcos.de.Magalh&.May., Kifumbi, C., de Souza, Ezequiel.Galva., Ferronatto, Joa.Pedro.Formolo.,
Owen, A., Sedimentology of the proximal portion of a large-scale, Upper Jurassic fluvial-aeolian system
in Parana Basin, southwestern Gondwana, Journal of South American Earth Sciences (2019), doi:
https://doi.org/10.1016/j.jsames.2019.102248.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jsames.2019.102248
https://doi.org/10.1016/j.jsames.2019.102248

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Sedimentology of the proximal portion of a large-sale, Upper Jurassic fluvial-aeolian

system in Parana Basin, southwestern Gondwana

Adriano Domingos dos Ré&i$

Claiton Marlon dos Santos Schérer
Francyne Bochi do Amararite
Marcos de Magalhdes May RosSetti
Carrel Kifumbf

Ezequiel Galvdo de Souza

Jodo Pedro Formolo Ferrondtto

Amanda Oweh

® Programa de P6s-Graduacgéo em Geociéncias, UniadesFederal do Rio Grande do Sul, Av.
Bento Gongalves 9500, Prédio 43137, Agronomia; 949 Porto Alegre, RS, Brazil

P |nstituto de Geociéncias, Universidade FederdRidoGrande do Sul, Brazil

¢ Department of Geology, University of CanterburgvWZealand

4 Universidade Federal do Pampa, Brazil

¢ University of Glasgow, United Kingdom

* Corresponding Author. Email: a_d_reis@hotmail.com



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

54

55

Abstract

Upper Jurassic sedimentary rocks of Guara Formaticord the environmental and
geotectonic changes of the early break-up stagég®isouthwestern portion of Gondwana.
Newly-described occurrences of this formation altbes expansion of its areal distribution to
the central part of the Parana Basin, Brazil. keutical sections are presently described in
Parana State, Brazil. Nineteen lithofacies wereiged in five facies associations, through the
classical method of facies analysis. The facie$yaisaincluded Guara Formation and the
adjacent portions of the underlying Pirambdia Fdiomeand the overlying Botucatu Formation.
The depositional system of Pirambdia Formation weisaeolian fluvial-influenced and is
composed by aeolian dunes, aeolian sandsheetdlingss and ephemeral fluvial deposits facies
associations. The Guara Formation is composed tifstawey fluvial facies association
constituting a highly amalgamated perennial flugigdtem. It is overlaid by the Botucatu
Formation, characterized as a dry aeolian systemeo by aeolian dune deposits. The
stratigraphic units are separated by regional uiscoiities marked by a shift in facies and
depositional systems that reflect climatic changé® Guara Formation depositional model,
established in correlation with southern sectioggresents a broad fluvial system with aeolian
interaction deposited in a wide basin with morentB&0 km in extension. This large
depositional paleoenvironment, together with otbeper Jurassic records in southwestern
Gondwana, represents the early rift stage of Gondveaeak-up.

Keywords: Fluvial-aeolian interaction, braided fluvial, clitlachanges, Upper

Jurassic, southwestern Gondwana

1. Introduction

Understanding depositional systems are essentipblaeogeographic and
palaeoclimatic reconstructions. The period betwese Jurassic and Early Cretaceous was

marked by several palaeoenvironmental changes stéifeGondwana, promoted mainly by
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tectonic processes of continental break-up andingef the South Atlantic Ocean (Kuchle et
al., 2011; Seton et al., 2012; Salomon et al., P(B&dimentary basins are an essential record to
in understanding the palaeoenvironmental evolutice particular area, and the Parana Basin,
due to its large extension and location arounddhming South Atlantic rift, is a key laboratory
to study such evolution.

In the last years, different studies have idertififpper Jurassic fluvial-aeolian deposits
in the southern portion of Parana Basin, encompiassthe Guara (southern Brazil) and
Tacuarembo (Uruguay) Formations (Scherer and LagZid@s, 2006; Perea et al., 2009; Reis,
2016; Amarante et al., 2019; Francischini et al3)0These formations represent the distal
portion of a big distributive fluvial system thddvved to the southwest (Amarante et al., 2019).
However, there are doubts about the extensioni®Etistem to the central part of the Parana
Basin, as well the possible faciologic variatiomshie proximal portions of the distributive
system. We presently expand the areal distribuifdhe Guara Formation and evaluate the
significance of this in terms of basin evolutiosige the southwestern Gondwana context.

Facies analysis of four vertical profiles led te ttentification of facies associations
and depositional systems of Guara Formation, idd&fizing it from the adjacent Botucatu and
Pirambdia Formations. Correlation of the profilathvprevious occurrences allowed the
establishment of Guard Formation as a record @tandt paleoenvironmental and geotectonic
setting in the evolution of Parané Basin; a hugedll system interacting with aeolian systems

in a wide endorheic basin.

2. Geological Setting

The Parana Basin is an intracratonic basin covexringrea of 1,400,000 km2 across
Brazil, Argentina, Uruguay, Paraguay with a smafhnant Huab Basin in Namibia (Milani et
al., 2007; Fig. 1A and B). The basin records vagiperiods of subsidence and sedimentation
from Ordovician to Cretaceous (Milani, 1997; Milatial., 1998, 2007). The Paleozoic basin

fill was constructed by three second-order trarsgjve-regressive cycles (Milani, 1997; Milani
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et al., 1998, 2007). The Mesozoic record is compageontinental successions that comprise
six lithostratigraphic units bounded by regionatamformities (Milani, 1997; Scherer et al.,
2000; Fig. 2): (1) Sanga do Cabral Formation (&ejti consisting of fluvial, lacustrine and
aeolian deposits; (2) Santa Maria and Caturritarfation (Ladiniam to Norian) composed of
fluvial-lacustrine deposits; (3) Mata Sandstoner{&l) deposits of braided fluvial system; (4)
Guara Formation (Upper Jurassic), constituted toyidl and fluvial-aeolian systems; (5)
Botucatu Formation (Lower Cretaceous), recordingedwof dry aeolian system fossilized under
the Serra Geral Formation volcanic lavas; and @)rB Group (Upper Cretaceous) composed
of fluvial and aeolian deposits. The Piramboia Fation occurs in the northwestern portion of
the basin, with fluvial-aeolian deposits of undetiered age, possibly Permian to Eocretaceous
(Giannini et al., 2004). The unconformities aretetl to active margin tectonics of
southwestern Gondwana and to South Atlantic rifingcess (Milani, 1997; Zerfass et al.,
2003, 2004). These tectonic events activated aaativated the NW-SE, NE-SW and E-W fault

systems, main drivers of sedimentation and pretervaf stratigraphic units (Milani, 1997;

Milani et al., 1998, 2007; Quintas et al., 1999fdss et al., 2004, 2005).

. Serra Geral Group

Guara and Botucatu
Formations “
undivided

Piramboia Formation
and ancient Parana
Basin units

PARAGUAY
Asuncio

NAMIBIA

[ Eocretacic sedimentary rocks
[7] Serra Geral Group

[ Botucatu Formation

B Guara Formation

b Ordovician to Neojurassic
= seglmentary Tocke
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Figure 1. Location of the studied area and correlated sesfiothe contexts of Parana Basin
and Gondwana. A) Parand Basin and its countempadtthwestern Africa Huab Basin,
positioned in Upper Jurassic Gondwana (based bmiicand Romeiro, 2017). B) Parana and
Huab Basins locations. The original occurrence 0@ Formation is in orange (small letters a,
b, c and d). The newly discovered occurrences o Garmation are in the area with the letters
f and e, highlighted in Fig. 1C (Modified from 2&al et al., 1987; Scherer and Lavina 2005,
2006; Scherer and Goldberg, 2007; Amarante 2013s&b et al., 2017) C) Study area in
central Parana state, the numbers (1 to 4) aredgiged sections where Guard Formation was

recognized in this work..

w Rio Grande do Sul ; e
Uruguay State, Brazil Parana State, Brazil
i (modified from Milani,1997; (this study, based in Milani et al.,
{from Perea et al, 2005) Scherer et al. 2000) 2007)
Upper Bauru Gr.
Lower ArapeyFm. |  SerraGeralGr. _|  SerraGeral Gr. _|
&ei Rivera Mb. Botucatu Fm. Botucatu Fm.
Fro
i Batovi Mb. Guard Fm. % Guara Fm.
Mata Sandstone Pirambaia Fm.
Caturrita Fm. (unknown age)
Santa Maria Fm.
Buena Vista Fr. Sanga do Cabral Fm. /
Rio do Rasto Fm. Rio do Rasto Fm.

*pmviously described as “torrential facies” of Botucatu Fm. by Soares (1975)

Figure 2. Stratigraphy of southern to central portions ofaarBasin, from Upper Permian to
Mesozoic, highlighting the stratigraphic positidnGuara and Botucatu Formations, and the
controversial age of Piramboia Formation. Modifiemn Soares (1975), Milani (1997), Scherer
et al. (2000), Milani et al. (2007) and Perea ef2009). SW - southwest; NE - northeast; Gr. -
Group; Fm. - Formation; Mb. - Member.

The Piramboia Formation is recognized in the st as dunes and wet interdunes.

Despite extensive and inconclusive discussion abownienclature, age and areal distribution of
Piramboia Formation (Francischini et al., 2018is thork is restricted to the unit’s definition on
the study area, in Parand States (Fig. 2). Fidggtberibed by Pacheco (1927), the Piramboia
Formation was later detailed (Soares et al., 1863res, 1975), allowing the recognition of an
erosive unconformity between Piramboia Formatiosh @erlying Lower Cretaceous Botucatu

Formation. Modern sedimentological concepts dematesthat the Piramboia Formation
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consists of aeolian dunes, wet and dry interdundseghemeral fluvial (wadis) deposits,
composing a fluvial-aeolian system (Wu and Caetahang, 1992; Caetano-Chang and Wu,
1994).

The Lower Cretaceous Botucatu Formation is conedlarrecord of a palaeodesert that
covered an area of more than 1,500,000 km? (Bilgaaeld Salamuni, 1961; Scherer and
Goldberg, 2007), cropping out in the edges of RaBawsin in Brazil, Uruguay, Argentina,
Paraguay, and has correlative deposits in Naméa Twyfelfontein Formation; Stanistreet
and Stollhoffen, 1999; Fig. 1). Morphological restractions of aeolian dunes Performed in
Botucatu Formation in southern Brazil demonstraéitedoccurrence of simple to compound
crescentic aeolian dunes and complex linear d&etsefer, 2000, 2002). Conglomerates and
gravelly sandstones occur above its basal coriiemight by ephemeral streams (Bigarella and
Salamuni, 1961; Soares, 1975; Almeida and Melo,198herer, 2002). Soares (1975)
identified, in his Parana State study area, a ppcké sandstones with fluvial origin overlain by
aeolian dunes which he termed the “torrential fsicaé the Botucatu Formation. These fluvial
deposits are the main focus of our study, in wivehpresent a different origin for them, as part
of Guara Formation. Despite this, Botucatu Fornmatieposits are considered a dry aeolian
system developed in a hyper-arid climate (Schardr.avina, 2006). The upper boundary of
the unit is overlain by volcanic rocks of Serra &é&roup which are concordant and
transitional, as indicated by the preservatioreatdres of interactions between the lava flows
and active aeolian dunes, as impressions of ldh@slin the entirely preserved topset of dunes,
recording their whole morphologies under lava-flg®sherer, 2002; Waichel at al., 2008). Due
to absence of internal hiatuses in the aeolianession (supersurfaces, Scherer, 2002) and the
intimate relation between aeolian sandstones ardflaws, the age of Botucatu Formation is
close to the beginning of Serra Geral Group magmmatdated between 134.1 and 134.8 Ma
(Valanginian; Renne et al., 1992; Thiede and Vaselms, 2010; Rossetti et al., 2017).

Upper Jurassic rocks in Parana Basin were recanddcuguay, where it is known as
the Batovi Member of Tacuarembo6 Formation (Pereh €2009) and in its counterpart, the

Guara Formation in the Rio Grande do Sul Statehson Brazil (Scherer and Lavina, 2005,

6
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Fig. 1). The relative ages are attributed to thespective fossil and ichnofossil assemblages
(Scherer and Lavina, 2005; Perea et al., 2009;cisemini et al., 2015). The Batovi Member is

a fluvial-aeolian system (Perea et al., 2009) caaddy five facies associations: aeolian dunes,
aeolian sandsheets, ephemeral fluvial channelenpe braided fluvial channels and distal
sheetfloods (Amarante et al., 2019). The paleonupattern indicates paleowinds to the ENE,
and fluvial paleoflows to the SSW (Amarante et2019). The Guara Formation consists of
fluvial (in its proximal northern portion) and flial-aeolian (in its distal southern portion)
depositional systems, forming wetting-upward cy¢t&sherer and Lavina, 2005). Paleocurrents
of aeolian dunes in Guara Formation were to theaNdEthe fluvial paleocurrents were to the

SSW (Scherer and Lavina, 2005).

3. Methods

The Guara Formation crops out along escarpmentsithss the central part of Parana
State in Brazil. The locations to study are idesdifiooking for places where this escarpment
are cut by roads, quarries or rivers, spots in witie vegetation cover was opened. Four
outcrops distributed along an N-S belt in (Fig.dil C, Fig. 3) are logged in vertical sections.
Section 1 (25°19'27” S; 51°11'43” W) is from vemrdicroad cuts at kilometre 290 of BR-373
road, on the limit between Guarapuava and Prudehisdmunicipalities. Section 2 (24°36'37"
S; 51°20'59” W) is located 3 km to the south of G@lo de Abreu town, along a dirt road.
Section 3 (24°29'24” S; 51°13'21" W) is situated Kb to the northeast of Candido de Abreu
town, along a dirt road. Section 4 (23°59'50” S;@33” W) is located next to BR 373
between Maué da Serra and Ortigueira, inside a.farm

Four vertical sections were constructed at a 1caestotalizing 88 m of rock
succession (Fig. 3). Sedimentological data colteetere classified with traditional methods of
facies analysissensuWValker, 1992), in which the genetically-relatetiditacies define facies
associations corresponding to subenvironmentsmihdepositional system. Lithofacies were

codified by the principles of Miall (1977): thedircapital letter represents the grain-size (G for
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gravel, S for and F for fine sediments, i.e. mutl) the second lower case letter indicates
sedimentary structure. Letter (e) was used torwjatsh facies formed by aeolian processes.
Measures of dip azimuths of foresets present inscbedded sandstone sets indicate

paleocurrent orientations.
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181 Figure 3.Logged vertical sections, divided by facies asgmmsia, depositional systems and
182  stratigraphic units.. See Figure 1 for the locatibtogs. See Table 1 for facies code. The

183 Pirambdia Formation show a diversity of aeolianda@ssociations and paleocurrents pattern to
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S. There is a 15 m gap on the logged section afritidia Formation is Section 1 due to
vegetation covering the outcrop. The Guara Formasidetween two regional unconformities,
showing a series of amalgamated channels with flafeto SW in all the 3 sections. Botucatu
Formation, constituted by aeolian dunes, show mbi range of paleocurrents. Where the
unconformity surface was covered by vegetationsthréace is a dashed line and the top and
base of Guara Formation is estimated.

4, Lithofacies

Here we present a brief summary of the general ogitipn and texture of the
sediments in each Formation recorded. Are statezldidy features observable in macroscopic
analysis in the field. The detailed descriptiond enterpretations of each lithofacies are in
Table 1.

The Piramboia Formation succession presents atyafiéithofacies formed by
subaqueous and wind-related processes (Fig. 3e TabThe macroscopic analysis in samples
identified fine-grained sandstones with quartz geddispar, indicating arkosic to sub-arkosic
composition. The presence of argillaceous whiteentis notable, probably a diagenetic
product. Sorting varies from well-sorted in the lssofacies to poorly-sorted in subaqueous
facies and the grains are well-rounded in general.

Lithofacies identified in Guara Formation are maicltoss-stratified medium- to very
coarse-grained sandstones (rarely fine-grainedyedly sandstones and conglomerates (Fig. 3,
Table 1). Sand is poorly to very poorly-sorted véthbrounded to rounded grains. The gravel
fraction varies from rounded to subangular — nolyrthke quartz clasts are more rounded while
the mud clasts and lithoclasts are subroundeditargular. Concerning the detrital
composition, the sandstones and conglomerates af@@tormation are very homogeneous.
They are basically quartzarenites in sand fractinle the gravel fraction is composed by
quartz (granules to pebbles), mud clasts (grartalbsulders) and sedimentary lithoclasts
(pebbles to boulders). The presence of sedimefitiaoglasts is notable in gravel fraction, as it

is composed of fine- to medium-grained sandstoast€lvarying from pebble to boulder size

10
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classes (Fig. 4D and E, Fig. 5C and D), and grataut®ulder-sized mud clasts (Fig. 4D). Fine
sediments are restricted to mud clasts and onerecme of laminated mudstone in Section 3
(Fig. 3).

Lithofacies of Botucatu Formation are sandston@®siéed by aeolian processes,
homogeneous in composition and texture (Table HgyTare basically fine- to medium-grained
sub-arkosic sandstones, well-sorted and well-rodisa@dstones.

Table 1.Summary of lithofacies, with description and intetation of the forming process of
each lithofacies. The Lithofacies are grouped batigfraphic unit (e.g., Pirambdia, Guara and

Botucatu Formations).

Code Description Interpretation

Pirambdia Formation

St(e) Fine-grained sandstones, well-sorted, Sinuous-crested (3D) aeolian dunes
trough cross-stratified in large scale setdternating grainflow and translatent
(1.4-3.0 m thick, Fig. 4A). Foresets  subcritical wind ripple migration in the

formed by millimetric pin stripe lee side (Hunter, 1977; Hunter and
inversely-graded lamination. Rubin, 1983).

Sl(e)/S(h)  Fine-grained sandstone, well-sorted, Translatent subcritical wind ripple
horizontal to low-angle lamination migration over a plane to quasi-plane
formed by thin pinstripe inversely surface (Kocurek, 1981).
graded laminae.

Sa(e) Fine-grained sandstone, well-sorted, Adhesion structures originated by
with crenulated plane-parallel adherence of dry sand grains that were
lamination (Fig. 4B). carried by wind over wet surfaces

(Kocurek, 1981; Kocurek and Fielder,
1982).

St Fine- to medium-grained sandstone, Migration of subaqueous sinuous-
moderately-sorted, in normal graded crested dunes in unidirectional flow
trough cross-stratified sets. (Allen 1963; Miall, 1977; Collinson et

al, 2006).

Sr Fine-grained sandstone, poorly-sortedMigration of unidirectional subaqueous

with ripple cross-lamination ripples with subcritical climbing angle
(Allen, 1963; Miall, 1977).

Sl Fine-grained sandstone, poorly-sorted,Structures formed in unconfined high

low-angle cross-stratified. energy flows, in transitional flow

regime between upper and lower
(Harms et al., 1982; Bridge and Best,

1988).
Sm Fine-grained massive sandstone, Fast deposition of subaqueous
moderately-sorted. unidirectional high energy flow, hyper-

concentrated in sediments, fluidization
or intensive bioturbation (Miall, 1978,
1996)

11



Guaréa Formation
The clast-suported sandy conglomerat®&jigration of subaqueous sinuous-

Gt

Gm

Sm

St

Sp

S

Sr

Ss

Fl

quartz pebbles, trough cross-bedded.
Green muddy cobbles at the set base.

The clast-supported conglomerate,
pebble-sized quartz clasts, reddish
muddy intraclasts and sandstone
lithoclasts cobble to boulder-sized,
massive (Fig. 6B). Frequently at the

crested gravel dunes in unidirectional
flow (Todd, 1996).

Deposition of bedload as diffuse gravel
sheets (Hein and Walker, 1997) in the
channel bottom, resulting from erosion
of previous gravelly sands (quartz
pebbles), overbank deposits (mud

base of cross-strata sets. Resting uporclasts) and ancient sedimentary rocks

erosive surfaces, filling scours.

Very coarse-grained sandstone,
massive. Muddy pebbles at the bed
bottom.

(sandstone lithoclasts).

Fast deposition of subaqueous
unidirectional high energy flow, hyper-
concentrated (Scherer et al., 2015) in
sediments, fluidization or intensive
bioturbation (Miall, 1978, 1996).

Medium to very coarse-grained gravelligration of subaqueous sinuous-

sandstone, trough cross-stratified (Fig.

crested dunes in unidirectional flow

4D and F, 5B and E, 6C, E and F). Set§Allen 1963; Miall, 1977; Collinson et

varying from 10-20 up to 40 cm thick.
Foresets and sets normally graded.

al, 2006). Compound downstream
accretion elements of mid-channel bars

Quartz and muddy granules and pebbl¢allen, 1983; Haszeldine, 1983;
dispersive, at the set base and marking/Nizevich, 1992; Miall, 1996).
the foresets. Frequently deposited above

Gm facies bed. Compound cosets with

set bases gently inclined downstream.

Cosets and sets with plane or concave

base.

Medium to coarse-grained sandstone,

planar cross-stratified. Dispersive

Migration of subaqueous straight-
crested dunes in unidirectional flow

quartz granules. Mudclasts and quartz (Allen 1963; Miall, 1977; Collinson et

granules and pebbles at the set base.
Sets varying from 10-20 up to 40 cm
thick. Simple large scale sets (up to
1.25 m). Compound cosets with set
bases gently inclined downstream.

Medium to coarse-grained sandstone,

al, 2006). Simple and compound
downstream accretion elements of mid-
channel bars (Allen, 1983; Haszeldine,
1983; Wizevich, 1992; Bridge, 1993;
Miall, 1996; Jo and Choug, 2001).

Structures formed in transitional flow

moderately to poorly-sorted, low-angle between subcritical and supercritical

cross stratification, alternated with
facies St (Fig. 6B and D).

Fine to coarse sandstones with ripple
cross-lamination (Fig. 5E and F).

Very coarse-grained sandstone with
sigmoidal cross stratification.

Gray-purple, laminated mudstone (Fig.

6D).

Botucatu Formation

(Harms et al., 1982; Bridge and Best,
1988).

Migration of unidirectional subaqueous
2D or 3D in lower flow regime (Allen,
1963; Miall, 1977).

Migration of subaqueous dunes with
rapid aggradation combining traction
and suspension in lower- to upper-flow
regime (Wizevich, 1992).

Deposition of suspended load by
settling in standing water (Miall, 1977,
Turner, 1980; Jo and Chough, 2001).

12
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St(e)

Sp(e)

Sl(e)

Fine- to medium-grained sandstone, Sinuous-crested (3D) aeolian dunes,
moderately to well-sorted, trough crossalternating grainflow and translatent
stratified in large scale sets (0.8-6 m subcritical wind ripple migration in the
thick, Fig. 5F and G) formed by lee side (Hunter, 1977; Hunter and
inversely graded foresets with Rubin, 1983).

millimetric pin stripe lamination or

massive strata (1.5 cm thick).

Fine- to medium-grained sandstone, Straight-crested (2D) aeolian dunes
moderately to well-sorted, trough crossalternating grainflow and translatent
stratified in large scale sets (2-6 m subcritical wind ripple migration in the

thick) formed by inversely graded lee side (Hunter, 1977; Hunter and
foresets formed by millimetric pin Rubin, 1983).

stripe lamination or massive strata (1.5

cm thick).

Fine- to medium-grained sandstone, Translatent subcritical wind ripple
well-sorted, low-angle lamination migration over a quasi-plane surface
formed by millimetric pin stripe (Kocurek, 1981).

inversely graded laminae (Fig. 4H).
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Mudstone lith
orintraclast

221
222  Figure 4. Details of Section 1 (Fig. 3). See Table 1 foréaaiode. A) Large scale cross strata

223 of aeolian dune (facies St(e); person for scalé iéiigh) and B) plane-parallel crenulated

14



224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

253

adhesion structures (facies Sa(e); hammer leng®em) from Pirambdia Formation. C) Sharp
bounding surface (dashed line) marking the uncomtgrbetween Pirambdia and Guara
Formations. D) Very coarse-grained cross-stratiaddstone (facies St, white dashed lines),
with mudstone lithoclast or intraclast (limited the red dashed line) and sandstone lithoclast
(limited by the yellow dashed line) at the overeaosive surface representing the base of a
fluvial channel. Each white or black bar on thelstes 1 cm. E) Detail of a medium-grained
sandstone lithoclast at the base of a channeloR)pGsite coset of trough cross stratification
(facies St) compounding a downstream accretion@hitiDA). White dashed lines highlighting
the sets and foresets. G) Sharp bounding surfauge(dashed line) on the unconformity
between Guaré and Botucatu Formations. H) Detaiaoislatent wind ripple lamination (facies

Sl(e); pencil tip = 2 cm).

5. Facies Associations

5.1. Pirambdia Formation
5.1.1. Aeolian dune facies association

This facies association comprises fine-grainedl|-sated, white sandstones that form
large scale trough cross-stratified sets (St(@), i Section 1, Fig. 4A). Set thickness varies
from 0.8 m to 3.0 m, and length around 2 m in agcsuperimposed or in abrupt contact with
aeolian sandsheet and ephemeral fluvial depodits siratification of foresets is constituted by
millimetric laminae that exhibit an upward changani very fine- to fine-grained sandstone
defining inverse grading, formed by the migratidriranslatent subcritical wind ripples. The
measured azimuths of foresets indicate palacowii85E (as show the rose diagram in Fig. 3).

Interpretation

Well-sorted, fine-grained sandstones arrangedrgelacale trough cross-stratified sets
composed of wind ripple lamination suggest aedfiane deposits (Hunter 1977, Kocurek,
1991, Scherer et al. 2007). The exclusive presehaind ripple lamination may represent: (a)
a severely truncated dune set, where the lee séipfanot preserved; (b) a dune type or portion
of the dune where the slipface is absent; or (ojvarelief dune without slipface (Kocurek,

1991).
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5.1.2. Aeolian sandsheet/interdune facies association

This facies association comprises fine-grained-a@ited white sandstones arranged
into two distinct structures (Fig. 3, section )} Low-angle to horizontal millimetric
lamination (Sl(e)/Sh(e)), with inversely graded iaa®, formed by migration of translatent
subcritical wind ripples over a plane or quasi-planrface; (2) crenulated plane-parallel
lamination (Sa(e); Fig. 4B) originated by adhesiddry sand transported by wind in a wet
substrate. The upward transition from facies SHe(¢) to Sa(e) is gradual. These facies are
disposed in tabular packages 0.4 m to 1.4 m thioknwn abrupt contact with aeolian dune
facies association, or in thicker packages (4.6dmgctly in contact with ephemeral fluvial
deposits.

Interpretation

Tabular packages of wind ripples and adhesion tstreg are characteristic of deposits
of aeolian origin (Kocurek and Nielson, 1986; Cleemsen and Dam, 1993; Chakraborty and
Chakraborty, 2001; Scherer and Lavina, 2005). dhedngle to horizontal wind ripple
lamination was generated when dry sand was natmuftly available for aeolian dune
formation (Kocurek and Nielson, 1986; Clemmensehbam, 1993). The high water table
intercepting the depositional surface is a sigaiftonechanism that restricts dry sand supply
(Kocurek and Nielson, 1986). Presence of adhesiantares testifies a moisturized substrate.
Capillarity moisture was responsible for “freeziragid preserving wind ripple lamination
(Kocurek and Nielson, 1986). In the Pirambdia seditary succession, there is a gradual
transition from low-angle/horizontal wind rippleniénation to adhesion lamination, suggesting
an increase in the humidity and local rise of tlaantable (Fig. 3, Section 1).

Tabular packages with horizontal lamination of &aobrigin can be formed in two
different depositional settings: (a) metasaturatéetdune areas located between aeolian dunes
(e.g. Herries, 1993; Mountney & Thompson, 2002¢&kdli 2004); or (b) aeolian sandsheets, in
context of low dry sand availability, inhibitingeltonstruction of aeolian dunes (e.g. Trewin,

1993; Veiga et al., 2002; Biswas, 2005). For Pirdialf-ormation deposits, both interpretations
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are possible. Horizontally-laminated aeolian degsastcur separating dune deposits and
isolated between ephemeral fluvial deposits (Figetion 1).

The interference of fluvial deposition in an aeolgystem is also an important
mechanism that controls dry sand supply (KocurekMielson, 1986). Pirambdia Formation
deposits present an interaction between ephenevalfdeposits and aeolian deposits, which
indicates that fluvial activity has critical impartce in the generation of aeolian sand sheets

(Clemmensen and Dam, 1993; Chakraborty and Chaktyal2®01; Scherer and Lavina, 2005).

5.1.3. Ephemeral fluvial deposits facies association

These deposits congregate facies resulting froracgudnus processes. Fine- and fine-
to medium-grained white sandstone, moderatelyotwlpg-sorted, represents the main lithology
(Fig. 3, section 1). The most recurrent structarthese deposits is subaqueous ripple
lamination (Sr)arranged in a 3.6 m thick bed. Lawgla lamination formed in transitional flow
(Sl) and massive (Sm) sandstones also occur. Taess together constitute a tabular
sandbody 5 m thick, succeeding an aeolian sanddepesit, with sharp abrupt contact (Fig. 3,
Section 1). In an alternative context, a singlewadrgraded trough cross-bedded sandstone bed,
representing a 3D subaqueous dune, occurs overahiarasandsheet deposit, whit an erosive
contact, and preceding aeolian dune strata (Fi§e8tion 1).

Interpretation

Moderately to poorly-sorted sandstones displayipple lamination, low-angle cross-
stratification, trough-cross stratification and sige structure suggest fluvial deposition in a
highly variable energy flow context. Massive sandss are generated by deposition under
upper flow regime conditions hyper-concentratedddiments (Miall, 1978, 1996). Low-angle
cross-stratification represents accelerant or wafiow within a transitional stage between
subcritical and supercritical flow regimes (Harnslg 1982; Bridge and Best, 1988). On the
other hand, ripple lamination and subaqueous 3@slean also be products of unidirectional
current under lower flow regime conditions (Alle®6B; Miall, 1977; Collinson et al, 2006).

Such variation in flow energy suggests depositiopdorly-confined to unconfined ephemeral
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streams. The relationship of these deposits withi@aesheets and aeolian dunes demonstrates
fluvial-aeolian interactions, where fluvial transpand deposition invade the interdune area or
cover aeolian sandsheets in periods of flash digeh@ossibly at the border of aeolian system

(Langford & Chan, 1989; Mountney and Jagger, 2@¥herer and Lavina, 2005).

5.2.  Guara Formation
5.2.1. Multistorey fluvial facies association

The deposits of Guara Formation are significantijnposed of lithofacies that
represent dune migration (e.g. St and Sp isolats] Big. 3, Fig. 4D, 6C and E) and bedload or
residual deposits that are deposited upon erosifaces (i.e. Gm; Fig. 3, Fig 4D, E and F).
Simple and compound elements such as downstreaetiaoc(DA, Fig. 3, 6F) are represented
by large scale (0.8 to 1.9 m thick) cross-stradiets and cosets (Sp and St). In compound
elements, individual sets are bounded by low-aimgléned surfaces, dipping in the same
direction of the intraset cross strata (Fig. 4fg, BF). In general, these facies are organized as
fining upwards packages with massive conglomei@eses Gm) at the base, composed by
pebble to boulder sandstone clasts, granule talbouhud clasts and granule to pebble quartz
grains. The packages rest upon sharp erosive ssréa@rlain by cross-stratified sets and cosets
(Fig. 3, Fig. 4D, Fig. 5A, C and D, Fig. 6B). Fogesand cross-strata sets are commonly
normally graded, with quartz granules and pebbigsedsive or marking the foresets and set
bases (Fig. 5B).

Other sandstone lithofacies have very subordinatedrrence, including low-angle
cross stratified sets (Sl), subaqueous ripple demsmation (Sr; Fig. 5E), sigmoidal cross-
stratified sets (Ss) and massive sandstones (Sma)minor record of fine lithofacies (FI)
deserves special attention (Fig. 6D).

Paleocurrent measurements are concentrated invgestdrn quadrant (Fig. 3). The
mean vectors vary from 230° to 248°. Only in SetB8ahere is a deviation to south, with mean

vector to azimuth 179° (Fig. 3).
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336
337  Figure 5. Details of Section 2 (Fig. 3). A) Photo of SecttirAmalgamated channel bodies

338 (thin white dashed lines) below unconformity (thigkite dashed line) that separates Guara and
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339 Botucatu Formations, the latter represented bygelacale cross-stratified set of aeolian dune.
340 B) Normal-graded foresets that form the trough ssstgatification (facies St). C) Fine-grained
341 sandstone lithoclasts aligned over erosive sudaceD) medium-grained sandstone lithoclast
342  (highlighted by the yellow dashed line), at therotel bases. E) Coset of ripples cross-

343 lamination (facies Sr) above cross-stratified $etubaqueous dune (facies St). F) Sharp surface
344  boundary (white dashed line) between fluvial defsasi Guara Formation (facies Sr) and large
345 scale trough cross strata of aeolian dunes of Btiugormation (facies St(e)). Compass for

346  scale over the surface = 15 cm width. G) Detalbaje-scale cross stratified set (facies St(e)) of
347 aeolian dune, Botucatu Formation.
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Figure 6. Details of Section 3 (Fig. 3). A) The unconformitgtween Pirambdia and Guara
Formations, in a view of the landscape near Se@&id) Intraformational massive
conglomerates (facies Gm) over channel basal ssfattwo highly amalgamated channels.
Pen length = 15 cm. C) Cross-stratified sandstattemud clast (facies St). D) Sharp erosive
surface of the channel base overlying the singlediplain mudstone (facies Fl) of the four
sections studied. E) Cross-stratified isolated @atses St; hammer length = 28 cm). F)
Composed coset (facies St) of a compound downstaeanetion element (DA). The basal
surfaces of the sets represent the accretion gs;fdpping gently downstream (measures in
horizontal numbers). The inclined truncated linesthe dunes foresets migrating in the front
side of the bar element (paleocurrent measurexlmed numbers).

Interpretation

The fining-upward packages, the normal gradingoiegets and sets, the presence of
mud clasts associated with numerous erosive swfaeecharacteristics of fluvial deposits
(Collinson, 1996). The predominance of cross-dieatisets representing subaqueous dunes
suggests perennial fluvial channels (Miall, 1998eAet al., 2013). The occurrence of
downstream accretion elements, representing midreiland transverse bars migration,
together with narrow dispersion of paleocurrenténis to a low sinuosity perennial fluvial
system with considerable channel depth (Miall, 2$CBgakraborty, 1999; Scherer et al., 2015).
The near absence of mudstones representing ovedegiaisits (notable in the logs of Fig. 3) in
contrast with recurrence of mud clasts over erosuréaces indicates a highly amalgamated and
strongly erosive system that cannibalized overlmgosits. This amalgamation is a signal of
low accommodation/supply ratio (Martinsen et aR9p All these characteristics indicate that
Guara Formation represents highly amalgamated storiéy fluvial deposits in braided-channel
belts.
5.3. Botucatu Formation
5.3.1. Aeolian dune facies association

Aeolian deposits of Botucatu Formation comprises-fto medium-grained,
moderately to well-sorted sandstones, with welladed grains. These sandstones constitute
three lithofacies (Fig. 3): large scale trough srssatified sets (St(e); Fig 5A, F and G), large-

scale planar cross-stratified sets (Sp(e)) anddogle cross-stratification (Sl(e), Fig. 4H).
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Cross-stratification foresets are exclusively fodrbg translatent subcritical wind
ripples in millimetric inversely graded laminati(gee facies St(e) and Sp(e) in Table 1). In the
studied area, 3 to 5 cm thick massive inverselgeplestrata were generated by grainflow in the
lee side of the dunes (Fig. 5A, F and G); or ircbthick cycles alternating both wind ripples
and grainflow strata. Sets from 1.5 to 6 m thickwcsuperimposed, bounded by planar sharp
truncating surfaces, or separated by packageswéaigle cross-stratified sandstones. Dip-
direction of foresets of these cross-strata sholasge dispersion between NW and SE (rose
diagrams in Fig. 3). Low-angle cross-stratifiedssate constituted by the migration of
translatent subcritical wind ripples resulting ifilmetric inversely-graded lamination (Table 1,
Fig. 4H).

Interpretation

The presence of fine to medium-grained sandstaviéswell-sorted and well-
rounded grains arranged in cross-strata sets cadpmisvind ripples and grainflow strata
suggest aeolian dune deposits (Hunter, 1977; Kec881, 1991, 1996; Wny, 2004).

Trough cross stratification allied to high dispersin the direction of curved foresets indicates
crescent dunes with a sinuous crestline (e.g. 3i2slu However, expressive sets of planar
cross stratification demonstrate the occurrencrafght-crested transversal dunes (2D dunes).

The presence of cycles alternating grainflow steate ripple laminae indicates the
occurrence of intervals during which the duneswwali-developed slipfaces that alternated with
periods during which part of the lee face was cedday wind ripples (Kocurek, 1991). This
cyclic strata pattern suggests to seasonal changéad direction (Loope et al., 2001; Scherer
and Goldberg, 2010).

Horizontal to low-angle stratification charactesmth sandsheet and dune-plinth
deposits (Fryberger et al., 1979; Kocurek and Nigl4986). In relation to sandsheets, dune
plinths tend to be finer-grained and are more oftesociated with aeolian dune cross-stratified
beds (Eriksson and Simpson, 1998). Due to the hemety in sedimentary structures
(exclusively wind-ripple lamination, Fig. 4H), tladsence of sedimentary structures that

character moisture during deposition in additioth®relation with aeolian dune cross-strata
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suggest that the packages of low-angle stratiioatif Botucatu Formation are the record of

aeolian dune plinths.

6. Bounding surfaces

The contact between Pirambéia and Guara Formati®aiana State is sharp contact
with regional significance (Fig. 3, Fig. 4C, FigA)6 marking an abrupt lithological shift from
arkose and subarkose fine-grained sandstone, reassiguartzose coarse-grained gravelly
sandstone with trough cross stratification (Fig).4khis surface represents a change from a wet
aeolian system whit ephemeral fluvial influencetperennial braided fluvial system (Fig. 3 and
4).

The transition from Guara Formation to Botucatunkation is a regionally-correlated
sharp surface (Fig. 3, Fig. 4G, Fig 5A and F) teatesents the abrupt lithological transition
between quartzose, coarse-grained gravelly sargsttnough cross-stratified and arkose, fine
to medium-grained sandstones, from a braided flsyistem to a dry aeolian depositional

system.

7. Depositional systems

The relation between aeolian dunes and aeoliarsharts and interdunes under water
table influence points to a wet aeolian system.i#ialthlly, the influence of ephemeral fluvial
deposits in aeolian sedimentation characterizePifanbdia Formation succession as a fluvial-
wet aeolian depositional system. A similar intetagtien was accomplished by Wu and
Caetano-Chang (1992) and Caetano-Chang and Wu)(i®®4ambdia Formation in Sdo
Paulo State.

The multistorey, unidirectional and highly erosfeatures of fluvial deposits of the
Guara Formation indicate an amalgamated perenraalda fluvial system. The fluvial origin
of Guara Formation deposits was identified in otiegions of the basin (Scherer and Lavina,

2005, 2006; Reis, 2016)
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The dominance of dune deposits, without interdusegrvation, indicates that the
deposits of Botucatu Formation are part of a doliae system. This point of view is in
accordance with previous (Bigarella and Salamwd6,11 Soares, 1975; Scherer, 2000, 2002;

Scherer and Lavina, 2006).

8. Discussion

8.1.  Stratigraphic Evolution

The regional stratigraphic logging and facies agialgllowed the recognition of five
facies associations as part of three depositigrisiéms, each corresponding to one independent
stratigraphic unit. The units are: (i) a fluviaflirenced wet aeolian depositional system in
Pirambdia Formation; (ii) a perennial braided fal\dystem in Guara Formation; and (iii) a dry
aeolian system corresponding to Botucatu Formation.

Using sequence stratigraphy, large scale interfivataare limited. The volume of
data recorded from Pirambdia and Botucatu Formatiemot representative of their regional
significance. These formations are not the maindanf this study, and although the collected
data does not cover their full vertical successidns possible to make an evaluation of their
stratigraphic evolution based on the herein deedrdutcrops.

The record of Pirambdia Formation shows the inteva®f aeolian dunes and
interdunes or wet aeolian sandsheets with epherhevall processes. The studied succession
has two portions separated by a gap of 15 m (Fig§e8tion 1). In the first portion, a succession
of cross-stratified sets of aeolian dunes is reizegh separated by low-angle to horizontally
stratified strata of aeolian origin and a smallayeous dune. The position of these
horizontally stratified strata, between large seedelian cross strata, suggests the preservation
of interdune deposits. The small scale subaquemussddemonstrate the invasion of interdune
space by fluvial streams.

The second portion of Pirambdia Formation starts & m of aeolian facies (low-

angle strata formed by wind ripple migration antdesion lamination), succeeded by facies of
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fluvial origin (low-angle cross stratification, gent ripples and a massive bed), with no
recurrence of aeolian facies up to the boundarly ®itaréa Formation facies (Fig. 3, Section 1).
Here, the aeolian portion demonstrates an incresemidity influencing the aeolian transport,
in the transition from wind ripples to adhesion iaation (Fig. 3, Section 1, Fig. 4B). The
absence of aeolian dunes covering these beds $sigigaisthese successions record a wet
aeolian sandsheet.

The record of Pirambdéia Formation in Section 1 (Bjgshows a transition from facies
of dry aeolian processes (aeolian dunes and dtiaaesandsheets) passing through aeolian
facies influenced for the water table (wet aeotandsheet, facies Sa(e)) and ending ephemeral
fluvial deposits (facies St, SI, Sm and Sr). Thastical facies succession represents the increase
in humidity in the aeolian system along time, wetting-upward trend. The increase in
humidity induced by the rise of the phreatic waidre, reduced gradually the supply of dry
sand, inhibiting the aeolian dune formation uritéd ephemeral fluvial processes prevailed.

The sharp bounding surface separating the unitbeatassified as an unconformity,
marked by abrupt facies shift between PirambéiaGunard Formations (Fig. 3, Fig. 4C, Fig.
6A), including color (from white yellowish to oraadprownish), grain size (from fine- to
coarse-grained), detrital composition (from arkesbarkose to quartzarenite) and sedimentary
structures (from massive to trough cross-strafifiétlis facies change represents an abrupt
contact between ephemeral fluvial deposits of henfiboia Formation and multistorey fluvial
channels of the Guara Formation, marking a magosition from a wet aeolian depositional
system to a perennial braided fluvial system. Besitiat, this surface has regional significance,
correlated for nearly 100 km between Sections 13fkeg. 3, Fig. 4C, Fig. 6A). The hiatus
represented by this surface is unknown becauseghef Pirambdia Formation is
undetermined. The absence of pedogenic features/ltké unconformity may be explained by
the erosive character of channelized fluvial degasfi Guard Formation, which probably
caused the erosion of the superficial layer ofgistent rocks. The presence of sandstone
pebble to boulder lithoclasts concentrated ovesieeosurfaces in Guara Formation deposits

(Fig. 4D and E, Fig. 5C and D) is diagnostic of ¢énesion of pre-existent consolidated
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490 sedimentary rocks. By context, these lithoclagtse®ent the original rocks of Piramboia

491 Formation. If the deposits of Piramboia Formatiamese consolidated by diagenesis during the
492  activity of Guara Formation fluvial channels, treetime hiatus would be assumed between the
493  two units.

494 The composition and texture of the sandstoneseo@Gilara Formation — well-rounded
495 quartzarenites — are a strong characteristic gttted sedimentary rocks, in other words,

496 formed by sediment eroded from previous sedimentaslys (Garzanti, 2016). The diagenesis
497 and re-exposure to weathering, erosion and trahppacesses tend to concentrate quartz, a
498 more resistant component in relation to feldspadsraetamorphic/plutonic lithoclasts

499 (Garzanti, 2016). The presence of gravel-sizedstand clast, especially concentrated over
500 scouring channel basal surfaces presumes the eprolstmnsolidated sandstones (Fig. 4D and
501 E, Fig. 5C and D). This hypothesis is reinforcedhmsylocation of the study area and the

502 paleocurrent patterns to SSW which suggest seditreamgport from a source area located in
503 northeastern Parana Basin.

504 In the four studied sections, the Guard Formasanarked by the predominance of
505 cross strata generated by subaqueous dune migrhtitiee of the sections studied (sections
506 1, 2and 3, Fig. 3), the presence of large croasasis notable, both simple and composed,
507 representing downstream accretion elements (Figf-35F). These architectural elements are
508 the typical unit of construction and migration afdachannel fluvial bars (Miall, 1985;

509 Wizevich, 1992; Bridge, 1993; Miall, 1996; Jo ankoQgh, 2001; Scherer et al., 2015). The
510 mudstone bed (facies Fl, Fig. 3, section 3) repitssaverbank deposits in low energy

511 floodplains and the recurrence of gravel-sized kladts over scour surfaces at the base of
512 cross-stratified sets signal the low preservatiotemtial of these deposits, frequently eroded by
513 new channels (Miall, 1977; Ramos et al., 1986; Wide 1992; Jo and Chough, 2001). The
514  high number of channel boundaries (multistoreyhiified in relatively thin successions,

515 associated with low preservation of overbank deppoisi characteristic of braided rivers in the
516 context of low vertical accommodation space (Shaated McCabe, 1993; Wright and Matrriot,

517 1993; Martinsen et al. 1999; Scherer et al., 2015).
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The contact between Guara and Botucatu Formatioasharp surface (Fig. 5A),
marked by an abrupt facies shift where multistdhayial channel deposit of a perennial
braided fluvial system of Guara Formation is ovierlay superimposed sets of aeolian dunes of
the Botucatu Formation. The Guara-Botucatu uncomtgrwas described in detail in southern
Parand Basin (Scherer and Lavina 2006; Amarargk, &019). In the Rio Grande do Sul State,
Scherer and Lavina (2006) mapped this unconforfaity 170 km long outcrop belt,
identifying features of time hiatus as polygonaltures and calcrete clasts at the base of
Botucatu Formation. Amarante et al. (2019) recogphithe surface in northwestern Uruguay,
highlighting the shift of depositional systems ghut. The substantial climatic change
necessary to recover a perennial river systemhyypar-arid aeolian deposit (Scherer, 2000;
Scherer and Lavina, 2006, Amarante et al. 2019igisficant evidence of a sequence boundary.
This change was also observed in this study inr@estate.

The time of this boundary could be supposed bytivelaatation. Studies about the
palaeofauna and palaeoichnofauna purpose Uppessitiege to Guara Formation (Scherer and
Lavina, 2005; Dantzien Dias at al., 2007; Perea.eP009). Francischini et al. (2015) point to a
significant difference in the dimensions in theatiaur palaeofaunas between Guara and
Botucatu Formation, suggesting that the Botucatlization reduced the size of the species.
The age of Botucatu Formation final depositioniieatly related with volcanic floods of Serra
Geral Formation, dated in Valanginian (Renne etl&92; Thiede and Vasconcelos, 2010;
Rossetti et al., 2017). In this sense, between Upyrassic and Valanginian we can attribute at
least 5 million years of hiatus to the Guara-Botueanconformity, following the International
Stratigraphic Chart (Cohen et al., 2013).

The Botucatu Formation succession shows large scalgh cross stratified sets with
thicknesses varying from 1.5 to 6 m composed bywipple lamination and grainflow
stratification. The sets dominated by wind ripg@gear to be concentrated at the base, while
the grain flow strata arise late in the verticaliés succession. This indicates upward increase in
dune size, permitting the development of a slipfadée lee side of the dunes (Kokurek, 1991,

1996). The non-preservation of interdune depositsoborates the interpretation of a dry
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aeolian system for the Botucatu Formation, in whiehdunes climbed each other without the
formation of interdune deposits due to lack ofuefice of phreatic water table (Mountney,
2012).
8.2. The Guara Formation in Gondwana context

The Guara Formation’s braided fluvial deposits @amaPa state represents the proximal
area of a wide depositional basin. Regional caticidntegrating Scherer and Lavina (2006)
and Amarante (2019) shows that Guara Formationtitotes the record of continental
depositional systems in an are800 km in north-south extension (Fig. 7). The fa@ad facies
associations distribution also shows downstreatfftirsdpin depositional systems of Guara
Formation, starting with fluvial systems, gradindgluvial-aeolian and ending in fluvial
ephemeral and terminal distal sheetfloods. Theopaleent patterns are similar in all sections,
preferentially to SSW (see rose diagrams in FigTigre is a reduction of general grain size of
the deposits to the southwest direction, followting paleocurrent trend, starting with
conglomeratic sandstones and conglomerates in #agato fine-grained sandstones in
Uruguay. The extension, the shifting depositioyatam and the reduction in grain size along
the paleocurrent trend reinforce the propositioAwfarante et al. (2019) that Guara and
Tacuarembd Formations constitute a big distribuliveal system, following the models
purposed by Hartley et al. (2010), Weissmann g2atL0), Owen et al. (2015) and Owen et al.

(2018).
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Figure 7. A) Regional correlation and cross-section throdgh®uara Formation occurrence
area between the southern portion (section a)l@ndentral portion (section f) of Parana Basin.
Section “a” has been adapted from Amarante eR@llg). Sections “b” and “c” from Scherer
and Lavina (2005, 2006). Section “d” from Schemal aavina (2006) and Reis (2016).
Sections “e” and “f” from this study. B) Indicatdee location map the cross-section, as a detalil
of Fig. 1B.

The Guara Formation as outlined by depositionalehatiows Southwestern
Gondwana palaeoenvironmental reconstructions. Tdaehsuggests that Parana Basin was
dominated by fluvial and fluvial-aeolian systemaJpper Jurassic. The paleoflow points to a
depocenter somewhere near the Argentina-Urugualebaoa unique condition in Parana Basin
history, in which the depocenter was located incéatral portion of the basin. The distribution
of the depositional systems points to an endorsiggdiow basin.

The basal portion of the Twyfelfontein FormatiorNamibia, southern Africa, is
another example of an Upper Jurassic fluvial-aedizccession (Fig. 8), designated by
Mountney (1998) as Khrone Member (alluvial) and &tiXUnit (fluvial-aeolian)which precedes
the Main Aeolian Unit (continuity of Botucatu Fortimn in African continent). Although the
stratigraphic position of the Mixed Unit is the saas Guara Formation, below the Botucatu
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Formation, detailed studies were not done to unaietsthe stratigraphic relation between the

units.
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Figure 8. Upper Jurassic fluvial-aeolian occurrences in seatttern Gondwana: orange oval
areas indicate the estimated extension and positgite Gondwana of the systems of Afro-
Brazilian Depression, Guard Formation (Brazil) dmd/felfontein Formation (Namibia).
Gondwana reconstruction based on Schmitt and Ror(@d17). Grey outlined areas = Parana
Basin and Huab Basin.

Similar depositional systems are found in recorsiwas of Upper Jurassic Afro-
Brazilian Depression setting (Fig. 8; Kuchle et 2011). These authors proposed that a fluvial,
aeolian and lacustrine succession was depositadbinad shallow endorheic basin occurring
between Northeastern Brazil and Western Africa.sélrecords and Guara model point to the
existence of two Neo-Jurassic broad endorheic@hdlasins in Gondwana (Fig. 8). Morley
(2002) purposed the Early Rift Stage as a widd®hdlasin formed by the aggregation of
small slip faults in a region. This basin would @gg an area much bigger than the subsequent
rift valleys (Morley, 2002). Kuchle and Scherer 129 purposed a stratigraphic classification to
this sedimentation: Rift Initiation Tectonic Syst@mact.

Different paleogeographic models predicted tectariisthe southwestern part of
Gondwana in pre break up stages. The palaeomagietised model of Seton (2012) purposed
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transcurrent movements in the region of Chaco-Reaamund 150 Ma (Tithonian) that the
authors attributed to the individualization of “Baé subplate”. Salomon et al. (2017) analyzed
the extensional structures of the conjugated marfjgouthern Brazil-Namibia and purposed a
progressive rotation of southern South AmericateRjenerated extension in a vast in a wide
region around the future South Atlantic Rift. Iagsible to suppose that this tectonism
promoted subsidence and sedimentation after timeication of Gondwana break-up later in

Lower Cretaceous.

9. Conclusions

The Upper Jurassic Guara Formation is recognizétteimorthern portion of Parana
Basin (Parané state, Brazil). The formation recondftistorey channels of a braided fluvial
system. Sedimentological features and stratigrapbsition allow the distinction of Guara
Formation from Pirambdia and Botucatu formatioesectively underlying and overlying
units). Fluvial paleocurrent pattern to SSW andi@tcomposition points to ancient
stratigraphic units of Parana Basin as sedimerstaumyce area.

The spatial area covered by Guara Formation iseékpanded to a >800 km area with
an overall north to south extension (Fig. 1, Fig.This new fact points to a special geotectonic
context for the Parana Basin in Upper Jurassicrevadroad distributive fluvial system
flowing from NE to SW interacted in distal portiowi#h aeolian systems filling an endorheic
basin. Fluvial-aeolian sedimentation is found inestparts of southwestern Gondwana in Upper
Jurassic, as Huab Basin in Namibia and Afro-BrazilDepression. These sedimentary

successions are the record of the early stagesmdvana break-up.
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Highlights

The area of Guard Formation (Upper Jurassic) iamo@d to the central part of Parana
Basin.

The Guara Formation is correlated in >800 km loipgsection through southern Brazil
and northwestern Uruguay.

Decreasing in grain size and changes in depositgystems along the section point to
a big distributive fluvial system with aeolian inénce.

The Guara Formation is the record of a wide endoiesin related with the first

tectonic efforts of Gondwana break-up



