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and that no one should ever have left the oceans™
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RESUMO

DE BARROS, Gabriel Eduardo Baréa. Icnotaxonomia da sequéncia sedimentar do Grupo
Itararé na regido de Itu (Carbonifero Superior, Sdo Paulo, Brasil): desvendando padrées
de colonizacdo e implicacGes paleoambientais. 2022. 203f. Dissertacdo de mestrado,
Departamento de Biologia, Universidade de Sdo Paulo, Ribeirdo Preto. 2022

Icnofésseis sdo importantes registros do comportamento dos animais no passado,
principalmente em ambientes onde poucos fosseis corpéreos sdo preservados. Ambientes
glaciais do passado tendem a ter apenas icnofdsseis como principal registro paleobioldgico,
sendo muito importantes para a compreensdo da ecologia pouco estudada desses
paleoambientes. Um dos grandes interesses no estudo de icnofdsseis € seu uso como proxies
ambientais, devido a estrita relacdo organismo-ambiente preservada em alguns icnotaxons.
Nesse caso, sdo valiosos registros em ambientes glaciais, especialmente na Sequéncia
Sedimentar do 'Varvito de Itu’, ndo sé pelos poucos registros paleobioldgicos neste depoésito
glaciogénico, mas também pelo longo paradigma de qual ambiente glacial eles foram
depositados. Levando em consideracdo ambientes glaciogénicos, dois icnogéneros sao
conspicuos de ambientes glaciais passados: Umfolozia e Warvichnium, ambos produzidos por
artrépodes e pelo menos em dois eventos glaciais diferentes (Paleozdico Tardio e Quaternario).
O capitulo 1 desse trabalho redefine a diagnose de Umfolozia e adiciona uma nova icnoespécie
denominada Umfolozia terere isp. nov., do Carbonifero do Brasil. Em rela¢do ao Warvichnium,
identificou-se trés icnoespécies, mantendo o Warvichnium ulbrichi original e alocando duas
morfologias para um novo icnogénero, denominado Satilioichnus igen. nov.. Este icnogénero
possui a icnoespécie Satilioichnus arcus igen. et isp. nov. e Satilioichnus paripinnatus igen. et
isp. nov., registrados no Carbonifero, Pleistoceno e Holoceno, todos em depdsitos de influéncia
glacial. Além da andalise morfologica classica de icnotaxobases, utilizou-se analise
morfometrica multivariada (CVA e PCA) e testes estatisticos inferenciais (Wilcoxon-Mann-
Whitney/Kruskal-Wallis) para apoiar as revisdes. Esse primeiro capitulo redefine o estudo da
icnotaxonomia desses icnofosseis, e adicionalmente, identifica que eles registram Varios
comportamentos com implicacdes para interpretacdes de facies e paleoambientes. No capitulo
2, redefine-se a icnologia da Sequéncia Sedimentar do Grupo lItararé na regido de Itu (Séo
Paulo, Brasil), que € notdria por ser um ambiente glacial muito importante durante a Glaciacéo

do Paleozoico tardio. Sendo assim, descreve-se uma icnoassembléia de icnofdsseis para o



“Varvito de Itu’ com a identificagdo de suites icnologicas e padrdes de colonizagdo. ldentificou-
se diferentes conjuntos de facies para a descricdo detalhada da sequéncia de Varvito de Itu,
incluindo quatro suites de icnofdsseis e dezessete icnotaxons, além de esteiras microbianas.
Encontramos féacies de folhelho com intercalacbes ocasionais de arenito de cimento
carbonético, refletindo possivel deposicao de 4gua salobra. Nestas facies de arenito de cimento
carbonatico, encontrou-se uma suite icnolégica dominada por tocas rasas produzidas por
organismos vermiformes, relacionados a ambientes de agua salobra/oligohalinos, dos
icnotaxons Cochlichnus anguineus, Helminthoidichnites tenuis, Helminthopsis abeli,
Palaeophycus tubularis, Treptichnus bifurcus e Treptichnus pollardi. Também na facies
folhelho e em menor escala, identificou-se uma suite infaunal dominada por tocas por
organismos vermiformes: Chondrites intricatus, Palaeophycus tubularis, Thalassinoides isp. e
Skolithos isp., indicativos de ambientes totalmente marinhos. Em particular, os registros de
Chondrites e Thalassinoides reforcam a hipdtese de deposicdo marinha na sequéncia
sedimentar de ‘Varvito de Itu’, aumentando também o registro de icnofauna, e também
relacionado a ambientes de baixa oxigenacdo/neriticos, registrando novas evidéncias de
deposicdo marinha profunda para o local. Posteriormente, provavelmente devido a grande
entrada de agua doce proveniente de agua de degelo ou rios proximos, domina-se uma suite de
trilhas de artropodes aquaticos epifaunais (Cruziana problematica, Cruziana cf. diplopoda,
Diplichnites gouldi, Diplopodichnus biformis, Rusophycus carbonarius, Umfolozia sinuosa e
esteiras microbianas). Devido as descargas de degelo, o local tornou-se um ambiente de agua
doce/estuarino, levando a uma maior colonizacdo por artropodes. Finalmente, ha evidéncias de
exposicao subaérea esporadica ou colonizacdo terrestre por miriapodes, pela presenca de

Clavifasulcus jordii em uma suite dominada por trilhas terrestres ou transicionais.

Palavras-chave: Paleoinvertebrados bent6nicos. Icnologia aplicada. Colonizacdo. Ambientes

glaciais. Diversidade funcional.
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ABSTRACT

DE BARROS, Gabriel Eduardo Baréa. Ichnotaxonomy of the sedimentary sequence of the
Itararé Group in the Itu region (Upper Carboniferous, Sdo Paulo, Brazil): unraveling
colonization patterns and paleoenvironmental implications. 2022. 203p. Masters

Dissertation, Departamento de Biologia, Universidade de Sdo Paulo, Ribeirdo Preto. 2022.

Trace fossils are important records of animal behavior in the past, especially in environments
where few body fossils are preserved. Past glacial environments tend to have only trace fossils
as the main paleobiological record, being very important for understanding the understudied
ecology of these paleoenvironments. One of the great interests in the study of ichnofossils is
their use as environmental proxies, due to the strict organism-environment relationship
preserved in some ichnotaxa. In this case, records in glacial environments are valuable,
especially in the "Varvito de Itu' Sedimentary Sequence, not only for the few paleobiological
records in this glaciogenic deposit but also for the long paradigm of which glacial environment
they were deposited. Taking into account glaciogenic environments, two ichnogenera are
conspicuous from past glacial environments: Umfolozia and Warvichnium, both produced by
arthropods and in at least two different glacial events (Late Paleozoic and Quaternary). Chapter
1 of this work redefines the diagnosis of Umfolozia and adds a new ichnospecies named
Umfolozia terere isp. nov., from the Carboniferous of Brazil. Regarding Warvichnium, three
ichnospecies were identified, keeping the original Warvichnium ulbrichi and allocating two
morphologies to a new ichnogenus, named Satilioichnus igen. nov.. This ichnogenus has the
ichnospecies Satilioichnus arcus igen. et isp. nov. and Satilioichnus paripinnatus igen. et isp.
nov., recorded in the Carboniferous, Pleistocene, and Holocene, all in glacial-influenced
deposits. In addition to the classic morphological analysis of ichnotaxobases, multivariate
morphometric analysis (CVA and PCA) and inferential statistical tests (Wilcoxon-Mann-
Whitney/Kruskal-Wallis) were used to support the reviews. This first chapter redefines the
study of the ichnotaxonomy of these ichnofossils, and additionally, identifies that they record
several behaviors with implications for interpretations of facies and paleoenvironments. In
chapter 2, the ichnology of the Sedimentary Sequence of the Itararé Group in the Itu region
(S&o Paulo, Brazil) is redefined, which is notorious for being a very important glacial
environment during the Late Paleozoic Ice Age. Therefore, an ichnofossils assemblage for the

‘Varvito de Itu' is described with the identification of ichnological suites and colonization

vii



patterns. Different sets of facies were identified for the detailed description of the Varvito de
Itu Sedimentary Sequence, including four ichnofossil suites and seventeen ichnotaxa, and
microbial mats. We found shale facies with occasional intercalations of carbonated-cemented
sandstone, reflecting possible deposition of brackish water. In these carbonated-cemented
sandstones facies, an ichnological suite was found dominated by shallow burrows produced by
worm-like organisms, related to brackish/oligohaline water environments, of the ichnotaxa
Cochlichnus anguineus, Helminthoidichnites tenuis, Helminthopsis abeli, Palaeophycus
tubularis, Treptichnus bifurcus, and Treptichnus pollardi. Also in the shale facies and on a
smaller scale, an infaunal suite dominated by burrows by worm-like organisms was identified:
Chondrites intricatus, Palaeophycus tubularis, Thalassinoides isp., and Skolithos isp.,
indicative of fully marine environments. In particular, the Chondrites and Thalassinoides
records reinforce the hypothesis of marine deposition in the 'Varvito de Itu' sedimentary
sequence, also increasing the ichnofauna record, and also related to low-oxygenation/neritic
environments, recording new evidence of deep marine deposition to the location. Subsequently,
probably due to the large meltwater of glaciers or nearby rivers, it has identified a suite of
trackways of epifaunal aquatic arthropods (Cruziana problematica, Cruziana cf. diplopoda,
Diplichnites gouldi, Diplopodichnus biformis, Rusophycus carbonarius, Umfolozia sinuosa,
and microbial mats). Due to meltwater discharges, the site has become a freshwater/estuarine
environment, leading to increased colonization by arthropods. Finally, there is evidence of
sporadic subaerial exposure or terrestrial colonization by myriapods, through the presence of

Clavifasulcus jordii in a suite dominated by terrestrial or transitional trails.

Keywords: Benthic paleoinvertebrates. Applied ichnology. Colonization. Glacial

environments. Functional diversity.

viii



SUMMARY

. GENERAL INTRODUCTION OF THE THEME ......ccoiiiiiiiee e
1. GENERAL CONCLUSIONS ...t

LITERATURE CITED



Gabriel E.B. de Barros - 2022

l. GENERAL INTRODUCTION OF THE THEME

Ichnology is the study of traces created by living organisms in different substrates
(Buatois & Mangano, 2011). It comprises specially bioerosion and bioturbation structures, and
their production is strictly linked to the behavior of organisms (Buatois & Mangano, 2011,
2018). The use of ichnology is linked to the deep past of human civilization as one of the oldest
cultures in human nature: the use of biogenic traces to location and hunt (Baucon et al., 2012)
by understanding animal behavior through the interpretation of their tracks. These traces
produced today are the area of study called neoichnology (the study of traces of extant
organisms) (Davis et al., 2007), and their counterpart — the study of fossilized traces of extinct
organisms — is paleoichnology (Buatois & Mangano, 2011).

Ichnology allows the study of a large part of the behavior of organisms, and in some
cases, the only record of organisms with low preservation potential (e.g., soft body), and
because it deals with records that are usually preserved in situ, they demonstrate the direct
activity of the organism in the sediment (MacEachern et al., 2007; Pemberton et al., 1992). Due
to the preservation in situ, ichnology has been recognized and enshrined as an important tool
for environmental, paleoecological, and stratigraphic correlation interpretations (Buatois &
Maéngano, 2011). But in the last decades, ichnology also has been revealed in a crucial
paleobiological bias, which has fueled new data on large-scale biological and evolutionary
processes (Mangano & Buatois, 2016a, 2016b), and fossil organisms ethology (Baucon et al.,
2020). Trace fossils translate both an increase in bauplan complexity, diversity, and behaviors
throughout metazoan evolution (Buatois & Mangano, 2018; Mangano & Buatois, 2016a,
2016b) and evolutionary trends in habitat colonization over time (Buatois et al., 1998, 2000;
Buatois & Méangano, 2007; Johnson et al., 1994; Lima et al., 2015; Seilacher et al., 2005). In
sum, under the light of ichnotaxonomy, ichnology can be used to answer questions about how
animals interacted, the paleodiversity, and how they colonized environments, improving and
revealing important evidence to test existing competing hypotheses.

In environments of glacial influence, several colonization patterns can be repetitive over
time, as the retreat and advance of glaciers interfere quickly and drastically in several aspects
of a habitat (e.g., oxygenation, temperature, sedimentation, and nutrient flow) (Netto et al.,
2012). Past glacial environments tend to preserve only trace fossils, so ichnology has one of its
greatest applications. The biggest Ice age of the Phanerozoic happened during the
Carboniferous (The Late Paleozoic Ice Age — LPIA), with the lowest global temperatures

10
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recorded in the Phanerozoic, in addition to the largest ice masses influencing the ancient
Gondwana continent (Rosa & Isbell, 2021). The context of the LPIA is typically reflected in
the Itararé Group (Rocha-Campos et al., 2008), deposited in the Parana Basin, it constitutes the
largest record of glacial environments in the Permian and Carboniferous (Rocha-Campos et al.,
2008), and in terms of paleodiversity, it is predominantly constituted by horizontal ichnotaxa,
mostly produced by arthropods and “wormlike” animals. These trace fossils were found mainly
in the Mafra and Rio do Sul formations (Balistieri et al., 2003; Lermen, 2000; Lima et al., 2015;
Netto et al., 2009; Netto, Tognoli, et al., 2012; Nogueira & Netto, 2001) in South of Brazil.

One of the best-known and richest ichnofosilliferous deposits within the Itararé Group
is the outcrops at Parque do Varvito, in Itu (S&o Paulo) (Rocha-Campos, 2002). Several
deposition models have been proposed for the Itu rhythmite (Caetano-Chang & Ferreira, 2006;
Petri, 1986; Petri & Pires, 1992; Rocha-Campos et al., 1977) which largely agree with the
seasonal deposition of sediments in glacial environments. However, even in more recent works
(Bergamaschi et al., 2016; Callefo et al., 2019) there is controversy mainly if the deposit is a
glaciolacustrine or glaciomarine environment.

In addition, trace fossils intrinsically linked to glacial environments occur in past
glaciogenic environments, mainly linked to production by arthropods (Netto et al., 2012), but
some ichnotaxa need to undergo ichnotaxonomic reviews to better encompass current
interpretations of the environments and tracemakers (Bertling et al., 2022).

Due to biotic evolution, environmental, and rapid climate changes over time, the LPIA
is a geological and paleontological case study for the climate changes that are happening now,
after the industrial revolution (Rosa & Isbell, 2021). Gastaldo et al. (1996) and Montafiez &
Poulsen (2013) sparked interest in the scientific community in refining their stratigraphic record
and improving paleoclimatic models, and the recent conception that the LPIA would be an
ancient analog for understanding modern climate change has been one of the great sources of
study for the Upper Carboniferous deposits.

Therefore, this dissertation aims to characterize the ichnotaxa of the ‘Parque do Varvito
de Itu’, as well as to investigate possible patterns of paleobiotic colonization for the sequences
of this exposure, in response to different changes in an environment under the glacial influence
of the LPIA, using as a basis, important aspects of paleoecology and local ichnotaxonomy (e.g.,
functional diversity of animals, speed of colonization in the substrate, ichnodiversity,

ichnodisparity).
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GENERAL CONCLUSIONS

After the presentation of those two chapters, we conclude:

The necessity of emendation of the diagnosis of the ichnogenus Umfolozia and
Warvichnium, the ichnospecies Umfolozia sinuosa, Umfolozia longula, and
Warvichnium ulbrichi;
The erection of the ichnospecies Umfolozia terere isp. nov. and the ichnogenus
Satilioichnus igen. nov., including the two ichnospecies (S. arcus igen. et isp.
nov. and S. paripinnatus igen. et isp. nov.);
The demonstration of the application of the proposals of Bertling et al. (2022),
in that ichnotaxonomy at the ichnogenus level, was fundamentally assessed by
morphological ichnotaxobases, and at the ichnospecies level, assessed by a
combination of ichnotaxobases, and morphometric and statistical techniques;
The anatomical correspondence of isopods as the most probable tracemakers of
Umfolozia isp. and Satilioichnus igen. nov. isp., that occur from the
Carboniferous, including Warvichnium ulbrichi and Satilioichnus igen. nov. isp.
in other early deposits;
The secondary hypothesis of Warvichnium ulbrichi, Satilioichnus arcus igen. et
isp. nov., and Satilioichnus paripinnatus igen. et isp. nov., as being produced by
aquatic insects;
The importance of these ichnotaxonomical reviews for the paleoecological
interpretations of past glacial environments;
The record of the Sedimentary Sequence of the Itararé Group in the region of Itu
is dominated by ichnotaxa produced by epifaunal arthropods, worm-like
animals, with some records of infaunal worm-like ichnotaxa and infaunal
arthropods/worm-like organisms:
The acknowledgment of at least six moments of colonization in the SSIGI:

- (1) a shallow burrow-dominated suite by worm-like organisms in

shallow brackish-water/oligohaline environments with the strong

influence of icebergs;

12
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- (2) infaunal burrow-dominated suite by worm-like organisms in marine
to deep marine and infaunal arthropods tracemakers, in distal
glaciomarine environments;

- (3) underwater trackway-dominated suite from sparsely epifaunal
arthropods in shallow freshwater environments probably related to
lowering of salinity by meltwater discharges in the last marine setting
(proximal glaciomarine environments);

- (4) first incursions by microbial mats and an underwater trackway-
dominated suite from freshwater epifaunal arthropods in a shallow
marine bay with intense influence by meltwater discharges (freshwater
to low salinity), with the sparse influence of icebergs;

- (5) strong colonization of epifaunal arthropods by the presence of an
intense ichnodiversity and ichnorichness of underwater trackway-
dominated suite in a shallow marine bay with intense influence by
meltwater discharges (freshwater) and sparsely influence of icebergs;

- and (6) evidence of sporadic subaerial exposure or terrestrial
colonization by myriapods in a terrestrial or transitional trackway-

dominated suite;
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