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RESUMO

Ambientes de sedimentacao relacionados diretamente a agéo glacial estdo entre os
sitios deposicionais mais complexos conhecidos devido aos impactos das sucessivas
flutuagbes da margem da geleira no acumulo, erosdo e deformagao da pilha sedimentar.
Aliado a este fator, a caréncia de estudos e entendimento dos processos envolvidos na
geracao destes depédsitos é condicionada pela escassez no registro geoldgico pré-
pleistocénico, uma vez que depdsitos glaciais stricto sensu sao raros no registro
estratigrafico. Depdsitos gerados nestas condigbes desempenham um papel fundamental
em reconstrugcbes paleogeograficas em bacias sedimentares glaciadas, bem como no
entendimento da dindmica de geleiras pretéritas e de variagdes climaticas no passado da
Terra. Visando contribuir para o entendimento da Era Glacial Neopaleozoica na Bacia do
Parana e, considerando que a analise combinada de facies sedimentares e estruturas
erosivas e deformacionais glaciogénicas € uma importante abordagem para realizar
inferéncias sobre a dindmica de paleogeleiras, o presente trabalho apresenta uma
caracterizagdo em detalhe de um complexo em contato com o gelo situado na base do
Grupo ltararé na borda leste da Bacia do Parana. A sucessao em questao possui até 80 m
de espessura e registra a ocorréncia de trés ciclos de avango e recuo de trés diferentes
lobos glaciais ativos durante o maximo glacial da Era Glacial Neopaleozoica. O primeiro
ciclo glacial esta registrado em um corpo tabular de diamictito macico compreendido entre
superficies estriadas subglaciais que registram um avango glacial para N. O segundo ciclo
glacial compreende dois ciclos de menor magnitude relacionados a um lobo glacial que
avangou para SSW. Estes ciclos estdo materializados em depdsitos gerados nas zonas
pro-glacial e glacio-marginal deformados em diferentes posigcbes e momentos devido a
menores flutuagdes da margem da geleira. Embasada por uma discordancia, a espessa
sucessao areno-cascalhosa, depositada em contexto glacio-marginal e sotoposta a um
espesso tillito subglacial, registra a acdo do terceiro ciclo glacial e a transicdo de uma
deformagao glacio-marginal para subglacial resultante de um lobo glacial que avangou
para NW. A definicdo destes trés ciclos glaciais indica que o cenario paleogeografico da
regido € mais complexo do que previamente hipotetizado e que a anélise em detalhe de
sucessoes que registrem a acgao glacial direta € fundamental na analise da paleogeografia
da Era Glacial Neopaleozoica.

Palavras-chave: Grupo ltararé, paleogeografia glacial, Era Glacial Neopaleozoica.



ABSTRACT

Styles of glaciation and timing of Late Paleozoic Ice Age (LPIA) glaciers are still under
debate. In Parana Basin, ice-contact deposits are rarely exposed due to its low degree of
preservation and because of their capping by thick glaciomarine deglaciation sequences
that comprise the bulk of the sediment fill in this basin. In this paper, we present new
glaciodynamic and paleo-ice flow interpretations for a Lower Pennsylvanian ice-contact
complex in the lowermost Itararé Group (Lagoa Azul Formation), Parana State, southern
Brazil. The research was conducted by combining the analysis of contemporaneous glacial
facies associations, erosive landforms and glaciotectonic structures. The 80 m-thick ice-
contact complex rest over the ltararé Group basal nonconformity and comprises four
stacked informal stratigraphic units regarded as the depositional/deformational record of
three high-frequency cycles of ice lobes advance/retreat. Glacial cycle 1 (GC1) comprises a
sheet of massive and sheared, clast-rich, sandy tillite resting on striated pavements carved
in Devonian sandstones and topped by grooved/fluted surfaces indicating a northward
flowing ice lobe. Glacial cycle 2 (GC2) is a major cycle that shows a westward-
southwestward kinematics of a grounded ice lobe with minor ice-margin fluctuations. It is
recorded in a lower subglacially to ice-marginally deformed assemblage deposited in a
proglacial marine setting overlaid by a succession deposited in proximal to distal settings of
a grounding-line system subsequently deformed in an ice-marginal setting due to renew ice
push. Floored by an unconformity, glacial cycle 3 (GC3) is materialized by a thick
overridden push-moraine composed of grounding-line fan deposits and capped by a muddy
tillite. 1t records an upward transition from ice-marginal to subglacial deformation by an ice
lobe advancing to the northwest. The examined ice-contact complex is interpreted to be a
result of multiple advances of, at least, two different ice lobes nucleated in the Windhoek
Highlands in Namibia. This stratigraphic interval elucidates the interaction of different
glaciers in a relatively short time period during the maximum development of LPIA
glaciation and indicates different patterns of ice-flow during the LPIA onset in the eastern
margin of the Parana Basin.

Keywords: Itararé Group, glacial paleogeography, Late Paleozoic Ice Age
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1 INTRODUGAO

Ambientes glaciais de sedimentagdo possuem ampla distribuigdo geografica e
temporal e sdo relacionados principalmente a periodos de significativa diminuigcdo da
temperatura global (icehouse Earth). Desde as primeiras observagdes e discussdes, no
século XVIII, acerca da existéncia de periodos glaciais preteritos, muito tém se hipotetizado
sobre os fatores que influenciaram o decréscimo da temperatura na superficie da Terra,
bem como a influéncia que as massas de gelo exerceram sobre a dindmica das bacias
sedimentares e variagdes globais no nivel do mar (Flint 1957, Veevers and Powell 1987,
Crowell 1999). Evidéncias que registram a presenca de ambientes glaciados e eras glaciais
sdao documentadas tanto em ambientes modernos (Atkins et al. 2002, Kjaer et al. 2008),
assim como durante o Cenozoico (Attig et al. 1989, Syverson and Colgan 2004,
Arzhannikov et al. 2012, Urban and Bigga 2015), Mesozoico (Frakes and Francis 1988,
Crowell 1999), Paleozoico (Caputo and Crowell 1985, Hambrey 1985, Visser 1987, Le
Heron et al. 2009, Bussert 2014, Limarino et al. 2014), Proterozoico (Lindsey 1971,

Chumakov 1981) e Arqueano (Young et al. 1998).

Os eventos de recuo e avango de geleiras sucedidos durante as eras glaciais
conhecidas sao documentados no registro estratigrafico: 1) diretamente, através de feigbes
erosivas, deformacionais e facies sedimentares glaciais stricto sensu e 2) indiretamente,
através da ciclicidade deposicional de sucessbes marinhas glacio-influenciadas que
contém evidéncias da acado glacial (e.g. lamitos com clastos caidos, depdsitos de

transporte de massa contendo clastos estriados e facetados.

A analise do registro glacial stricto sensu se faz dificil em razdo do baixo potencial
de preservacgao de facies e estruturas erosivas geradas em contexto subglacial e glacio-
marginal, visto que as flutuagdes das margens glaciais impactam diretamente no acumulo,
erosao e deformacao da pilha sedimentar. Aliado a este fator, a caréncia de estudos em

detalhe dos processos envolvidos na geragdo destes depdsitos é condicionada pela
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escassez no registro geoldgico glaciogénico pré-pleistocénico, uma vez que estes
depdsitos contribuem com uma parcela infima no registro estratigrafico glacial quando
comparados aos depdsitos marinhos glacio-influenciados, estes melhor preservados e

detalhados.

Facies sedimentares, estruturas erosivas e deformacionais geradas em contexto
subglacial e glacio-marginal sdo de suma importancia na reconstru¢gao da paleogeografia
de eras glaciais em razdo de testemunharem as flutuagdes de antigas margens glaciais,
fornecendo subsidios para a reconstrugcdo de variagcdes climaticas no passado da Terra,
bem como para o entendimento paleoglacioldgico e da dinamica glacial pretérita (Bennett

and Glasser 2009).

Na Bacia do Parana, desde as primeiras observagdes acerca do registro da acgao
glacial da Era Glacial Neopaleozoica (White 1908, du Toit 1927, Carvalho 1940), diversos
trabalhos vém sendo realizados em todas as por¢des do Grupo Itararé buscando a melhor
caracterizagcao deste periodo glacial na bacia. A maior parte destes trabalhos tem como
foco a analise da arquitetura deposicional e definicdo de ciclos e ambientes de
sedimentagao de sucessdes essencialmente marinhas depositadas sob influéncia indireta
das geleiras (e.g. Schneider et al. 1974, Franga and Potter 1988, Canuto 1993, Vesely and
Assine 2004, d’avila 2009). Entretanto, trabalhos também vém sendo realizados visando a
caracterizagao de raras facies e estruturas erosivas e deformacionais glaciogénicas com a
finalidade de aprimorar o entendimento sobre a dindmica das massas de gelo
neopaleozoicas (e.g. Almeida 1948, Bigarella et al. 1967, Rocha-Campos et al. 1976,

Gesicki et al. 2002, Vesely et al. 2015, Fallgatter and Paim 2017).

Tendo em vista a importancia das informacdes passiveis de serem extraidas
a partir da analise do registro glaciogénico, o presente trabalho consiste na caracterizagao
detalhada de um complexo em contato com o gelo, previamente documentado por Vesely

et al. (2015), situado espacialmente na por¢cao sudeste do estado do Parana e
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estratigraficamente na base do Grupo Itararé (Formagado Lagoa Azul; Franga and Potter
1988). Sendo assim, os resultados e discussdes serao apresentados na forma do artigo
intitulado “Constraining the ice-kinematics and glacial cyclicity during the Late Paleozoic Ice
Age onset in eastern Parana Basin”, o qual sera submetido ao periddico Sedimentary

Geology.



2 METODOS DE TRABALHO

2.1 AREA DE ESTUDO E AQUISIGAO DOS DADOS

14

Visando a caracterizagdo do intervalo e o mapeamento de facies e feigbes

glaciogénicas foi conduzido trabalho de campo dividido em trés campanhas, totalizando 32

dias. Foram examinadas 44 exposi¢coes onde aflora o intervalo de interesse, as quais

consistem em afloramentos naturais, cortes em rodovias e ferrovias e cavas de explotagéo

de areia (Tabela 1). O intevalo estratigrafico glaciogénico em questdo se encontra

distribuido ao longo da porgéo sul da Escarpa de Sao Luiz do Puruna, na regido dos

municipios de Balsa Nova e Palmeira (ver Fig. 2).

Tabela 1 - Afloramentos estudados com suas respectivas coordenadas (UTM) e correlagdo com as
localidades apresentadas na Figura 2.

Ponto UTM Ponto Ponto UTM Ponto
X Y (Fig. 2) X Y (Fig. 2)

1 635070 |7162883 1 23 628975 |7174737 11
2 (634941 |7164953 24 631950 |7175555

3 1634751 [7166004 25 630133 |7177096 12
4 635286 |7165726 26 |633832 |7177338

5 1630499 (7168169 2 27 |633578 |7177516 13
6 |628089 |7167481 3 28 633650 |7178299 13
7 1627254 |7167174 4 29 (634029 |7178651 13
8 626952 (7167045 4 30 [633490 |7179883

9 626198 (7168026 5 31 634055 |7180466 14
10 |626204 (7168423 5 32 634094 (7180576

11 |626377 [7169258 6 33 634020 (7180816

12 1626192 (7169786 7 34 1634305 (7180972

13 (625890 |7170091 7 35 (634142 |7181167

14 1624486 7170207 36 634406 (7181362

15 623583 |7170371 8 37 631729 |7182190 15
16 622904 |7170829 9 38 630978 (7182107

17 1622570 (7171075 39 629495 (7181693 16
18 1621962 (7171432 10 40 629248 |7181515 16
19 633156 |7171570 41 1618803 |7187567 17
20 630192 (7172880 42 1618488 |7187761 18
21 |630055 |7174331 11 43 1617232 |7189407

22 629351 |7174776 11 44 1615085 |7189464 19
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2.2 ANALISE ESTRATIGRAFICA

A fim de definir e classificar facies sedimentares, foi utilizada a classificagcao de
litotipos clasticos de Hambrey and Glasser (2012) (Tabela 2). Nesta classificagdo os
litotipos s&o classificados de acordo com a raz&o areia/lama na matriz e porcentagem de
cascalho no arcaboucgo. A escolha desta classificacdo se deve ao fato desta ter sido
desenvolvida com base no estudo de geleiras modernas e se enquadra melhor nas
variaveis do objeto de estudo, o qual € constituido por uma ampla gama de litotipos mal

selecionados.

Tabela 2 — Classificagdo nao-genética de sedimentos e equivalentes litificados utilizada neste projeto
(Hambrey and Glasser 2012).

Percent gravel (<2mm) in whele sediment
Mud
<0.06mm Trace ( <0.01) 1% 1-5% 550 % 50-95% =95 % o
. \ MUD {STONE)with Muddy GRAVEL/BRECCIA/
o1t MUD (STOME) dispersed clasts CONGLOMERATE
) clast-poor muddy clast-rich muddy
4 DIAMICT (ON/ITE) DIAMICT { ON/ITE) 1ag
Sandy
Sandy MUD (STONE)
MUD (STOME] with dispersed 33
clasts
. GRAVEL/ 140
Sand/mud clast-poor clast-rich BRECCIA/ Pﬂ‘;",‘“
ratioof 1 50 intermediate intermediate R 1 sand in
: COMNGLOMERATE h
matrix DIAMICT (ON/ITE) DIAMICT ([ ON/ITE) matrix
7 Muddy 150
Muddy SAND (STONE) 66
SAND (STONE) with dispersed clast-poor clast-rich
| clasts sandy sandy 1so
DIAMICT (ON/ITE) DIAMICT (ON/ITE)
9 - — - -
T e el I e O™ |
100

Sand -

50%
2.0-0.06 mm gravel

Com base na geometria e relagdes espaciais das 14 litofacies descritas foi possivel
interpretar processos deposicionais e deformacionais e identificar trés associagcbes de
facies referentes a diferentes zonas no ambiente glacial (subglacial, glacio-marginal e proé-
glacial). O discernimento dos processos relacionados a génese das facies, juntamente com
a analise de associacbes de facies e correlacdo dos empilhamentos verticais levantados
permitiu o reconhecimento de sistemas deposicionais e suas relagdes com flutuacdes da

margem da geleira.

Um dos métodos empregados no reconhecimento de facies, associagdes de facies e

do empilhamento estratigrafico regional foi o levantamento de seis perfis sedimentoldgicos
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na escala 1:50. A correlagao dos perfis a partir da topografia € impraticavel na regido dado

que eventos tectbnicos pds-deposicionais (reativagdes fanerozoicas da Falha da Lancinha

e soerguimento Mesozoico do Arco de Ponta Grossa) resultaram na alteracdo da

estratigrafia original, sendo assim a correlagao foi feita pela discordancia angular basal

sobre os arenitos devonianos da Formacgao Furnas.

2.3 ANALISE DE PALEOCORRENTES E PALEOFLUXO GLACIAL

A definigado da polaridade do preenchimento sedimentar e dos sentidos de fluxo dos

lobos glaciais que conferem a assinatura glacial para o intervalo foi realizada através da:

Andlise de paleocorrentes em diagramas de roseta sindpticos contendo as
mensuracdes de cada unidade aqui definida. As 705 paleocorrentes foram aferidas
em depdsitos gerados por fluxo trativo unidirecional gerados nas zonas glacio-
mmarginal e pro-glacial, tais como estratificagbes cruzadas tabulares e acanaladas
presentes em arenitos e conglomerados e; marcas onduladas assimétricas e marcas

onduladas assimétricas cavalgantes em arenitos;

Analise da orientagdo de sulcos, estrias, cristas, flufes e sulcos em crescentes

contidos em sete superficies geradas em contexto subglacial;

Analise da orientacao de estruturas deformacionais penecontemporaneas impressas
em sedimentos inconsolidados e relacionadas ao cisalhamento imposto por geleiras
durante fases de avanco. Foram aferidas um total de 1193 estruturas glacio-
tectdbnicas que compreendem planos de acamamento dobrados, planos/superficies
de cisalhamento, planos de cavalgamento e slickensides. As estruturas identificadas
foram tratadas estatisticamente através de diagramas estereograficos pelo software

OpenStereo. A vergéncia da deformacao indicada pelas estruturas presentes e
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relacionada ao sentido de paleofluxo glacial para cada unidade foi obtida através do

polo maximo obtido para cada estereograma.

2.4 ANALISE DE FOTOMOSAICOS

Algumas exposi¢des nas areas de estudo (cavas de explotacédo de areia e cortes em
ferrovia) contam com boa continuidade lateral e vertical. Isto possibilitou a construgdo de
fotomosaicos como recurso auxiliar pretendendo a melhor visualizacdo da disposicao dos
estratos, assim como suas continuidades laterais e estilos de deformacéo impostos. Sobre
as imagens construidas, foram tracadas superficies limitantes de estratos, bem como

estruturas glacio-tectbnicas, visando delinear a arquitetura deposicional e deformacional.
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3 CONSTRAINING THE ICE-KINEMATICS AND GLACIAL CYCLICITY
DURING THE LATE PALEOZOIC ICE AGE ONSET IN EASTERN PARANA
BASIN

Abstract

Styles of glaciation and timing of Late Paleozoic Ice Age (LPIA) glaciers are still under
debate. In Parana Basin, ice-contact deposits are rarely exposed due to its low degree of
preservation and because of their capping by thick glaciomarine deglaciation sequences
that comprise the bulk of the sediment fill in this basin. In this paper, we present new
glaciodynamic and paleo-ice flow interpretations for a Lower Pennsylvanian ice-contact
complex in the lowermost Itararé Group (Lagoa Azul Formation), Parana State, southern
Brazil. The research was conducted by combining the analysis of contemporaneous glacial
facies associations, erosive landforms and glaciotectonic structures. The 80 m-thick ice-
contact complex rest over the ltararé Group basal nonconformity and comprises four
stacked informal stratigraphic units regarded as the depositional/deformational record of
three high-frequency cycles of ice lobes advance/retreat. Glacial cycle 1 (GC1) comprises a
sheet of massive and sheared, clast-rich, sandy tillite resting on striated pavements carved
in Devonian sandstones and topped by grooved/fluted surfaces indicating a northward
flowing ice lobe. Glacial cycle 2 (GC2) is a major cycle that shows a westward-
southwestward kinematics of a grounded ice lobe with minor ice-margin fluctuations. It is
recorded in a lower subglacially to ice-marginally deformed assemblage deposited in a
proglacial marine setting overlaid by a succession deposited in proximal to distal settings of
a grounding-line system subsequently deformed in an ice-marginal setting due to renew ice
push. Floored by an unconformity, glacial cycle 3 (GC3) is materialized by a thick
overridden push-moraine composed of grounding-line fan deposits and capped by a muddy
tillite. 1t records an upward transition from ice-marginal to subglacial deformation by an ice
lobe advancing to the northwest. The examined ice-contact complex is interpreted to be a
result of multiple advances of, at least, two different ice lobes nucleated in the Windhoek
Highlands in Namibia. This stratigraphic interval elucidates the interaction of different
glaciers in a relatively short time period during the maximum development of LPIA
glaciation and indicates different patterns of ice-flow during the LPIA onset in the eastern
margin of the Parana Basin.

Keywords: Itararé Group, glacial paleogeography, glaciotectonics, subglacial, push-

moraine, grounding-line fan
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3.1 INTRODUCTION

Former ice ages are documented in the stratigraphic record by erosional,
depositional and deformational products formed directly or indirectly by glaciers, such as
erosive landforms, subglacial tillites and glaciotectonized facies, as well successions
comprising outwash deposits, ice-rafted debris and resedimented glacial material (Flint
1957, Frakes 1979, Crowell 1999). The Late Paleozoic Ice Age (LPIA) is one of the best
understood former glacial periods and its sedimentary record is widespread in former mid-
to high-paleolatitude sedimentary basins of Gondwana (Sen 1980, Santos et al. 1996,

Visser 1997, Isbell et al. 2003, Fielding et al. 2008, Bussert 2014, Limarino et al. 2014).

Nevertheless, the LPIA record is mostly composed of marine glacially-influenced
deposits whereas sedimentary products, erosional and deformational features emplaced
directly by glaciers are rarely recognized in the stratigraphic record (e.g. Alimeida 1948,
Braakman et al. 1982, Starck et al. 1993, Campos and Dardenne 2002, Le Heron 2017).
Due to post-depositional weathering and tectonics, and a thick deglacial sedimentary cover,
the glacial landsystems geomorphological approach widely used to high-resolution
reconstructions of former glaciers in the Cenozoic Ice Age (Evans et al. 1999, Evans 2005,
Ottesen et al. 2016, Darvill et al. 2017) is difficult to apply in the LPIA record, precluding

detailed paleoglaciologic and paleogeographic reconstructions.

Subglacial erosive landforms mainly placed on the LPIA deposits basal
nonconformity are the most reliable and widely used elements concerning the LPIA glaciers
kinematics and basal thermal regime (e.g. Visser 1987, Bussert 2010, Rosa et al. 2016).
Moreover, the spatial orientation of glaciotectonic structures developed at subglacial and
ice-marginal zones, even if rarely described and discreetly used in the LPIA record (Isbell
2010, Rocha-Campos et al. 2000, Henry et al. 2012, Aquino et al. 2016), consists in a
powerful tool to determine the glacier kinematics and glacial cyclicity in between pre-

Pleistocene strata, as testified on Cenozoic glaciated regions (e.g. Berthelsen 1978,
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Huddart and Hambrey 1996, Hart and Watts 1997, Boulton et al. 1999, Benn and

Clapperton 2000, Henriksen et al. 2001).

The intracratonic Parana Basin of southwestern Gondwana comprises the thickest
(up to 1300 m) LPIA record, which is contained in the late Bashkirian to early Sakmarian
Itararé Group (Fig. 1A) and its chronologically correlated units located in other margins of
the basin (Aquidauana, San Gregorio, Coronel Oviedo and Aquidaban formations; Rocha-

Campos and Santos 1981, Fulfaro 1996).
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Figure 1 — (A) Stratigraphic chart of the Itararé Group in the eastern border of the Parana Basin with
reference to the stratigraphic position of the study interval (after Franga et al. 1996 and Holz et al. 2010; ages
updated from Cohen et al. 2013). (B) Composite stratigraphic section adapted from Vesely et al. (2015) of the
Lagoa Azul Formation in southeastern Parana state with their individualized informal units and its respective
interpreted depositional environments. The ice-contact complex analyzed in this study comprises units 1-A

and 1-B.

Since the bulk of the ltararé Group comprises marine and transitional sequences
interpreted as major deglacial cycles (Franga and Potter 1988, Vesely and Assine 2006),
most research are concerned in characterizing its stratigraphic record based on traditional
basin analysis approach in which glacial extent and cyclicity can be only inferred indirectly
from stacking patterns and key surfaces (e.g. Canuto 1993, Vesely and Assine 2004,
d’Avila 2009, Puigdomenech et al. 2014, Buso et al. 2017, Vesely et al. 2018). Only at a
few isolated localities placed at the lowermost portion of Itararé Group are documented thin

intervals accumulated in subglacial and ice-marginal (ice-contact) settings where a direct
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glacial signature can be observed as an assemblage of erosional, depositional and

deformational geological products (Tomazelli and Soliani 1997, Vesely et al. 2015).

Late Paleozoic glaciers kineto-indicators of the Parana Basin are mainly erosional
and documented just on the nonconformity that underlies the Itararé Group and show
patterns of ice-flow towards N and NW (e.g. Rosa et al. 2016, Fallgatter and Paim 2017).
However, in between the ltararé Group deposits such landforms are absent and the
glaciers kinematics are inferred indirectly by paleocurrent obtained in glacially-influenced
and proglacial deposits (Carvalho and Vesely 2016, Mottin et al. 2018) and by rare beds

comprising glaciotectonic structures (Rocha-Campos et al. 2000, Aquino et al. 2016).

Among previously reported localities containing an ice-contact sedimentation, the
one exposed in southeastern Parana State (Balsa Nova region; Bigarella et al. 1967,
Trosdtorf et al. 2005, Vesely et al. 2015) is remarkable because of a relatively thick (several
tens of meters) succession containing a rich archive of glaciogenic deposits and features
(Fig. 1B). Taking into account that a combined analysis of co-genetic sedimentary facies,
erosional landforms and deformational structures of glacial origin is the best approach to
determine glaciers dynamics, glaciologic properties and glacial cyclicity (Benn and Evans
2010), in this paper we examine in detail this lower Pennsylvanian ice-contact complex.
Then, the main aims of this work encompass: i) definition of a detailed sedimentary
framework with the depositional environments according to the sedimentation position in
relation to the glacier zones; ii) description of glaciotectonic structures and assembly of
deformation patterns; iii) determination of paleo-ice flow patterns and better resolution
glacial cyclicity of ice-margin fluctuations; and iv) evaluation of paleoglaciologic properties

and local paleogeographic significance of the ice-contact complex.
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3.2 GEOLOGICAL SETTING

The studied succession is exposed at the present eastern margin of the Parana
Basin around the localities of Balsa Nova, S&o Luiz do Purund and Witmarsum, SE Parana
state (Fig. 2). It is equivalent to the basal portion of the lower third of the Itararé Group
(Lagoa Azul Formation) and embraces units “1-A” and “1-B” as individualized by Vesely et
al. (2015) (Fig. 1). The succession rests by a mild angular unconformity on early Devonian
sandstones of the Furnas Formation at central and northern portions of the area, differently
from the southern portion where is placed over a nonconformity on Precambrian phyllites of
the crystalline basement (Fig. 2). Is capped by glacially-influenced proglacial subaqueous
fan and deltaic deposits defined as “unit 2” by Vesely et al. (2015). Strata dip 5-10° to the
west-southwest due to post-Paleozoic tectonic tilting driven by uplifting of the Ponta Grossa

Arch (Strugale et al. 2007).

The presence of glaciogenic features in this area has long been reported, including
striated surfaces and tillites on the Devonian substrate (Fuck 1966, Muratori 1966, Bigarella
et al. 1967, Trosdtorf et al. 2005, Canuto et al. 2010). Vesely et al. (2015) proposed that the
study interval was deposited as an ice-contact complex controlled by an unconfined,
fluctuating terrestrial ice margin that advanced towards the north and northwest during two
glacial cycles of advance and retreat. These authors interpreted the associated facies as
subglacial tillites (unit 1-A) and glaciotectonized lacustrine outwash (unit 1-B) (Fig. 1B).
Although considered Pennsylvanian because of the regional framework, the exact age of
these deposits is poorly known because of the absence of fossiliferous horizons and
syndepositional volcanic layers. An age not younger than Moscovian (315 to 307 Ma) is
indicated by palynomorphs found in glaciomarine rhythmites of unit 3 some meters above

the ice-contact complex (Kipper 2014, Kipper et al. 2017).
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Figure 2 — Geological map of the study area with the indication of main outcrop localities and ice-flow
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the text.
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3.3 METHODS

This research was conducted through field examination of sedimentary facies,
exhumed erosive landforms and penecontemporaneous soft-sediment deformational
structures in a total of 44 outcrops in the Balsa Nova region, SE Parana state. The lithotype
classification scheme of Hambrey and Glasser (2012) was employed to facies definition
because of the abundance of poorly-sorted facies. Six vertical stratigraphic sections were
measured in a 1:50 scale containing about 273 m of total strata. Among these, a main
stratigraphic section about 85 m-thick comprising all units discussed in the text was
generated at outcrops located in a railroad track (localities 2 to 10; Fig. 2) and used for a

guideline in the analysis of vertical facies association changes and glacial cyclicity.

In order to characterize the deformational styles and kinematics of glaciotectonic
structures, panoramas were acquired and interpreted along laterally continuous outcrops.
Also, 1193 measurements of deformational structures interpreted as of glaciotectonic origin,
such as mm- to m-sized shear planes/surfaces, folded bedding and slickensides were taken
and analyzed in pole-to-plane equal-area stereographic projection. Paleo-ice flow was
inferred from the up-glacier dip direction of glaciotectonic features (e.g. Miller 1996, van der
Wateren 2002, Phillips 2018). Seven subglacial striated/grooved surfaces on bedrock and
intraformational surfaces were measured, five of them reported for the first time in the
present paper. In addition, 705 paleocurrent data were taken from current- and climbing-
rippled sandstones and cross-stratified sandstones and conglomerates and analyzed in

synoptic rose diagrams to each individualized interval.
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The combined analysis of sedimentary facies (Table 1), stacking patterns,

deformational styles and the orientation of glacier kineto-indicators and paleocurrents

allowed the definition of four informal stratigraphic units (Fig. 3). These include unit 1-A as

previously defined by Vesely et al. (2015) and three units equivalent to unit 1-B of the same

authors, here termed 1-B lower, 1-B middle and 1-B upper (Figs. 1B and 3A). Such ice-

complex units compose an up to 80 m-thick vertical profile that shows a higher vertical

expression than the 35 m-thick previously proposed.

Table 1 — Described sedimentary facies with respect of its depositional and deformational aspects.

F |Lithology Depositional and deformational structures Formative processes
Sandy, clast-poor diamictite comprising Massive with subhorizontal cm-spaced Debris accumulation and homogenisation by
faceted and bullet-shaped clasts ranging from [anastomosing shear planes. Floored by striated simple shear below an advancing glacier on
F1 |granule- to cobble-size dispersed in a pavements and topped by intraformational soft- bedrock
homogeneous matrix sediment surfaces containing grooves, flutes and
ridges
Homogeneous, muddy to intermediate, clast- |Massive and showing subhorizontal mm- to cm- Simple shear deformation and homogenisation
g |POOT diamictite with striated, bullet-shaped and|spaced shear planes. Clasts are oriented parallel to|imposed by an advancing glacier over non-
faceted clasts ranging from granule to cobble |[shear trend. Locally displays slickensides at the consolidated sediments
contact with other facies
Polymictic, sandy, clast-rich diamictite with Arranged in tabular strata up to 2 m-thick; internally |Deposition from concentrated to
rounded to faceted clasts up to boulders massive with incipient long-axis clast orientation. hyperconcentrated meltwater flows emanated
F3 Sometimes floored by concave-up surfaces. from tunnels at the glacier margin. Indicative
Commonly grades to massive and current-rippled  |of high meltwater discharge
sandstones
Sandy to intermediate, clast-poor diamictite Tabular beds up to 1 m-thick with relicts of current- |Resedimentation by slumps in a subaqueous
F4 |with heterogeneous to homogeneous matrix  |ripples displaced by several small normal faults. setting
and clasts ranging from granules to pebbles  |Grades upwards to current-rippled sandstones
5 Intermediate, clast-rich diamictite with granule |Internal faint stratification defined by mud/fine-sand |Association between iceberg rain-out and
to cobble-sized clasts laminae settling of hypopycnal plumes
Polymictic conglomerate with clasts up to Massive to faint-stratified, with a irregular basal Deposition from subaqueous
boulders in a sandy matrix contact containing flame structures. Metric hyperconcentrated and highly erosive flows
F6 intermediate diamictite (F5) rip-up clasts at the close to the glacier margin. Indicative of water-
base saturated sediments and rapid sedimentation
Oligomictic conglomerate with sandy matrix Mid-scale planar and trough cross stratification. Dune migration under high-energy bedload-
F7 Foresets often grade downflow to gravelly dominated flows
sandstones
Medium-grained to gravelly sandstone. Clasts |Tabular and concave-up strata with low- to medium- Dune migration under high-energy bedload-
F8 |up to boulders occur dispersed angle planar and trough cross stratification dominated flows combined with deposition
from iceberg rain-out
Well-sorted muddy to medium-grained Sinuous crested current ripples Migration of subaqueous ripples under lower
F9 [sandstone containing outsized clasts up to flow regime conditions and coeval iceberg rain-
cobbles out
F10 Well-sorted, fine-grained sandstone. Locally  [Sets up to 5 cm comprising climbing ripples with Deposition from turbidity flows plus iceberg
display rare outsized clasts up to pebble-size |mud drapes on the foresets rain-out and hypopycnal plume settling
Fine- to coarse-grained sandstones Massive; often grades upwards to current-rippled  |Slumps with concentrated density flow
F11 sandstones character triggered by gravity in a
subaqueous setting
Heterolithic facies defined by an alternation of |Rhythmic laminae (mm- to cm-thick) displaying Deposition from a combination of turbidity
fine-grained sandstone and mudstone normal grading between mud/sand pairs. Laminae |flows, iceberg rain-out and settling of
F12 laminae. sets are fairly truncated. Locally, sandy laminae hypopycnal plumes
occasionally have small current ripples and muddy
laminae are thicker. Granule-sized clasts pierce the
lamination.
Mudstones and sandy mudstones with Massive Fast mud settling from hypopycnal plumes
F13 ], ) . R )
dispersed clasts up to cobbles associated with minor iceberg rain-out
Muddy fine-grained sandstone with rare, up to |Massive and heterogeneous matrix with remnants |Glaciotectonic deformation of subaqueous
cobble size, bullet-shaped and faceted clasts |of current and climbing ripples and horizontal facies (F9, F10, F12, F13) imposed by
F14 lamination. Pervasive subhorizontal mm- to cm- subglacial and ice-marginal shear during a

spaced shear planes. Stretched out mudstone
clasts. Outsized clasts deform the remnants of

stratification

glacier advance
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The component facies and their interpreted depositional/deformational formative
processes are shown in table 1. Most facies are, at some extent, modified by subsequent
deformation whose intensity varies vertically throughout the stratigraphic succession. All
stratigraphic boundaries are marked by unconformities and abrupt changes in the

deformation rates (Fig. 3A-B).

The following subsections present a brief description of the outcrop expression of
each defined unit and their component sedimentary facies, stacking patterns and soft-
sediment deformational structures. Kineto-indicators are presented to each unit by
stereographic projections of soft-sediment deformational glaciogenic structures and

synoptic rose diagrams with paleocurrent measurements (Fig. 3C).

3.4.1 Unit 1-A and basal unconformity

The unconformity that underlies the studied succession is defined by a flat surface
containing five striated pavements carved on Devonian sandstones. No striated surfaces
were found over Precambrian metamorphic rocks. These pavements over Furnas
Formation have an area of up to 2500 m?, comprise straight and parallel shallow grooves,
ridges and striation with a north-south mean orientation with a minor variation related to its
spatial distribution. At Witmarsum locality, at northwesternmost portion of the study area,
the grooves and striation over the surface documented by Bigarella et al. (1967) (locality
18) show a 358° orientation and over a, herein first-time reported striated, pavement at
locality 19 a 355° orientation (Fig. 4A). On other hand, three first-time reported pavements
placed along the margins of Mortes River at the eastern region (localities 11, 12 and 14)
comprise shallow grooves and striation oriented toward 6° to 10° azimuth (Fig. 4B-D). At
one of these surfaces (locality 12; Thalia Club), several crescentic gouges up to 15 cm-

large indicate a northward sense of ice-flow (Fig. 4C).
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cresceéntic .
gouge :

Figure 4 - Main fies and erosive features related to unit 1-A: (A) Striate suace on Dvon Funs
sandstones at Witmarsum (locality 19). (B) Flat grooved/striated surface on Devonian Furnas sandstones at
Thalia Club (locality 12). Ice flow is toward the upper part of the picture evidenced by crescentic gouges. (C)
Detail of a concave up-glacier crescentic gouge over the Thalia Club striated surface (locality 12). (D) Shallow
striation over Furnas sandstones near Mortes River (locality 11). (E) Massive clast-rich sandy diamictite (F1)
with subhorizontal anastomosing shear surfaces highlighted by oxide infiltration at the upper portion. (F) Flat
soft-sediment subglacial surface near Mortes River (locality 11) developed on top of diamictites containing
grooves and ridges oriented to NNE-SSW (8°-188°) similarly to striation/grooves on Furnas sandstones. No
clear kinematic indicators are found on this surface.

Resting above this unconformity, sandy, clast-rich, massive diamictites up to 7 m-
thick (F1) occur discontinuously through the area. The diamictites are non-stratified, but
their matrix shows cm-thick, non-continuous, anastomosing subhorizontal shear planes
(Fig. 4E) that show a mean dip direction towards SSE (N165/10) and a stress vergence/ice-
flow direction towards NNW (mean azimuth = 345°; Fig. 3C). Clasts are mainly sub-rounded
and secondarily faceted to bullet-shaped, can reach up to cobble-size, but pebbles

predominate. Furthermore, the upper boundary of the diamictites is characterized by a

laterally extensive flat surface comprising grooves, ridges and flutes. In addition to the
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surface previously documented by Trosdtorf et al. (2005) at locality 15 where asymmetric
small flutes indicate a northward ice-flow direction (mean azimuth = 2°), another surface
placed at locality 11 comprises parallel deep grooves and ridges oriented in a NNE-SSW
direction (8°-188° azimuth) with no clear indicator of ice-flow direction, however clearly

correlated to the surface at locality 15 (Fig. 4F).

3.4.2 Unit 1-B lower

This unit is up to 18 m-thick and is variable in terms of composition and
deformational patterns (Fig. 3). In a depositional pre-deformational context, it consists of an
association of fine-grained facies that includes an intercalation of current-rippled fine- to
medium-grained sandstones (F9; Fig. 5A), climbing-rippled fine-grained sandstones with
mud drapes on foresets associated with laminated heterolithics (F10, F12; Figs. 5B-C) and
massive sandy mudstones with dispersed outsized clasts (F13). Locally, sandy to
intermediate clast-poor diamictites with relicts of current-ripples displaced by cm-sized
normal faults (F4) occur at the top of the succession intercalated with massive (F11) and

current-rippled fine-grained sandstones beds (Fig. 5D-E).

Such unit is characterized by rare outsized clasts dispersed in strata and by a
coarsening-upward pattern that exhibits mainly mudstones, fine-grained sandstones and
heterolithics at the base grading to medium-grained massive and current-rippled
sandstones and sandy to intermediate clast-poor diamictites towards the top (e.g. section
16; Fig. 3B). At the whole unit paleocurrents from non-deformed current-rippled sandstones

show a southwestward trend (243° mean azimuth; Fig. 3C).

Different deformational patterns take place at different localities where facies are
non- to highly-deformed. At locality 2, a railroad cut shows a 10 m-high succession with a
distinct upward variation in deformation patterns and homogenisation rates (Figs. 6A-H).

The original beds of fine- to medium-grained, rippled sandstones and heterolithics
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predominate in the lower portion of the exposure and are disposed in rootless isoclinal folds
with subhorizontal axial planes (Fig. 6B) verging westward (80/10 mean dip direction; Fig.

3C). In the middle portion these sandy layers become more boudinaged and disrupted (Fig.

6G) and in the upper portion are absent.

Current-rippled
sandstone

. Diamictite

Current-rippled .~ Massive
sandstone __ . sandstone

L

=

« « Diamictite

\ -3

Step faults

Figure 5 — Sedimentary facies of lower portion of unit 1-B: (A) Current-rippled fine-grained sandstones (F9).
(B) Climbing-rippled fine-grained sandstones with mud drapes on foresets (F10) associated with laminated
heterolithics (F12). (C) Laminate heterolithics with mm-thick fine-grained sand/mud pair (F12). (D) Gently
deformed intercalation between fine-grained (F9) and massive sandstones (F11) with clast-poor sandy to
intermediate diamictites with (E) relicts of current ripples dislocated by small normal faults (F4).

Muddy fine-grained sandstones with a massive and heterogeneous matrix containing
relicts of ripples and horizontal lamination as well stretched mud clasts and outsized clasts
(F14; Figs. 6C-E) appear in the lower portion between the sandy layers and at the middle

portion consist in the predominant facies. On other hand, the upper portion of the exposure

is characterized by massive homogeneous intermediate clast-poor diamictites (F2; Fig. 6F).
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Flgure 6 — Maln deformatlonal structures and patterns of unit 1-B: (A) Lower and mlddle interval of rallroad
cut (locality 2) with deformed strata disposed in (B) isoclinal folds at the base and more homogenised toward
the top. (C-E) Muddy fine-grained sandstones containing relicts of depositional structures, stretched mud
clasts and dispersed outsized exotic clasts (F14). (F) Sheared intermediate diamictite (F2) disposed at the top
of the railroad cut. (G) Detail of the middle portion of the exposure with high density of subhorizontal shearing
and disrupted sandstone bodies. (H) Detail of sandstone bodies with relicts of current-ripples with brittle joints.
(I) Intermediate clast-poor diamictite with subhorizontal anastomosing cm-spaced shear surfaces at locality
12. (J) Gently folded and boudinaged top layers of unit 1-B lower at locality 16 under a low-angle angular
unconformity (yellow dashed line) overlaid by undeformed sandstones of unit 1-B middle.
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Mm- to cm-spaced subhorizontal anastomosing shear planes highlighted by oxides
occur in the whole succession but are more abundant in the middle and upper portions of
the exposure in the matrix of muddy fine-grained massive sandstones (F14; Fig. 6G) and
intermediate diamictites (F2; Fig. 6F). In the sandy bodies at the bottom, the original
depositional structures are often dislocated by several brittle fractures dipping to east (Fig.
6H).

Locality 12 exhibits an 8 m-high exposure of muddy to intermediate, clast-poor
diamictite with a homogeneous matrix and no preserved depositional structures (F2). The
diamictite is cut by several subhorizontal, anastomosing, cm-spaced shear surfaces
highlighted by oxide infiltration (Fig. 6l). Some disrupted bodies of sandstone occur
dispersed throughout the exposure. The sandy-muddy character of the diamictite matrix,
the similarity of the deformational structures and its stratigraphic position allow placing this
outcrop in the same level than the upper portion of locality 2 where the sheared diamictite
sits on folded heterogeneous strata. Measured low-angle, shear surfaces in all outcrops of
unit 1-B lower are undulated and show a moderate degree of dispersion (Fig. 3C). Despite
that, the stereographically calculated mean vector (288 measurements) resulted in a dip

towards ENE (N80/10) and an applied stress vergence to SSW (260°).

At locality 16 the facies intercalation that configures the upper portion of unit 1-B
lower is very well preserved, displaying slightly to non-deformed tabular strata of an
alternation of beds of massive and fine-grained current-rippled sandstones and
intermediate clast-poor diamictites with a high abundancy of step faults dislocating current-
ripples (F4). Strata are tilted in low angles to the east, exhibit gentle symmetrical folds and
some reverse faults with an eastward kinematics as well some layers are slightly

boudinaged (Fig. 6J).
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3.4.3 Unit 1-B middle

These deposits are up to 25 m-thick and rest on the previous unit by means of an
angular unconformity (Fig. 6J). It comprises two facies associations bounded by a distinct
sharp contact (Figs. 3A and 7A). The basal association is an up to 20 m-thick, sandy-
gravelly, coarsening-upward interval composed of amalgamated, tabular beds of well- to
poorly-sorted cross-stratified sandstones and conglomerates (F7, F8, F9; Fig. 7A) and
sandy, clast-rich, massive diamictites (F3; Fig. 7B). This association is not regularly
distributed through the study area and may be absent or with reduced thickness in some
localities. Laterally discontinuous, soft-sediment grooved and striated surfaces with

internally small sand slumps are present on top of sandstone bedding planes (Fig. 7C).

The upper association is an about 7 m-thick fine-grained succession mainly
composed of intercalated beds up to 60 cm-thick of fine- to medium-grained current-rippled
sandstones (F9) and muddy fine-grained heterogeneous sandstones with relicts of current-
ripples (F14; Fig. 7D). Outsized clasts of lithified sandstones (Fig. 7E) and
igneous/metamorphic origin occur throughout the fine-grained beds. Laminated heterolithics
with cm-thick sand/mud pairs (F12) occur mainly associated with massive mudstones to
sandy mudstones with outsized clasts (F13) and intermediate massive to faint-stratified
clast-rich diamictites (F5) (Fig. 7F-I). Paleocurrents from both facies associations that form
unit 1-B middle display an asymmetric bimodal pattern with a main mean vector to SW

(241°) and a subordinate one to NE (Fig. 3C).
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Figure 7 - Main sedimentary facies of unit 1-B middle: (A) Large-scale cross-stratified sandstones and
conglomerates (F7, F8). (B) Massive, sandy, clast-rich diamictites (F3) that predominate at the top of sandy-
gravelly association. (C) Soft-sediment striated surface developed on top of sandstone beds with a cross-
cutting pattern with small striated slumped sand directed into a major trough. (D) Partially deformed muddy
fine-grained current-rippled sandstones (F14) with remnants of ripples dislocated by small reverse faults. (E)
Outsized lithified sandstone clast immersed in muddy fine-grained sandstones (F14). (F) Heterolithics with
cm-thick sand/mud pair (F12). White arrows indicate pebbles. (G) Intermediate clast-rich diamictite layer (F5)
grading from massive mudstones (F13). (H) Laminated heterolithics below grading upwards to massive
mudstones with dispersed clasts (F13). (I) Faint-stratified clast-rich diamictite (F5).
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This unit exhibits an upward increase in deformation rates (Fig. 3) from an
undeformed basal portion of the sandy-gravelly association to a highly sheared and folded
upper fine-grained association at the top (Fig. 8). At locality 4 (Eng. Bley station), the upper
portion of the sandy-gravelly association and the base of the fine-grained association
display gentle to open, symmetric to somewhat asymmetric, synclines and anticlines that
are truncated by mega-scale subhorizontal shear surfaces (Fig. 8A-B). Such folds are
parasitic folds of a mega-scale gentle anticline. Fold axis are oriented N-S and a

deformation vergence to W is stereographically calculated (273° mean azimuth; Fig. 3C)

and observed in outcrop panoramas (Fig. 8A).

Fine-grained association

Sandy-gravelly association ot 4 o

' : ] ~im |- : Sang y association
Figure 8 — Deformational patterns at unit 1-B middle at a railroad cut at Eng. Bley station (locality 4): (A) 300
m-long West-East panorama of the eastern limb of a mega-scale gentle anticline. The dashed red line
represents a mega-scale shear surface that separates the gently- to open-folded sandy-gravelly strata (black
lines) with low-angle imbricated thrusts below and the sheared fine-grained association above. (B) Detail of a
truncation surface in between the sandy-gravelly association cutting the top surface of an open fold. (C) Detail
of the basal portion of fine-grained association composed by heterogeneous highly-sheared muddy fine-
grained sandstones (F11).
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The whole fine-grained association presents subhorizontal centimeter shear surfaces
and, at its sharp basal contact over the sandy-gravelly strata, high-density of cm-spaced
shear surfaces in partially homogenised muddy fine-grained sandstone facies take place
(Fig. 8C). Towards the top, the fine-grained association exhibits boudinaged muddy to fine-
grained sandstone layers. Such layers and current-ripples are more well preserved in fine-
grained sandstones, on other hand, sandstones with higher mud content present relicts of
current ripples cut by mm- to cm-scale faults (Figs. 7D). The cm-spaced shear surfaces
measured from the fine-grained association (Fig. 3C) resulted in a mean vector dipping in
low angles to the ESE (N81/10), which indicate a westward applied stress field similar to the

folded sandy-gravelly strata placed below.

3.4.4 Unit 1-B upper

The upper interval of unit 1-B is an up to 40 m-thick, erosive-based, sandy-gravelly
succession. The basal boundary is uneven, at some places are over the metamorphic
basement (e.g. section 13 in Fig. 3B). It comprises tabular beds of cross-stratified, well- to-
poorly sorted sandstones and conglomerates (F7, F8, F9; Fig. 9A) with paleocurrents to the
NW (322° mean azimuth; Fig. 3C) associated with massive, sandy, clast-rich diamictites,
sandstones and conglomerates with metric mudstone rip-up clasts (F3, F6, F11; Fig. 9B-D).
Facies change are observed in outcrop scale both vertically and laterally. Massive metric
tabular beds of sandy diamictites usually grades upwards to dm-sized beds of massive
medium-grained sandstones and to current-rippled fine-grained sandstones on top (Fig. 9D)
whereas tabular beds of cross-stratified conglomerates rapidly grade downstream to

gravelly sandstones (Fig. 9A).

Laterally discontinuous, containing marginal berms, soft-sediment striated surfaces
are common over sandstone and conglomerate bedding planes. They in general reach

dozens of m? in areal extension however can be up to 850 m? (Fig. 9E).
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Figure 9 — Sedimentary facies and deformational patterns of unit 1-B upper: (A) Poorly-sorted, cross-
stratified, amalgamated sandstones and conglomerates (F7, F8). (B) Deformed strata of massive, sandy,
clast-rich diamictites with faceted clasts up to boulder-size (F3). (C) Flame structures at the contact between
unit 1-B middle and 1-B upper with conglomerate with metric rip-up boulders of mudstone facies. (D) Bed with
normal grading from massive sandy diamictites to current-rippled sandstones. (E) Laterally restricted soft-
sediment grooved surface over non-deformed sandstones with shallow grooves inside an 85 m-long, 5 m-wide
trough with a marginal berm in one of its extremities. (F-G) Exposures at Bassani sand pit (locality 13) with
gently folded sandy-gravelly beds and muddy diamictite slabs juxtaposed by mega-scale subhorizontal shear
surfaces represented by red dashed lines. (H) Detail of a shear zone with sigmoid sandstone lenses
surrounded by a mud matrix.
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This unit exhibits a heterogeneous deformational pattern both vertically and
horizontally. In general, the base of the interval is not or slightly deformed and the soft-
sediment deformation structures increase in frequency towards the top. However, at locality
11 the basal strata are highly deformed and somewhen disposed in close folds cut by

medium- to low-angle cm-sized shear planes (Fig. 3B).

At locality 13, sandy-gravelly strata are affected by large open symmetrical to
asymmetrical synclines and anticlines that are intercepted by mega-scale thrust surfaces
(Fig. 9F-G). The thrusts are highly undulated, mainly disposed in a subhorizontal position
but the dip can reach 50°. Internally, these thrusts define shear zones up to 40 cm-thick
displaying cm- to dm-long sigmoidal sand bodies surrounded by a sheared fine-grained
matrix (Fig. 9H).

At localities 6 to 10, which consist of up to 300-m-long railroad cuts, sandy-gravelly
facies show a clear upward increase in deformation and a decrease in the degree of
preservation of original stratification. Mega-scale slightly asymmetrical open folds
associated with thrust surfaces with a northwestward kinematics (Fig. 10A-B) occur in sets
of beds at the middle portion of the unit. Towards the top the layers become progressively
more deformed with current-rippled, fine-grained sandstone beds up to 50 cm-thick
disposed in meso-scale isoclinal folds inside the m-thick deformed sandy diamictite beds
(Fig. 10C). Such common structures at this level are brittle-dominated small normal faults
dipping to NW associated with boudinaged layers of fine-grained sandstones (Fig. 10D) and
the dominance of subhorizontal to medium-angle cm-thick shear surfaces that defines de
axial plane of isoclinal folds and are immersed in the sandy diamictites matrix (Fig. 10C).

Randomly-disposed brittle fractures also occur in some portions (Fig. 10C).
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Flgure 10 - Sedlmentary facies and deformatlonal patterns of unlt 1-B upper (A) Sandy graveIIy faC|es
arranged in a large gently asymmetrical syncline with a truncated limb associated with (B) low-angle dipping
thrust surface shown by a yellow line. (C) Sandy-gravelly association cropping out in a railroad cut at locality
9. Bedding remnants (black lines) of sandy-gravelly strata that are folded, boudinaged and cut by low- to
moderate-angle cm-sized shear surfaces (red lines). (D) Small-scale normal faults (red lines) cutting fine-
grained sandstone boudins and cm-long shear planes (yellow dashed lines) inside the sandy diamictite matrix.
(E) Muddy, clast-poor diamictite with subhorizontal mm-thick shear surfaces and faceted clasts oriented
parallel to shearing (F2). (F) Macro-scale muddy diamictite slabs between the top portions of sandy-gravelly
association. (G) Slickensides at the contact (red line) between muddy diamictite and sandy-gravelly facies
with stereographic projection showing a transport towards NW (321°).
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A muddy to intermediate, clast-poor, massive diamictite facies with mm-spaced
subhorizontal shear surfaces and clasts oriented parallel to shear trend (F2; Fig. 10E) takes
place in the upper part of this unit. At locality 11 it occurs as lenticular, macro to mega-scale
imbricated slabs up to 5 m-thick immersed in between sandy-gravelly strata (Figs. 9F-G and
10F) with abrupt subhorizontal sheared contacts often displaying slickensides (Fig. 10G). At
locality 10 the same diamictite facies appears as a sheet-like body with a diffuse lower

contact grading from underlying sandy-gravelly deformed facies (Fig. 3A).

Both sandy-gravelly facies and muddy diamictites of this unit exhibit deformational
structures with a main deformation vergence towards NW (Fig. 3C). Millimeter-spaced
shearing (Fig. 10E) inside muddy diamictites has a very consistent dip direction to SE
(132/10 mean dip direction). This same deformation vergence is also indicated by fold
asymmetry in the sandy-gravelly succession (mean azimuth = 300°) and by the dip towards

SE of slickensides (mean azimuth transport = 321°; Fig. 10G).



41

3.5 DEPOSITIONAL SETTINGS

The examined succession intercalates slightly deformed/undeformed strata with
highly deformed facies. In the deformed intervals deformation obliterated part or the totality
of the original depositional structures, leaving in some cases only relicts that can be used to
interpret sedimentary processes and depositional environments that operated prior to
deformation. Observed sedimentary facies and stacking patterns allowed to insert these
deposits in three facies associations related to the glacier zones that are recurrent
throughout the stratigraphic succession: i) subglacial tillites (subglacial), ii) proximal

grounding-line fan (ice-marginal), and iii) distal grounding-line fan (proglacial) (Fig. 11).

\—\] Iceberg rain-out EmipoRyens)
i and scouring Cé\'-_\\ flows

H GLACIER
yperpycnal

Slumping and i

‘ Efflux-plume settling' Turbidity currents

/r Grounding-line fan
- Mass-transport deposits - Cross-stratified sandstones
- Turbidites and conglomerates - Subglacial tillites
- Current-rippled sandstones - Massive diamictites
- Rain-out diamictites and mudstones and conglomerates
FA-3 - Proglacial FA-2 - [ce-marginal FA-1 - Subglacial

Figure 11 — Main depositional processes operating at different zones of a grounded warm-based glacier
system and their respective sedimentary products (after Eyles et al. 1985, Ingdlfsson 1987, Hart and Roberts
1994). Individualized facies associations are inserted in the subglacial, ice-marginal and proglacial zones.
3.5.1 Subglacial tillites

Sandy diamictites of unit 1-A (F1) were previously interpreted as a subglacial
deforming layer (subglacial tillite) related to a single event of glacial advance over a pre-
glacial substrate (Vesely et al. 2015). The presence of shearing, subglacial lineations both
below and above these deposits and the absence of major internal discontinuities and/or
interbeds corroborates this interpretation. In addition, some further considerations about

subglacial processes can be offered by taking into account the compositional and structural

properties observed in these diamictites.
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As postulated by Evans et al. (2006), sandy tillites are porous and this porosity
allows the deforming layer to be water-saturated, promotes strong ice coupling and
consequent high rates of stress transmission from the ice to its basal layer. Therefore, the
massive/homogeneous character of the diamictites and the subhorizontal anastomosing
shear planes suggest a glacier coupled to its bed that moved mostly by subglacial sediment
deformation (van der Meer et al. 2003). The sandy matrix character is interpreted as result

of abrasion of Devonian Furnas sandstones that compose the paleo-bedrock.

The definition and individualization between processes operating at the subglacial
zone is a difficult task since the constant glacier advance continue to transmit stress to its
basal deforming layer. It results in a deformation superimposition what obliterate previous
characteristics of another processes (i.e. melt-out, lodgement, sliding, subglacial meltwater
flows) and give rise to texturally homogeneous diamictites as an end member, therefore
termed subglacial traction till (Evans et al. 2006). The observed diamictites possess this
homogeneous character that can be just interpreted as product of subglacial deformation.
However, near the Witmarsum locality, at an exposure no more available, Canuto et al.
(2010) identified a 10 cm-thick sheared diamictite layer placed just above a striated
pavement over Furnas sandstones containing faceted clasts of Furnas sandstones
embedded in a sheared sandy matrix. Their interpretation assumed an original tillite
emplacement by lodgement in the glacier/bedrock interface after deformed by continuous

glacier advance.

The top surfaces containing flutes, grooves and ridges were generated at the
ice/sediment interface due to plowing when sediment strength was exceeded and the ice
began to slide over the bed (Benn and Evans 2010). The subglacially abraded/plucked
bedrock and the up to 7 m-thick deforming layer are evidence for a predominant wet-based
basal thermal regime and relatively fast glacier flow by combination of soft bed deformation

and bedrock abrasion (Boulton 1996, Bennett and Glasser 2009).
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Such subglacial tillites differs in thickness and texturally from other occurrences
placed on the Itararé Group basal nonconformity documented at other regions of Parana
Basin. Tillites settled on gouges, troughs and streamlined bedforms generated by glacial
erosion on metamorphic and igneous rocks and interpreted as lodgement tillites (e.g.
Almeida 1948, Tomazelli and Soliani 1997, Fallgatter and Paim 2017, Assine et al. 2018)
are discontinuous and thin, being up to 80 cm-thick and comprise a higher amount of

faceted local-sourced clasts than the herein analyzed diamictites.

The areal distribution of subglacial striated surfaces both on Devonian sandstones
and over the subglacial tillite, as well as the shear planes orientation (Fig. 3C), ranging from
a NNW to a NNE orientation (Fig. 2) is suggestive of a radial flow pattern and related to a
glacier with a lobate termini, similar as Pleistocene ice lobe margins (e.g. Colgan and
Mickelson 1997, Glasser et al. 2008). The emplacement of thick till sheets depends firstly
on its location within the subglacial zone and is facilitated in subglacial environments that
are relatively close to the ice margin since sediment produced at inner zones are
transported by a combination of subglacial meltwater streams and glacier advance and
accumulated towards the outer zone (Boulton and Deynoux 1981, Boulton 1996). According
to that and taking into account the evidence for ice/sediment coupling and the radial pattern
of subglacial striated surfaces, it is suggested that subglacial traction tillites of unit 1-A were
emplaced in the subglacial outer zone, thus representing the marginal portions of an ice

lobe.

The muddy to intermediate, clast-poor diamictites at the top of unit 1-B lower and 1-B
upper are interpreted as being emplaced at the subglacial zone because of the presence of
significant shearing and their stratigraphic position on top of highly-deformed strata.
Different from unit 1-A, these diamictites were formed subglacially when an advancing
glacier overrode and homogenised pre-existing unconsolidated deposits (e.g. Hart 1995).

Besides generating subglacial till, this process also deformed the underlying strata and
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developed folds, shear planes and thrust surfaces containing slickensides. Such

considerations about glaciotectonics are better discussed in the section below.

3.5.2 Ice-marginal association (proximal grounding line-fan deposits)

The amalgamated, coarsening-upward, sandy-gravelly sedimentation intervals that
compose almost the whole bulk of middle and upper portions of unit 1-B contains facies
compatible with high energy sedimentation processes, such as density flows
(hyperconcentrated-to-concentrated) and energic bedload-dominated currents (Table 1).
Sets of current-rippled fine- to medium- grained sandstones strata generated by
unidirectional tractive flows under lower flow regime occur in between these high energy-
derived beds, indicating temporal variation in flow energy. Vertical and downstream rapid
facies change in grain-size demonstrate a progressive character change downflow of
underflows due to flow deceleration, decreasing sediment concentration and expansion
from a confined to an unconfined state in a subaqueous environment (Mulder and

Alexander 2001, Russel and Arnott 2003).

Differently those laterally extensive subglacial soft-sediment intraformational
surfaces containing grooves, ridges and flutes developed on diamictites of unit 1-A, we
reject the subglacially-formed hypothesis for the observed intraformational soft-sediment
grooved/striated surfaces over sandstones and conglomerate beds in this facies
association. Otherwise, the surfaces are interpreted as iceberg-keel scour marks (IKSM)
due to: (i) their laterally-restricted distribution of grooves and ridges; (ii) the presence of
marginal berms; (iii) the presence of small-scale slumped and striated sandstone lobes in
between the main grooves; (iv) the fact that they occasionally occur on non- to slightly-
deformed sandstone and conglomerate beds (e.g. Woodworth-Lynas and Dowdeswell
1994, Eyles et al. 2005). Such structures are more common in the stratigraphic record of

glaciated basins than previously thought and recently have been documented and
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reanalyzed over sandy strata in Parana Basin (Santos et al. 1992, Vesely and Assine 2014,

Rosa et al. 2016, Fallgatter and Paim 2017, Assine et al. 2018).

Accordingly to the rapid downstream facies-change, the presence of IKSM and
outsized clasts embedded in well-sorted sandstones, as well as the combination of coarse-
grained facies emplaced by density flows and tractive currents, a fluvial or subaerial origin
for this facies association is no took into account. Instead, it is related to a deposition within
a water body in the form of coarse-grained grounding-line fans fed by sediment-laden
meltwater flows from the mouth of englacial/subglacial tunnels placed in the grounding zone
of a temperate tidewater calving glacier margin (Eyles et al. 1985, McCabe and Eyles 1988,
Powell 1981;1990, Powell and Alley 1997, Lanne 1995). Corresponding grounding-line fan
deposits have been described and analyzed in detail in the Itararé Group and in other
gondwanic late Paleozoic glaciated basins elsewhere and consist in a useful horizon to
diagnose glacial cycles since they evidence ice-margin advances in between glacially-
influenced successions (e.g. Henry et al. 2012, Koch and Isbell 2013, Aquino et al. 2016,

Mottin et al. 2018).

In addition to the sediment budget from meltwater flows, grounding-line fans tend to
be wider and thicker as well as their development is facilitated during episodes of stability or
quasi-stability of the tidewater ice-margins, when the grounding-zone stagnation give
conditions to aggradation of coarse-grained facies (Boulton 1986, Dowdeswell et al. 2015).
The analyzed sandy diamictite facies (F3) are attributed to have been generated at the
most proximal area in relation to the tunnel stream mouth where meltwater flow velocity and
sediment load are higher (i.e. zone of flow establishment; Powell 1990, Hornung et al.
2007). In a vertical section, the location of these density flow-driven facies is related to
lateral shifts in the tunnel mouth positions with time and to the grounding zone drift due to
low-time span advance/retreat episodes during grounding-line fan formation (Batchelor and

Dowdeswell 2015, Dowdeswell et al. 2015). The grounding-line fan stratigraphic record
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discussed herein shows a general upward increase in grain-size and in the amount of
sandy diamictite facies, suggesting a progradation of the proximal ice-marginal system
associated with a main ice-margin advance episode containing low-time span advances
and retreats phases (Ingolfsson 1987, van der Wateren 1994, Lanne 1995). implies in ice-
marginal sediment squeeze occurring contemporaneously to the grounding-line outwash
aggradation, thus generating push-morainal bank complexes (Powell and Molnia 1989,

Powell and Domack 2002, Ashley et al. 1991, Hunter et al. 1996, Lenne et al. 2001).

3.5.3 Proglacial association (distal grounding-line fan deposits)

In contrary to the other discriminated facies association, this one was not
documented in previous works. Its depositional characteristics are poorly preserved at most
places due to subsequent imposed soft-sediment deformation. The strata that composes
the bulk of unit 1-B lower and also occur at the top of unit 1-B middle were generated by an
assembly of processes that allows to interpret a deposition at the proglacial zone of
grounded temperate tidewater glacier and correspond to distal settings of grounding-line
systems (Boulton and Deynoux 1981, Molnia 1983, Eyles et al. 1985, Powell and Domack
2002). The main characteristic of this association is the predominance of cm- to dm-thick
interbedding of outsized clasts-bearing, muddy and sandy (fine-grained) facies, which are
attributed to have been generated mainly by low-energy sedimentation processes (Table 1),
such as: (i) low-energy tractive currents; (ii) settling of suspended fine sediment from
hypopycnal plumes emanated from ice-marginal tunnels; and (iii) rainout of iceberg-rafted
debris (IBRD). Concomitant with the deposition of these low-energic facies, gravity-driven
resedimentation processes ranging from a hyperconcentrated-to-concentrated to a turbidity
current character (sensu Mulder and Alexander 2001) are also interpreted to being

formative mechanisms of this facies association.
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Diverse depositional processes operating at this zone produce facies with textural
and structural similarities that, sometimes, are difficult to been attributed to a formation
mechanism. For instance, detailed research concerning lithofacies description and
formative processes in modern and past proglacial environments result in diverse
hypothesis for non-glaciogenic subaqueous mudstones, rhythmites and diamictites
emplacement (e.g. Eyles and Lagoe 1990, Dowdeswell et al. 1994;2000, Smith and
Andrews 2000, Isbell 2010, Henry et al. 2012, Bussert 2014, Fleming et al. 2016). By
outcrop-scale detailed analysis of the textural and structural aspects, likewise facies
relationships with overlying and underlying facies, some considerations about depositional

processes of observed non- or slightly-deformed facies can be done.

Gravity-driven resedimentation processes are common events in grounding-line
systems at tidewater termini glaciers giving rise to a wide range of density flow deposits.
High sedimentation rates creating slope over-steepening, iceberg calving impacts and
glacier-squeeze are the main factors that contribute to the destabilization of the sediment
pile at grounding-line fans (Eyles et al. 1985, Powell and Molnia 1989, Nemec 1990, Powell
and Domack 2002). On other hand, generation of hypopycnal plumes are conditioned by
meltwater flows at ice-marginal subglacial/englacial tunnel stream mouths that generate
coarse-grained facies at the grounding-line zone. Most of ejected fine-grained fraction then
is transported upward in the water column when flow velocity drops and give rise to an
overflow plume that carry fine-grained sand and mud through towards the more distal
portions proglacial zone (Powell 1990). This process is distinct to subaqueous
environments, however is facilitated to occur in a glaciomarine environment due to lower-
density fresh meltwater and higher-density salty seawater contrast (Boulton and Deynoux
1981, Powell and Molnia 1989). IBRD rainout is a common process responsible for
sediments of all grain sizes dispersion in the subaqueous environment which is in contact

with tidewater calving termini of a grounded temperate glacier (Powell and Domack 2002).
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The muddy and sandy muddy, outsized clast-bearing, massive to faint-stratified
facies (i.e. sandy mudstones and clast-rich to clast-poor diamictites), as well rhythmically
laminated facies that occur interbedded with fine-grained rippled sandstones can be argued
as a product of rapid settling of outwash hypopycnal plumes sediment plus IBRD rainout, or
as low-magnitude gravity-driven resedimented deposits. Processes of this nature occur
concomitantly at the distal grounding zone sediment accumulation zones and the resulted

deposits are a function between their dominance over other processes (Eyles et al. 1985).

The sandy to intermediate, clast-poor diamictites and massive sandstones placed at
the top of unit 1-B lower at locality 16 are interpreted as a product of resedimentation by
low-magnitude slumps at distal zones of grounding line fans. The fact that their matrix is
partly heterogeneous with remnants of current-ripples displaced by step faults are
suggestive of slumps (Alsop and Marco 2011; 2014), differently to the proximal grounding-
line fan massive sandy diamictites interpreted as underflow meltwater-fed products. These
facies contain tabular sharp basal contacts and often grade upwards to better-sorted and
current-rippled sandstones. Such relation demonstrates a downflow transformation where
finer particles enter in a diluted support and deposit lower-flow-regime-generated
sandstones on grain-to-grain supported massive facies as flow decelerates and loses
sediment transport capacity (Mulder and Alexander 2001). Tabular sets of current-rippled
sandstones with downflow macroforms accretion in between those facies marks the

temporal domination of low-energy tractive currents.

Mm- to cm-thick heterolithics mud/sand laminae and lenses (rhythmites) are
suggestive of deposition by underflow turbidity currents associated with settling of
hypopycnal plumes with minor iceberg melting and IBRD rainout since they display an
assemblage of characteristic like: (i) minor truncations between laminae sets and mudstone
rip-up clasts indicating erosion between each turbidity flow; (ii) mudstone laminae are

thicker and contain embedded clasts of very coarse sand to granules, occasionally
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deforming the laminae; (iii) close association with fine-grained climbing-rippled sandstones
with mm-thick mud drapes on foresets; and (iv) occurrence of small current-ripples in the
sand laminae (e.g. Walker 1965, Sturm and Matter 1978, Stow and Shanmugam 1980,
Thomas and Connell 1985, Molnia 1989). Taking into account, we argue against the
lacustrine seasonally-induced varve formation by sediment decantation (Brauer 2004,
Anderson and Dean 1988, Fitzsimons and Howarth 2018) as the depositional mechanism

for these rhythmites.

The faint stratification of some intermediate clast-rich massive diamictites are defined
by 1 cm-thick mudstone-dominated continuous laminae which are better sorted than the
surrounding matrix. Such diamictites are suggestive of deposition at distal zones of the
tidewater termini by a combination of hypopycnal plume settling with IRDB rain-out in which
mudstone laminae were deposited during fluctuations in the balance between mud supply

and IRDB rainout (Powell 1994).

Heterolithics facies generated by the combination of turbidity flows, settling of fines
and IRDB rainout grade upward to massive sandy mudstones with dispersed clasts up to
granule-size. It manifests a progressive minor contribution of underflow resedimentation
and the prevalence of hypopycnal plume settling followed by IRDB rain-out (Eyles et al.
1985). Sandy mudstone beds are up to 30 cm-thick and interbedded with current-rippled
fine-grained sandstone layers no thicker than 15 cm with abrupt basal and upper contacts.
This alternation is attributed to the occurrence of low-energy tractive currents during at
some time concomitant with mud and fine sand settling. At some level, the sandy massive
mudstones grade to a 25 cm-thick layer of a massive sandy, pebble-rich, diamictite that
passes upward again to the massive sandy mudstones. This IBRD-rich layer evidences a
temporal dominance of IBRD rain-out over settling of hypopycnal plumes (Powell and
Molnia 1989, Streuff ef al. 2017). In temperate regimes, sediment budget by meltwater input

and mud deposition tends to prevail over iceberg rainout in the proglacial zone, such
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situation can invert when the amount of iceberg enhances due to high-rate calving episodes
or decrease in meltwater discharge (Powell 1981, Pfirman and Solheim 1989, Powell and

Domack 2002).

Definition of facies formative processes that occur in the proglacial zone are
essential since they help to interpret the proximity of the grounding-line in the proglacial
zone (Powell and Cooper 2002). Whereas unit 1-B lower stacking pattern and grain-size
distribution suggest a progradation from a mud-dominated distal zone to a slumped sandy
proximal zone, the unit 1-B middle shows the opposite, grading upwards from a current-
rippled sandy fine-grained interval to a mud and IBRD-rich interval (Fig. 3A-B). Also, the
lack of varve deposits sensu stricto and abundance of deposits generated by settling of
buoyant hypopycnal plumes seems likely to a glaciomarine setting, contradicting the

glaciolacustrine environment proposed by Vesely et al. (2015).



51

3.6 GLACIOTECTONICS

Although with variable intensities and structural styles, penecontemporaneous, soft-
sediment deformation is present throughout the studied succession. Distinction between
deformation driven by mass-transport and glaciotectonics is a difficult task because the
structural assemblage can be quite similar (Eyles et al. 1985, Visser et al. 1984, van der
Wateren 2002). In our study case, evidence for a glaciotectonic origin include a close
association with glaciogenic features like striated surfaces, striated and bullet-shaped
clasts, ice-rafted outsized clasts and ice-keel scour marks and vertical profiles that show an
upward increase in deformation (Hart et al. 1990) that differ from basal shear zones
developed beneath mass-transport deposits (e.g. Hart and Roberts 1994, van der Wateren
2002). The overall consistency of measured structures (Fig. 3C) suggests highly confined
stress fields for deformation, a characteristic that differs from slides and slumps where soft-
sediment deformational structures are often randomly distributed due to unconfinement and
the influence of submarine topography (Hart and Roberts 1994, Dykstra et al. 2011). In
Addition, the exorbitant predominance of structures generated under compressional and
simple shear regimes over extensional regime-induced structures, which are more likely to
mass-transport deposits, also seems to rule out slumping as the responsible for the

observed deformation (Visser et al. 1984, Martinsen 1994).

Except for small step faults disposed internally to tabular diamictite beds (F4),
interpreted as result of slump processes in a grounding-line fan slope, the structures
described herein are interpreted to have been generated by stress directly transmitted from
advancing glaciers onto unconsolidated to semi-consolidated being thus a product of
glaciotectonics (Aber et al. 1989, van der Wateren 2002, McCarroll and Rijsdijk 2003,
Phillips 2018). The assembly of glaciotectonic structures allowed the recognition of intervals
deformed in simple-shear-dominated subglacial settings as well as under compressional

regime at the glacier margin (McCarroll and Rijsdijk 2003). The internal architecture and
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styles of push-moraines is high variable and depends mainly on the foreland rheology and
glaciologic conditions at ice-margin/sediment interface (Bennett 2001). Although a not
deeper evaluation on push-moraine anatomy can be made, the assembly of glaciotectonic
structures support some brief considerations on the styles of the three push-moraines

identified in the ice-complex.

In addition to diamictites of unit 1-A emplaced at subglacial zone during a glacier
advance on bedrock, part of strata of unit 1-B lower as well the muddy diamictite place on
top of unit 1-B upper are credited to have been generated at the subglacial zone and acted
as the basal deforming layer (Evans et al. 2006, Menzies et al. 2018). A typical idealized
vertical sequence/continuum of subglacially simple-shear-deformed sediments during a
glacier overriding, where strain rates enhance towards the glacier sole and there is a
transition from glaciotectonites to a deformation till (Hart et al. 1990, Hart and Boulton 1991,
Benn and Evans 1996, van der Wateren 2002), fits in the observed sequence of lower
portion of unit 1-B placed at locality 2 and correlated to diamictites exposed at locality 12. At
this location there is an upward transition from a bottom zone dominated by rootless
isoclinal folds, passing trough a zone dominated by subhorizontal shear planes in a
heterogeneous matrix with boudinaged and disrupted sandier layers towards homogenised
diamictites on top with a high-density of subhorizontal anastomosing shear surfaces. An
exposure at locality 16 of unit 1-B lower contains low deformation rates where tilted strata
disposed in gentle to open folds and somewhen boudinaged and cut by reverse faults are
indicative that part of unit 1-B lower was deformed in ice-marginal settings, corresponding

to distal zones of a push-moraine.

The whole unit 1-B middle are credited to be deformed at the ice-marginal zone
during an episode of ice advance and represents the distal portions of the deformed
foreland. Considerations about this push-moraine can be done at localities 3 to 5 where

grounding-line sandy-gravelly and proglacial fine-grained deposits show low-accentuated
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folding and thrusting. The gentle and open folds observed at these outcrops are parasitic
folds of mega-scale synclines and anticlines. Subhorizontal truncation surfaces in between
the sandy-gravelly deposits that truncate sets of folded strata, can be argued as product of
syn-glaciotectonics during grounding-line outwash aggradation (van der Wateren 1994,
1995) or mega-scale shear surfaces related to the nappe style compressional deformation
generated by ice lobes (Kluiving 1994, van der Wateren 1995). At this model, nappes are
internally slightly deformed and bounded by simple shear-dominated shear zones.
Imbricated low-angle thrusting in minor scale occur at the base of some names especially in
their distal extremities (Bennett 2001). The rheology of deformed material plays a role on
the deformation degree. The proglacial fine-grained facies bedding and internal depositional
structures are gently-folded, thinned and thickened, however still preserved with exception
made of some horizons placed at the contact with sandy-gravelly strata and in between
fine-grained interbedding where facies with higher mud content contain a high-density of
subhorizontal shear mm- to cm-sized shear surfaces and heterogeneous matrix containing
remnants of sedimentary structures. In indicates simple-shear dominated shear horizons
and intrastratal displacement facilitated by bedding discontinuities associated with stratal

composition contrasts and facies higher mud content (van der Wateren 1985, Murray 1994).

The push-moraine that is materialized in deformed grounding-line fan deposits of unit
1-B upper is more likely related to a thrust-fold dominated style (Croot 1987) and has a
more complex assembly of glaciotectonic structures since it was overridden. The sandy-
gravelly bulk of this grounding zone deposits does not allow significant intrastratal
discontinuities and high mud content, being this imposed deformation in more brittle regime
(Bennett 2001). High shear strain is confined inside that bound some non- to moderately-
deformed sets of sandy-gravelly strata. These thrusts are sometimes rooted in the base of

the sandy-gravelly association and possibly related to a rooting in a décollement surface



54

that bases the whole push-moraine (Boulton et al. 1999). Folds related to thrusting are

common and range from close to tight and their show a more asymmetric profile.

Homogeneous sheared muddy diamictites placed as mega-slabs in between the top
strata of unit 1-B upper at locality 13 shows slickensided sheared contacts with surrounding
strata interpreted as grounding-line fan deposits. These diamictites are also attributed to a
basal deforming layer and its emplacement as slabs due to transmitted ice-stress is
common in push-moraines at the subglacial to ice-marginal transitional zone (Boulton 1996,
van der Wateren 2002). On other hand, at outcrops corresponding to the top strata of this
unit at the railroad track (localities 9 to 10), there is a superimposition of simple-shear-
dominated structures over compressional-deformed strata that progressively fades away
the original bedding upwards to a homogeneous intermediate massive diamictite with a
basal diffuse contact. Such structures are more pervasive in sandy diamictites layers than
in well-sorted sandy strata. Also, normal faulting associated with boudinaged of current-
rippled sandstone layers occur and are related to subglacial simple shear. Brittle fractures
are correspondent to some observed described fractures in Cenozoic deposits (Rijsdijk et
al. 1999;2010) and related to upward water-scape (i.e. hydrofracturing) forced by subglacial
shearing on water-saturated sediments. At Witmarsum locality, few outcrops of this unit are
available, and these sandy-gravelly strata is poorly deformed and capped by a muddy
sheared diamictite. No relationship between facies were possible, but we conclude that this
location represents the distal portions of the push-moraine complex before being overridden

by the glacier.
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3.7 GLACIAL CYCLICITY AND ICE-FLOW PATTERNS

Considering the vertical changes in facies association and deformation patterns, as
well as glaciers kineto-indicators, a glacial cyclicity can be recognized in the studied
interval, in which three major glacial cycles of advance and retreat at the lowermost portion
of Itararé Group can be defined (Fig. 3A). A graphic representation of these three cycles is

shown in Fig. 12.

The known age for the Lagoa Azul Formation in Parana state is based on
palynomorph analysis in a local (Kipper 2014, Kipper et al. 2017) and basinal scale (Souza
2006), correspond to the Ahrensisporites cristatus biozone and is settled as late Bashkirian
to late Moscovian (around 318 — 307 Ma) (Fig. 1). The ice-contact complex corresponds to
the lower one third of the Lagoa Azul, suggesting that was formed by a shorter period of
time. The age of these deposits relies in a time of major estimated ice volumes during the
LPIA, which can be interpreted as the LPIA glacial maximum as suggested by late Visean —
lower Guadalupian isotopic analysis on tropical carbonates in China (Chen et al. 2016).
Taking into in account, the glacial cycles discussed below are related to higher-frequency
cycles (or subcycles) than previously defined glacial cycles to Itararé Group (e.g. Franga
and Potter 1988, Vesely and Assine 2006) with a similar time span of those subcycles

defined by Buso et al. (2017) to the uppermost Itararé Group strata (Taciba Formation).

3.7.1 Glacial cycle 1 (GC1)

During the glacial cycle 1 (GC1), a warm-based ice lobe advanced northward and
abraded the underlying Furnas Formation and the Precambrian basement, carving striated
pavements on bedrock. A sheet of sandy tillites (unit 1-A) was deposited subglacially just on
this late Devonian-Bashkirian nonconformity at the outer subglacial zone. The modification
of the original sedimentary pile by Phanerozoic reactivations of major basement fault

systems (Lancinha Shear Zone; Fig. 2) (Sadowski 1991, Castro et al. 2014) and by
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Mesozoic uplifting of the Ponta Grossa Arch (Strugale et al. 2007) hampers to deduce if

there was a topographic control on glacier flow as has been documented in other parts of

the Parana Basin (e.g. Fallgatter and Paim 2017). However, the flat surfaces associated

with the basal unconformity points out to a glacier unconstrained by topography, thus

excluding fjord or ice-stream settings for this ice lobe.
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If the glacier advanced on emerged land or into a subaqueous environment
(marine/lacustrine) is still unclear. Trosdtorf et al. (2005) suggested the latter and admitted
a rapid glacier retreat followed by meltwater-fed deltaic progradation (correlated herein to
unit 1-B lower). Vesely et al. (2015), on the other hand, interpreted that these deltaic
sediments filled a small moraine-dammed lake that developed in front of a retreating
terrestrial glacier. However, our paleocurrents from the proglacial deposits that immediately
overlie the tillite indicate sediment transport towards SW (Fig. 3C) and a glacial source
located to NE, meaning that the water body was not filled by sediment derived from the
retreating ice-margin of the GC1 ice lobe that produced the basal tillite. This also evidence
an apparent lack of deglacial deposits directly derived from this northward advancing ice
lobe in this area suggestive of a rapid glacier retreat (Boulton 1990, Dowdeswell et al.
2015) followed by a rapid marine incursion that generated accommodation space for the

deposition of subsequent units.

3.7.2 Glacial cycle 2 (GC2)

The deposits associated to this glacial cycle are stratigraphically above the basal
tillite and belong to the lower and middle portions of unit 1-B. This glacial cycle 2 (GC2)
consists of a major cycle comprising two subordinated cycles (GC2-A and GC2-B) of minor
ice-margin fluctuations of the wet-based, tidewater termini ice lobe (see stages Il to VI; Fig
12).

The establishment of fine-grained proglacial deposition at the distal portions of
grounding-line fans evidences the beginning of GC2-A sedimentation within a marine
environment just after the southward retreat of GC1 ice lobe. Paleocurrents and the
coarsening-upward pattern of unit 1-B lower suggest a progradation of proglacial systems
towards SW (243°; Fig. 3C) relatively far from a grounded, wet-based, tidewater ice-margin

placed farther to the NE, evidenced by occurrence of IBRD in these deposits. This



58

progradation is interpreted to have operated during a constant ice-margin advance, which
culminated with the glacier overriding most of the proglacial facies, as well deforming some
portions at ice-marginal settings giving rise to push-moraines. Favor this interpretation the
fact that paleo-ice flow deduced from subglacial glaciotectonic structures (i.e. shear planes
and isoclinal folds) is towards the WSW (260°; Fig. 3C), roughly parallel to sediment

transport prior to deformation.

A retreat phase towards ENE marks the end of the GC2-A and its record is
materialized in the deglaciation deposits of unit 1-B middle. Paleocurrents from proglacial
and grounding-line fan deposits have a mean vector towards SW (241°; Fig. 3C), which is
consistent with a meltwater source located to ENE. The sandy-gravelly grounding line-fan
deposits exhibit an overall coarsening-upward pattern and internal facies variation
interpreted as a consequence of temporal changes in meltwater discharge during a phase
of stability or quasi-stability of the grounding-zone during retreat. The sudden break in the
transition from the basal grounding-line fan deposits to the upper fine-grained proglacial
interval records a backstepping of the grounding-line fan likely due to a rapid change from

stabilized to retreating ice-margin behavior.

The subsequent deformation of deglacial deposits of GC2-A are related to shear
imposed by ice-push during a renewed ice lobe advance. This advance event marks the
onset of GC2C-B which gave rise to a push-moraine characterized by folded strata
truncated by mega-scale subhorizontal shear surfaces comparable to the nappe model of
van der Wateren (1994, 1995). The stereographic analysis of folded strata and shear
surfaces attributed to GC2-B advance (260° - 273°; Fig. 3C) evidences a westward
deformational vergence similar to GC2-A. Therefore, this episode can be related with a
readvance of the same ice-margin associated with GC2-A, implying in minor fluctuations of

a west-southwestward flowing ice lobe during the GC2.
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3.7.3 Glacial cycle 3 (GC3)

The ice-retreat record of GC2-B is not preserved and it is believed to have been a
combined result of low rates of deposition and high erosion rates during the onset of glacial
cycle 3 (GC3). The initial phase of the third cycle is recorded by the widespread proximal
grounding-line fan deposits of upper unit 1-B, which are placed on a prominent
unconformity that locally cut underlying deposits of GC1 and GC2 and touches the
Precambrian basement. The unconformity was probably generated by vigorous meltwater
flows that highly-scoured the unconsolidated substrate (e.g. boulder-sized rip-up clasts; Fig.
9C) and sourced high amounts of glacial debris to build a large grounding-line fan system at
the margin of a temperate ice lobe (Ashley et al. 1991, Hunter et al. 1996). A progradation
of this fan to NW is indicated by the coarsening-upward pattern and a paleocurrent mean
vector trending 322° (Fig. 3C), implying in an ice-margin placed to SE. Phases of ice-
margin stability associated with calving probably allowed the generation of a thick and

laterally extensive sandy-gravelly succession that are widespread in the area.

The coarsening-upward pattern of facies and the vergence of glaciotectonic
structures (Fig. 3C) indicate a glacier advance to NW that progressively deformed the
grounding-line deposits. This deformation first involved compression due to ice-push at ice-
marginal settings engendering a thrust-fold dominated push-moraine with tillite slabs in the
proximal zone and subsequently a superimposed simple shear subglacial deformation due

to progressive glacier override the push-moraine complex.

The simple-shear-dominated subglacial deformation indicates that the glacier
movement was controlled mainly by deformation of underlying deposits. These deposits
plus the subglacial tillites are widespread and reach the northwesternmost portion of the
study area. This suggests that, contrary to previous interpretations (e.g. Vesely et al. 2015),
that the ice margin advanced far beyond the area of the present study, probably reaching

more internal zones of the basin during GC3 glacial maximum.
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The retreat of this grounded, wet-based ice lobe and the deglaciation phase of GC3
are recorded by the glacially-influenced, undeformed, proglacial fan to deltaic sandstones
that are just above the ice-contact complex by a widespread angular unconformity. These
sandstones have paleocurrents to the northwest and contain intraformational iceberg
scours indicating that the ice margin was still in contact with the water body (Vesely and
Assine 2014, Vesely et al. 2015). The fact that the analyzed glaciogenic interval is directly
overlaid by proglacial fan to deltaic deposits and not by deep-marine deposits such as black
shales and submarine slope mass-transport (e.g. Puigdomenech et al. 2014, Aquino et al.
2016, Fallgatter and Paim 2017) suggests that the ice-complex was generated in a
relatively shallow marine environment, mainly controlled by fluctuations of a grounded

tidewater glacier.
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3.8 PALEOGEOGRAPHIC IMPLICATIONS

During the Early Pennsylvanian the South Pole was over Antarctica and the eastern
margin of the Parana Basin was placed on 45-50° paleolatitudes (Powell and Li 1994)
which is similar to the latitudes of the maximum extent of ice lobes derived from Pleistocene

ice sheets in North America (Ehlers and Gibbard 2007).

Based on modern views of LPIA evolution that assumes smaller ice centers than
traditionally inferred (Isbell et al. 2003, Fielding et al. 2008, Isbell et al. 2012),
paleogeographic reconstructions point out for the presence of the Windhoek Ice Sheet
(WIS) as a source of ice masses that carved glacial valleys in western Namibia (Frakes and
Crowell 1970, Martin 1981, Visser 1987) and reached the eastern border of the Parana
Basin (Santos et al. 1996, Vesely et al. 2015, Fallgatter and Paim 2017). Since the glaciers
discussed herein do not possess evidence of topographic control as well as sedimentation
in fjord or ice-stream settings (Clark and Stokes 2005, Hambrey and Glasser 2012), our
interpreted glacial cycles are related to the marginal portions of ice lobes possibly fed by
Namibian ice-streams (Patterson 1997;1998) that represent WIS maximum extent at this

region during the late Bashkirian-Moscovian LPIA onset in eastern Parana Basin.

The time frame between and during each of the glacial cycles as well as the amount
of ice lobes responsible for the ice-complex deposition is uncertain because of the lack of
ice-masses track and high-resolution chronostratigraphy and provenance analysis. Vesely
et al. (2015), by studying the deposits examined herein, postulated that the deposition of
the Lower Pennsylvanian basal strata in Parana State was influenced by two separate ice
lobes referred to as Southern Parana Ice Lobe (SPIL) and Northern Parana Ice Lobe
(NPIL). According to this model, the area of the present study stayed under the influence of
SPIL, which behaved as a fluctuating ice margin moving on emerged land towards N and
NW (correlated herein to GC1 and GC3) and the NPIL took place in Ventania region about

130 km farther north.
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However, the results of the present study suggest a more complex scenario,
involving the interaction of multiple advance and retreat phases of likely distinct ice lobes in
order to explain the stratigraphic complexity and changes of ice-flow direction with time.
Taking into in account, we propose a model to Parana Basin LPIA onset during Lower
Pennsylvanian glacial maximum based on previous paleogeographic reconstructions and
recent published data in analogy with the outlet ice lobes behavior of Northern Hemisphere

Pleistocene ice sheets (Fig. 13).

Erosional features placed on the Itararé basal nonconformity and basal tillites (Rosa
et al. 2016) as well as paleocurrent recorded in lowermost Itararé Group (Vesely et al.
2015) in regions farther north show a strong general NW ice-flow arrangement for the WIS
ice lobes. GC1 and GC2 ice-flow patterns at Balsa Nova region deviate from this regional
framework evocating that can be a consequence of the radial lobate termini of ice lobes
(e.g. Evans et al. 2008, Glasser et al. 2008, Kehew et al. 2012). Based on this, the GC1 ice
lobe corresponds to SPIL that flowed northwestward from WIS on emerge land and only its
marginal northward ice-flow pattern is record at the study area (Fig. 13A), The GC1 rapid
ice lobe retreat was followed by a marine incursion and the ice-complex strata stayed under
influence of NPIL during GC2 which is registered at Balsa Nova region with a west-
southwestward ice-flow direction (Fig. 13B). The NPIL can be argued also as the
responsible for deposition in Ventania area and by the generation of subglacial
intraformational striated surfaces over basal diamictites in southern S&o Paulo state

(Caetano-Chang et al. 1990).

U-Pb detrital zircon ages of grounding-line fan deposits of unit 1-B upper (i.e. relative
to GC3) at Bassani sand pit demonstrate a major local-source contribution of
Neoproterozoic zircons derived from Precambrian granitic rocks placed some kilometers SE
of Balsa Nova (Griffis et al. 2018a) expressive that GC3 was under influence of a

readvance of SPIL (Fig. 13C).
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In addition to the influence of NPIL and SPIL on sedimentation in eastern Parana
Basin, the Kaokoveld Ice Lobe (Frakes and Crowell 1970, Franga and Potter 1988, Santos
et al. 1996) is also invocated for the areal scouring and shaping streamlined bedforms on
Precambrian basement in Sao Paulo state (Almeida 1948, Amaral 1965, Rocha-Campos et

al. 1968, Viviani and Rocha-Campos 2002, Pérez-Aguilar et al. 2009) during the LPIA onset

in eastern Parana Basin.
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Figure 13 — Postulated paleogeographic model for the Lower Pennsylvanian LPIA onset at eastern margin of
the Parana Basin according to (A) glacial cycle 1, (B) glacial cycle 2, (C) glacial cycle 3. Paleogeographic map
location shown in reconstructed South America and Africa during Gondwana with the main LPIA basins. KIL =
Kaokoveld Ice Lobe; NPIL = Norther Parana Ice Lobe; SPIL = Southern Parana Ice Lobe. Areal distribution of
Devonian units obtained from isopach map in Milani and Ramos (1988). Maritime way based on isopach maps
of Lagoa Azul Formation from Santos (1987) and Franga and Potter (1988).
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Another possible ice center that emanated ice masses to Parana Basin margins
during the Early Pennsylvanian was placed over a region that comprehends southern
Brazil, Uruguay, easternmost Argentina and southwesternmost Africa (Rosa et al. 2016,
Fallgatter and Paim 2017, Assine et al. 2018, Giriffis et al. 2018a), thus being related to the
same source of younger Uruguay Ice Lobe responsible for generating subglacial features
with a similar N-S trend during late Carboniferous to early Permian (Tomazelli and Soliani
1982;1997, Assine et al. 2018). A topographically-controlled Early Pennsylvanian ice center
placed at this region is plausible since there is a prolonged late Devonian — late
Pennsylvanian sedimentation gap consequence of the Chafic (Eo-Hercynian) orogeny at
Panthalassa gondwanic margin related to Gondwanides (Lopez-Gamundi and Rossello
1993;1998, Milani and de Wit 2008). Glaciogenic to glaciomarine sedimentation record in
southern Parana Basin and Sauce-Grande basin started in late Pennsylvanian (di Pasquo
et al. 2008, Griffis et al. 2018b) as accommodation gradually moved southwards due to
eustatic rise (Holz et al. 2010, Vesely et al. 2017) suggesting that continental glaciers were
active and restricting deposition in that region during Early Pennsylvanian (Gonzalez-

Bonorino and Eyles 1995).

Subsequently to the glacial cycles discussed herein, the end of Lagoa Azul
Formation deposition eastern rim of the basin, near the Moscovian-Kasimovian boundary, is
portrayed by a relative sea level rise evidenced by the transition to deep-marine
sedimentation. The sea level rise can be argued as a consequence of major ice lobes
retreat; however, they were still in contact with the marine environment, evidenced by
presence of iceberg-rafted debris and iceberg keel scour marks in these deposits (Vesely

and Assine 2006, Vesely et al. 2015).



65

3.9 CONCLUSIONS

By combining sedimentology and structural analysis of a lower Pennsylvanian ice-

contact complex belonging to the lowermost Itararé Group in Balsa Nova region, eastern

Parana Basin, some conclusions can be enumerated concerning late Paleozoic

glaciodynamics and paleogeography in this region of western Gondwana:

(1)

(2)

3)

(4)

)

Three facies association corresponding to subglacial tillites, ice-marginal (proximal
grounding-line fan) and proglacial (distal grounding-line fan) are recurrent in four
defined informal stratigraphic units occurring in the base of the Lagoa Azul
Formation. Such facies association were deformed in subglacial and ice-marginal
settings giving rise to subglacial tillite sheets and push-moraine complexes.

The vertical recurrence of facies association and deformed intervals record an
advance-retreat glacial cyclicity designated as GC1, GC2 and GC3. Each glacial
cycle corresponds to a glacial advance towards north, west-southwest and
northwest, respectively.

With exception of subglacial tillites placed in the lower portion, which its environment
discussion is still open, the ice-complex was generated under influence of advances
of grounded temperate ice lobes with tidewater termini in a glaciomarine
environment, what contradict previous interpretations that assumes a
glaciocontinental (glaciolacustrine) origin for these deposits. It impacts in an earlier
marine incursion during Early Pennsylvanian than previous stipulated.

Glaciotectonic soft-sediment structures are a reliable indicator of ice-flow patterns in
between the LPIA strata and mapping of glaciotectonized intervals should be more
engaged in order to constrain the LPIA glacier kinematics since the widely employed
kineto-indicators are over the basal nonconformity.

This basal interval provides valuable information about LPIA ice-flow patterns and

the interaction of more than a single glacier in deposition of a thin interval. We
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strongly encourage future detailed research on provenance analysis and mapping of
ice-tracks to constrain source-area and glaciers timing during the LPIA onset in

Parana Basin as well as in other gondwanic basins.
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4 CONSIDERAGOES FINAIS

O estudo em detalhe do intervalo majoritariamente glaciogénico situado no sudeste
do estado do Parana trouxe a tona algumas questdes referentes aos primeiros estagios de

sedimentagao e da agéo glacial neopaleozoica na Bacia do Parana.

A maioria das fei¢des utilizadas para a definigdo do sentido de paleofluxo glacial e
que registram a presenca direta de geleiras estdo situadas sobre a discordancia que
embasa o Grupo ltararé, resultando no fato de que os ciclos glaciais e sentidos de fluxo
das geleiras neopaleozoicas sao definidos indiretamente a partir da analise da ciclicidade
dos depdsitos marinhos glacio-influencidos e pela analise de paleocorrentes. De outro
lado, a analise glacio-tectdnica realizada péde constatar que a orientagcdo de estruturas
deformacionais e a distribuicdo vertical dos estilos de deformacdo é uma poderosa
ferramenta que, combinada a andlise estratigrafica, permite inferir atributos
paleoglacioldgicos e distingdo de ciclos glaciais de menor escala em eras glaciais

pretéritas.

A distingao de trés ciclos glaciais de menor escala em um contexto local resultantes
da interagdo de trés lobos glaciais com diferentes sentidos de fluxo (N, SSW e NW)
durante o maximo glacial da Era Glacial Neopaleozoica sugere um cenario mais complexo
do que previamente estipulado e que envolve a interagdo de mais de um lobo glacial na

deposigao de uma determinada area de pouca expressao geografica.
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