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“We are like a judge confronted by a defendant who declines to
answer, and we must determine the truth from the
circumstantial evidence”

(Alfred Wegener)

“Deixe o mundo mudar vocé e vocé poderd
mudar o mundo”

(Che Guevara)

“Seja resoluto, nédo
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e derrube todas as
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RESUMO

A Planicie Costeira do Rio Grande do Sul (PCRS) é formada por quatro sistemas
deposicionais do tipo laguna/barreira e configura a por¢cdo mais superficial e
proximal da Bacia de Pelotas. Os estudos sobre a PCRS apontam que, em sua
génese, ndo ocorreram movimentos tectdnicos, isso porque nao foram
identificados indicios de estruturas tectbnicas em grande escala na regido.
Porém, como demonstra a presente pesquisa de tese, existem falhas de
crescimento que controlam a sedimentacdo e a formacao do sistema lagunar
holocénico da Barreira 1V, indicando a ocorréncia daqueles movimentos. O
estudo esta localizado nas regides de Mostardas, Tavares, Sdo José do Norte e
Rio Grande, no estado do Rio Grande do Sul. Primeiramente, foram analisadas
imagens de satélite e fotografias aéreas da regido, para investigar a geologia e
as caracteristicas sedimentares, além de saidas de campo para observar as
estruturas deformacionais gravitacionais. Ainda, foram efetuados levantamentos
com GPR de baixa frequéncia com antena de 50 MHz (RTA), perpendiculares a
linha de costa e as estruturas de interesse, furos de sondagem a percussao,
executados para identificar a camada de turfa que aflora na praia no distrito de
Bujuru (RS), correlacionando-os aos levantamentos de GPR. A tese busca
enfatizar o processo de subsidéncia mecéanica presente na Barreira
Pleistocénica lll, através de uma escarpa linear com mais de 100 km de
extensdo, constituida por uma falha de crescimento listrica que controla a
margem noroeste da Lagoa do Peixe. Ademais, visa salientar as evidéncias de
estruturas deformacionais, controlando as feicdes estratigraficas e geomorficas
e a sedimentacdo holocénica dos corddes litoraneos na regido da Quinta —
Cassino (RS). Ainda, objetiva identificar armadilhnas deformacionais que
conduziram a ocorréncia dos depésitos de minerais pesados em Sao José do
Norte (RS).

Palavras-chave: Ground Penetrating Radar; Depdsitos de minerais pesados;

Falha de crescimento listrica; Beach ridges; Subsidéncia mecanica.



ABSTRACT

The Coastal Plain of the Rio Grande do Sul (PCRS) is formed by four
lagoon/barrier depositional systems and it forms the most superficial and
proximal portion of the Pelotas Basin. Studies on the PCRS indicate that, in its
genesis, there was no tectonic movements. This is because no signs of large-
scale tectonic structures were identified in the region. However, as this thesis
research demonstrates, there are faults growth that control the sedimentation and
formation of the Holocene lagoon system, indicating the occurrence of those
movements. The study is located in the regions of Mostardas, Tavares, Sao José
do Norte and Rio Grande, in the state of Rio Grande do Sul. Foremost, satellite
images and aerial photographs of the region were analyzed to investigate the
geology and sedimentary characteristics, in addition of field trips, to observe
gravitational deformational structures. Furthermore, surveys were carried out with
low frequency GPR with a 50 MHz antenna (RTA), perpendicular to the coastline
and structures of interest, percussion drillholes, carried out to identify the peat
layer that outcrops on the beach in the district of Bujuru (RS), correlating them to
GPR surveys. The thesis seeks to emphasize the process of mechanical
subsidence present in the Pleistocene Barrier lll, through a linear scarp more
than 100 km long, constituted by a listric growth fault that controls the northwest
margin of Lagoa do Peixe. Besides, it aims to highlight the evidence of
deformational structures, controlling the stratigraphic and geomorphic features
and the Holocene sedimentation of coastal ridges in the Quinta — Cassino (RS)
region. It else aims to identify deformational traps that led to the occurrence of

heavy mineral deposits in Sdo José do Norte (RS).

Key-words: Ground Penetrating Radar; Heavy minerals deposits; Listric growth

fault; Beach ridges; Mechanical subsidence.
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lamination; note higher HM concentration in the horizontal layering. ............. 130

Figure 8 — Description of the percussion Drillholes Logs in the Bujuru area.
Borehole logs legend: 1) Light yellow sand; 2) Light yellow sand with coarse
lamination (1-5 mm thick); 3) light yellow sand with gently inclined lamination (1-
2 mm thick) and disseminated heavy minerals; 4) light yellow sand with thin
horizontal lamination (1 mm) and disseminated heavy minerals; 5) Massive, dark
gray sand with high quantity of heavy minerals; 6) Massive light yellow sand and
disseminated heavy minerals; 7) Peat; 8) light yellow sand with gently arched
lamination (1 mm); 9) isolated thin horizontal laminas of heavy minerals; 10) up
to 2 cm recent root fragments; 11) small recent root fragments; 12) small
disseminated shell fragments; 13) up to 1 cm shell fragments; 14) oxidized
material; 15) oxidized (orange) dark gray sand; 16) heavy minerals concentration;
17) light yellow sand with fragmentary structure; 18) dispersed organic matter;
19) relicts of organic matter; 20) local breccia structure; 21) dark yellow sand
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Figure 9 — Radargram depicting deep structural relationships in the Bujuru area.
Radargram legend: i) white numbers: radarfacies as presented in Table 1; ii)

green lines: normal faults; iii) thick yellow lines: ~1.0 m peat layer cropping out at
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Bujuru beach; thin yellow lines: geophysical units/radarfacies; white lines: lateral
stratification of dunes (6a in Table 1). Boreholes position is projected into the
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Figure 10 — PB-13 section structural features. A) Radargram close to B) PB-13
drillhole section. Drillhole section under permission of RGM S.A. Radargram

legend as ShOWN IN FIQUIE O.........uuuiiiiiiiiiiiiiiiiii e 133

Figure 11 — PB-13 section structural features. A) Radargram close to B) PB-01
drillhole section. Drillhole section under permission of RGM S.A. Radargram

legend as ShOWN iN FIQUIE O.........uu i 135

Figure 12 — Geologic-structural model for placer Bujuru and Retiro HM deposits
(RGSCP, Brazil). A) The development of the structural trap (placer) for first stage
of HM concentration. B) The third stage HM concentration and purification on

TransSgreSSIVE DUNES. .....oooiiiiiiiiiiieiieeeeeeeeee e 146

Figure 13 — Cartoon showing the development stages for structurally controlled
lagoons, and the formation of Bujuru and Retiro HM deposits. Rate scale is only
(0T 18 153 = o o 148
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ESTRUTURA DA TESE

Esta tese de Doutorado esta estruturada em forma de artigos publicados em
periodicos conforme a norma 118 do Programa de POs-Graduacdo em
Geociéncias (PPGGEO/IG/UFRGS). Sendo subdividida da seguinte maneira:

Capitulo 1: Contempla a introducédo ao tema abordado, a area de estudo, 0s
objetivos do trabalho, a justificativa, as premissas e a hipétese da Tese.

Capitulo 2: Contém o estado da arte sobre o tema da pesquisa.

Capitulo 3: Artigo cientifico submetido (em avaliacdo) na Revista
GEOPHYSICS: Gravity-driven listric growth fault and sedimentation control

in the Coastal Plain of Rio Grande do Sul, Brazil.

Capitulo 4: Artigo cientifico submetido (em avaliacdo) na Revista
GEOPHYSICS: Fault-controled subsidence and beach ridges progradation

in Quinta — Cassino (RS) coastal plain, Brazil.

Capitulo 5: Artigo cientifico submetido (em avaliacdo) na Revista ORE
GEOLOGY REVIEW: Structural Controls of the Coastal Bujuru and Retiro

Heavy Minerals deposits in Southern Brazil.

Capitulo 6: Apresenta as consideracoes finais sobre o tema.
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1. INTRODUCAO:

Os ambientes costeiros ao redor do mundo possuem ampla ocupacéo
populacional, devido a fatores climaticos, econémicos e de entretenimento. O
controle sobre seus processos de formacdo e evolucdo sdo extremamente
importantes para se compreender o ambiente costeiro como um todo. A Planicie
Costeira do Rio Grande do Sul (PCRS) seré descrita, entdo, com relagdo a esses

aspectos.

A Provincia Costeira do Rio Grande do Sul é constituida por dois
importantes compartimentos geolégicos (VILLWOCK & TOMAZELLI, 1995): i) o
Embasamento e ii) a Bacia de Pelotas. A Planicie Costeira do Rio Grande do Sul
constitui a porcdo emersa (aflorante) da Bacia de Pelotas, que esta situada entre
o Complexo Cristalino Pré-Cambriano, que constitui o Escudo Sul-rio-grandense,
e as sequéncias sedimentares e vulcanicas paleozoicas e mesozoicas da Bacia
do Parané (a oeste), e o Oceano Atlantico (a leste) (VILLWOCK, 1972).

O pacote sedimentar que se acumulou na Bacia de Pelotas assenta-se
sobre rochas antigas que pertencem ao Escudo Sul-rio-grandense, na porgao
sul do Estado. Ao norte do paralelo que passa pela cidade de Porto Alegre, esse
pacote sedimentar da Bacia de Pelotas repousa sobre as sequéncias
sedimentares e vulcanicas, paleozoicas a mesozoicas, que integram a Bacia do
Parana (VILLWOCK & TOMAZELLI, 2007).

Estudos de Fontana (1990, 1996) mostraram que, desde o inicio de sua
formacdo, a Bacia de Pelotas vém sendo preenchida por um pacote de
sedimentos com mais de 10 000 m de espessura, em que os folhelhos
predominam sobre arenitos, calcilutitos e conglomerados. Essas litologias estédo
assentadas parte sobre a crosta continental, parte sobre rochas vulcanicas
extrudidas no inicio da fase “rift” e parte, na zona mais distante da margem, sobre

0 assoalho oceéanico.

Segundo Villwock & Tomazelli (2007), Rosa et al. (2011), Dillenburg &
Barboza (2014), a origem da Bacia de Pelotas esta indiscutivelmente relacionada

com o0s acontecimentos geotectonicos que conduziram a abertura do Oceano
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Atlantico Sul. Esse processo iniciou-se a partir do Jurassico, resultando na
ruptura do bloco continental gondwanico e a posterior separacao dos continentes

africano e sul-americano.

Os trabalhos desenvolvidos por Villwock & Tomazelli (1995), Tomazelli &
Villwock (2000), Tomazelli & Villwock (2005), Barboza et al. (2011), Rosa et al.
(2011), Lima et al. (2013), Dillenburg & Barboza (2014), Dillenburg et al. (2017),
Rosa et al. (2017) e Barboza et al. (2018), tem mostrado que os depdsitos
aflorantes na Planicie Costeira do Rio Grande do Sul acumularam-se em
sistemas deposicionais especificos desenvolvidos na regido durante os periodos
Nedgeno e, principalmente, Quaternario. Esses depdsitos sdo agrupados em: (1)
um sistema de leques aluviais, que ocupa uma faixa continua ao longo da parte
mais interna da Planicie Costeira, e (2) quatro distintos sistemas deposicionais
transgressivos-regressivos do tipo laguna-barreira (Figura 1.1). Os sedimentos
do sistema de leques foram retrabalhados pelos diversos eventos
transgressivos-regressivos geradores dos sistemas de barreiras. Cada barreira,
provavelmente, originou-se no limite atingido por uma transgressdo e foi
preservada devido a regressao da linha de costa forgcada por uma queda glacio-

eustatica do nivel do mar.



27

“RIOGRANDEDOSUL ) .-~ /A

]i'ﬁchas Sedimentares e Vulcini «-’? /
/~da Bacia do Parana

| .
“Escudo Pre FJ Tramandai /30

Porie &=
Alegre 3

.cambriano o7l §
T | ! {51
r S
i
Ty —
f{f B TR e R // , Oceano
ras Mg O / -
A {\ J e Atlintico
g o
Tl i <5 ,,i&?
Rio Granide ) /Lagua dos | _
N
L] S0 100 km
L | ]

| Barreira Holocénica IV

D Barreira Pleistocénica ITI
Barreira Pleistocénica II

Barreira Pleistocénica I

I:J Sist. Lagunar Pleistoceno

e Holoceno

=g : - . a
s=ea2t Sist. Leques de Aluviais

mbasamentu Precambriang
il

| S1"W
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1.1. AREA DE ESTUDO:

A &rea de estudo abrange os municipios de Rio Grande, Sdo José do
Norte, Tavares e Mostardas, no litoral sul e médio do Estado do Rio Grande do
Sul (Figura 1.1.1). Foram divididas trés areas de detalhamento, séo elas: area 1,
area 2 e area 3 (ver capitulos 3, 4 e 5, respectivamente). A area de estudo tem
acesso através da capital Porto Alegre pela BR 101 até Mostardas (cerca de 200
km) e pela BR 116 e, em seguida, pela BR 471 até o municipio de Rio Grande
(cerca de 319 km). E necessario deslocar-se por balsa entre 0s municipios de

Rio Grande e Sao José do Norte.

As localidades do Retiro e Estreito e, o distrito de Bujuru, situados no
municipio de S&o José do Norte, apresentam setores com potencial rentavel para
a extracdo de minerais pesados. A empresa que possui a area requerida € a Rio
Grande Mineragao S/A.

rd
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Figura 1.1.1. Area de estudo deste trabalho (Modificado de Google Earth).
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1.2. OBJETIVOS:

1.2.1. Objetivos Gerais:

A Planicie Costeira do Rio Grande do Sul formou-se atraves de sistemas
deposicionais especificos causados, entre outros fatores, pela transgressao e
regressao do nivel do mar nos ultimos 325 ka (VILLWOCK & TOMAZELLI, 1995;
TOMAZELLI & VILLWOCK, 2000; TOMAZELLI & VILLWOCK, 2005; BARBOZA
et al., 2011; ROSA et al., 2011; LIMA et al., 2013; DILLENBURG & BARBOZA,
2014; DILLENBURG et al., 2017; ROSA et al., 2017; BARBOZA et al., 2018).
Dentro desta perspectiva, a estabilidade tectdnica da Bacia de Pelotas na sua
porcdo emersa é apontada em diversos trabalhos publicados desde Villwock
(1972).

O objetivo principal deste trabalho € dar sequéncia a identificacdo de
estruturas deformacionais relacionadas a tectnica gravitacional atuante na
Planicie Costeira do Rio Grande do Sul a partir de 8 ka e no Cone do Rio Grande.
Desde ja, é importante deixar claro que os esfor¢os dedicados ao conhecimento
dos processos sedimentares que atuaram e atuam na PCRS, bem como os

resultados alcancados, sdo amplamente reconhecidos.

A continuidade da identificacdo das estruturas deformacionais ja
apresentadas pretende avaliar o tipo de interacdo entre 0S processos
essencialmente sedimentares que vém sendo descritos e caracterizados pelos
diversos pesquisadores nomeados acima e, 0s processos deformacionais que

tém sido identificados.

1.3.Objetivos Especificos:

Os objetivos especificos, dentro destes quesitos, sao:
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o Identificar estruturas deformacionais neotectbnicas de grande
escala na PCRS através de levantamentos geofisicos, furos de sondagem,
andlise de fotografias aéreas, imagens do Google Earth e observacdes de campo

o determinar os parametros e as condi¢cbes para levantamentos
geofisicos por Ground Penetrating Radar para elucidar as relacdes entre
deformacéo e sedimentacao;

o definir o controle geoldgico dos depdsitos de minerais pesados

(placers) na regido de Retiro e Estreito (Sao José do Norte, RS).

1.4. PREMISSAS:

Estudos preliminares a regides correlatas motivaram o avanco desse
tema. Os lineamentos neotectonicos da Lagoa do Peixe e da Lagoa Mangueira
encontrados por Fonseca (2006) e da escarpa erosiva da Quinta, segundo
Godolphim (1985) sdo feicbes extremamente lineares indicativos de falha
(Fonseca, 2006). Deste modo, propiciaram o aprofundamento do estudo nessa

area.

1.5.HIPOTESES:

Os trabalhos publicados por FONTOURA (2015), FONTOURA et al.
(2015) e STRIEDER et al. (2015) detectaram a presenca de falhas normais
sintéticas e antitéticas através de levantamentos geofisicos com Georradar no
Distrito de Bujuru (Sao José do Norte, RS).

A identificacdo de uma movimentagcdo tectdnica por meio de dobras,
falhas normais e falhas inversas na regido do Cone do Rio Grande (BUENO et
al., 2007; LOPEZ, 2009; ROSA, 2009; CASTILLO et al., 2009; CONTRERAS et
al., 2010; CARDOZO, 2011; SANTOS, 2020) indicam um modelo geoldgico-
estrutural analogo ao encontrado na por¢cao emersa da Bacia de Pelotas, pois

estas estruturas desenvolvem-se pela ampliacdo de sua area de abrangéncia.
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O trabalho de Santos (2020) demonstra que o Cone do Rio Grande
constitui uma estrutura de deslizamento rotacional (slump) do tipo profundo
(deep-seated), a qual se associam varias estruturas, predominantemente
laterais, deslizamento translacional (slides) e rotacional (slump) raso. As
estruturas mostram detalhes de falhas extensionais (normais), compressionais
(cavalgamento) e dobras que emergem a superficie do fundo marinho,
seccionando os refletores mais superficiais. Isto indica que os sedimentos
recentes estdo ainda sendo deformados pela tectdnica gravitacional que define
o Cone do Rio Grande (Santos, 2020).

A hipdtese que esta sendo proposta nesta tese introduz o componente
tectdnico-gravitacional nos estudos pré-existentes sobre o0s depositos
sedimentares aflorantes na Planicie Costeira do Rio Grande do Sul.

A hipotese principal € complementada, entéo, pela hipotese de que deve
haver uma relacdo de interacdo entre 0S processos essencialmente
sedimentares que vém sendo descritos e caracterizados pelos diversos
pesquisadores e os processos deformacionais que tém sido identificados no
Cone do Rio Grande e PCRS.

A aplicacdo dessas hipoteses esta direcionada aos depdsitos de minerais

pesados (placers) na regido de Retiro e Estreito (S&o José do Norte, RS).

1.6.JUSTIFICATIVAS:

A investigacdo das relacbes de interacdo entre 0S processos
essencialmente sedimentares que vém sendo descritos e caracterizados pelos
diversos pesquisadores e 0s processos deformacionais que tém sido
identificados abre novas perspectivas para o desenvolvimento cientifico e

tecnoldgico regional em diferentes niveis.

O trabalho proposto, embora tenha uma motivacdo puramente
académica, atinge a area de geologia aplicada (prospecc¢cao mineral). Na regido

de estudo, um empreendimento mineiro estd em fase de licenciamento (Rio
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Grande Mineragdo S.A.). Conforme informacdes verbais do Gedlogo Aureliano
Ndébrega, “durante o processo de modelagem e cubagem do depdsito mineral, a
correlacdo dos dados entre alguns dos furos de sondagem requereu a
interpolacdo dos dados balizados por falhas”. Com isso, faz-se a necessidade
de intensificar os estudos com o objetivo de comprovar esta hipétese.

A confirmacéo da hipotese de trabalho também abre novas perspectivas
de exploracao mineral no Cone do Rio Grande. A aplicacao desses resultados,
em conjunto com os resultados que estdao sendo apresentados por Santos
(2020), na prospeccéo de 0Oleo, gas e hidrato de gas na Bacia de Pelotas estao

ainda para serem analisados.
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2. ESTADO DA ARTE:

A morfotectdnica investiga as relagbes entre as formas de relevo e os
movimentos neotectonicos. Os processos deformacionais e as estruturas
presentes na crosta terrestre, a partir do Plioceno, estdo reunidas no
denominado Periodo Neotectonico. O termo Neotectdnica €, atualmente, usado
em substituicdo ao termo Diastrofismo, que se refere a qualquer dos movimentos
da crosta terrestre produzidos por processos tectdnicos, incluindo a formagéo de
bacias oceanicas, continentes, platds e cadeias de montanhas (NEUENDORF et
al., 2011).

Os abalos sismicos aumentam de magnitude com a proximidade de
regides limitrofes a placas tecténicas. Em paises como Japao, por exemplo, que
é circundado pelas Placas Eurasiana, das Filipinas e do Pacifico, a ocorréncia
de eventos tectonicos € frequente, devido a movimentacdo desses blocos
rochosos de dimensdes quase continentais. O Brasil, por outro lado, encontra-
se na regido central da Placa Sul-Americana e, por isso, Sao raros 0s terremotos
e maremotos de grande intensidade. Entretanto, ocorrem preferencialmente
tremores de pequena intensidade registrados ao longo do nosso territorio
(ASSUMPCAO et al., 2016). Esses abalos sismicos séo resultados de processos
deformacionais que ocorrem em profundidades < 10-15 km, predominantemente
relacionados com falhas; dai a sua associacédo com as fraturas (falhas e juntas)

neotectdnicas.

O termo Tectdnica Gravitacional retune as estruturas deformacionais
geradas por um campo tensional em que a principal componente ativa € vertical
e relaciona-se com a forca da gravidade (VARNES, 1958; DOTT Jr., 1963;
VARNES, 1978). Esses processos estdo normalmente posicionados proximo a
taludes de média a alta inclinacdo e podem ocorrer tanto em ambiente aéreo —
subaéreo, quanto em ambiente subaquoso (ALVES, 2015; SHANMUGAM,
2018).

O objetivo dessa reviséo € focar na discriminagdo das estruturas e das
condi¢cbes de seu desenvolvimento em ambiente subaquoso. No entanto, dois
trabalhos de reviséo recentes (ALVES, 2015; SHANMUGAM, 2018) exploram a



35

exaustdo a discriminagcdo de estruturas produzidas pelo rompimento
gravitacional de taludes, principalmente aqueles subaquosos, e as condicfes em
gue tais movimentos de massa ocorrem e sdo desencadeados. Shanmugam
(2018) apresenta, ainda, uma lista com mais de 50 dos maiores movimentos
gravitacionais de massa estudados nos ultimos 100 anos, e mais 20 deles
estudados em detalhe. Alves (2015), por seu turno, revisa a significancia do
deslizamento de blocos submarinos e as estruturas deformacionais associadas
com sedimentos pouco coesos em bacias de aguas profundas, base em dados
de sismica 3D e de afloramento.

Uma reviséo dos temas apresentados a exaustao por Shanmugam (2018)
e por Alves (2015) para fins deste trabalho parecem, portanto, desnecessaria e
redundante. Desta forma, optou-se por apresentar o artigo de Shanmugam

(2018), de abordagem mais ampla, como anexo (Anexo 1).

O estudo aqui apresentado, abrange alguns conceitos basicos iniciais da
mecanica e dos tipos de processos deformacionais desenvolvidos pela
Tectbnica Gravitacional, e deixa a revisao detalhada no formato publicado pelos
recentes e originais artigos de Shanmugam (2018) e Alves (2015). Isso permite
gque esta tese se concentre na apresentacdo das evidéncias e das estruturas
deformacionais documentadas para a Bacia de Pelotas e sua por¢do emersa (a
PCRS).

2.1. CONCEITOS

Os conceitos apresentados neste subitem estdo relacionados aos
principios basicos de movimentos de massa, que sao fundamentais para a plena
compreensao da Tese em andamento. As classificacbes para estes tipos de
processos sao variadas, tendo inicio com Varnes (1958) em seu artigo intitulado
“Landslide, types and processes”, que agrupa todos os movimentos causadores
de depdésitos de transporte de massa (MTDs — mass-transport deposits), tanto

em ambiente aéreo e subaéreo, quanto no ambiente submarino. Esses conceitos
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foram atualizados por outros autores ao longo dos anos (DOTT, Jr, 1963,
VARNES, 1978; LOCAT & LEE, 2002; SHANMUGAM, 2018).

Highland & Bobrowsky (2008) apresentaram uma atualizacdo da
classificagdo dos movimentos de transporte de massa subaéreos em (Figura
2.1.1):

Queda de blocos Tombamento Espalhamento

Deslizamento Translacional Delizamento Rotacional Fluxo de detritos

(Slide) (Slump)
D

Figura 2.1.1. Classificagdo dos movimentos e processos de transporte de
massa subaéreos (Modificado de HIGHLAND & BOBROWSKY, 2008).

- Queda: movimentos abruptos, descendentes, de rocha ou terra, ou
ambos, que se desprendem de encostas ingremes ou falésias. A massa em
queda pode quebrar com o impacto, comecar a rolar em encostas mais ingremes

e continuar até o terreno se aplainar,
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- Tombamento: € reconhecido como a rotacdo para frente, em uma area
muito inclinada, de uma massa de solo ou rocha em torno de um ponto ou eixo
abaixo do centro de gravidade da massa deslocada. A queda €, as vezes,
impulsionada pela gravidade exercida pelo peso do material em declive a partir
da massa deslocada; outras vezes, a queda € causada por 4gua ou gelo em

rachaduras na massa;

- Espalhamento: extensdo de um solo coeso ou massa rochosa
combinada com a subsidéncia da massa fraturada do material coesivo em
material subjacente mais macio. As propagacfes podem resultar da liquefacao
ou fluxo (e extrusdo) do material subjacente mais macio. Os tipos de

espalhamento incluem: de bloco, de liquefacéo e laterais;

- Deslizamento translacional (Slide): a massa em um deslizamento de
terra translacional se move para fora, ou para baixo e para fora, ao longo de uma
superficie relativamente plana com pouco movimento de rotacdo ou inclinagédo
para tras. Os slides geralmente provocam estruturas deformacionais ao longo
das descontinuidades geoldgicas, como falhas, juntas, superficies de

acamadamento ou, no contato entre rochas e solo;

- Deslizamento rotacional (Slump): deslizamento de terra no qual a
superficie da ruptura possui concavidade voltada para cima e o0 movimento do
deslizamento € mais ou menos rotacional em torno de um eixo paralelo ao
contorno da inclinagcdo. A massa deslocada pode, sob certas circunstancias,
mover-se como uma massa relativamente coerente ao longo da superficie de

ruptura com pouca deformacéo interna;

- Fluxo de detritos: forma de rapido movimento de massa, no qual solo,
rocha e/ou matéria orgéanica soltos se combinam com a agua para formar uma
lama que flui encosta abaixo. Os fluxos de detritos podem ser mortais, pois se

originam rapidamente e podem ocorrer sem qualquer aviso.

O comportamento mecanico baseado em processos subaquosos, nas
regides com instabilidade, extrema importancia para a compreensao das

deformacbes nesses ambientes. A figura 2.1.2 mostra, de modo simplificado, o
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movimento e transporte de massa influenciado por gravidade para aguas
profundas. E possivel notar que, a partir do aumento da profundidade/inclinaco,
a deformacéo altera-se de raptil para ductil; ou seja, a componente da gravidade
€ um agente modificador das estruturas deformacionais presente nos processos

subaquosos.

4 ——— TInclmagpo————————— P

Plataforma

Maasa coerente Massa P 4—Fuida -»

Slide incoerente (Newtoniana)
(Plastica)

44— Deformacio Plastica —_—D

4

Superficie Planar
Corrente de

turbiditos

Fluxo de Detritos

Superficie
Concava
Aumento da Descompactacio dos blocos

R ———

Figura 2.1.2. Diagrama esqueméatico mostrando os processos de declive
por gravidade (Simplificado de SHANMUGAM, 2018).

Os tipos de movimentos discriminados acima séo, ainda, classificados
quanto a profundidade da superficie de ruptura (ver HAMPTON et al., 1996).
Nesse sentido, pode-se distinguir i) 0s movimentos rasos (shallow slides/slumps,
Figura 2.1.3a) e ii) os movimentos profundos (deep-seated slides/slumps, Figura
2.1.3b).
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Figura 2.1.3. Tipos de estruturas de movimento de massa em ambiente
sub-aquoso. a) Movimentos rasos (SHANMUGAM, 2018) e b) movimentos
profundos (p.ex. FERNANDES et al., 2003).

Os movimentos rasos de massa sao normalmente investigados a partir de
andlises geomorfolégicas e morfométricas (p. ex. CORREA, 1990), e,

recentemente, por levantamentos sismicos rasos. Os movimentos profundos,
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por outro lado, desenvolvem feicdes geomorfolégicas com escala mais semi-

regional a regional, e sdo completamente descritos e quantificados a partir de

levantamentos sismicos profundos.

A causa dos movimentos submarinos de massa esta ligada com a relacéao

entre as tensbes de resisténcia do macico terroso/rochoso e as forcas

gravitacionais; 0 processo € iniciado quando a tensdo de cisalhamento

direcionada na declividade da superficie de ruptura (mecanismo desencadeador)

excede a resisténcia do material (forgcas de resisténcia). O principal mecanismo

desencadeador é a forca gravitacional, mas estes esforcos podem ser

incrementados ou diminuidos por outros esfor¢os (ver Figura 2.1.4).
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que reduzem

aresisténcia

b) Esforcos
que
aumentam a

resisténcia
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Sedimentacéo
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Sedimentacéo
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Figura 2.1.4. Relacbes entre as tensdes que desencadeiam o0s
movimentos de massa. a) e b) Esforcos que influenciam as forcas de resisténcia
do macico terroso/rochoso. ¢) Discriminacédo dos parametros e forcas que atuam
nos movimentos de massa. d) Diagrama Mohr-Coloumb mostrando as relagdes
de ruptura (z = profundidade na coluna de sedimentos; h = espessura total da
coluna de sedimentos até a superficie de ruptura; a = angulo de mergulho do

declive topogréfico; t*cos(a) = resisténcia ao cisalhamento dos sedimentos; W =

componente vertical do esforgco atuando sobre os sedimentos; W*sen(a)

esforco gravitacional atuando na direcdo do potencial plano de ruptura; c
coesdo; A = ruptura dilatacional; B = ruptura contracional; C = ruptura por
liquefacdo; D = carregamento ciclico até a ruptura) (ver HAMPTON et al., 1996).

As rupturas também sao influenciadas pela presséo de fluidos nos poros
dos sedimentos. Nestas condicfes, 0 aumento da sobrecarga de sedimentos
causa a sua compactagdo e o aumento da presséo nos poros. Este processo
determina uma diminuicdo na pressao efetiva, o deslocamento das tensdes para
a esquerda do diagrama de Mohr-Coloumb (Figura 2.1.5), e a ruptura sob

condi¢des de baixa tensao de carregamento.

A condicao de equilibrio é controlada por (ver HAMPTON et al., 1996):

Esfor¢o de cisalhamento (W+sena) _ v/ *zxsena

Forga de resisténcia gravitacional (t*cosa) ory*tand ’




42

onde:

0 = angulo de atrito interno (°)

Yy’ = densidade dos sedimentos submersos (densidade dos

sedimentos — densidade da agua)

o’v = tensao vertical (gravidade) efetiva (kPa)

Fratura ()i l (1 ]
extensional 3
. X
& A\
;
\ |
| 1
o8] 01
::l:));;llllagi:das
a T

Fraturas/falhas

Figura 2.1.5. Diagrama Mohr-Coloumb mostrando os esfor¢cos que atuam
na ruptura de macicos terrosos/rochosos. A seta azul indica o deslocamento no
aumento das tensdes iniciais (01,02,03) até a ruptura; a seta vermelha indica a
consequéncia do aumento da pressdo de fluidos nos poros que resulta na

diminuicdo da tensao efetiva (Oef = 0i - 0t). 8 = dngulo de atrito interno da ruptura.

Quando F = 1, as tensdes maximas de cisalhamento em planos
adequadamente orientados sao iguais a tensédo de cisalhamento de resisténcia
e, assim, o falhamento € iminente. Quando F > 1, a tenséo de cisalhamento de
resisténcia excede a tensdo maxima de cisalhamento e o material no ponto

considerado é estavel.
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2.2 EVIDENCIAS DE ATUAGAO NEOTECTONICA NA BACIA DE
PELOTAS

Este subitem se propde a apresentar a bibliografia disponivel sobre as
evidéncias da Neotectbnica na Bacia de Pelotas. Com base no uso de
metodologias como sensoriamento remoto, cartografia geologica e geofisica, 0s

autores citados apresentam um padrao para as falhas presentes na regiao.

A PCRS é formada essencialmente por sistemas deposicionais do tipo
laguna-barreira, conforme apresentado no item anterior desta monografia.
Porém, indicios da presenca de eventos neotectdnicos nesta regido tém sido
publicados por alguns pesquisadores. O método béasico para o reconhecimento

destas estruturas deformacionais tem sido a Geomorfologia.

A Geomorfologia (ramo da geologia/geografia que se dedica a estudar as
formas de relevo da superficie terrestre) é uma importante ferramenta de
identificacdo de deformacBes neotectbnicas. Estruturas como escarpas de
falhas, represamento natural de drenagens e diferencas subitas de altitudes de
corpos geoldgicos idénticos sdo detectadas através do uso de levantamentos
aerofotogramétricos, sensoriamento remoto e até mesmo em observacdes de

campo.

O sensoriamento remoto € uma ferramenta que permite visualizar o
arranjo espacial das estruturas e formas de relevo em superficie de maneira mais
regionalizadas. O trabalho publicado por Cecarelli (1996) identifica e analisa
feicbes causadas por processos heotectbnicos por meio de técnicas de
sensoriamento remoto aplicadas em imagens do sensor TM do satélite Landsat-
5, em escala 1:100.000, no litoral médio da PCRS, lado oeste da Lagoa dos
Patos, entre os municipios de Pelotas e Camaquéa. O sensoriamento remoto é
uma ferramenta que permite visualizar o arranjo espacial das estruturas e formas
de relevo em superficie de maneira mais regionalizadas. Os resultados
mostraram que estruturas tectonicas condicionam a instalacdo da drenagem e a
orientacdo de formas de relevo nos depositos de sedimentos aflorantes naquele

segmento da Bacia de Pelotas. O estudo evidencia que as diversas fei¢coes
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morfoldgicas e estruturais presentes na PCRS séao indicadores de que existe, na

regido, uma tectonica atual com influéncia direta sobre a morfologia.

A Falha de Pelotas foi descrita por Saadi et al. (2002) proxima a costa do
Estado do Rio Grande do Sul e indicada como o limite entre as rochas do
embasamento Pré-cambriano (Cinturdo Ribeira a oeste) e os sedimentos
cenozoicos da Bacia de Pelotas (a leste). Conforme Saadi et al. (2002), existem
zonas deprimidas ao longo da falha na Bacia de Pelotas, que sado ocupadas por
um sistema de lagos — principalmente “Lagoa dos Patos” e “Lagoa Mirim” (Figura
2.2.1).

Foi apresentado, ainda, por Fonseca (2006) uma revisao bibliografica
exaustiva das evidéncias de Neotectonismo na PCRS por diversos
pesquisadores. Entre eles, Delaney (1965) reconhece fei¢cBes estruturais
condicionando parte da formacédo da PCRS (Sistema de Falhas Coxilha das
Lombas). Delaney (1965) mostrou que, logo ap6s a deposicdo da Formacado
Itapud, ocorreu o Sistema de Falhas Coxilha das Lombas durante um periodo de
mar mais alto que o atual. Muller Fo. (1970) identificou falhas de pequena
amplitude, que resultaram na individualizagdo da Lagoa dos Patos; elas
formariam o alinhamento de falhas Mostardas — Itapud — Coxilha das Lombas —

Itapeva.

Por outro lado, Villwock (1972) desconsidera a intervencdo da
neotectonica no modelado da retilinidade da Coxilha das Lombas, embora n&o
discuta a existéncia do falhamento. O estudo interpretou a Coxilha das Lombas
como uma falésia na época da deposicdo da Formacédo Chui. Esta feicao foi

marcada como a mais jovem do Pleistoceno da PCRS (DELANEY, 1965).
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Figura 2.2.1. Falha de Pelotas (BR-41), descrita por Saadi et al. (2002;
figura modificada).

Com base nesta revisdo, Fonseca (2006) relata a necessidade de uma
analise morfotectdénica da Planicie Costeira do Rio Grande do Sul para a
deteccao de atividades neotectdnicas. O autor utilizou os elementos classicos da
geomorfologia para a identificacdo das feicdes morfotectdnicas: escarpas de
falhas, represamento natural de drenagens e gradientes de vales e encostas,
dentre outros. Assim, Fonseca (2006) estudou a morfotectbnica (relagéo entre
drenagem e topografia) a partir da analise de bases cartograficas disponiveis, de

imagens de sensores remotos e da bibliografia existente.
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Este mesmo autor, Fonseca (2006) delimitou trés macro-elementos
morfotectonicos (Sistema de Falhas Coxilha das Lombas, Bacia de Porto Alegre,
Lineamento Jacui — Porto Alegre) no contexto da Planicie Costeira do Rio
Grande do Sul. O Lineamento Jacui — Porto Alegre, por exemplo, é uma
importante estrutura mostrada pelo autor, pois este lineamento secciona a
Planicie Costeira em duas partes. A primeira até Tramandai (norte) apresenta
lagoas/lagunas costeiras menores e/ou mais estreitas abrangendo somente as
Barreiras Ill e IV e, a segunda, ao sul caracteriza-se por grandes lagunas (Patos
e Mirim, Mangueira) que englobam o0s quatro sistemas deposicionais

transgressivos-regressivos.

A andlise e a compilacéo da bibliografia existente, o estudo topogréfico e
cartografico preliminar (rede de drenagens), o sensoriamento remoto (LANDSAT
e RADAR) e a investigacdo de campo com enfoque geomorfolégico permitiram
gue Fonseca (2006) tracasse alguns lineamentos morfo-estruturais na PCRS e
adjacéncias. Dentre os quais, os lineamentos da Lagoa do Peixe (LP) e Lagoa
Mangueira (LM) cortam a é&rea de estudo desta Tese (Figura 2.2.2 e suas

explicacdes).

A influéncia das alteracdes altimétricas no relevo para a composicao do
terreno e o0 papel da drenagem dos rios na moldura desses depdsitos
sedimentares sao relatadas por Fonseca (2006), com estruturas como: i) o
Graben Guaiba, que corresponde a uma area rebaixada de 800 km2 que
influenciou a rede de drenagens regional e a sedimentacdo de depdsitos
quaternarios; ii) a Sinclinal de Torres, que representa a maior projecdo das
unidades da Bacia do Parana na direcao do litoral; e iii) o Arco de Sao Gabriel,
gue proporcionou, por meio de sua denudacao e da dindmica tectono-isostatica,

as sequéncias sedimentares da Bacia de Pelotas.

No distrito de Bujuru, em Séo José do Norte (RS), foram realizados
levantamentos geofisicos com georradar (GPR) por Fontoura (2015). A camada
de turfa, que aflora no pés-praia e mergulha em direcéo ao continente, constitui
um material geoldgico de condutividade mais alta do que sedimentos arenosos
sobrepostos, ou mesmo do que os sedimentos silte-argilosos. Nesse sentido, 0s

contatos da turfa com os sedimentos lagunares holocénicos (subjacentes) e
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arenosos de natureza eolica (sobrejacentes) constituem refletores marcantes,
pois apresentam alto contraste de impedancia elétrica, que podem ser utilizados
como camada guia no levantamento com georradar.

'S80 'Gabri.ell,l, _

A

Rio Grande
€]

S&o Gabriel
®
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Figura 2.2.2. Modelo de sombreamento de relevo mostrando elementos
morfotectbnicos associados a Provincia Costeira do Rio Grande do Sul e
adjacéncias: Lineamento Jacui — Porto Alegre (LJP), Sistema de Falhas Coxilha
das Lombas (SFCL), Graben Guaiba (GG), Sinclinal de Torres (ST), Arco do Rio
Grande (ARG) e o Alto de Sao Gabriel — Santa Maria (ASGM). Também estédo
indicados os locais de ocorréncia de feicbes anelares ou hemi-anelares do baixo
Taquari (T), do vale dos Sinos (S) e do alto Piratini (P). Mais a leste, estédo
marcadas as linearidades das margens internas das lagoas do Peixe (LP) e
Mangueira (LM). Na &rea do Escudo, algumas falhas e zonas de cisalhamento
se destacam no controle da topografia, sendo que os tracos principais denotam
paralelismo com linearidades observadas na Provincia Costeira. Em (B), esta
ressaltado o “arco do Rio Uruguai” (UY), acrescentando-se outros lineamentos
regionais: Floriandpolis (LFl) e Chui (LCh) (Modificado de FONSECA, 2006).

A aquisicdo dos dados de GPR (Fontoura, 2015) no Distrito de Bujuru
(Séo José do Norte, RS) foi produzida perpendicularmente a linha de costa, em
direcéo ao interior do continente. A figura 2.2.3 mostra a camada guia de turfa
sendo abruptamente interrompida por falha normal mergulhante em direcéo a
praia. Além disso, € importante notar a presenca de drag-folds associadas as
falhas normais. As drag-folds sdo marcadas pela formacédo de antiforme no bloco
superior (capa, muro, footwall) e sinforme no bloco abatido (lapa, teto,
hangingwall), pois foram formadas pelo deslocamento numa superficie
cisalhante que trunca sedimentos plasticos (camada de turfa) e sedimentos

pouco coesos, genericamente designados soft sediments.
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Figura 2.2.3. a) Mapa de localizacdo do perfil PB-013 (Modificado do
Google Earth). b) Radargrama mostra a camada de turfa mergulhando em

direcéo ao continente com uma antena de 50 MHz (FONTOURA, 2015).

A identificacao de falhas normais com mergulhos opostos (para oeste e

para leste/sintéticas e antitéticas) sugere a existéncia de um par conjugado
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cisalhante, cuja diregao principal de esforgo (01) é vertical, ou seja, governado
pela forca gravitacional. O sistema de falhas do distrito de Bujuru registra o
entroncamento de duas falhas listricas principais, que sédo curvas em planta, que
possuem a concavidade voltada para cima, e que se horizontaliza com a
profundidade, na direcdo do talude continental. O conjunto de falhas normais
sintéticas e antitéticas promovem o surgimento de grabens (com sinformes), que
sao os blocos rebaixados da camada guia de turfa, e de horsts (com antiformes),
gue sao os blocos soerguidos da camada guia. Por fim, Fontoura (2015) conclui
que os placers do distrito de Bujuru (S&o José do Norte, RS) séo estruturalmente
controlados pelas falhas gravitacionais listricas da Lagoa do Peixe e de Rio
Grande, as quais correspondem aos lineamentos morfo-estruturais dos Patos e
da Mangueira indicados por Fonseca (2006). As falhas gravitacionais, conforme
sintetizado por Jaboyedoff et al. (2013), tém natureza rotacional, ndo apenas em

escala local como configurado pelas dobras de arrasto (drag folds).

Na plataforma continental adjacente ao Estado do Rio Grande do Sul,
Corréa (1990, 1994) identificou zonas de descontinuidades, estruturas sinformes
e antiformes, grabens, horsts e falhas através de cartografia morfoestrutural, por
meio da carta batimétrica de detalhe (Figura 2.2.4). Esta interpretacdo foi
apresentada com base em fatores geoldgicos, estruturais, tectbnicos e de
variagdes do nivel do mar (CORREA, 1994), a qual mostrou-se relagdo com as
estruturas morfologicas encontradas nos depdsitos sedimentares da Planicie

Costeira do Rio Grande do Sul.

O Cone do Rio Grande é caracterizado como uma espessa cunha
sedimentar situada na Margem Continental do Rio Grande do Sul, na Bacia de
Pelotas, em frente a cidade de Rio Grande (MARTINS et al., 1972). Esta
estrutura geologica situa-se entre as latitudes de 31° a 34°S e as longitudes de
45° a 51°W. O Cone do Rio Grande apresenta-se alongado na direcao leste,
estende-se por 550 km e tem sua largura maxima entre 350 a 400 km. Esta
feicdo deposicional abrange o talude e a elevagao continental, e alcanca
profundidades em torno de 4.000 m (Planicie Abissal) (MARTINS, 1984).

O Cone do Rio Grande divide-se, geomorfologicamente, em i) por¢cao

superior, que compreende o talude superior, ii) cone médio, que abrange o talude
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inferior, iii) a elevacao continental, e iv) o cone inferior, que compreende a por¢ao
mais profunda dessa feicdo (MARTINS, 1984). Nos ultimos anos, alguns
pesquisadores tém encontrado mais indicios de que a tectbnica gravitacional

influenciou o processo de formacao e evolugdo desta estrutura geoldgica.

A regido do Cone do Rio Grande foi influenciada por eventos tecténicos
desde o Periodo Cretaceo até o Recente. Em um trabalho realizado por meio de
levantamentos sismicos, Castillo et al. (2009) afirmam que a regido do Cone do
Rio Grande caracteriza-se por falhas normais, que foram originadas por stress
distensivo gerado por blocos deslocados na zona proximal e falhas inversas na

zona mais distal (Figura 2.2.5).
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Figura 2.2.4. Carta Sintese Morfoestrutural da Plataforma Continental do

Rio Grande do Sul (Extraido de CORREA, 1994).
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A pesquisa de Santos (2020) demonstra que o Cone do Rio Grande
constitui uma estrutura de deslizamento rotacional (slump) do tipo profundo
(deep-seated), a qual se associam varias estruturas, predominantemente
laterais, deslizamento translacional (slides) e rotacional (slump) raso (Figura
2.2.6). A figuras 2.2.7, 2.2.8 e 2.2.9 mostram detalhes de falhas extensionais
(normais), compressionais (cavalgamento) e dobras que emergem a superficie
do fundo marinho seccionando os refletores mais superficiais. Isto indica que os
sedimentos recentes estao ainda sendo deformados pela tectbnica gravitacional

gue define o Cone do Rio Grande (Santos, 2020).

Figura 2.2.5. Modelo estrutural 3D do Cone do Rio Grande, sudeste
brasileiro (Extraido de CASTILLO et al., 2009).
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Figura 2.2.6. Linha sismica “228_312" no Cone do Rio Grande. As linhas
pretas representam as principais falhas na regido do Cone do Rio Grande. Notar
as falhas identificadas em direcéo a zona de praia, a falha principal (master fault)
no talude, e falhas inversas na base do talude, todas emergindo a superficie do

fundo oceénico (Santos, 2020). Observar os perfis em detalhe nas figuras

seguintes.
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Figura 2.2.7. Flanco norte do Cone do Rio Grande, linha sismica
“277_336". Ocorréncia de falhas sintéticas e antitéticas normais e a formacéao de

graben aflorante em fundo oceéanico (Santos, 2020).
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Figura 2.2.8. Flanco norte do Cone do Rio Grande, linha sismica
“231_465". Ocorréncia de falhas inversas que correspondem ao dominio

compressivo da tectonica gravitacional na regido (Santos, 2020).



140001

falhas inver:
(retro-cavi
‘/

sas antitéticas
algamentos)

16000¢

falhas inversas sintéticas
(cavalfamentos)

20000( 2067

55

Figura 2.2.9. Flanco sul do Cone do Rio Grande, linha sismica “228 311”.

Ocorréncia deslizamento translacional raso (shallow landslide), com falhas

normais e inversas de duplo cavalgamento que seccionam o fundo oceanico

(Santos, 2020).
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GRAVITY-DRIVEN LISTRIC GROWTH FAULT AND SEDIMENTATION
CONTROL IN THE COASTAL PLAIN OF RIO GRANDE DO SUL, BRAZIL

ABSTRACT

High frequency, high resolution GPR surveys are successfully applied to
investigate near-surface stratification architecture of sedimentary units in coastal
plains and to define their depositional conditions. However, low frequency GPR
surveys to investigate fault-related depositional systems at greater depths are
scarce. This survey was designed investigate a >100 km long linear escarpment
that controls the northwest margin of the Lagoa do Peixe, an important lagoon in
Rio Grande do Sul Coastal Plain (RGSCP, Brazil). The traditional approach
points that RGSCP was developed by juxtaposition of four lagoons/barrier
systems as consequence of sea level changes; no deformational structure is
admitted to exist before. The low frequency GPR (50 MHz, RTA antenna) and
geological surveys carried out in the RGSCP showed the existence of a large,
gravity-driven listric growth fault controlling the Lagoa do Peixe escarpment and
hangingwall sedimentation. The radargrams in four subareas along the Lagoa do
Peixe Growth Fault could be interpreted following the seismic expression of rift-
related depositional systems. The radargrams enabled to distinguish three main
lagoonal deposition radarfacies. The lower lagoonal radarfacies is a convex
upward unit, thicker close to growth fault; the radarfacies geometry indicates that
fault displacement rate surpasses the sedimentation rate, and its upper stratum
is aged ~3500 “C years BP. The second lagoonal radarfacies is a triangular
wedge restricted to the lagoon depocenter, whose geometry indicates that fault
displacement and the sedimentation rates kept pace. The upper lagoonal
radarfacies is being deposited since 1060+70 “C years BP, under sedimentation
rate higher than fault displacement rate. The results indicates that low frequency
GPR surveys can help in investigating fault-related depositional systems in
coastal zones. They also point to a new approach in dealing with RGSCP

stratigraphy.
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INTRODUCTION

The Rio Grande do Sul Coastal Plain (RGSCP) is the emerged part of the
gently sloping Pelotas Basin continental shelf, the southernmost of Brazil's
Atlantic basins. This coastal plain is up to 100 km wide and extends for more than
600 km. The RGSCP was formed by juxtaposition of sedimentary deposits
derived from deltaic alluvial plains and four lagoons/barrier systems developed
as consequence of sea level changes from Middle Pleistocene to Holocene
(Villwock et al., 1986). The first lagoon/barrier system (I) has an estimated age of
325 ka. The following systems have absolute ages of 230 ka (1), 123-125 ka (llI),
and 5.6 ka (IV) MIS (Figure 1).
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Figure 1 — Rio Grande do Sul Coastal Plain location (A), its reginal
geological map (B), and the model for its depositional systems (C). Modified from
Tomagzelli & Villwock (1996) and Tomazelli et al. (2000).
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The RGSCP lagoons/barrier system was defined based on sedimentary
facies, depositional systems, and chronostratigraphic techniques (Tomazelli &
Villwock 1996, Tomazelli et al. 2000). No neotectonic deformational episode is
considered for RGSCP lagoons/barrier sedimentary strata juxtaposition: “the
Pelotas Basin has remained oblivious to major tectonic movements, which
translates into the symptomatic absence of faulting. If there were any, they
resulted from aseismic processes in the sedimentary package that today

constitutes the slope of the continental margin” (Villwock 1972).

Recently, some records of neotectonic activity in the RGSCP has been
identified. Fonseca (2006) produced a wide investigation for neotectonic records
in the RGSPC based on geomorphic features, small-scale field structures, and
remote sensing images (LANDSAT, SRTM). Fonseca (2006) was able to identify
significant neotectonic records and “suggested systematic campaigns of field to
structural and geophysical data-collecting in the identified areas”. Fontoura et al.
(2015) and Strieder et al. (2015) showed preliminary evidence of major faults in
the RGSCP. Cooper et al. (2016, 2018) have also showed evidence for major
deformation in the Santa Catarina Coastal Plain.

The aim of this paper is to show a large-scale fault in the RGSCP, which
cut across Pleistocene coastal barrier (IlI) and controls Holocene barrier (1V) and
lagoon system development. 50 MHz RTA Ramac GPR surveys, drillholes and
field surveys were carried out in order to determine the regional structural

framework developed by the Lagoa do Peixe Growth Fault.
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GEOPHYSICAL AND GEOLOGICAL SURVEY METHODS

The Lagoa do Peixe Growth Fault is named after the Lagoa do Peixe
National Park, a conservation unit established due to Decreto n°® 93.546/1986
(Figure 2). The Lagoa do Peixe, in fact a lagoon, is home to large amounts of
migratory birds coming from the Northern (summer) and Southern (winter)

hemispheres.

The northwestern border of the Lagoa do Peixe is a steep escarpment,
whose actual altitude differences amount up to 10 m. This escarpment is close to
deeper water sheet, which is poorly maintained during the dry season of the La
Nifla periods. The southeastern border is gently dipping toward northwest, and

its connection with Atlantic Ocean is cancelled during the dry seasons.

The Lagoa do Peixe escarpment was previously regarded as a
geomorphic lineament possibly due to a neotectonic structure (Fonseca, 2006).
This geomorphic lineament is clearly defined in satellite images as a N40E
trending, >100 km long escarpment. Based on these geomorphic features, four
areas for geophysical and geological survey were selected: i) Mostardas
(northern), ii) Tavares (central), iii) Lagoa do Cara, and iv) Bujuru (see Figure 2
for details). The surveyed areas were focused to geophysically investigate what

king of geological structure controls the escarpment in its entire extend.

The geophysical surveys were carried out through 50 MHz RTA Ramac
equipment. This frequency was selected to investigate that structure as deep as
possible (>20m depth was attained with good resolution). The mean EM wave
velocity was estimated to be 0.08 m/ns, so that vertical resolution is ~0.8 m. Then,
the EM wavelength is not adequate small-scale structures of sedimentary units,

but to their geometry and continuity.
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Figure 2 — Location of the Lagoa do Peixe Growth Fault and the areas of

detailed geological and geophysical surveying. A) Mostardas (northern), B)

Tavares (central), C) Lagoa do Cara, and D) Bujuru (Southern) areas.

Two parallel GPR lines were surveyed in Mostardas, Tavares and Lagoa
do Cara areas. The Mostardas and Tavares GPR lines were surveyed in gravel
roads cutting across Lagoa do Peixe. Lagoa do Cara (a lake isolated from the
main Lagoa do Peixe due to sedimentation) was profiled in a secondary road as
long as possible into the clogged lagoon. In the Bujuru area, five parallel and
oblique lines were surveyed, since no water filled depression is present and a

better scanning for the fault geometry can be produced.

The GPR survey lines were all accompanied by DGPS (Emlid, Reach RS+
model, base and rover receptors) control, with kinematic and post-processed
corrections (Leica Geo Office and PPP-IBGE). The GPR line positioning
procedure do permit a high horizontal (7mm + 1ppm), and vertical precisions

(14mm +1 ppm).
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The Bujuru area was drilled to determine the sand thickness covering the
peat layer, and the stratigraphic features of the Pleistocene barrier (Ill). Three
percussion drill cores were sampled and correlated with GPR survey line
(Bujuru01 line). It was selected to drill because the peat layer does not crop out
in the actual beach, and the GPR survey line ends at beach; thus, it was possible

to control the geophysical signature of the peat layer.

GEOLOGY OF THE SURVEYED AREAS

The geologic survey of the detailed areas was carried out through aerial-
photographs, high resolution Google images, and field work. The aim of the
geologic survey was to investigate the main surficial sedimentary units over which
GPR survey lines were conducted, to define their main geological features that
can contribute to discriminate them in radargrams. The aim was not to fully

characterize each sedimentary unit in terms of their sedimentological properties.

Figures 3 to 6 present simplified geological maps that are result of aerial
photographs, Google high resolution images and field work. Table 1 summarizes
the main lithological features of each stratigraphic unit distinguished during the

geological survey.

Table 1 — Summary of the main stratigraphic units cropping out in the
selected areas for GPR surveying.

Stratigraphic unit Geological and lithological features

Aeolian covers Thin sheets of fine-grained sands (< 1 m thick)
covering mainly the structural highs. Locally, it can

develop a small dune up to 2-3 m high.

Holocene | Active dunes close to the Atlantic Ocean, making
Holocene -
_ dunes I part of the actual dune system building the
Barrier IV )
Holocene Barrier IV.
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Holocene | Inactive dunes underlying the active ones. They

dunes | seem to be coarser grained than actual ones and

are anchored by native grass and bushes.

Holocene Lagoonal Fine-grained sands and silts interlayered with
deposits variable proportions of organic matter and clays in

depressed areas.

Pleistocene Barrier Ill Fine to medium-grained sands, mostly horizontal,
parallel stratification, slightly compacted, and Fe3*

hydroxides and clay impregnated.

The Pleistocene Batrrier Il is a key stratigraphic unit for GPR surveys since
it rests as a structural high west of the Lagoa do Peixe Growth Fault scarp. This
structural high may be recognized in two erosional tiers (10-15 m, and 5-8 m)
above mean see level (see Figure 3B, Tavares geological map). It is best
exposed in the Talhamar Road (Tavares area), at the erosional retreating fault
scarp (Figure 4B). On the other side, the west limit of the Pleistocene Barrier Il
is not fault bounded, but erosional, as can be seen by several embayment

controlled by actual drainage.

The Holocene Lagoonal deposits rests at < 3 m above mean see level.
Parallel stratification of silts and fine-grained sands and peat rich layers or lenses
(= 0,5 m thick) are present. An upper peat layer crops out in some segments
along the beach in the investigated area when it is being eroded. A gentle folding

and faulting of this upper peat layer controls its outcropping.

The Holocene Lagoonal deposits are also present in the west limit of the
Pleistocene Barrier Il structural high, where they are under the influence of the
Lagoa dos Patos. These lagoonal deposits are not in the scope of this

investigation, since their actual limits are not fault-bounded.

The Holocene Barrier IV system is under construction close to the Atlantic
Ocean. It is made up by aeolian dunes migrating from NE toward SW. This dune
system discordantly overlays the Holocene Lagoonal deposits in the Lagoa do
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Peixe National Park. This feature is best recognized in segments where the upper
peat layer crops out and is under erosion. In some places, where actual active
dunes are not present, is possible to recognize a previous, vegetated dune
blanket that seems to have been developed by winds blowing more easterly. The
Holocene Barrier IV system advances over and clogs the eastern margin of the

Lagoa do Peixe, as can be seen in figures 3 to 6.

The west fault-bounded margin of the Lagoa do Peixe, on the other hand,
presents a number of wedge aprons that can be recognized to clog the lagoon. It
is to be noted that these wedge aprons are in high angle to fault trace (see Figure
4) and do reflect erosion of the Pleistocene Barrier Il footwall making up the

scarp.

In the Bujuru area (Figure 6), the Holocene Barrier IV system almost
completely covers the Holocene Lagoonal deposits and the Lagoa do Peixe
Growth Fault; just a small window could be recognized, where GPR lines were
surveyed. Two GPR lines were extended to the shoreface, since the upper peat
layer does not crop out there, but 2-3 km to the southwest and to the northeast.
In this way, a drilling campaign was conducted to investigate the peat layer
presence in that position (Figure 7).
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Figure 4 — Geological map of the Tavares area, with the location of the

GPR survey (A). Pleistocene Batrrier Il (B) crops out in the intersection of the fault

trace and GPR lines (Talhamar Road).
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Figure 5 — Geological map of the Lagoa do Cara area, with the location of
the GPR survey.
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Figure 7 — Radargram for Bujuru Line 01 (A) and boreholes description
(B). Legend: 1) Light yellow sand; 2) Light yellow sand with coarse lamination (1-
5 mm thick); 3) light yellow sand with gently inclined lamination (1-2 mm thick)
and disseminated heavy minerals; 4) light yellow sand with thin horizontal
lamination (1 mm) and disseminated heavy minerals; 5) Massive, dark gray sand
with high quantity of heavy minerals; 6) Massive light yellow sand and
disseminated heavy minerals; 7) Peat; 8) light yellow sand with gently arched

lamination (1 mm); 9) isolated thin horizontal laminas of heavy minerals; 10) up
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to 2 cm recent root fragments; 11) small recent root fragments; 12) small
disseminated shell fragments; 13) up to 1 cm shell fragments; 14) oxidized
material; 15) oxidized (orange) dark gray sand; 16) heavy minerals concentration;
17) light yellow sand with fragmentary structure; 18) dispersed organic matter;
19) relicts of organic matter; 20) localized breccia structure; 21) dark yellow sand

lamination.

Figure 7 shows the peat layer presence at depth in the Bujuru investigated
area (Figure 6B), as predicted from its gentle folding structure. Figure 7A also
shows that upper peat layer covers a well-defined radarfacies, which displays
parallel, continuous reflections with wavelength larger than adjacent ones. This
radarfacies is made up by more conductive material (clays, silt and organic matter
- peat, for example) and is lay discordantly over previous radarfacies (see toplap
feature in position below Borehole 1 in figure 7A). Then, it is envisaged that peat
layer cropping out at beach is a stratum covering the lower lagoonal radarfacies

developed due to Lagoa do Peixe Fault.

A thin aeolian sand blanket (£ 1 m thick) is widespread in the structural
high made up by Pleistocene Barrier Ill. But, itis locally thicker (up to 2-3 m) close
to the fault scarp, where isolated or a sequence of few dunes can be recognized.

Some of these thicker covers were emphasized in maps shown in figures 3 to 6.

GEOPHYSICAL SURVEYS: FAULT GEOMETRY AND KINEMATIC

The radarfacies discrimination followed Neal (2004) proposal. However, it
was necessary to include fault truncation geometries for radarfacies boundary
reflectors (Figure 8). Then, radarfacies discrimination was based on the following
criteria: i) geometry of reflectors at boundaries, ii) shape of reflections, iii) dip of
reflections, iv) relationship between reflections, v) reflections continuity, and vi)

truncation of reflections.
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Figure 8 — Fault truncation geometries for radar surface boundaries. A)
Normal fault truncation. B) Growth fault truncation. C) reverse fault truncation. D)
Thrust fault truncation. These types of truncations can be observed in radargrams
of Reiss et al. (2003), Christie et al. (2009), Nobes et al. (2016) e Zhang et al.
(2016).

Radarfacies and surfaces description

The description of the identified radar surface boundaries (s) and
radarfacies (f) follows the chronologic sequence proposed by Neal and Roberts
(2001) and Neal (2004). Table 2 summarizes the radar surface boundaries and

radarfacies distinguished in the Lagoa do Peixe — Bujuru area.

Table 2 — Summary of radar surface boundaries (s) and radarfacies (f)
distinguished for GPR survey lines in the Lagoa do Peixe and their interpretation

(Mostardas — Tavares — Lagoa do Cara — Bujuru, RS, Brazil).

Stage| Facies ID DESCRIPTION INTEPRETATION

Pleistocene sediments (poorly
compacted) cropping out west of
Lagoa do Peixe escarpment

_ escarpment (Barrier III)
(Barrier 111)

Radarfacies underlying the lower

Pleistocene sediments cropping out

LP-fn+1-ps at the footwall top west of fault

la

LP-fn+1-pf

lagoonal unit, displays regular

reflections which are truncated

Pre-fault radarfacies undergone

hangingwall collapse and erosion




(toplap-offlap) by its upper

boundary
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LP-sn+1-gf

Upward concave listric geometry
surface that truncate Pleistocene
sediments (west) and lower

lagoonal unit (east)

Listric gravitational growth fault.
See also associated branching

normal faults.

LP-sn+2-et

Offlap-toplap for reflectors
underlying lower lagoonal unit;

maybe an erosional truncation

An erosional surface developed on
the down-throwing hangingwall
before fault controlled lagoonal

accumulation

LP-fn+2-pe

Convex upward arcuted lower
lagoonal unit, displaying onlap for
lowermost reflections in the
thickest zones, close to listric
surface, and parallel reflections

for uppermost strata

Lagoonal accumulation during the
first stage of fault displacement
resulted in its convex geometry and
greater thickness close to fault

surface

LP-sn+3-0l

Surface at the top of the lower
lagoonal unit, in the outcropping
peat layer, showing onlap
reflections for overlying

radarfacies.

An increase in water depth giving
rise to onlap of horizontal
sedimentary layer on both sides in

the lagoon depocenter.

LP-fr+s-lag

Horizontal reflections in a
hangingwall triangular area close
to listric surface, showing onlap
upon lower lagoonal unit and

listric surface.

Localized sediment accumulation
while fault displacement advanced,
during a second stage of fault
displacement, clogging Lagoa do
Peixe depocenter (triangular

wedge).

LP-sn+a-dl

Discrete onlap-downlap features
upon previous radarfacies on
both margins of the Lagoa do

Peixe.

Surface defining the vanishing
stage of fault displacement, and the
third stage of sediment
accumulation in the Lagoa do

Peixe.




Upward arcuated reflections at
both Lagoa do Peixe margins,
4 LP-fr+a-lag | showing alternating onlap-
downlap and toplap-offlap

features.
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Third stage of lagoonal sediment
accumulation, characterized by the
interbedding of lagoon sediments
and sands from emersed areas on

both sides of the Lagoa do Peixe.

Dipping sinuous reflections in the
Lagoa do Peixe escarpment,
5 LP-fh+s-€s ] . .
showing discrete downlap with

lagoon sediment reflections.

Erosional degradation of the fault
escarpment and deposition as
interbedded layer of sands and

lagoon sediments

Minor  truncation of inner

Minor listric normal faults merging

into master one, or diachronic

recent dune sediments

LP-sn+n-df . ] ] ) .
reflections of radarfacies synthetic and antithetic normal
faults
Irregular  surface  underlying | Surface upon which recent dune
LP-sn+s-dl

sediments prograde

Horizontal and steeply dipping
sigmoidal reflections, as also as
5] Lp-fn+6'dm ) ) )
thin horizontal reflection near the

topographic surface

Recent dunes and thin wind cover
overlying previous sedimentary
radarfacies: 6a — steeply dipping
reflections: lateral limbs of recent
dunes; 6b — horizontal reflections:
frontal dune strata, and thin wind

covers

Types of radarfacies (f)

Types of boundary surfaces (s)

ps = Pleistocene sediments

pf = pre-fault unit underlaying lower lagoonal

pe = lower lagoonal, underlying peat layer

lag = sediments clogging the lagoon

es = erosional sediments close to escarpment

dm = recent dunes and thin wind covers (Upper

Holocene)

gf = growth fault

et = erosional truncation
ol = onlap

dl = downlap

df = diachronic normal faults
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The most important GPR lines (Figure 9) were surveyed in the Talhamar
Road, perpendicular to the Lagoa do Peixe escarpment. They display the most
complete surface boundaries and radarfacies chronologic sequence. Figure 8
reveals a concave boundary surface (LP-sn+1-gf) that is steeply dipping in the
westside, and gently dipping toward east. It truncates two main radarfacies:

Pleistocene sediments (LP-fn+1-ps), and the lower lagoonal unit (LP-fh+2-pe).

The geophysical signature of the lower lagoonal radarfacies (LP-fn+2-pe)
shows it is westward dipping and convexly arcuated. It is also noticed that it is
thicker close to the concave truncation surface (LP-sn+1-gf). The lowermost
reflectors of the lower lagoonal unit also show onlap features in the thicker

segment close to the concave truncation.

The radarfacies underlying the lower lagoonal unit displays erosional
truncation in its upper boundary (toplap), which is evidenced close to the concave

boundary surface (LP-sn+1-gf).

A close view of this boundary truncation surface (Figure 9B) shows a
triangular feature delimitated by the upper boundary surface of the lower lagoonal
radarfacies and the fault truncation surface. The inner reflectors in this triangle
show onlap over both west and east boundary surfaces. The sedimentary unit
overlying the lower lagoonal radarfacies in the fault hangingwall can be
distinguished into two radarfacies: i) the triangular area radarfacies (LP-fn+3-1ag)
restricted to the fault truncation hangingwall, which is onlapping both the concave
truncation surface and the convex upper boundary for lower lagoonal radarfacies;
and an ii) upper extended radarfacies (LP-fn+s-lag), which display alternating
toplap-offlap and downlap-onlap reflections features in both west and east sides

of the lagoon.
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Figure 9 — Radargram for Tavares area (Talhamar Road), that cut across
fault escarpment in the Lagoa do Peixe National Park. (A) Complete interpreted
radargram, and (B) detail radargram showing the triangular and upper lagoonal

radarfacies.

The alternation of reflection features seems to indicate interbedding of
lagoon sediments and that derived from erosion in emersed margins. This feature
is better seen in figure 10, where a thick Holocene dune lies on the top of footwall
escarpment (structural high), and its east lateral strata (LP-fn+6-dm - 6a) flows
into the lagoon. Escarpment degradation by erosion (LP-fn+s-es) is also
responsible for interbedding with lagoon sediments (LP-fn+4-lag) (see Figure 11).
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Figure 10 — Radargram for Lagoa do Cara area (A), also cutting the fault
escarpment. (B) A detail showing that reflections for lateral facies of the dune (6a)

laying on the structural high are interbedded with lagoonal deposits (4).

A number of diachronic synthetic and antithetic normal faults (LP-sSn+n-df)
can be seen in the radargrams (e.g. Figures 10A and 11). They cut across
different radarfacies. The deeper ones often merge into the master growth fault
or seem to merge to a master concave fault that could not be traced continuously
at this resolution scale. A group of conjugated faults are close to the actual

surface and are related to topographic depression.



77

It is to be noted that downthrow displacement of the growth fault in the
Bujuru and Mostardas areas is lesser than in Tavares area. Bujuru and
Mostardas areas near the tip zone of the main Lagoa do Peixe Growth Fault,
which is covered by actual dune system (Holocene Barrier 1V). It is also to be
observed that the lower lagoonal unit (LP-fr+2-pe) was not recorded close to the
Lagoa do Peixe fault escarpment in the Lagoa do Cara (Figure 10A) and
Mostardas (Figure 11). This indicates that lower lagoonal unit (LP-fr+2-pe) was
not deposited in that areas due to the fact that lateral growth fault propagation
reaches those areas after lower lagoonal unit ceased to be deposited, or there
exists some fault branch midway to the beach controlling lower lagoonal

deposition.
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Figure 11 — Radargram for Mostardas area, also cutting the fault

escarpment.

Boundary surfaces and radarfacies interpretation

The concave boundary surface (LP-sn+1-gf) shows a number of features
that can be interpreted as an emersed listric growth fault due to Quaternary
gravitational neotectonic event in the RGSCP (Pelotas Basin): i) upward concave
geometry, that flattens seaward; ii) exposes Pleistocene sediments at top of the

footwall escarpment; iii) controls lower lagoonal sediments accumulation at
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hangingwall as it deepens (convex geometry and thickness toward the fault); iv)
controls depocenter for lagoonal sedimentation of overlying radarfacies
(triangular geometry area). These features are in accordance to that summarized
by Chapman (1983).

The kinematics of the listric growth fault may be linked to the deposition of
the sedimentary radarfacies (Table 2). The subaerial evolution of this listric
gravitational growth fault can be related to the rift-related depositional systems

described by Prosser (1993), but 1-2 orders of magnitude smaller.

The evolution of sediment deposition while the listric gravitational fault
displacement grows can also be distinguished into stages as proposed by
Prosser (1993). The radarfacies underlying the lower lagoonal one is
interpretated as a pre-fault sedimentary unit (LP-fn+1-pf) since its upper boundary

displays offlap-toplap reflectors truncation.

The pre-fault sedimentary radarfacies (LP-fn+1-pf) also shows a gentle
convex arcuated geometry close to listric growth fault (Figure 9). Projection of this
arc suggests that it dip less than the lower lagoonal radarfacies, and it seems that
the pre-fault sedimentary strata underwent minor hangingwall collapse according
to the fault displacement amount. In such a subaerial condition, the onset of the
fault displacement can favour erosion by stream along strike in the faulted and

rotating hangingwall.

The main stage of fault displacement is characterized by sedimentation in
a broad area and the predominant accumulation of sediments higher in
conductive properties, such as clays and peat, to give rise the lower lagoonal
radarfacies (LP-fn+2-pe). The onlapping of the lowermost strata reflections close
to the listric growth fault shows that fault displacement outpaces peat
accumulation. Toward the top of lower lagoonal radarfacies, the sediment

accumulation and fault displacement rates seem to keep pace.

The second stage of fault controlled lagoonal accumulation was taken in
a restricted triangular area just in the Lagoa do Peixe depocenter (LP-fn+3-lag),

after a period of low sediment supply. The reflection geometry and onlap
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relationship suggest the fault displacement and sedimentation kept pace during
this period. However, the gently eastward dipping upper reflections of this
radarfacies suggest that sediment supply could have slightly surpassed fault

displacement.

The vanishing stage of fault displacement is characterized by sedimentary
supply from emersed areas on both margins of the Lagoa do Peixe (LP-fn+s-lag).
The alternate reflections (onlap-downlap, and toplap-offlap) at its margins
suggests interbedding of lagoon sediments and sands. This is particularly
distinguished in upper reflections close to the growth fault, due to escarpment

erosion (LP-fn+s-es), and sand flow of Holocene dune lateral limbs (LP-fn+s-dm).

EVOLUTION OF LAGOA DO PEIXE GROWTH FAULT AND SEDIMENTATION

The Lagoa do Peixe Growth Fault makes part of the gravitational tectonic
affecting Pelotas Basin since Upper Miocene (Castillo et al., 2009; Santos, 2020).
Santos (2020) showed that Pelotas Basin gravitational tectonics started in the
continental slope, and upper normal fault branches propagate westward into the

platform.

The description and interpretation of radarfacies and surfaces (Tables 2
and 3) show that it is possible to discuss an evolutionary model for this area of
the RGSCP. But, for a complete preliminary scenario, it is interesting to introduce

some absolute ages for key sedimentary units.

There exist few radiogenic ages for detailed peat layer investigation in the
Lagoa do Peixe area. On the other hand, Bauermann (2003) presented a detailed
palynomorphic investigation, including *C ages for peat deposits cropping out
north of Lagoa do Peixe. Bauermann (2003) investigated thick peat deposits and
found 27.775+155 - 12.948+66 “C years BP to lowermost interval (Barrocadas
area; 5,75 m and 3,10 m depth), 10.974+49 “C years BP to middle interval
(Aguas Claras area; 2,70 m depth), and 3.879+30 - 3.163+29 “C years BP to the
upper interval (Aguas Claras - 1,70 m depth — and Barrocadas — 1,50 m depth -

areas).
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In the Bujuru area, Weschenfelder et al. (2008) determined ages for two
organic-rich mud intervals recovered in a drillcore: 9400+140 Cal BP (23.2 m
depth; ~10.000 “C years), and 7370+150 Cal BP (5.0 m depth; ~8.300 “C years).
In another core drilled in the same area, Medeanic et al. (2001) found 7.370+150
4C years BP (~6.330+47 Cal BP) for organic-rich mud at 3,33 m depth.

Close to the SW end of the Lagoa do Car4, Dillenburg et al. (2004) carried
out a sequence of nine drillholes to recover material (2 shell samples, and 3 peat
samples) for radiocarbon dating. Shell samples were collected close to the
Atlantic Ocean, in fine (muddy) sand underlying peat, and recorded ages of
3390+130 and 3490+70 “C years BP; it represents the upper stratum of the lower
lagoonal radarfacies here described. Peat samples showed decreasing ages
(106070, 350+60, and 380+80 “C years BP) from east to west, where the Lagoa

do Peixe escarpment anchors the peat and the underlying lagoonal sediments.

These results make possible to discusses an evolutionary model for the

Lagoa do Peixe area. Figure 12 shows the structural evolution of the Lagoa do

Peixe Growth Fault and the sedimentation control in its tectonically sinking area.
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Figure 12 — Evolutionary model for Lagoa do Peixe Growth Fault and
linked sedimentation. A) Growth fault initiation and propagation. B) Propagation
of fault tip zone (northeastward is shown) and deposition of the lower lagoonal
radarfacies. C) Additional fault propagation and sedimentation of the triangular
wedge lagoonal radarfacies. D) Last stages of fault propagation and

sedimentation of the upper lagoonal radarfacies.

The propagation of gravitational growth faults controls the local basin
geometry and depocenter. The fault propagation rate controls mainly the
sedimentary units’ (radarfacies) geometry. The fault propagation, along its trend
and dip, increases the area under tectonic subsidence, and then the local basin
area for sedimentation. High fault propagation rates (outpacing sedimentation)
develop an asymmetric basin and locate its depocenter close to fault. Low fault
propagation displaces basin depocenter far away from fault and turns the basin
geometry more symmetric. All these principles (derived from Prosser, 1993) apply

to the Lagoa do Peixe Growth Fault and its local lagoonal basin (Figure 12A-D).

The first stage of fault displacement and sedimentation (Lower lagoonal
radarfacies, LP-fn+2-pe) seems to be initiated in the Lower Holocene (before
9400£140 Cal BP, Weschenfelder et al. 2008) in this area. Several organic-rich
mud layers are to be expected during the first stage of this rapidly subsiding, low
sedimentation rate tectonic basin (Figure 12B).

In the second stage (LP-fn+s-lag), the fault displacement and
sedimentation keep pace, and sedimentation is restricted to the local basin
depocenter. This radarfacies does not crop out and was not drilled yet for direct
investigation (Figure 12C). The triangle edges of this radarfacies decreases in
sizes toward the northeast and southwest fault tip lines, giving rise to a wedge-

like sedimentary unit clogging the hangingwall of a fault-bounded local basin.

The third lagoonal stage (Upper lagoonal radarfacies, LP-fn+s-lag) is
characterized by an eastward basin depocenter dislocation, due to sedimentation

rates largely outpacing fault displacement (Figure 12D). During this stage, the
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sedimentary influx comes from west (structural high = fault footwall) and east
(local basin hinge zone). This upper lagoonal radarfacies also contains a number
of peat layers, as recorded by Dillenburg et al. (2004): 1060+70, 350+60, and
380+80 “C years BP. This observation is in accordance with this local basin
geometry, as depicted in figure 12D.

The peat layer cropping out in the beach (Figure 7) ages 1060+70 “C
years BP. It overlays the lower lagoonal radarfacies (LP-fn+2-pe), which aged
~3500 "“C years BP (Dillenburg et al., 2004). Then, there exists a ~2500 years
timespan between both radarfacies. This timespan can accomplish

sedimentation of the second, wedge-like radarfacies.

Recent aeolian dunes migration (toward the southwest) is the main
process of Lagoa do Peixe clogging. Erosion of the footwall structural high is also
contributing to a minor scale. However, these processes were not detailed here
since they are best evaluated with high frequency GPR investigations.

CONCLUSION

These geological and GPR surveys show that Lagoa do Peixe is a fault-
controlled lagoon. The Lagoa do Peixe Growth Fault is a gravitational listric fault
established in the Rio Grande do Sul Coastal Plain (RGSCP). The fault
displacement controlled different stages of sedimentation in the tectonically
subsiding Lagoa do Peixe, and it actually is under a clogging process due to

erosion of fault escarpment, and Holocene aeolian dunes migration (Barrier V).

The Lagoa do Peixe Growth Fault shows that, at least in this area, the non-
tectonic lagoon-barrier systems approach should be reviewed. Growth fault,
gravitationally driven control on geometry and sedimentation in the RGSCP
introduces new complexities to the lagoon-barrier approach. Structural highs,
fault overlapping zones, transfer faults are all significant underlying features, as

well as fault displacement and sedimentation rates.
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This new investigation approach is being carried on other areas, in order
to evaluate the extent the gravitational tectonic took in the RGS coastal plain.
However, it is soon to extrapolate these results to others lagoon systems in the
RGSCP. Despite the length and significance of the Lagoa do Peixe, it is close to
Atlantic Ocean, while the other ones are located landward, and must be

investigated using the same approach here discussed.
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FAULT-CONTROLED SUBSIDENCE AND BEACH RIDGES PROGRADATION
IN QUINTA — CASSINO (RS) COASTAL PLAIN, BRAZIL

ABSTRACT

GPR investigations have being applied to investigate very near-surface
stratification of sedimentary units in coastal plains and to define their depositional
conditions. This paper presents, however, low-frequency GPR survey to
investigate fault-related depositional systems at greater depths. The Quinta —
Cassino area in the Rio Grande do Sul Coastal Plain (RGSCP, Brazil) shows a
wide strandplain that is made off by very long, continuous, and linear geomorphic
features (beach ridges). This strandplain extends for ~70 km southward. The
beach ridges show low-angle truncations against the Quinta escarpment, and
also truncations in the strandplain. The traditional approach points that RGSCP
was developed by juxtaposition of four lagoons/barrier systems as consequence
of sea level changes; no deformational structure is admitted to exist before. The
low frequency GPR (50 MHz, RTA antenna) and geological surveys carried out
in this area showed the existence of listric fault controlling the beach ridges in the
escarpments and hanging-wall blocks. The radargrams could distinguish
Pleistocene basement unit anticlockwise rotation, thickening of beach ridges
radarfacies close to listric normal faults, and horst structures. These
deformational features indicate that the extensional zone of a large-scale gravity-
driven structure controlled the mechanical subsidence for the RGSCP Holocene
sedimentation and its stratigraphic and geomorphic features. The results point to

a new approach in dealing with RGSCP Holocene evolution.

INTRODUCTION

The Rio Grande do Sul Coastal Plain (RGSCP) is the emerged segment
of the Pelotas Basin, the southernmost of Brazil’s Atlantic basins. It is up to 100
km wide and extends for more than 600 km in NE direction. The RGSCP has
been characterized by juxtaposition of deltaic alluvial plains and four
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lagoons/barrier systems (Figure 1) developed as consequence of sea level

changes from Middle Pleistocene to Holocene (Villwock et al., 1986).
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Figure 1 — Rio Grande do Sul Coastal Plain location (A), its reginal
geological map (B), and the model for its depositional systems (C). Modified from
Tomazelli and Villwock (1996) and Tomazelli et al. (2000). The first lagoon/barrier
systems: (1): 325 ka; (11) 230 ka; (lll) 123-125 ka; and (IV) 5.6 ka MIS.
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The RGSCP Holocene deposits (Barrier/Lagoon system IV) exhibit a much
wider extent in the segment to the south of Rio Grande channel. It is dominated

by an expressive half-fan series of linear features (beach ridges, Figure 2).
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Figure 2 — Geology of the Quinta — Cassino area, located to the south of
Rio Grande channel.
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The wide strandplain developed to the south of the Rio Grande channel
was first described by Godolphin (1985) and is limited to the west by an erosional
cliff due to the Quinta Transgression (Pleistocene — Holocene transition).
Godolphin (1985) proposed minor sea level oscillations during the Holocene
regressive stage, to give rise a series of seven sets of coastal ridges (FR1: 6000
y.BP; to FR7: from 350 y.BP).

Long and Paim (1987) also distinguished seven sets of linear to curvilinear
ridges (F1 to F7) based on truncation relationships and described the contact
between Pleistocene and Holocene sediments as an erosional cliff. On the other
hand, Long and Paim (1987) argued that F1 ridges series were developed by
lower deposition energy conditions due to the widen of the Lagoa dos Patos
estuary. The following ridges sets, arcuated to the ocean, were developed as a
consequence of meandering and channeling changes under the influence of the

Rio Grande channel outlet flow (Long and Paim, 1987).

Milana et al. (2016) produced a detailed map of individual ridges of the
Holocene strandplain in the Quinta — Cassino area of the RGSCP, and
distinguished at least 18 sets of coastal ridges, grouped into 5 stages. Milana et
al. (2016), based on ridges lineaments truncation, ridges topographic altitude and
ridges erosion evidence, suggested different conditions of longshore sediment
transport, wind intensity and sediment supply in building the successive

prograding coastal ridges sets.

Dillenburg et al. (2017), on the other hand, identified 6 sets of relict
foredune ridges, whose limits between are distinguished by ridge truncations and
the formation of transgressive dune sheets (TDS). According to Dillenburg et al.
(2017), the Quinta — Cassino barrier progradation during Holocene was not
uniform. The variable rates of progradation would be due to changes in sediment
budget produced by environmental changes (changes in the wave climate, wind
and precipitation). Dillenburg et al. (2017) argued that, at time of first foredune
ridges set formation (6 ka), the sea level was still rising; and, that the following

foredune ridges set were developed regressive sea level.
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The previous investigations are based on sedimentary facies, depositional
systems, chronostratigraphic techniques, and environmental conditions. No
neotectonic deformational episode and no mechanical subsidence is considered
for RGSCP sedimentary strata juxtaposition: “the Pelotas Basin has remained
oblivious to major tectonic movements, which translates into the symptomatic
absence of faulting. If there were any, they resulted from aseismic processes in
the sedimentary package that today constitutes the slope of the continental
margin” (Villwock 1972).

Fontoura et al. (2015) and Strieder et al. (2015), however, showed
preliminary evidence of major faults in the RGSCP. Cooper et al. (2016, 2018)
have also showed evidence for major deformation in the Santa Catarina Coastal
Plain. And Fontoura et al. (submitted) presented a detailed GPR investigation to

reveal a major growth fault at Lagoa do Peixe National Park.

The aim of this paper is to show that a large-scale fault controls
mechanical subsidence and sedimentation of the prograding beach ridges in the
Quinta — Cassino strandplain (RGSCP). 50 MHz RTA Ramac GPR surveys and
field surveys were carried out in order to determine the regional structural

framework developed by the Quinta Fault and its branches.

GEOPHYSICAL AND GEOLOGICAL SURVEY METHODS

The Pleistocene — Holocene contact in the Quinta area (RGSCP) has been
characterized as an erosional cliff (Godolphin, 1985; Long and Paim, 1987). It is
a low relief, gently arcuated (in plain view) escarpment that extend from Quinta
(north) to Lagoa Mirim (south, Uruguay border). The Pleistocene sediments to
the west of the escarpment are classified as Barrier Il and Il (Villwock et al., 1986;
Tomazelli and Villwock, 1996), and stand up into a low plateau, 10-15 m above
the actual sea level.

Fonseca (2006) regarded this curvilinear geomorphic feature to a
neotectonic structure (Mangueira Lineament). Based on this geomorphic feature,
three areas were selected for geophysical and geological survey: i) Quinta
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(southern), ii) Quitéria (central), and iii) Torotama (see Figure 2 for location).
These selected areas were surveyed to geophysically investigate what kind of

geological structure controls the escarpment.

The geophysical surveys were carried out through 50 MHz RTA Ramac
equipment. This frequency was selected to investigate that structure as deep as
possible (>20 m depth was attained with good resolution). The mean EM wave
velocity was estimated to be 0.08 m/ns, so that vertical resolution is ~0.8 m. Then,
the EM wavelength is not adequate small-scale structures of sedimentary units,

but to their geometry and continuity.

Two parallel GPR lines were surveyed in Torotama and Quitéria areas,
along gravel roads cutting across Pleistocene — Holocene escarpment. In the
Quinta area, five parallel and oblique lines were surveyed, since no water filled
depression is present and a better scanning for the fault geometry can be
produced. Another three survey areas were defined to investigate the contact
between the sets 1 and 2, and 1 and 3 (Figure 2), as defined by Godolphin (1985)
and Long and Paim (1987). The GPR lines were surveyed perpendicular to high

angle regarded to the Quinta escarpment, beach ridges and TD direction.

The GPR survey lines were all accompanied by DGPS (Emlid, Reach RS
+ model, base and rover receptors) control, with kinematic and post-processed
corrections (Leica Geo Office and PPP-IBGE). The GPR line positioning
procedure do permit a high horizontal (7 mm + 1 ppm), and vertical precisions

(14 mm +1 ppm).

GEOLOGY OF THE SURVEYED AREAS

A geologic survey was carried out through aerial-photographs, high
resolution Google images, and field work in the area under geophysical
investigation, to investigate the main surficial sedimentary units over which GPR
data were acquired. Such investigation helps to define the main geological
features and contribute to discriminate them in radargrams. The aim was not to

fully characterize each sedimentary unit in terms of their sedimentological
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properties and inner structures, but to identify the sedimentary unit’'s organization

(architecture) and the deformational structures.

The simplified geological maps images analysis and field work are
presented in figures 3 to 5, and table 1 summarizes the main lithological features

of each stratigraphic unit distinguished during the geological survey.

Table 1 — Summary of the main stratigraphic units cropping out in the

selected areas for GPR surveying.

Stratigraphic Geological and lithological features
unit
Lagoonal deposits | Fine-grained sands and silts interlayered with
variable proportions of organic matter and clay
B being deposited close to Lagoa dos Patos.
A Transgressive Dune Sheets (TDS) and
Dunefield Barrier | Transgressive Dunes (TD) developed by NE
R onshore winds.
Alluvial fan Fans of sand due to erosion by drainage cutting
R across the fault escarpment.
Beach ridges Narrow and very elongated sand ridges,
intercalated with narrow depressions of mud and
E marsh, both parallel to shoreline
R
\Y,
Fine to medium-grained sands, mostly horizontal,
Pleistocene Barrier Ill | parallel stratification, slightly compacted, and
impregnated by Fe3* hydroxides and clay.
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The Pleistocene Barrier 1l is the key stratigraphic unit for GPR surveys,
and it crops out to the west of the Quinta escarpment (an erosional cliff, or a fault
scarp?). Westward, the Pleistocene Barrier Il is not fault bounded, but there
exists an erosional terrace, that separates it from Barrier Il. This both Pleistocene
systems may be recognized by two erosional tiers (13-18 m, and 4-11 m) above

mean see level (Figure 2 and 5).

The Holocene Barrier (1V) is composed by different sedimentary deposits,
as recognized in fieldwork (Table 1). These sedimentary deposits are named due
to their geometric, descriptive features, and crosscutting relationships, in order to

distinguish them in the geophysical sections.

The Beach ridges makes up a strandplain that is wider in the Rio Grande
channel (north), and narrows toward the south. These beach ridges are linear to
curvilinear features and can be continuously followed by more than 20 km. The
ridges and the depressions are 70 to 300 m wide. The ridge-depression couples
show truncations that make possible to distinguish at least 8 major sets (Figures
2 and 3); the truncation trace is also a curvilinear feature that can be followed by
more than 100 km. Sets 1 to 7 are those initially proposed by Godolphin (1985)
and Long and Paim (1987), while set 8 is interpreted in the northeastern segment,
close to marine Rio Grande port dike.

The aim of this paper is not to investigate inner sedimentary structures or
sedimentological features, but the fault geometry and the sedimentary unit’s
architecture in this large strandplain south to Rio Grande channel. In this way,
the main nomenclature and definitions take the descriptive character based on
Otvos (2012), who defined beach ridges as: “Shore-parallel, narrow, elongated
sand or gravel ridge formed by wave action near high tide-level on high-tidal
beach berm surfaces, often directly underlain by intertidal sediments. Usually
capped by a foredune ridge. Shore-parallel backshore dune ridges accumulated
by wind over eolian sand sheet that may, in turn overlie prograded intertidal beach
deposits also belong to this category”; and strandplain as: “Prograded beach
ridge plain composed of locally truncated sets of broadly shore-parallel intertidal
sand or gravel ridges, usually capped by dunes. Forms the surface in regressive

barrier islands, barrier spits, and mainland barriers”.
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Alluvial fans are distinguished at the base of the Quinta escarpment,
related to incised drainage cutting across that scarp (Figure 3). They are
composed by sandy material eroded from the structural high and deposited upon
the beach ridges, since they interrupt the ridges in plan view. These features were
reported by Godolphin (1985) and Milana et al. (2016).

The dunefield barrier is well developed in the shore zone, where a belt of
climbing transgressive dunes (TD) overlay the beach ridges. Landward, the
transgressive dune sheets (TDS) predominate, and TD are sometimes isolated
and lower than those present in shore zone. It is interesting to note that thicker
TDS are developed just west of the trace-line separating beach ridges sets
(Figure 3). It is also interesting to observe that TDS bypass Quinta escarpment
and give rise a narrow belt of TDS and some groups of TD. In both cases, TDS

is seeing to migrate upslope.

The actual Lagoonal sediments in the northern segment of the area are
deposited by Lagoa dos Patos. Figure 4 shows the Lagoonal sediments
truncating the beach ridges. Southward, in the Taim National Park, TD and TDS

sediments cover their lagoonal deposits.
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Figure 3 — Simplified geologic map of the Quinta area, showing the location

of main GPR line surveys. Thick yellow lines separate the beach ridges sets.
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Figure 5 — Simplified geologic map of the Torotama area, showing the

location of main GPR line surveys.

GEOPHYSICAL SURVEYS: FAULT GEOMETRY AND RADARFACIES

The radarfacies discrimination followed Neal (2004) proposal and
Fontoura et al. (submitted) proposal for radarfacies boundary reflectors truncation
geometries due to faults. The description of the identified radar surface
boundaries (s) and radarfacies (f) follows the chronologic sequence proposed by
Neal and Roberts (2001) and Neal (2004). Table 2 summarizes the radar surface

boundaries and radarfacies distinguished in the Quinta — Cassino area.

Table 2 — Summary of radar surface boundaries (s) and radarfacies (f)
distinguished for GPR survey lines in the Quinta — Cassino area and their

interpretation (RS, Brazil).
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Facies
Stage D DESCRIPTION INTEPRETATION
Radarfacies underlying the upper
Pleistocene sediments, displays .
QC-fn-1- _ . Pre-fault radarfacies undergone
-1 regular reflections which are . _
pf o hanging-wall collapse and erosion
truncated (toplap-offlap) in its upper
boundary
Pleistocene sediments cropping out
oC Pleistocene  sediments  (poorly |at the footwall top west of fault
- n+1_
1 compacted) cropping out west of |escarpment (Barrier Ill). It also
ps . . :
Quinta escarpment (Barrier Ill). undergone hanging-wall collapse
and erosion
Offlap-toplap for reflectors of the |An erosional surface developed on
QC-sn+2- . .
. underlying lower Pleistocene |the top of footwall block and on
e
sediments down-throwing hangingwall
Upward concave listric geometry
QC-sn+1- [surface that truncate Pleistocene |Listric normal fault. See also
If sediments (west) and beach ridges | associated branching normal faults.
radarfacies (east)
Eastward gently dipping reflectors,
OC- o |SOTE UPPET western arched crests, | Beach ridges stacks with different
- n+ - - - -
2 br displaying onlap against normal|crest preservation degree
faults and its subunits, and downlap
on Pleistocene basement
oc Surface at the top of the beach|lrregular surface that is the
-Sn+3-
tln ridges radarfacies, showing toplap [unconformity = overlying  beach
for underlying reflectors ridges radarfacies
_ _ _ |Alluvial fans: local sedimentary
Horizontal and irregular reflectors in _
QC-fn+s- _ ~_ |accumulation of sand due to
3 the hanging-wall close to listric _ _
af drainage erosion from the structural
surface _
high (fault footwall)
QC-sn+a- |Discrete onlap-downlap features|Surface defining the unconformity
dl upon previous radarfacies on Quinta | between overlying TD and TDS and
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escarpment, or horizontal irregular |the underlying beach ridges
reflectors far from escarpment radarfacies
Transgressive dunes (TD) and thin
] ~ |dune sheets (TDS) overlying
Horizontal and steeply dipping . ) .
. . . | previous sedimentary radarfacies:
QC-fn+4- | sigmoidal reflections, as also as thin o _
4 ' ' 6a — steeply dipping reflections:
tds horizontal reflection near the _
_ lateral limbs of recent dunes; 6b —
topographic surface ) _
horizontal reflections: frontal dune
strata, and thin wind covers
Surface at the top of the beach|Unconformable irregular surface
QC-sn+s- | . : . :
" ridges radarfacies, showing toplap [that limits the underlying beach
for underlying reflectors ridges radarfacies
Horizontal well defined reflectors far | Lagoonal sediments close to Lagoa
. QC-fn+s- [from fault escarpment, showing|dos  Patos, showing some
lag discrete toplap for underlying |interfingering with aeolian TDS
radarfacies sediments
Minor listric normal faults merging
QC-sn+n- | Minor truncation of inner reflections |into master one, or diachronic
df of radarfacies synthetic and antithetic normal
faults

Types of radarfacies (f)

Types of boundary surfaces (s)

ps = Pleistocene sediments

pf = pre-fault units underlying the Pleistocene

br = beach ridges

af = alluvial fans

lag = lagoonal sediments

tds = transgressive dunes and dune sheets

If = listric normal fault

et = erosional truncation

ol = onlap
dl = downlap
tl = toplap

df = diachronic normal faults

Figures 6, 7 and 8 present radargrams for GPR lines which location is

shown in figures 4, 3 and 5, respectively. Figure 6a shows that lateral (QC-fn+s-

td: 4a) and frontal (QC-fn+4-td: 4b) radar signature for TD overlay a structural high

(a horst) made off Pleistocene sediments (QC-fn+1-ps) radarfacies. Figure 6
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reveals upward concave boundary surfaces (LP-sn+1-If) that flatten in dip
direction, which characterize a listric normal fault. They truncate lateral upper
radarfacies, as also the lateral Pleistocene radarfacies. In the eastern end of the
radargrams (Figures 6a,b), Pleistocene radarfacies are unconformable overlayed
by beach ridges radarfacies (QC-fn+2-br).

The beach ridges radarfacies (QC-fn+2-br) shows parallel eastward gently
dipping reflectors onlapping the listric fault (LP-sn+1-If). It can be distinguished as
a stack of different beach ridges subunits, which display downlap and toplap
relationships with lower and upper geophysical units, respectively (Figure 6b).
The western limit of beach ridges subunits may show arched reflectors (like an

anticlinal), which are regarded to relict berm feature.

The beach ridges radarfacies are unconformable overlayed by alluvial fan
radarfacies (QC-fn+s-af: Figure 7) and by lagoonal deposits radarfacies (QC-fn+s-
lag: Figures 6, 8) close to Lagoa dos Patos. The reflectors of this both upper
radarfacies seem to be conformable overlaying beach ridges mainly far from the
fault scarp, but this appears to result from resolution of the low frequency
antenna. In fact, figures 3 and 4 clearly show that these upper radarfacies are
unconformable overlaying beach ridges.
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Figure 6 — Radargrams for GPR survey lines in the Quitéria subarea
(Quinta escarpment, Rio Grande Brazil). A) Quiteria 1 GPR line in the north (Line
1). B) Quiteria 2 GPR line in the south (Line 2). Radarfacies ID as in Tabel 2.
Green lines: normal listric faults. Thick yellow lines: Pleistocene — Holocene

boundary surface. Thin yellow lines: Holocene radarfacies surfaces.

The alluvial fan radarfacies (QC-fn+s-af) is a thin sand sheet (1-2 m) due
to Pleistocene footwall block erosion (Figure 7). But, actually, erosion is also on
TDS climbing fault scarp and on footwall block summit. Consequently, it is hard
to distinguish between alluvial fan reflectors (QC-fn+3-af), TDS (QC-fn+s-td), and
lagoonal deposits (QC-fn+s-lag), at their contact zone using 50 MHz GPR antenna

(Figures 6, 7, 8). Interfingering is observed in thick deposits at fault scarp base.
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Figure 7 — Radargrams for GPR survey lines in the Quinta subarea (Quinta
escarpment, Rio Grande Brazil). A) Quinta 40 GPR line in the north. B) Quinta 43
GPR line in the south. Legend as in Figure 6.
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Figure 8 — Radargrams for GPR survey lines in the Torotama subarea

(Quinta escarpment, Rio Grande Brazil). Legend as in Figure 6.

Figure 6, 7 and 8 show an upward inclination for Pleistocene reflectors
(like a drag fold) or its gentle anticlockwise rotation in the hanging-wall blocks.
These features suggest varying fault displacement rates and amount of

displacement, block to block.
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A second group of GPR lines was located to investigate the trace
separating beach ridges 1, 2 and 3, since they merge toward the south (see
Figure 3). Figures 9 and 10 show the stacking subunits of gently dipping
foreshore reflectors of the beach ridges radarfacies (QC-fn+2-br). The beach
ridges radarfacies subunits can be distinguished by onlap features at their base.
In some cases, the upper arched berm reflectors can be observed to climb the
lower subunit, which displays a toplap feature suggesting erosion (Figure 11).
This upper arched berm reflectors is similar to well preserved beach ridges GPR

signature presented by Vespremeanu-Stroe et al. (2016).

The main normal fault influence is observed in the displacement of
Pleistocene sedimentary unit, the basement for beach ridges sediments
deposition. The hanging-wall of the lowermost beach ridges radarfacies (QC-fn+2-
br) subunit is thicker and correlates with a greater number of beach ridges

subunits.
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Figure 9 — Radargrams for GPR survey lines in the Quinta subarea (limit
between BR1 and BR2, Rio Grande Brazil). A) Quinta 21 GPR line in the north.
B) Quinta 26 GPR line in the south. Legend as in Figure 6.
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Figure 10 — Radargrams for GPR survey lines in the Quinta subarea (limit
between BR1, BR2 and BR2, Rio Grande Brazil). A) Quinta 21 GPR line in the
north. B) Quinta 26 GPR line in the south. Legend as in Figure 6.

Figure 11 (GPR Line 54) is located well to the south of the merging traces
for BR1, BR2 and BR3 sets. It shows a horst structure similar to that shown in
figure 6A (Quiteria 1 GPR line). The downlap feature at the base of the beach

ridges radarfacies (QC-fn+2-br) indicates its limit with Pleistocene basement.

Distance (m) 200

11111

‘‘‘‘‘

IS
=)
S

Time (ns)
sujw gp'0=A e (w) yydaqg

Figure 11 — Radargrams for GPR survey lines in the Quinta subarea (GPR
Line 54: limit between BR1 and BR3, Rio Grande Brazil). Legend as in Figure 6.
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DISCUSSION ON EVOLUTION OF THE QUINTA — CASSINO STRANDPLAIN

The Quinta erosional cliff (Godolphin, 1985; Long and Paim, 1987) is here
shown to be a normal fault escarpment: the Quinta Listric Fault. It began its
displacement ~7.5 ka, considering the deepest and oldest “C ages in the
Holocene interval (Dillenburg et al., 2017). The upper beach ridges estimated age
(~6.0 ka: Godolphim, 1985; and Milana et al., 2016) is in accordance with 4C age
in the Holocene interval (Dillenburg et al., 2017) in sediments close to fault

escarpment.

The Quinta Listric Fault is part of the gravitational tectonic supported by
Pelotas Basin since Upper Miocene (Castillo et al., 2009; Santos, 2020). Santos
(2020) showed that Pelotas Basin gravitational tectonics started in the continental
slope, and upper normal fault branches propagate westward into the platform.
Fontoura et al. (submitted) analyzed and discussed the kinematic development
of the Lagoa do Peixe Growth Fault to the north.

The radargrams presented above show that Quinta Listric Fault is a
branching normal fault, displaying synthetic and antithetic faults. The horst
structures and the Pleistocene basement rotation in the hanging-wall block were
also observed. These indicate that space problem for displacing hanging-wall
was accommodated through an imbricate fan of faults and lead to the

development of horst and grabens in the mechanically subsiding area.

The superficial OSL ages are in agreement with the beach ridges
progradation. Milana et al. (2016) sampled the actually exposed edge of the
beach ridges (except for RG2). Dillenburg et al. (2017), on the other hand,
sampled the edges of the TDS. Despite the difference in sampled sedimentary
units, and the fact that TDS covers beach ridges, the OSL ages consistently
decrease seaward. Additionally, itis to observe that these seaward younging TDS
are mostly aligned upon the trace lines dividing beach ridges sets (see figures 3
and 4; Figure 2 of Milana et al., 2016; Figure 9 of Dillenburg et al., 2017).

These results indicate that each trace line separating beach ridges sets is

a branching listric normal fault. From Quinta main fault scarp seaward, each
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successive beach ridges set is the footwall for the next one. Despite the
branching normal fault in the strandplain do not show the same topographic
amplitude as Quinta fault escarpment, they are enough for sand blowing from

beach to be deposited in the low relief scarps and on the footwall summit.

These results also account for beach ridges truncation along trace line
separating sets in the north segment and in the southern segment. Gravity-driven
listric normal faults are concave in section and plan view (see Figure 2 to view
ridge set limits geometry). Gravity-driven listric normal faults produce blocks with
distinctive displacements (and rates) and tilting, despite the overall movement in

their extensional sector (Varnes, 1978; Jaboyedoff et al., 2013).

The alternating ridge truncation at trace line separating each ridges set,
despite some erosion can be claimed to occur, can be a major result of different
displacement rates and amounts for the evolving branching faults. In such a
gravity tectonic scenario, ridge truncation can not be attributed completely to
coastal erosion as initially suggested by Godolphin (1985) and well detailed by
Milana et al. (2016). The detailed mapping and numbering of beach ridges
presented by Milana et al. (2016) and their truncation give support to interpret the
fault branching sequence: the older (master) fault is the Quinta Listric Fault, and

the younger one is close to the shore.

It is to be observed that these branching listric normal faults represent the
extensional zone of a large-scale gravity-driven structure. Its compressional zone
structures counterpart was developed in the Atlantic Continental Shelf, as has
being reported by Reis et al. (2016) and Santos (2020).

CONCLUSION

The Quinta — Cassino strandplain was developed under the influence of
an imbricated fan of gravitational listric fault, whose Pleistocene basement was
cut by synthetic and antithetic faults. The faulted blocks display different rates

and amounts of displacement and rotation.
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Gravity tectonics, rather than sea level or climate changes, or longshore
currents, is the major controlling mechanism for sedimentation and stratigraphic
evolution of the Quinta — Cassino strandplain. This tectonic process does not
suppress the operation of other important mechanism, such as: sea level and
climate changes, longshore currents, erosion and deposition rates, sediment
influx rates. But it controls them. For example: mechanical subsidence
overcomes sea level changes; longshore current changes must be evaluated

regarded to the differential fault blocks movements.

The Quinta Fault scarp represents the first tectonic barrier for beach ridges
development as a closely attached geomorphic feature. The subsequent
branching faults also show that beach ridges are closely attached to less
expressive fault scarps. These aspects do not supress, once more, the existence
of minor fault-controlled lagoons. However, they were clogged yearly in the

development of the Quinta — Cassino strandplain.

This new investigation approach is under development in other areas to
evaluate the extent the gravitational tectonic took in the RGS coastal plain. It is
clear that more geophysical survey is needed to have a complete scenario for the
gravitational tectonic influencing the Holocene sedimentary and stratigraphic
features of the RGSCP.
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ABSTRACT

This paper brings new results for Bujuru and Retiro HM deposits, located
in the Coastal Plain of the Rio Grande do Sul state (Brazil). Ground Penetrating
Radar (GPR), drillholes and fieldworks were applied to investigate deformational
structures in controlling Holocene sediment deposition and also the HM deposits
accumulation. The Bujuru and Retiro HM deposits were developed in
consequence to deformational traps. Mechanical subsidence, instead of sea level
changes, is the main responsible for structural placers that lead to existing HM
deposits. Based on fault displacement and sedimentation rates, it was possible
to distinguish three stages of lagoonal deposition, and two main episodes of HM
accumulation. The preliminary HM concentration episode is due to sediment

reworking from Pleistocene footwall escarpment and from a Pleistocene
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structural barrier developed in the hanging-wall oceanward (LFS 6). The second
HM concentration episode is characterized by TDS and TD (LFS 5) developing
upon a braquianticlinal build due to the progressive deformation of the hanging-
wall that includes previous Holocene lagoonal radarfacies. The TDS and TD are
a sedimentary barrier and migrates inland due to NE onshore winds, that also

accumulate over the structurally controlled lagoons.

Key words: gravity-driven deformation, structural traps, HM placer deposits

INTRODUCTION

Detrital heavy mineral (HM) deposits are significant in several countries,
such as Vietnam, Australia, United States and Brazil. Despite ilmenite is largely
the most abundant mineral, some others may show a concentration such that it

can make this type of ore deposits to be even more economic.

The HM placer deposits in coastal plains tend to have their evolution
controlled by sea level changes; weathering, erosion, and reworking of
sedimentary rocks and coastal sediments; sediment deposition from offshore to
backshore; aeolian erosion and deposition in dunes ridges (e.g. Hou et al., 2017;
Nguyen et al., 2018, Dill et al., 2017,2018). In this way, HM deposits along
southern Australia and southern Vietnam coast seem to display similar
characteristics to Bujuru HM deposits in Rio Grande do Sul Coastal Plain
(RGSCP, southern Brazil; Dillenburg et al., 2004).

Along South America Atlantic Coast, there exist a number of HM
occurrences hosted in Holocene beach sediments (e.g.. Aguiar Neto, 2015;
Franca, 2013; Souza et al., 2017; Tomazzolli et al., 2007; Villwock et al., 1979;
Angelelli & Chaar, 1967; Cabana & Mykietiuk,1999; Isla, 1991; Dill et al., 2017,
2018). However, only two of them showed mean HM concentration up to 4,5% to
be mined: i) Guaju Mine in Mataraca (Paraiba state; Ferreira, 2006), and ii) Bujuru
and Retiro areas (RGSCP, Munaro, 1994).
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Most of studies are focused on transport and deposition of HM
(Slingerland, 1977; Komar & Wang, 1984; Patyk-Kara, 2002; Lalomov, 2003) to
build up an economic deposit (Roy, 1999; Hou et al., 2017) on coastal plains. The
recent advances investigate aeolian landforms that can develop aeolian mineral
deposits (Dill & Buzatu, 2022a), and also summarized sedimentological
parameters, mineralogical and chemical compositions for different landforms

series to be used as a prospective proxy (Dill, 2022b).

The investigations on Brazilian Atlantic coast HM occurrences consider a
scenario where coastal units are dynamically homogeneous, at least during
upper Holocene (< 8,000 yr BP). However, recent investigations on central
RGSCP revealed a large-scale growth fault controlling sedimentation in Bujuru
District area (Fontoura et al., submitted).

The aim of this paper is to present the deformational framework that
controls the placing of Bujuru to Retiro HM deposits in the RGSCP during the
Holocene. 50 MHz RTA Ramac GPR surveys, drillholes and field surveys were
carried out to investigate the regional deep structures, as well as recent dunes
barrier encompassing HM concentrations. GPR surveying in RGSCP are being
conducted by some researchers (e.g. Barboza et al.,, 2021; Dillenburg et al.,
2017), but they are focused on sedimentary features of upper strata, and do not

search for deep deformational structures.

GEOLOGICAL SETTING

The Rio Grande do Sul Coastal Plain (RGSCP) is the emerged part of the
Pelotas Basin, which started deposition in the Barremian/Aptian (125 Ma
approximately), after Gondwana rupture. The coastal plain is up to 100 km in wide
and >600 km long. The geomorphic and stratigraphic configuration of RGSCP
were formed by deltaic alluvial plains and four lagoons/barrier systems in
response to sea level changes between Middle Pleistocene and Holocene eras
(Figure 1).
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Sao José do Norte County (Brazil) presents two HM placer deposits, which
is now under licensing for mining: i) Bujuru and ii) Retiro. Both make up the largest
known deposit in Brazil, and display similar structural, sedimentological,
mineralogical, and economic grade characteristics (Munaro, 1994, Dillenburg et
al., 2004; Takahashi & Hartmann, 2014).

According to Dillenburg et al. (2004), the Bujuru deposit is closely related
to the sediments deposited by the old Camaqua River course, whose position at
125 ka was geographically close to the present deposit. The same heavy mineral
content was identified in surface sediments from the adjacent shield (Tomazelli,
1978; Barros et al. 2008,2010).

Dillenburg et al. (2004) proposed a three steps scenario for Bujuru HM
deposit formation. The first step incorporated HM into the beach and washover
facies of a transgressive barrier during the Postglacial Marine Transgression
(ends at 5.6 ka). The second step additionally concentrated HM in backshore
deposits by eroding and recycling Pleistocene sediments during slow sea-level
fall and Holocene barrier retreat. And, the third step eroded backshore deposits
and HM were transported by onshore winds into an inter-barrier depression to
give rise to transgressive dune deposits.

Fontoura et al. (submitted) investigations showed that the inter-barrier
depression in the Bujuru areais, in fact, due to a large, gravity-driven listric growth
fault, which controls the Lagoa do Peixe escarpment and hanging-wall
sedimentation. Fontoura et al. (submitted) also showed that the balance of fault
displacement and sedimentation rates stablished three main radarfacies (Figure
2). Table 1 summarizes the main findings related to the Lagoa do Peixe Growth

Fault displacement and sedimentation.
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Figure 2 — Radargram in the Talhamar Road (Tavares, Brazil), cutting

across Lagoa do Peixe Growth Fault (Tavares GPR line 2). See Table 1 for a

description of the geophysical units and surfaces.

Table

1 — Summary of main radar radarfacies and surfaces distinguished

for GPR survey lines in the Lagoa do Peixe and Bujuru HM deposit (RGSCP,

Brazil). See Fontoura et al. (submitted) for a detailed description and analysis.

Radarfacies

| Surface DESCRIPTION
Pleistocene sediments cropping out at the footwall top west of fault
! escarpment (Barrier IlI)
Upward concave geometry surface that truncate Pleistocene
A sediments (west) and lower lagoonal unit (east): Listric gravitational
growth fault.
Offlap-toplap for reflectors underlying lower lagoonal unit: an erosional
B surface developed on the down-throwing hanging-wall before fault
controlled lagoonal accumulation
Convex upward arcuted lower lagoonal unit, displaying onlap for
lowermost reflections in the thickest zones, close to listric surface, and
parallel reflections for uppermost strata.
2

The upper sediments of this radarfacies is aged 3.49 ka (Dillenburg et

al. 2004)
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First stage: fault displacement rate higher than sedimentation rate

Horizontal reflections in a hanging-wall triangular area close to listric

surface, showing onlap upon lower lagoonal unit and listric surface.

Second stage: equalized fault displacement and sedimentation rates

Upward arcuated reflections at both Lagoa do Peixe margins, showing

alternating onlap-downlap and toplap-offlap features.

The peat layer cropping out at Bujuru District is aged 1.06 ka
(Dillenburg et al. 2004) and is defined as the lowermost strata of this

radarfacies.

Third stage: sedimentation rate higher than fault displacement rate

Dipping sinuous reflections in the Lagoa do Peixe escarpment,
showing discrete downlap with lagoon sediment reflections. Erosional
degradation of the fault escarpment and deposition as interbedded
layer of sands and lagoon sediments

Irregular surface underlying recent dune sediments. Surface upon
C which recent dune sediments are laid on with down lapping features
(6a).

Horizontal and steeply dipping sigmoidal reflections (6a), as also as

6 thin horizontal reflection (6b) near the topographic surface, produced

by Holocene transgressive dunes and dune sheets.

GEOLOGICAL AND GEOPHYSICAL SURVEYING METHODS

Satellite images and aerial photographs were applied to investigate local
and regional geological and sedimentary features. They enabled to recognize the
fault escarpment to the northwest lagoon borders, and to delineate the Holocene
transgressive dunes and dune sheets (TD and TDS) due to southwest direct
onshore winds. They also enabled to identify the continuity of surficial

sedimentary units during field works.
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The GPR survey lines were acquired perpendicular to shoreline, to the

fault escarpment and to TD direction (Figure 3).

The GPR surveys were produced mainly by a 50 MHz (RTA) antenna, and
the acquired using Pro-EX GPR System (MALA-RAMAC). Acquisition
parameters were set to high lateral resolution (20 cm trace spacing) and time
window to investigate at least 20-23 m depth. The mean vertical resolution was
determined through hyperbola analysis on radargrams. The first geophysical
campaign used a minor time window, and the velocity was approximated to 0.09
m/ns (vertical resolution close to 0.9 m); the second campaign used a greater
time window, and the mean velocity was approximated to 0.08 m/ns (vertical

resolution close to 0.8 m).

The GPR survey lines were tracked by DGPS (Emlid, Reach RS+ model,
base and rover receptors). The kinematic and post-processed corrections (PPP-
IBGE and Leica Geo Office respectively) do permit a high horizontal (7mm +

1ppm) and vertical precisions (14mm +1 ppm) positioning.

Post-processing used Reflex-W software and included the following main
steps: dewow filter; bandpass filter (butterworth, but sometimes trapezoidal);
migration (v = 0.297 m/ns) for removing surface reflections in unshielded
antenna; topographic correction; 3D topographic migration (e.g. v = 0.08 m/ns)

and butterworth filtering.

Three percussion cores were drilled to correlate with GPR survey line
(Bujuru01). This GPR survey line extend to the beach, and the drillholes were set
in it to follow the peat layer cropping out the beach. Then, it was possible to
determine the sand thickness covering the peat layer, and the stratigraphic

features of the Pleistocene barrier (I1l) sediments.

STRUCTURAL AND GEOLOGIC CONTROLS OF HM DEPOSITS

Satellite images and aerial photographs interpretation and fieldworks did

permit to distinguish between main geological features and structures. As pointed
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out by Fontoura et al. (submitted), the northwest margin of the Lagoa do Peixe
(lagoon) is controlled by a listric growth fault (Figure 2), whose displacement gave

rise to mechanical subsidence for lagoonal sedimentation.

Bujuru HM deposit is located at the southwestern tip of the Lagoa do Peixe
Growth Fault. The Bujuru area is also de tip zone for the Retiro — Estreito Fault
(Figure 3), which controls the northwest margin of another almost clogged lagoon
located to the southwest. This tip zone for both, Lagoa do Peixe and Retiro —
Estreito faults (Figure 4A), is a structurally elevated area, where lower

sedimentary units are exposed due to the rotation due to listric fault displacement.
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Figure 3 — Simplified geological map of the Retiro and Bujuru HM deposits
area, showing the tip zone of the Lagoa do Peixe (1) and Retiro — Estreito (2)

faults.

The Bujuru area tip zone is entirely covered by Holocene transgressive
dunes (TD) and dune sheets (TDS), which extends well upon Pleistocene
sediments (Barrier Ill). In this area, then, one can not exactly define the fault

interactions and fault-controlled sedimentation.

Retiro HM deposit, on the other hand, extends from midway through the
southwest tip of the Retiro — Estreito Fault (Figure 4B). The Holocene TD and
TDS covers the fault tip zone close to Sao José do Norte city, so that it also can

not be exactly followed.
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Figure 4 — Simplified geological map for Bujuru (A) and Retiro (B) HM
deposits. Lagoa do Peixe (1) and Retiro — Estreito (2) normal fault traces define
the Northwest escarpment against Pleistocene sediments. Legend GPR
radargrams: a) Figure 9 radargram; b) Figure 10 radargram; c) Figure 11

radargram.

The actual sedimentation process in the fault-controlled lagoons is taken
place under very low fault displacement rate (Stage 3, Table 1). Figure 5 and 6
show the geomorphic expression of two sedimentary processes that are actually
clogging both lagoons: i) erosion of previous stage lagoonal sediments in fore to
backshore, and onshore wind transport (NE to SW) in the hinge zone of the
rotating hanging-wall fault block (Figures 5A,C,D,E and 6A,B); ii) fault scarp
erosion and gravity- and hydraulic-driven transport into de lagoon (Figures 5B,C
and 6A).
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Figure 5 — High resolution satellite images in the Lagoa do Peixe area from
north (A) to south (E) showing the interplay of two clogging processes, from
aeolian dunes construction (A), to gravity- and hydraulic-driven deposition (B), a

combination of both (C), and the final fill of the lagoon by aeolian dunes (D,E).

The wind transport of fine-grained sands into the lagoon seems to create
a blanket deposit, that when emersed acts as a base for transgressive dune
movement (Figure 5A). In the central part of the Lagoa do Peixe (Talhamar road),
where the total fault displacement is the highest (Figure 2) and the lagoon is
wider, gravity- and hydraulic-driven fault scarp erosion built up small triangular
deltas (Figure 5B) in their initial stages of development, and/or due to water level
lowering (Feng et al., 2019). Where fault scarp is not cut by drainage incisions,
parallel sand bars are observed (Figure 5C). However, as Lagoa do Peixe Growth
Fault tip zone is approached, aeolian TDS and TD covers entirely the lagoonal
sediments deposited at the fault scarp base (Figure 5D) and also de fault (Figure
5E).

Along the Retiro — Estreito Fault (Figure 6), some of these sedimentary
processes can also be observed. But, the TD and TDS covers almost completely
the original lagoon. On the other hand, Retiro — Estreito Fault has half the Lagoa
do Peixe Growth Fault trace length. Then, it is to be expected that vertical fault
displacement should be proportionally lesser. In actual evaluation, it is observed

a larger predominance of aeolian process upon this lagoon.
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Figure 6 — High resolution satellite images in the Retiro (A) and Estreito

(B) showing the predominance of aeolian dunes construction in these areas.

In the structural high developed at the tip zone for both Lagoa do Peixe
and Retiro — Estreito faults (Figure 5E), the peat layer defining the base of the
upper depositional radarfacies (1.06 ka, Figure 7A) is under wave erosion and
dispersion along the beach. The TD and TDS covers discordantly the exposed
peat layer (Figure 7B). These fragments are being covered by aeolian sediments

and being incorporated into interdune layers (Figure 7C,D).

The base of dunes and interdune space are also the main locus for HM

accumulation, where it displays and horizontal stratification (Figure 7E,F).



Figure 7 — Stratigraphic relationships between peat layer and TD hosting

HM in the structural high at Bujuru District. A) Peat layer cropping out ate Bujuru
beach under erosional fragmentation. B) Undulated contact between peat and
dune sediments. C) Vertical peat fragment identified in a excavated trench. D)
Horizontal peat fragment in an excavated trench. E) Natural vertical cut of HM
layering close to interdune area. F) Orthogonal trench cut showing HM
lamination; note higher HM concentration in the horizontal layering.

GEOPHYSICAL STRUCTURES CONTROLLING HM DEPOSITS
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GPR lines were surveyed in the NW-SE direction in order to investigate
the NW dipping peat layer (Radarfacies 3) and the underlying lagoonal sediments
(Radarfacies 1). This direction is also perpendicular to gravitational faults. Then,
GPR surveying was conducted to emphasize the deformational structures and
their relationships with TD deposition. In this direction, it is to be noted that TD
stratification will appear as two different geophysical signatures: i) dipping
sigmoidal reflections for the lateral segment (6a), and ii) thin horizontal reflection

(6b) for the frontal segment (see Table 1).

The geological control of upper radarfacies was carried out based on
surface geologic surveying and also based on three percussion drills located
midway between GPR lines Bujuru-2 and PB-13 (a and b in Figure 4). The
drillhole logs is presented in figure 8, and shows the Pleistocene sediments
(radarfacies 1), the peat layer cropping out in Bujuru beach (base of the

radarfacies 4), and Holocene TD and TDS (radarfacies 6a and 6b).
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Figure 8 — Description of the percussion Drillholes Logs in the Bujuru area.
Borehole logs legend: 1) Light yellow sand; 2) Light yellow sand with coarse
lamination (1-5 mm thick); 3) light yellow sand with gently inclined lamination (1-
2 mm thick) and disseminated heavy minerals; 4) light yellow sand with thin
horizontal lamination (1 mm) and disseminated heavy minerals; 5) Massive, dark
gray sand with high quantity of heavy minerals; 6) Massive light yellow sand and
disseminated heavy minerals; 7) Peat; 8) light yellow sand with gently arched
lamination (1 mm); 9) isolated thin horizontal laminas of heavy minerals; 10) up
to 2 cm recent root fragments; 11) small recent root fragments; 12) small
disseminated shell fragments; 13) up to 1 cm shell fragments; 14) oxidized
material; 15) oxidized (orange) dark gray sand; 16) heavy minerals concentration;
17) light yellow sand with fragmentary structure; 18) dispersed organic matter;
19) relicts of organic matter; 20) local breccia structure; 21) dark yellow sand

lamination.

Figure 9 shows a radargram surveyed for deepest structural relationships
in the Bujuru HM deposit area. It emphasizes the normal fault truncation of the
Pleistocene units (1) and also the first (2) and third (4) lagoonal radarfacies. The
transgressive nature of the Holocene dunes (6) can be recognized by their both

lateral and frontal geophysical signatures.
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Figure 9 — Radargram depicting deep structural relationships in the Bujuru
area. Radargram legend: i) white numbers: radarfacies as presented in Table 1;
i) green lines: normal faults; iii) thick yellow lines: ~1.0 m peat layer cropping out
at Bujuru beach; thin yellow lines: geophysical units/radarfacies; white lines:
lateral stratification of dunes (6a in Table 1). Boreholes position is projected into

the radargram.

Two other GPR lines were selected to illustrate the deformational
structures, and also the sedimentary relationships between each radarfacies.
Such GPR lines were located close to Bujuru Project drillhole sections, to better
correlate direct data with geophysical results (PB-01 and PB-13). In this way, a

re-interpreted profile is presented with each of the radargrams.

Figure 10A shows the radargram close to PB-13 drillhole section, and is
parallel and close to radargram present in Figure 9 (~500 m to the NE). The most
striking geological feature is the presence of two normal faults dipping towards
the SE. The peat layer overlying the first lagoonal radarfacies (2b) is interrupted
in the hanging-wall block, as already noticed in figure 2.

Nw | B
EL U

Orthometric
height (m)

200 m

B Horizontal scale
|:| Mineralized Aeolian cover I:I Low grade silty sand - Peat layer - Fine sand with shells

Figure 10 — PB-13 section structural features. A) Radargram close to B)
PB-13 drillhole section. Drillhole section under permission of RGM S.A.

Radargram legend as shown in Figure 9.
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The first lagoonal radarfacies (2), then, is folded to a gentle sinclinal and
an anticlinal in the hanging-wall block (Figure 10A), as a consequence of normal,
listric faulting. It can be recognized that thickest TD is deposited in the sinclinal,
where the lateral geophysical signature of TD (6a) shows its best down lap
expression over the exposed peat layer (C). Fieldwork has also observed that
gentle folds are, in fact, braquianticlinal and braquisynclinal, since their hinge
zone dips NE and SW parallel to the master listric normal faults.

The PB-13 radargram (Figure 10A) also enable to distinguish two different
first lagoonal radarfacies (2a and 2b) overlying the Pleistocene sediments (1).
They correspond well to PB-13 Drillhole Section description (Figure 10B). The
Drillhole Section can be re-interpreted based on radargram by including fault

displacement of some key sedimentary strata.

Figure 11A is a radargram surveyed to the southwest (~11 km SW of PB-
13), near to PB-01 Drillhole Section. It shows mainly the gentle anticlinal close to
the beach, and the first half of the synclinal. PB-01 radargram presents quite the
same radarfacies as described for Figure 10A. However, an additional
radarfacies was distinguished: the third lagoonal one (4, as described in Table
1), onlapping the first lagoonal one (2). It is to be noticed that peat layer cropping

out at Bujuru beach is one of the basal strata of the third lagoonal radarfacies (4).

Figure 11B shows the complete PB-01 Drillhole Section re-interpreted,
now including normal listric faults displacing the key layers. The corresponding
GPR line was placed some distance to the north due to access facilities and
represents just the ~600 m of its southeastern segment. In any way, the

correlation between radargram and drillhole section is quite good.
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Figure 11 — PB-13 section structural features. A) Radargram close to B)
PB-01 drillhole section. Drillhole section under permission of RGM S.A.

Radargram legend as shown in Figure 9.

DISCUSSION

Deep GPR surveys in the Bujuru and Retiro HM deposits brought in
evidence a series of deformational structures that were not yet described for the

RGSCP: listric normal faults related to gravitational tectonic supported by the

Pelotas Basin.

Radargrams presented in figures 2, 9, 10 and 11 show the main
deformational structures controlling the erosional and depositional conditions
supported by the RGSCP from the on. The onset of gravitational tectonics in the
Bujuru District is estimated to be 9-8 ka taken the geological records for lagoonal

sediments (see Weschenfelder et al., 2008; Fontoura et al., submitted).

The main listric normal faults related to gravitational tectonics promotes

the hanging-wall block rotation and gentle folding of the stratigraphic units, as
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also as minor interconnected faults, even synthetic or antithetic ones (Jaboyedoff
et al., 2013).

The Bujuru HM deposit is placed upon the tip zone of the Lagoa do Peixe
and Retiro — Estreito faults (Figure 4). Radargrams in this area (Figures 10 and
11) show a gentle anticlinal close to the Bujuru beach, which gave rise to the
hinge zone of the rotating hanging-wall block. That radargrams also show that
the thickest Holocene mineralized TD and TDS are placed in the synclinal area.
The Retiro HM deposit, on the other hand, is placed mainly upon the depocenter
of the fault controlled Retiro Lagoon (hanging-wall), and upon the southwestern

Pleistocene footwall bulkhead block.

The intersection of two master fault systems at Bujuru District area
introduces additional structural complexity in erosion and sedimentary deposition
of Holocene radarfacies. Additional investigation is being conducted in this area,
since the deformational structures are covered by mineralized Holocene TD and
TDS. The extent the down warping block open space for Holocene deposition
and erosion of the Pleistocene sediments on the footwall and in the hanging-wall
is still under concern. The presence of some different radarfacies shown in figures
9, 10 and 11 is a clear consequence of the diachronous development of regional
master and local faults of each interconnecting system.

The HMs are still being transported by onshore winds and deposited in TD
(Figure 7). It is interesting to observe, however, that HMs are present in the TD
overlying exposed peat layer (base of the radarfacies 4) and de underlying
radarfacies 2. From the northeastern tip zone of Lagoa do Peixe Growth Fault to
southwestern exposed tip of the Retiro — Estreito Fault, it is noticed that TD and
TDS have not HMs, or have very low HM concentration when peat layer is not

still exposed due to folding and/or faulting along the beach.

The deformational structures along the fault direction seem to control not
only the lagoonal sedimentation (radarfaceis 2 and 4, mainly), but also their
erosion to give rise the economic HM deposits. The source for HMs transport by

onshore winds and their deposits in Holocene TD is to be considered.
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Dill & Buzatu (2022a) analyzed a series Quaternary aeolian landforms and
the particular physical, chemical and sedimentological conditions that make
possible the development of aeolian mineral deposits of economic grade. Dill
(2022b) reviewed a number of aeolian landforms with emphasis on their textural,
compositional, and geodynamic maturity of the sedimentary deposits, to propose
a kind of “hybrid manual” for practical field studies of aeolian mineral deposits.
On this basis and on additional research papers, it is possible to evaluate the

source and concentration processes that led to Bujuru and Retiro HM deposits.

The HM occurrences in the RGSCP were first reported by Villwock et al.
(1979) and Da Silva (1979). Both papers sampled HM in the foreshore and
backshore of actual beaches, and suggested the HM were transported by SW to
NE swell action. Da silva (1979) suggested HMs were concentrated by swash
and backwash action in the foreshore and backshore, water sheet flows by berm-
top spillover and eolian winnowing action. Da Silva (1979) investigation was
restricted to southern RGSCP segment (Cassino to Chui beaches) and found
that the north part has a slight non-opaque minerals predominance, while the

south part (Chui) has opaque minerals predominance.

The proportion of different HMs along RGSCP Holocene beach zones and
continental shelf varies. Corréa et al. (2008) sampled a large area in the
continental shelf from north Rio Grande do Sul (Brazil) to north Argentina, to
discuss the regional and local sources of HMs based on opaque HMs
concentration, and on mineralogical index and multivariate data analysis (non-
opaque HMs). They showed the higher opaque minerals (ilmenite, limonite,
leucoxene e pyrite) concentration in front of Rio de la Plata Estuary, and
suggested it represent a reginal source due Rio de la Plata draining mainly
Parana Basin sedimentary and volcanic rocks. Local sources are put in evidence
non-opague minerals (hyperstene, hornblende, tourmaline, staurolite, apatite and
zircon). Martins (2011) showed a large variation on HMs composition from Chui
area to Lagoa da Ave (SC state, to the north) sampled on swash zone, and

pointed out some proximal source correlation.

Barros et al. (2008) made a series of microprobe analysis in hon-opaque

HMs along the northern RGSCP and compared their chemical composition with
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composition of same minerals from different stratigraphic units: continental
plateau basalts (Serra Geral Fm., Parana Basin) and Rio Grande do Sul
Precambrian Shield (granite-gnaisses and metamorphosed vulcanosedimentary
rocks). Barros et al. (2008) found that non-opaque HMs are mainly derived from
RGS Precambrian Shield. Additionally, Barros et al. (2010) analysed zircon
composition and found that zircon grains mainly derived from an association of
subalkaline to alkaline granitic rocks of nearby Pelotas Batholith (RGS
Precambrian Shield). These results corroborate Corréa et al. (2008) results for
HM sampled in the continental shelf.

The sediment reworking in the RGSCP is usually mentioned as a
mechanism for HMs differentiation and concentration. Anoni (2015) sampled
different barrier/lagoon system near Chui area (southmost area of RGSCP) and
showed some different HMs concentrations in each barrier/lagoon system.
Additionally, Anoni (2015) reported an increase in total concentration of HMs from
Barrier/Lagoon Il to Barrier/Lagoon IV (0.042%; 1.89%; up to 4.66%). Carassai
et al. (2018) sampled the aeolian and the upper shoreface - foreshore facies for
all four Barrier/Lagoon systems and could define some trends for HMs
differentiation from older to younger barrier/lagoon systems. However, Anoni
(2015) and Carassai et al. (2018) investigations have limited sampling locus
distribution in the RGSCP for a complete discussion about HMs differentiation

along barrier/lagoon systems.

Table 2 lists HMs compositional differentiation and concentration
determined in some of previous investigations to compare them with Bujuru and
Retiro HM deposits. It is noteworthy that ilmenite+magnetite is the most abundant
HM specie in each barrier/lagoon system, and sampling site. It is also interesting
to observe the expressive epidote+zircon+amphibole+pyroxene increasing from
older to younger barrier/lagoon system. This non-opaque HMs increase can imply
the advance of Rio Grande Arc denudation processes toward the NNW, where
metavolcanic rocks (epidote+amphibole), alkaline granites (zircon) and stratiform
mafic-ultramafic complexes (pyroxenes) predominates in the exposed RGS
Precambrian Shield.
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Bujuru and Retiro HM deposits, in this way, as also Da Silva (1979) and
Corréa et al. (2008) results for backshore-foreshore and shoreface-offshore
zones, do reflect these conditions. Corréa et al. (2008) identified an opaque HM

and ZTR anomalous area offshore the Bujuru and Retiro HM deposits.

The composition and concentration of HMs, however, are not sufficient
conditions to give rise to a mineral deposit. An economic mineral deposit depends
on the existence of high-grade HMs concentration in a large volume of material;
other way, one has an uneconomic HM occurrence. Then, it is to be discussed
what kind of conditions led to the development of the Bujuru and Retiro HM

deposits.
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Table 2 — HMs compositional differentiation and concentration as recorded in some investigations to compare with Bujuru and

Retiro HM deposits. SKA = sillimanite+kyanite+andalusite.

(6,3%), zircon

and others (0.2%)

Barrier/Lagoon |Da Silva (1979)|Corréa et al. (2008) | Carassai et al.|Munaro (1994), | Takahashi &
System (age) |Hermenegildo - (2018) Dillenburg et al.|Hartmann (2014)
Chui (southern (2004) Bujuru | Retiro HM deposit
RGSCP) HMs listed in order HM deposit
of abundance
_ Opaque minerals lImenite  (58.6%), _
llImenite  (46.6%), ) _ _ llImenite  (62.3%),
) (31.6%): ilmenite, zircon (8.4%),| )
magnetite (3.2%), | _ _ zirconite  (7.5%),
. limonite, leucoxene epidote (8%),| .
epidote  (10.8%), _ _ . . Ti-magnetite
and pyrite. Non-|limenite+magnetite, |tourmaline (6.3%),
pyroxene (12.5%), _ _ _ . (6.2%), guartz
_ opaque minerals: |epidote, zircon, | magnetite (5.3%), _
tourmaline (2.6%), _ _ _ ) (5.9%), epidote
) tourmaline rutile, tourmaline, | staurolite (5%), _
B/L system |V |staurolite (4.4%), _ _ (5.2%), staurolite
_ 1(11,5%), staurolite, garnet, | rutile (2.5%), _
(8a0ka) zircon (2.9%), rutile _ . (4.8%), Rutile
hornblende (9,3%), | SKA,  amphibole, | kyanite (2.1%), .
(1.8%), garnet _ (2.2%), Turmaline
| staurolite  (9,3%), | pyroxene, leucoxene (2.1%),
(3.0%), kyanite _ _ _ (2.2%), Garnet
_ |augite (8,9%), | chromite+pinels garnet (0.7%), _
(1.7%), andalusite| _ (1.7%), kyanite
epidote (7,4%), perovskite (0.5%),
(0.3%) and others _ (1.1%), leucoxene
hypersthene chromite  (0.3%)
(9.9%) (0.7%)




(4,5%), garnet
(4,4%), kyanite
(3,9%), apatite
(3,6%), sillimanite
(1,1%) and rutile
(0,8%)
lImenite+magnetite,
tourmaline, epidote,
B/L system Il . .
(125 ka) No samples No samples staurolite, rutile, | No samples No samples
a
zircon, SKA, garnet,
chromite+spinels
llImenite+magnetite,
tourmaline,
B/L system I . .
(230 ka) No samples No samples staurolite, rutile, | No samples No samples
a
zircon, SKA, garnet,
chromite+spinels
lImenite+magnetite,
B/L system | _ _
(325 ka) No samples No samples zircon,  staurolite, | No samples No samples
a

tourmaline, rutile,
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SKA, chromite,

garnet, spinels
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The deformational structures and the associated mechanical subsidence
presented here must have played an important role HM concentration and
purification processes. Figure 12 shows a simplified geologic-structural sketch
depicting the stratigraphic units distinguished by Fontoura et al. (submitted) and
detailed in this work. Figure 13 present a synthesis of HM concentration,

purification, and accumulation in different stages of structural development.

Mean sea level

Holocene lagoonal radarfacies 3 & 4

Holocene lagoonal radarfacies 2
Holocene offshore sediments
Pleistocene sedimentary units

Mean sea level

=% Holocene Transgressive Dunes

i Holocene lagoonal radarfacies 3 &
Holocene lagoonal radarfacies 2
Holocene offshore sediments

Pleistocene sedimentary units

Figure 12 — Geologic-structural model for placer Bujuru and Retiro HM

deposits (RGSCP, Brazil). A) The development of the structural trap (placer) for
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first stage of HM concentration. B) The third stage HM concentration and

purification on Transgressive Dunes.

The first stage is characterized by a fault displacement rate higher than
sedimentation rate and the development of a structural basin to constitute the
trap (placer) for preliminary HM concentration. The rotation of the Pleistocene
sedimentary units in the hanging-wall by listric normal fault developed a structural
barrier oceanward, whose remnants are still observed in actual beach line (e.g.
Dillenburg et al., 2004). Erosion of this structural barrier was responsible for
sediment reworking and deposition in the rapidly subsiding, fault-controlled
lagoon (Lagoa do Peixe and Retiro-Estreito lagoons). Swash and backwash by
waves and tides may have acted to erode Pleistocene units and to concentrate
the HM in the First Lagoonal radarfacies (Figure 12A). The erosional process
supported by the structural barrier was certainly facilitated by transfer faults,
which open channels to ocean water sheets spreading on lagoons. These
processes additionally contributed to HM concentration in the First Lagoonal

radarfacies.

2. .4.6 8 10 (mmly) Fault displacement rate < sedimentation rate
01 i ® Third Holocene lagoonal radarfacies deposition
© O | Erosion of Pleistocene footwall escarpment
‘c @© | Reworking of First Holocene lagoonal radarfacies
14 — W | Concentration of HMs in Transgressive Dunes
Fault displacement rate ~ sedimentation rate
24 Second Holocene lagoonal radarfacies deposition
_8 @ | Erosion of Pleistocene sedimenatary units
O D! inthe footwall escarpment
3 O _9 Reworking of sedimentary units
7 % U | Concentration of HMs in the structural trap (placer)
4 Fault displacement rate > sedimentation rate
© ) @ | First Holocene lagoonal radarfacies deposition
® o (@)
5 - 5 g £ Erosion of Pleistocene sedimenatary units
= E D | in the footwall escarpment and
& o - : .
= 5] o | in the hinge zone (a structural barrier)
[ | © =
| [} )
6 '-%; 2 L Reworking of sedimentary units
% - Concentration of HMs in the structural trap (placer)
: 3
7 4 w
8
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Figure 13 — Cartoon showing the development stages for structurally
controlled lagoons, and the formation of Bujuru and Retiro HM deposits. Rate

scale is only for illustration.

The second stage began in the period when fault displacement rate equals
sedimentation rate (~3.46 ka upper age for the first lagonal radarfacies). The
corresponding radarfacies is not actual exposed, since it was deposited as a
triangular unit (Figure 12A) in the asymmetric lagoon depocenter close to the fault
escarpment (Fontoura et al., submitted). This triangular zone was progressively
developed during the high fault displacement, and filled with sediments chiefly
derived from Pleistocene footwall block (bulkhead structure west of fault). It also
constitutes a structural trap for HMs. The continuity of fault displacement and
hanging-wall block rotation (high to medium rates) began the folding of the first
lagoonal radarfacies into braquisynclinals and braquianticlinals. The
sedimentation gap (3.46 to 1.06 ka) identified close to Bujuru beach is the time
interval for the second lagoonal radarfacies deposition (Fontoura et al.,
submitted).

The third stage is characterized by a sedimentation rate higher than fault
displacement rate, and imply lagoon clogging due to sediments derived from
Pleistocene bulkhead (footwall structural high) to the west and from
braquianticlinal that was exposed near the beach. The peat layer (~1.06 ka) now
exposed by folding in the beach is the lowermost strata of this radarfacies. At this
stage, the initial Pleistocene structural barrier at the beach was completely
eroded, and a new structural barrier is present: the braquianticlinal. Tides and
waves erosion on the previous lagoonal radarfacies exposed in the beach zones,
HM hydraulic sorting in the offshore to backshore zones, onshore winds transport,
and winnowing are the processes responsible for the Bujuru and Retiro HM
deposits. The braquianticlinal erosion and sediment transport by onshore winds
are the main mechanisms building up the TDS and TD that are actually clogging
the Lagoa do Peixe and Retiro-Estreito lagoons, and giving rise to HM deposits
(Figure 12B).



149

CONCLUSIONS

The RGSCP was developed close to a super-mature crustal section (RGS
Precambrian Shield). The Bujuru and Retiro HM deposits were developed in
conseqguence to deformational traps. Mechanical subsidence, instead of sea level
changes, is the main responsible for structural placers that lead to existing HM

deposits.

A three stages evolutionary model is suggested based on fault
displacement and sedimentation rates. A preliminary HM concentration episode
was promoted by reworking sediments of the Pleistocene footwall escarpment
and from a Pleistocene structural barrier developed in the hanging-wall
oceanward. A second HM concentration episode is still in operation: TDS and TD
developing upon another structural barrier (braquianticlinal), that was build due
to the progressive deformation of the hanging-wall upon the previous Holocene
lagoonal radarfacies. The actual sedimentary barrier (TDS and TD) developed
upon a braquianticlinal barrier and migrates inland due to NE onshore winds, also

accumulating over structurally controlled lagoons to clog them.

The results of this investigation seem to show a double evolution when
classifying the aeolian landforms for Mostardas to Retiro-Estreito area in the
RGSCP, following Dill (2022). The structurally controlled Lagoa do Peixe and
Retiro-Estreito lagoons, in the first and second stages of development, evolved
as coastal lagoons (LFS 6), perennial lacustrine environment. The fine-grained
sediments and organic matter define this depositional environment, as discussed
in Fontoura et al. (submitted). However, the third stage (actual) stage of
development is actually occurring as typical coastal-marine (LFS 5) in warm
temperate climate and in microtidal-wave-dominated coastal-marine

environments (Dill and Buzatu, 2022).

HM sources for this placer deposits seems to be regarded to Pleistocene
sediments reworking induced by deformational structures. However, new HM
input could have played an important role, chiefly due longshore Atlantic currents

as pointed out by Corréa et al. (2008).
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HM transport and accumulation differ from first to second episodes. But,
erosion of previous Holocene lagoonal deposit, HM longshore transport,
hydraulic sorting in the offshore to backshore zones, onshore winds transport,
and winnowing are the envisaged processes as sedimentary structures show.
Purification and diagenetic processes may have played another important role in
the relative concentration and composition of the HM deposits, as demonstrated
by Dill and Skoda (2017) and Dill et al. (2017, 2018). However, this subject was

not under the scope of this paper, and may be addressed in future investigations.
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CAPITULO 6
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6. CONSIDERACOES FINAIS

A presente Tese de Doutorado teve como principal objetivo trazer uma
nova abordagem para a formagdo de uma parte da Planicie Costeira do Rio
Grande do Sul, através do processo de subsidéncia mecéanica que ocorre na
Barreira Pleistocénica Ill. Com isso, foram apresentados dados a partir de
levantamentos geofisicos (GPR) e geoldgicos (andlise de fotografias aéreas e
sondagem a percussdo) que evidenciam a presenca de estruturas

deformacionais gravitacionais nessa regiao.

Para tal proposito, o capitulo 2 da Tese traz uma sintese dos conceitos de
neotectdnica e tudo relacionado a esse tema, elucidando a respeito da dinamica
dessas estruturas e, principalmente das condi¢cdes de seu desenvolvimento em
ambiente subaquoso. Por fim, resume os trabalhados publicados sobre o tema
na Bacia de Pelotas, tais como: Delaney (1965), Miller Fo. (1970), Cecarelli
(1996), Saadi et al. (2002), Fonseca (2006), Castillo et al. (2009) e Santos (2020).

O capitulo 3 da Tese, aborda presenca de uma falha de crescimento
listrica e o controle da sedimentacdo na PCRS. Por meio de levantamentos
geoldgicos e por GPR, mostra-se que o controle estrutural presente na regido. O
deslocamento da falha controlou diferentes estagios de sedimentagcédo na Lagoa
do Peixe, que afunda tectonicamente, e na verdade estd em processo de
entupimento devido a erosao da escarpa da falha e migracdo das dunas eolicas
do Holoceno (Barreira IV).

O artigo mostra que a falha de crescimento da Lagoa do Peixe, pelo
menos nesta area, deve aflorar uma nova discussdo sobre o sistema
laguna/barreira com a presenca do tectonismo. Falha de crescimento, controle
gravitacional sobre geometria e sedimentagdo no PCRS introduz novos topicos

ao assunto barreira/laguna.

Deste modo, o artigo traz uma recomendacao para trabalhos futuros. A
fim de avaliar a extensdo que a tectdnica gravitacional pode ter na planicie
costeira do RS, novas abordagens devem ser realizadas em outras areas, bem

como em outros sistemas lagunares da PCRS.
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No capitulo 4 da Tese, o enfoque é dado na génese e morfologia dos
corddes litoraneos da Quinta — Cassino (RS). Foi demonstrado que a planicie
costeira Quinta — Cassino foi desenvolvida sob a influéncia de um leque
imbricado de falha listrica gravitacional, cujo embasamento do Pleistoceno foi
cortado por falhas sintéticas e antitéticas. Os blocos falhados exibem diferentes

taxas e quantidades de deslocamento e rotacéo.

A tectbnica de gravidade, em vez das alteragcbes do nivel do mar,
mudancas climaticas, ou correntes longitudinais, € o principal mecanismo de
controle da sedimentacdo e evolucado estratigrafica. Além disso, salienta que
este processo tectdbnico ndo suprime a operacdo de outros importantes
mecanismo, tais como: nivel do mar e mudancas climéticas, correntes litoraneas,
taxas de deposicao e erosdo, taxas de entrada de sedimentos, porém ndo 0s
controla. Deixando claro que mais levantamentos geofisicos sdo necessarios
para corroborar o desenvolvimento do processo de subsidéncia mecéanica na

formacao da PCRS.

Ademais, no capitulo 5 a Tese discute processo de formacédo dos minerais
pesados de Bujuru (RS). Os levantamentos geofisicos (GPR) com baixa
frequéncia realizados na area foram confrontados com as amostras obtidas
através do método de sondagem a percussdo. Logo, entende-se que 0s
depdsitos de minerais pesados (MP) de Bujuru e do Retiro foram desenvolvidos
em consequéncia de armadilhas deformacionais. A subsidéncia mecanica, em
vez das mudancas no nivel do mar, é a principal responsavel pelos placers

estruturais.

7

Um modelo evolutivo de trés estagios € sugerido baseado no
deslocamento de falhas e nas taxas de sedimentagdo. Um episodio preliminar
de concentracdo de MP foi promovido pelo retrabalhamento de sedimentos da
escarpa footwall do Pleistoceno e de uma barreira estrutural do Pleistoceno
desenvolvida a hangingwall em direcdo ao oceano. Um segundo episodio de
concentracdo de MP ainda estda em operacdo e camadas de dunas
transgressivas e dunas transgressivas desenvolvem-se sobre outra barreira
estrutural (braquianticlinal), que foi construida devido a deformacao progressiva

da hangingwall sobre os radarfacies lagunares holocénicos anteriores. Por fim,
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a barreira sedimentar atual (TDS e TD) desenvolveu-se sobre uma barreira
braquianticlinal e migra para o interior devido aos ventos de NE, acumulando-se

também sobre lagoas estruturalmente controladas para obstrui-las.

As fontes de MP para estes depoésitos de placeres parecem ser
consideradas como retrabalhamento de sedimentos do Pleistoceno induzido por
estruturas deformacionais. No entanto, novas contribuicdes de MP poderiam ter
desempenhado um papel importante, principalmente devido as correntes
longitudinais do Atlantico, como apontado por Corréa et al. (2008).

A mineracdo de MP na regido de Bujuru e Retiro é uma realidade. Para
tanto, o planejamento da extracdo desses minérios do ponto de vista da
otimizacao do processo pode ser melhorado com a execucao de levantamentos

geofisicos em frente de lavra.

Por fim, conclui-se que a hipotese apresentada foi confirmada: ha a
presenca de falhas normais sintéticas e antitéticas controlando a formacao dos
depdsitos sedimentares holocénicos e o processo de subsidéncia mecanica teve

influéncia na origem dos minerais pesados encontrados na PCRS.
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COSTEIRA DO RS”
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Autor: Bruno Silva da Fontoura
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Conceito: B

PARECER:
O presente trabalho € relevante e traz novas e inéditas consideragbes sobre
comportamento da neotectonica na PCRS, onde embora, em sua génese nao
tenha sido evidenciados movimentos tectdnicos em estruturas de grande escala na
regiao, por outro lado a pesquisa revela a existéncia de falhas de crescimento que
controlam a sedimentacéo e a formagao do sistema lagunar holocénico da Barreira
IV, indicando a ocorréncia daqueles movimentos.

O trabalho é bem estruturado, na forma de 3 artigos estrutura é clara com
objetivos bem definidos e que foram atingidos, integrando técnicas de geofisica
GPR e sensoriamento remoto, estudos geolégicos (furos de sondagem) e
geomorfoldgicos. Na metodologia os novos dados sismicos correlacionados a
sondagem, sao esclarecedores e revelam nos mapeamentos com SIG, a origem
de muitos comportamentos atribuidos as linhas fixadoras das barreiras costeiras
da PCRS.

1. Artigo GEOPHYSICS trata da falha da Lagoa do Peixe através dos
radargrama/radarfacies GPR e furos de sondagem com os perfis sdo muito
elucidativa revelando relagdes estruturais e traz novas evidéncias com
apoio de precisos registros de GPR para os modelos evolutivos da regiao
da Lago do Peixe;

2. O Artigo 2 GEOPHYSICS trata do Quinta CASSINO e apresenta os
lineamentos dos corddes litoraneos truncando paredes de falha e
radargramas da Quitéria e

3. Artigo 3 (em avaliagdo) na Revista ORE GEOLOGY REVIEW:
Structural Controls of the Coastal Bujuru and Retiro Heavy Minerals deposits
in Southern Brazil.Bojuru deformacdes e retrabalhamento sedimentar em
Bojuru.




Os resultados sdo relevantes e trazem nova luz aos comportamentos das
Morfologias da PCRS sobretudo com uso do GPR atrelado a outras técnicas de
geoldgica furos de sondagem e uso de SIG.

Trabalho mostra condigdes plenas de requisito parcial para Doutorado.
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PARECER:

O trabalho apresentado traz um novo e importante viés, a neotectonica, para o conhecimento da evolugéo da Planicie
Costeira do RS, o qual pode ter grande relacdo com outros eventos tecténicos ja conhecidos na Plataforma e Talude
Continental da Bacia de Pelotas, na regido que abrange o Cone do Rio Grande.

Com base na Tese enviada para analise da banca examinadora e na apresentacdo do doutorando, deixo as seguintes
observacdes/sugestoes:

1)
2)
3)

4)

5)
6)
7)
8)
9)
10)

11)

Os objetivos especificos serdo melhor apresentados se estiverem alinhados com os objetivos dos 3 artigos da
Tese;

Verificar se o nimero de sessdes georradar citadas no texto correspondem as apresentadas (ndo ha necessidade
de citar no texto e apresentar nas figuras dos artigos as linhas de GPR n&o usadas);

Os parametros e métodos de aquisicéo e processamento devem ser apresentados em todos os artigos, a exemplo
do terceiro artigo;

Mapas: nomear todas as linhas e furos de sondagem e marca-los nos mapas geolégicos para permitir a
interpretacédo adequada; quando existirem linhas de GPR muito proximas (Bujuru) mostrar em detalhe na figura e
apenas marcar a regiao na figura principal;

Sessfes georradar: marcar furos de sondagem nas sessbes para permitir a interpretacdo adequada; verificar
algumas escalas;

Verificar nas tabelas das radarfacies se constam todas aquelas apresentadas nas sessdes georradar;

Na apresentacéo, poderia ter abordado/exemplificado como foram definidas as radarfacies;

Formatacéao do trabalho: eliminar grandes espacos em branco e evitar a divisdo em folhas separadas da legenda e
entre titulo e texto subsequente; colocar a figura o mais préximo possivel de onde foi citada pela primeira vez,
porém, sem deixar espagos em branco;

Todas as referéncias citadas no texto devem estar na lista de referéncias e vice-versa. Sugiro revisar, pois algumas
néao constam na lista;

Redacéo: evitar citar o autor no inicio da frase e evitar nimeros iniciando a frase. Ex.: Fulano (2020) afirma que...
substituir por: Conforme Fulano (2020)...

Figuras: marcar letra A e B nas figuras que contém; As legendas devem ser autoexplicativas: todos os elementos
das figuras devem constar na legenda; traduzir integralmente as figuras.
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PARECER:

A Tese de Doutorado apresentada pelo aluno do Programa de Pés-Graduagdo em
Geociéncias (PPGGEO) da UFRGS, BRUNO SILVA DA FONTOURA, trata de um tema a
longo tempo debatido e controverso no estudo da evolugéo geoldgica da planicie costeira
do Rio Grande do Sul e, consequentemente, da margem continental sul brasileira — ‘a
ocorréncia de eventos neotectbnicos’.

A estrutura da tese segue os requisitos e normativas de ‘tese por artigo’, requeridas pelo
PPGGEO/UFRGS, com trés artigos submetidos a publicagdo em revistas cientificas nos
estratos Qualis-CAPES indicados, os quais seguem um formato/estrutura padrdo em
publicacdes cientificas conhecidas.

Os trés artigos cientificos submetidos a publicacdo em importantes revistas relacionadas a
tematica da tese sao bem ilustrados e apresentam e discutem diversos registros de
radargramas e radarfacies da area de estudo, em areas alvos, de forma a atingir os
objetivos gerais e especificos elencados na preliminar e a demonstrar e confirmar a
hipétese do trabalho de tese.

A apresentacao da Tese de Doutorado foi feita de forma satisfatéria, com o candidato

esclarecendo, tb de forma satisfatéria, os questionamentos feitos pelos integrantes da
Banca Examinadora. = ---—---—--—-—-
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