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RESUMO
Esta tese tem como abordagem principal o uso de dados icnolégicos como indicadores
de assinaturas estratigraficas, parametros paleoambientais e paleoecoldgicos. Neste
sentido, o diagnéstico de alteragBes nas suites icnoldgicas e icnofacies ao longo da
sucessao do Permiano inferior da Bacia do Parand, permitiu inferéncias da dindmica
relativa da linha de costa em uma maior escala (32 ou 22 ordem). Neste estudo
prospectou-se a sucessao do Permiano inferior (formac¢des Rio Bonito, Palermo e Irati)
em diferentes testemunhos para identificar sua composicéo faciol6gica e icnoldgica.
Esta andlise integrada possibilitou o diagnostico de assinaturas paleoambientais de
estresse como densa ocorréncia de Palaeophycus nos depoésitos de Rio Bonito
(escassez de oxigénio) e assinaturas estratigraficas-chave como Glossifungites
demarcando superficies autogénicas e alogénicas (limites de sequéncia). A variagdo
na distribuicdo vertical das associagfes icnologicas (Icnofacies Skolithos e Cruziana
empobrecida-Cruziana arquetipica-Cruziana distal) e associagbes de litofacies
(estuarino-“shoreface” inferior-“offshore”) de base ao topo reforcam o carater
transgressivo da sucessao estudada. Em sintese, esta tese demonstra a utilidade dos
dados icnolégicos para resolver questdes paleoambientais, estratigraficas e

paleobioldgicas.

Palavras-chave: Icnologia, Permiano inferior, Paleobatimetria relativa, Bacia do

Parana.



ABSTRACT
This thesis approaches the application of ichnological data as stratigraphic signatures
to infer paleocological and paleoenviromental parameters. In this way, the suite and
ichnofacies changes through the early Permian succession of the Parana Basin
permitted to infer the coastline relative dynamics in higher scale (3@ and 2 order). The
study of this succession included the lithological and ichnological composition of the
Rio Bonito, Palermo, and Irati formations recovered in different cores. This analysis
permitted to identify signatures of paleoenviromental stress (depleted oxygen and
salinity) evidenced by the high density of Palaeophycus in the Rio Bonito deposits and
stratigraphic signatures such as autogenic and allogenic surfaces demarked by
Glossifungites suites in the Rio Bonito and Palermo formations, respectively. The
vertical distribution of ichnofacies from base to top (impoverishes Skolithos— archetypal
Cruziana— distal Cruziana (lower ichnodiversity) ichnofacies), and distinctive
sedimentologic signatures (estuarine — lower shoreface — offshore subenvironments)
reinforcing the transgressive character of the early Permian succession. Thus, this
thesis demonstrates the utility of the ichnological data for resolving stratigraphic,

paleoenvironmental and paleoecological questions.

Keywords: Icnology, early Permian, Relative paleobatymetry, Parana Basin.



INTRODUCAO

A Icnologia é a ciéncia onde se estuda as intera¢cdes dos organismos com 0
substrato (Ekdale et al. 1984, Buatois e Mangano 2011). O estudo dos icnofésseis nos
altimos anos tem alcangado uma maior importancia, ja que a Icnologia é amplamente
reconhecida como ciéncia interdisciplinar, pois fornece dados relevantes para as
reconstrucbes paleoecoldgicas e paleoambientais, para a sedimentologia e a
estratigrafia (Meléndez 1989, Buatois et al. 2002, Buatois & Mangano 2011). Além
disso, o0s icnofdsseis proporcionam uma rica informacdo sobre a presenca de
numerosas espécies, muitas das quais ndo deixaram restos corpdreos no registro
féssil (Martinez & Santoja 1994, Fernandes et al. 2007).

O uso da paleoicnologia para interpretacbes paleoecolégicas e
paleoambientais é baseado na capacidade de tais interacdes em refletir, o
comportamento da fauna bentdnica em resposta as condi¢gdes do meio. Neste sentido,
a andlise icnolégica tém sido util para inferir variacdes nas taxas de salinidade,
oxigenagdo e sedimentacdo, energia hidrodindmica, consisténcia do substrato,
paleobatimetria relativa e disponibilidade de suprimento alimentar (Bromley & Ekdale
1984, Ekdale 1988, Pemberton & Wightman 1992, Buatois et al., 1992, 2001, Bromley
1996, Martin 2004, Buatois & Mangano 2011). O uso da Icnologia para analises destes
parametros vem sendo aplicado nos depdésitos da sucessdo sedimentar Rio Bonito-
Palermo (Permiano inferior, Bacia do Parana) h& cerca de 30 anos, a partir de estudos
em escala de alta resolugéo (e.g., Netto & Gonzaga 1985, Boeira & Netto 1987, Netto
1987, 1992, 1994, 1998, Nogueira & Netto 2001a,b, Tognoli & Netto 2003, Buatois et
al. 2007, Gandini et al. 2010). No entanto, o uso da ferramenta icnolégica em escala
de baixa resolucéo (e.g., 32 ou 22 ordem) e seu potencial para sinalizar com acurécia
variagdes da linha de costa e que permitam correlagfes estratigraficas em escala de
bacia ainda inexistem.

A aplicabilidade da Icnologia no diagndstico de parametros paleoecolégicos e
paleoambientais deriva sua utilidade para determinacdo e construcdo de curvas de
oscilagéo da paleobatimetria relativa. E conhecido que mudancas relativas no nivel do
mar podem acarretar alteragcbes nas condi¢des fisico-quimicas do meio, as quais
podem influenciar no padrdo comportamental preservado pela fauna bentdnica
originando variacdes na composicdo das suites icnoloégicas e icnofacies. Neste
sentido, alguns poucos trabalhos tém demonstrado a importancia dos icnofosseis para
contribuir na determinacéo da dinamica do nivel relativo do mar (4% ordem em diante)
(e.g., Bromley and Asgaard 1993, Savrda 1995, Savrda et al. 2001, Fielding et al.
2006, Rodriguez-Tovar et al. 2010, Paranjape et al. 2014).



Assim, usar a Icnologia como ferramenta para estas interpretacdes € crucial,
pois ndo ha registro biogénico mais adequado para a andlise dos fatores previamente
mencionados do que os icnofdsseis. Presume-se que a andlise icnolégica em uma
amostragem continua possa contribuir de forma significativa para definir curvas da
dindmica de variagdo do nivel relativo do mar em uma escala de menor resolugédo
estratigrafica (32 ou 22 ordem). Assim nesta tese sdo abordadas as estratégias de
colonizacdo do ecoespaco na sucessdo do Permiano inferior da Bacia do Parana
(formacdes Rio Bonito, Palermo e Irati) representadas pelas suites icnologicas e
icnofacies, e sua aplicabilidade em estudos para determinar a dindmica relativa na
linha de costa.

DEFINICAO DA HIPOTESE

O paradigma das Icnofacies, como postulado por Seilacher (1967) e refinado
posteriormente por diversos estudos, reconhece agrupamentos preferenciais de
estruturas biogénicas a um zoneamento paleoambiental relativamente especifico.
Assim, mudangas no empilhamento das suites icnoldgicas sinalizariam alteracdes na
paleobatimetria relativa, ja que tais estruturas refletem o comportamento da fauna
bentdnica ante a determinados parametros que podem variar com a batimetria.
Contudo, tais sinalizacdes aparentemente sao mais evidentes em escalas de 42 a 62
ordem, as quais possuem carater local ou regional restrito. No intuito de validar a
eficacia da analise icnoloégica como ferramenta relevante para a determinacdo e
curvas da dindmica da linha de costa e dos principais parametros que controlaram a
distribuicdo dos organismos bioturbadores, propfs-se, nessa tese, testar a hipotese de
que os dados icnoldgicos sao Uteis para definir a dindmica do nivel do mar em uma

escala temporal estratigrafica maior de 32 ordem.

OBJETIVO GERAL DA TESE

Construir a curva de oscilagdo do nivel relativo do mar para o Permiano inferior da
Bacia do Parana a partir da andlise integrada da icnofauna com as associacdes de

facies e estratigrafia.

Objetivos especificos da tese
» Compreender o significado paleobioldgico, paleoecolégico e paleoambiental de niveis

com alta concentragcédo de Palaeophycus na Formacao Rio Bonito.



«. Analisar as assinaturas icnoldgicas de colonizagdo em substratos firmground e sua
relacdo com as superficies estratigraficas na sucessé@o Rio Bonito — Irati da Bacia do

Parana.

* Realizar inferéncias paleoecoldgicas, paleoambientais e paleobatimétricas a partir da

analise integrada das associacfes de facies e a icnofauna

Para cumprir a hipotese foi necessario primeiramente entender ocorréncias ou
situacBes particulares de associacfes de tracos fosseis ocorrendo nos depoésitos
permianos. Assim, foi importante compreender melhor a colonizacdo de Palaeophycus
em alta densidade nos depésitos marinhos da Formacao Rio Bonito, onde se esperaria
maior icnodiversidade. Isto permitiu identificar uma situacdo de estresse
paleoambiental de escassez de oxigénio em contexto de baixa energia hidrodinamica
para estes horizontes estratigraficos (Artigo 1- Permian macroburrows as microhabitats
for meiofauna organisms: an ancient behaviour common in extant organisms).
Também foi importante compreender as ocorréncias de suites de Glossifungites por
sua importancia para demarcar superficies estratigraficas importantes (artigo 2-
Glossifungites suites demarking autogenic and allogenic sedimentary surfaces: a case
study in estuarine and shoreface deposits). Finalmente estes resultados
conjuntamente com as demais ocorréncias dos tracos fosseis permitiu construir as
curvas de paleobatimetria relativa para o Permiano inferior da Bacia do Parana (artigo
3- Evaluating the resolution of the ichnological record for determine the coastline
relative dynamic: a case study in transgressive post-glacial deposits). Neste terceiro
manuscrito se cumpre a hip6tese elencada na tese ao se demonstrar a aplicabilidade
da analise icnoldgica para a definicdo de curvas de paleobatimetria relativa em
segunda ou terceira ordem. Intenciona-se submeter este manuscrito ao periédico
“Journal of Sedimentary Research” ou “Palaeogeography, Palaeoclimatology,

Palaeoecology”.



Capitulo 1. Permian macroburrows as microhabitats for meiofauna organisms: an

ancient behaviour common in extant organisms



Permian macroburrows as microhabitats for meiofauna
organisms: an ancient behaviour common in extant
organisms

JORGE VILLEGAS-MARTIN (%) AND RENATA GUIMARAES NETTO

Villegas-Martin, J. & Netto, R. G. 2019: Permian macroburrows as microhabitats for
meiofauna organisms: an ancient behaviour common in extant organisms. Lethaia,
Vol. 52, pp. 31-43.
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Meiofaunal organisms are indirectly influenced by the activity of benthic macroinver-
tebrates within the sediment, which plays a role in modifying physical and chemical
characteristics of the habitat. The association of meiofaunal organisms and macrobur-
rows is well known in modern environments, but the record of this relationship in the
geological record is still incipient. This study documents diminutive burrows
(Helminthoidichnites tenuis) associated with the surface of macroburrows (Palaeophy-
cus tubularis) in Early Permian deposits. The cylindrical shape and meandering to loop
trajectory of the diminutive burrows indicate that they were produced by small free-
living meiofaunal nematodes. Apparently, P. tubularis (open burrow) constituted a
favourable microhabitat for nematodes, providing the following: (1) protection
against erosive processes and meiofauna predators; (2) oxygen access to more in-depth
layers within the sediment; (3) temperature stabilization; and (4) food supply due to
mucus impregnation in the macroburrow walls by the Palaeophycus tracemaker. The
association between H. tenuis and P. tubularis constitutes the first fossil record of a
symbiotic relationship between meiofaunal nematodes and macrobenthic organisms
(polychaetes). It also suggests that ecological strategies such as mutualism or commen-
salism, which are common between extant nematodes and macrobenthic invertebrates,
were available in the behavioural programme of these organisms since the Early Per-
mian. OJ Bioturbation, commensalism, mutualism, nematode traces, palaeoecology, Per-
mian.

Jorge Villegas-Martinsa [jvillegasmartin@gmail.com], and Renata Guimardes Netto
[nettorg@unisinos.br], Geology Graduate Program, Unisinos University, Av. Unisinos,
950 93022-000 Sao Leopoldo Rio Grande do Sul, Brazil; manuscript received on 27/02/
2018; manuscript accepted on 13/05/2018.

Modern benthic habitats have meiofauna organisms
as components of diminutive size and rapid turn-
over rates. Meiofauna exhibit a high abundance of
individuals and diversity of taxa, contributing to
organic productivity in many sedimentary habitats
and playing a relevant role in benthic food webs.
Additionally, meiofaunal communities are indirectly
influenced in different ways by the activity of benthic
macroinvertebrates through burrowing, gallery and
tube building within the sediment (e.g. Reise & Ax
1979; Pinto & Bemvenuti 2003; Rosa & Bemvenuti
2005). These burrowing activities change the physi-
cal and chemical characteristics of the habitat such
as oxygenation, water circulation, nutrient concen-
tration in the sediment and temperature (e.g. Reise
& Ax 1979; Creed & Coull 1984; Reise 1985; War-
wick et al. 1986; Meyers et al. 1987; Olafsson et al.
1990; Jones & Jago 1993; Mortimer et al. 1999; Olaf-
sson 2003; Pinto & Bemvenuti 2003; Rosa & Bemve-
nuti 2005).

Laboratory and field studies demonstrated that a
variety of meiofauna organisms commonly occur

in association with burrows of benthic macrofauna
(e.g. DePatra & Levin 1989; Pinto & Bemvenuti
2003; Rosa & Bemvenuti 2005; Volkenborn et al.
2007; Shimanaga et al. 2012). An approach to
identify this relationship between meiofauna
organisms and macroburrows in the fossil record
is the presence of structures resulting from animal
behaviour (trace fossils). Diminutive traces attribu-
ted to some meiofauna organisms have higher
chances of preservation than the tracemaker
remains, as the preservation potential of soft-bod-
ied animals is very low.

Here, we report evidence of diminutive trace fos-
sils associated with Palaeophycus tubularis Hall, 1847
in Early Permian post-glacial deposits from southern
Brazil (Rio Bonito Formation, Parana Basin). These
diminutive traces are attributed to the ichnospecie
Helmintoidichnnites tenuis Fitch, 1850 and were pro-
duced by meiofauna organisms such as nematodes.
The palacobiological and palaeoecological signifi-
cance of the H. tenuis—P. tubularis association is also
interpreted and discussed.

DOI 10.1111/1et.12288 © 2018 Lethaia Foundation. Published by John Wiley & Sons Ltd
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Geographical and geological context

The trace fossils studied here come from a small
deposit of the Rio Bonito Formation sedimentary
succession cropping out in the Cambai Grande area,
near Vila Nova do Sul town (state of Rio Grande do
Sul, southern Brazil, coordinates 53°59'23"W/
30°17'31"S; Fig. 1). These occur in heterolithic
deposits composed of massive or laminated siltstone
and fine-grained sandstone with wavy lamination
and combined-flow ripples (Fig. 2). The Rio Bonito
Formation characterizes the base of the transgressive
deposits that followed the demise of Gondwana
glaciation in Parand Basin during the Early Permian
(Cagliari et al. 2014, 2016). The Parana Basin is a

LETHAIA 52 (2019)

vast intracratonic basin (circa 1.5 x 10° km?)
located in the central-southern portion of Brazil
(Zéalan et al. 1990; Milani et al. 2007). The basin fill
reaches a maximum thickness of 8000 m in the
depocenter (Zalan et al. 1990) and consists mainly
of Late Ordovician to Late Cretaceous sedimentary
and subordinate volcanic rocks (Milani et al. 2007).

The tectonic and depositional evolution of the
Parand Basin and subsidence cycles coincided with
the major orogenic phases in the history of south-
western Gondwana. Six second-order depositional
supersequences are delimited comprising Rio Ivai
(Ordovician-Silurian), Parana (Silurian—Devonian),
Gondwana I (Carboniferous to Early Triassic),
Gondwana II (Triassic), Gondwana III (Jurassic—
Cretaceous) and uppermost Bauru (Cretaceous;

Parana

Santa Catarina

Uruguay

30°

31°F

Legend

* Vila Nova do Sul city/Cambai Grande outcrop

D Pre-Gondwanic units
. Passa Dois/Guata/ltararé Grs. .
|:| Rio do Rastro Fm.

- Santa Maria Fm.

|:| Sanga do Cabral Fm. . Caturrita Fm.

Botucatu Fm.
Serra Geral Fm.

Fig. 1. Geographical location and geological map of the Cambai Grande area (red star), Vila Nova do Sul municipality (the Rio Grande
do Sul State, south of Brazil). Adapted from Faccini et al. (2003). [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 2. Schematic profile of the Rio Bonito Formation sedimen-
tary succession (Cambai Grande outcrop) exposed in the Vila
Nova region (the Parana Basin), signalling the distribution of the
Palaeophycus ichnofabric and shells per bed and the levels where
occur the high concentrations of Palaeophycus with diminutive
trace fossils (red arrows) in this study. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Milani et al. 2007). The Rio Bonito Formation is the
basal unit of the Gondwana I Supersequence (Milani
et al. 2007) and records part of the transgressive
phase of the transgressive—regressive cycle that char-
acterizes the Gondwana I Supersequence (Lopes &
Lavina 2001; Holz 2003). It is composed mostly of
very fine- to very coarse-grained sandstone with
trough and hummocky cross-stratification, con-
glomerate, fine-grained heterolithic deposits, mud-
stone (parallel-laminated and massive) and coal
seams (e.g. Schneider et al. 1974; Lavina et al. 1985;
Lavina & Lopes 1986; Buatois et al. 2001a, 2007;
Tognoli 2002; Gandini et al. 2010; Holz et al. 2010).

The sedimentary facies of the Cambai Grande area
consist of conglomerate, siltstone, claystone,

Macroburrows as microhabitats for meiofauna 33

heterolithic beds and coarse- to fine-grained sand-
stone. The fine-grained sandstone shows low-angle
and hummocky cross-stratification, while the coar-
ser sandstone shows trough cross-stratification and
parallel lamination (Table 1). Bivalve molluscs
(genus Heteropecten, Schizodus, Myonia, Praeundu-
lomya, Volselina, Oriocrassatella), inarticulate bra-
chiopods (Orbiculoidea), unidentified echinoids and
plant fragments (Glossopteris Flora) are the primary
body fossils in Cambai Grande area (e.g. Dolianiti
1945; Martins & Sena Sobrinho 1950, 1952).

Trace fossils of mesohaline and fully marine inver-
tebrate organisms are common in the median and
upper portions of the Rio Bonito Formation (Para-
guagu and Siderdpolis members, respectively; e.g.
Netto 1994, 1998; Buatois et al. 2001a,b, 2007; Gan-
dini et al. 2010). They are represented in the study
area mostly by ichnofabrics of Asterosoma, Bergaue-
ria, Conichnus, Gyrolithes, Lockeia, Macaronichnus,
Palaeophycus,  Phycosiphon,  Planolites,  Rosselia,
Siphonichnus, flattened Teichichnus and Thalassi-
noides (Table 1).

The basal deposits of the Rio Bonito Formation
(Triunfo Member) had been assumed as accumu-
lated in fluvial-deltaic settings (e.g. Lavina et al.
1985; Lavina & Lopes 1986; Holz et al. 2010). The
median and upper portions, otherwise, were inter-
preted as tide- and wave-dominated shallow marine
and estuarine deposits (e.g. Netto 1994, 1998; Bua-
tois et al. 2001a,b; Tognoli 2002; Lopes et al. 2003).
Based on sedimentological and palacontological
data, the deposits of the Rio Bonito Formation in
the Cambai Grande area were assumed as represen-
tative of a lagoon-barrier system formed in deltaic
and estuarine settings (Elias et al. 1999, 2000).

Materials and methods

The material studied is housed in the palacontologi-
cal collection of MHGeo Museum at Unisinos
University (samples ULVG-12286 to 122892). The
description of trace fossils was made by direct obser-
vations in the field and laboratory, using collected
samples. The description considered the main gen-
eral ichnotaxobases (general morphology, burrow
walls, burrow infill, branching), as expressed in
Bromley (1990) and followed the guidelines for ich-
notaxonomy and the stratinomic classification as
stated by Bertling et al. (2006) and Seilacher (1964),
respectively. Additional detailed information was
also considered, such as the maximum outer diame-
ter, cross-cutting relationships, burrow trajectory
and external surface features. Optical microscopy


www.wileyonlinelibrary.com

LETHAIA 52 (2019)

. Villegas-Martin & R. G. Netto

34

(panunuoo)

Aeq aurrenysg
/yanowr £1enysg

S[euueyd auLIen)sy

s[puueyd suLIrenisy

S[euueyd suLIen)sy

e)[op A1en)sa 1ouuy

sy1sodap paouanyyur
-9ABM PUE -9PI],

syisodop
pasuanuI-apI],

sysodap
pasuanpjuI-apIy,

syisodop
pasuanuI-apI],

sysodap orejjep—[eIan|g

smoyy
PauIqUIOD AI0JR[[12SO
pUE [RUOTII™IIPIq
‘[euonOaITp-TU )
SMO[J [BUOT)OAITP
-1un A3pua-ySiy

SMO[J [BUOTIDAIIPIq
/Teuonsaip-tun

SMOTJ [BUOTAIIPIq
puUE [BUOTIDAIIP-TUN)

SMOTJ [EUOTIORITP
-Tun A819U9-m0T

surewoi yuerd Sagpuoy)

SHUYIILOD)

DUL050.421SYy UOY 150941

DLINDSIDG SHUYIIYIID,

SOPLOLISSVIVI ], SA1|OUV]]

stpngny snodydoavipg

snafydoavivg

D12YI0T “saY11]0.1AD)

“D1]ass0Y JO $ILIqRIOUTD]
SIPYS

JuasqQy

JuasqQy

surewrar Jueld ‘suvmgny
snodydoavipg ‘vijassoy
SMO1INQ [BIUOZLIOY
Auny ‘saproutssvjvyJ,

Jo ouqejoutyd]

surewral jue[qd

Areoor
INDJ0 UONBQINIOIqOZIYT
pue s)sepenur
pnuW SNO3DBUOQIRD ‘SPaq
PazZI[IqeIso1q ‘spunoisygns
‘syoeId STSAIAULS ‘sofddix
PAATE]S ©QUOISAR[D dATSSEUI
QUO0)SPUBS PUB JUOISIIS
uT $9I1NJONI)S IISE]f
‘so[ddrr moj-paurquiod
pue aAem ‘uoneurue|
PN J[qnop woTjeUTUIR]
-$S0I0 J[3UB-MOT
uonedynens
-ss01d d[due-y3ry

o[due
Mmo[ 01 Y31y woly urkiea
UONBOYTRIIS-SSOID YSnoi],
uoneqIN]oIqozIy
‘s2IM1ONIS
19sej ‘saderp pnw a[qnop
‘sojddrxr mopj-paurquiod
‘so[ddx reuondarpiq
“UOTIBIYIIRIIS-SSOID
a[3ue-MO[ 0) ~WNIPIN
saderp pnu [eod ‘sdo)
PaJe[pUN ‘UOTIRIYTIRIIS
-$S0I0 J[3UB-MOT

uonesynens

G AJeoor
F—7 9[dS UOTIBQIN)OIq
Surppaq aaem pue
Surppaq ury) IenONUI]
Suriroy auojspues
paureId-auy A10A Yam
pappaqIaut osye A[edo|
QUOISAB[ SN02OLUOQIED
pue snoadesrur
Y3Mm pappaqloiul
QUO0)SY[IS YILI-DTULSIO
auo}spues
zyrenb ‘pauresd-aurg
spaq pajeureSfeure
Sururioy auojspues asoyIe
pa1daras 100d ‘paurerd
-35180D AI9A 0} -35180D)

T Aqreoor ‘1

9[e2S UOT)RQIN]OIq (SISBQ

JAISOID S3[04Ad premdn

-Suruy Surtuiio} suojspues
PAUTEIS-TUNIPIUT 0] -35I120))

safnueid o) dn sysepenur
Yum A][eoof ‘ouoispues A1[1§

s)sepenur aruerd

SumInod 9seq IAISOId SPaq

2UO0)SpUES JO aseq ) e

S)SE[ORIIUT [}IM SUO)SPUELS

BuIppaq IO
suojispues
paurerd-aur

auoIspues
paureid-asieon)

JuoIspues paureid
-WNIPAW 0] -2STB0D)

Juolspues 1§

SISE[ORIUT M
JuoIspues paureid

e)op A1en)so ouu]  s)1sodap drejap—[eIanyy SMO[J [BUONIAIIP-TU) Juasqy -$S0I0 J[3ue-MOT paureId-wnrpaur 0y -aur] -wnipaw 0) -dul]
(o0 yuswaseq)
sauojsdoap ¢sajqqad
pue sppAeI3 pajooey pue souojsdoIp am
sysodap uonesynens PaIBLIS IIM SIUO)SpULS Juolspues paurerd
surefd yseminQ pasuanpjur AJ[erde[n SMOTJ [EUOTIOIIP-TU) JuAsSqy -$S010 J[3uB-MO] paureIS-wnipaw 0y -dury ~WNIPaW 0} -dUL]
Xuew Apues
‘Ie[ndue JIe S)Se JWOS
£5]SE]D [BUOIIRULIOJRIIXD
pue [eUOTBULIOJRIIUT
syisodap Jo pasodwiod
surerd yseminQ pasuanpjur AJ[eroe[n) SMO[J SLIqaq Juasqy onoey) sjerdwoduodereg serowoduoy)
JUSWIUOIIAUD UOTIBIDOSSE SIDB] ssa001d reuonisodaq JUSIUOD [ISSOJ IBIY/[1SSO] $2IM1ONI)S ATRJUIWIPIG IMIXa, sae]
Arejuawirpag

BAIE SPUBIL) [RqUIB)) 31} JO SAIORJ AIRJUSWIPAS [ 2Jqu ],



35

Macroburrows as microhabitats for meiofauna

LETHAIA 52 (2019)

inowr surrenisy
s1ep PN

siey paN

Aeq aurrenysy

/ypnowr £1enysg

Aeq aurrenysy
/yinour £ren)sg

sysodap yoeag
sysodap wooSe

syisodop uooge

sysodoap

pasuanpjur-uriolg

sysodap
PIOUINJUI-IAB A

SMO[J PauUTqUIOD
A103¢[[1050 AS19U-ySI
sjuawIpas uorsuadsng

JUAUOD
sruedo Y3y yum
sjuawrpas uorsuadsng

SMOTJ A10JB[DSO

SMO[J
PauIquIOD AI01R[[12S0
puE [BUOLDAIIPIq

‘[euondAIIp-TUN

SHUYIIUOLDIDI]
Jo ouqejouyd]
JuAsqQy

spodoxnsed surewa Jue[J

surewo1 jue[d ‘smornq
adessa snadydoavpg
saprouissuvi T,
D1]asSOY JO SOLIQRJOUT]
SIPYS
smolngq
adeosa osnjjowr syeys
[BITVIDA ‘SapLoutssvvyJ,
‘snuyooydis
DIJISSOY “SAUUYINULUDSJ
sajijouv]d ‘snofydoavipg
DIYIOT SNUYILU0D)
DINDSII ‘DUL0SOIDISY
JO soTIqRjouTd]
SIPYS

uoneurure] £zznj
UOT)RUTWIR[-SSOID d[Fue
-MO[ £19A 0) d[Sue-mo]
QATSSBIN
A[re20or
$INJ20 UOTJBqIN)OIqOZIYT
tsdoy paq uo sypend
SSexULIYs pue SaIN)ONI)S
OP[ULIM [JIM SPIQ JAISSEIN
unys Jueydapp Sururroy
sdo) paq uo sadejIns
pazijiqeisolq ¢sarddur
SABM “UOTIBIYTIBI)S-SSOID
o[8ue-mo[ ‘uonedOyNENS
-$S0I> Apouwrungy

Afreoor saderp pnu

siqnop pue sarddir paareys

£590BJINS PIAZI[IQRISOIq

‘sarnjonas moqqid pue [req

AuIAd pazIprxo ‘syperd
S1S210UAS AT[eo0] ‘safddix
Mopj-paurquiod ‘doy uo

uoneurwre-ssoad 2%#5-304

auojspues

zjrenb ‘pajios-fom
paureid-auy 03 -WNIpIAJA
suoisker)

spaq 10

SasUQ] SuTULIO] [BOD PUL
2UO0)SPNU SNODBUOGIED)

(syisodap

1) JO aseq a1 1e A[uo)

G—¥ 9eds UoneqIN)oIq

‘spaq pajeuredeure

Sururroy auojspues
z)1enb ‘paurerS-ourg

¢—7 A[[e00] ‘F—¢ 2reds
UoTRqIN)OIq DUOISPULS
z)1enb ‘paurerd-auy 1o

suojspues paureid
-ouly 0)-WNIPIA
auo3she))

auojspnua
SNOo3dEUOQIRd/[R0D)

SOH
1M dUO)SpUES
paurerd-aury

auo)spues
paureid-auy A19 A

JUSTUTOITATD
Areyuawrpag

UOTIRIDOSSE SR

ssadoad reuonisoda(g

JU31U0D [ISSOJ 3D.I}/[ISSO]

SaIN)ONIS AIRJUIWIPIS

2INJXaT,

sape

(panunuod) 1 2jqv ],



36 . Villegas-Martin & R. G. Netto

Fig. 3. High density of Palaeophycus in the Cambai Grande out-
crop. Some Palaeophycus tubularis containing Helminthoidich-
nites tenuis (white arrow). A, ULVG-12286. B, ULVG-12288.
Note that H. tenuis occurs exclusively associated with P. tubu-
laris walls. Scale = 10 mm. [Colour figure can be viewed at wile
yonlinelibrary.com]

was used for the description of the tiny burrows and
digital calliper for macroburrow and diminutive
burrow measurements.

Results

Morphology and ichnotaxonomy of the
macroburrows

The macroburrows with diminutive burrow are pre-
served as positive semi-relief and, less commonly, as
full relief (Figs 3, 4). Burrows vary from subcylindri-
cal to horizontally flattened in cross-section and
show a preferential straight to slightly curved trajec-
tory. Burrow margins show a discrete muddy lining.
True branching was not observed, but burrow inter-
sections are frequent (Fig. 3). The external surface of
the burrow walls is predominantly smooth, except in
the regions where the diminutive burrows are pre-
sent. Burrow infill is compact and similar to the host
rock, but with a more reddish colour (Fig. 3). Bur-
row diameter (or width in collapsed burrows) ranges
from 3.0 to 7.6 mm.

LETHAIA 52 (2019)

The morphological characteristics allow us to
ascribe the macroburrows to Palaeophycus tubularis
(e.g. Pemberton & Frey 1982; Fillion & Pickerill
1990; Uchman 1995, 1998). Palaeophycus has been
registered in a variety of environments, from non-
marine to deep marine settings, and is known in the
fossil record since the Precambrian (e.g. Pemberton
& Frey 1982; Buatois & Mdngano 1993, 2002; Bua-
tois et al. 1997).

Morphology and ichnotaxonomy of the
diminutive burrows

The tiny burrows are cylindrical to subcylindrical in
cross-section and are preserved preferentially in pos-
itive semi-relief (ridge) although a few burrows pre-
served in negative semi-relief (groove) may occur
(Fig. 4). Burrow fill is compact and similar to the
host rock. The diminutive burrows occur exclusively
in the P. tubularis wall and explore the visible por-
tions of the inner surface thoroughly. The burrow
diameter is relatively constant along the same struc-
ture, ranging from 0.16 to 0.20 mm, with the pre-
dominance of 0.16 mm. The main burrow
trajectories are irregularly meandering and locally
looped (Fig. 4), except for one specimen that exhi-
bits a circular trajectory (Fig. 4G). Loops are vari-
able in length, some being very wide (Fig. 4A, C).
Intersections and overprinting are frequent (Fig. 4A,
B, D). The tiny burrows are preserved preferentially
in larger macroburrows.

The morphological characteristics described
herein allow ascribing the diminutive burrows to
Helminthoidichnites ~ tenuis. ~ The  ichnogenus
Helminthoidichnites has been registered in marine
and non-marine settings and is known in the fossil
record from Precambrian to Quaternary (e.g. Hof-
mann & Patel 1989; Narbonne & Aitken 1990; Bua-
tois et al. 1997, 1998; Uchman et al. 2004, 2009;
Lima et al. 2015).

Discussion

The Palacophycus tubularis tracemaker

The millimetric-scale diameter of the Palaeophycus
tubularis specimens preserved in the Cambai Grande
area suggests macroinvertebrates as tracemakers.
Palaeophycus represents a combined feeding-tem-
porary dwelling burrow made by organisms with fil-
tering, suspensivorous and carnivore feeding
behaviours (e.g. Pemberton & Frey 1982; Fillion &
Pickerill 1990; Buatois & Mangano 1993, 2002; Uch-
man 1995, 1998). The smooth character of the
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Fig. 4. Close-up view of the Helminthoidichnites tenuis preserved within of Palaeophycus tubularis. A-F, H. tenuis with meandering and
looping trajectory. High concentration of H. tenuis showing the common intersections between burrows and the prevalent meandering
trajectory (B, D). G, ULVG-12288; rare H. tenuis specimen showing circular trajectory (A, C, F) ULVG-12288, (B, D) ULVG-12287, (E)
ULVG-12286. Scale = 100 um. [Colour figure can be viewed at wileyonlinelibrary.com]

burrow walls and the existence of a clayish lining in
P. tubularis specimens from the Rio Bonito Forma-
tion suggest a wormlike organism as tracemaker,
potentially a polychaete. Glycera and Nereid poly-
chaetes were proposed as modern Palaeophycus
tracemakers (Osgood 1970; Pemberton & Frey
1982).

Some Palaeophycus ichnospecies show delicate
ornamentation in burrow walls that is used as a
morphological attribute for ichnospecies differentia-
tion (e.g. Pemberton & Frey 1982; Buckman 1995;
Uchman 1995, 1998). This ornamentation resulted
from excavation activity in more cohesive substrates
and includes the following: (1) wrinkled ridges,
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mainly longitudinal, usually traceable for short dis-
tance; (2) fine, continuous, parallel, longitudinal
striae; (3) sharp, anastomosing, threadlike striations;
(4) longitudinal or oblique, irregular, coarse ridges
and wrinkles; (5) alternately striated and annulated
scratch marks with periodically varying diameter;
and (6) axially continuous annulation (e.g. Pember-
ton & Frey 1982; Buckman 1995; Uchman 1995,
1998; Jensen 1997; Zhang & Zhao 2015). At first
sight, the diminutive burrows (Helminthoidichnites
tenuis) that occur in close association with the
P. tubularis from Cambai Grande area look like
ornamentation. In microscopic view, however, they
show morphological features such as tubes traceable
for long distances and a diameter relatively constant
across the same structure. Furthermore, the orna-
mentation, in general, is more uniform in arrange-
ment, whereas the distribution of H. tenuis
associated with the macroburrows exhibits a more
random and irregular (meanders and loops) distri-
bution. Thus, they do not constitute ornamentation.
The presence of diminutive burrows in the Palaeo-
phycus wall has never been reported before.

The clayish lining might be generated by mucus
impregnation in the burrow wall as a product of the
animal metabolism. Mucus creates a microenviron-
ment that provides nutrients for other organisms,
mostly those from micro- and meiofauna. This
bioirrigation process is observed in burrows of
extant organisms that are temporarily or perma-
nently open, such as crustaceans and polychaete bur-
rows (Botto & Iribarne 2000; Volkenborn et al
2007) and can be preserved in the fossil record (de
Gibert et al. 2006).

The diminutive Helminthoidichnites tenuis
tracemaker

Helminthoidichnites tenuis is regarded as a grazing
trace (pascichnia) and has been suggested as the
result of arthropod, wormlike animals, including
annelids, nematomorphs and insect larvae displace-
ment in search for food (e.g. Buatois ef al. 1997,
1998; Schlirf et al. 2001; Uchman et al. 2009). Some
of these organisms, however, can be discarded as
tracemakers of the diminutive burrows studied here.
Annelids can be excluded because the smallest anne-
lid egg has 50-70 um in diameter, exceeding the
diameter of H. tenuis found in association with
Palaeophycus tubularis. Specimens of
Helminthoidichnites that were attributed to arthro-
pods, insect larvae and nematomorphs are larger (di-
ameter 0.5-2.7 mm, see Buatois et al. 1997, 1998;
Uchman ef al. 2009) than the tiny H. tenuis
described in this study. Additionally, some well-
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preserved specimens of Helminthoidichnites that
were attributed to arthropods exhibit two sets of
very fine, densely packed slightly oblique striae
(0.1 mm or less) that were interpreted as imprints of
two rows of short legs (Uchman et al. 2009). These
features are absent in the H. tenuis.

The circular cross-section and the micrometric-
scale diameter (0.16-0.20 mm) of the H. tenuis
specimens associated with P. tubularis point to a
slim body of a wormlike animal from meiofauna.
Meiofauna organisms such as nematodes, cope-
pods, foraminifera, nauplii, ostracodes and turbel-
larians have been commonly found in association
with extant macroinvertebrate burrows in shallow
marine environments (e.g. Meyers et al. 1987;
DePatra & Levin 1989; Jensen et al. 1992; Pinto &
Bemvenuti 2003; Rosa & Bemvenuti 2005; Shi-
managa ef al. 2012; Taylor & Cunliffe 2015). The
cylindrical morphology and the trajectory of Per-
mian H. tenuis suggest the displacement of a
nematodelike organism within the substrate. Fur-
thermore, previous to this register, cryptobioturba-
tion found in deposits from the Rio Bonito
Formation was attributed to meiofaunal nematodes
by Netto et al. (2008).

Burrow diameter depends on tracemaker body
size. Some extant meiofauna free-living nematodes
also show body size diameters that are equivalent to
those of the H. tenuis specimens preserved in the
studied samples (see Heip ef al. 1985). Experiments
in modern environments and laboratory with extant
free-living meiofaunal nematodes produced similar
diminutive burrows (Jensen 1996) as a result of the
undulatory movement of the body (Wallace 1968;
Lee & Biggs 1990; Robinson & Perry 2006). The
changes in trajectory, from irregularly meandering
to sinusoidal and looping patterns found in these
Permian specimens, might be a response to the food
availability in the area explored by nematodes
(Anderson et al. 1997).

Furthermore, nematode morphotype also influ-
ences the traces produced. Thus, the burrows pro-
duced by nematodes can be shorter and sinusoidal
or elongated and thin, according to the tracemaker
morphology (Platt & Warwick 1980). The ichno-
genus Cochlichnus is an example of short sinusoidal
burrows that are produced in modern settings by
short-bodied nematodes (R.G. Netto personal obser-
vation). H. tenuis, as registered in the studied sam-
ples, represents the record of a tracemaker with body
plans longer and thinner than those that produce
Cochlichnus. They exhibit a morphological pattern
that is equivalent to the burrows made by extant
juvenile nematodes, as illustrated by Riemann &
Helmke (2002; Fig. 4A). The occurrence of
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nematodes in the Palaeozoic fossil record can be
expected, as palaeoscolecids (nematode ancestors)
are commonly recorded in the early Palacozoic strata
(Whittard 1953; Conway Morris 1997; Botting et al.
2012).

Thus, nematodes are plausible candidates as trace-
maker of the diminutive H. tenuis specimens found
in association with P. tubularis in the heterolithic
deposits of the Rio Bonito Formation; however,
other tracemakers cannot be totally ruled out.

Palaeobiological insights about nematodes

The pre-Mesozoic record of free-living nematodes is
scarce, due to the low potential of preservation of
the tiny soft bodies (Poinar ef al. 2008; Poinar
2011). Nevertheless, burrows that could be attribu-
ted to these organisms (e.g. Helminthoidichnites,
Helminthopsis, Cochlichnus, Gordia) and many
undifferentiated thin horizontal burrows are indirect
evidence of nematodes in Late Proterozoic and
Palaeozoic metazoan communities (e.g. Buatois &
Miéngano 1993, 2002; Buatois et al. 1997, 2014;
Balinski ef al. 2013; Parry et al. 2017; Tarhan 2017).
Although the petite size of some Palaeozoic burrows
has been attributed to meiofauna nematodes (Parry
et al. 2017; Tarhan 2017), the record of burrowing
activity attributed directly to meiofaunal nematodes
in pre-Mesozoic rocks is scarce until now. Thus, the
scarcity of anatomical evidence of fossil nematodes
bodies makes trace fossils a primary source of infor-
mation on their evolution. The presence of free-liv-
ing meiofaunal nematode burrows in Early Permian
deposits improves the understanding of the nema-
tode fossil record, as the assured record of fossil
nematodes is known usually in amber from Creta-
ceous age and younger strata (Poinar 2011). The
Palaeozoic record of fossil nematodes is restricted to
the Farly Palaeozoic. These few records include
Palaeonema phyticum, preserved in plant remains
(Early Devonian, Scotland; Poinar et al. 2008),
Nemavermes mackeei (Early to Late Carboniferous,
USA; Schram 1973, 1979), and Scorpiophagus baculi-
formis and S. latus (Early Carboniferous, Scotland;
Stermer 1963). However, the nature of the latter two
fossils as nematodes has been questioned (see Bou-
cot & Poinar 2010).

The diameter of H. tenuis specimens preserved in
the P. tubularis wall in the studied material is con-
siderably smaller than those observed in free-living
fossil nematodes, which usually vary from 2.0 to
>6.0 mm (Schram 1973, 1979; Arduini et al. 1983).
This observation was also expressed by Balinski et al.
(2013) who mentioned the differences in diameter
among trace fossils and nematode bodies may
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constitute a taphonomic bias, as large specimens are
more easily preserved as fossils.

Palaeoecology of the Palaeophycus—
Helminthoidichnites association

Trace fossils are found principally in the heterolithic
deposits from Cambai Grande area. The ich-
noassemblage is composed of simple and complex
burrows made by facies crossing invertebrates that
inhabited shallow marine and marginal marine set-
tings (e.g. Buatois et al. 2005; Gandini et al. 2010;
MacEachern et al. 2012). Palaeophycus is one of the
most ubiquitous trace fossils in this assemblage and
occurs in almost all trace fossil suites preserved in
the heterolithic beds. In some specific levels, how-
ever, Palaeophycus tubularis is the unique macrobur-
row in the trace fossil suite, forming dense
concentrations that can be named crowded Palaeo-
phycus ichnofabric (CPIL; Fig. 3). The CPI is recur-
rent in the middle portion to the top of the
sedimentary succession in the study area which rep-
resents the transgressive cycle of the Rio Bonito For-
mation (Netto 1994, 1998; Elias et al. 1999, 2000;
Buatois et al. 2001a, 2007; Gandini et al. 2010). It
occurs beneath and between thin mollusc-domi-
nated shell concentrations. The close relationship
between the CPI and the fossil shell concentrations
allows inferring substrate colonization by P. tubu-
laris tracemakers either concomitant with or imme-
diately after the events that formed the shell
accumulations. The siltstone and very fine- to fine-
grained sandstone compositions of the heterolithic
beds suggest deposition in quiet or more protected
environments.

The Palaeophycus—Helminthoidichnites association
occurs exclusively in the CPI, lacking in isolated
occurrences of P. tubularis. The density of P. tubu-
laris and the absence of other macroburrows in CPI
suggest ecologically stressing conditions during sub-
strate colonization (e.g. Buatois et al. 2005). The
presence of Palaeophycus in almost all trace fossil
suites in the heterolithic beds and the absence of
other ichnotaxa in CPI led to infer that, among the
benthic macroburrowers, only the Palaeophycus
tracemakers tolerated the stress conditions estab-
lished in the quiet settings where the shell beds were
accumulated. Salinity fluctuations, oxygen depletion,
turbidity, high-frequency sedimentation rate and
chemical toxicity are the chief stressing conditions
that affect shallow benthic communities (e.g. Brom-
ley 1996; Buatois & Madngano 2011; MacEachern
et al. 2012). Polychaetes and meiofaunal nematodes
that inhabit marginal marine and shallow marine
settings can be relatively tolerant to most of these
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conditions. The sedimentary deposits from Cambai
Grande area have been assumed by Elias ef al. (1999,
2000) as estuarine deposits. Like polychaetes, free-
living nematodes are common in estuaries (Estcourt
1967; Heip et al. 1985; Kalejta & Hockey 1991; Pinto
& Bemvenuti 2003; Volkenborn et al. 2007). Bouw-
man (1983) estimated 200 species of estuarine nema-
todes, some forming high-density populations (Van
Damme et al. 1980). Nematode-dominated meio-
fauna communities are commonly found exploring
open crab and macroinfaunal polychaete burrows
excavated in intertidal estuarine settings (e.g. Pinto
& Bemvenuti 2003; Rosa & Bemvenuti 2005). Eco-
logical stress is common in estuarine settings, being
triggered chiefly by salinity fluctuations and oxygen
depletion (e.g. Wignall 1993). Additionally, in the
Cambai Grande area the fossil concentrations are
characterized by dense shell pavements which may
restrict the oxygen circulation into the substrate dee-
per layers. Also, the stability of the substrate in pho-
tic zones might favour the development of microbial
mats that seal the substrate surface and create oxy-
gen-depleting zones few centimetres down into the
substrate. In fact, biostabilized beds are frequently
observed in the heterolithic deposits with shell con-
centrations in the studied sedimentary succession.
Palaeophycus is a horizontally oriented shallow bur-
row that remains open while the tracemaker lives
inside (e.g. Pemberton & Frey 1982). Mucus impreg-
nation in the burrow limits provides also relative sta-
bility for these burrows and isolates the interior of
the burrow from non-severe oxygen-depleting con-
ditions into the substrate (e.g. Bromley 1996).

The preservation of diminutive H. fenuis in the
P. tubularis wall indicates that small-sized organ-
isms, specifically tiny nematodes, explored the
microenvironment formed in the limits of the mac-
roburrows during the Early Permian. Similar micro-
habitat associated with marine invertebrate burrows
is known to be inhabited by populations of meio-
fauna, including nematodes (Meyers et al. 1987; Jen-
sen et al. 1992). As H. tenuis characterizes a grazing
trace of a non-chemosymbiont organism, the search
for food and maybe better-oxygenated zones might
be the primary factors conditioning the behaviour
by the nematodes.

Thus, the non-branched, simple, chiefly straight
open P. tubularis burrows can provide free water cir-
culation into the burrow, increasing oxygenation
rates into the substrate and the nutrient enrichment
by mucus input (Warwick et al. 1986; Jensen et al.
1992). Additionally, mucus impregnation favours
the establishment of microbial communities, creat-
ing a thin organic-rich mantle around the mac-
roburrows. In fact, the exceptional tridimensional
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preservation of the tiny H. tenuis (Fig. 4) suggests
that microbial communities were probably present
in the P. tubularis wall. Microbial biofilms play an
essential role in exceptional fossil preservation
(Goldring & Seilacher 1971; Seilacher ef al. 1985;
Seilacher 2008). Meiofauna organisms including
nematodes have been registered to inhabit the bur-
row walls’ lining made by echiuran polychaetes (Jen-
sen et al. 1992). Finally, macroburrows also
accumulate organic detritus (Hogue & Miller 1981)
and create temperature and spatial refuge against
meiofaunal predators (Powers & Cole 1976; DePatra
& Levin 1989). Thus, the enhancement in oxygena-
tion rates caused by bioirrigation and availability of
food made the walls of P. tubularis a suitable
microenvironment for meiofaunal nematodes dur-
ing intervals of sustained environmental stress that
limited the substrate colonization by the benthic
macrofauna.

Although meiofauna is ubiquitous in both mod-
ern marine and freshwater environments, their
palaeoecological aspects are still little explored. The
preservation of H. tenuis in P. tubularis walls
records ancient ecological interactions that might
represent mutualism or commensalism behaviour.
Ecological interactions of this type (commensalism)
involving macroinvertebrates were registered previ-
ously in the fossil record (de Gibert et al. 2006).
Examples involving meiofauna and macrofauna eco-
logical relationship are virtually absent in the fossil
record. However, laboratory essays and observations
in modern environments show that meiofaunal
nematodes are among the dominant groups associ-
ated with benthic macrofauna activities inside or
surrounding macroburrows (DePatra & Levin 1989;
Rosa & Bemvenuti 2005).

The H. tenuis—P. tubularis association suggests
that the utilization of microhabitats originated by
macrobenthic activity (macroburrows) by meiofau-
nal bilaterians is an ecological strategy available
among invertebrates since the Early Permian.

Conclusions

The morphology of the macroburrows (Palaeophycus
tubularis) preserved in the Early Permian deposits of
the Rio Bonito Formation suggests that they were
produced by polychaetes. The size, morphology and
trajectory of  the diminutive burrows
(Helminthoidichnites tenuis) suggest a tiny, elon-
gated, slender nematode as tracemaker.

The occurrence of H. tenuis exclusively in the
P. tubularis wall suggests that nematodes potentially
exploited the suitable microhabitat originated by
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polychaetes in their burrow limits, constituting the
first fossil record of meiofaunal nematode activity
associated with macroinvertebrate burrows. The
P. tubularis—H. tenuis association also demonstrates
that symbiotic ecological relationships like mutual-
ism and commensalism were available in the biotic
realm at least since the Early Permian.
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Abstract

The Glossifungites Ichnofacies is a substrate-controlled ichnofacies that occur in
omission surfaces and have been used in the identification and interpretation of
stratigraphic discontinuities. The early Permian Rio Bonito-Palermo sedimentary
succession from the Parand Basin (southern Brazil) offers an opportunity to discuss the
genesis of the omission surfaces demarked by the occurrence of Glossifungites suites.
These suites are composed of sharp, unlined burrows with irregular walls and passive
infill by generally medium- to coarse-grained sandstones. Thalassinoides is the
dominant component in the Glossifungites suites in the studied deposits, with local
occurrences of Diplocraterion, Gyrolithes, and Skolithos. Based on the ichnological
signatures of the distinct Glossifungites suites observed in these deposits and the
characteristics of the lithofacies in which they occur, the associated discontinuity
surfaces were interpreted as autogenic or allogenic. Glossifungites suites demarking
allogenic surfaces occur in association with a sequence boundary and regressive

surfaces registered in lower shoreface settings. Glossifungites suites demarking
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autogenic surfaces are associated with dewatered muddy substrates from the estuarine
settings. The trace fossils that characterize the Glossifungites suites in the early Permian
of the Parana Basin are representative of the main ichnogenera that constitute the

Glossifungites Ichnofacies throughout the Phanerozoic.

Keywords: Glossifungites suite, sequence stratigraphy, substrate-controlled trace fossil

suites, Paleozoic.

1. Introduction

The Glossifungites Ichnofacies is a substrate-controlled ichnofacies that occurs
exclusively in compacted, but unlithified substrates (Seilacher, 1967) consisting of
dewatered mud and, more rarely, sand (e.g., Pemberton and Frey, 1985; MacEachern et
al., 1992a,b, 1997; Pemberton et al., 1992, 2004; MacEachern et al., 2007; Buatois et
al., 2008; Dasgupta and Buatois, 2012). It is characterized by the occurrence of vertical
and subvertical dwelling burrows and pseudoborings made by arthropods, mollusks, and
few soft-body organisms capable to excavate stiffgrounds and firmgrounds (e.qg.,
Gingras et al., 1999; 2001a,b; Savrda et al., 2001a,b; Netto et al., 2007; Buatois and
Mangano, 2011). Several ichnotaxa were registered in trace fossil suites that represent
the Glossifungites Ichnofacies. The majority of this record characterizes the feeding
behavior of suspension-feeders (Conichnus, Skolithos, Diplocraterion, Arenicolites,
Gastrochaenolites, Palaeophycus and Bergaueria) (Pemberton and Frey, 1985;

Balistieri and Netto, 2002; Buatois and Encinas, 2006; Fielding et al., 2006; Netto et al.,
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2007; Pearson et al., 2012; Abdel-Fattah et al., 2016; Belaustegui et al., 2016; Sedorko
et al., 2018). However, burrows of deposit-feeders such as Planolites, Taenidium,
Rhizocorallium, Zoophycos, and ?Chondrites were also attributed to trace fossil suites
of the Glossifungites Ichnofacies (MacEachern and Burton, 2000; Uchman et al., 2000;
Console-Gonella, 2009), a matter that still needs review. Dwelling structures of deposit-
feeders and organisms that feed outside the burrows, such as Thalassinoides,
Spongeliomorpha, Glossifungites, and Psilonichnus, are also commonly present in this
assemblage (Seilacher, 1967; Pemberton and Frey, 1985; Savrda, 1991; Bromley and
Allouc, 1992; Buatois et al., 2002; Balistieri and Netto, 2002; Netto et al., 2007;
Carmona et al., 2006; Gandini et al., 2010; Dasgupta and Buatois, 2012; Belaustegui et
al., 2016).

The occurrence of Glossifungites suites has been largely used to demark key
stratigraphic surfaces, especially sequence boundaries, represented by allogenic surfaces
formed in shelf and slope deposits (Hayward, 1976; MacEachern et al., 1992a,b, 1999;
Raychaudhuri et al., 1992; Pemberton and MacEachern, 1995; MacEachern and Burton,
2000; Savrda et al., 2001a,b; Buatois et al., 2002; De Gibert and Robles, 2005; Hubbard
et al., 2012). However, Glossifungites suites are common in marginal marine and
shallow marine settings, colonizing compacted substrates exhumed by a wave and
current ravinement and channel erosion that create autogenic surfaces (Gingras et al.,
2002a; Yang et al., 2009; Pearson et al., 2012; Abdel-Fattah et al., 2016). Thus, the
recognition of an autogenic or allogenic genesis of the substrate that hosts a
Glossifungites suite is crucial for sequence stratigraphy.

Glossifungites suites occur in the Late Carboniferous-early Permian deposits of
the Gondwanan Parana Basin (southern Brazil), in association with distinct stratigraphic

surfaces formed during transgressive cycles related to deglaciation events (Rio do Sul
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Formation; Balistieri and Netto, 2002; Netto et al., 2012a,b) and during transgressive-
regressive cycles that characterize the post-glacial transgressive succession (Rio Bonito
and Palermo formations; Netto, 1994, 1998, 2000; Buatois et al., 2001, 2007; Tognoli,
2006; Gandini et al., 2010; Netto et al., 2012b). These surfaces were assumed as
sequence boundaries of 3™ and 4™ stratigraphic orders. However, most of the
Glossifungites suites recorded in the Rio Bonito Formation occur in estuarine deposits,
in which an autogenic origin for erosive substrates might be expected. In this paper, we
analyze the Glossifungites suites preserved in the marginal-marine and shallow marine
deposits of the Rio Bonito-Palermo sedimentary succession, aiming to discuss the
genesis of these suites and its stratigraphic significance. We also evaluate the
ichnofaunal composition of these suites in the evolutionary context of the Glossifungites

assemblages through time.

2. Geological context

The trace fossils studied herein occur in muddy and fine-grained sandy deposits
of the Rio Bonito and Palermo formations that represent the early Permian succession of
the Parana Basin (Habekost, 1978, 1983; Lavina et al., 1985; Lavina and Lopes, 1987,
Lopes, 1990; Santos et al., 2006). The Parana Basin is an intracratonic basin covering
approximately 1,500,000 km? of central-southern Brazil, Paraguay, Uruguay, and
northern Argentina (Zalan et al., 1990; Milani et al., 2007) (Fig. 1). The basin infill
reaches a maximum thickness of 8000 m approximately in its depocenter (Zalan et al.,
1990) and consists mainly of Late Ordovician to Late Cretaceous sedimentary deposits

with a minor contribution of volcanic rocks (Milani et al., 2007). The tectonic and
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depositional evolution of the Parana Basin originated uplift and subsidence cycles that
coincided with the major orogenic phases in the history of southwestern Gondwana,
forming regional unconformities that allowed Milani et al. (2007) to delimitate six
supersequences. The sedimentary succession of the Rio Bonito and Palermo formations
represents the transgressive basal Permian deposits of the Gondwana | Supersequence.
These deposits record a 2" order transgressive-regressive cycle in which the
transgressive trend characterizes the post-glacial deposition that marks the final stages
of the Late Paleozoic Ice Age in western Gondwana (Eyles et al., 1993; Milani et al.,
2007; Bocardi et al., 2009; Limarino et al., 2013; Montafiez and Poulsen, 2013; Cagliari
et al., 2014, 2016).

The Rio Bonito Formation is composed mostly of very fine- to very coarse-
grained sandstone, conglomerate, fine-grained heterolithic deposits, mudstone, and coal
seams (e.g., Schneider et al., 1974; Lavina et al., 1985; Lavina and Lopes 1986; Buatois
et al., 2001a,b, 2007; Tognoli 2002; Gandini et al., 2010; Holz et al., 2010) deposited
during the Asselian-Sakmarian age (Cagliari et al., 2014, 2016; Griffins et al., 2017). A
body fossil fauna occurs locally and is composed predominantly of inarticulate
brachiopods, asteroid and ophiuroid echinoderms, bivalve and gastropod mollusks, and
plant fragments (e.g., Dolianiti, 1945; Martins and Sena Sobrinho, 1950, 1952;
Schmidt-Neto, 2010; Schmidt-Neto et al., 2018). The basal deposits of the Rio Bonito
Formation (Triunfo Member) had been assumed as accumulated in fluvial-deltaic
settings (e.g., Lavina et al., 1985; Lavina and Lopes, 1986; Holz et al., 2010). The
median and upper portions, otherwise, were interpreted as tide- and wave-dominated
shallow marine and estuarine deposits (e.g., Netto, 1994, 1998; Buatois et al., 2001a,b;

Tognoli, 2002, 2006; Lopes et al., 2003).
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The Palermo Formation consists mostly of very fine- to fine-grained sandstone,
fine-grained heterolithic deposits, and mudstone (e.g., Lavina et al., 1985; Netto, 1994;
Buatois et al., 2001a, 2007; Gandini et al., 2010; Holz et al., 2010). An Artinskian age is
proposed to the Palermo Formation based on palynology and paleoflora associations
(Daemon and Quadros; 1970, Souza and Marques-Toigo, 2005; lannuzzi and Souza,
2005; Souza 2006). Body fossils are scarce and represented chiefly by gymnosperm
wood (Dadoxylon sp.), amphibian teeth (Loxomma sp.), and bivalves (Schneider et al.,
1974; Simdes et al., 1998; Schmidt-Neto et al., 2018). This unit records deposition in
open marine environments, ranging from lower shoreface to offshore transition zones
(e.g., Lavina et al., 1985; Netto, 1994; Buatois et al., 2007).

Trace fossils of mesohaline and fully marine invertebrate organisms are common
in the Rio Bonito (median and upper portions) and Palermo formations (e.g., Netto,
1994, 1998; Buatois et al., 2001a,b; 2007; Gandini et al., 2010; Villegas-Martin and
Netto, 2018). Bioerosion structures have also been recorded in valves from mollusk-
dominated shell beds preserved in the transgressive deposits of the Rio Bonito

Formation (Schmidt-Neto et al., 2018).

3. Material and methods

The sedimentological and ichnological data of the studied interval (Rio Bonito
and Palermo formations) came from subsurface deposits expressed in cores TG-94-RS,
TG-97-RS, TG-228-RS SC-01-RS, HV-39-RS, HV-45-RS, HN-45-RS, CA-74-RS, CA-
61-RS, CA-25-RS, and CA-51-RS drilled by the Brazilian Geological Survey (CPRM)

and housed in Cagapava do Sul (the Rio Grande do Sul State, south Brazil) (Figs. 1).
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The sedimentological and ichnological data from cores TG-97-RS, TG-228-RS, HV-39-
RS, HV-45-RS, CA-74-RS, CA-61-RS, CA-25-RS, and CA-51-RS were used herein as
originally described and analyzed by Netto (1994). Supplementary ichnological and
sedimentological data were obtained on cores IB-01-RS, 1B-03-RS, IB-04-RS, IB-06-
RS, IB-08-RS, IB-15-RS, IB-17-RS, IB-22-RS, IB-74-RS, 1C-20-RS, I1C-32-RS, IC-36-
RS, IC-56-RS, CA-10-RS, CA-19-RS, CA-20-RS, CA-58-RS, CA-60-RS, CA-62-RS,
CA-63-RS, CA-78-RS, IC-03-RS, IC-07-RS, IC-12-RS, and 1C-44-RS originally
studied by Buatois et al. (2001, 2007) and Gandini et al. (2010).

Trace fossil description was based on the main general ichnotaxobases (sensu
Bromley, 1990) applicable to ichnofabrics (burrow limit, burrow infill, branching
pattern, and presence/absence of spreiten). The criteria for ichnofacies analysis followed
the principles stated by Seilacher (1967), Frey and Seilacher (1980), and Pemberton and
Frey (1985) for Glossifungites Ichnofacies. Additional detailed information was also
considered, such as cross-cutting relationships, burrow trajectory, and external surface
features. The bioturbation was quantified using the bioturbation scale (BS) proposed by
Reineck (1963) taking into account an average diameter of 4 cm for the cores.

Facies description followed the general description made by Netto (1994) for the
Rio Bonito-Palermo sedimentary succession and is summarized in Table 1. For
stratigraphic purposes, the base of Palermo Formation was delimited by the
establishment of massive storm deposits represented by very fine- to fine-grained
sandstone with hummocky cross-stratification interbedded with moderate to high
bioturbated heterolithic deposits, following the criteria used by Lavina et al. (1985),

Netto (1994), and Buatois et al. (2007).

4. The Glossifungites suite in the Rio Bonito-Palermo sedimentary succession



169

170 The main sedimentary facies observed in the Rio Bonito-Palermo sedimentary
171 succession include conglomerate, massive mudstone, laminated and massive siltstone,
172 coal, fine-grained heterolithic deposits with wavy and lenticular structures, fine- to

173 coarse-grained sandstone with trough cross-stratification, hummocky cross-

174  stratification, combined-flow ripples, wave ripples, and parallel lamination, and massive
175  sandstone (e.g., Lavina et al., 1985; Lavina and Lopes, 1986; Netto, 1994; Buatois et
176  al., 2001, 2007; Holz, 2003; Gandini et al., 2010) (Table 1). Bioturbation occurs in

177  almost all these sedimentary facies, with the exception of the conglomerates, and the
178  massive and laminated siltstone occurring in the basal portion of the succession (Netto,
179 1994, 1998; Buatois et al., 2001, 2007; Netto et al., 2000, 2012; Gandini et al., 2010).
180  Bioerosion structures occur exclusively in mollusk shells preserved in shell beds in the
181  median portion of the Rio Bonito Formation succession (Schmidt-Neto et al., 2018).
182  The distribution of these sedimentary facies throughout the succession allow

183  recognizing four main facies associations: (i) estuarine; (ii) lower shoreface; (iii)

184  transition offshore; and (iv) offshore (Netto, 1994; Buatois et al., 2007; Gandini et al.,
185  2010) (Fig. 2). Glossifungites suites occur in the massive mudstone lithofacies that
186  compose the estuarine deposits that characterize the upper portion of the Rio Bonito
187  succession (Sideropolis Member, sensu Schneider et al., 1974), and in the heterolithic
188  deposits lithofacies that compose the lower shoreface facies association, which

189  characterizes the lower portion of the Palermo succession (Table 1; Fig. 3).

190 Unlined, sharp-walled burrows circular to subcircular in cross-section with up to
191 10 mm in diameter showing irregular borders passively filled by coarse- to medium-
192  grained sand are the key components of the ichnofabrics observed in these deposits

193  (Fig. 4-5). The absence of wall reinforcement, the prevalence of irregular borders, and
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the passive infill of the burrows are the main ichnological signatures that indicate the
compaction of an unlithified substrate prior to the burrower’s colonization (e.g.,
Pemberton and Frey, 1985; Savrda, 1991; MacEachern et al., 1992a,b; Bromley, 1996;
Savrda et al., 2001a,b; Yang et al., 2009; Buatois and Méangano, 2011; Dasgupta and
Buatois, 2012). Thus, the presence of these features allows assuming these trace fossil
assemblages as Glossifungites suites (sensu Bromley, 1990).

The dominant morphology observed in the Glossifungites suites from the Rio
Bonito-Palermo sedimentary succession in cores is Thalassinoides, but the sparse
occurrence of Diplocraterion, Gyrolithes, and Skolithos was also observed (Fig. 4-5).
Netto (1994) also mentioned the occurrence of Ophiomorpha-like and Planolites-like
structures in assemblages interpreted as representative of the Glossifungites Ichnofacies,
but the revision of these structures allowed including them in Thalassinoides. The
ichnodiversity is low, and the amount of bioturbation varies from low to moderate (BS
2-4). The observed ichnotaxobases indicate the prevalence of dwelling-feeding burrows

of detritus- and suspension-feeder crustaceans and possibly polychaete.

4.1. Glossifungites suites from estuarine mudstones

The Glossifungites suites observed in massive mudstone lithofacies are
characterized by sharp burrows with irregular borders filled by medium- to coarse-
grained quartz sandstone. They occur in distinct stratigraphic horizons, mostly at the
upper portion of the sedimentary succession that characterizes the Rio Bonito Formation
(Sideropolis Member) (Fig. 3). Horizontal and inclined burrows predominate in the
trace fossil assemblage, with the local occurrence of vertical burrows (Fig. 4). The
ichnodiversity is low, almost monotypic, and the abundance of burrows is low to

moderate (BS 2-4). Thalassinoides is the most common ichnotaxon, with rare Skolithos
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and local occurrence of Gyrolithes (Buatois et al., 2007; Netto et al., 2007, 2012b) (Fig.
4). The massive mudstone lithofacies containing Glossifungites suites are usually
eroded by or show abrupt contact with the overlying sandstones. Erosive surfaces are
usually capped either by medium- to coarse-grained arkose sandstone with bidirectional
trough cross-stratification, mudstone drapes, and local occurrence of double mudstone
drapes and coal intraclasts or by fine- to medium-grained sandstone with low-angle
cross-stratification. Abrupt surfaces usually are capped by quartz fine- to medium-
grained sandstone sometimes massive and non-bioturbated, sometimes showing a fuzzy
lamination (Fig. 4). Less frequently, the abrupt surfaces are capped by fine-grained
sandstone with low-angle cross-stratification and wave ripples showing sparse
softground bioturbation represented by Thalassinoides, Bergaueria, Diplocraterion,
Skolithos, and occasionally Ophiomorpha (BS 2) or homogenized by Macaronichnus
ichnofabric (BS 4-6). This softground assemblage was assumed as an impoverished
expression of the Skolithos Ichnofacies in brackish, outer estuarine settings (e.g., Netto,
1994, 2000; Buatolis et al., 2005, 2007; Gandini et al., 2010; Netto et al., 2012b). The
Glossifungites suite is the unique bioturbation observed in the massive mudstone facies,

indicating the original colonization of a barren, firm substrate.

4.2. Glossifungites suites from lower shoreface heterolithic deposits

The occurrence of Glossifungites suites in the fine-grained heterolithic deposits
is characterized by the palimpsest preservation of monotypic ichnofabrics of
Thalassinoides and large Diplocraterion (Fig. 5). Burrows show a sharp, but not
necessarily irregular limit, and are passively filled by coarser-grained sand. The spreiten
in Diplocraterion is subtle or absent. The heterolithic deposits are composed of

intercalations of massive mudstone, parallel-laminated siltstone, and fine- to very fine-
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grained sandstone forming thin lenticular and wavy bedding with undulate tops
(symmetric and asymmetric) and low-angle cross-stratification. These deposits are
usually interbedded with medium- to fine-grained sandstone with hummocky cross-
stratification and medium- to fine-grained sandstone with bidirectional trough cross-
bedding sedimentary facies (Table 1). Softground bioturbation is abundant in these
heteroliths (BS 4-5) and is characterized by composite ichnofabrics of Arenicolites,
Asterosoma, Bergaueria, Chondrites, Cylindrichnus, Diplocraterion, Helminthopsis,
Lockeia, Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, Rhizocorallium,
Rosselia, Skolithos, Teichichnus, and Thalassinoides. The high ichnodiversity, the
abundance of burrows, and the preserved ichnotaxa indicate a former substrate
occupation by archetypal Cruziana Ichnofacies suites (e.g., Netto, 1994, 2000; Buatois
et al., 2007; Gandini et al., 2010) and suggest fair-weather sedimentation below the fair-
weather wave base level during periods of low sedimentation rate (e.g., Pemberton et
al., 2001; Clifton, 2006).

The burrows in the Glossifungites suite are filled by medium- to coarse-grained
quartz sandstone that abruptly overlies the heterolithic deposits, forming erosive
surfaces. The presence of a sharp limit indicates that the heterolithic substrate exhumed
by erosion was compacted when excavated by the tracemakers, but not firm enough to
preserve irregular borders, suggesting stiffgrounds (e.g., Gingras et al., 2001). These
occurrences are observed in up to three distinct stratigraphic horizons in the studied area
(Fig. 3), suggesting regressive surfaces. In the transition between the Rio Bonito and
Palermo successions, however, the heterolithic beds with Glossifungites suite are
capped by a ~5 cm-thick bed of very coarse-grained arcosean sandstone while the
burrows are filled by fine-grained quartz sandstone (Fig. 5). Coarse- to medium-grained

arcosean sandstone with trough cross-stratification, coal intraclasts, phytodetritus, and
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entire mollusk shells interpreted as tidal bar deposits (e.g., Netto, 1994, 2000; Buatois et
al., 2007; Gandini et al., 2010) overlies the ~5 cm-thick very coarse-grained sandstone.
These tidal bar deposits indicate the reactivation of the estuarine system over the lower
shoreface deposits. The erosive surface that records the shift of the sedimentary facies
was interpreted by Netto (2000) and Buatois et al. (2007) as a co-planar surface (e.qg.,
Pemberton et al., 2001), suggesting a forced-regression event and characterizing an
erosive surface of marine regression. This forced-regression event was interpreted as a
sequence boundary by Netto (1994) and reinforced by Buatois et al. (2007), Kern
(2008), and Gandini et al. (2010), using it to separate the sedimentary successions that

characterizes the Rio Bonito and the Palermo formations (Fig. 3).

5. Stratigraphic significance of the Glossifungites Ichnofacies

Glossifungites Ichnofacies suites have been recorded throughout the geological
time in association with allogenic and autogenic sedimentary surfaces (e.g., Pemberton
and Frey, 1985; Yang et al., 2009; Gingras et al., 2001; Dasgupta and Buatois, 2012;
Belalstegui et al., 2016; Sedorko et al., 2018). Allogenic sedimentary surfaces occur in
a regional scale, demarking major important discontinuities, while autogenic
sedimentary surfaces extend laterally only over a few meters, demarking lateral facies
variation or normal sea level oscillations (e.g., Pemberton and Frey, 1985; Yang, 2009;

Pearson et al., 2012).

5.1. Glossifungites suites demarking autogenic surface
The massive mudstone lithofacies showing Glossifungites suites occur

exclusively in the estuarine facies association. These mudstones are spatially limited,



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

13

showing restricted lateral and geographic continuity, but show abrupt contacts with the
overlying sandstone deposits. Thus, the observed characteristics allow interpreting the
original surfaces from where the trace fossils descend as autogenic surfaces.
Firmground Glossifungites suites with similar features have been registered colonizing
autogenic surfaces in marginal marine settings (e.g., Pearson et al., 2012; Abdel-Fattah
etal., 2016; Yang et al., 2009).

Several autogenic surfaces with Glossifungites suite were recorded in the upper
portion of the Rio Bonito succession, sometimes with a frequency of 4 per linear meter.
According to Yang et al. (2009), these omission surfaces are formed by erosion and
exhumation by tidal currents, opening the colonization window for firmground
burrowers during periods of exposure. Some Thalassinoides are slightly deformed by
compaction, indicating that the substrate was not fully dewatered during the initial
colonization (Fig. 4).

Some of the massive mudstones with Glossifungites suite overlie coal beds and
are overlaid by sandstones with rhizobioturbation, suggesting colonization of dewatered
mudstone from supratidal settings inner estuarine zone. The firmness of the substrate, in
this case, might be caused exclusively by mud dewatering. The hypothesis that some
Glossifungites suites preserved in the estuarine facies association from Rio Bonito
succession might indicate autogenic surfaces was previously considered by Gandini et

al. (2010).

5.2. Glossifungites suites demarking allogenic surfaces
The heterolithic deposits lithofacies showing Glossifungites suites occur
exclusively in the lower shoreface facies association. The heterolithic beds have a wide

spatial distribution and are laterally associated with the fine-grained sandstone with
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HCS lithofacies. Thin beds of the coarse-grained sandstone and arkose sandstone
lithofacies overlie the heterolithic deposits with Glossifungites suites, showing an
erosive contact. The burrows of Glossifungites suite sometimes extend deep into the
substrate and show palimpsest preservation over previous Cruziana Ichnofacies suites.
These characteristics allow recognizing the surfaces from which the Glossifungites
suites burrows descend as allogenic surfaces.

The Glossifuntes Ichnofacies have been used as an indicator of key allogenic
stratigraphic surfaces (e.g., Savrda, 1991; Gingras et al., 2000; Savrda et al., 2001,
MacEachern and Hobb, 2004; Carmona et al., 2006; Abdel-Fattah et al., 2016; Sedorko
et al., 2018). In the Rio Bonito-Palermo sedimentary succession, most of the allogenic
surfaces demarked by the presence of Glossifungites suites represent mostly coplanar
surfaces preserved in the Palermo succession. Only one occurrence demarks a sequence
boundary (SB), at the base of the Palermo succession (Fig. 3). This SB is characterized
by a coplanar surface which encompasses at least three distinct depositional events: (i) a
marine forced-regression, which exhumed the heterolithic deposits, (ii) a potential
marine transgression that provided the fine-grained sand grains that characterize the
burrows infill, and (iii) a posterior marine regression, which brought the coarse-grained
sandstone that overlies the heterolithic deposits (Fig. 5). This SB was also recognized
by Netto (1994), Buatois et al. (2007), Kern (2008), and Gandini et al. (2010) and can
be traced regionally, marking a major break in the record between the Rio Bonito and
Palermo successions (Fig. 3).

As a rule, burrows from the Glossifungites suite in the heterolithic deposits are
larger than those from the massive mudstones. This difference might be only a
taphonomic artifact, as the original thickness of the eroded substrates cannot be

estimated. However, the prevalence of larger burrows in the Glossifungites suites
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formed in lower shoreface settings might also indicate that tracemakers had more time
to explore the exhumed substrates in these settings than in the estuarine settings, where

erosive events are more frequent.

6. The ability to excavate compacted substrates throughout the geological time

Organisms that interact with stiff- or firmgrounds can be able to penetrate
mechanically into these compacted substrates. Thus, they need strong muscles or
appendages like limbs, or efficient mouthparts that can remove the sediment grains or
particles during the excavation. In some particular cases, biological secretions can help
in sediment disaggregation, particularly in calcareous substrates.

Extant arthropods, bivalve mollusks, and some particular sea anemones and
polychaetes live in burrows excavated in firm substrates and represent the universe of
tracemakers that produced most of the reported ichnotaxa in Glossifungites Ichnofacies
(e.g., Carmona et al., 2006; Yang et al., 2009; Buatois and Mangano, 2011; Belaustegui
et al., 2016). This universe includes mostly Arenicolites, Diplocraterion,
Gastrochaenolithes, Glossifungites, Rhizocorrallium, Skolithos, and Thalassinoides
(e.g., Seilacher, 1964; Pemberton and Frey, 1985; Bromley, 1996; Pemberton, 1998;
Uchman et al., 2000; Pemberton et al., 2001; Buatois and Encina, 2006; MacEachern et
al., 2007; Netto et al., 2007; Yang et al., 2009; Buatois and Mangano, 2011; Dasgupta
and Buatois, 2012; Pearson et al., 2012; Sedorko et al., 2018). MacEachern and Burton
(2000) reported Chondrites and Zoophycos in the Glossifungites Ichnofacies, a curious
record considering that the small diameter that normally characterizes these burrows,
which suggest a tiny, delicate wormlike organism as tracemaker, does not fit with the

biotype expected for reworking firm substrates.
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The capability to excavate firm substrates is present in biological programs
(sensu Seilacher, 2007) since the early Cambrian, revealed by the occurrence of shallow
Diplocraterion paralellum and Altichnus foeyni in the siliciclastic firmgrounds from
Norway (Bromley and Hanken, 1991). Diplocraterion is common in Glossifungites
Ichnofacies suites throughout the Phanerozoic (e.g., Savrda, 1991; Balistieri and Netto,
2002; Carmona et al., 2006; Netto et al., 2007; Yang et al., 2009; Gandini et al., 2010;
Sedorko et al., 2018). This capability was expanded in the early Paleozoic, with the
record of Skolithos since the Ordovician, and Thalassinoides, Rhizocorallium, and
Arenicolites, since the Devonian (Driese and Foreman, 1991; Smith and Jacobi, 1998;
Tognoli et al., 2003; Sedorko et al., 2018). Except for Arenicolites, these trace fossils
are the key-ichnotaxa in Glossifungites Ichnofacies, suggesting arthropods and
polychaetes as the main colonizers of firm substrates throughout the time (e.g.,
Rodriguez and Panza, 2003; Rodriguez-Tovar et al., 2007; MacEachern et al., 2007;
Buatois et al., 2007).

Thalassinoides is the predominant component of the Glossifungites suites in the
Rio Bonito-Palermo sedimentary succession. This ichnogenus is the most ubiquitous
trace fossil in the Glossifungites Ichnofacies throughout the Phanerozoic, increasing its
record in firmgrounds during the Cretaceous, and in the Neogene (e.g., Pemberton and
Frey, 1985; MacEachern et al., 1998; Campbell and Nesbitt, 2000; Gingras et al., 2001,
2002 a,b; Savrda, 2001a,b; Balistiere and Netto, 2002; Buatois et al., 2002; Gandini et
al., 2010; Dasgupta and Buatois, 2012; Pearson et al., 2012; Abdel-Fattah et al., 2016;
Carmona et al., 2016; Schultz et al., 2016). Although Paleozoic Thalassinoides cannot
be attributed to a specific group of arthropods with accuracy (Carmona et al., 2004),
post-Paleozoic Thalassinoides are assumed to be produced by thalassinid crustaceans,

which can explore firm substrates in modern settings (e.g., Monaco and Garassino,
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2001). According to Carmona et al. (2004), the drop of the Thalassinoides record in
firm substrates in the Paleogene follows the pattern observed in softgrounds and might
reflect the effect of the end-Cretaceous mass extinction. However, the increasing of the
Thalassinoides record in firm substrates during the Cretaceous could represent a
“research” bias caused by the volume of ichnological work carried out on the K-Pg
boundary. The increase in the record of Thalassinoides in firm substrates in the
Neogene reflects the remarkable proliferation of decapod crustaceans in shallow seas
and the prevalence of crustacean burrows in shallow-marine ichnofaunas since the

Miocene (Carmona et al., 2004).

7. Conclusions

The presence of Glossifungites suites in the Rio Bonito-Palermo sedimentary
succession was crucial for recognizing key stratigraphic surfaces and differentiate
among autogenic and allogenic surfaces. The recognition of burrows showing sharp
irregular borders and sharp, but without irregular borders, allowed differentiating
colonization in firmgrounds and stiffgrounds, respectively. Colonization of firmgrounds
occurred mostly in barren mudstones from estuarine settings, while the lower shoreface
deposits characterized mostly stiffgrounds. The major frequency of large burrows in
association with allogenic surfaces was determinant to consider them a potential
signature of these surfaces, at least in the studied succession.

The trace fossil assemblages that characterize the Glossifungites suites preserved
in the Rio Bonito-Palermo sedimentary succession suggest that crustacean and possibly
polychaetes were the main colonizers of firm substrates in the Parana Basin during the

early Permian.
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10. Figures and table captions

Figure 1. Geographical map with the cores used in this study, Rio Grande do Sul State,
south of Brazil.

Figure 2. Examples of facies association attributed to the different depositional
paleoenvironments identified in the Permian Rio Bonito-Palermo succession. A,
Estuarine deposits. B, Lower shoreface deposits bioturbated with Cruziana Ichnofacies.
C, Offshore transition deposits bioturbated. D, Offshore deposits with low bioturbation.
Figure 3. Summarized stratigraphic column with the location of the Glossifungites
suites in the lower shoreface and estuarine deposits.

Figure 4. A-G, Cross section of the firmground substrates showing Glossifungites
suites demarking autogenic surface, including Thalassinoides (Th), Skolithos (Sk),
Gyrolithes (G), and Diplocraterion (D) in the estuarine deposits.

Figure 5. A-D, Cross section of the firmground substrates showing Glossifungites
suites demarking allogenic surface, including Thalassinoides (Th), and Diplocraterion
(D) in the Rio Bonito-Palermo succession. A, Diplocraterion and Thalassinoides
associated to coplanar surface. Thalassinoides and Diplocraterion associated to
coplanar surfaces.

Table 1. Sedimentary facies of the Early Permian deposits (Rio Bonito-Palermo

interval) from the Parana Basin.
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Irati Form.

Palermo Formation

Conventions:

Facies association (log)

Rio Bonito Formation

Bl mud flat " lower shoreface
B coal 50 offshore transition
BE= mixed flat B offshore
sand flat marls
Sedimentary structures:
== hummocky cross stratification - unidirectional cross lamination (ripple)
=== parallel lamination M massive
=== wavy bedding «  muddy clast
-~ drappes ~.  sandstones lenses
- OMission surface = bidirectional cross stratification
Bioturbation structures
Glo Asterosoma =7 Teichichnus
EUB Firmground structures “~ Planolites
v Helminthopsis .~ Thalassinoides
U7 Arenicolites [ Skolithos
7 Rosselia £ Diplocraterion
== Planolites (3 Ophiomorpha
High bioturbation
gamma ray
log

=~ = = SB = sequence boundary (coplanar surface)

= == = allogenic surface (coplanar surface)
= = = autogenic surface

FMCC









Facies Texture Sedimentary Fossil/trace fossil content
structures (ichnofabrics)
Marl Carbonate claystone Massive Absent
Carbonaceous Carbonaceous shales. Thin Massive Phytodebris
shales lenticular fine-grained sandstones Thalassinoides
and pyrite nodules, and syneresis
cracks occur locally.
Coal Coal Massive Absent
Massive mudstone | Muddy deposits formed by mixed | Massive Thalassinoides, Gyrolithes,

clay and silt particles.

Skolithos

Laminated siltstone

Siltstone with local occurrences of
thin very fine-grained sandstone
lenses.

Parallel lamination

Incipient bioturbation; local
occurrence of Planolites

Heterolithic
deposits

Hetherolitic deposits composed of
intercalation of organic-rich
siltstone, claystone, and very fine-
to fine-grained sandstone.

Sandstone beds
form wavy and
lenticular bedding
with symmetric and
asymmetric tops;
massive mudstones

Arenicolites, Asterosoma,
Chondrites, Cylindrichnus,
Diplocraterion, Gordia,
Helmintopsis, Planolites,
Palaeophycus,
Rhizocorallium, Rosselia,
Skolithos, Teichichnus,
Thalassinoides,
undetermined bioturbation

Very fine-grained
sandstone

Very fine-grained sandstone with
abundant quartz.

Very low-angle
cross-stratification,
parallel lamination

Absent

Very fine-grained
sandstone with
drapes

Very fine-grained sandstone.
Drapes of carbonaceous siltstone
and carbonate cement occur
locally.

Predominantly
massive; Low-
angle cross-
stratification occur
locally

Chondrites, Helmintopsis,
Palaeophycus, Planolites,
small unidentified
horizontal traces;
rhizobioturbation

Fine-grained Fine-grained quartz sandstone. Low-angle cross- Chondrites, Lokeia,
sandstone Flaser structure, intraclasts of stratification, Macaronichnus, Rosselia-
carbonaceous shales, and climbing ripple like burrows, Skolithos,
carbonate cement occur locally. lamination, parallel | yhizobioturbation
lamination,
combined-flow
ripples; massive
when carbonate
cement is present
Fine-grained Very fine- to fine-grained Hummocky cross- | Diplocraterion,

sandstone with
HCS

sandstone.

stratification

Helminthopsis,
Ophiomorpha, Skolithos,
Thalassinoides, Rosselia

Medium- to fine-
grained sandstone

Fine- to medium-grained
sandstone forming fining-upward
cycles. Drapes of carbonaceous
shales, granule and pebble-sized

Low-angle cross-
stratification

Rhizobioturbation




intraclasts, and pyrite nodules also
occur. Erosive base.

Coarse- to fine-
grained sandstone
with drapes

Coarse- to fine-grained sandstone
forming fining upward cycles.
Drapes and intraclasts of
carbonaceous shales occur locally.
Extraformacional granules occur
in the coarse-grained sandstone.

Intercalations of
low- and high-
angle cross-
stratification.
Double mud
drapes.

Diplocraterion, Lockeia,
Macaronichnus, Planolites,
Skolithos, Thalassinoides,
rhizobioturbation

Arkose sandstone

Coarse to medium-grained arkose
sandstone. Mud drapes and pyrite
nodules occur locally. Fluidized
structures and load casts are
frequent. Scarce drapes and
laminae of coal.

High-angle trough
cross-stratification

Local occurrences of
Ophiomorpha

Coarse-grained
sandstone

Coarse-grained sandstone, poor
selected. Quartz, pyritized and
oxidized. Intercalated with
carbonaceous shale.
Carbonaceous shale intraclasts.

Low-angle trough
cross-stratification.
Double mud drapes
occur locally.

Absent in the sandstone;
small unidentified
horizontal traces in the
carbonaceous shale

Ortoconglomerate

Ortoconglomerate composed of
intraformational and
extraformational clasts of pebble-
sized granite, quartz, feldspar, and
siltstone. Coarse- to medium-
grained sandy matrix. Some clasts
are angular. Locally carbonatic
cement.

Chaotic

Absent

Diamictite

Diamictite with quartz, feldspar,
and granite pebbles and granules.
Matrix composed of sandstone
and mudstone. Drapes of coal
occur locally.

Massive

Absent




Highlights
Subaerial exposure marked by the Glossifungites Ichnofacies in estuarine deposits
Coplanar surfaces marked by the Glossifungites Ichnofacies in lower shoreface deposits

Morphological differences among the Glossifungites assemblages colonizing autogenic

and allogenic stratigraphic surfaces
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Evaluating the resolution of the ichnological record to determine the coastline

dynamic: a case study in transgressive post-glacial deposits

Jorge Villegas-Martin, Renata Guimarées Netto, Henrique Parisi Kern , Daniel Sedorko,
Joice Cagliari, Ernesto Luis Correa Lavina

Graduate Program in Geology, UNISINOS University, Av. Unisinos, 950, 93022-000 Sao

Leopoldo, RS, Brazil.

Abstract

A few studies used ichnofabrics as a relative proxy for determining shoreline
variation and coastal dynamics. In addition, most of these few studies demonstrated the
efficiency of the ichnologic analysis for determining relative sea-level variations in 4"or
5t order cycles. However, the accuracy of trace fossils for determining shoreline
variation and the coastal dynamics in cycles of higher orders is still poorly tested. In this
work is analyzed and discussed the ichnology of the Early Permian deposits (Rio
Bonito, Palermo and Irati formations) of the Paranéa Basin to discuss the reliability of the
ichnological record for determining the coastal dynamic variations in 2"4and 3" order
cycles and to trace bathymetric curves that reflect regional eustatic cycles and coastal
dynamics. The ichnological and sedimentological data correspond to different cores
located in the SSE border of the Parana Basin. The vertical distribution of the trace
suites and facies association vary from impoverishes Cruziana (estuarine) —Skolithos—
archetypical Cruziana (lower shoreface) — distal Cruziana (offshore transition-offshore)

ichnofacies from base to top suggest a transgressive tendency well marked during the
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Early Permian in the Parana. In the 3 order cycle this transgressive event is disrupted
by a forced regression—transgressive event (SB, coplanar surface) marked by a
Glossifungites suite at the base of the Palermo Formation. The bathymetric curve traced
for the Asselian-Artinskian interval studied has no correspondence with the global sea-
level curve and illustrate local processes associated to a particular subsidence and basin

restriction during the deposition of the Godwana | Supersequence in the early Permian.

Keywords: Ichnological record, coastline relative dynamic, Parana Basin, early Permian,

Brazil

1. Introduction
Sedimentary sequences record the fluctuations of sea level dynamics,
sedimentation, and other related environmental parameters (Brett, 1998). The

ichnological data contribute significantly to refine paleoecological and
paleoenvironmental interpretations in these sequences, serving as indirect signatures of
relative sea-level variations (Sarvda, 1991, 1995; Brett, 1998). Trace fossil assemblages
provide evidence of the relative paleobathymetry, salinity, substrate consistency,
sedimentation rate, and bottom-water oxygenation, which vary according to the coastal
dynamics in shallow marine environments (e.g., Rhoads et al., 1972; Firsich,1978;
Brett, 1998, Buatois et al., 1992; Savrda, 1991; Sarvda and King, 1993; Savrda, 1993;
Netto and Rossetti, 2003; Buatois et al., 2007; Villegas-Martin et al., 2014; Sedorko et

al., 2017).
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Despite ichnology has been used in many studies to infer sedimentary processes
and key stratigraphic surfaces (e.g., Buatois et al., 2007; Gandini et al., 2010; Sedorko et
al., 2018), only a few have used ichnofabrics as a relative proxy for determining
shoreline variation and coastal dynamics. Most of these few studies demonstrated the
utility of the ichnologic analysis for determining relative sea-level variations in 4" or 5™
order cycles (e.g., Savrda, 1991; Fielding et al., 2006; Rodriguez-Tovar etal., 2010;
Paranjape et al., 2014). However, the accuracy of trace fossils for determining shoreline

variation and the coastal dynamics in cycles of higher orders is still poorly tested.

The Permian deposits of the Parana Basin were interpreted as a 2nd order
transgressive-regressive cycle (Milani et al., 2007), in which the transgressive cycle is
represented by the Early Permian Rio Bonito, Palermo, and Irati formations, and the
Late Permian Serra Alta, Teresina, and Rio do Rasto formations characterize the
regressive cycle. The Rio Bonito and Palermo formations are well-known for possessing
a continue, extensive, and rich ichnological record (Netto, 1994, 1995, 1997; 1998;
Buatois et al., 2001a,b; Netto et al., 2007; Buatois et al., 2007; Gandini et al., 2010).
Some of these studies were successful in recognizing 3" order regressive-transgressive
cycle using trace fossils. However, these analyses were mostly restricted to the
transition between the wave-dominated estuarine deposits that characterize the top of
the Rio Bonito Formation and the shallow marine deposits preserved at the lower half of
the Palermo Formation. The ichnology of the basal and middle deposits of the Rio
Bonito Formation have been poorly explored for stratigraphic purposes (e.g., Buatois et
al., 2001a,b, 2007; Gandini et al., 2010) and the ichnofabrics present in both the upper
portion of the Palermo Formation and the Irati Formation have been never considered in

this analysis. In this contribution, we analyze the ichnology of the Early Permian



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

deposits of the Parana Basin with two main purposes: to discuss the reliability of the
ichnological record as a relative proxy to determining coastal dynamics in 2" and 3"
order cycles and to trace curves that reflect regional eustatic cycles and coastal

dynamics.
2. Geological context

The trace fossils studied herein occur in deposits of the Rio Bonito, Palermo and
Irati formations that represent the Early Permian succession of the Parana Basin (state
Rio Grande do Sul), southern Brazil (e.g., Habekost, 1978, 1983; Lavina et al., 1985;

Lavina and Lopes, 1986; Lopes, 1990; Santos et al., 2006) (Fig. 1).

The Parana Basin is a Gondwanan intracratonic basin that covers a territory of
approximately 1.5x10° km? in the southeast of South America and is mostly preserved
in the central-southern Brazil (Zalan et al., 1990; Milani et al., 2007). The basin infill
reaches a maximum thickness of ~8000 m in its depocenter (Zalan et al., 1990) and
consists mainly of Late Ordovician to Late Cretaceous sedimentary deposits with minor
participation of volcanic rocks (Milani et al., 2007). The tectonic and depositional
evolution of the Parana Basin originated uplift and subsidence cycles that coincided
with the major orogenic phases in the history of southwestern Gondwana, originating
regional unconformities that allowed delimitat six supersequences (Milani et al., 2007).
The sedimentary succession of the Rio Bonito, Palermo, and Irati formations is included
in the basal part of the Gondwana | Supersequence and represents the transgressive
basal Permian deposits (Milani et al., 2007). These deposits are part of a 2" order
transgressive-regressive cycle and represent the transgressive trend that characterizes
the post-glacial deposition that demarks the demise of the Gondwana glaciation in

southwestern Gondwana (e.g., Eyles et al., 1993; Milani et al., 2007; Bocardi et al.,
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2009; Limarino et al., 2013; Montafiez and Poulsen, 2013; Cagliari et al., 2016, Griffin

etal., 2017; Isbell et al., 2018).

The Rio Bonito Formation consists principally of conglomerate, very fine- to
very coarse-grained sandstone, fine-grained heterolithic deposits, mudstone, and coal
seams. In its type area, the unit has been divided, from base to top, into the Triunfo,
Paraguacu, and Sideropolis Members (e.g., Schneider et al., 1974; Lavina et al., 1985;
Lavina and Lopes, 1986; Buatois et al., 2001a, 2007; Tognoli, 2002; Gandini et al.,
2010; Holz et al., 2010). U-Pb radiometric analyses made by Cagliari et al. (2014, 2016)
and zircon provenance analysis by Griffins et al. (2017) indicate an Asselian—Sakmarian
ages for its deposits. The fauna fossil of the Rio Bonito Formation is composed mainly
of bivalves, inarticulated brachiopods, asteroid and ophiuroid echinoderms, gastropods,
and plant fragments (e.g., Dolianiti, 1945; Martins and Sena Sobrinho, 1950, 1952;
Schmidt-Neto et al., 2018a,b). The basal deposits of the Rio Bonito Formation had been
assumed as accumulated in fluvial-deltaic settings (e.g., Lavina et al., 1985; Lavina and
Lopes, 1986; Holz et al., 2010), and the median and upper portions were interpreted as
tide- and wave-dominated shallow marine and estuarine deposits (e.g., Netto, 1994,

1998; Buatois et al., 2001a,b; Tognoli, 2002, 2006; Lopes et al., 2003a,b).

The Palermo Formation consists principally of very fine- to fine-grained
sandstone and mudstone deposited during the Artinskian, based on palynological
content and paleoflora associations (e.g., Daemon and Quadros, 1970; Souza and
Marques-Toigo, 2005; lannuzzi and Souza, 2005; Souza, 2006). The fossils fauna of the
Palermo Formation is composed principally of wood (Dadoxylon sp.), amphibian teeth

(Loxomma sp.), and bivalves (Schneider et al., 1974). The Palermo Formation records
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deposition in open marine environments, ranging from lower shoreface to offshore (e.qg.,

Netto, 1994; Buatois et al., 2007; Holz et al., 2010).

Trace fossils of mesohaline and fully marine invertebrate organisms are common
in the Rio Bonito (median and upper portions) and Palermo formations (Netto 1994,
1995, 1998; Buatois et al., 2001a,b; 2007; Gandini et al., 2010; Villegas-Martin and
Netto, 2018). In addition, bioerosion structures occur in bivalve shells from shell beds
preserved in the median portion of the Rio Bonito Formation (Schmidt-Neto et al.,
2018a). The boundary between the Rio Bonito and Palermo formations marks the
establishment of shelf deposits over coal-rich coastal deposits (e.g., Netto, 1994;

Buatois et al., 2007; Holz et al., 2010).

The Irati Formation consists mainly of shales, bituminous shales, sandstones,
marls, and carbonates. In its type area, this unit has been divided, from base to top, into
the Taquaral (inferior) and Assisténcia members (Milani et al., 1994, 2007). These
deposits were dated from Late Artiskian, based on U-Pb radiometric (Santos et al.,
2006). The fauna of the Irati Formation is composed principally of invertebrates such as
insects (Mecoptera, Neuroptera e Homoptera), crustaceans, and microfossils
(foraminifers and palynomorphs) (Daemon and Quadros, 1970; Roster et al., 1981;
Pinto and Ornellas, 1981). Among the vertebrates, these deposits are worldwide known
by the richness in Mesosauridae reptiles (Mesosaurus, Stereosternum, and
Brazilosaurus) (Oelofsen and Araujo, 1987; Lavina, 1991; Soares, 2003). Swimming
trace fossils attributed to mesosaurids have also been recorded by Sedor and Silva
(2004) and Silva et al. (2009). Paleoenviromental reconstructions based on facies
association and fossil content considered deposition in transitional marine settings

(Taquaral Member) and in marine settings (Assisténcia Member) (Lavina et al., 1985;
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Aboarrage and Lopes, 1986; Lavina and Lopes, 1986; Albuquerque, 1990; Lopes, 1990;

Santos et al., 1990).

3. Materials and methods

The sedimentological and ichnological data of the studied interval came from
subsurface deposits expressed in cores TG-94-RS, TG-97-RS, TG-228-RS, HV-39-RS,
HN-45-RS, HV-54-RS, SC-01-RS, CA-25, CA-51-RS, CA-61-RS, and CA-74-RS drilled by
the Brazilian Geological Survey (CPRM) and housed in Cacapava do Sul (Rio Grande
do Sul State, Brazil). The sedimentological and ichnological data from cores TG-97-RS,
TG-228-RS, HV-39-RS, HN-45-RS, and CA-74-RS were used herein as originally
described by Netto (1994). Supplementary ichnological and sedimentological data were
obtained on cores CA-74-RS, CA-25-RS, CA-51-RS, and CA-61-RS as described and
analyzed originally by Netto (1994), and cores IB-01-RS, 1B-03-RS, I1B-04-RS, I1B-06-RS,
IB-08-RS, IB-15-RS, IB-17-RS, IB-22-RS, IB-74-RS, 1C-20-RS, 1C-32-RS, IC-36-RS, 1C-56-
RS, CA-10-RS, CA-19-RS, CA-20-RS, CA-58-RS, CA-60- RS, CA-62-RS, CA-63-RS, CA-78-
RS, IC-03-RS, IC-07-RS, IC-12-RS, and IC-44-RS originally studied by Buatois et al. (2001,

2007) and Gandini et al. (2010).

Trace fossil are preserved mostly as ichnofabrics, which were described
through direct observations in the different cores. Trace fossil description was based on
the main general ichnotaxobases (sensu Bromley, 1990) applicable to ichnofabrics:
burrow infill, burrow limit, branching pattern, and presence/absence of spreiten. The
criteria for ichnofacies analysis followed the principles stated by Seilacher (1967). In
addition, detailed information such as cross-cutting relationships, burrow trajectory, and

external surface features were also considered. The bioturbation was quantified using
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the scale (bioturbation scale, BS) proposed by Reineck (1963), ranging from 0 (without
bioturbation) to 6 (sediment totally homogenized) and taking in account an average

diameter of 4 cm for the cores.

The facies description followed the general description made by Netto (1994)
for the Rio Bonito-Palermo sedimentary succession. For stratigraphic purposes, the base
of Palermo and Irati formations was delimited by the establishment of massive storm
deposits represented by very fine- to fine-grained sandstone with hummocky cross
stratification interbedded with moderate to high bioturbated heterolithic deposits,
following the criteria used by Lavina et al. (1985), Netto (1994), and Buatois et al.

(2007).

The shoreline variation and bathymetry in the studied section was determined
by the vertical variation in the ichnological signatures (considering ichnodiversity,
degree of bioturbation, and composition of the trace fossil suites), paying special
attention to the significant vertical shifts in the trace fossil assemblages (ichnofacies)

and lithofacies, and the evidence of key stratigraphic surfaces.

4. Trace fossils, lithofacies, and facies association

The distribution of the sedimentary facies throughout the sedimentary
succession (Rio Bonito-Irati interval) allowed recognized three main facies association:
estuarine, shoreface, and offshore. These main facies associations were also recognized
in the studied interval in previous studies (e.g., Netto, 1994; Buatois et al., 2007;
Gandini et al., 2010; Holz et al., 2010), and show local variations, according to the

studied area in the SSE border of the Parana Basin.
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The bioturbation scale (BS) vary throughout the studied succession from low
(BS 1-2), locally moderate to high (BS 3-5), in the Rio Bonito Formation, to moderate
to high (BS 4-5), locally high (BS 6) in the Palermo Formation, dropping to non-
bioturbated to locally low in the Irati Formation. The ichnodiversity is low, locally

moderate in the Rio Bonito Formation, high to locally moderate in the Palermo

Formation, and moderate to monotypic in the Irati Formation (Fig. 2, 4, legend Fig.3).

4.1. Estuarine facies association

The estuarine deposits are preserved at the base of the sedimentary succession
and is better represented by the deposits of the Rio Bonito Formation. These deposits
include conglomerate, amalgamated and stratified sandstones with drape and flaser
bedding, intercalated with heterolithic deposits, marls and mudstones including coals
(Table 1). Two types of estuary have been recognized in the Rio Bonito Formation: a
tide-dominated estuary that characterizes the basal Rio Bonito deposits, and a wave-
dominated estuary that characterizes the middle and upper portions of the Rio Bonito
Formation in the study area (e.g., Buatois et al., 2001a,b, 2007; Gandini et al., 2010;

Netto et al., 2012).

4.1.1. Tide-dominated estuary

The tide-dominated estuary facies association is composed of fluvio-estuarine
and intertidal deposits that correspond to conglomerate (Or and D lithofacies), stratified
sandstone (As, Cgs, Csd, Fs, and Ms lithofacies), and fine-grained deposits (C, Cs,

He,Ls, Mm lithofacies) (Table 1). The conglomerates are observed exclusively at the
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very base of the sedimentary succession in the northeast section (Fig. 2) and compose
fining-upward cycles together with lithofacies As (Fig. 4). A thick pack of muddy
deposits from Ls and Mm lithofacies overlies these fining-upward cycles. Bioturbation
Is absent in the coarser-grained deposits and is represented exclusively by
rhizobioturbation in the muddy beds, which are rich in phytodebris (Fig. 2, 3). These
deposits characterize the inner estuary fluvio-estuarine settings (e.g., Netto, 1994;

Buatois et al., 2007).

The Csd lithofacies is dominant in the lower and middle portion of the Rio
Bonito succession in the southwest section, and represents sand flat channels and bars
(e.g., Allen, 1982; Buatois et al., 2007). The absence of wave-generated structures
indicates prevalence of tidal processes in these sand flats. The trough cross-bedded
sandstone resulted from unidirectional tractive flows and show thicker and thinner
bundles ascribed to spring- and neap-tidal cycles locally (e.g., Houbolt, 1968, Boersma
and Terwindt, 1981). The sandstones with bidirectional trough cross bedding indicate
tidal reworking. The accumulation of abundant muddy debris forming drape and flaser

bedding would be associated with slack-water conditions (McCave, 1972, Allen, 1982).

Non-bioturbated deposits of the He lithofacies with a high content of
phytodebris occur intercalated with deposits of the Ls and Mm lithofacies in the
northeast section (Fig. 2). In the southwest section, however, the deposits of the He
lithofacies occur intercalated with the lithofacies Csd and locally with lithofacies Cgs
(Fig. 4, 5). The He lithofacies in the tidal-dominated estuarine system deposits consists
of millimetre- to decimetre-scale beds composed of very fine-grained sandstone with
current ripples and mud drapes alternated with centimetre- to decimetre-scale beds of

laminated siltstone and/or claystone. Bioturbation occurs in lithofacies He in the
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southwest section and is represented by the low diverse Palaeophycus-Planolites-
Helminthopsis ichnofabric (Table 2) (Fig. 4-5). The burrows generally show small
diameter (< 5 mm) and the intensity of bioturbation is moderate (BS 3-4). These
characteristics and the trace fossil content indicate colonization of softgrounds possibly
stressed by salinity fluctuations (e.g., Buatois et al., 2005). Thus, Palaeophycus-
Planolites-Helminthopsis ichnofabric characterizes a brackish-water trace fossil suite
(BW suite; Table 2) and is an expression of the impoverished Cruziana Ichnofacies in

the tide-dominated estuarine settings.

Mm, C, and Cs lithofacies (Table 1) occur locally interbedded with or capping
the Csd lithofacies, representing lateral deposits of mud flats accumulated in muddy-
mixed intertidal (mudstones and heterolithic strata) and supratidal (coal seams) settings

(e.g., Reineck, 1980).

4.1.2. Wave-dominated estuary

The wave-dominated estuary facies association is composed of intertidal,
beach, and storm-influenced deposits that correspond to medium- to fine-grained cross-
stratified sandstone (As, Cgs, Csd, Fs, and Sw lithofacies), fine-grained parallel-
laminated sandstone (Vfs lithofacies) and fine-grained deposits (C, Cs, He, Ls, M, and
Mm lithofacies) (Table 1, Fig. 5). Storm-influenced deposits, represented by
amalgamated beds of lithofacies Swi, mark the transgressive surface that flood the tide-
dominated estuarine system in the studied succession. These deposits are better
represented in the northeast section (Fig. 2) and show an erosive base. Marine mollusk-

dominated shell beds are common in Sw1 lithofacies (Schmidt-Neto et al., 2018 a, b)

and are better preserved in the central-western portion of the Rio Grande do Sul State.
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Bioturbation is represented by the crowded Rosselia ichnofabric (BS 4-5), which are
dominated by funnel-shaped Rosselia with average diameter > 2 cm (Table 2). Deposits
of the Sw and He lithofacies occur in close association with the lithofacies Swi and
represent, respectively, sand bars formed by wave and currents in outer estuary settings
during fair-weather conditions and a laterally disposed bay or lagoon. In the He
lithofacies the bioturbation is represented by crowded Palaeophycus ichnofabric
(CPI)(Villegas-Martin and Netto, 2018), which are dominated by P. tubularis
subcylindrical to horizontally flattened in cross-section with range from 3.0 to 7.6 mm

(Villegas-Martin and Netto, 2018).

Wave-dominated sandstone (Fs lithofacies) occurs locally and characterizes the
subtidal deposits in the estuarine mouth. Tidal bars and channels are also preserved in
the outer estuarine zone and are represented by the deposits of the As, Csd, Cgs, and Ms
lithofacies (Table 1). These deposits include very fine- and fine-grained sandstone with
abundant quartz and bidirectional trough cross-stratification (Csd lithofacies) produced
by tractive, unidirectional flow giving rise to 3D dune (e.g., Harms et al., 1982; Walker
and Plint, 1992; and Clifton, 2006). Low-angle cross-stratification is the main
sedimentary structure in the sandstones in Cgs and Ms lithofacies. Lithofacies Vsf
represents beach deposits and, like Ms lithofacies, is observed exclusively in the

southwest section (Fig. 4).

Bioturbation is absent in Cgs, Fs, and Vsf deposits, and is represented
exclusively by rhizobioturbation (BS 2) in Ms and Fs lithofacies. A monotypic
Ophiomorpha ichnofabric with low bioturbation degree (BS 2) occurs locally in
lithofacies As. The Macaronichnus ichnofabric (BS 4), with local occurrence of

Diplocraterion, Lockeia, Planolites, Skolithos, Thalassinoides characterizes the
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bioturbation in lithofacies Csd. Rhizobioturbation occurs locally, in palimpsest
preservation over the previous bioturbation. The monotypic Palaeophycus ichnofabric
occurs in the Sws lithofacies with low bioturbation scale (BS 2) while the
Thalassinoides-Teichichnus ichnofabric (BS 2-3) occurs in the heterolithic deposits
(Table 2; Fig. 5, 6).

The set of ichnofabrics registered in the outer estuary settings points to a
polyhaline trace fossil suite (PH suite; Table 2). They are characterized by the low
ichnodiversity and the low amount of bioturbation, which might reflect stressing
conditions caused by the prevalence of high energy and potentially high frequency
sedimentary processes. Thus, the PH trace fossil suite is an impoverished expression of
the mixed Skolithos-Cruziana Ichnofacies (e.g., Pemberton et al., 2001; Buatois et al.,

2005) in the studied deposits.

The supratidal-intertidal deposits preserved in the inner portion of the estuary are
mostly represented by the fine-grained deposits, which include carbonaceous shales,
coal beds, and massive mudstones containing abundant plant fragments (Cs, C, Mm

lithofacies), heterolithic beds (He), and marls (M) (Table 1; Fig. 5).

Lithofacies He show a similar composition observed in the tide-dominated
estuary system, except for the presence of wavy bedding and the poorness in
phytodebris (Fig. 2). Bioturbation in these settings is represented by the Palaeophycus-
Planolites-Helminthopsis ichnofabric of BW suite (Table 2), suggesting deposition in

estuarine bay.

Lithofacies C, Cs, Ls, M, and Mm compose the mud flats. Thick coal beds occur
in this portion of the Rio Bonito sedimentary succession. Together with the

carbonaceous shale, they comprise the richest record of the Glossopteris Flora in the
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southern portion of the Parana Basin (e.g., Aboarrage and Lopes, 1986; lannuzzi and
Souza, 2005). Fining-upward cycles composed of carbonaceous shales (Cs) containing
lenses of very fine-grained sandstone and syneresis cracks on the base and massive
mudstones (Mm) on the top occur locally. Marls deposits occur locally capping massive
mudstones or interbedded with Sw1 deposits (Fig. 2, 4), suggesting quiescence periods in

shallow lagoons.

Except for the Mm lithofacies, bioturbation is absent in the mud flat deposits. In
Mm deposits, it is characterized by the Thalassinoides-Gyrolithes ichnofabric (BS 2-3)
and represents colonization of firmgrounds and stiffgrounds formed in muddy intertidal
and supratidal settings. This assemblage had been previously reported in the estuarine
facies of the Rio Bonito sedimentary succession (e.g., Buatois et al., 2007; Netto et al.,
2007, 2012b; Gandini et al., 2010). The Mm deposits bearing the Thalassinoides-
Gyrolithes ichnofabric intercalate with thin (< 10 cm) sandstone beds of Csd and Ms
lithofacies, sometimes suggesting a cyclic repetition. According to Villegas-Martin et al.
(submitted), these cyclic occurrences characterize autogenic stratigraphic surfaces
controlled by variations in the coastal dynamics in these estuarine settings. The
Thalassinoides-Gyrolithes ichnofabric represents colonization of firm, denuded
substrate, characterizing a substrate-controlled Glossinfungites suite (G suite; Table 2).
In this sense, the G suite is the expression of the Glossifungites Ichnofacies in the

studied succession.

4.2. Shoreface facies association

The shoreface facies association is composed of fair-weather wave- and storm

wave-generated sandy deposits and fair-weather heterolitic deposits of the lithofacies
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Hcs, He, and Sw1 (Table 1; Fig. 5) and characterize the lower portion of the Palermo
Formation in the study area (Fig. 2,3). The hummocky and swaley cross-stratified
sandstones of the Hcs and Sw lithofacies represent storm deposits (e.g., Walker, 1979;
Walker and Plint, 1992; Clifton, 2006) and usually conform amalgamated beds. Fair-
weather deposits are expressed by the Swy lithofacies, deposited above the everyday
wave base (e.g., Raaf et al., 1977; Clifton, 2006), and He lithofacies, and occur in close
association with the storm deposits (Fig. 2, 3). Bioturbation is sparse in the cross-
stratified sandstones and is more frequent in non-amalgamated beds. It is characterized
by the Thalassinoides-Skolithos ichnofabric (BS 2-3, eventually 4), with local
occurrences of Diplocraterion, Ophiomorpha, and Palaeophycus (Fig. 6; Table 1). The
dominance of vertical burrows and the amount of bioturbation suggest colonization of
softgrounds in high-energy shallow marine settings and characterizes a high-energy
stenohaline suite (HS suite; Table 2) (e.g., Ekdale et al., 1984; Bromley, 1996;
Pemberton et al., 2001; Buatois and Mangano, 2011). The HS suite is an expression of

the Skolithos Ichnofacies in the studied succession.

The heterolithic deposits from the shoreface facies association are composed of
intercalations of massive mudstone, parallel-laminated siltstone, and fine- to very fine-
grained sandstone forming thin lenticular and wavy bedding with undulate tops
(symmetric and asymmetric) and low-angle cross-stratification. Bioturbation is
abundant and is characterized by the Thalassinoides-Asterososma ichnofabric (BS 4-5).
Although Thalassinoides and Asterosoma (Fig. 6) are the most frequently observed
burrows, this composite ichnofabric is highly diverse and also contains Arenicolites,
Bergaueria, Chondrites, Cylindrichnus, Diplocraterion, Gordia,

Helminthopsis,Ophiomorpha, Palaeophycus, Phycosiphon, Planolites, Rhizocorallium,
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Rosselia, Skolithos, and Teichichnus (Fig. 6, Table 2). The high ichnodiversity, the
abundance of burrows produced in softgrounds by stenohaline organisms, and the
diversity of trophic habits represented in the trace fossil assemblage suggest
colonization of stable substrates during fair-weather conditions. This stability is
reinforced by the presence of dwelling burrows, fecal trails, spreiten formed by filtering
activity or by burrow enlargement due animal growing, and galleries of chemosymbiont
organisms, which suggest the prevalence of optimum or quasi-optimum conditions in
the benthos. Thus, the Thalassinoides-Asterososma ichnofabric characterizes a
moderate- to low-energy stenohaline suite (MLS suite; Table 2) and is an expression of
the archetypal Cruziana Ichnofacies in the studied succession (e.g., Netto, 1994, 2000;

Pemberton et al., 2001; Buatois et al., 2005, 2007).

In some intervals of the Palermo Formation succession, the He lithofacies also
contains large vertical burrows, like Diplocraterion, and deep galleries like
Thalassinoides. The amount of bioturbation is low to moderate (BS 2-4) and the
burrows are characterized by the presence of irregular borders and passive infill by
medium- to coarse-grained quartz sandstone that overlie abruptly the heterolithic
deposits, forming erosive surfaces. This trace fossil assemblage represents the
Glossifungites suite (Table 2) and occur in palimpsest preservation over the MLS suite
(Fig. 7). They indicate forced-regression and transgressive events in the studied
succession (e.g., Gingras et al., 2000; Pemberton et al., 2001; Carmona et al., 2006;
Preasor et al., 2009; Yang et al., 2009; Sedorko et al., 2018) and mark allogenic
stratigraphic surfaces that represent sequence boundaries in 4" and 3" order
stratigraphic cycles (Netto, 1994; Gandini et al., 2012; Villegas-Martin et al.,

submitted).
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The alternance of trace fossil suites representing the Skolithos and Cruziana
ichnofacies is an ichnological signature of deposition in the upper-lower shoreface
transition zone. The trace fossil composition of the MLS suite, however, indicates the
prevalence of an archetypal Cruziana Ichnofacies, which suggests preferential
colonization of lower shoreface substrates. In addition, the fading of the Sw. deposits
towards the top of the Palermo Formation succession reinforces the lower shoreface

character of these deposits.

4.3. Offshore facies association

Offshore-transition and offshore deposits are represented by He, Mm, and Bs
lithofacies (Table 1) preserved on the top of the Palermo Formation and the Irati
Formation succession (Fig. 2-3). They occur in all the study area and comprise
predominantly fine-grained lithologies, including silty to sandy heterolithic beds and

muddy deposits.

The offshore transition deposits encompass mainly heterolithic deposits (He
lithofacies; Table 1). These deposits record mostly periods of quiet water, in which the
suspended sediment fall-out is the predominant sedimentary process during fair-weather
conditions. Episodic deposition of thin beds of fine-grained sandstone or siltstone
caused by combined-flow and storm wave action may occur (Clifton, 2006; Buatois et
al., 2007). The bioturbation is characterized by the Thalassinoides-Asterosoma
ichnofabric with a high degree of bioturbation (BS 5, locally 6). The occurrence of the
MLS suite in these deposits indicates the prevalence of the stable conditions observed in
the lower shoreface deposits, suggesting colonization of the offshore transition zone.

The occurrence of the MLS suite indicates the distribution of the archetypal Cruziana
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Ichnofacies throughout the lower shoreface to the offshore-transition zone, in
accordance with the record of this ichnofacies in shallow marine settings (e.g., Buatois

et al., 2007; Buatois and Méngano, 2011; Villegas-Martin et al., 2014).

In the upper portion of the Palermo Formation succession, however, the
sedimentary and ichnological patterns in He lithofacies deposits changes. The
heterolithic beds show a high frequency of thin layers of fine-grained sandstone with
carbonate cement interbedded with non-carbonaceous mudstones. The ichnodiversity
decreases, but the abundance of trace fossils is still high (BS 4-5, locally 6). The
bioturbation is characterized by the Teichichnus ichnofabric (BS 3-5) (Fig. 6). T. zig zag
and T. rectus are the main ichnotaxa observed in this ichnofabric, with Palaeophycus
and Thalassinoides as accessory burrows. Chondrites, Helminthopsis, and
Rhizocorallium may occur locally. The dominance of prospecting burrows made by
sediment filtering-feeders in the trace fossil assemblage suggest a high frequency in the
sedimentary input, but a reduction in the amount of organic content into the substrate.
Thus, the Teichichnus ichnofabric represents the colonization of high-frequency
oderate-energy softgrounds in stenohaline settings (HMS suite; Table 2). The HMS
suite is an impoverished expression of the Cruziana Ichnofacies. Impoverished suites of
Cruziana Ichnofacies have been registered in deposits affected by stress caused by
estabilization of environmental parameters that control the distribution of the biota, such
s high sedimentation and erosion rates, salinity and oxygen fluctuations, unbalancing in
food supply, and abrupt changes in substrate consistency (e.g., Bromley, 1990; Netto,
2001; Buatois et al., 2005; Buatois and Mangano, 2011). In the case of the HMS suite,
the stress factors seem to be related to the high frequency of sedimentation and to an

abrupt change in the food supply into the basin.
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The offshore deposits are represented by the finer-grained expression of the He
lithofacies, the Mm, and the Bs. The heterolithic deposits are composed of thin
intercalations of laminated siltstone and claystone, with sporadic lenses of very fine-
grained sandstone. They occur in the very top of the Palermo Formation succession
(Fig. 2,3) and characterizes the upper offshore deposits. Bioturbation is characterized by
the Helminthopsis ichnofabric (Fig. 6), which also contains Palaeophycus, Planolites
and local occurrences of Thalassinoides and Teichichnus (Table 2). The amount of
bioturbation remains high (BS 5-6), suggesting that the reduction in ichnodiversity is a
taphonomic artifact, preserving only the last-emplaced burrows made by
sedimentophagous/detritivorous organisms in deep tiers (e.g., Bromley and Ekdale,
1986). Thus, the Helminthopsis ichnofabric represents colonization of low-energy quiet,
stable soft- to soupgrounds by stenohaline burrowing communities (LS suite; Table 2)

and is a distal expression of the Cruziana Ichnofacies (Table 2).

The Mm and Bs lithofacies characterize the lower offshore deposits (Table 1;
Fig. 5). Bioturbation is poorly preserved in these settings and restricted to the
occurrences of the Helminthopsis ichnofabric with BS 6, locally 4-5 in the Mm
lithofacies, and the monotypic ichnofabric of Chondrites (BS 5) in the Bs lithofacies
(Table 2). The occurrence of the Helminthopsis ichnofabric in Mm lithofacies extends
the LS suite towards the lower offshore deposits. The massive aspect of these
mudstones are due to the homogenization by bioturbation activity, and trace fossils are
clearly observed only in intervals in which the amount of bioturbation is lower. The
presence of the monotypic Chondrites ichnofabric in Bs lithofacies reinforces the anoxic
or quasi-anoxic character of the black shales that characterize the top of the Irati

Formation succession in the study area. These bituminous shales characterize non-
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conventional hydrocarbon source rocks. The prevalence of shelfal conditions suggest
that the monotypic Chondrites ichnofabric represents substrate colonization of oxygen-
depleted soft- to soupgrounds by chemosymbiont organisms (e.g., Bromley and Ekdale,

1984) in a restricted basin.

5. Shoreline variation and changes in coastal dynamics based on trace fossils

Chronostratigraphic data calibrate the Lower Permian deposits of the Parana
Basin in the Asselian—Artinskian interval: 298.8 + 1.9 Ma is the age of the oldest
tonstein deposits ever dated in the Rio Bonito Formation (Cagliari et al., 2016) and
278.4+2.2 Ma is the age of the youngest tonstein known in the Irati Formation (Santos
et al., 2006). The transgressive tendency of these deposits during the Early Permian has
been associated to the Gondwana deglaciation (Milani, 1997). The vertical distribution
of trace fossil suites and ichnofacies throughout the Lower Permian sedimentary
succession of the Parana Basin was strongly influenced by ecological parameters, such
as hydrodynamic energy, salinity and oxygenation rates, food supply, substrate
consistency, which controlled the ichnofauna distribution in response to the sea-level
oscillations and shoreline variations caused by deglaciation. A general transgressive
attern is observed in the whole succession, from the Rio Bonito Formation strata
dominated by impoverished suites of the Cruziana Ichnofacies and suites of the mixed
Skolithos-Cruziana Ichnofacies to the Irati Formation strata exhibiting dominance of
distal suites of Cruziana Ichnofacies, passing through Skolithos and archetypal Cruziana

ichnofacies suites in the Palermo Formation (Fig. 2,3,7).

The estuarine deposits expressed in the Rio Bonito Formation sedimentary

succession exhibit a great variability of depositional settings formed during the original
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paleovalley infill (e.g., Buatois et al., 2007). Tides were the main coastal processes that
influenced these estuarine systems at their initial phase. The evidence of wave action in
the upper part of the Rio Bonito Formation sedimentary succession and the
establishment of well-developed subtidal bars in the outer estuarine settings evidence
the change in the coastal dynamics and the wave influence in the sedimentary processes
into these estuaries. This change is well marked by the impact of storm deposits into the
estuarine settings but also by the shift in trace fossil suites. Ichnofabrics are locally
observed in the tide-dominated estuarine facies association, show low ichnodiversity
and low intensity of bioturbation in general, and, except for local evidence of the
brackish water (BW) suite, trace fossils cannot be assigned to a saline context. In the
wave-dominated estuarine facies association, however, ichnofabrics are commonly
observed in finer-grained deposits and is represented by the BW suite and the polyhaline
(PH) suite. As expressions of the impoverished Cruziana and mixed Skolithos-Cruziana
ichnofacies, these suites reveal substrate colonization of marginal marine settings (e.g.,

Pemberton et al., 2001; Buatois et al., 2005).

The occurrence of the crowded Rosselia ichnofabric (e.g., Schmidt Neto et al.,
2018b) in the storm deposits that affected the estuarine system indicates that high-
energy and high-frequency marine sedimentary processes took place in these settings for
a relative time interval (e.g., Nara, 1995; Netto et al., 2014), and reflects a major
transgressive event. The erosive character of these deposits, the prevalence of storm
deposits signatures and the change in the estuarine regime allow establishing the post-
glacial transgressive surface (TS) at the base of the storm-influenced facies association
in the Rio Bonito Formation (Fig. 8). Converselly, the occurrence of crowded

Palaeophycus ichnofabric (CPI) in the heterolithic deposits intercalated to the storm
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deposits suggest deposition in quiet environments for a relative time interval (Villegas-
Martin and Netto, 2018). The density of Palaeophycus (absence of other macroburrows)
suggest ecologically stressing conditions during substrate colonization (e.g. Buatois et
al., 2005), which associated to dense shell pavements suggest depleted oxygen

conditions established in quiet settings in the estuarine system.

The wave-dominated estuarine deposits are marked by the presence of thick coal beds
and frequent intercalations of massive mud and coarser-grained deposits. Marls occur
locally, sometimes showing stromatolite growing (e.g., Netto, 1994). Sediment
biostabilization are frequent (e.g., Schmidt-Neto et al., 2018b). Rhizobioturbation is
common and Glossifungites (G) suites are more frequent, locally showing cyclic
occurrences and marking autogenic surfaces (Villegas-Martin et al., submitted). These

features suggest frequent lateral facies variation and a shoaling upward tendency.

An important change in the coastal dynamics is recognized in the lower portion
of the Rio Bonito Formation, when the intercalations between Skolithos and Cruziana
ichnofacies suites, with the predominance of the latter, mark the overall flooding of the
estuarine systems and the establishment of shelf deposits (Fig. 8). The flooding surface
(FS) that marks this change is better observed in core CA-74-RS, and compose a
coplanar surface (FS/SB1) that marks the transition between the Rio Bonito and Palermo
formations in almost all analyzed cores (Fig. 2-3). Intercalations of storm and fair-

weather deposits characterizes the basal expression of the shoreface facies association.

The common presence of fair-weather wave sand bars in association with the storm
deposits suggest deposition in upper-lower shoreface transition settings. The dominance
of high, moderate, and moderate to low-energy stenohaline trace fossil suites (HS, MS,

and MLS suites, respectively) in these deposits points to alternance between Skolithos
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and Cruziana ichnofacies, which are expected in shallow marine environments. The
dominance of the Cruziana Ichnofacies suites to the top indicates the general
transgressive trend of the Lower Permian succession in Parana Basin. However, an
abrupt change marked by the occurrence of G suites reworking lower shoreface

heterolithic beds containing the MSL suite and capped by estuarine deposits of the

lithofacies As and Cgs (Fig. 6, 7) broke this tendency and reactivated deposition in
marginal marine settings. These G suite occurrences were assumed as resultant of
allogenic events in the basin and a biomarker of the sequence boundary observed in the
transition of Rio Bonito and Palermo sedimentary succession in many cores (Villegas-
Martin et al., submitted) (Fig. 2-3, 6). This sequence boundary represented by a coplanar
surface (SB1/FS) involves not only the forced-regressive surface, but also at least two
erosive surfaces, considering the difference between the sandstones in the burrow fill
and those that overly the heterolithic deposits, and a flooding surface (e.g., Netto, 1994;

Buatois et al., 2007; Gandini et al., 2010; Villegas-Martin et al.,

submitted). The recurrence of the Glossifungites Ichnofacies also demarks regressive-
transgressive events in high frequency in the lower shoreface deposits (Fig. 8). This
general change is recognized in all the sections (e.g., Netto, 1994; Buatois et al., 2007;

Gandini et al., 2010), indicating the relevance of this event in the basin scale.

Shelfal deposition dominates in the Parana Basin after this change, in which
shoreline variations are discretely preserved throughout the sedimentary succession that
characterizes the Palermo Formation and the base of the Irati Formation. The dominance
of Cruziana Ichnofacies suites, with a prevalence of the MSL suite that represents the
archetypal expression of this ichnofacies is a potent signature of stable sea-level

conditions in offshore-transition and upper offshore settings. The record of the HMS
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suite, however, points to another change in the coastal dynamics that affected these
offshore settings. The low content of organic matter in mudstones and the significant
amount of carbonate cement in the fine-grained sandstones that compose the heterolithic
bedding, associated to the increase in the frequency of sandstone and the change in the
ichnofabric pattern, pointing to colonization of more energetic substrates in the upper
portion of the Palermo Formation. These features suggest a drastic change in the basin,
potentially related to climatic changes, in which the predominantly humid conditions
gave place to more dry conditions. Thus, the impoverished character of the Cruziana
Ichnofacies represented by the HMS suite is a biomarker of this change in the coastal

dynamics as reflect in offshore-transition settings.

The distal expression of the Cruziana Ichnofacies represented by the LS suite
preserved in the offshore deposits from the top of the Palermo Formation succession
characterizes a condensed section (e.g., Netto, 1994; Buatois et al., 2007). This section
records the maximum flooding interval in the second-order transgressive sequence
represented by the Rio Bonito-basal Irati sedimentary succession. The shift of
ichnofabrics from HS suite to LS suite as observed at the base of these beds might be

used as a biomarker of the maximum flooding surface (MFS;) of this sequence (Fig. 8).

The thick carbonate deposits that occur at the base of the Irati Formation lack
bioturbation. They have been interpreted as evaporitic deposits (e.g., Hachiro, 2000;
Cassel, 2017) with evidence of a microbial origin (e.g., Calca, 2014; Warren et al.,
2017). The occurrences of this carbonate deposits on the top of the Lower Permian
sedimentary succession marks another remarkable change in the coastal dynamics of the
Parana Basin and signalizes a forced-regression event (SB>) and the reactivation of the

marginal marine settings under dry climate conditions. A remarkable flooding event was
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responsible for the establishment of the Bs lithofacies deposits on the very top of the
succession. The shift of M and Bs lithofacies in this portion of the succession demark a
new maximum flooding surface, which configures the maximum flooding surface
(MFSy; Fig. 8) of the 2" order Supersequence Gondwana I in Parana Basin (Milani et
al., 2007). Bioturbation is represented by the CS suite, which attests the restricted
character of the marine deposits of the Parana Basin at the end of the Early Permian

(Milani and Ramos, 1998).

The shoreline variations and changes in coastal dynamics of the southern border
of the Parana Basin during the Early Permian as measured by the vertical distribution of
ichnofabrics and the shifts of trace fossil suites and ichnofacies allowed tracing a
relative palobathymetric curve that can be compared with the global sea-level change
record during this time interval. The 3™-order curve as proposed by Haq and Schutter
(2008) evidenced a trend of sea-level fall in the Asselian interval. Contrary, in the
studied section it was diagnosed a relative sea-level rise in that interval, materialized by
Rio Bonito deposits (Fig. 8). This discrepancy can be explained by high subsidence
rates in the basin during Asselian. Milani and Ramos (1998) had diagnosed a prolonged

subsiding phase during the early Permian in Parana Basin.

In the global sea level curve (Haq and Schutter 2008), the Sakmarian-Artinskian
interval is marked by a stillstand phase in 3™ order, but in 4" order some sea level falls
are often observable (Fig. 9). In the studied section a slight sea level rise is observable,
attesting minor subsidence rates than the Asselian interval. Only in the top of the
Artinskian interval a stillstand pattern is observable in the studied section (Fig. 9).
However, the absence of accurate ages and biomarkers in the sequence boundaries

precludes an exact correlation between those curves in 4™ order. Milani and Ramos
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(1998) also pointed that the main global peaks during the early Permian diagnosed by
Vail et al. (1977) has not expression in the stratigraphic record of the Parana Basin, as
result of regional subsidence. In addition, the curve established by Haq and Shutter
(2008) did not considered intracratonic basins and few data were collected in the
Gondwana Realm, which can be a bias on the global curve. Thus, this paleobathymetric
curve constructed for the early Permian of the Parana Basin illustrated principally local
processes associated to a particular subsidence and basin restriction during the

deposition of the Godwana | Supersequence.

6. Conclusions

The vertical distribution of the ichnofacies and suites in the early Permian
reflects changes controlled principally by relative bathymetric and bottom water
oxygenation and suggested a deepening of the basin evidenced of base to top by (1)
Skolithos— arquetipic Cruziana— distal Cruziana (lower ichnodiversity) ichnofacies, and
(2) distinctive sedimentologic signatures characteristic, which vary principally of
estuarine — shoreface (upper and lower) — offshore transition— offshore

subenvironments.

The vertical distribution of ichnofabrics and the shifts of trace fossil suites and
ichnofacies constituted a useful tool for the identification of the shoreline variations and
changes in coastal dynamics in regional scale. Futhermore, these vertical distribution of
the traces permitted traced bathymetric curves for the Parana Basin in 4ta, 3or, and 2da

order cycles.
The bathymetric curve of 3"-order traced for the Permian sequence is

predominantly discrepant with the sea level change global curve and illustrated
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9. Figures and Table captions

Figure 1. A, Regional map of the Parana Basin extension in South America (grey
shading). B, Map demarking the Parana Basin in Rio Grande do Sul state showing the
rock ages and geographical location of the cores correspondent to two sections. C, D,

Detail of the cores included in each one of the sections.

Figure 2. Regional stratigraphic section of the Early Permian deposits, signalling the
levels with the Glossifungites suite and the vertical distribution of the softground

ichnofauna.
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Figure 3. Legends of the figures 2,4 and 8.

Figure 4. Regional stratigraphic section of the Early Permian deposits, signalling the
levels with the Glossifungites suite and the vertical distribution of the softground

ichnofauna.

Figure 5. Lithofacies identified in the deposits studied. A, Medium- to fine-grained
sandstone with Low-angle cross-stratification and flaser structure. B, Laminated
siltstone dark gray. C, Heterolithic deposits bioturbated composed of intercalation of
organic-rich siltstone, claystone, and very fine-to fine grained sandstone. D, Shale and
massive mudstone. E. Medium- to fine-grained sandstone with high-angle cross-
stratification. F, Very fine- to fine-grained sandstone with hummocky crosss
tratification. G, Fine- to medium-grained sandstone with low-angle cross-stratification
and mud drapes to the top. H, Betuminosos shales. 1. Siltsones with very fine-grained
sandstone intercalated. J, Q, Coarse-grained sandstone, quartz with low-angle cross-
stratification. K, Heterolithic with very fine grained sandstones with symmetric and
asymmetric tops and ripples. L, Very fine-grained sandstone with abundant quartz. M,
Medium- to fine-grained sandstone with low-angle cross-stratification and granules. N,
Paraconglomerate. O, Ortoconglomerate. P, Medium-to fine-grained sandstone with

mud drapes capped the low-angle cross-stratification. R. Marl. Scale: 2 cm.

Figure 6. Traces fossils identified in the ichnofabrics of the Rio Bonito-Irati interval
from the Early Permian. A, Structures produced in firmground substrate attributed to
Thalassinoides (Glossifungites Ichnofacies). B-M, Bioturbation structures included in
the Skolithos and Cruziana Ichnofacies. F, Ichnofabric with predominance of
Teichichnus in heterolithic deposits. G, Trace attributed to Rosselia in sandstone. E., J—-

M. Ichnofabrics with predominance of horizontal traces. Pa=Palaeophycus,
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Pl=Planolites, Cy=Cylindrichnus, D=Diplocraterion, He=Helminthopsis,
Th=Thalassinoides, As=Asterosoma, R=Rosselia, Ch=Chondrites, Lo=Lockeia. Scale:

2cm.

Figure 7. A, B, Cross section of the firmground substrates showing Glossifungites suite
demarking allogenic (A) and autogenic (B) surface. A Note the Glossifungites suite

preserved in palimpsest over the MLS suite in Scale 1 cm.

Figure 8. Inferred paleobathymetric curves (blue line) grouping data of lithofacies,

traces suites, and using the core CA-74-RS as example.

Figure 9. Comparison of the Global sea-level curve with the inferred bathymetric curve

to Parana Basin during the early Permian.

Table 1. Sedimentary facies of the Early Permian deposits (Rio Bonito, Palermo, Irati

formations) from the Parana Basin.

Table 2. Ichnofabrics, Ichnologic suites, and Ichnofacies identified in the early Permian

deposits (Rio Bonito, Palermo, Irati formations) from the Parana Basin.
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Code | Lithofacies Texture Sedimentary Fossil/trace fossil content
structures (ichnofabrics)
M Marl Carbonate claystone Massive Absent
Cs Carbonaceous Carbonaceous shales. Massive Phytodebris Thalassinoides
hal Thin lenticular fine-
SNales grained sandstones and
pyrite nodules, and
syneresis cracks occur
locally.
Bs Bituminous Bituminous shales Fissility Absent, locally Chondrites
shales
C Coal Coal Massive Absent
Mm Massive Muddy deposits formed | Massive Helmintopsis, Planolites,
mudstone by mixed clay and silt Palaeophycus,
particles. Thalassinoides,
Teichichnus
Ls Laminated Siltstone with local Parallel lamination | Incipient bioturbation;
siltstone occurrences of thin very local occurrence of
fine-grained sandstone Planolites
lenses.
He Heterolithic Heterolithic deposits Sandstone beds Phytodebris,
composed of form wavy and Palaeophycus-Planolites-
intercalation of organic- | lenticular bedding | Helmintopsis,
rich siltstone, claystone, | with symmetric Helmintopsis, Planolites-
and very fine-to fine- and asymmetric Palaeophycus,
grained sandstone. tops; massive Teichichnus, Teichichnus-
mudstones Thalassinoides, Planolites,
Diplocraterium-Planolites-
Palaeophycus,
undetermined bioturbation
Vfs Sandstone Very fine-grained Very low-angle Absent
sandstone with abundant | cross-stratification,
quartz. parallel lamination
Visd Sandstone Very fine-grained Predominantly Chondrites, Helminthopsis,
sandstone. Drapes of massive; low-angle | Palaeophycus, small
carbonaceous siltstone cross-stratification | unidentified horizontal
and carbonate cement occur locally traces; rhizobioturbation
occur locally.
Fs Sandstone Fine-grained quartz Low-angle cross- | rhizobioturbation

sandstone. Flaser

stratification,




structure, intraclasts of
carbonaceous shales, and
carbonate cement occur
locally.

climbing ripple
lamination,
parallel
lamination,
combined-flow
ripples; massive
when carbonate
cement is present

Swil Sandstone Fine- to medium-grained | Swaley cross Rosselia
sandstone with wave stratification
cross stratification.
Sw2 Sandstone Very fine- to medium- Bidirectional Thalassinoides, Skolithos,
grained sandstone. trough cross Ophiomorpha,
stratification. Palaeophycus
Hcs Sandstone Very fine- to fine- Hummocky cross- | Thalassinoides, Skolithos,
grained sandstone. stratification Ophiomorpha,
Palaeophycus
Ms Sandstone Fine- to medium-grained | Low-angle cross- | Thalassinoides,
sandstone forming stratification Rhizobioturbation
fining-upward cycles.
Drapes of carbonaceous
shales, granule and
pebble-sized intraclasts,
and pyrite nodules also
occur. Erosive base.
Csd Sandstone Coarse- to fine-grained Intercalations of Palaeophycus,
sandstone forming fining | low- and high- Macaronichnus,
upward cycles. Drapes angle trough cross- | Diplocraterium,
and intraclasts of stratification. Macaronichnus-Planolites,
carbonaceous shales Double mud rhizobioturbation
occur locally. drapes.
Extraformacional
granules occur in the
coarse-grained
sandstone.
As Arkose sandstone | Coarse to medium- High-angle trough | Local occurrences of

grained arkose
sandstone. Mud drapes
and pyrite nodules occur
locally. Fluidized
structures and load casts
are frequent. Scarce
drapes and laminae of

cross-stratification

Ophiomorpha




coal.

Cgs

Sandstone

Coarse-grained
sandstone, poor selected.
Quartz, pyritized and
oxidized. Intercalated
with carbonaceous shale.
Carbonaceous shale
intraclasts.

Low-angle trough
cross-stratification.
Double mud
drapes occur
locally.

Absent in the sandstone

Or

Ortoconglomerate

Ortoconglomerate
composed of
intraformational and
extraformational clasts of
pebble-sized granite,
quartz, feldspar, and
siltstone. Coarse- to
medium-grained sandy
matrix. Some clasts are
angular. Locally
carbonatic cement.

Chaotic

Absent

Di

Diamictite

Diamictite with quartz,
feldspar, and granite
pebbles and granules.
Matrix composed of
sandstone and mudstone.
Drapes of coal occur
locally.

Massive

Absent




Ichnofabrics

Components

BS

Lithofacies

Suite

Ichnofacies

Palaeophycus-
Planolites-
Helmintopsis,

Helminthopsis,
Planolites,
Palaeophycus,
Thalassinoides,
short spreiten
Teichichnus,
Asterososma,
Chondrites

3-4

He

Brakish suite
(BW)

Impoverishes
Cruziana Ichnofacies

Palaeophycus

Palaeophycus,

Helmintoidichnites

He

Impoverished

Macaronichnus

Macaronichnus,
Diplocraterion,
Lockeia,
Planolites,
Skolithos,
Thalassinoides

Csd

Polihyaline suite

Impoverishes mixed
Cruziana and
Skolithos Ichnofacies

Thalassinoides-
Teichichnus,

Thalassinoides,
Teichichnus,
Planolites,
Palaeophycus

2-3

He

Palaeophycus

Palaeophycus

Sw;y

Rosselia

Rosselia

Swy

High energy
suite (HE)

Impoverishes
Skolithos Ichnofacies

Thalassinoides-
Gyrolithes

Thalassinoides,
Gyrolithes,
Skolithos

2-3

Mm

Glossifungites
suite (G)

Glossifungites
Ichnofacies

Thalassinoides-
Skolithos

Thalassinoides,
Skolithos,
Ophiomorpha,
Palaeophycus

2-3,
locally
4

Hcs, Sw2

High energy
stenohaline suite
(HS)

Skolithos Ichnofacies

Thalassinoides-
Astersomas

Diplocraterium,
Planolites,
Cylindrichnus,
Skolithos,
Thalassinoides,
Asterosoma,
Lockeia,
Helminthopsis,
Rosselia,
Teichichnus,
Ophiomorpha,
Chondrites,
Gordia,
Bergaueria,
Phycosiphon,
Rhizocorallium

4-5,
locally
6

He

Moderate to low
energy
stenohaline suite
(MLS)

Arquetypal Cruziana
Ichnofacies

Thalassinoides-
Ophiomorpha

Thalassinoides,
Ophiomorpha,
Diplocraterion,

He

Moderate energy
stenohaline
(MS)

Proximal Cruziana
Ichnofacies




Diplocraterion- | Diplocraterion, 3-4 He Glossifungites Glossifungites
Thalassinoides | Thalassinoides suite Ichnofacies
Teichichnus Teichichnus, 3-5 He High frequency | Impoverishes
Planolites, moderate energy | Cruziana Ichnofacies
Palaeophycus, stenohaline suite
Skolithos, (HMS)
Thalassinoides,
Diplocrateriom,
Helminthopsis,
Rhizocorallium
Helmintopsis Helmintopsis, 5-6 He, Mm, Lower energy Distal Cruziana
Planolites, stenohaline suite | Ichnofacies
Palaeophycus, (LS)
Thalassinoides,
Teichichnus
Chondrites Chondrites 4-5 Bs chemosymbiont | Impoverishes

suite (CS)

Cruziana Ichnofacies




CONSIDERACOES FINAES

Esta tese demonstrou o potencial da Icnologia para elucidar questées de cunho
paleoambientais, paleobiolégicos e estratigraficos. Analisou-se densas ocorréncias de
Palaeophycus nos depoésitos marinhos transgressivos na Formacdo Rio Bonito
demonstrando uma situacao de estresse ambiental produzida por escassez de oxigénio
num ambiente restrito de baixa energia. Também a preservacdo de pequenas
escavacoes (Helminthoidichnites tenuis) preservadas nas paredes de Palaeophycus
demonstrou relagcdes de comensalismo ou mutualismo entre poliquetas e nematoides

da meiofauna desde o Permiano inferior.

A presenca de suites de Glossifungites na sucessdo Rio Bonito-Palermo foi importante
para reconhecer superficies estratigraficas importantes e diferenciar entre superficies
autogénicas e alogénicas. O predominio de escava¢Bes maiores foi associado a
superficies alogénicas em comparacdo com as superficies autogénicas. As
caracteristicas dos icnofdsseis representantes da Icnofacies Glossigungites sugerem
crustaceos e vermes como principais colonizadores dos substratos “firmground” no

Permiano inferior da Bacia do Parana.

A variacdo na distribuicdo vertical das associacdes icnolégicas e associacbes de
litofacies da base para o topo atestam o carater transgressivo da sucessdo. A
distribuicdo das suites icnolégicas também permitiu tracar curvas paleobatimétricas
relativas para o Permiano inferior da Bacia do Parand. Destas curvas evidenciou-se um
contexto transgressivo, quando a curva do nivel do mar global demonstra um nivel de
mar estavel para este periodo, evidenciando provavelmente efeitos da subsidéncia na
Bacia do Paran& além do caréter intracraténico e restrito da bacia durante o Permiano
inferior. Deste modo, confirma-se a hipétese elencada nesta tese demonstrando-se a

utilidade da Icnologia para analises paleobatimétricas.
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