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RESUMO

MARTINS, Gustavo Prado de Oliveiraajedo de Soldade (Apodi, Rio Grande do Norte
fossildiagénese de vertebrados quaternarios, satbiogia e estratigrafi@2024. 96 f. Tese
(Doutorado em Geociéncias) — Faculdade de Geologi@ersidade do Estado do Rio de
Janeiro, Rio de Janeiro, 2024.

O Lajedo de Soledade, uma grande exposicdo degaarbdonaticas da Formacgao
Jandaira, apresenta muitas ravinas e cavernasdasnagpartir da acao de processos carsticos
nas falhas e fraturas NE-SW e NW-SE presentes nal.lAs ravinas se encontram
preenchidas por sedimentos quaternarios contestiusrde vertebrados. Estudos foram feitos
neste local, variando de estudos taxondmicos andaftos, entretanto sem controle
estratigrafico. Este trabalho visa compreender sdohia fossildiagenética assim como a
sedimentar deste importante sitio paleontolégicamte o Quaternario com base em analises
sedimentologicas, estratigraficas e fossildiageasti Os dados revelaram que uma forte
sazonalidade afeta o lajedo desde o inicio do @uaie. Alta disponibilidade de agua foi um
fator importante para o processo de formacdo deitaapela lixiviagdo dos ions dos
carbonatos da Formacdo Jandaira seguido pela ipmeéip deste mineral. Esta alta
disponibilidade também foi um fator importante paracumulacdo de ions necessarios, pelo
mesmo processo de lixiviagdo das rochas no entgra a precipitacdo de goethita e
magnesita durante periodos de seca. Os periodsscdesdo responsaveis pela formacéo de
fraturas de ressecamento observadas em variasa§massim como por proporcionar as
condi¢cdes adequadas para a precipitacdo de goethitggnesita nos fosseis e sedimentos. A
calcita e goethita possuem mecanismos secund&idsrohacdo, com a calcita sendo pela
dissolucdo do material original dos ossos e ga@ethissivelmente pela alteracdo de pirita
originalmente formada como resultado do decaimaf@gomatéria organica inicialmente
presente. Estes minerais sdo 0s principais pradist mas outros secundarios estao
presentes, a halita e hidroxiapatita. O principadaral clastico observado € o quartzo, com
alguns graos possuindo uma complexa historia. Algyndios apresentam cimento no seu
entorno, podendo este ser formado antes ou deposia deposicdo dentro do poro, mas
certos poros apresentam uma grande massa de cierggltdbando varios grados de quartzo.
Os dados obtidos a partir das analises dos sedmeat@ Ravina das Araras podem ser
inferidos para a camada de sedimentos da Ravih&aom Foram identificadas trés camadas
para a Ravina das Araras, as camadas A, B e Cedmentos destas camadas definem o
vento como agente principal de transporte, com w@a agendo um agente secundario.
Entretanto, existe uma gradual mudanca de padigdede camada mais profunda, a camada
A, até a mais superficial, a camada C, onde a @gpsapoucos se torna um agente de
transporte mais importante. Esta transicao pernmfigeir uma gradual mudanca das condi¢des
climaticas durante o Quaternario, com um climaiafigcente mais seco aos poucos se
tornando mais humido. Os dados fossildiagenétiqguesantados sdo compativeis com
observacdes feitas sobre outras localidades naiganéo Sul que definem substituicdo por
oxido de ferro e carbonato e 6xido preenchendoarespcomo sendo 0S processos mais
comuns nesta regiao, assim como uma forte sazadalipresente desde o Mioceno.

Palavras-chave: tafonomia; Bacia Potiguar; palewglipermineralizacdo; substituicao.



ABSTRACT

MARTINS, Gustavo Prado de Oliveireajedo de Soledade (Apodi, Rio Grande do
Norte): quaternary vertebrate fossildiagenesis, sedin@yyand straigraphy024. 96 f.
Tese (Doutorado em Geociéncias) — Faculdade deo@aplniversidade do Estado do Rio
de Janeiro, Rio de Janeiro, 2024.

The Lajedo de Soledade, a great Jandaira Formatas exposure, exhibits a large
number of caves and ravines, which are the re$uf karstic processes interacting with the
NE-SW and NW-SE faults and fractures present is libcation. The ravines are infilled with
quaternary sediments that contain vertebrate resn&iudies in this locale have investigated
various aspects from the taxonomy to the taphonofrthe remains, but those were studies
without stratigraphic control. This study aims tmderstand the fossildiagenetic and
sedimentary history of this important paleontolagisite during the Quaternary through
fossildiagenetic, sedimentary and stratigraphidyesea. The data reveals a strong seasonality
present in the location since the beginning ofGaternary. High water availability was an
important factor for the process that forms caldtee to the weathering of the Jandaira
Formations carbonates and their subsequent pragogpit It was also an important factor in
the accumulation of the necessary ions, through stime weathering process, for the
precipitation of goethite and magnesite during thiger periods. The dry periods were
responsible for the formation of the fractures obse in various thin sections, as well as for
providing adequate conditions for goethite and neada precipitation in the fossil and
sediments. Calcite and goethite both have secondagghanisms that promote their
precipitation, with calcite being the dissolutioh tbe original bone and goethite possibly
being formed by the alteration of pyrite formed daghe decay of organic matter originally
present in the sediments. These were the mainppaeid minerals, but secondary ones are
present, halite and hydroxyapatite. The main aastineral present is quartz, with some
grains showing a complex history. Some grains shawin cementation surrounding them,
with this cementation possibly being formed beforeafter the deposition inside the pores,
but some pores have a great cementation mass sdinmguvarious quartz grains. The
sediment data obtained form the Araras Ravine eansed to reach some conclusions about
the Leon Ravine sediments. Three layers were iikshtin the Araras Ravine, layers A, B
and C. The sediments show that wind was the mamnsport agent, with water as a secondary
agent. The layers show a gradual shift from thepeéstelayer A to the most superficial layer
C, where water slowly becomes a more importantsprart agent. This allows the
interpretation of an initial dryer climate thatslg shifts to a more umid climate during the
Quaternary. The fossildiagenetic data presentedarpatible with observations made about
fossildiagenesis in other locations in South Aneeriron oxide replacement as well as
carbonate and oxide permieralization are the maocgsses and strong seasonality is
observed in this region since the Miocene.

Keywords: taphonomy; Potiguar Basin; paleoclimptrmineralization; replacement.
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INTRODUCAO

O Lajedo de Soledade compreende um dos maioress gpaleontologicos e
arqueolégicos do Estado do Rio Grande do Norte ssyjauma area de cerca de 3%km
estando localizado no municipio de Apodi (Porpihale 2007). Este lajedo apresenta uma
ampla area na qual se encontram expostas roch@sné#icas da Formacdo Jandaira
(calcarenitos e dolomitos do Cretaceo Final da 8ae Potiguar), que, devido a acdo dos
processos carsticos sob as falhas e fraturas e@adiNE/SW e NW/SE, se tornou uma area
com forte presenca de ravinas e cavernas (Porpiab, 2004). Estas ravinas encontram-se
preenchidas por sedimentos quaternarios, compgsiosipalmente por quartzos pouco
arredondados (Porpino et al., 2007).

A importancia do Lajedo de Soledade provém do sistro paleontoldgico e
arqueoldgico. Na area da arqueologia, o lajedo ybossgistros de pinturas rupestres,
fragmentos de ceramicas e material litico (Porginal., 2007). Em termos paleontolégicos, o
lajedo apresenta restos de gastropodes, equindieetes de peixes e icnofosseis, sendo este
registro marinho proveniente das rochas carborsatieaestos de vertebrados quaternérios
encontrados nos sedimentos que preenchem as r@Rmgsno et al., 2007).

Apés Rosado (1957) descrever a ocorréncia vertebrad Lajedo de Soledade, este
se tornou o foco de varios estudos ao longo dodewsiguns trabalhos, como Porpino et al.
(2004), tem como objetivo principal a identificacBexonémica de espécimes fosseis; e
outros, como Santos et al. (2002), focaram na iftzagdo e interpretacdo de feicdes
tafonbmicas (tanto bioestratindmicas quanto fosgjiehéticas), no entanto, sem controle
estratigrafico.

Este trabalho tem por objetivo compreender a hésggdimentar e fossildiagenética
deste importante sitio paleontolégico a partir iseél sedimentologicas e estratigraficas de
seu contetdo sedimentar, assim como fossildiagasétle seu conteudo fossilifero. Além
disso, analises comparativas serdo realizadas otmaisdocalidades fossiliferas do Nordeste
do Brasil, a fim de elucidar possiveis eventos arnaaeristicas regionais que influenciaram o

registro quaternario no Nordeste brasileiro.
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1 CONTEXTO GEOLOGICO

A Bacia Potiguar esta localizada na margem lesiateqal do Brasil (Araripe e Feijo,
1994), com grande parte de sua area localizadastawiéc do Rio Grande do Norte e uma
menor porcdo localizada no Estado do Ceara (Pddstmaet al., 2007), entre os paralelos
4°50'S e 5°40’'S e os meridianos 35°0'W e 38°30'Warfipos, 2012). Esta bacia possui uma
area de 48.000 kincom sua porcéo emersa correspondendo a 45% daesué21.500 k)
(Pessoa Neto et al., 2007). A bacia € limitada pélo de Fortaleza ao noroeste e a leste pelo
Alto de Touros (Araripe e Feijo, 1994), ao sul milada pelo embasamento cristalino da
Provincia Borborema e ao norte pela isébata de 88fifos segundo a Agéncia Nacional do
Petroleo, Gas Natural e Biocombustiveis (ANP) (Casng012).

Menezes (1996) descreve a por¢cdo emersa da Bagg@&tacomo sendo formada por
um graben alongado na direcdo NE-SW com falhas definindewlignite com as plataformas
do embasamento (figura 1). Para a calha princip8atia, Menezes (1996) descreve quatro
hemi-grabens principais nomeados Apodi, Umbuzddag Vista e Guamaré. Estes hemi-
grabens estdo separados por altos internos comsmanerientacdo NE-SW denominados
Canudos, Quixaba, Serra do Carmo e Macau (Men&28§). A calha central da bacia se
encontra limitada a NW pela Linha de Charneira deigABranca, a S-SW pelo sistema de

falhas de Apodi e a SE pelos sistemas de falha3ade Grande e Carnaubais (Menezes,

1996).
Figura 1 — Arcabouco estrutural da Baciadrati
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Fonte: Menezes, 1996.
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As rochas do embasamento da Bacia Potiguar, comord#rado pelo seu limite sul,
faz parte da Provincia Borborema. Desde que fanidef por Almeida et al. (1977), a
Provincia Borborema foi muito estudada, por diversmtores, com o0 objetivo de
compreender e delimitar os multiplos dominios quenfiram esta provincia, assim como a
sua complexa historia. Hasui (2012) apresenta uis@ovmais moderna, separando esta
provincia em trés setores, o Setentrional, TrassverMeridional, e cada setor € separado em
varios dominios. O setor mais relevante para di€mss do embasamento para a Bacia
Potiguar € o Setor Setentrional, localizado maisate e que delimina o limite da bacia.

O Setor Setentrional é dividido por Hasui (2012¥ rseguintes dominios: Médio
Coreau, Ceara Central, Orés-Jaguaribe, Rio PiraBbadd, Sao José de Campestre e
Granjeiro. Todos os dominios deste setor possuerounmplexo registro que se estende desde
o Arqueano até o Cambriano-Ordoviciano, a excegdbaminio Granjeiro, por ter registro
somente até o Neoproterozoico. A sua composicaoniplexa, com unidades granitoides,
metavulcanosedimentares, vulcanosedimentares, iecksy metamoérficas de alto grau,
gnaissicas, metamaficas, maficas, félsicas em sligepara o Cambriano-Ordoviciano,
unidades sedimentares.

O embasamento da Bacia Potiguar, segundo Lima J2Z0t&émposto pelos dominios
Oros-Jaguaribe, Rio Piranhas-Seridd e Sao Joséadpéstre. O registro sedimentar desta
bacia foi dividido em trés supersequencias: a Sepeencia Rifte (Cretaceo Inferior), a
Supersequencia Poés-rifte (Andar Alagoas) e a Segeescia Drifte (Albiano-Recente)
(Pessoa Neto et al., 2007). (Ver figura 2).
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Figura 2 — Coluna estratigrafica da Bacia Potiglgmtacando as suas supersequéncias.
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Legenda: PEN — Formacéo Pendéncia; PES — FornReada; ALA — Formacédo Alagamar; ACU —
Formacdo Acu; PML — Formacdo Ponta do Mel; QBR #1agdo Quebradas; JAN — Formacao
Jandaira; TIB — Formagédo Tibau; GUA — Formacdo GuéamUBA — Formacdo Ubarana; MAC —
Formacdo Macau; BAR — Formagé&o Barreiras.

Fonte: Pessoa Neto et al., 2007.

A Supersequéncia Rifte € descrita por Pessoa Netb €2007) como englobando
unidades de um ambiente flavio-deltaico e lacusggresentado pelas formagdes Pendéncia e
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Pescada (Cretaceo Inferior). A porcdo basal da &géim Pendéncia se encontra intercalada
com rochas vulcanoclasticas do evento magmaticodeara Mirim, um evento associado a
génese do rifte (Pessoa Neto et al., 2007). Eftarsequéncia esta associada com as fases
Rifte | e Rifte 1l da evolucéo tectonica da bacieoeresponde aos depdsitos continentais da
mesma (Pessoa Neto et al., 2007). Pessoa Neta €08l7) descrevem um regime de
estiramento crustal para a fase Rifte | e um rediraescorrente para a fase Rifte II. O
estiramento crustal da fase Rifte | esta marcaddgloas com grandes rejeitos que atingem
até 5000 metros.

A Supersequéncia Pds-rifte é descrita por Pessda &teal. (2007) como sendo
composta por unidades flavio-deltaicas, assim casoprimeiros depdsitos marinhos,
representados pela formacdo Alagamar. Esta supénrseg esta associada com a fase pos-
rifte da evolucéo tectbnica da bacia (Pessoa Ne&tb,2007).

A Supersequéncia Drifte é descrita por Pessoa Metal. (2007) como sendo
composta por unidades fluviais a marinhas transiy&s representando depodsitos do
Cretaceo Inferior ao Cretaceo Superior, comecaraio calhas fluviais e gradando para
depositos carbonaticos de borda de plataforma,osespresentadas pelas formacgbes Acu
(Albiano-Cenomaniano), Ponta do Mel (Albiano), Quelas (Albiano-Campaniano),
Jandaira (Turoniano-Campaniano), assim como umaégse@ clastica e carbonatica
regressiva que abrange depodsitos do Cretaceo SuperiPleistoceno, representada pelas
formacgbGes Ubarana, Tibau e Guamaré, as trés repaes® o registro do Campaniano ao
Pleistoceno e a Formacéao Barreiras (NeomiocengtBéeino). Além disso, foram observadas
rochas vulcanicas (Eoceno-Oligoceno) associadagrd€do Macau. Esta supersequéncia
esta associada com a fase termal da evolucgéo ietda bacia, sendo ela responsavel pelos
depositos marinhos transgressivos e regressivossqReNeto et al., 2007). Destaca-se
também a ocorréncia na borda sul da bacia de aftartebs com derrames de basalto
associados a um distinto evento magmatico, os quagpdem a Formacdo Serra do Cuo,
com idade proxima do limite Cenomaniano-Turonidhesgoa Neto et al., 2007).

A Bacia Potiguar teve uma complexa historia tec@nDantas (1998) indica dois
momentos principais, a evolu¢cdo Mesozoica, com histaria tectbnica complexa e ligada a
formacao da bacia e com modelos mais bem defineslosna evolugdo Cenozoica, que nao
possui um modelo bem definido. Dantas (1998) indiewvento de magmatismo associado a
Formacé&o Serra do Cué como um evento de transinté® ldesozoico e Cenozoico.

Para o Cenozoico, Dantas (1998) indica um tectamide menor intensidade, com

foco na reativagdo dos sistemas de falhas AfonzerBe e Carnaubais, dobramentos com
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eixo N-S como resultado de esforcos compressividé &reativacdes tectonicas associadas
com a geracao das rochas intrusivas da FormagaauMac

Lima (2011) cita que sistemas de tensfes atuaisogunto com o regime tectdnico
atuante na regido resultaram na reativacdo det@stsupreviamente existentes no arcabouco
estrutural da bacia, associando estas reativagdesisiemas de falhas Carnaubais (NE-SW) e
Afonso Bezerra (NW-SE).

A Formacao Jandaira representa o apice da fasgtemsiva da bacia (Pessoa Neto et
al., 2007). Esta fase esta marcada pela transgdepbsitos fluviais a marinhos rasos, como
os siliciclasticos proximais da Formacdo Acu e abenatos da Formacdo Ponta do Mel,
para a formacdo de uma plataforma carbonatica dataipor mareé, a Formacdo Jandaira
(Pessoa Neto et al., 2007). A Formacdo Jandaicen@asta por calcirruditos, calcarenitos e
calcilutitos bioclasticos, com a sua espessuraandd com a localidade desde zero a 600
metros, com tendéncia a uma menor espessura egaalids aguas mais profundas (Oliveira
et al., 2014). Menezes (1996) menciona para essaaf@o a presenca de intercalacdes
eventuais de arenitos, folhelhos e anidrita. Osatahitos da Formacéao Jandaira marcam a
area que a formacéo se aproxima da plataformanemél e também marcam a transicéo
para a Formacdo Acu (Oliveira, 2013). Bagni et(2020) indica que na por¢cao oeste da
bacia, foram identificadas trés sequéncias derdré-atmacao Jandaira, caracterizadas por
uma tendéncia a transicdo para ambientes mais easadirecdo ao topo, assim como uma
separacdo de cada sequéncia em dois ciclos dedeatistema transgressivo e trato de

sistema de mar alto (Figura 3).
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Figura 3 — Coluna com pasacao das sequéncias observadas na Formaca@adanda
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Legenda: GR - Perfil Raios Gamma; LS — Limite dgu8acia; SIM — Superficie de Inundagdo Maxima; @icl
T-R — Ciclos Transgressivos e Regressivos; SEQu&eia.

Fonte: Bagni et al., 2020.

A Formacdo Jandaira aflora em grande parte da paigérsa da Bacia Potiguar, o
gue resulta nestas rochas sofrendo intensos poscdsseroséo e carstificacdo (Pessoa Neto
et al., 2007). Este afloramento da Formacédo Jendaiesultado de um soerguimento que a
Bacia Potiguar sofreu durante o MesocampanianogMaBezerra, 2012). Muitos estudos



21

foram feitos com o objetivo de compreender os @m®ue de dissolugdo que ocorrem nos
carbonatos da Formacgdo Jandaira. Bagni et al. (2@2® um estudo geral da Formacao
Jandaira, destacam que familias de fraturas daqiesicom orientacdo NE-SW e NW-SE
estdo presentes na Formacdo Jandaira em larga essab responsaveis por concentrar os
processos de dissolucdo responsaveis pela formdgdeicbes como ravinas, cavernas e
dolinas. Bagni et al. (2020) apontam que no interiéioceno-Quaternério existiu usress
regional identificado como um regime de compre$$@6SE e um regime de extensao NE-
SW, o qual resultou em um leve dobramento e nado@im das fraturas observadas. Bagni et
al. (2020) também indicam possiveis fontes paraflagos envolvidos na dissolucdo
responsavel pela formacéo do relevo atualmentenaud® com as fontes sendo fluidos com
origem em camadas abaixo da Formacao Jandairaae dgpieoricas.

Gomes et al. (2019), ao realizar um estudo focamlcdnea do Lajedo de Arapua
(Felipe Guerra, RN), identificaram quatro familde juntas (N-S, E-W, NE-SW, NW-SE)
que, devido a caracteristicas como a sua ocorr@&maiaodo o lajedo, foram associadas a
eventos tectbnicos, assim como dois grupos degwestloliticas, com um dos grupos sendo
associado a um campo de tensdo com origem tect@iocaoutro sendo associado a
compactacdo que ocorreu durante o processo diggen&omes et al. (2019) também
destaca que a familia NE-SW é aquela com os mapgaeésnetros medidos, sendo estes o
comprimento, a profundidade e a largura, e queéeads como veios de extenséo
escalonados indicam um regime tecténico transcrm@sponsavel pela formacéo da familia
NE-SW.

Os processos erosivos que resultam nestes relévsticos na Formagdo Jandaira na
area do Lajedo do Rosario (Felipe Guerra, RN) s&ie@a maioria controlados por estruturas
tectdnicas como falhas e juntas (Carneiro et AlL52 Nesse local ha seis tipos de estruturas
tectdnicas e uma estrutura atectbnica que contraanprocessos de dissolucdo na éarea
(Carneiro et al., 2015).

Estudos foram realizados também no Lajedo de Sidegara a identificagcdo de
feicbes estruturais. Silva et al. (2013) apontapresenca de varias falhas e fraturas que
possuem direcOes preferenciais NE-SW e NW-SE, ias eestruturas possuindo um papel
importante na formacédo das ravinas e cavernas w@nses no lajedo. Silva et al. (2013)
descreve que estas estruturas funcionaram comaitm@nplara o fluxo de agua e isto acelerou
a dissolucdo do carbonato, resultando no alargamaas fendas ja existentes (figura 4).
Rabelo et al. (2015) apresentam um estudo no Lajed8oledade que, a partir de dados

estruturais e modelagem a partir de software, noafique o processo de dissolugéo que
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ocorre no local é controlado a partir dos elemeetisuturais presentes, indicando que o

processo mecanico que atuou no local foi a dilatagé processo que promove a abertura de
fraturas de acordo com o campo de tensdes existente

Figura 4 — Esquema demonstrando como falhas s&@oeptes de controle para a formacdo de ravinas na
Formacao Jandaira.

% Fraturas de dire¢gdo NE-SW e NW-SE
(|) Carbonatos da
Formagéao Jandaira
- > Sequéncia Pos-rifte

(Bacia Potiguar)

Condicionamento lito-estrutural da
rede drenagem orienta a dissecacgéo.

Fonte: Maia et al., 2012.

Com base nos dados apresentados anteriormentepessgivel, a principio, assumir
gue os eventos diress regional que foram identificados afetando a Fodmatandaira como
um todo sdo responsaveis por criar as principaislites de fraturas observadas no Lajedo de
Soledade. Estas familias possuem orientacdo comapathm as orientacfes das fraturas
geradas por estes eventos. As familias também rdparepossuir uma regularidade na

Formacdo Jandaira como um todo, visto que é possidservar estas familias em outras
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localidades dentro da formagéo. Estes dados s@inargos que podem sustentar a hipétese
do stress regional ser o mecanismo que as formou. Podemaiséta associar estes eventos
aos eventos de tectdnica cenozoica citados naatliter, pois as familias de fraturas
registradas na Formacdo Jandaira possuem diregipativel com as dos sistemas de
fraturas reativados neste intervalo, mais precistenas direcées dos sistemas Carnaubais e

Afonso Bezerra.
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2 AREA DE TRABALHO

O Lajedo de Soledade se encontra no municipio dediAistrito de Soledade,
localizado no oeste do Estado do Rio Grande doelNB&te importante sitio esta dividido em
trés grandes areas, Urubu, Olho D’Agua e Araragui@ 5). O lajedo se encontra muito
préximo do centro urbano de Soledade (figura 6)) coacesso mais proximo a ambos sendo

feito a partir da BR-405, a partir de uma saidapmazimidades da cidade de Apodi.

Figura 5 — Diagrama do Lajedo de Soledamte as areas de preservagdo destacadas
N
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r 9.362.000

9.362.000

Limites do Lajedo de Soledade

Area de preservagio Olho D’agua

D

<> Areas de preservagio ambiental
1
2 Area de preservagio Araras

3

Area de preservagio Urubu

Fonte: Porpino et al., 2007.
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Figura 6 — Imagem de satélite do Lajedo de Soledameentro urbano préoximo

0 1,000ml

Fonte: Banco de dados do Google Earth.

Trabalhos de conscientizacdo da populagdo parasempacao do Lajedo resultaram
na delimitacdo de areas de preservacdo desta ampoibcalidade onde se encontra a maior
exposicao de rochas calcarias da Bacia Potiguar.
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3 OBJETIVOS

Compreender a historia dos sedimentos preservadesrawvinas do Lajedo de
Soledade, assim como a historia fossildiagenétisardstos de vertebrados contidos nestes
mesmos sedimentos, visando melhor entender a ihistliis processos deposicionais e
preservacionais dos registros do Quaternario erasil

Objetivos especificos:

- A escavacao da Ravina das Araras com a finalidadentender a sua estratigrafia,
analisar os sedimentos e os fosseis contidos esrcanzadas;

- A andlise fossildiagenética de fésseis da Radoa.eon, buscando entender os
processos fossildiagenéticos e seu historico dei@Quaternario;

- Obter uma visdo mais ampla da relacdo entre imsathcao e a fossildiagénese no

Lajedo de Soledade durante o Quaternario e diszsifirocessos que atuaram na localidade.
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4 MATERIAL E METODOS

A base deste trabalho foi a coleta de amostrasngadidldgicas e paleontoldgicas em
ravinas no Lajedo de Soledade (5°35’S, 37°48' Oppaalizar andlises fossildiagenéticas,
geogquimicas, geocronoldgicas e sedimentolégicasmasomo analise da estratigrafia dos
locais escavados. A énfase foi dada para a Raas@ras e para a Ravina do Leon.

Seguindo a metodologia, as seguintes etapas fopditadas para a Ravina das
Araras: (1) Escavacédo de trincheiras nos locaisceglados e confeccdao de um perfil
estratigréficos; (2) Coleta de amostras paleonicédge sedimentolégicas com o devido
controle estratigréfico; (3) Andlises fossildiagéres nas amostras a partir da confeccao de
laminas delgadas das mesmas; (4) Estudo dos sddsngror meio de analise de
granulometria, morfometria e difratometria de raxos

Para a Ravina do Leon nao foi possivel escavaviaasamas foram obtidas laminas
confeccionadas pela professora MsC. Maria de Fa@aalcante Ferreira dos Santos do
Museu Camara Cascudo da Universidade Federal d&Rinde do Norte, que previamente
realizou um trabalho nesta ravina. A Tabela 1 moas laminas utilizadas neste trabalho e

indica a ravina de origem.

Tabela 1 — Listagem das laminas estudadas e ardeinrigem

Lamina Ravina
RA-1 Araras
RA-2-1 Araras
RA-2-2 Araras
RA-2-3 Araras
RA-2-4 Araras
RA-2-5 Araras
RA-3-1 Araras
RA-3-2 Araras
13-Apodi Leon
14-Apodi Leon
15-Apodi Leon
16-Apodi Leon
17-Apodi Leon

Fonte: O autor, 2023..
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A seguir sdo detalhados os elementos das anédissitdfagenéticas, dos sedimentos e
de raios X:
4.1 indice Histologico Geral (I.H.G.)

O Indice Histolégico foi proposto por Hedges e Bl (1995) para quantificar a
preservacdo da integridade histologica e, posteente, foi renomeado para Indice
Histolégico Oxford. Baseado neste indice, Holluhdle(2011) criaram o indice Histolégico
Geral, que além dos processos bioldgicos tambénolengrocessos de destruicdo néo
bioldgicos. Este indice é calculado, dependendeoelisvancia, para a lamina toda ou para
pontos individuais de diferentes secoes, e qua\dwiO a 5 com base no percentual do 0sso

original preservado no fossil (ver Tabela 2).

Tabela 2 - Valores de indice Histoldgico @eiefinidos para resumir o grau de modificacageiig@tica

indice % aproximada de 0so Descricao
intacto
0 <5 N&o é possivel identificar estruturas

originais, a ndo ser os canais de Havers
gue possivelmente ainda podem ser
identificados.
1 <15 Estéo presentes pequenas areas de psso
bem preservado ou algumas estruturas
lamelares entre padrdes de destruicdo.
2 <50 Porcdes de osso bem preservado se
encontram presentes entre areas afetadas
por processos destrutivos.

3 >50 Observa-se areas mais extensas com|0Sso
bem preservado.
4 >85 Osso se encontra relativamente bem

preservado, com pequenas areas sendo

afetadas por processos destrutivos.
5 >95 Muito bem preservado, muito similar ao
0Sso fresco.

Fonte: Hollund et al., 2011.
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4.2 Processos envolvidos na fossilizagao

Identificacdo de processos que afetam os rest@p®gmra identificar as condi¢cdes
gue afetaram os restos 0sseos apds 0 soterram@Enfwincipais processos analisados sdo a
permineralizagéo, que se trata do processo de gir@eento dos poros presentes NOS 0SSOS
por minerais detriticos transportados ou minereggipitados e substituicdo, que se trata do
processo onde o material original se dissolve eoomineral com composicdo distinta se
deposita no lugar deste material mantendo a ge@nueiginal. Esta andlise é feita a partir da
observacéo das caracteristicas para identificaaligente quais 0s processos que afetaram os

restos.

4.3 Minerais envolvidos na fossilizacao

Identificaram-se 0s minerais observados nas landefgadas, diferenciando quando
estes possuem natureza detritica, quando se eswcon&r forma de grdos bem definidos, ou
guando se trata de minerais precipitados, quandwesn sob a forma de minerais sem graos
bem definidos e apresentando um crescimento a jagi paredes dos poros. Também sao
identificados os minerais que substituem o matenajinal do osso. A identificagdo dos
minerais € feita a partir da observacdo dos mesmmso auxilio de um microscépio e com a
observacdo de caracteristicas minerais que permdentificar o mineral ou o grupo de
minerais presentes. Estas observacfes sdo fegasde as técnicas de microscopia o6tica
detalhadas por Raith et al. (2012).

4.4 Grau de Permineralizacéo (G.P.)

A identificacdo deste parametro é feita visualmehtente a observacdo da lamina
sob o microscépio. Para atenuar os erros resultaateliferenca de interpretacao desta feicdo
por diferentes observadores, a definicdo do GralPetenineralizacdo é feita por meio de
faixas de porcentagem, indicando a taxa de preewcitdo dos poros dos restos de

vertebrados. As seguintes faixas foram utiliza@as:10; 10 a 20; 20 a 30; 30 a 40; 40 a 50;
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50 a 60; 60 a 70; 70 a 80; 80 a 90 e 90 a 100.r@&xepsos de preenchimento de poros nao
possuem limites bem definidos, portanto as fai@gsentam uma base para comparacao
entre laminas. Os extremos deste parametro indstaiaces bem distintas, mas quanto mais
proximas sédo as faixas mais sutil se torna a dd&cusobre as suas diferencas e mais

relevante se torna uma andlise comparativa entriedé.

4.5 Grau de Substituicédo (G.S.)

Similar ao Grau de Permineralizacdo, a identificagésta feicdo é feita por meio da
utilizagéo de faixas de porcentagem, para tambéopighmente compensar a incerteza gerada
pela interpretacdo do observador, com a feicdoamdec identificar a alteracdo da matriz
O0ssea original nas laminas quando observadas pior ceeum microscopio. As seguintes
faixas foram utilizadas: 10 a 20; 20 a 30; 30 14Ma 50; 50 a 60; 60 a 70; 70 a 80; 80 a 90.
A questdo de importancia para analise comparativantada para o G.P. se aplica para este

parametro.

4.6 Fraturamento

Esta feicdo busca identificar a presenca ou ausédei fraturas quando esta é
observada por meio de um microscopio. Além da pigEseou auséncia, padrdoes de
fraturamento, tais como o seu tamanho e sua digtéib pela lamina também sé&o
caracterizados, oferecendo dados importantes solhristoria fossildiagenética dos restos.
Cada padrao de fraturamento que pode ser encongradi@minas possui um significado
distinto que aponta para condi¢bes do fossil daraof histéria ou processos ao qual foi
submetido. Trabalhos como os de Stogner (2016)edzBEhner e Titken (2011) apresentam

modos de fraturamento e discutem as interpretgu@i@sos tipos de fraturas discutidas.
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4.7 Cronologia de eventos

Quando possivel, foi estabelecida a ordem de cuoaée eventos na lamina, sejam

eles fraturamentos, permineralizacdes, entradaigerans detriticos ou outros eventos.

4.8 Analise Granulométrica

O seguinte processo foi realizado no Laboratério @eeanografia Geoldgica
(LABOGEO) da UERJ, utilizando todo o material quebrou apds a separacdo de uma
quantidade suficiente para a analise de difrac8oritie abaixo. Esta analise comeca com a
maceracdo da amostra para desagregar os agrupandengpdos. A maceracao é feita com
um gral e pistilo de ceramica e entre cada amosstas equipamentos sdo lavados com agua
corrente seguido de uma lavagem com agua destiladaseguida, é feita a pesagem da
amostra em balanca de alta precisdo. Depois daggresaas peneiras apropriadas sao
escolhidas, com cada peneira correspondendo a tanalgmetria, e estas sédo levadas a um
agitador, onde a amostra é adicionada e o apaédijado por 20 minutos. ApGs o término,
cada peneira tem os graos retidos nela retiradpssados, para assim montar a curva
granulométrica.

Os resultados séo analisados de acordo com a neg@lde Folk e Ward (1957), que
define grau de selecéod() e assimetria (Sk). Grau de selec&o indica o deadispersao dos
valores granulométricos, indicando um aumento dosporte ou agitacdo do meio (Jesus e
Andrade, 2013). Assimetria indica o grau de corregdb de cada fracdo granulométrica e

caracteriza a energia do ambiente no qual o setlini@rdepositado (Reddy et al. 2008).

$84—Pp16 $95—h5
o = [0 4 (25005

1)

_ [d16+084—2h50 (p5+$95—2¢50)
Sk = 2(p84—h16) +[ 2($p95-¢5)

(2)
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4.9 Anéalise Morfométrica

A andlise granulométrica resulta na separacdo ddimsato em classes
granulométricas. Estas classes séo divididas egbesrde cerca de 100 gréos e analisadas
utilizando um microscopio estereoscopico. Esta ismafoi feita no Laboratorio de
Paleontologia (LABPALEO) da UERJ, utilizando o noiscopio estereoscopico SteREO
DiscoveryV12 da marca ZEISS. As feicbes de cada gé&b definidas de acordo com a
metodologia de Costa (2015). Esta metodologia aepargrédos de acordo com grau de
arredondamento em angulares, subangulares, subragetbs, arredondados e muito
arredondados. Sua textura superficial € separadasararoide fosco, sacaroide liso,
mamelonar fosco, mamelonar liso, liso polido e fsro. Os grédos também séo classificados

de acordo com a esfericidade, definida por Powl&¥s3) como alta, média e baixa.

4.10 Andlise de Raios X

Amostras de sedimentos e de fosseis foram selaldengara andalise de raios X. O
objetivo desta andlise é identificar os mineraisspntes nas amostras a fim de obter dados
para discutir processos que afetaram as amostramafse comeca com a secagem da
amostra por 16 horas a 60°C e ap0s passando pohonde bolas com vaso em agata. O po
resultante foi colocado em um porta-amostra cuisacente, evitando grandes pressoes para
nao criar planos preferenciais. As amostras corsedgnentos foram analisadas usando um
difratbmetro Bruker D2 PHASER no Laboratério detdlasentacdo Eletrénica e Técnicas
Analiticas (LIETA) da UERJ, utilizando radiacéo INB (30kV/10mA), escaneando a amostra
entre 10 e 90 graus, com um tempo de escaneameftd degundos pscan e rotacionando
a amostra a 15 rpm e os fésseis utilizando umtdifratro PANalytical XPERT PRO MRD
com radiacdo Co & (40 kV/45 mA) no Laboratorio de Difracdo de Raka:o Instituto
Militar de Engenharia (IME).



33

5 RESULTADOS

Os resultados estdo apresentados trés secdesesorawendo a escavacdo da Ravina
das Araras e duas apresentando os artigos produfidoartigos estdo separados por ravina,
com o primeiro artigo dedicado a apresentar e tisos dados da Ravina do Leon e o
segundo artigo apresenta e discute os dados dadRdas Araras. Todos os dados obtidos

durante este trabalho estéo apresentados nosrtigis abaixo.

5.1 Resultados da Escavagéao

A localidade escavada foi a Ravina das Araras (3238’ S, 37°49'37.4” W) (figura
7).



Figura 7 — Mapa da Bacia Potiguar com a loagéip do Lajedo de Soledade.
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Na Ravina das Araras foram escavados cerca deehiinetros, onde uma trincheira
foi aberta utilizando pas e o sedimento retiradiodigpositado em baldes para apds ser
peneirado a fim de separar e coletar fosseis &trsede menor tamanho que se encontram
nestes sedimentos. Todo este processo foi realaadm devido controle estratigrafico.

Ao longo da escavacgao as seguintes camadas foraemvaldas: (1) Camada de 18
centimetros de cobertura atual; (2) Camada de h#noetros de areia fina e clara com
presenca de gastropodes fosseis e fosseis de reeldsl{Camada C); (3) A primeira laje de
carbonato com espessura variando de 1 a 10 cerugnét) Camada de 28 centimetros de
areia grossa fossilifera, notando-se que dentrie gegote temos uma lente de argila com 40
centimetros de largura e 15 centimetros de altoméendo restos de megafauna, mamiferos
de médio e grande porte, répteis e anfibios (CarBdég) Uma segunda laje de carbonato
com cerca de 18 centimetros; (6) Camada de 90noetntis de areia fina com argila, notando
que cerca de 30 centimetros abaixo do topo destetgpancontramos o nivel freético
(Camada A).

Destaca-se que a segunda laje aparenta ser malarregpode ser representada por
um plano com atitude N15/27. Também foi mediddaral uma fratura cujo plano possui
direcdo N235.

Nesta ravina varias camadas e pavimentos de cddbforam observados e, devido
aos processos de dissolucdo do carbonato, ndosnegeesente o empilhamento destas
unidades representa a sucessao cronologica dasasyesnpossibilitando a criacdo de uma

coluna estratigrafica para o local.

5.2 Artigo 1

Titulo: Vertebrate fossil diagenesis of the Leon Ravine aamulation (Lajedo de
Soledade, Apodi, Rio Grande do Norte): insights otthe fossilization from Quaternary
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Abstract

Caves and ravines are important features in karst environments, although studying fossil diagenesis in ravines remains
less explored than in caves. This study aims to address this gap, examining the fossil diagenesis, depositional patterns, and
paleoclimatological data, focusing on the Leon Ravine within the Lajedo de Soledade site in Rio Grande do Norte, Brazil.
Additionally, it compares these data with information from other preservational contexts in South America to elucidate the
characteristics of fossilization and paleoclimate during the Quaternary period. The Leon Ravine experienced recurrent dry
and flooding events, influencing the preservation of the original bone structures, particularly dependent on the timing of
permineralization and recrystallization processes. Comparison with other data in South America revealed that carbonate
permineralization and oxide replacement are the most common processes. Oxide permineralization is not as frequent but
is especially common in osteocyte lacunae and canaliculi. Fractures are also common, but there are various mechanisms
behind their formation. Evidence of humid and dry events is discernible across most locations, evidenced by distinct clues.
These results reveal a large area in South America where consistent fossil-diagenetic and paleoclimatic conditions occur
during the Quaternary.

Keywords Taphonomy - Potiguar Basin - Paleoclimate - Permineralization - Replacement

1 Introduction

Communicated by M. V. Alves Marlins ) A s
While not the most predominant landscape on Earth’s sur-

face, Karst landscapes still exhibit a significant distribution,
warranting extensive and detailed studies. Karst, karst pro-
cesses, and karst terrains are terms that, while widely known
and used, have unique nuances in their definitions. Grimes
(1997) defines karst as a terrain displaying specific features
resulting from factors such as high rock solubility and the
development of secondary porosity. These factors culminate
in the formation of diverse terrain features, both above and
below ground, including caves, cones, dolines, and poljes
(Jones & White, 2019).

The prolonged subaerial exposure of large pavements
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of carbonate rocks, with well-defined faults and fractures,
can lead to the formation of distinctive features such as
caves and ravines, as evidenced by the Lajedo de Soledade
paleontological site in northeastern Brazil (Porpino et al.,
2004). Caves and fissure sites serve as crucial sources for the
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preservation of vertebrate fossils (Simms, 1994), rendering
them excellent areas for paleontological studies.

The paleontology of Caves is well understood in the
context of karst environments (Oliveira et al., 2023; Sousa
etal., 2020; Trifilio et al., 2022) compared to other features
like ravines. Caves and ravines share one point in common
(Simms, 1994): sediment preservation. Located predomi-
nantly in erosional areas, these two types of environmental
contexts are not entirely immune to erosion but are notably
shielded from events that would erode most non-marine
deposits. Caves, more specifically, provide conditions con-
ducive to protecting remains from destructive agents, such
as scavengers, weathering, and plant roots (Simms, 1994).
Unlike caves, ravines lack the same degree of protection
from certain agents, with plant roots as prime examples.
However, ravines still offer some level of protection against
specific agents, such as the previously cited scavengers.

The fossil diagenesis of vertebrate accumulations in
ravines, alongside the depositional and paleoclimatologi-
cal aspects that can be inferred from them, remains poorly
known. Therefore, this study aims to shed light on this sel-
dom-discussed topic by examining bone thin sections from
aspecific ravine.

2 Location and geological setting

This study focuses on the Leon Ravine in the Lajedo de
Soledade site in Apodi municipality, Rio Grande do Norte
State, Brazil. This site is a 3 km? karstic pavement com-
posed of carbonate rocks from the Jandaira Formation
(Upper Cretaceous, Potiguar Basin) (Fig. 1).

The Potiguar Basin is formed by an NE-SW graben
with a well-defined limit between the basin and the crys-
talline basement delineated by a series of faults (Menezes,
1996). Neto et al. (2007) defined three supersequences
for the basin: (1) Rift, (2) Post-Rift, and (3) Drift. The
Jandaira Formation is part of the Drift Supersequence,
representing the peak of the transgressive phase in the
basin (Neto et al., 2007). This transgression is character-
ized by the gradual shift from the Ag¢u Formation fluvial
system to the Ponta do Mel Formation shallow marine to
the Jandaira Formation carbonate platform deposits (Neto
et al., 2007). Lima (2011) attributed the reactivation of
NE-SW and NW-SE fault systems to the tectonic regime
and stress fields. As a result, the Jandaira Formation shows
many NE-SW and NW-SE faults, which concentrated
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the dissolution processes, resulting in the karstic features
observed today, such as caves and ravines (Bagni et al.
2020).

The Leon Ravine is filled with Quaternary sediment com-
prising rounded sand-sized quartz grains and clays (Santos
et al., 2002a). This ravine provided optimal conditions for
accumulating and preserving Pleistocene mammal bones,
primarily consisting of smaller sized and fragmented ele-
ments from large taxa (Santos et al., 2002b). Family-level
taxa identified within this ravine include Equidae, Cameli-
dae, Cervidae, Dasypodidae, Glyptodontidae, Megatherii-
dae, Macraucheniidae, Toxodontidae, Gomphotheriidae,
Hydrochoeridae, Canidae, and Felidae (Santos et al., 2002b).

3 Materials and methods

The material comprises five thin sections labeled as
13-Apodi, 14-Apodi, 15-Apodi, 16-Apodi, and 17-Apodi,
initially studied by Santos et al. (2002a). Santos et al.
(2002a) provided some initial considerations on the fos-
silization process, the minerals, and the fossilization stage
of those thin sections. However, the present work adopts
a different methodology described below. These thin sec-
tions were prepared from vertebrate fossil samples collected
from the Leon Ravine, consisting of disarticulated and frag-
mented bones. While some of the material can be identi-
fied, with long bones being predominant in this category,
some pose challenges for taxonomic identifications. The
fossil-diagenetic analysis was conducted by observing the
following attributes: (1) General Histological Index (GHI),
(2) Types of Fossilization, (3) Permineralization Index (PI),
(4) Replacement Index (RI), and (5) Fractures.

The GHI (Hollund et al., 2011) evaluates tissue preserva-
tion observed in the thin section considering biological and
non-biological destructive processes (see Table 1). Depend-
ing on the characteristics of the thin-section content, multi-
ple values may be used to describe thin-section areas with
different characteristics.

Attributes related to fossilization allow inferences on the
processes affecting the bone structure in each thin section,
with substitution and permineralization being predominant.
These attributes also enable the identification of relevant
minerals, differentiation between precipitated and detrital
minerals, and, consequently, determination of the condi-
tions that led to the formation of each mineral. These data
facilitate a better understanding of the burial and preserva-
tion conditions. Mineral identification was conducted using
transmitted light microscopy.

The PI and RI were determined by observing the thin
section through a microscope. To better quantify these vari-
ables, both parameters are segmented into percentage ranges
to minimize the bias between observers. The ranges used are
0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80,
80-90, and 90-100.

Fractures and their characteristics and patterns were doc-
umented to identify the formation process. When possible,
a chronology of the events was also inferred.

4 Results and discussion
4.1 Microscopic observations

Thin-section 13-Apodi displays a PI of 90%—100%, with
microstructural cavities primarily filled with calcite and
micrite (Fig. 2A), and the presence of oxide crystals. It is
important to note that canaliculi are exclusively infilled with
oxide minerals. Permineralization involves the filling of
cavities and pores with minerals transported by water (Cas-
sab, 2010), suggesting abundant water availability for thin
sections with high PI. The RI for this thin section ranges
from 90 to 100%, with most of the original tissue replaced
by oxide (Fig. 2B), although isolated areas show carbon-
ate replacement. This implies loss of the original compo-
nents (e.g., hydroxyapatite) and replacement by new mate-
rial (Cook et al., 1961), indicating conditions conductive to
the instability of the original tissue, with oxide being the
primary replacement mineral due to its high reactivity and

Table 1 The General Histological Index definitions as presented by Hollund et al. (2011)

General histological index Approximate % of intact bone  Description

<5 No original features identifiable, except that Haversian canals may be identifiable
| <15 Small areas of well-preserved bone present, or the lamellate structure is pre-
served by the pattern of destructive foci
2 <50 Some well-preserved bone present between destroyed areas
3 >50 Larger areas ol well-preserved bone present
4 >85 Bone is fairly well preserved with minor amounts of destroyed arcas
5 >95 Very well preserved, similar to modern bone

Thesc values were used to characterize the alterations obscrved in this study
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Fig.2 Thin-section 13-Apodi
with some features highlighted.
A Carbonate infilling of the
pores in the structure, cross-
polarized light, 0.2 mm scale
bar; B high degree of oxide
replacement in the tissue,
cross-polarized light, 0.5 mm
scale bar; C an area with a high
degree of structure preservation,
as well as the standard infill-
ing of osteocyte lacunae with
oxides, cross-polarized light,
0.5 mm scale bar; D area show-
ing many fractures, cross-polar-
ized light, 0,5 mm scale bar.
Ca=Carbonate; Ox = Oxide;
Red arrow = Fractures

significant influence on the transformation of organic and
inorganic matter. The GHI of this thin section is mostly 1,
with some isolated areas, particularly near the edges of the
sample (Fig. 2C), reaching 3. The bone material of this thin
section has undergone destructive events (Hollund et al.,
2011), but not in a homogenous manner, with specific areas
preserving some structures, such as preserved osteons.
Dense fractured areas are evident (Fig. 2D), with extensive
large-scale fractures that run through the whole bone struc-
ture indicating desiccation events that the bone endured.
Thin-section 14-Apodi has a PI of 90%-100%, indicating
high water availability. The cavities on this thin section are
predominantly filled with calcite, micrite, and oxide, mainly
limited to the cavity walls (Fig. 3A). Similar to the previous
thin section, canaliculi are exclusively infilled with oxide
minerals. The thin section has an RT of 80%—90%, with oxide
mostly replacing the original tissue (Fig. 3B). As previously
stated, this indicates conditions promoting instability in the
original tissue, with oxide being the primary replacement
mineral. The GHI remains 4 throughout most of the thin
section (Fig. 3B), suggesting that the bone was not subjected
to intense destructive processes. Fractures are frequent and
primarily large-scale and running through all structures,
with many filled with micrite (Fig. 3C). However, some
small-scale fractures are present and are primarily unfilled.
The small-scale fractures may represent an initial stage of an
interrupted desiccation event fracture. Large-scale fractures
that run through the whole bone structure suggest desic-
cation events, and a chronology can be inferred based on

@ Springer

the filling of these fractures. Notably, certain areas exhibit
dissolution of the original tissue (Fig. 3D), with secondary
cavities primarily filled with micrite and oxide. This corro-
sion of some areas of the thin section indicates non-uniform
conditions that possibly elevated the ravine’s pH, followed
by events of carbonate precipitation.

Thin-section 15-Apodi shows a PI of 40%—50%, with cav-
ities filling mostly with bone fragments, detrital calcite with
oxide grains, and some areas displaying precipitated carbon-
ate in the pore walls (Fig. 4A). The thin section follows the
pattern of canaliculi being exclusively infilled with oxide
minerals. This index indicates conditions of low water avail-
ability. Some of the bone fragments show preserved struc-
tures, such as fragments of concentric lamellae (Fig. 4A).
The RI of this thin section ranges from 90% to 100%, with
most of the replacement being by oxide (Fig. 4B), indica-
tive of conditions that promoted instability of the original
tissue with oxide as the primary replacement. Still, some
areas show carbonate replacement (Fig. 4C). The GHI is
high with consistent values between 4 and 5 (Fig. 4C), sug-
gesting minimal destructive processes. Fractures are uncom-
mon in this thin section (Fig. 4D), but, when present, they
are large scale and run through the bone structure, with some
filled with micrite. Their rarity indicates desiccation events
of lesser intensity compared to other thin sections.

Thin-section 16-Apodi has a PI of 80%-90%, with cal-
cite widely distributed and occasional oxides but devoid of
detrital grains (Fig. 5A), indicating high water availability.
As was observed in the other thin sections, the canaliculi
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Fig.3 Thin-section 14-Apodi
with fossil-diagenetic features
highlighted. A Widespread car-
bonate infilling as well as oxide
infilling near the pore walls,
cross-polarized light, 200 pm
scale bar; B oxide replacement
as well as a large-scale fracture,
cross-polarized light, 0.5 mm
scale bar; C large-scale infilled
fracture, cross-polarized light,
200 pm scale bar; D dissolu-
tion of the tissue followed by
infilling of the secondary pore,
cross-polarized light, 0.5 mm
scale bar. Ca= Carbonate;
Ox=Oxide; Red arrow = Frac-
tures; Green arrow = Dissolution

Fig.4 Thin-section 15-Apodi
with its fossil-diagenetic fea-
tures exemplified. A Low pore
infilling with large carbonate
crystals and bone [ragments,

as well as carbonate in the

pore walls, cross-polarized
light, 100 pm scale bar; B high
replacement rate as well as
exceptionally well-preserved
structures, cross-polarized light,
200 pm scale bar; C well-pre-
served structures that exemplily
the high GHI of this thin sec-
tion, as well as a rarc carbonatc
replacement, cross-polarized
light, 200 pm scale bar; D one
of the rare fractures observed
in the thin section, cross-polar-
ized light, 200 pm scalc bar;
Ca=Carbonatc; Ox = Oxidc;
Red arrow = Fractures

are exclusively infilled with oxide minerals. The RI for this
thin section is 90%-100%, with oxide primarily replac-
ing the original tissue (Fig. 5B), alongside large areas of
carbonate replacement present (Fig. SC). The high RI sug-
gests conditions that promoted instability of the original

tissue, with oxide and carbonate replacement occurring,
with carbonate being of higher importance when compared
to the other samples. The GHI is variable, with most areas
ranging between 2 and 3, but some as low as 1 (Fig. 5D)
and some as high as 4, indicating heterogeneous impacts
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Fig.5 Thin-section 16-Apodi
with its fossil-diagenetic fea-
tures highlighted. A Carbonate
infilling the thin-section pores,
cross-polarized light, 100 pm
scale bar; B zone with predomi-
nantly oxide replacement, cross-
polarized light, 200 pm scale
bar; C zone with widespread
carbonate replacement, cross-
polarized light, 100 pm scale
bar; D zone showcasing a low
GHI area, cross-polarized light,
100 pm scale bar; Ca=Carbon-
ate; Ox=0xide

from destructive processes. Fractures are uncommon, pri- Thin-section 17-Apodi exhibits a PI of 90%-100%
marily large scale and running through the bone structure,  with both oxide and calcite present. However, oxide is
suggesting desiccation events of lesser frequency or inten- mainly restricted to the pore walls, and carbonate primar-
sity compared to other thin sections. ily occurs in the form of large crystals in the interior of

the pores (Fig. 6A), indicating high water availability and

Fig.6 Thin-section 17-Apodi
with the fossil-diagenetic
features highlighted; A large
carbonate crystals infilling the
pores, as well as well-defined
oxide layers parallel to the pore
walls, cross-polarized light,
200 pm scale bar; B zone with
oxide replacement, as well as
the very well-defined oxides
occurring in the pore walls,
cross-polarized light, 500 pm
scale bar; C zone showing
both oxide and carbonate
replacement at the same time,
cross-polarized light, 200 pm
scale bar; D zone showing the
rare fractures of the thin section,
cross-polarized light, 200 pm
scale bar; Ca=Carbonate;
Ox=0xide; Red arrow =Frac-
tures
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the chronology of the permineralization events. The cana-
liculi in this thin section are also exclusively infilled with
oxide minerals. The RI ranges from 90% to 100%, with
most areas showing both carbonate and oxide replacement
(Fig. 6C), with some regions showing predominantly car-
bonate and others primarily oxide replacement (Fig. 6B),
indicating unstable conditions promoting replacement
by both minerals. The GHI varies slightly from 0 to 1
(Fig. 6B), indicating minimal preservation of the original
structure and intense destructive processes. While mostly
restricted to specific regions, observed fractures are large
scale and run through the bone structure (Fig. 6D), sug-
gesting desiccation events, though not as frequent or
intense as in other thin sections.

4.2 Paleoenvironmental insights

As mentioned previously, the Jandaira Formation carbon-
ates are marked by well-defined NE-SW and NW-SE
faults. A model was proposed by Santos et al. (2002b) that
explains the origin of the ravines. They are formed when
these faults are enlarged through the flow of acidic waters
that dissolve the surrounding carbonates.

The comprehensive analysis derived from the intersec-
tion of interpreted data suggests that the Leon Ravine
experienced conditions conducive to the instability of
original bone tissue over during its diagenetic history.
Meanwhile, occurrences promoting oxide replacement
were either frequent or prolonged, alongside events
facilitating carbonate replacement. Water availability in
the ravine remained usually high, but the low availabil-
ity suggested by the thin-section 15-Apodi, coupled with
the recorded desiccation events evidenced by large-scale
fracture patterns, indicates periods of drought or frequent
intervals of reduced water availability.

The variations in the GHI indicate that=events lead-
ing to the destruction of the original tissue did occur.
However, their impact may not have been uniform across
specimens, and the conditions producing them were not
constantly stable.

As previously noted, large-scale fractures indicate des-
iccation events, which appear relatively frequent across
all thin sections. Opposite to that, carbonate-filled frac-
tures indicate periods where water filled the ravine, and
the presence of both conditions infers the occurrence
of desiccation cycles that the ravine likely underwent
frequently.

The observed variation in the characteristics of the thin
sections strongly suggests time-averaging, but its extent
is impossible to determine. Still, it aids in envisioning a
cyclical nature for the conditions prevailing in the ravine,
similar to those observed in the present day.

4.3 Comparison with other studies

The data acquired from the Leon Ravine offer valuable
paleoenvironmental insights. We can enhance our under-
standing of the environmental characteristics and fossil-
diagenetic processes by comparing them with other studies,
even those that used different methodologies, analyzed dis-
tinct preservational contexts and fall outside the Quaternary
age of the deposit. Santos et al (2002a) previously examined
the same thin sections, and the present study corroborates
some of their observations regarding replacement and per-
mineralization processes, associated minerals, such as cal-
cite and oxide mineral (identified initially as limonite), and
the presence of sand-sized bone fragments. Our study intro-
duces new data on pattern fractures, GHI indicating hetero-
geneous destructive processes, high replacement indicating
tissue instability, and high permineralization, all collectively
suggesting high water availability.

Comparing data from Leon Ravine with those from other
works on South America contributes to a better understand-
ing of post-burial processes over a wide area and sheds light
on some paleoclimate aspects.

Permineralization, for instance, is a prevalent process
across many localities and deposits in South America. While
the process itself is relatively common, its characteristics can
vary. One of the most common forms is calcite perminer-
alization, with many localities presenting this process: the
F3 Cave in northeastern Brazil (Trifilio et al., 2022), the
Lapinha Cave in northeast Brazil (Sousa et al., 2020), the
Touro Passos Formation in southern Brazil (Lopes & Fer-
igolo, 2015), the Jirau Tank in northeastern Brazil (Aradjo-
Janior et al., 2013), the Lagoa do Santo, Riacho Verde, and
Lagoa do Rumo tanks in northeast Brazil (Martins et al.,
2022). Outside of Brazil, there are also studies pointing out
this process, with one study in the East Pisco Basin in Peru
(Bosio et al., 2020) and three deposits in Argentina (Marin-
Monfort et al., 2023; Montalvo et al., 2008; Tomassini et al.,
2014). One interesting factor to note is that one study in
Peru (Gariboldi et al., 2015) cites the occurrence of dolo-
mite infilling cavities and one study (Marin-Monfort et al.,
2023) specifically cites the occurrence of micrite alongside
the previously cited calcite in cavities.

Fe oxide permineralization is also common. In Brazil,
examples include the Lapinha Cave (Sousa et al., 2020),
Chui Creek (Lopes & Ferigolo, 2015), the Jirau Tank
(Aratjo-Janior et al., 2013), Lagoa do Santo, Riacho Verde,
and Lagoa do Rumo tanks (Martins et al., 2022) and the
Campo Alegre tank (Carvalho-Laurentino et al., 2022). Out-
side of Brazil deposits in the East Pisco Basin of Peru (Bosio
et al., 2020; Gariboldi et al., 2015) and three locations in
Argentina (Tomassini et al., 2014 and Marin-Monfort et al.,
2023) also exhibit this process. Mn Oxide permineralization
seems to be less common, present in the Campo Alegre Tank
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(Carvalho-Laurentino et al., 2022), the East Pisco Basin of
Peru (Gariboldi et al., 2015), and the Farola Monte Hermoso
in Argentina (Tomassini et al., 2014), with only one loca-
tion (Méndez et al., 2017) seemingly having exclusively Mn
oxides.

Replacement also occurs frequently in many locations,
but its characteristics vary. The most common form appears
to be replacement by Fe oxides, observed in Brazilian loca-
tions such as: Toca da Barriguda Cave in northeastern Bra-
zil (Oliveira et al., 2023), Lagoa do Santo, Riacho Verde,
and Lagoa do Rumo tanks (Martins et al., 2022), and the
Campo Alegre tank (Carvalho-Laurentino et al., 2022). Out-
side of Brazil, two studies in Argentina (Montalvo et al.,
2008; Tomassini et al., 2014) show both Fe and Mn oxide
replacement.

Calcite replacement, while less frequent than oxide, still
occurs in some locations, including the Jirau Tank (Aradjo-
Junior et al., 2013), Lagoa do Santo, Riacho Verde and
Lagoa do Rumo tanks (Martins et al., 2022), and Campo
Alegre tank (Carvalho-Laurentino et al., 2022).

Fractures are also observed in various samples, although
the processes creating them may vary slightly. Specimens
from Lapinha Cave samples (Sousa et al., 2020) exhibit
macroscopic fractures, while Cuvieri Cave (Mayer et al.,
2019) shows microcracks associated with wetting and dry-
ing cycles. Lopes and Ferigolo (2015) identified fractures
created by recrystallization and weathering, while Lagoa
do Santo, Riacho Verde, and Lagoa do Rumo tanks (Mar-
tins et al., 2022) display desiccation pattern fractures and
microcracks formed during wet periods (Carvalho-Lauren-
tino et al., 2022). The East Pisco Basin exhibits both radial
and pervasive microcracks (Bosio et al., 2020) and more
intense fractures (Gariboldi et al., 2015), while in Argentina,
fractures result from prolonged water immersion (Marin-
Monfort et al., 2023) and lithostatic load (Méndez et al.,
2017; Tomassini et al., 2014).

Wet and dry seasons and wetting and drying cycles are
important aspects highlighted in some of these studies,
though depending on the location and data analyzed the way
these conclusions are reached vary. These cycles may be
indicated by various factors such as some biogenic marks
(Trifilio et al., 2022), microorganism activity on biogenic
structures (Sousa et al., 2020), weathering cracks (Mayer
et al., 2019), carbonate crusts, rhizocreations, and root
tubules in dry climates and sand grains cemented by iron in
humid climates (Lopes & Ferigolo, 2015), floods and winds
transporting sediments during these periods (Aradjo-Jinior
et al., 2013), fracture patterns and permineralization attrib-
utes (Martins et al., 2022), microcracks formed during wet
seasons (Carvalho-Laurentino et al., 2022), dissolution of
Fe2+in interstitial fluids during the wet season and hema-
tite formation during the dry season (Marin-Monfort et al.,
2023), precipitation of manganese oxide and calcareous
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incrustations during dry seasons (Méndez et al., 2017),
presence of Paedotherium minor (Notoungulata) during
dry to humid hot climates (Montalvo et al., 2008) and fill-
ing of cavities during floods and presence of oxides during
droughts (Tomassini et al., 2014). Table 2 shows a simplified
organization of the data from these locations.

There are still several diagenetic scenarios proposed by
other authors regarding various types of deposits that may
apply, to varying degrees, to some of the data for the Leon
Ravine. These include: (a) calcium carbonate-rich water sur-
rounding bones leading to intense permineralization (Sousa
et al., 2020); (b) the surrounding limestone functioning as
a source for the iron samples (Oliveira et al., 2023); (c)
weathering of basement rocks and dissolution—precipita-
tion of bone calcium as sources for the minerals observed
in the bones (Aratjo-Janior et al., 2013); (d) oxides filling
osteocyte lacunae and canaliculi associated with the early
formation of pyrite due to the reduction conditions brought
on by the decay of organic material (Bosio et al., 2020); (e)
infilling of trabecular bone as a result of negative pressure
occurring due to the escape of gas during the degradation of
organic matter (Gariboldi et al., 2015); (f) the importance of
recrystallization during early diagenesis for the preservation
of samples (Gioncada et al., 2018); (g) the association of
manganese oxides with alkaline and oxidizing conditions
and dry periods (Méndez et al., 2017); and (h) the contri-
bution of permineralization to protect bone structures from
destructive taphonomic processes.

4.4 Recontextualization of the ravine data
and regional depositional characteristics

The infilling of smaller cavities such as the osteocyte lacu-
nae and canaliculi with oxide (Fig. 2C) is related to the early
formation of pyrite because of the reduction conditions due
to the decay of the original organic material. The dissolved
oxide concentration in the ravine is also an important factor,
since the accumulation was not high enough to inhibit the
formation of carbonates in the samples.

While the GHI varies between the samples and a deter-
mined pattern cannot be readily identified, the samples with
high GHI are the result of early recrystallization and per-
mineralization, which helped shielding the original structure
from destructive processes (e.g., microbial attack) during the
taphonomic history.

The oxides present in larger cavities are associated with
alkaline oxidizing conditions that occur during drought
events, while oxide replacement could be associated with
a humid environment. Detrital infilling is linked to flood
events and the precipitation of oxides to drought events.
These clashing data points help reinforce the interpretation
of a drought and flooding cycle for the Leon Ravine during
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Fractures

Permineralization

Age GHI Replacement

Type of deposit

Figure 7 location

number

Location

Table 2 (continued)
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Lithostatic load frac-

Manganese Oxides

Foreland Basin Late Pleisto-  N/A N/A

18 and 19

Argentina

Méndez et al. (2017)

tures

cene Quater-

nary

Late Miocene N/A  Fe-Mn Oxide

N/A

Cemented sediment

Sedimentary Basin

20
23

Montalvo et al. (2008)  Argentina
Tomassini et al. (2014) Argentina

Frankolite, Fe Oxide Manganese and Iron Microfissures due to

Early Pliocene 5

Overbank Deposits

lithostatic load

oxides, Quartz,

and Mn Oxide

Plagioclase, Calcite
and Volcanic ash

the Quaternary, similar to what is observed currently in the
region.

The data from this study and the previously cited stud-
ies help with the visualization of the fossil diagenesis and
paleoclimate conditions for a wide area that covers various
types of deposits in South America (Fig. 7), which shares
some similar processes, such as initial reduction conditions
that form pyrite and eventually result in the formation of Fe
oxide minerals, as well as the eventual alkaline and oxidiz-
ing conditions when drought events affected ample regions.
However, it is impossible to determine with these data how
many drought events occurred in South America. Waters that
contain high concentrations of calcium carbonate are wide-
spread between the locations, though the reasons may differ,
such as some being fed the necessary components from the
surrounding rocks, or from the seawater that percolates the
sediments naturally having these components. It should also
be also noted that while the dominant oxide varies, Fe and
Mn ions seem to be widely available in the area.

Replacement and permineralization are the main pro-
cesses occurring in the studied samples, but the area’s geo-
logical characteristics heavily influence the observed min-
erals and how each process interacts with the samples. The
highest variation is associated with detrital mineral infilling,
as the surrounding rocks and sediments heavily influence
this factor. The same can be inferred for the fractures, with
different patterns observed due to different processes in each
location.

The occurrence of two distinct events that filled the cavi-
ties is also seemingly a widespread characteristic. The initial
stage of infilling, where large pores are filled with detrital
minerals, and a secondary stage, with the infilling of smaller
pores, is widespread, but this second event is the result of
previously cited droughts that result in alkaline oxidizing
conditions that permit the precipitation of oxide minerals.

5 Conclusions

The summary of the previously analyzed data indicates that
the ravine was a location that frequently had high water
availability, but that events that point toward droughts or just
lower water availability occurred with frequency. Infilling
of cavities occurred in two distinct phases with large pores
being affected first and smaller pores in a subsequent event.

Infilling of cavities occurred in two distinct phases with
large pores being affected first and smaller pores in a sub-
sequent event.

The conditions in the ravine led to the instability of
the bone tissue in the remains preserved inside it, with
the groundwater present carrying elements that facilitated
oxide replacement. Even though oxide replacement was
more frequent, there were events where the conditions

45



Vertebrate fossil diagenesis of the Leon Ravine accumulation (Lajedo de Soledade, Apodi, Rio...

Fig.7 South America map with 80°0'0"W 70°0'0"W 60°0'0"W 50°0'0"W 40°0'0"W
the relevant deposits plotted and -
the arca with similar conditions
highlighted. Shape downloaded /"‘@/L\r—\;’q;l CUTANA
from htp://www.cfrainmaps.cs. SURINAME
Carlos Efrain Porto Tapiquén, "\ VENEZUELA ¥ | B
Geografia, SIG y Cartografia o
Digital. Valencia, Spain, 2020 COLOMB GUIANA A
fo ‘
SE ;\DO 2 24
f BRAZIL 113
" PERU 9/.\
5 16 1
S =2 =
= 2.\ 38 V/ e n
~ 4 5 — 22,
7 =6
%) AN
o { 4= 17,
o 1 7 X
S | //
« J
1
\ o
o
o
= L - L
3 CHILE \
10
% UGUAY
4
o
)
B Co m Ulluj _] i Verde
mmon aye 5| Rischo Ve
wc::'l-t;)‘l.s'm [Olpemningare EI];‘:v:niCm
o [[ltirsuTenk  [10]CBuiCreek i Colorado
:O @Cono Colorado Ez: Passos Mncin |
g E]Cmo 1a Bruja @"l’l del Barco 20 ;::;‘::;;“
e} [4]cerro 1os Quesos [ Cempe Alege Cave
S Eﬂuun Blanco I:::uln Fpass @Lﬁpﬂh(}m
0 | 500 1.000K ;‘:f:;;’m ::; PR = et
[ | Viento E'hnk [24]F3 cave

changed, and carbonate replacement occurred. A specific
event also resulted in the partial dissolution of the tissue.

Destructive processes were frequent inside the ravine,
but how processes such as permineralization interacted
with the samples could wholly or partially shield the fossil
from these processes. Desiccation events were frequent,
but displayed varying intensity and frequency during the
ravine’s history.

There is also concrete evidence of time-averaging in the
ravine, but with the current methodology, it is impossible to
determine the time involved precisely.

It is also possible to infer that for a wide area from the
northern parts of Brazil up to the southern parts of Argen-
tina, and the eastern parts of Brazil to Peru, we have com-
mon elements to the fossilization processes and paleocli-
mate. Oxide replacement seems to occur in many sites in

@ Springer
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South America, with carbonate replacement being less
frequent. Carbonate permineralization is a common occur-
rence, but oxide permineralization is also frequently present,
especially infilling canaliculi and osteocyte lacunae. Frac-
tures are a common feature, but the reasons behind their
formation vary, such as lithostatic load, wet and dry cycles,
and recrystallization. While the evidence for each location
is different, many locations point toward conditions where
there were events that altered the humidity of the location,
showing a regional tendency for wet and dry cycles.
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Abstract

Lajedo de Soledade is one of the largest and mostportant paleontological sites
in Rio Grande do Norte state, Brazil. The JandairaFormation carbonate outcrops
(Upper Cretaceous of Potiguar basin) in this siteinfluenced by their fractures and
faults, became hosts to caves and ravines, with Qeanary sediments and fossils filling
them. While many studies in this area focused on pdonomy and taxonomy, the
stratigraphy and sedimentological aspects are notsawell understood. This study aims to
supplement the lack of this data for the Lajedo deSoledade through analyzing the
sedimentological content of one of its ravines, th@raras Ravine. Results show that
while the ravine was subjected to frequent droughtevents, water was an important
factor, and its importance rose as time passed, maing a slow climate shift in the area.
Sediments were transported by wind due to an initiadry environment. Water was a
secondary agent and its influence increased with ela subsequent layer as the climate
slowly shifted to a more humid one. The layers alsshow a progression in the sediment
sorting and a shift to fine-skewed sediments. Whilsome of the minerals observed are
the result of the alteration of organic material inthe buried remains and their related
processes, the surrounding rocks also strongly infenced the final mineral assemblage.

Keywords: Taphonomy, Fossilization, Stratigraphy, Sedimerggjo

INTRODUCTION

Lajedo de Soledade is one of the most significatégntological and archaeological
sites in the Rio Grande do Norte State, northea$eazil. It encompasses an area of 3 km
the Apodi Municipality (Porpino et al. 2007). Thige comprises a vast outcrop of carbonate
rocks belonging to the Jandaira Formation (Uppetateous of the Potiguar Basin) which,
due to the karst phenomena interacting with thetexy NE/SW and NW/SE fractures and
faults, resulted in the formation of many caves mwihes in the region (Porpino et al. 2004).
Quaternary sediments fill these ravines and caviesaply with quartz sand (Porpino et al.

2007).

Lajedo de Soledade holds significant importance tfog Rio Grande do Norte
paleontology not only due to the wide variety ofdils found in the Jandaira Formation
carbonates, such as gastropods, bivalves, echjrtoade fossils and other marine fossils, but

also due to the Quaternary vertebrate fossils deseal among the ravine sediments (Porpino
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et al. 2007). Rosado (1957) initially describedtelerates in this area, and this paved the way
for subsequent studies such as Porpino et al.,4§2@0 study focused on taxonomy, and
Santos et al., (2002) that focused on taphononatufes. These studies, however, lacked
stratigraphic control. Furthermore, sedimentologiaapects of these ravines are poorly
known. However, they are crucial to unveil the dgponal processes that occurred during

the infilling of the ravines and caves of LajedoStdedade.

This study aims to understand the sedimentary assilfliagenetic histories of this
important location based on the sedimentary anatigtaphic analyses of its sediments,
alongside a fossildiagenetic analysis of the fosmihains within the sediments. Our results
and conclusions shed light on the genetic procasseb/ed in forming sedimentary deposits
within ravines and post-depositional processes dffatted fossil accumulations in deposits

of this sort.
LOCATION AND GEOLOGICAL SETTING

This study is centered on a specific ravine witthia Lajedo de Soledade site: The
Araras ravine. The Lajedo de Soledade outcrop lisgidhe Potiguar Basin (Figure 1). The
Potiguar Basin is in northeastern Brazil, in thetean equatorial margin (Araripe & Feijo,
1994). This basin has a total area of 48,008, kmith only 45% of its area being onshore

(Neto et al. 2007).

Menezes (1996) described the basin as formed b¥-&W graben, with extensive
faults delineating the boundary between the basththe crystalline basement. Neto et al.,
(2007) defined three supersequences for this bdbm, Rift Supersequence, Post-Rift
Supersequence and Drift Supersequence. The DrifierSaquence (Albian-Holocene)

comprises fluvial to marine deposits, starting withvial deposits and gradually changing
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into carbonate platform deposits, followed by maniagressive deposits along some volcanic

rocks and basalts (Neto et al. 2007).

The Jandaira Formation marks the peak of the trassiye phase within the basin,
characterized by a shift from fluvial to shallow nina deposits, culminating in the carbonate
platform deposits typical of the formation (Netoakt 2007). Lima (2011) states that recent
stress fields and the tectonic regime have redetvbdlE-SW and NW-SE fault systems.
Bagni et al., (2020) highlight the presence of ntous NE-SW and NW-SE fault zones in the
Jandaira Formation, playing a role in concentratilggolution processes that give rise to
observed features such the caves and ravines. Silak, (2013) identified many faults with

the same NE-SW and NW-SE in the Lajedo de Soledezie

MATERIALS AND METHODS

This study was grounded on paleontological andnsexiiary samples obtained from
the Araras Ravine (5°35’S, 37°48'W) in the Lajedo$bledade area. The study commenced
with the excavation of the ravine, with the chosesa being located in the intersection of an
N335 and an N235 fracture and the excavation b2jign by 3m wide and 148 cm deep.
This was accompanied by collecting sediment frorohekayer identified and retrieving

paleontological samples discovered in each layer.

Initially, we analyzed sediment sample granulométyygrinding the sample with a
ceramic mortar and pestle to eliminate grain clunijpe mortar and pestle were washed with
distilled water before grinding each subsequentpdanirhe samples were then weighted
using a high-precision scale. Subsequently, artreleechanical sieve shaker separated each

sample into predetermined grain classes basedeirsihes.
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The results are then analyzed according to theadetbgy devised by Folk and Ward
(1957) to define sorting and skewness. This usesalfowing equations to determine sorting

(c¢) and skewness (SK):

84 — $p16 95 — ¢5
a¢=[¢ 4d> +<I>6.6<I>

Sk =

$16 + $84 — 250 (5 + 95 — 2¢450)
2(p84 — $16) 2(95 — p5)
Based on these analyses, the resulting charaatsereste described in the following

tables (Table 1 and Table 2).

After the samples were separated by grain sizesrebulting fractions were divided
into approximately 100-grain portions and examinedder a binocular stereoscopic
microscope. The features of each grain size wecerdented according to the methodology
outlined by Costa (2015). This methodology catemgsrigrain shape into angular, subangular,
subrounded, rounded and well-rounded. In conttstsurface texture is categorized as matte
saccaroid, smooth saccaroid, matte mammelonar, terme@mmelonar, polished smooth and

matte smooth. Additionally, roundness, as defing@®bwers (1953), was also recorded.

Five bone and three sediment samples were selextéeRay Diffraction qualitative
analysis. The samples were dried at 60°C for 16shand submitted to ball milling in 106
um in agate grinding media. This powder was calefplaced into an acrylic specimen
holder without excessive pressure in order to acoéating preferential planes. Subsequently,
the specimen holder with the sediment sample wsarted into the Bruker D2 PHASER
diffractometer using 30 kV/10 mA radiation. The cpgen holders with the fossil samples
were analyzed in the PANalytical XPERT PRO MRDfidi€tometer. During this analysis,
the sample is rotated while the X-ray tube anddigtector have their angles altered at specific

intervals to gather the ideal information about tméneral’'s crystalline structure. The
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sediment measurements were conducted using Ni KBV(30 mA) radiation, scanning
between 10 and 90 degrees, the measurement tifdgd afeconds per scan and the sample
being rotated at 15 rpm, while the fossil samplesduCo K radiation and operated at 40 kV

and 45 mA.

Eight suitable paleontological samples were seteated thin sections were prepared

for a fossil diagenetic analysis. This analysis ased on the following characteristics.

i) General Histological Index (GHI): Defined by Haohd et al. (2011), the GHI
considers biological and non-biological destructiwecesses to assess the preservation of the

thin section (see Table 3). This index can be appl the entire thin section or specific areas.

i) Identification of the related fossilization messes: This involves primarily
identifying replacement and permineralization téeirnthe conditions the remains underwent
after burial. It also consists in distinguishingveeen detrital and precipitated minerals, and
determining the conditions that allow for the plaeait of each mineral, including minerals
replacing the original bone tissue. Mineral idao#fion was done using transmitted light

microscopy.

iii) Permineralization Index (PI) and Replacemerddx (RI): These parameters were
estimated by observing the thin section through rhieroscope. Both parameters were
separated into percentage ranges to minimize ofxsdaas and accurately quantify these
variables. According to the methodology of Martetsal. (2022), the ranges used were 0-10;

10-20; 20-30; 30-40; 40-50; 50-60; 60-70; 70-80:980 90-100.

iv) Fracture Identification: Fractures were ideietlf and their characteristics were
noted to determine the mechanism that may haveerthem. Fracture patterns and the
mechanisms that form them are varied. Stogner (R0B6usses stress induced fractures due

to drying, an important mechanism for exposed remai
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RESULTS

Stratigraphy of the ravine

The first result is the stratigraphic representaid the sediment layers found in the

ravine, shown in Figure 2 and with the data orgechin Table 4.

Granulometry

The granulometry analysis results are resumed leTa

Mor phometry

The morphometry analysis has produced resultsatieatesumed in Table 6.

X-Ray Diffraction

The X-Ray diffraction analysis yielded two setsresults, one for the paleontological
samples and another for the sediment samples. &le®ngological samples were further
divided into Layer A, B and C. Table 7 summarizemearalogical constituents interpreted
through XRD and their respective interplanar disémn Figures 3, 4, 5 and 6 show the results

for the paleontological samples and figures 7,@%the results for the sediment samples.

Fossildiagenetic analysis

Thin sections RA-3-1, RA-3-2 and RA-2-1 shar e emown characteristic of having
pores filled predominantly with precipitated carbtsand oxide, with varying occurrences of
detrital quartz and oxide “rings” (Figures 10A, 11¥B, 12A). RA-3-1 (Pl 80-90%, RI 90-
100%, GHI 4) has notable large pores filled withdexand several large-scale fractures filled
with oxide or carbonate (Figures 10C, 10D). RA-@2 60-70%, RI 80-90%, GHI 1-3) has

fewer detrital quartz grains and no fractures. RARI 80-90%, RI 90-100%, GHI 2-4)
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shows some regions with detrital quartz covereaXge (Figure 12B), frequent large-scale

fractures filled with carbonate, and areas of vagypreservation (Figures 12C and 12D).

Thin sections RA-2-2, RA-2-3, RA-2-4 and RA-2-5 gweninantly feature pores filled
with precipitated carbonate and oxide, and oxidegs” are observed in certain pores
(Figures 13A, 13B, 14A, 15A, 16A, 16B). RA-2-2 (80-100%, Rl 90-100%, GHI 0-1) has
few small-scale fractures filled with carbonateg(ife 13D). RA-2-3 (Pl 90-100%, RI 90-
100%, GHI 0-4) exhibits a heterogenous distributdmletrital minerals and rare small-scale
fractures. RA-2-4 (Pl 70-80%, RI 70-80%, GHI O-hpw/s predominance of oxide with rare
large-scale fractures (Figure 15D). RA-2-5 (P1 1948 Rl 80-90%, GHI 1) has homogenous

GHI values and rare large-scale fractures fillethwiide or carbonate.

Thin section RA-1 (Pl 80-90%, RI 90-100%, GHI 1i5)unique for containing bone
fragments within some pores and exhibiting a highation in GHI across different areas,
with large-scale fractures filled with carbonatég(ffes 17A, 17C and 17D). A characteristic
present in this thin section and throughout all dtiger the thin sections is the presence of

oxides in the osteocyte lacunae.
The previously described features are summarizéabie 8.
DISCUSSION

The fossil diagenetic data indicates that layer ad ha relatively high-water
availability, but the variable PI of the samplesnfr this layer shows that the availability was
not constant throughout the layer's history. The dRbws instability of the tissue and
conditions that promoted oxide replacement. Thatikadly high GHI shows a good
preservation of the tissue. The preservation magxXmained by mechanisms proposed by
Tomassini et al. (2014), where permineralizatiotpsigrotect the original structures form

destructive processes. Gioncada et al. (2018) pegpoa similar situation with
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recrystallization, where the process can help pveséhe original structures. A plausible
explanation is that permineralization and recryigation occurred relatively early during the
fossil’s history and helped preserve the structutage of the specimens showed large-scale
fractures, which indicate desiccation events, h@nethe absence of these same fractures in
the other indicates a reasonable degree of timegisy. It should be noted that oxides are
frequently observed infilling the osteocyte lacunabich, according to Bosio et al. (2020), is
associated with early formation of pyrite due te teduction conditions that occur because of

the decomposition of organic material.

The X-ray data from Layer A samples indicate quartdcite, goethite and halite as
the minerals present in the samples. Quartz priynaiginates from the constantly
transported and deposited sand grains within tlhénea Calcite’s primary source is the
carbonate rocks of the Jandaira Formation, whiddesito form the ravines. Goethite, a
common weathering product in rocks according to ddzid and Dunlop (2000), can be the
result from the weathering of this lithostratigraptinit, supported by works such as Terra et
al (2016) showing iron minerals in the Jandairanfaiion. As it was cited above, the
alteration of the pyrite formed by the decompositad organic material can be another source
of goethite, and most likely both events are wagksimultaneously to form the goethite
observed in both the sediments and the paleont@bgamples. Halite, as an evaporite
mineral, is associated with shallow marine depaaitd Fernandes et al. (2002) proposes its
presence in the Jandaira Formation rocks. The mresaf this mineral in the fossils may be
due to the weathering of the Jandaira Formatioksraapplying the necessary elements for

the precipitation of this mineral inside the fossil

The sediment data from this layer defines it asoarly sorted layer with a near
symmetrical curve. The very coarse grains tend @osbbrounded, matte and with high

sphericity, attributed to grains transported bydgiriDias, 2004). Coarse and medium grains
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have similar characteristics; thus, the same ceimmuapplies. Fine and very fine grains tend
towards matte angular grains with low sphericithiat Dias (2004) associates with grains
recently introduced in the geological cycle. An oriant point is the presence of very fine
smooth grains, which Dias (2004) attributes to watnsportation, implying a certain degree
of water transportation for this layer. The X-ragtal for the Layer A sediment samples
identified quartz and goethite as the main minerdls previously cited, quartz was

transported inside the ravine, mostly by wind aadiglly by water, and goethite is a mixture
of weathering of the Jandaira Formation rocks dred dlteration of pyrite formed due to

organic material decay.

A broader view of the layer indicates a relatively environment with sediments
mostly transported by wind. However, moments wiveaier became more available occurred
frequently enough to allow for recrystallizationdapermineralization to occur before most
destructive processes. The previously cited meshaformed goethite both in the sediments
as well as inside the fossils, while also repladimg original tissue when it became unstable
due to the shifting conditions inside the ravineeWwater percolating through the sediments
also became the mechanism responsible for the pite#gdn of calcite and halite in the

fossils.

Layer B has fossil diagenetic data that shows higter availability due to the high PI
and a high RI that indicates instability of thegimal tissue and conditions that promoted
oxide replacement. The lower GHI in this layer'sdits points towards recrystallization and
permineralization starting later during the fossiggentic history. The frequent large-scale
fractures indicate desiccation events. The samarmauce of osteocyte lacunae being filled
with oxides occurs in this layer and the previoxgl@nation applies. The X-ray data from the
fossil samples indicates quartz, calcite, hydrosyi@g and magnesite. Quartz and calcite, as

mentioned above, have their sources in the salmbfithe ravine and the weathering of the
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surrounding rocks respectively. Hydroxyapatite jgmiicant component of bone tissue and
teeth (Choudhury and Agrawal, 2012), originatesnfithe bones themselves. Magnesite was
identified in the Jandaira Formation rocks by Sand Soares (2016), so the weathering of

the surrounding rocks is the source of this mineral

Sediment data from Layer B defines them as poarltyed fine skewed sediments.
Very coarse and coarse grains have the same obastics as those from Layer A, indicating
wind transported grains, but the Layer B coarséngrahow evidence of water contribution.
Medium sand has similar proportions of rounded angular grains, as well as all classes of
surface texture, indicating more varied sourcesahaher influence of water. Fine and very
fine both have characteristics that indicate gragtently introduced into the cycle and show
evidence of water contribution. X-ray data from gesliments indicates quartz and goethite

and the previous explanations still apply.

A broader view of Layer B shows a relatively dryweonment, with wind being the
main agent responsible for transporting grains, veatier has an increased contribution and
these agents better sorting the sediments. Thisgaiith the usually high Pl and RI indexes
points towards a slow increase in humidity for tlaiger. Desiccation events are frequent, but
the evidence points towards a more intense seagorather than just a static dry of humid
environment. These events could also have longeatidan and could justify the late start of
the recrystallization and permineralization thagufeed in the low preservation of original
structures. When these processes did occur, theyted in goethite forming both in the
fossils, sediments and replacing the unstable bossue. A notable event was the
preservation of some of the hydroxyapatite oridinplesent in the bones in this layer. The
precipitation of magnesite as a result of the weratly of the Jandaira Formation rocks is also

notable.
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The fossildiagenetic data from Layer C shows higttew availability due to the high
Pl, as well as a high RI that indicates conditithat lead to instability of the original tissue as
well as promote oxide and carbonate replacemerm.GHl varies a lot, which could possibly
be explained by an early start of the recrystailimaand permineralizations even though
these processes did not affect the whole fossikalguleaving certain areas exposed to
destructive processes. The large-scale fracturescate desiccation events occurred.
Osteocyte lacunae are also infilled with oxideghwine same previous explanation of pyrite
alteration. X-ray data from this layer identifiedagtz, goethite and calcite. As previously
noted, the quartz originates from the sedimentthénravine, the goethite is both from the
weathering of the Jandaira Formation rocks andhlieeation of pyrite and the calcite is also

from the weathering of the surrounding rocks.

The sediment data from Layer C defines it as angtyofine skewed moderately sorted
layer. Very coarse, coarse and medium grains slinanacteristics of wind transported grains
but show a more significant water contribution.é-and very fine grains show mostly matte
angular grains, still indicating wind transportecigs newly introduced into the cycle, but
there is a significant water contribution. X-raytaladentified quartz and microcline.
Microcline is a dominant k-feldspar in plutonic ks¢ so incipient reflections may indicate

material transported and deposited inside the egvin

A broader view of Layer C indicates a more humidiemment where wind is still the
dominant method of grain transportation, but wéi@s become more relevant. Both agents
have also become better at sorting the sedimegh Al and RI indexes also point towards a
more humid situation, but the presence of desiopatvents implies some level of
seasonality. Recrystallization and permineralizatstarted early in the fossil’s history, but
these processes were either interrupted tempoiduiliyng dryer seasons or just did not occur

at the same rate throughout the fossil due to Bpemnditions or only parts of the fossil
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being submerged inside the sediments. When thetcmmsifor these processes to occur were
met, goethite and calcite formed inside the fosasilsvell as replaced the original tissue. The
lack of goethite in the sediment may be due tostinenger influence of the pyrite alteration
and weaker influence of weathering of the surrongdiocks in this specific layer. The

addition of microcline may be a clue to a new sedor the sediments.

The data on these layers show a brief history ef dbnditions of the ravine. The
ravine was a location with relatively high-watemaability. Some conditions were relatively
constant. During the initial diagenesis stages,dimwomposition of the organic matter led to
the formation of pyrite in the osteocyte lacunadyiolr was later replaced by goethite.
Seasonality has also been constant throughout atiee’s history. Recrystallization and
permineralization usually started sometime afterlibirial of the fossil remains, leaving them
vulnerable to destructive events. Some differemessalso be found since goethite no longer
forms in the sediments in the last layer. Therals® a shift in the mineralogy of the layers

being the result of the interactions with the sunaing geology.

It is also possible to see a slow shift in the emunental conditions, where from
Layer A to layer C it is possible to see a slowtsfriom strictly dryer conditions where water
had low impact on grain transportation, to a mamnig environment, where wind is still the

main mechanism that transports grains, but watenba a more significant contribution.

CONCLUSIONS

The results show that the ravine was generallycation with relatively high-water
availability but was subjected to frequent droughents of varying intensity. Goethite was
formed by the alteration of pyrite and weatherifithe surrounding rocks. The other minerals
observed, i.e. quartz, calcite, magnesite and mlio® have their sources more closely

related to the geology of the surrounding area. S&mples were also subjected to slow
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replacement and recrystallization, which left thegioal structures more vulnerable to

destructive processes.

The view of each layer’'s data paints a picturehef ¢volution of the ravine with an
initial stage, represented by layer A, with a prad@ntly dry environment where wind is the
predominant transport agent. As time passes, thieoament slowly shifts to a more humid
one, where water becomes a more influential agerd, other mineral sources appear. This
evolution resulted in the fossildiagenetic chanasties that point towards abundant water,
but fractures are still remnants of the initial eiryconditions. The evolution also shows the

transport agents slowly better sorting the sediment
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TABLE CAPTIONS

Table 1 — Scale separating sorting classes asaroliVard (1957) presented.

Table 2 — Grain skewness classification as Folk\&iadd (1957) presented.
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Table 3 — GHI Values, the approximate degree okljmeservation and general

description of each value defined by Hollund e(2011).

Table 4 — Sediment layers found in the Araras Ravin

Table 5 — Granulometry analysis results. Valueshosvn in grams (g)

Table 6 — Morphometry analysis results. The rearksshown in percentages for each

grain class of each sample.

Table 7 — Interpreted minerals by XRD analysis.

Table 8 — Summary of the observed thin sectionltbagenetic features.

FIGURE CAPTIONS

Figure 1 — Potiguar Basin map with the Araras Ralatation highlighted.

Figure 2 — Diagram showing the sediment layers doinside the Araras Ravine.

(Source: Costa et al., 2024).

Figure 3 — X-Ray diffraction analysis of a paledagical sample from Layer A.

Figure 4 — X-Ray diffraction analysis of a paledagical sample from Layer B.

Figure 5 — X-Ray diffraction analysis of a paledagpcal sample from Layer C.

Figure 6 — X-Ray diffraction analysis of a paledagical sample from Layer C.

Figure 7 — X-Ray diffraction analysis from a seditnsample from Layer A.

Figure 8 — X-Ray diffraction analysis from a seditngample from Layer B.
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Figure 9 — X-Ray diffraction analysis from a seditnsample from Layer C.

Figure 10 — Thin Section RA-3-1 with fossildiagaodeatures highlighted. A) Pores
infilled with precipitated carbonate and oxide ath@ presence of oxide “rings”, cross-
polarized light, 50Qum scale bar; B) Oxide mass encompassing severazqyains inside a
larger pore, cross-polarized light, 1 mm scale BarExample of the higher GHI observed in
the thin section, cross-polarized light, 20® scale bar; D) Large-scale fracture filled with
carbonate, cross-polarized light, 20éh scale bar. Ca = Carbonate; Ox = Oxide; Qtz =

Quartz; Red arrow = fracture.

Figure 11 — Thin Section RA-3-2 with fossildiageadeatures highlighted. A) Pores
infilled with precipitated carbonate and oxide witie presence of oxide “rings”, cross-
polarized light, 500um scale bar; B) Pores with precipitated carbonaéde and oxide
“rings”, cross-polarized light, 50@m scale bar; C) Detrital oxide grains in the exaérn
regions of the thin section, cross-polarized i) um scale bar; D) Rare area with higher a
GHI value, cross-polarized light, 2Q0m scale bar. Ca = Carbonate; Ox = Oxide; Qtz =

Quartz.

Figure 12 — Thin Section RA-2-1 with fossildiageadeatures highlighted. A) Pores
predominantly infilled with oxide and carbonatepss-polarized light, 0.500 mm scale bar;
B) Detrital quartz inside the pores with a thindeifilm covering, cross-polarized light, 0.2
mm scale bar; C) Area with high GHI and oxide replaent, cross-polarized light, 0.5 mm
scale bar; D) Large-scale fracture filled with carbte, cross-polarized light, 0.2 mm scale

bar. Ca = Carbonate; Ox = Oxide; Qtz = Quartz; Redw = fracture.

Figure 13 — Thin Section RA-2-2 with fossildiagaodeatures highlighted. A) Pores
infilled with carbonate and oxide, cross-polarideght, 200 um scale bar; B) Presence of

oxide “rings” inside a pore, cross-polarized ligh®0 um scale bar; C) Low GHI of the thin
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section, cross-polarized light, 5@n scale bar; D) Small-scale fracture in the thictise,

cross-polarized light, 500m scale bar. Ca = Carbonate; Ox = Oxide; Red arrdnacture.

Figure 14 — Thin Section RA-2-3 with fossildiagaeodeatures highlighted. A) Pore
infilled with oxide and carbonate with the present@an oxide “ring”, cross-polarized light,
200um scale bar; B) Pore with a high concentrationeidfithl minerals, cross-polarized light,
500 um scale bar; C) Well preserved area with high Girfdss-polarized light, 200m scale
bar; D) Pore with a high concentration of precigithoxide, cross-polarized light, 2@@n

scale bar. Ca = Carbonate; Ox = Oxide; Qtz = Quartz

Figure 15 — Thin Section RA-2-4 with fossildiagaadeatures highlighted. A) Pores
filled with oxide and carbonate, but with predonmtia oxides present in the thin section,
cross-polarized light, 500m scale bar; B) Rare detrital minerals presenhethin section,
cross-polarized light, 200m scale bar; C) Low GHI of the thin section, crpstarized light,
200 um scale bar; D) Large-scale fractures presententhin section, cross-polarized light,

500um scale bar. Ca = Carbonate; Ox = Oxide; Qtz = QuRed arrow = fracture.

Figure 16 — Thin Section RA-2-5 with fossildiageadeatures highlighted. A) Pores
infilled with carbonate, oxide and the presencesatfle “rings”, cross-polarized light, 2Q0n
scale bar; B) Oxide replacement in the thin sectovass-polarized light, 500m scale bar;
C) Detrital minerals in the pores, cross-polariight, 200um scale bar; D) Low GHI in the
thin section, cross-polarized light, 2@@n scale bar. Ca = Carbonate; Ox = Oxide; Qtz =

Quartz.

Figure 17 — Thin Section RA-1 with fossildiagendiatures highlighted. A) Derital
minerals inside the pores of the thin section, @lpalarized light, 0.5 mm scale bar; B) High
GHI area in the thin section, cross-polarized ligh2 mm scale bar; C) Large-scale fracture

infilled with oxide, plane polarized light, 0.2 matale bar; D) Large-scale fractures filled
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with carbonate, plane polarized light, 0.5 mm sd&le Ca = Carbonate; Ox = Oxide; Qtz =

Quartz; Red arrow = fracture.

Table 1
Sorting class 1)
Very well sorted <0.35
Well sorted 0.35-0.50
Moderately sorted 0.50-1.00
Poorly sorted 1.00 -2.00
Very poorly sorted 2.00-4.00
Extremely poorly sorted > 4.00
Table 2
Skewness Sk
Very coarse skewed -1--0.3
Coarse skewed -0.3--0.1
Nearly symmetrical -0.1-0.1
Fine skewed 0.1-0.3
Very fine skewed 03-1
Table 3

Index Approximate % of intact Description
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bone
0 <5 No original features
identifiable, other than
Haversian canals
1 <15 Small areas of well-
preserved bone present, pr
some lamellar structure
preserved by a pattern of
destructive foci
2 <33 Clear lamellate structure
preserved between
destructive foci
3 >67 Clear preservation of some
osteocyte lacunae
4 >85 Only minor amounts of
destructive foci, otherwise
generally well preserved
5 >95 Very well preserved,
virtually indistinguishable
from fresh bone
Table 4
Layer Description
A 90 cm thick dark gray fine sand layer containsamne
clay. Gravel and cobble class grains are also ptese
This layer includes megafauna remains and mid |and
small-sized mammals, reptiles and amphibian remains
B 28 cm thick coarse sand layer containing a 40wgde




and 15 cm thick clay lens. This layer includes nf@gaa
remains, large- and medium-sized mammals, repies

amphibian remains.

C 12 cm thick light beige fine sand layer, with tgagod
remains and vertebrate fossils present.
Table 5
Layer A B C
Pebble class 0.1860 0 0
Granule class 3.0048 0.3226 0.4746
Very coarse sand 15.8147 12.4819 0.4823
class
Coarse sand class 34.1555 53.1989 0.4
Medium sand class 53.6791 47.6091 7.2791
Fine sand class 24.8180 19.0400 44.8235
Very fine sand 11.4258 7.0356 12.8960
class
Silt + Clay class 9.5122 3.0415 2.0575
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Table 6
Lay | Grain Shape Sphericity Surface Texture
er | class . . .
Angul | Sub- | Sub- | Roun | Well | High | Mediu| Low | Matte | Smoot| Matte Smooth | Polish| Matte
ar angul | round | ded | round m Saccarl h Mammel | Mammel| ed | Smoot
ar ed ed oid | Saccar| onar onar | Smoot| h
oid h
A | Very 20 27.61| 30.47| 16.19| 5.714 | 34.28 | 28.57 | 37.14 | 10.476| O 59.04762 0 0 30.47
coarse 905 619 048 29 571 143 286 19 619
sand
Coars| 23.80| 25.71| 30.47 | 15.23 | 4.761 | 23.80 | 25.71 | 50.47 | 34.285| O 44.7619 0 0 20.9%
e sand| 952 429 619 810 9 952 429 619 71 238
Mediu | 24.03| 25 31.73| 15.38| 3.846 | 33.33| 26.66| 40 | 29.1260 O 37.86408 0 0 33.00
m 846 077 462 15 333 667 21 971
sand
Fine | 31.73| 25 26.92| 15.38| 0.961 | 28.15| 31.06 | 40.77 | 20.388| O 49.51456 0 0 30.09
sand | 077 308 462 54 534 796 670 35 709
Very | 22.33| 29.12 | 21.35| 22.33 | 4.854| 29.12 | 21.35| 49.51 | 25.242| O 27.18447 0 2.912| 44.66
fine 01 621 922 010 37 621 922 456 72 62 019

2

D
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sand

Very | 18.26 | 22.11 | 30.76 | 14.42 | 14.42 | 33.65| 21.15| 45.19| 17.307 0 40.38462 0 0 42.30

coarse| 923 538 923 308 310 385 385 231 69 769
sand

Coars| 22.33 | 23.30 | 30.09 | 20.38| 3.883| 25.24 | 27.18 | 47.57 | 18.627 0 46.07843 0 0.980| 34.31

e sand| 010 097 709 835 50 272 447 282 45 39 373

Mediu | 26.92 | 29.80| 29.80 | 10.57 | 2.884 | 27.88 | 26.92 | 45.19 | 15.384| 0.9615| 30.76923| 2.88462| 4.807| 45.19
m 308 769 769 692 62 462 308 231 62 3 69 231
sand

Fine | 26.21 | 25.24 | 24.27 | 18.44 | 5.825| 23.30| 23.30 | 53.39| 19.417 0 28.15534 0 4854 | 47.57
sand | 359 272 184 660 24 097 097 806 48 37 282
Very | 32.35| 29.41| 18.62 | 16.66 | 2.941 | 31.37 | 18.62 50 58823 O 26.47059 0 4901| 62.74
fine 294 176 745 667 18 255 745 5 96 51
sand

Very | 4.545 | 30.30 50 15.15 0 25.75| 30.30| 43.93| 15.151 0 15.15152 7.57576| 7.575 54.54

coarse| 45 303 152 758 303 939 52 76 545
39san

36d
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Coars 1 28 49 15 7 32 39 29 3 10 6 27 54
e sand

Mediu 10 33 39 10 8 21 36 43 2 14 10 22 43
m

sand

Fine | 36.53| 29.80 25 7.692| 0.961 | 39.04 | 17.14| 43.80| 15.384 32.69231 4.807| 47.11
sand | 846 769 30 54 762 286 952 62 69 538

Very | 35.29 | 27.45| 20.58 | 15.68 | 0.980 | 43.13 | 20.58 | 36.27 | 4.9019 20.58824 14.70| 59.80
fine 412 098 824 627 39 725 824 451 6 588 392

sand




Table 7
Layer Mineral X-Ray Diffraction (d-values)
Main Reflection Minor
Reflection(s)
Paleontological Samples

A Quartz 3.34A 4.25 and 1.81 A
Calcite 3.03A 2.09 and 2.28 A
Goethite 4.18 A 2.69 and 2.45 A
Halite 2.82 A 1.99 A

B Quartz 3.34A 4.25 and 1.81 A
Calcite 3.03A 2.09 and 2.28 A
Hydroxylapatite 2.71A 2.81 A
Magnesite 2.74 A -

C Quartz 3.34 A 4.25and 1.81 A
Goethite 4.18 A 2.69 and 2.45 A
Calcite 3.03A 2.09 and 2.28 A

Sedimentological Samples

A Quartz 3.34 A 4.25and 1.8 A
Goethite 4.18 A 2.69 and 2.45 A

B Quartz 3.34 A 4.25and 1.81 A
Goethite 4.18 A 2.69 and 2.45 A

C Quartz 3.34 A 4.25and 1.81 A
Microcline 3.29 A 3.24 A

Table 8

Thin GHI Pl P1 minerals RI RI Fractures
Section minerals
RA-1 1-5 80-90 Carbonate,| 90-100 Oxide, Large-
Oxide, Quartz Carbonate scale
and Feldspar fractures

75



RA-2-1 2-4 80-90 Carbonate,| 90-100 Oxide, Large-
Oxide, Quartz Carbonatg scale
fractures
RA-2-2 0 90-100 Carbonate,| 90-100 Oxide Rare
Oxide, Quartz small-
scale
fractures
RA-2-3 0-4 90-100 Oxide, 90-100 Oxide Small-
Carbonate, scale
Quartz, fractures
Feldspar
RA-2-4 0 70-80 Oxide, 70-80 Oxide Rare
Carbonate, large-
Quartz scale
fractures
RA-2-5 1 70-80 Oxide, 80-90 Oxide, Rare
Carbonate, Carbonatg large-
Quartz, scale
Feldspar, fractures
Polycrystallin
e grains
RA-3-1 4 80-90 Carbonate,| 90-100 Oxide Large-
Oxide, Quartz scale
fractures
RA-3-2 1-3 60-70 Carbonate,| 80-90 Oxide, No
Oxide, Quartz Carbonatg fractures
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Figure 2
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Figure 3
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Figure 5
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Figure 7
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DISCUSSOES E CONCLUSOES

Os dados de ambas as ravinas descrevem algunsgwscgelativamente constantes ao
longo da historia do lajedo. Ambas as ravinas aorgara uma forte sazonalidade presente
no local, com evidéncias de alta disponibilidade @&gua e fraturas relacionadas a
ressecamentos. As condi¢cdes no interior das ralenasam a instabilidade do tecido original
e proporcionou condi¢cdes para a substituicdo destdo por outros minerais, entretanto a
preservacdo ou ndo das estruturas depende de quaamadote a histéria destes fosseis
comecou a recristalizacdo e a permineralizacao.

Os dados da Ravina das Araras permitem algumagidas sobre certos aspectos da
Ravina do Leon. Na Ravina do Leon foram observadm®rais opacos e carbonatos que,
fazendo um paralelo com os resultados das Araocalenpos postular que se trata de goethita
e calcita. Isto se aplica tanto para estes minguasdo encontrados precipitados dentro dos
poros dos fésseis, quanto quando se encontramitairakt o tecido original.

Inferéncias também podem ser feitas sobre os sathsencontrados dentro da
Ravina do Leon baseado nos dados da ravina dasasAr@s sedimentos das Araras
apresentam uma forte influéncia do vento como &gdettransporte, com a agua sendo um
agente secundario cuja importancia cresce ao la@gdistoria da localidade. Sem uma
andlise dos sedimentos ndo é possivel inferir & moanento desta transicdo pertencem o0s
sedimentos do Leon, mas caracteristicas geraisgjal a forte influéncia do vento e agua
como um agente secundario podem ser relevanteggi@asedimentos. Destaca-se também a
importancia da agua neste local, pois esta foiiowe de transporte de ions retirados das
rochas da Formacao Jandaira no entorno que resulta formacgéo da goethita e calcita.

A Ravina das Araras contribui positivamente paraolbservacfes feitas para uma
grande area na Ameérica do Sul, onde substituici@xido de ferro € comum, assim como
carbonatos e 6xidos preenchendo poros nos fosaeiamonalidade nesta grande regido.

A reunido destes dados aponta para o Quaternarianseperiodo com um clima
inicialmente seco, mas que estava sujeito a pesiddoabundancia de agua. O vento foi o
agente principal de transporte de particulas sedarnes para dentro das ravinas e ele pode ter
influenciado o transporte dos pequenos restos debrados encontrados dentro das ravinas.
Apesar do clima preferencialmente seco, periodabdadancia de agua foram constantes ao

longo do Quaternario. Esta abundancia de aguaaigda pode ser observada atualmente, foi



91

essencial para varios eventos que ocorreram ddagaavinas. Ela afetou o transporte de
sedimentos, apesar de inicialmente ter menor infi@édo que o vento e, dependendo da
intensidade das correntes geradas durante estetogvpode ter influenciado no transporte
dos restos de vertebrados para dentro das ravinas.

Estes fluxos também foram os agentes do intemperigne removeram ions das
rochas da Formacao Jandaira no entorno e dos @samssos e proporcionaram as condi¢des
para a precipitacdo de calcita, goethita e magneasits fosseis e nos sedimentos. A
precipitacdo da calcita pode ser resultado tantodidaolucdo e precipitacdo do calcio
originalmente presente no 0sso, processo que pexdenais fortemente justificado pela
substituicdo intensa observada nos fésseis anafisggdianto pela precipitacdo causada pela
percolacdo de agua rica em ions de carbonato @osralas rochas no entorno. Isto liga
fortemente a presenca de carbonato a periodos welafcia de agua. A precipitacdo de
goethita também possui dois mecanismos mais rdlesad primeiro é devido ao decaimento
da matéria organica, que gerou pirita que evenwraienfoi alterada para goethita, mas este
evento é limitado pela presenca de matéria org@nafata principalmente os canaliculos. Um
segundo mecanismo mais constante é a precipitagértia da lixiviagdo das rochas no
entorno, no entanto para essa precipitacdo é rfe@essna condicdo de seca. Este segundo
processo também se aplica para a formacdo da niagnAs mudltiplas instancias de
precipitacdo de Oxido nos fosseis e os tracos @éurai temporal apontam para frequentes
alteracOes das condicdes de ressecamento e, pmtas evidéncias da calcita, solidifica que
a sazonalidade observada atualmente é uma corgligdee manteve relativamente constante
desde o inicio do Quaternario. Nota-se que cakitgoethita sdo os principais minerais
formados por estes processos, mas outros mineoans) a halita, magnesita e hidroxiapatita,
sao formados por estes mecanismos, apesar de eon guamtidade.

A presenca do quartzo nos fosseis € um evento tarmger O transporte destes
minerais clasticos para dentro dos poros ocorfeando a 4gua como mecanismo para
realizar este processo. Os graos encontrados posso®& relagdo com 0s eventos mais
complexa. Cimento observado no entorno dos grade per formado antes de seu transporte
para dentro dos 0ssos ou depois que este trangpor®u, mas as instancias de um cimento
gue engloba varios graos, se interpretado como nigo (evento, somente ocorreu apos o
transporte destes gréos para dentro dos porosedpjiacdo deste cimento também pode ter
ocorrido em vérias etapas, mas a metodologia apeetk®e ndo pode determinar se € este o

caso.
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Fraturamentos apresentam padrfes estdo sendoaalesoai ressecamento dos restos.
Com a sazonalidade estabelecida, a formacao destiasas se torna paralela aos momentos
de precipitacdo da goethita. Algumas fraturas amtesn preenchimento, frequentemente por
calcita. Nestes casos pode se mapear um claroaride o ressecamento foi responséavel pela
formacado da fratura e o0 momento de abundancia da ggrmitiu a precipitacdo de calcita
nos espacos gerados por estar fraturas. A sequém@saentos ndo necessariamente ocorreu
no mesmo ciclo, pois durante as frequentes fasse dielo nem todas podem ter atingido as
condicOes necessarias para a formacdo dos mirthsaigtidos. A presenca de fraturas nao
preenchidas também resulta em uma discussdo sebeceraicoes destes eventos. Estas
podem ser o resultado de um ressecamento que fyatoras, mas que nao foi seguido de
nenhum evento com as condi¢cdes necessarias pamcipitacdo de minerais dentro das
fraturas. Outra possibilidade seria a formacéo rdeufas jA& em uma situacdo em que o
preenchimento destas ndo é possivel, como em wrpossuindo uma crosta de goethita no
seu entorno limitando a interacdo do seu inteon os fluidos externos.

Sobre os agentes de transporte, principalmententoyv@ota-se que inicialmente
possuia um baixo grau de selecionamento, mas esiga@ aumentando com o tempo e isto
indica um gradual aumento da maturidade dos sedamdavados para dentro das ravinas.
Esta maior maturacdo resulta de uma maior interaQéo os agentes de transporte, o que
indica um transporte mais longo e possivelmentasafentes mais distantes passando a
contribuir para os sedimentos depositados no Lajedose tratar de um intervalo de tempo
menor, mudancas mais drasticas na morfologia dacegie poderiam afetar as condicbes de
transporte ndo se aplicam, justificando alteragd&s sutis como contribuicdo de fontes mais
distantes.
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